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Editorial on the Research Topic
From Ecology to Cancer Biology and Back Again

Application of evolutionary concepts to the study of cancer progression transformed cancer
research in the 1970’ (Cairns, 1975; Nowell, 1976) and inspired novel approaches to therapy.
This work provided the framework for foundational discoveries in cancer genetics including those
related to tumor cell heterogeneity, inherited risk of cancer, and synthetic lethality. Of the four
classically defined forces of evolution (mutation, gene flow, genetic drift, and selection), however,
only mutation is firmly classified in the field of genetics. The remaining three are ecological: gene
flow depends on the movement of individuals, genetic drift on how population sizes vary in time
and space, and selection on interactions with the biotic and abiotic environment.

Researchers are increasingly applying the ecological principles that underlie evolution to study
cancer biology, appreciating that understanding the complex ecology of the tumor is essential to
successfully treat this lethal disease. Conversely, the conceptual framework and quantitative tools
from cancer biology have the potential to transform the understanding of the complexity of ecology
itself, opening new ways to address the ecological challenges that define our times.

This Research Topic, therefore, was curated to support two goals.

1) Integrate ecosystem, behavioral, and physiological ecology into the study of cancer. The
evolution that leads to resistance and metastasis is driven not only by the heterogeneity and
phenotypic interactions that are the purview of ecology focused on the species level, but also by
the flows of energy, materials and nutrients, and the changing phenotypes of individuals.

2) Use the insights of cancer ecology to rethink ecology itself, in particular by using modern
molecular and genetic tools to address core questions and to apply them to forecasting
and restoration.

FROM THE CORE ISSUES IN ECOLOGY TO CANCER AND BACK
AGAIN

Many of the papers in this Research Topic focus on the core issues that have defined the science of
ecology since its founding: persistence of species, the maintenance of diversity and coexistence, and
the distribution and abundance of species and their interactions.

Interactions among cancer cells and those between cancer cells and host cells display many
ecological processes, including niche construction, resource exploitation (Huntly et al; Kareva
and Brown; Somarelli; Wu), predator-prey interactions (Peplinski et al.; Somarelli), source-sink
population dynamics (Cunningham et al.), game-theoretic interactions among different cancer cell
types (Kareva and Brown; Noble et al; Pressley et al.), and hijacking of signaling mechanisms,
including those governing metabolic pathways and immunological defenses (Bukkuri and Adler).

Frontiers in Ecology and Evolution | www.frontiersin.org 5

February 2022 | Volume 10 | Article 840375


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.840375
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.840375&domain=pdf&date_stamp=2022-02-10
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:adler@math.utah.edu
https://doi.org/10.3389/fevo.2022.840375
https://www.frontiersin.org/articles/10.3389/fevo.2022.840375/full
https://www.frontiersin.org/research-topics/15739/from-ecology-to-cancer-biology-and-back-again
https://doi.org/10.3389/fevo.2021.697618
https://doi.org/10.3389/fevo.2021.673082
https://doi.org/10.3389/fevo.2021.661583
https://doi.org/10.3389/fevo.2021.653622
https://doi.org/10.3389/fevo.2021.682504
https://doi.org/10.3389/fevo.2021.661583
https://doi.org/10.3389/fevo.2021.676071
https://doi.org/10.3389/fevo.2021.673082
https://doi.org/10.3389/fevo.2021.675638
https://doi.org/10.3389/fevo.2021.681121
https://doi.org/10.3389/fevo.2021.678533

Adler et al.

Editorial: Ecology to Cancer and Back

These interactions often involve the tradeoffs that support
coexistence of different tumor cell types (Huntly et al.; Kareva
and Brown). In relation to ecological management, control of
tumors parallels the control of invasive species (Neinavaie et al.)
and combinations of approaches may be designed to drive the
extinction of cancer (Gregg).

FROM PHENOTYPES TO ECOLOGY AND
BACK AGAIN

Advancing technological methodology has enabled the
identification of individual cell phenotypes, including
physiological states that determine cell behaviors and

interactions among cancer cells and between cancer cells
and the tumor microenvironment. This concept underpins
tumor microenvironment research, and highlights the power of
ecological concepts to understand tumor biology, progression,
and lethality (Bissell and Hines, 2011; Myers et al, 2020).
In ecology, dormancy plays a key role in the life histories of
organisms that deal with unpredictable environments, and this
phenotypic state is often observed clinically prior to cancer
recurrence (Kostecka et al.; Miller et al.). While these similarities
are informative, there are key differences between cancer cell
and animal dormancy, with cancer cells often altering rather
than simply slowing metabolism. These reversible metabolic
changes may help cancers survive fluctuating resources and
promote expensive but flexible glycolysis over or simultaneous
with oxidative phosphorylation (Huntly et al.). These metabolic
differences reveal themselves in scaling relationships between
size and metabolism, with tumors showing strong and consistent
scaling relationships that differ from healthy tissue, such as a high
volumetric scaling factor that reflects the high resource needs of
tumors (Brummer and Savage). These changes in metabolism
can interact with ecological factors to alter the foraging behavior
and growth of mice with cancer (Makin et al.). Differences in
cell phenotypes can generate novel interactions. For example,
one cancer cell population can exploit another one, increasing its
fitness to the detriment of the other (Noble et al.).

FROM ECOLOGY TO EVOLUTION AND
BACK AGAIN

Despite the underlying stochasticity of mutation, some aspects
of cancer are quite predictable, with cancers showing convergent
evolution on the hallmarks of cancer by quite different
mechanisms due to selection driven by the ecology of the cancer
(Somarelli). On the other hand, predicting cancer evolutionary
dynamics at the patient level remains quite challenging.
Although numerous genome sequencing studies have offered
some understanding of the cancer clonal makeup, the lack
of phenotypic characterization of the tumor composition can
make interpretation difficult (Plutynski). The ecological factors
that drive cancer evolution can provide the crucial bridge. As
an example, the rapid evolution induced in human-dominated
ecosystems by harvesting and habitat change parallels the
selection placed on cancer by treatment, generating the full
range of qualitative and quantitative resistance (Pressley et al.).

Resource availability also creates strong selection, with evidence
supporting roles of high availability of glucose, iron, or phosphate
promoting aggressive cancer growth (Wu). Cancer cells are
well-known to tolerate low oxygen levels, and this potential
may reflect the role of hypoxia in shaping cell differentiation
during development, and argue that cancer cells might face
challenges in overcoming the evolutionary legacy to retain stem
like characteristics during normoxia (Carroll et al.).

Studies of evolution often focus on mutations. However,
polyploidization and chromosomal instability lead to the
accession of the polyaneuploid cancer cell (PACC) state that
enables dormancy, treatment escape, and relapse initiation
(Kostecka et al.). Changes in cell motility and collective behavior
underlie metastasis, the deadliest phenotype of solid tumors.
Parallels between metastasis and invasion in ecology may
elucidate how metastatic cells colonize and adapt to foreign soil
(Neinavaie et al.), pointing a way to understand and predict
their spread.

FROM EVOLUTION TO THE PREVENTION
AND TREATMENT OF CANCER AND BACK
AGAIN

Application of ecological and evolutionary principles has the
potential to directly transform cancer patient care in diagnostics
(Maley et al., 2017) and novel treatment strategies (Pienta
et al, 2008; Amend and Pienta, 2015; Whelan and Gatenby,
2020). Indeed, many successful anti-cancer treatment strategies
(e.g., bone marrow transplant in leukemias, immunotherapy
checkpoint inhibitors in many solid tumors) are truly tumor
ecology-informed therapeutic strategies. Specific application of
an eco-evolutionary framework will identify other avenues for
treatment innovation. Elucidating how metabolic needs shape
cancer evolution implicates patient diet and lifestyle in cancer
risk (Wu) and suggests dietary therapies that could complement
chemotherapy and other conventional treatments (Gregg). Eco-
evolutionary principles open up new therapeutic opportunities
based on competition (Pressley et al; Somarelli), dormancy
(Kostecka et al.), predation (Peplinski et al.), and positive cell
interactions (Noble et al.).

FROM QUESTIONS TO CONCLUSIONS
AND BACK AGAIN

Several themes and challenges emerge from this collection. First,
the study of cancer cells in a tumor gives new insight into the
regulation of healthy systems (Bukkuri and Adler). The cancer
cells in a tumor demand and use resources like individuals in
ecology (Cunningham et al.; Wu), and those resources include
signaling molecules like hormones that mirror signals between
individuals as in populations of plants (Kareva and Brown).
Placing cancers in the larger biological context of evolution
and development makes sense of properties like tolerance of
hypoxia (Carroll et al.). Like species, cancer cells can, at least
hypothetically, go extinct well-before their hosts (Gregg).
Second, heterogeneity matters. Individuals, cells, locations,
and times differ (Huntly et al.), and these differences feedback
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to affect each other (Gregg). The mechanisms underlying
heterogeneity, can be genetic and heritable (Neinavaie et al.) or
plastic and epigenetic (Gregg). Third, evolution and ecology are
intimately linked. As in nature, evolution in cancer is driven by
ecological interactions among cancer cells and between cancer
cells and cells of the host, including fibroblasts, immune cells,
the associated vasculature, and many other components of the
tumor microenvironment.

The levels of selection created by population sub-structuring
are critical from the perspective of the patient and the treating
oncologist. For example, the success of temporal escape through
dormancy depends on the behaviors of the individual cancer cells
(Kostecka et al.; Miller et al.). Rates of evolution determine the
ability to respond to novel selection regimes, and, in addition
to mutation rates, these rates emerge from population dynamics
(Pressley et al.). The efficiency of selection depends on population
size and population structure. As in ecology, it is important to
consider that observed traits may not be adaptive, but rather may
result from drift and past competition.

The type of data and feasible experiments in ecology and
cancer biology differ. With cancer patients, interventions and
measurements must be carefully designed to minimize potential
harm, while in ecological systems we are often constrained by
feasibility, environmental protection, and funding. Laboratory
and greenhouse systems sacrifice realism for control and may
simulate pulsed resource environments that select for “cream-
skimmer” phenotypes (Huntly et al.). Prior hypotheses can lead
to publication bias of finding mainly what we are looking for
(Wu). Ultimately, cancer biology rigor and ecological rigor are
different but can and should be combined in cancer ecology
(Plutynski). Both fields bring qualities that the other lacks:
cancer biology is focused on molecular and cellular mechanisms
underlying observed phenotypes, while ecologists unravel causal
networks in complex systems that have been shaped by their
evolutionary history.
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Finally, as in all science, we must think about the goals
and appropriate scale of inquiry of any biological investigation,
whether the ultimate aim is fundamental understanding,
forecasting, or treatment of disease. If we observe ecological
phenomena like facilitation and competition (Noble et al.) or
predation (Peplinski et al.) in cancer, do we need to understand
the molecular details to effectively harness these phenomena for
developing new treatment strategies? As genetic and molecular
methods continue to unify the sciences, we think that the cross-
talk between the methods, questions, and approaches between
cancer ecology and traditional ecology will continue to increase
to the benefit of both fields.
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The Hallmarks of Cancer as
Ecologically Driven Phenotypes

Jason A. Somarelli*

Department of Medicine, Duke Cancer Institute, Duke University Medical Center, Durham, NC, United States

Ecological fitness is the ability of individuals in a population to survive and reproduce.
Individuals with increased fitness are better equipped to withstand the selective
pressures of their environments. This paradigm pertains to all organismal life as we know
it; however, it is also becoming increasingly clear that within multicellular organisms exist
highly complex, competitive, and cooperative populations of cells under many of the
same ecological and evolutionary constraints as populations of individuals in nature. In
this review | discuss the parallels between populations of cancer cells and populations
of individuals in the wild, highlighting how individuals in either context are constrained
by their environments to converge on a small number of critical phenotypes to ensure
survival and future reproductive success. | argue that the hallmarks of cancer can be
distilled into key phenotypes necessary for cancer cell fitness: survival and reproduction.
| posit that for therapeutic strategies to be maximally beneficial, they should seek to
subvert these ecologically driven phenotypic responses.

Keywords: ideal free distribution, metastasis, tumor microenvironment, fitness, niche construction theory

THE HALLMARKS OF CANCER AS ECOLOGICAL FITNESS
PARAMETERS

Cancer is a breakdown in multicellularity that is driven by genetic mutation, leading ultimately to
unchecked growth (Aktipis et al., 2015). This unchecked growth of populations of monoclonally
derived cells, coupled with continued genetic instability/mutation, epigenetic dysregulation,
and stochastic variation in gene expression and post-transcriptional regulation, often creates a
genotypically- and phenotypically-diverse population of cancer cells. In the context of solid tumors,
this diverse population of cancer cells resides within a complex and dynamic ecosystem that is
spatially distinct in its inhabitants, resources, and geography. Cancer cells must interact with
this ecosystem to ensure their survival [reviewed in Somarelli et al. (2020)]. The phenotypic
traits necessary for the continued presence of cancer in the body are known as the cancer hallmarks,
which were eloquently described in two landmark papers by Hanahan and Weinberg (Hanahan and
Weinberg, 2011; Figure 1).

Interestingly, while these hallmark phenotypes are observed across all cancers, the
underlying genetic/epigenetic mechanisms that drive these phenotypes are remarkably
heterogeneous. Indeed, efforts by The Cancer Genome Atlas' and other consortia>*>* to
genomically characterize multiple cancer types have illuminated this tremendous genetic

Thttps://www.cancer.gov/about-nci/organization/ccg/research/structural- genomics/tcga
Zhttps://platform.stjude.cloud/

Shttps://www.rarecancergenome.org/

“https://depmap.org/portal/
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FIGURE 1 | The cancer hallmarks as ecological fithess parameters. Population diversity is driven by genome instability and mutation. Cancer cell fitness is governed
by a series of survival phenotypes and the ability to reproduce (proliferation and replicative immortality).
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and non-genetic diversity. The convergence of genotypically
diverse individuals on a few key phenotypic traits is observed
in ecological systems in the convergent evolution of phenotypes
from genetically distinct species (Gatenby et al., 2011; Fortunato
et al, 2017). Classic examples of this convergent evolution
include the evolution of flight in insects, birds, and mammals
(Chin and Lentink, 2016), the loss of sight and pigment in
cave-dwelling fishes (Protas et al., 2006; Niven, 2008), and the
evolution of fins and flippers in fishes and tetrapods (Fish
and Lauder, 2017). Like these examples in nature, cancer cells,
too, are constrained by their environments to converge on
distinct phenotypic features that ensure their fitness within
the ecology of the body. In this way, the cancer hallmarks
represent the ecological fitness parameters of pro-survival and
pro-reproduction (proliferation) phenotypes (Figure 1).

CANCER CELLS EXIST WITHIN AN
ECOLOGICAL SYSTEM

At its essence, what underlies the cancer hallmarks is an
evolutionary fitness paradigm that describes key phenotypes

necessary for survival and reproduction. In natural systems,
the continued success of a species is defined by the fitness
of its individuals. Fitness is the ability of an individual to
survive and reproduce. At the population level, genetic
and non-genetic variation within populations improves
population-level fitness by increasing the likelihood that
some individuals will survive and reproduce within a given
ecological niche (Takahashi et al, 2018). An ecological niche
includes all of the environmental conditions with which
the individual interacts as well as the role played by the
individual to shape its environment (Fath, 2018). Environmental
conditions with which individuals interact include both biotic
(e.g., predator/prey) and abiotic (e.g., geographic features)
factors. These interactions dictate whether an individual
maintains its fitness. Put simply, fitness is dependent upon a
core set of phenotypes necessary for survival and successful
reproduction. These core phenotypes can be achieved in myriad
ways. For example, resource acquisition can be accomplished
by altering food intake, migrating to new habitats/niches,
or altering metabolism during periods of resource scarcity
through hibernation or dormancy. Survival also includes diverse
predatory escape/avoidance tactics.
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Just as individual fitness is governed by interactions between
individuals and their environments, cancers are also dependent
upon the same core fitness phenotypes. With few exceptions
(Andreoiu and Cheng, 2010), the vast majority of cancers
originate from mutations within a single cell. Continued
mutation of this clone during subsequent cell divisions leads
to genetic diversity within a growing population of cancer
cells. This genetic diversity is acted upon by selection for
individual cells that can survive a specific ecological niche.
Within solid tumors, the environment is spatially and temporally
varied in the same way any natural environment would be,
with multiple species co-existing within a dynamic, spatially
diverse landscape (Figure 2). Like the natural world, the
tumor is not merely a homogeneous cluster of cancer cells.
Rather, the tumor is a pseudo-organ, comprised of both
cancer and non-cancer cells co-existing together (Figure 2).
These non-cancer cells, such as fibroblasts and other stromal
cells (Sahai et al, 2020), endothelial cells (Hida et al,
2018), nerve cells (Banh et al., 2020), and immune -cells
(Binnewies et al., 2018) - which are often dysfunctional -
contribute substantially to the tumor ecology by altering the
resources and spatial geography of the tumor. In addition
to the cells themselves, the local geography of the tumor is
determined by vasculature, extracellular matrix components,
resource availability, and tissue boundaries (Figure 2). This
complex tumor environment shapes the survival phenotypes of

resource availability and predation as well as the reproduction
phenotype (Figure 2).

THE ECOLOGY OF THE TUMOR
SELECTS FOR CELLS THAT CAN
SUCCESSFULLY FORAGE, AVOID
PREDATION, MIGRATE, AND
REPRODUCE

Resources, such as pro-survival signals, oxygen, and glucose are
non-uniformly distributed throughout the tumor environment
by the geography of the landscape and its non-cancer inhabitants
(Milosevic et al,, 1999; Rijken et al, 2000; Heaster et al,
2019; Zaidi et al, 2019). Neovascularization signals create a
new blood supply that provides cancer cells with the oxygen,
glucose, and growth factors that the cancer cells need for
survival and reproduction. In addition to spatial heterogeneity
in vasculature, resource distribution is also governed by the
presence of non-cancer cells, many of which secrete signals in
the form of growth factors, signaling ligands, or deposition of
extracellular matrix components. Resource depletion can induce
migratory/invasive properties (Yang et al,, 2008; Chen et al,
2011; De Saedeleer et al, 2014). This relationship between
resource depletion and migration is akin to the ecological
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FIGURE 2 | Cancer cell survival within the dynamic ecology of the bodly is driven by resource acquisition, predator-prey interactions, and geography. Cancer cells
within solid tumors maintain their survival through alterations in resource acquisition (cell-intrinsic and -extrinsic signals, dormancy, migration/dispersal) and niche
construction. Cells must also avoid predation by the immune system through immune evasive and immune suppressive responses. These parameters are shaped by
geography and resource distributions within the tumor or metastatic landscape. MDSC, myeloid-derived suppressor cell; PD-L1 is an immune evasive checkpoint
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concept of the ideal free distribution in which individuals
within a population redistribute in a given environment to
equalize resource intake rates (Fretwell and Lucas, 1969).
While the ideal free distribution concept is most often studied
in the context of vertebrate animal behavior, this concept
also applies across species — from invertebrates (Kelly and
Thompson, 2000) to single-celled organisms (Moses et al.,
2013) - in response to the resource distributions within
ecosystems. A deeper understanding of how this ecological
concept can be applied to solid tumor biology may help
identify new treatments to inhibit metastasis by shifting tumor
ecology toward an environment that inhibits pro-migratory
phenotypes. For example, spatio-temporal knowledge of the
resource limitations and carrying capacity of the tumor
environment may improve timing of intermittent therapies to
inhibit migration/invasion programs in response to resource
depletion or maintain drug sensitivity. Consistent with this
notion, monitoring of spatial tumor hypoxia is being applied
to adaptive radiation therapy strategies (Gerard et al., 2019),
and monitoring the timing of metabolic reprogramming during
therapy has been used to define targeted vulnerabilities to
prolong treatment response in preclinical models of breast cancer
(Goldman et al., 2019).

Ecological systems are shaped not only by resource
distribution, but also by the predatory-prey interactions
within the environment (Friman et al, 2008). Predator-prey
relationships have profound consequences for evolutionary
fitness. Predators can influence fitness of their prey by inducing
physiological, morphological, or behavioral responses (Schmitz,
2017) and by inducing evolutionary selective forces on the
prey population (Schmitz and Trussell, 2016). While cancer
cells cannot exhibit behavioral changes per se, the profound
influence of predators on population structure occurs not
only in ecological contexts, but also in cancer. For example,
cytotoxic T cells shift the ecological balance toward cancer
cell prey that are able to thwart this predatory-like behavior
of the immune system. Cancer cells escape immune predation
through (1) increased expression of checkpoint molecules that
enhance cancer cell tolerance (Pardoll, 2012) and (2) secretion of
immunosuppressive factors that alter the phenotype of immune
cells (Ben-Baruch, 2006). The factors produced by the cancer cells
shift the relationship between cancer cell and immune cell from
a predator-prey to a commensal interaction in which the cancer
cell benefits from the newly established relationship by surviving.

The fitness parameter of reproduction in the context of cancer
is proliferation by way of mitotic cell division. To divide, a
cancer cell first needs to survive. However, while survival is
a pre-requisite for this reproductive cell division, additional
signals are also necessary to ensure reproductive success; as
in nature, survival alone does not guarantee reproduction
(i.e., cell division). Indeed, disseminated cancer cells have
been shown to remain undetectable for decades (Recasens
and Munoz, 2019; Shen et al, 2020). The reasons for the
lack of clinical detection are numerous, including a technical
limit on detection (Hori and Gambhir, 2011), activation of
cellular pathways related to dormancy and hibernation (Klein,
2020), immune surveillance (Swann and Smyth, 2007), and

growth constraint due to limited resources [reviewed in Klein
(2011)]. In some cases, however, a subset of disseminated
cancer cells can reawaken their proliferative capacity and
cause a clinically detectable relapse. This reawakening can be
promoted by a change in environment. For instance, resource
depletion within the tumor, such as hypoxia, lactate production,
reactive oxygen species, or the presence of inflammatory
cytokines can lead to p38/MAPK-mediated stress signaling
(Kyriakis and Avruch, 1996). The p38/MAPK pathway is
intimately connected to cell cycle arrest (Takenaka et al., 1998).
Interestingly, p38 activation also promotes cellular migration
(Hamanoue et al., 2016), which may enable dormant cancer
cells to escape resource depletion in the primary tumor
for the more resource-rich environment of the metastatic
niche. This trade-off between proliferation and migration
is analogous to the competition/dispersal trade-off observed
in ecological contexts in which habitat stability (Pellissier,
2015), population density (Matthysen, 2005), and carrying
capacity (Laroche et al.,, 2016) affect dispersal dynamics, with
higher density, lower resource availability, and lower carrying
capacity promoting dispersal. Integrating these parameters of
tumor ecology into models of cancer metastasis may improve
our understanding of the (1) timing of metastasis and (2)
clonal heterogeneity expected in a given patient. Advances
in genomic profiling of liquid biopsies (Gupta et al, 2017,
2020; Armstrong et al., 2019; Ignatiadis et al., 2021) provide
a powerful system to monitor competition/dispersal tradeoffs
longitudinally and adjust treatment to minimize dispersal. This
competition/dispersal theory has also illustrated how genetically-
and phenotypically-similar species can co-exist within an
ecological niche (Yawata et al., 2014). Applying these models to
cancer may provide insight into the cancer cell phenotypes that
may be most likely to co-exist within tumors and could help
identify rational treatment combinations.

The switch from stress signaling in the primary tumor
to a more favorable environment in a metastatic site may
induce reawakening of proliferative signals through a shift in
the ratio of activated, phosphorylated (phospho) ERK:phospho-
p38 signaling (Aguirre-Ghiso et al., 2003). For example,
reduction in TGF-f signaling (Bragado et al, 2013) and
urokinase plasminogen activator signaling (Aguirre-Ghiso et al.,
2003) in metastatic sites leads to a decrease in phospho-p38
levels and increase in phospho-ERK. Remarkably, the balance
between phospho-ERK-mediated proliferation/reproduction and
phospho-p38-mediated cell cycle arrest/dormancy in cancer
cells is also observed in hibernating animals. Cardiac muscle
from hibernating thirteen-lined ground squirrels (Ictidomys
tridecemlineatus) exhibits a significant upregulation in phospho-
p38 during torpor and a low phospho-ERK: phospho-p38 ratio
(Childers et al., 2019). Likewise, skeletal muscle samples from
hibernating bats display a significant increase in phospho-p38
(Eddy and Storey, 2007). Hibernation is an adaptation that
trades immediate reproduction under resource scarcity for a later
chance at reproduction in times of greater resource availability
(Willis, 2017). In the same way, cancer cell dormancy is a fitness
tradeoff that limits immediate reproduction to ensure survival in
response to resource depletion.
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CANCER CELLS AND NICHE
CONSTRUCTION

An ecological niche is the interaction between an organism and
its environment. While this interaction is most often discussed
from the perspective of the influence of the environment
on the organism, the concept of a niche also includes the
influence of the organism on its environment. The ability of
the organism to re-shape its environment to create a more
optimal niche is referred to as niche construction (Laland et al.,
2016). This concept of niche construction is defined by the
following properties: (1) the organism significantly modifies
its environment, and (2) these environmental modifications
impact the selection pressures of the organism (Odling-Smee
et al,, 2013). For example, dam building by beavers dramatically
alters the landscape, creating ponds and lakes where streams
once were. This alteration in the landscape not only creates
new habitat for the beavers and other species, but it also
provides a selective force on beaver traits, such as their
social behaviors and disease vulnerabilities (Naiman et al.,
1988). Notably, this selective force outlasts the beavers who
built the dam, providing a selective advantage beyond the
current generation.

Like beavers, cancer cells also substantially modify their
environments in my, and in doing so influence their selection. For
instance, tumor cells alter the geography of their environments
through deposition and proteolytic cleavage and clearance of
extracellular matrix components (Winkler et al., 2020). These
proteolytic enzymes, such as matrix metalloprotease 2 and 9,
are prognostic for poorer clinical outcomes in several cancer
types (Grignon et al., 1996; Sier et al., 1996; Li et al.,, 2017;
Huang, 2018). Mechanistically, these proteases alter matrix
stiffness (Das et al, 2017), facilitate migration by creating
space (Krause and Wolf, 2015), and increase pro-survival
signaling (Augoff et al., 2020). In addition to remodeling their
geography, cancer cells also remodel their nutrient sources.
For example, in this issue, Wu et al. describe the process
whereby tumors accumulate high concentrations of proliferation-
limiting resources. Likewise, secretion of pro-angiogenic factors,
such as vascular endothelial growth factor, fibroblast growth
factors, epidermal growth factor, and platelet-derived growth
factor, mediates formation of new vasculature (Bergers and
Benjamin, 2003). In addition, tumor cells exert pressure on
other cell types within the habitat of the tumor. Release
of soluble factors by cancer cells can induce fibroblasts to
switch from tumor suppressing to tumor permissive [reviewed
in Alkasalias et al. (2018)]. Cancer cells can also signal to
the immune predators in the tumor through expression of
immune checkpoints on the cancer cells, such as PD-L1 and
CTLAA4 (Pardoll, 2012), or through secretion of soluble immuno-
suppressive factors, such as TGF-p (Wojtowicz-Praga, 2003),
IL-10 (Kim et al, 2006), and soluble WNTs (Liang et al,
2014; Sun et al.,, 2017). This communication between cancer
cells and immune subsets can lead to a restructuring of the
immune landscape within the tumor toward a more tumor-
tolerant environment.

Niche construction is not restricted to the local environment
of the tumor. Systemic dissemination of signals also primes
the pre-metastatic niche toward a cancer cell-permissive
environment (Peinado et al, 2017; Doglioni et al, 2019).
Signaling factors secreted by cancer cells can remodel distant
sites for successful metastasis (Psaila and Lyden, 2009). The
production of these secreted factors is also influenced by the
local environment, thereby connecting local resource depletion
and cell-to-cell crosstalk with distant niche construction in
pre-metastatic organs. In mouse models of breast cancer, for
example, tumor hypoxia led to the expression of lysyl oxidase,
which induced recruitment of CD11b+ myeloid cells to remodel
the collagen matrix of pre-metastatic lungs (Erler et al., 2009).
Similarly, in preclinical models of lung adenocarcinoma and
melanoma metastasis, conditioned media from tumor cells
increased secretion of fibronectin in the pre-metastatic niche,
which facilitated recruitment of tumor cell-promoting bone
marrow-derived cells (Kaplan et al., 2005). Similar to secreted
growth factors from tumor cells, exosomes carrying cargo
throughout the body facilitate tumor cell seeding at pre-
metastatic sites. These exosomes can harbor proteins (Costa-Silva
et al., 2015; Hoshino et al., 2015), microRNAs (Rana et al., 2013;
Zhou et al,, 2014; Fong et al,, 2015), and long non-coding RNAs,
with impacts on the ecological niche, including extracellular
matrix remodeling (Mu et al., 2013), angiogenesis and vascular
permeability (Grange et al., 2011; Zeng et al., 2018), and immune
cell populations (Liu et al., 2016; Wen et al., 2016). Unguided by
an ecological perspective, many of the therapies that target these
niche construction mechanisms have not been as successful as
intended, and there is a remaining need to define the responses
induced by cancer cells to remodel their niches, both locally and
distally, at an individual patient level.

The most effective way to prevent the building of a dam is
to remove the beavers before they cut down any trees. In the
same way, early detection of cancer has been one of the most
effective ways to improve cancer survival (Loud and Murphy,
2017). Despite their limitations, screening programs, particularly
for colorectal, breast, cervical, prostate, skin, and other cancers
have dramatically improved outcomes for cancer patients (Shieh
et al., 2016; Loud and Murphy, 2017). While it has not been
formally proven exactly how early detection has such a benefit,
it is attractive to speculate that early removal of cancer cells
prevents their (1) continued evolution toward more aggressive
phenotypic states and (2) continued niche construction to create
a permissive ecological landscape.

THERAPY ALTERS THE CANCER CELL
ECOLOGICAL NICHE, INDUCING
RESPONSES THAT ARE BOTH
BENEFICIAL AND DETRIMENTAL TO
PATIENTS

Therapy substantially modifies the cancer cell population
heterogeneity, fitness landscape, and ecology of the tumor
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(Figure 3). Whether by selection of a subclone with pre-
existing resistance or the acquisition of a resistance mechanism
in response to treatment, therapy often [though not always
(Ding et al., 2012; Bashashati et al., 2013)] induces a strong
selective bottleneck that enriches for resistant phenotypes within
cancer cells. This can have profound impacts on population
structure, as has been demonstrated in numerous cancer types
through genomic profiling of longitudinal samples (Johnson
et al, 2014; Gupta et al., 2017, 2020; Somarelli et al., 2017;
Armstrong et al., 2019; Caswell-Jin et al., 2019; Roper et al,,
2020). In addition, therapy-induced enrichment of resistant
phenotypes can also promote additional aggressive features of
cancer, such as altered resource acquisition (Lue et al., 2017;
Xu et al, 2019; Gremke et al, 2020), dormancy (Kurppa
et al., 2020; Ware et al., 2020), migration/invasion phenotypes
(Takeuchi et al., 2015; Ware et al., 2016; Shah et al., 2017;
Jolly et al., 2019), and immune evasion (Baghdadi et al., 2016;
Ware et al., 2020).

In addition, the reshaping of the cancer cell population
structure by therapeutic challenge can also alter the fitness
landscape of the cell population in which removal of a drug-
sensitive population allows drug-resistant cells to repopulate a
newly vacant ecological niche (West et al, 2018; Figure 3).
This ecological concept, known as competitive release, can be
explained mechanistically by differences in energy expenditure
within drug-sensitive and drug-resistant populations. In the case

of cytotoxic chemotherapy, resistant cells expend substantial
energy in response to the drug [reviewed in Silva et al. (2012) and
Kam et al. (2014)]. This energy expenditure renders resistant cells
less fit than sensitive cells. When the drug is removed, sensitive
cells are able to outcompete the resistant cells for space within
the newly available ecological niche.

While the goal of systemic therapy is to target the cancer
cells, the therapy can also have unintended consequences
on non-malignant cells within the ecological system, some
of which can promote further aggressive features of the
cancer cells. For example, treatment-induced damage to cells
within the tumor microenvironment has been shown to
release secreted factors that enhance cancer cell survival (Sun
et al, 2012; Li et al, 2021). Likewise, chemotherapy can
also remodel the surrounding geography of the extracellular
matrix, leading to increased cancer cell survival (Bandari et al.,
2018; Figure 3). Chemotherapy can also alter the immune
landscape by damaging hematopoietic stem cell niches (Gardner,
1999), leading to immune suppression (Wu and Waxman,
2018). Chemotherapy has also been shown to suppress immune
function through secretion of immunosuppressive factors, such
as IL34 (Baghdadi et al, 2016) and granulocyte macrophage
colony-stimulating factor (Takeuchi et al, 2015). Therapy-
induced cancer cell phenotypic plasticity also induces a host of
immunomodulatory signaling pathways (Alumkal et al., 2020).
Unlike the mostly unintended effects of chemotherapy on the
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“species” of immune cells within the tumor and the body,
however, immunotherapy is specifically designed to reprogram
the interaction between cancer cells and the immune system from
a commensal to a predatory relationship (Figure 3). Ongoing
and future work aimed at modeling these interactions using
ecological frameworks (Griffiths et al., 2020) could improve
trial design, predictive and prognostic power, and identify new
mechanisms or treatment strategies aimed at prolonging the lives
of cancer patients.

LEVERAGING ECOLOGICAL
RESPONSES TO GUIDE NOVEL
THERAPEUTIC STRATEGIES

Viewing cancer from an ecological perspective can impact
treatment paradigms. For instance, adaptive therapy in which
treatment doses and schedules are adjusted based on the
differential fitness of resistant and sensitive populations in the
context of a drug has significantly prolonged tumor control
in preclinical models of breast and ovarian cancers (Enriquez-
Navas et al, 2016), with ongoing clinical trials in prostate
cancer (Zhang et al, 2017) and other cancers [discussed in
Cunningham et al. (2020)]. While these strategies have the
potential to provide novel concepts to control disease, it is also
imperative that we have a clear understanding of the relative
fitness differences across resistance mechanisms and in different
contexts. Adaptive therapy regimens may need to take into
consideration both the frequency and relative fitness of resistance
genotype/phenotype relationships (Schaper and Louis, 2014).
For example, the “arrival of the frequent” (Schaper and Louis,
2014) suggests that frequent, but less fit phenotypes can become
fixed in a population while other, rare phenotypes exist with
increased fitness.

While the predominant focus of adaptive therapy has
been on differential fitness and competition within cancer
cell populations, other benefits of adaptive therapy may exist
that are related to the tumor microenvironment. Lower drug
doses may prevent toxicity to immune predatory cells. In the
context of dying tumor cells, reduced lymphopenia may improve
systemic immune response to localized and disseminated
cancer cells. Similarly, lower drug concentrations within the
tumor microenvironment may reduce the induction of a
migratory/invasive phenotype in response to drug-mediated
resource depletion.

In addition to adaptive therapy, strategies to target the
tumor microenvironment and alter tissue ecology could be
leveraged for novel combinations to inhibit both cancer cell-
intrinsic and cell-extrinsic survival signals (Jin and Jin, 2020),
alter tissue structure/geography (Erler et al, 2009; Juarez
et al, 2012), and enhance immune predation (Opzoomer
et al, 2019). Another approach may be to capitalize on
dormancy as a response to therapy-mediated resource-depletion.
For example, by using sequential treatment paradigms to
first force cells into persistence/dormancy-like phenotypes,
and then target these persistent cells with a secondary agent

(Cipponi et al, 2020; Shen et al., 2020), it may be possible
to prolong survival for patients with therapy-resistant or
micrometastatic disease.

CONCLUSION

The range of possible genetic solutions available to cancer
cells in order to ensure survival and proliferation is vast.
These innumerable possible solutions are constrained by the
ecology of the individual patient, as well as the fundamental
needs for survival and proliferation under stress, resulting
in a set of phenotypic hallmarks. The hallmarks, at their
essence, represent the phenotypic solutions for maintaining
fitness within the ecological niche of the body. Ecologically
informed therapeutic strategies can take advantage of these
phenotypic responses required for fitness by using novel
treatment approaches. To do this, the landscape of fitness
parameters for each patient should be defined in order to identify
rationale combinations or targets that control multiple aspects
of cancer cell fitness. Beyond genetic drivers alone, therapeutic
strategies should also consider the following in defining the
fitness landscape of each patient: (1) identifying key resources, (2)
defining the reproduction vs. dormancy/survival axis for tumors,
(3) characterizing population heterogeneity, (4) quantifying
dispersal likelihood, and (5) defining the predator/commensal
state of the immune system. Broader partnership between
ecologists and cancer researchers/physicians will help inform
these strategies and could lead to further breakthroughs and
innovation that capitalize on advances in spatially resolved
genomics, measurements of the temporal dynamics of cancer
cell populations, and an emerging arsenal of therapies that
target both cancer cells and their habitats. Coupling these
emerging technologies with ecologically informed models of
cancer may enhance our ability to treat cancer as a chronic, but
controllable illness that will substantially prolong the lives of
cancer patients.
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Cancer prevention is superior to cancer treatment—indeed, understanding and
controlling cancer risk is a key question in the fields of applied ecology and
evolutionary oncology. Ecological cancer risk models offer the dual benefit of being
generalizable across cancer types, and unveiling common mechanisms underlying
cancer development and spread. Understanding the biological mechanisms of cancer
risk may also guide the design of interventions to prevent cancer. Ecological
considerations are central to many of these mechanisms; as one example, the
ecologically-based hypothesis of metabolic cancer suppression posits that restricted
vascular supply of limiting resources to somatic tissues normally suppresses the evolution
of somatic cells toward cancer. Here we present a critical review of published evidence
relevant to this hypothesis, and we conclude that there is substantial evidence that cancer
risk does increase with an abnormal excess of limiting cell resources, including both
dietary macronutrients as well as certain micronutrients.

Keywords: evolutionary oncology, cancer ecology, cancer prevention, resource oversupply, limiting resources

1. INTRODUCTION

Cancer is the result of an evolutionary process. This is a process fueled by mutation and shaped by
ecology (Reynolds et al., 2020), making the assessment and reduction of cancer risk an important
problem in the fields of applied ecology and evolution. Consequently, a evolutionary approach
to cancer modeling can improve models for individualized risk assessment, which are currently in
need of improvement (Louro et al., 2019). Moreover, forming a theoretical account of the ecological
mechanisms of cancer risk can guide the design of evolutionarily-enlightened interventions to
prevent cancer.

The difference between indolent and aggressive cancers may sometimes lie not within the
tumor itself, but rather in the tissue micro-environment where the tumor is growing. The ecology
of the tissue microenvironment is central to understanding and intercepting cancer risk in two
ways: Firstly, while mutations are stochastic and unpredictable, ecological effects on evolutionary
trajectories are deterministic and predictable (Lenski, 2017; Barrick et al., 2020)—especially in cases
of convergent evolution, such as the cellular evolution of cancer (Fortunato et al., 2017). Secondly,
unlike mutation, tissue ecology is a modifiable source of cancer risk; understanding it can help us
to not only predict the risk of cancer, but also take proactive steps to reduce it.

In this review, we focus on resource supply and limitations in the tumor microenvironment.
Based on systems biology simulation models, it was proposed that in the somatic ecology of tissues,
an abnormal excess of limiting energetic resources may increase cancer risk in the affected tissues
(Wu et al,, 2019). Indeed, a consortium of scientists identified responses to energetic resource
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limitations as one of two primary ways to classify neoplasms
(Maley et al., 2017). Here, we broaden the scope of this ecological
idea to include not only energetic resources, but any resources
that can be limiting for cell proliferation. We undertake a critical
review of published empirical evidence relevant to testing this
broader hypothesis.

2. MECHANISM

A foundational principle of ecology is Liebig’s Law, which states
that growth is controlled not by the total amount of all resources
available, but by the scarcest (limiting) resource type (Egli and
Zinn, 2003; Shapiro et al., 2018). For a given population, a
resource type is limiting if an increase in its availability increases
growth. Both in classical species ecology, and in somatic cell
ecology, there is only one limiting resource type per population,
but this is may vary over time, or between tissues. The single
resource that is likely to be limiting for most somatic cells at
most times is energy for biosynthesis, growth, and division.
This is, however, not a universal rule; other limiting resources
may include micronutrients, growth signals, oxygen, and many
others. The relation between cancer development and resource
oversupply is an extension of Leibig’s law; cancer cells are treated
as organisms whose growth is unlocked by resource surplus.

Heretofore, in considering cancer risk, much attention has
been focused on the driver mutations in somatic cells that
are believed to trigger oncogenesis. However, it has become
clear that such mutations often do not drive oncogenesis, but
instead remain safely “parked” in normal tissues (Tomasetti,
2019; Nam et al., 2020; Solary and Laplane, 2020). These
observations support the notion that cancer prevention can be
viewed as an attempt to change the selective pressures within
tissues to prevent or delay cancer (Maley et al., 2011). It is still
unknown what selective pressures might direct driver mutations
toward malignancy; this is a fundamental open question in
the science of cancer prevention. One potential explanation
is the hypothesis of metabolic cancer suppression, which is
based on known epidemiology of cancer risk. According to this
hypothesis, restricted vascular supply of resources to somatic
tissues normally limits resources critical to cell proliferation,
and thereby suppresses cellular evolution toward cancer, even
in the presence of driver mutations (Figure1). Under this
framework, the importance of driver mutations is attributable
only to their impact on cellular fitness in the context of
the tumoral microenvironment. This accords with an earlier
mathematical model (Beerenwinkel et al., 2007), which suggested
that the waiting time to cancer depends strongly on the selective
advantage (s) conferred by oncogenic driver mutations, with the
average waiting time proportional to %

In computer simulations, cancer driver mutations quickly
caused cancer in microenvironments that were oversupplied
with limiting cell resources, but had little effect in tissues
with normally restricted supplies of those resources (Wu et al,
2019). These ecological effects on cancer risk are consistent with
our general understanding of how ecology shapes evolution.
Several authors have noted that both in classical species

FIGURE 1 | Resource oversupply unlocks clonal expansion—aggressive
clones (red) flourish in an abundant environment (green).

ecology and in the tissue ecology of somatic cells, it is only
populations in resource-rich environments that typically evolve
the rapid-proliferation life histories that rely on rapid resource
consumption (Alfarouk et al, 2013; Ducasse et al, 2015).
Therefore, according to the hypothesis of metabolic cancer
suppression, even cell resources that are healthy and essential in
normal quantities can become carcinogenic in excess.

The eco-evolutionary effects of resource availability are
difficult to observe in healthy tissue that is evolving toward
cancer, but have been observed in cancer itself. Cancer cells that
could gain a fitness advantage by exploiting a given resource
typically evolve to do so only when that resource is available
in their local microenvironment. For example, in breast cancer,
elevated expression of estrogen receptor can increase cell fitness
and proliferation, but only in the presence of adequate estrogen,
which is supplied through vascular delivery. Cell phenotyping has
shown that within a breast tumor, there is a strong correlation
between cells’ access to vascular delivery, and with their evolved
expression of estrogen receptor (Lloyd et al., 2014). Such local
effects on the evolution of cancer cells, as described above,
suggest that even when a limiting resource is at normal levels
in blood, vascular abnormalities creating excess local blood
flow might increase cancer risk in the locally affected tissues.
There are published observations suggesting that local vascular
abnormalities increasing blood flow do, in fact, increase localized
cancer risk in humans (Feinmesser et al., 1997; Lapidoth et al.,
2006; Blatt et al., 2019). However, such local tissue effects are
unlikely to be generally important to cancer prevention and
control. In contrast, systemic excess of resources that are often
limiting for cell proliferation affect more tissues and organs, and
do so in many more people. Such systemic excess is likely to be
important to cancer prevention and control, and it will be the
focus of this review.

3. LIMITING RESOURCES

Although there are few empirical studies investigating the effect
of general limiting resources on cancer development, there is
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TABLE 1 | Some examples of evidence supporting the importance of limiting
resources in cancer control.

Limiting resource Cancer type References

Glucose Prostate Marrone et al. (2019)
Gallbladder Navarro et al. (2019)
Colorectal Yang et al. (2016)
Pancreatic Zhang et al. (2020)

Growth Factors Prostate Watts et al. (2019)
Breast Lloyd et al. (2014)
Colorectal Yamamoto et al. (2017)
Ovarian Brokaw et al. (2007)

Micronutrients Prostate Perez-Cornago et al. (2020)
Skin Whitnall et al. (2006)
Bladder Torti et al. (1998)
Renal Baetal. (2011)

a rich body of literature investigating the carcinogenic effect
of specific resources which are likely to be limiting (Table 1).
We consider these studies here, not to offer a comprehensive
consideration of all of the possible limiting resources within the
tumor microenvironment, but instead to illustrate the myriad
ways in which resource limitations may arise and be subverted.

3.1. Glucose

The single class of resources that is likely to be limiting for
most somatic cells at most times is energy; used for biosynthesis,
growth, and division. This energy is supplied primarily by
blood glucose, the supply of which is tightly regulated in
normal physiology. In accordance with Liebig’s law, researchers
hypothesize that glucose oversupply may be associated with
cancer risk.

In support of this hypothesis, it has been found that while
hyperglycemia and diabetes were not significantly associated
with total prostate cancer incidence, glycemia values above
the normal range were associated with increased risk of lethal
prostate cancer, and with prostate cancer mortality (Marrone
etal., 2019). Similarly, a study of the aggressiveness of gallbladder
cancer using circulating glucose-to-lymphocyte ratio (GLR) as
an indicator of glucose availability, found that preoperative GLR
was an independent predictor of survival (Navarro et al., 2019).
A similar effect of blood glucose on cancer aggressiveness was
reported for colorectal cancer (Yang et al., 2016), and also for
pancreatic cancer (Zhang et al., 2020).

These consistent effects of glucose level on cancer risk
are understandable through an eco-evolutionary perspective
of carcinogenesis as the Darwinian evolution of somatic cells
into cancer cells. Abnormally elevated glucose in the cell
microenvironment alters the selective forces on cells in two ways:
Firstly, excess glucose directly selects for cells with abnormally
accelerated growth and proliferation that disproportionately
benefit from this energetic windfall. Secondly, this hyperglycemic
microenvironment allows neoplastic cells to gain a further
fitness advantage over normal cells by generating energy
through anaerobic glycolysis. While less efficient in glucose

use than aerobic cellular respiration, this glycolytic pathway
is an allelopathic strategy—it generates an acidic and toxic
microenvironment that is more toxic to competing normal cells
than to the cancer cells themselves (Gillies et al., 2008). In doing
so, this destructive cell phenotype removes both competitive
and physical barriers, thereby accelerating clonal expansion.
These considerations, supported by empirical evidence and
mathematical modeling, led some to conclude that elevated
glucose consumption is a necessary cell phenotype for the
formation of metastatic cancers (Gillies et al., 2008).

3.2. Inorganic Micronutrients

In addition to oxidizable energy substrates such as glucose,
several inorganic trace nutrients, such as iron and phosphate, are
also potentially limiting for cell proliferation, and are also over-
consumed by rapidly dividing cells. According to Liebig’s law, in
those patients and tissues in which energy is the limiting resource,
these trace nutrients are not limiting, thus their availability will
not greatly affect cancer risk. However, in those patients with
elevated blood glucose, cell proliferation is unlikely to be limited
by energy availability, and so may be limited instead by crucial
inorganic trace nutrients. In areas experiencing the current
epidemic of obesity and metabolic syndrome, this situation may
be common.

Iron is critical to cell proliferation because of its key
roles in energy production and the biosynthesis of DNA
and RNA. Like glucose, iron homeostasis is highly regulated,
and its dysregulation has been associated with carcinogenesis
(Weinberg, 1996; Torti and Torti, 2013). Both infections and
neoplasms consist of rapidly dividing pathogenic cells, and
host physiology defends against both infections and neoplasms
by sequestering the iron required for rapid cell proliferation
(Weinberg, 1984). Hosts respond to both infections and
neoplasms by lowering their plasma iron levels; consequently,
we expect that iron supplements enhance both microbial and
neoplastic cell growth. Long-established animal experiments
have demonstrated that experimental oversupply of iron by tissue
injection can induce cancer at the injection site (Richmond,
1959). This is despite the fact the fact that physiological levels
of iron are neither mutagenic nor carcinogenic (Weinberg,
1984). Substantial evidence from multiple studies suggests that
abnormal iron excess is closely associated with tumorigenesis in
multiple types of human cancer (Chen et al., 2019). In humans,
excess tissue accumulation of iron due to food additives and
iron supplements may be contributing to increased risk of cancer
generally (Davoodi et al.,, 2016).

A second inorganic cell nutrient implicated in oncogenesis
is phosphate. Evidence suggests that excess cellular phosphate,
associated with dysregulated phosphate metabolism, acts as a
growth-promoter in various human and experimental models
of tumors (Brown and Razzaque, 2018). In a prospective
study of multiple serum biomarkers potentially indicating risk
of prostate cancer in a large cohort of men, phosphate was
the only biomarker significantly positively correlated with
prostate cancer during long term follow-up (Perez-Cornago
et al., 2020). In an example of cancer niche construction, the
phosphate proclivities of tumors are reflected in their tendency
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to accumulate more phosphorus in their microenvironment
compared to normal tissue. In mouse models of spontaneous
cancer, in vivo measurements of several aspects of the chemical
tumor microenvironment revealed that the greatest difference
of tumor tissue compared to normal tissue was not the well-
established chemical differences in oxygen and pH, but rather,
differences in extracellular concentration of inorganic phosphate
(Bobko et al., 2017). Levels of inorganic phosphate (P;) were more
than two-fold higher in tumor microenvironments vs. normal
tissue. Moreover, P; concentration was the only parameter that
allowed for discrimination between non-metastatic and highly
metastatic tumors (Bobko et al., 2017).

3.3. Growth Factors

In addition to the nutrients discussed above, other candidates
for resources limiting to cell proliferation include various
endogenous signals. Similarly to nutrients, endogenous signaling
molecules are received only through vascular delivery, and are
often are taken up faster by hyperproliferating cells.

For example, insulin-like growth factors (IGFs) have been
implicated in the etiology of several cancers. Epidemiological
evidence implicates IGFs in risk for prostate, breast, colorectal
cancer, and possibly thyroid cancer—IGF1 is consistently
positively associated with an increased risk of these cancers
(Watts et al,, 2019). Estrogen is another endogenous signaling
molecule that can be a limiting proliferation resource for some
female reproductive cancers, in particular estrogen receptor
positive (ER+) breast cancer. Within an ER+ tumor, estrogen
dependence and uptake may vary from 1 to 100% of cells. It
has been hypothesized that expression of estrogen receptors
is positively selected only if estrogen is present in the
microenvironment, and further, that tumor regions with higher
blood flow would contain larger numbers of ER+ cells than
areas of low blood flow (Lloyd et al., 2014). By examining the
spatial distribution within tumors of ER+ and ER- cells relative to
blood vessel area, the authors found a strong positive correlation
between vascular area and ER expression. The authors concluded
that ER expression, specifically by well-vascularized tumor cells,
resulted from different selection pressures in well-vascularized
regions. These results suggest that an abnormal excess of
circulating estrogen could also lead to abnormal cell proliferation
and to increased cancer risk.

That hypothesis has been supported by two unintended
observational “experiments” on patterns of reproductive cycling
in women. The first natural phenomenon involving abnormally
increased estrogen exposure in women (relative to ancestral
conditions) resulted from the introduction of agriculture and
birth control. In the ancestral environment that humans are
adapted to, women undergo relatively few ovulatory cycles with
their accompanying surges of endogenous estrogen. In contrast,
contemporary American women start cycling younger and cycle
more often, resulting in about triple the lifetime ovulatory
cycles as were typical of pre-agricultural women. Based on a
theoretical model, this translates into a risk of breast cancer
by age 60 that is about 100 times as high as that of pre-
agricultural women, and this model prediction is consistent
with the available epidemiological data (Eaton et al., 1994). The

second phenomenon resulted from the introduction of hormone
replacement therapy (HRT) to treat the symptoms of menopause.
Multiple observational studies have showed an increased risk
of breast cancer with multi-year use of HRT (Franceschini
et al,, 2020). These authors argue that this increased cancer risk
has resulted not only from abnormally extended exposure to
estrogen, but also from use of some older drugs with excessively
high levels of estrogens. The combined weight of this evidence
suggests that, as in the case of the nutrients discussed above, it
may not be correct to consider estrogen to be carcinogenic per se,
but rather to consider an abnormal excess of estrogen exposure
to be carcinogenic.

4. DISCUSSION

In conclusion, a large body of evidence indicates that cancer risk
does increase with an abnormal excess of limiting cell resources,
including both exogenous dietary factors, and endogenous
signaling molecules. Among dietary factors, this effect is most
widely investigated in energetic macronutrients, which can upset
the normal energy balance and create hyperglycemia, but the
supporting evidence is also strong for at least two limiting
micronutrients: iron and phosphate. The idea that normal and
necessary nutrients could sometimes have a carcinogenic effect
may seem paradoxical, but it should not be too surprising—
when pathology is plotted as a function of various physiological
measurements or dietary inputs, the result is often a U-shaped
response curve, with pathology increasing as physiology becomes
abnormally extreme in either direction.

Ideally, a systematic review of an association between resource
oversupply and cancer outcomes should compare the number of
studies that reported a positive association vs. those that found
a negative or no association (Pati and Lorusso, 2018). While we
have, to our best knowledge, included an unbiased sample of
all relevant literature, few empirical studies have been designed
specifically to test the hypothesis we examine. Instead, much of
the available evidence is observational, or was incidental to the
focus of the reported study. We found no published negative
reports regarding association between dietary excess and cancer
outcomes, but this could reflect either a limited literature, or
a reporting bias toward positive association. We are optimistic
that if the hypothesis addressed here gains plausibility, there will
soon be more empirical research directly targeted at investigating
resource oversupply.

4.1. Exogenous and Endogenous

Resources

It is difficult to disentangle the role of endogenous signals
from that of exogenous resources, because levels of the two are
often highly correlated. Limiting resources are closely regulated
physiologically, so that extreme levels of intake will cause a rapid
increase in regulatory signaling molecules.

However, there is a fundamental difference between the
constraints on carcinogenesis resulting from limited signaling
molecules compared to that of limited exogenous nutritional
resources—the latter has a more fundamental and robust causal
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effect. Indeed, the evolution of independence from endogenous
signals and factors that would normally limit proliferation
is considered a canonical hallmark of cancer (Hanahan and
Weinberg, 2000). Therefore, restricted levels of endogenous
signals can only transiently impede the evolution of cancer. In
contrast, conservation of energy dictates that cells cannot evolve
away from dependence on energy and materials for growth
and proliferation. Thus, restricted levels of exogenous limiting
resources offer a more robust and important obstacle to somatic
cell evolution toward cancer. As an example of this difference
between the risks from exogenous resources vs. endogenous
signals, normal somatic cells do not proliferate in the absence
of insulin or of insulin-like growth factor 1 (IGF1). However,
evolving cancer cells can evade this dependence, often through a
single mutation. Tumors with this property have been described
as resistant to caloric restriction, but in fact, animal experiments
have only established their resistance to low serum levels of
insulin and IGFI, and not to low levels of glucose itself (Kalaany
and Sabatini, 2009). The problem of disentangling the effects of
endogenous signals vs. exogenous resources is especially acute
for glucose. Hyperglycemia, with its comorbidities metabolic
syndrome and obesity, increases cancer risk not only through
oversupply of glucose to tissues, but also through abnormal
levels of IGF1, leptin, adiponectin, steroid hormones, insulin,
and sirtuins (Hursting and Berger, 2010). As a mechanism of
cancer risk, and as an opportunity for cancer prevention, serum
glucose may prove to be the most important of these multiple
intercorrelated risk factors.

4.2. Aggressive and Indolent Cancers

A key difficulty in cancer screening is the onerous diagnostic
task of distinguishing between indolent cancers and clinically
aggressive cases that demand immediate treatment (Srivastava
et al., 2016). This problem is especially pressing for prostate
cancer, which simultaneously proffers many cases of aggressive
and dangerous disease, as well as many cases of over-diagnosed
and over-treated tumors (Da Huang et al, 2020). Efforts
at molecular characterization have not yet found mutations
or other cell-intrinsic markers of cancer aggressiveness, and
detailed consideration of tissue ecology may help. Indeed, it
has been shown that the aggressiveness of prostate cancer is
associated with circulating levels of several limiting cell resources,
including glucose (Marrone et al, 2019), iron (Choi et al,
2008), and phosphate (Bobko et al., 2017). Given that resource
oversupply may act as the “enabler” of carcinogenic mutations
and clonal expansion, monitoring and analysis of the tumor
microenvironment offers a promising method by which to
identify clones which are likely to be aggressive.

4.3. Caloric Restriction and Dietary

Regimens

Consistent with the hypothesis that excess blood glucose drives
oncogenesis, a recent review concluded that the internal tissue
environment determines whether cancers progress to advanced
disease, and that glucose availability is an important component
of this somatic ecology (Holly et al., 2019). Furthermore, a
meta-analysis comparing people with and without diabetes found

that diabetes was associated with substantial premature death
from several types of cancer, independent of other major risk
factors (Collaboration, 2011). These included cancers of the
liver, pancreas, ovary, colorectum, lung, bladder, and breast.
A prospective study also found blood glucose to predict risk
of breast cancer (Muti et al., 2002). This work suggests that
controlling blood glucose levels by managing caloric intake
and increasing physical activity is likely to confer protective
benefits for many types of cancer in economically developed areas
(Giovannucci, 1999). Indeed, caloric restriction dietary regimens,
which restrict energy intake to minimal survival levels, have
strong cancer preventive effects in animal models. Observational
data reflect a similar effect in humans. Across species, calorie
restriction appears to be the most potent, broadly acting dietary
regimen for suppressing carcinogenesis (Hursting et al., 2010).

4.4. Aging

It is not immediately clear why cancer incidence increases
sharply with age, given the evidence (reviewed in section
1), that while cancer driver mutations do accumulate
with age, they are not enough alone to initiate cancer.
An ecological factor that may explain this trend is that
hyperglycemia increases with age, increasing positive
selection for mutated neoplastic cells that can use excess
glucose for rapid proliferation (Golubev and Anisimov,
2019). Similarly, age-related metabolic shifts which remove
resource restrictions have been linked to epithelial cancers
(Holly et al., 2013). In general, the process of aging appears
to loosen the tightly orchestrated biological controls on
tissue nutrition and supply, thereby creating
intermittent excess.

resource

4.5. Micronutrients

Oversupply of limiting cell resources does appear to be
an important biological mechanism of cancer risk. This is
well-established for energetic macronutrients—the case for
micronutrients is less well-established, but also holds potential.
The highly-processed foods that now constitute the majority of
calories consumed in developed nations not only cause excessive
energy intake and tend to increase average daily blood glucose
levels (Hall et al., 2019), but also contain additives that can
create excessive intake of the limiting micronutrients iron and
phosphate. Of all the micronutrients, phosphate may be the
most promising candidate for managing cancer risk. Dietary
phosphorus deficiency is uncommon and usually observed only
in rare inherited disorders, or near-total starvation. There would
be little health risk in reducing dietary intake, especially by
avoiding the extra phosphate that is an additive in many
processed foods and beverages (Erem and Razzaque, 2018).
Excess phosphate is implicated in risk of both lung cancer (Jin
et al., 2009), and prostate cancer (Perez-Cornago et al., 2020),
and high dietary phosphorus intake is associated with all-cause
mortality (Chang et al., 2014).

4.6. Prevention and Intervention
An excess of limiting cell resources offers excellent opportunities
for management of individual cancer risk, because in many cases
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it may be measured non-invasively. For example, inexpensive
wearable monitors of serum glucose are widely available.
Similarly, measurement of urinary phosphate is routinely used
to manage kidney disease, and standard test kits might be
repurposed for managing cancer risk. In addition to addressing
cancer risk, evaluating tissue ecology may also be helpful in
the difficult diagnostic task of distinguishing between indolent
cancers and clinically aggressive cases that demand immediate
treatment (Srivastava et al., 2016). As this association between
excess resources and increased cancer risk appears to be
robust across cancer subtypes and stages, we expect that
ecologically-informed risk management will be an important
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Recently several authors described a family of models, according to which different
cancer types and subtypes fall within a space of selective trade-offs between archetypes
that maximize the performance of different tasks: cell division, biomass and energy
production, lipogenesis, immune interaction, and invasion and tissue remodeling. On
this picture, inter- and intratumor heterogeneity can be explained in part as a product of
these selective trade-offs in different cancers, at different stages of cancer progression.
The aim of this Perspective is to critically assess this approach. | use this case study to
consider more generally both the advantages of using ecological models in the context
of cancer, and the challenges facing testing of such models.

Keywords: multi-task, evolution, cancer, ecology, testing, genomics

INTRODUCTION

Cancer evolves; that is, populations of cancer cells change over time in distribution of genotypic
and phenotypic features, and relative survival is due in part to interactions with the surrounding
environment. This idea is not new, and has indeed led to an active research program (Nowell, 1976;
Merlo et al., 2006; Greaves and Maley, 2012). If cancers evolve, then investigating the ecologies of
cancers, and selective trade-offs at work in these different local microenvironments, will be centrally
important to explaining how and why cancers progress slowly or quickly, respond to treatment,
or fail to do so.

What, however, does it mean to explain or describe cancer’s “ecologies” or “ecological
dynamics™ While several scientists have proposed general theoretical frameworks and
mathematical models for predicting and explaining cancer’s evolutionary dynamics (Michor et al.,
2004; Frank, 2007; Wodarz and Komarova, 2014), relatively few have drawn upon ecological theory
(F. Adler and Gordon, 2019). However, Maley et al. (2017) describe what they call the “Evo-” and
“Eco-Index” of cancers - that is, a taxonomy of various features that enable various patterns of
evolutionary and ecological change in cancers over time. Thus, for instance, a major component
of the “Evo-index” of a tumor is extent of heterogeneity, which enables a population of cancer
cells to respond to selection. The “Eco-Index,” in contrast, consists in a “profile” of “hazards” and
“resources” (what can kill a cell, or resources required for cell maintenance and growth), which
might be expected to select for the particular life history strategies (Aktipis et al., 2013). High levels
of hazard or fluctuating resources might tend to yield rapid reproduction and little investment in
maintenance and survival. Low hazards and a steady supply of resources, in contrast, might predict
an expansion of the carrying capacity of the habitat, and competition for limiting resources.
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International sequencing efforts have now provided data that
allows cancer researchers to test some of these hypotheses (Hutter
and Zenklusen, 2018). These sequencing efforts demonstrated
that cancers are enormously heterogeneous. Cancers arising in
different cell types, tissues, or organs vary in the extent and type
of mutations most common. This “inter-tumor” heterogeneity is
often contrasted with “intra-tumor” heterogeneity: the extent of
genetic variation within a single population of cancer cells. In
order to optimize treatment, we need to better understand why
variation arises between cancers, and among cell lineages in a
tumor, both in space, and over time.

Hausser and Alon (2020) apply multitask evolution to
genomic data, in service of identifying the specific trade-offs
at work in different cancers, and among cell lineages (Hausser
et al,, 2019, p. 2). They predicted that, given trade-offs among
various tasks of cancer cells in a tumor, both space, and over time,
selection among these trade-offs could also yield “archetypal”
genomic profiles. For instance, early on in the development of
a tumor, one might expect genetic profiles associated with rapid
growth, whereas later on, there may be genetic profiles associated
with immune resistance, or capacity for invasion and metastasis.

To identify the trade-offs at work in cancer progression,
they use a Pareto-optimal modeling strategy, drawing upon
gene expression profile data (transcriptomic data) from TCGA
and METABRIC databases. Using PCA (principal component
analysis), they reduced the number of dimensions in the data,
identifying the most common variants across tumors. They then
subject this reduced dataset to ParTI (Pareto task inference).
ParTI has been used to illustrate the role of selective trade-
offs between tasks in a variety of other systems. The “Pareto
front” represents gene expression profiles for which performance
cannot be improved without decreasing performance in another
task: gene expression profiles along a Pareto front are “Pareto
optimal.” When there are three or more tasks, one can generate
a polyhedron, where the vertices represent the “archetypes” - or,
“specialists” at specific tasks.

They showed that different cancers seem to have distinctive
optima, or gene expression profiles associated with trade-offs
among different tasks. For instance, in glioma, the trade-offs
were between cell division, invasion and tissue remodeling, and
immune interaction, with a cluster close to the cell division
archetype. In contrast, in liver cancer, the trade-offs appear
to be between biomass and energy production, cell division,
and invasion and metastasis, with a cluster closer to biomass
and energy production. Moreover, they found that, depending
upon stage or grade, different cancers within a type (e.g., breast
cancers) seemed to display gene expression of higher frequency
coinciding with one or another Pareto optimum, suggesting
that selective trade-offs likely change from early stage tumors
to invasive metastatic disease. Such selective trade-offs might be
driving change in the distribution of tasks in cell populations in
a tumor over time, and thus, changes in the distribution of gene
expression profiles. Such information could, they argue, be linked
with clinical data, and drug sensitivity data, in service of more
effective therapy.

There were some limitations to their analysis, however. They
“could not reliably detect polyhedra for seven out of 15 cancer

types; these seven cancer types showed gene expression that fell
in a cloud without detectable vertices.” That is, fully half of
the cancer types they analyzed did not fall within the archetype
framework. As they note, future research could determine what
might explain lack of fit, where one option is simply that “trade-
off theory is not applicable such as a lack of strong selection,”
or, perhaps, “too many tasks (many archetypes) that cannot be
resolved given the noise.” (Hausser and Alon, 2020, 250) Below,
this example will be considered as a case study for generating
important insights about what we ought to look for when testing
hypotheses about cancer’s eco-evolutionary dynamics.

CANCER GENOMIC DATA AS A SOURCE
OF BIAS

Hausser et al., generated their archetypes by drawing upon
TCGA and METABRIC data, reducing the dimensions of the
data using PCA (principal component analysis). It's worth briefly
considering how these data were generated, to consider whether
either the data themselves, or the reduction in of dimensions of
the data (or both), might bias the results they found.

The TCGA “pipeline” had several stages. First, tumor samples
and healthy cells are taken from each patient, typically at first
diagnosis - i.e., early stage cancers. Though, how early this may
have been in the progression of disease likely varied significantly
across cancers — for instance, pancreatic cancers tend to be
diagnosed later than prostate or breast cancers. Second, at least
during the first 5 years during which TCGA was conducted,
whole exome sequencing was not an option. So, initially, the
second stage of the pipeline involved targeted sequencing of
genes known (already) to be tumor drivers: genes, mutation to
which were already known to be common in cancers of this
or that type (Hutter and Zenklusen, 2018). The third stage
involved comparing frequency of different mutations within
cancers of a particular type or subtype. During the last half
decade of sequencing efforts, whole exome sequencing and
“mutation calling” algorithms, systematically generated data on
which mutations were common or rare in different cancer types.
These algorithms were designed to exclude certain genes not
known or believed to be relevant to cancer phenotype, and thus
weighted some genes as likely more significant than others, based
on functions known or likely typically associated with the cancer
phenotype - e.g., if a gene was associated with mitosis, etc.

In other words, the driver mutations identified by TCGA
as more or less common in cancers of this or that type were
identified by algorithms designed to detect mutations to genes
known to be associated “hallmark” functions of cancer cells (e.g.,
TP53, APC, etc.) (Hanahan and Weinberg, 2011). Genes typically
thought to have no role in “hallmark” features of cancer cells
were (by and large) ruled out as “noise.” Thus, one concern
that any analysis of cancer genomic data may have when using
such data to test hypotheses about selective trade-offs is that
cancer genomic data (at least that data published in the consensus
genome papers) were already filtered by algorithms designed
to identify mutations to genes associated with the “hallmarks”
of cancer. Thus, it is no surprise that data drawn from TCGA
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would generate “archetypes,” or show relatively high frequency
of mutation and/or gene expression for these five major tasks.
Hausser and Alon’s (2020) discovery that glioma and bladder
tumors, for instance, fit a polyhedron model, with axes that are
represent trade-offs among gene expression for specialization in
cell division or immune interaction, in other words, may in part
be not entirely unexpected. Further, their analysis reduced the
dimensions of the data, and averaged gene expression patterns
within any given cancer type or subtype - such a process may
have led to loss of important information, such as about unique
gene expression profiles distinctive to particular cancers, or
subpopulations of cells within cancers. This could well explain the
lack of fit with the models, for a proportion of the cancers studied.

STANDARDS OF EVIDENCE IN TESTING
ECOLOGICAL MODELS IN CANCER

A second general concern one might have has to do with
standards of evidence for testing hypotheses about trade-offs.
In a classic discussion, Stearns (1989) gives a brief overview of
what information is required to test hypotheses about life history
trade-offs in whole organism biology:

That trade-offs can be measured and analyzed at the level of
the genotype, the phenotype and what lies between (intermediate
structure) ... It is not a question of either genetic correlations
or phenotypic correlations or physiological trade-offs but of how
such measurements combine to deliver information about potential
evolutionary responses. A study conducted at just one of these
levels is likely to be of as little use as the information on the nature
of the elephant delivered by one blind man holding its tail ...
Knowledge of all three of these levels is necessary to understand
how a trade-off works (Stearns, 1989, p. 259).

Stearns gives several examples of tests of hypotheses about life-
history trade-offs - for instance, trading off between growth and
reproduction. In all these models, there is a quantitative measure
of the traits in question in a given population, their effects on
fitness, and in some cases, experimental manipulation of the
population to test these hypotheses.

According to Stearns, for a genuine test of an ecological
hypothesis about trade-offs, it is important to give quantitative
measures of how trade-offs between phenotypic traits negatively
covary. Moreover, in principle, one should also establish that
there was sufficient variation within the initial population for
both traits to be subject to selection. If manipulation of the traits
is possible, experimental manipulations should be conducted to
test hypotheses about these proposed trade-offs. Ideally one must
give ecological information about how and why traits are likely to
trade off, and not only demonstrate how they negatively covary.
Testing requires some quantitative measure of fitness, a function
that describes how fitness depends on variable phenotypes (and
trade-offs among them), and a set of alternative phenotypic
profiles that describes options for manipulating the variables
at work in these fitness trade-offs. How does Hausser et al’s
theoretical framework perform in this regard?

They do cite indirect evidence that there are plausibly selective
trade-offs likely at work in cancer. Some resources, such as ATP,

are needed for both growth and metastasis, and are limited in
supply (Broxterman et al, 1988), metabolic constraints were
also reported (Jerby et al., 2012), harsh conditions cause cancer
cells to become quiescent (Gade et al., 2017), and proliferation
is stimulated more favorable microenvironments (Wang et al.,
2017a,b). Hausser et al., cite several papers that they claim
support the general view that cancer cells face fitness trade-offs
(Hatzikirou et al., 2012; Aktipis et al., 2013; Gillies et al., 2018;
Gallaher et al., 2019).

However, a closer look at these papers indicates that they
show not that cancer cells do as a matter of fact face trade-offs
between various traits in a given environment, but only that this
is a plausible hypothesis. For instance, Aktipis et al. (2013) write,
“The exact nature of tradeoffs between these mechanisms has yet
to be determined in most cases.” Gallaher et al.’s (2019) is an
ingenious simulation, using agent-based modeling to represent
how these trade-offs could evolve in a population of cancer cells.
However, the paper presupposes, rather than documents, the
trade-offs in question. Likewise, Gillies et al. (2018), discussion
is about how it is plausible that various trade-offs are at play
in the EMT (epithelial-mesenchymal transition), associated with
changes in blood flow in the tumor, not a test of this hypothesis.
While they provide evidence suggesting that this hypothesis is
a plausible explanation of patterns and processes of changes
in tumors, it is not an attempt at systematically testing the
hypothesis. Hatzikirou et al. (2012), also cite experiments with
cultures of glioma cells (Giese et al., 2003) that have shown
a “relationship between migratory and proliferative behavior,
indicating cell motion and proliferation are mutually exclusive
processes since highly motile glioma cells tend to have lower
proliferation rates.” (Giese et al., 1996a,b; Godlewski et al., 2010).
However, the Hatzikirou et al. (2012) do not themselves conduct
any experiments; the paper is simulation of how the trade-off
is likely to play out in glioma. So, such studies do not provide
the kinds of tests of life-history trade-offs Stearns takes to be
exemplary; much of the evidence is indirect, at best.

On the one hand, one might argue that holding cancer
researchers to the same standards of testing trade-offs typical in
whole organism ecology is inappropriate. After all, cancers are
often discovered well after the selective processes in question
occurred. Unlike in whole organism biology and ecology, we
cannot do a controlled study of exactly how and how much cancer
cells vary with respect to these trade-offs in situ. Simulations are
as close to tests of such hypotheses as can be provided (Parke,
2014). In the best case scenario, and perhaps with advances in
sampling of tumor biomarkers, we may be able to describe the
dynamics of cancer’s evolution, during the course of treatment.
Just as in testing any evolutionary hypotheses for which the
evidence is long in the past, we can use experimental or computer
simulations of close enough evolutionary processes (Vasi et al.,
1994; Sniegowski et al., 1997).

On the other hand, it does seem worth considering whether
ecological models and evidence in cancer should be held to
lesser standards of. In order to test hypotheses that selective
trade-offs are at work, or that various optima explain the
presence or absence of this variant distribution in a population,
whole organism ecologists are typically expected to generate a
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function relating fitness and variable phenotypes (and trade-
offs among them), and describe a how these fitness trade-offs
can be varied to yield quantitative differences in outcome.
Hausser and Alon (2020) do not provide anything this precise,
nor do they experimentally test the link by manipulating these
variables. Determining whether such fitness trade-offs are at work
might require more precise, quantitative measures. Such context-
specific information may be rather important to have, especially
in treatment contexts.

Indeed, as Hausser et al. suggest, local selective (i.e., ecological)
conditions may vary significantly across cancers. Arguably,
different tumor microenvironments present quite distinctive
challenges, and thus different selective “tasks” for different
cancers, and different trade-offs, other than those they consider.
It seems one important avenue for future work is to consider
more seriously the role of local ecology - and potentially
also, a role for niche construction. While it seems plausible
that cancer cells from a variety of tissues and organs have
relatively similar “driver” or hallmark gene expression profiles,
it’s also plausible that local conditions vary significantly (cf,,
Pong and Gutmann, 2011).

CONCLUSION

Multitask evolutionary theory is potentially a quite fruitful
theoretical framework for generating and testing hypotheses
that may explain the massive heterogeneity within and across
cancer types and subtypes. It seems plausible, as Hausser
et al.,, argue, that a variety of selection processes, and thus
fitness optima, are universal to all cancers, and that there are
trade-offs among various gene expression profiles. However, a
significant portion of the cancers Hausser et al. studied did not
fall within the archetypal framework. There are many possible
explanations - ranging from the way the data were generated,
to the means of analysis. I've argued here that it is worth
exploring how cancers’ dynamics might be governed by different
ecological conditions, in different tissue microenvironments.
Another consideration is drift; selection optimizes only given
sufficient variation to act upon. Drift may play a significant
role in some cancers’ dynamics, limiting variation available for
selection. Cancer stem cells may effectively function as genetic
“bottlenecks,” governing the variation available for selection in
a tumor (Laplane, 2018; Lyne et al., 2020). Such bottlenecks
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Cancer research has transformed our view on cellular mechanisms for oxygen sensing.
It has been documented that these mechanisms are important for maintaining animal
tissues and life in environments where oxygen (O») concentrations fluctuate. In adult
animals, oxygen sensing is governed by the Hypoxia Inducible Factors (HIFs) that are
stabilized at low oxygen concentrations (hypoxia). However, the importance of hypoxia
itself during development and for the onset of HIF-driven oxygen sensing remains poorly
explored. Cellular responses to hypoxia associates with cell immaturity (stemness)
and proper tissue and organ development. During mammalian development, the initial
uterine environment is hypoxic. The oxygenation status during avian embryogenesis is
more complex since O» continuously equilibrates across the porous eggshell. Here,
we investigate HIF dynamics and use microelectrodes to determine O» concentrations
within the egg and the embryo during the first four days of development. To determine
the increased O, consumption rates, we also obtain the O, transport coefficient (Dop)
of eggshell and associated inner and outer shell membranes, both directly (using
microelectrodes in ovo for the first time) and indirectly (using water evaporation at
37.5°C for the first time). Our results demonstrate a distinct hypoxic phase (<5% O»)
between day 1 and 2, concurring with the onset of HIF-a expression. This phase
of hypoxia is demonstrably necessary for proper vascularization and survival. Our
indirectly determined Doy values are about 30% higher than those determined directly.
A comparison with previously reported values indicates that this discrepancy may be
real, reflecting that water vapor and O, may be transported through the eggshell at
different rates. Based on our obtained Doy values, we demonstrate that increased Oo
consumption of the growing embryo appears to generate the phase of hypoxia, which is
also facilitated by the initially small gas cell and low membrane permeability. We infer that
the phase of in ovo hypoxia facilitates correct avian development. These results support

Frontiers in Ecology and Evolution | www.frontiersin.org 3

June 2021 | Volume 9 | Article 675800


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.675800
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.675800
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.675800&domain=pdf&date_stamp=2021-06-14
https://www.frontiersin.org/articles/10.3389/fevo.2021.675800/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Carroll et al.

Avian Development Generates Necessary Hypoxia

the view that hypoxic conditions, in which the animal clade evolved, remain functionally
important during animal development. The study highlights that insights from the cancer
field pertaining to the cellular capacities by which both somatic and cancer cells register
and respond to fluctuations in O, concentrations can broadly inform our exploration of
animal development and success.

Keywords: hypoxia, embryogenesis, eggshell membrane, diffusion coefficient, oxygen consumption rates (Vo5),

evolution, HIF-o, cancer

HIGHLIGHTS

- O and HIF dynamics in ovo and in tissue during day 0-4 of
avian embryogenesis.

- Early phase of in ovo hypoxia, despite the eggshell being
permeable to O,.

- Hypoxia induced by early avian development facilitates correct
avian development.

- Determination of the O, diffusion coefficient over eggshell and
associated membranes.

- Increased O, consumption rates, a small gas cell, and early
membrane properties facilitate the establishment of hypoxia
within the porous eggshell.

INTRODUCTION

Oxygen is fundamental for the viability of adult vertebrates.
However, the perceived causality between sufficient O, and the
existence of animal life overshadows a less intuitive relationship
between low oxygen concentrations (hypoxia) and animal
development and evolution.

Hypoxia promotes cell immaturity (stemness), which is key
during cell migration, tissue formation, and tissue homeostasis
(Simon and Keith, 2008). For example, mammalian blood and
immune cells are continuously replenished from hematopoietic
stem cells that reside in the hypoxic (<2%) bone marrow (Mantel
et al., 2015); conditions that would be deemed severely hypoxic
by marine biologists (Hofmann et al., 2011). In contrast, higher
O, concentrations promote cell differentiation and less versatile
cell fate spectra (Vaapil et al., 2012). These insights challenge the
conventional view that high O, concentrations are permissive
of the development and evolution of complex organisms, such
as animals. Rather, a dualistic view on O, appears appropriate
since mechanisms for harnessing hypoxia — in niches, phases, or
through cellular capabilities - might have been beneficial traits
during animal evolution (Hammarlund, 2019).

The cancer field has profoundly expanded our understanding
of hypoxic cell signaling in mammalian tissues by focusing on
the Hypoxia Inducible Factors (HIF). This family of transcription
factors regulates hypoxic responses, such as angiogenesis, during
both tumor and animal development and are noted in all
bilateral animal phyla (Semenza, 2012; Mohlin et al., 2017;
Hammarlund et al,, 2018). HIF-a subunits are constitutively
translated but only stabilized during hypoxia, to then lead to
a response. This linkage is exemplified by the HIF stabilization
in muscle cells during anaerobic workout, which induces the

formation of new blood capillaries that subsequently enhance
oxygenation of the tissue (Iyer et al., 1998). A complete hypoxic
response therefore relies on the combination of environmental
hypoxia and a cellular HIF response. As of today, these
two components are often observed and discussed separately.
Hypoxia and HIF are also viewed differently in different
scientific fields. Contrasting views are held by the cancer field,
where hypoxia represents stress, and the field of Earth history,
where hypoxia represents an ancestral normalcy. Developmental
biology provides an arena in the middle, in which studies can
decipher how and when life orchestrates sensing and responses
to fluctuations in O,.

It remains generally unexplored when and how environmental
hypoxia and HIF responses are established and interact
during early animal development. Considering that a hypoxic
environment is inferred to be important for proper mammalian
development and that HIF responses are inferred to be
critical for vertebrate organ development (Tian et al., 1998;
Dunwoodie, 2009; Niklasson et al., 2020), avian development
offers a conundrum by occurring within a porous, O,-permeable
membrane (the calcareous eggshell). The early embryo is an
almost planar and two-dimensional (2D) piece of tissue (e.g.,
5 cell layers thick at HH8, Hamburger and Hamilton, 1951),
where most cells will be exposed to ambient O, concentrations
within the egg. How, then, are its hypoxia-dependent processes
first established? One such hypoxia-dependent process is the
development of blood vessels. In theory, vascularization should
be hampered by the eggshell being permeable to O,. Still, as early
as embryonic day (E) 2-3, the avian vascular system develops
underneath the porous eggshell (Mortola, 2009).

Here, we hypothesize and explore the potential existence
of an early phase of environmental hypoxia within chicken
eggs and investigate whether such a phase, combined with
HIF stabilization, facilitates correct development of the embryo.
To address these questions, we determine O, transport over
the eggshell through two technically independent methods.
We also determine O, dynamics within the gas cell above
the developing embryo (in ovo) and in the embryonic tissues
(ex ovo) through microelectrode measurements. We note a
phase of severely hypoxic conditions evolving in the first or
second day of embryogenesis (E1-E2) and estimate how this
phase is driven by increased O, consumption rates (V). We
further demonstrate the increase of HIF-a protein levels in
the embryo at the phase of hypoxia and how incubation of
eggs at normoxia (21%) over the first 4 days negatively affects
avian embryogenesis.
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MATERIALS AND METHODS

Direct Determination of O, During Early

Embryogenesis, in ovo and in Tissue
Domestic Lohman Brown chick (Gallus gallus) eggs were
delivered fresh to the laboratory (fertilized and unfertilized). O,
concentrations within the gas cell of the eggs (in ovo) during
the first 4 days of incubation and development were quantified
using Clark type O, microelectrodes, with an internal reference
and guard cathode maintaining low O, levels in the internal
electrolyte (Revsbech, 1989). Microelectrodes with tips of 5-10
pwm were utilized (Unisense Ox-10). The dimensions of fertilized
eggs were measured, a small hole (~2 mm) was drilled through
the shell in the blunt end of the egg without rupturing the
inner membrane, and the eggs were mounted with the blunt
end down on a stand next to a micromanipulator with the
microelectrode (Figures 1A,B). The hole was covered (Parafilm)
to avoid leakage and enable an additional sensor calibration at
the end of the experiment. The microelectrode was introduced
into and upward through the egg to a position in the gas cell
~1-2 mm below the upper eggshell surface. The gas cell is
normally positioned at the blunt tip of the egg, but in our setup
moved to the pointed tip (and the hole drilled in the blunt
tip). To maintain 37.5°C around the egg during measurements,
heating wires connected to a thermostat were placed on the
stand and the whole setup was insulated with a Styrofoam box
(Supplementary Figure 1). Microelectrode data were recorded
using the SensorTrace Suite Software. Temperature (T), and
relative humidity (RH) inside the incubator were recorded with
a HOBO MX temp RH logger, and software. The microelectrode
continuously recorded the change in O, concentrations within
the egg’s gas cell during incubation. To calibrate the electrode
after the measurements, two holes (0.2 mm) were drilled through
the eggshell at the pointy end of the egg, into which first (a)
100% air, and then (b) 100% N, was injected with a gas-tight
glass syringe. The microelectrode readings during injections
served as calibration points for (a) ~21% and (b) 0% O,.
After opening the egg, the development of the embryo and the
position of the tip of the glass electrode were noted. In parallel,
microelectrodes were used to record O, concentrations within
embryonal tissues (ex ovo), sampled from the first four days
of incubation and development (Figure 1C). The oxygenation
status of the embryonal tissue was determined using the same
experimental setup as described in Niklasson et al. (2020). At
each developmental stage between HH10 and HH24 as defined by
Hamilton-Hamburger (HH) (Hamburger and Hamilton, 1951),
embryos (n > 3) were extracted and O, was immediately
measured in four positions. In each embryo, O, levels were
determined in the sacral region (tail), the head, the heart, and the
vagal region (back).

HIF Protein Levels

Fertilized eggs were incubated for 2-5 days after which
embryos were harvested for determination of protein expression.
Upon opening the eggs, the developmental stage of embryos
HH was determined using morphological features and the

number of somites. Embryos and allantois were dissected and
separated. The samples were subsequently pooled for different
developmental stages (three replicates of 10-35 embryos for
each sample). Samples were kept on ice, homogenized in
a cooled tissue lyser (100 pl urea lysis buffer mixed with
protease and phosphatase inhibitor cocktails) and stored at
—80°C. Determination of protein expression was performed
using western blotting. Cell lysates (70 j.g) were separated by 10%
SDS-PAGE (BioRad), transferred to nitrocellulose membrane,
blocked with blocking buffer (BioRad), and imaged on a Biorad
Chemidoc, using antibodies for HIF-1a (NB100-479 at dilution
1:500) and HIF-2a (ab199 at dilution 1:4000), normalized to
b-actin (12004163).

Exposing Early Avian Development to

Normoxia

A hole (~2 mm) was carefully drilled in the blunt end of
fertilized eggs. The hole was drilled at an angle to prevent it from
becoming covered by dried albumen during incubation, and shell
membrane covering the holes was removed (Supplementary
Figure 2). These eggs and control eggs were incubated in a
humidity chamber to maintain full RH inside the eggs at 37.5°C
for 2, 3, 4 and 5 days (n = 20-40 in each group and day, see
Supplementary Table 3). At each endpoint, the developmental
stage (HH; by morphology and number of somites) and
the diameter of the surficial vascular system (allantois) were
noted. Viable embryos were checked for possible developmental
abnormalities. To simulate a 21% O, excess and test whether
delayed development was caused by the drilled hole rather than
the normoxia, some eggs (n = 20) were incubated unopened at
40% O; for 3 days. To test the effect of environmental hypoxia,
eggs were also incubated for 1 to 3 days at 10% O, while opened
(n = 20) and unopened (n = 20).

Quantification of the O, Diffusion
Coefficient of Eggshell

To fully understand O, dynamics within the egg, we determine
the O, transport across the eggshell. O, diffusion across the
eggshell is driven by differences in O, concentration on its in-
and outside. Under quasi-steady state conditions, the diffusive O,
flux (F) can be expressed by FicK’s first law of diffusion (1).

F=—-Dpy— 1
o2 - (1)
Where F is the diffusive flux of O; (mol m™2 s™1), Do, the
diffusion coefficient of O, in the eggshell material (m? s71), and
”{;—S the O concentration gradient (mol m™*) across the eggshell.
Here, we assume that a majority of the resistance is in the eggshell
proper. Eq. 1 can be approximated as Eq. 2.
c-C
F = —Doy—— "% 2)
Az
Where C is the O, concentration in the gas cell inside the egg,
Camp the constant O, concentration imposed on the outside
of the egg, and Az is thickness of the eggshell. Using this
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FIGURE 1 | Experimental setup for the direct quantification of O, concentrations in the egg and embryo. (A) During incubation, microelectrodes were logging
measurements in ovo and temperature was maintained in a Styrofoam bell jar. (B) The microelectrode mounted on the micromanipulator entered the egg from
below. (C) Microelectrodes determined O, concentrations within the embryo tissues ex ovo immediately upon opening, as described in Niklasson et al. (2020).

approximation in a mass balance equation for the gas cell inside
the egg, we get Eq. 3.
dc C— Comp

VL = —ADg, ———amb 3
I 02— (3)

Where A (m?2) is the eggshell area around the gas cell and V' (m?)
is the volume of the gas cell. Eq. 3 has the analytical solution Eq. 4.

C— Cump ( ADo) )
— T =exp (- t
Ci — Comp VAz

(4)

Where C; is the initial O, concentration in the gas cell (t = 0).
From rearranging Eq. 4, we get Eq. 5.

C = Camp + (Ci — Cymp) exp(—aDo3t) (5)

Where a is a known constant equal to Eq. 6:

A
a=—
AzV

Doy (the value sought) is a simple fitting constant that can
be determined by least-square fitting of experimental data. We
determined Dg, based on empirical data from two independent
approaches, one direct (using the microelectrodes) and one
indirect (based on water vapor).

(6)

Direct Quantification Using Microelectrodes in ovo

We used microelectrodes to determine Do, of the eggshell.
Microelectrodes with tips of 5-10 pm were custom made
and calibrated at the Hadal Center at University of Southern

Denmark. The microelectrode was mounted on a motor-driven
micromanipulator and introduced into and upward through
the egg, as described above. The upper part of the egg was
covered with a glass bell jar, sealed well below the gas cell
(Supplementary Figure 3). The bell jar was connected to air or
100% N that passed through two gas washers to maintain 100%
RH (Supplementary Figure 4). The lower rim of the bell jar was
sealed to the egg with a paste, through which a needle allowed
gas escape. Microelectrode data were logged (Pyrofix software), as
was temperature (HOBO MX temp RH logger). The setup settled
for about 10 min with flow of air (~21% O,) while logging the
microelectrode data. Subsequently, a switch was turned to quickly
replenish the air with 100% N;. The microelectrode continuously
recorded the change in O, concentrations within the egg’s gas cell.
After reaching 0% O; in the gas cell, the switch was turned again,
and the bell jar quickly re-filled with air. This was repeated 4-
6 times per egg (n = 9). Calibration was performed as described
above. After calibration, the top of the egg was opened, and height
(max from eggshell at the pointy end to yolk) and diameter of the
gas cell were measured with a caliper.

Indirect Quantification via the Water Diffusion
Coefficient for the Eggshell

To complement the direct microelectrode approach, we
quantified the H,O diffusion coefficient (Dp»0) for the eggshells
and converted this value to Dp,. Unfertilized eggs (n = 59) were
weighed on arrival and incubated for 3 to 9 days at 37.5 4= 0.2°C
and 22.8 + 0.2% RH. During this time, they were weighed
at the same time every day. At the end of the experiment the
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width, heights and shell thickness of the eggs were measured
using a caliper. The water evaporation rate over the entire
eggshell area was assessed from the weight loss during the four
days of incubation.

To calculate the diffusion coeflicients, we made the
following assumptions: (a) the weight change is constant
between weight measurement points (interpolated linearly),
(b) the diffusion coefficient is constant over time, (c) only
water evaporates and across the entire eggshell area, (d)
RH inside the egg is 100%, and (e) eggshell thickness is
uniform. Assuming equal temperature inside and outside
and 100% RH inside the egg, the water vapor concentration
difference over the eggshell was calculated using the Arden
Buck relation. To calculate the water vapor diffusion
coefficient of eggshell, we re-applied (2). Assuming that
the concentration gradient is in steady state, (2) can be
rewritten as (7):

ANAz
ACAAt

Do = )
Where AN is water loss (moles), Az is eggshell thickness
(m), AC is concentration difference of water vapor over
the eggshell (mol m~3) which is derived from RH, A
is the whole area over which water vapor can diffuse
(m?), and At is time between measurements (s). AN can
be calculated from the weight loss measured over time.
The area of each egg A was estimated by dividing its
area into two ellipsoids, using its measured dimensions
(Supplementary Figure 4B).

By measuring multiple eggs, an average value of the Dg0 of
eggshell could be determined, allowing the conversion to Do;.
At 310K and 1 atm, Doy (O in air) = 0.2196 cm? s~ ! and
Doy (water in air) = 0.2267 cm? s~ 1, yielding a ratio of 0.9686
(Higgins and Binous, 2013).

Determining O, Consumption

The chick embryo’s oxygen consumption (V;) creates an O,
pressure gradient, resulting in the flux of oxygen across the
eggshell (Mortola, 2009). To assess the O, dynamics within
the intact gas cell of the egg over time, we must combine the
recording of O, concentrations with our assessments of the
continuous influx of O, over the porous eggshell. We here ignore
O, that is supplied to the gas cell from the egg white. Although O,
is also transported from the egg white to the gas cell, we evaluate
that the significantly slower diffusion of O, in liquid compared to
gas allows us to ignore the O, contribution from the egg white.
Thus, to determine the influx of molar O, over time, we assumed
that O only diffuses into the gas cell of the egg from the outside.
The gas cell is located at the top of the egg in the setup used here.
The transport into the egg gas cell is estimated using Eq. 8.

Do AAC

J = Az

(8)
Where J is diffusive transport (mol s~!), Do, is the diffusion
coefficient (m? s™!), A is the area of the gas-cell eggshell area
(m?), AC is the difference in O, concentration (mol m~3),

and Az is the eggshell thickness (m). The area increases over
incubation, and to estimate this, we measured the increase of
gas-cell volume inside the eggs over incubation. The volume
of the gas cell was regularly measured by breaking the eggs
open underwater, one side at a time, and funneling the
air to an upside-down graduated cylinder filled with water.
The evacuated gas was measured with that measuring flask.
Overall, these estimates of the molar flow of O, over the
eggshell, allow us to evaluate overall Vo, during the first days
of embryogenesis.

RESULTS

In ovo O, Measurements During
Incubation Using Microelectrodes

Oxygen concentrations in the gas cell of unfertilized eggs were
in equilibrium with air for up to 4 days in the incubator
(Supplementary Figure 5 and Supplementary Table 1). By
contrast, fertilized eggs exhibited lower and variable O,
concentrations in the gas cell during this time (Figure 2A
and Supplementary Table 2). At E1 or E2, O, decreased to
10-50% of the starting levels. The distinct decrease in O,
concentrations lasted for 6-24 h, after which O, levels increased
but remained below the initial values until the end of the
experiments (by E5 at the latest). All embryos had developed
and were alive by the end of the experiment. Out of four eggs
incubated over E3, three recorded a slight increase in gas-cell O,
concentrations at E3.5.

Measurements of tissue oxygenation over the same time
period demonstrated an overall decrease from near fully
saturated at developmental stage HH10 (~30 h or El) to
20-30% of full saturation at HH 15 (~E2), corresponding
to atmospheric O, concentrations of 4-8% (Figure 2B). At
developmental stage HH24 (~E4), O, is <10% of full saturation,
corresponding to atmospheric O, concentrations of 2% or less.
The trend of tissue O, decreasing from nearly fully saturated
to what corresponds to <2% of atmospheric O, concentrations
is observed in the tail (sacral region), heart, back (vagal
region), and head.

HIF Protein Levels

HIF expression was investigated in both whole-embryo lysates
and surrounding allantois. HIF-la and HIF-2a expression
increased between the HH10 and HHI14 developmental
time points in the embryos. HIF-la expression was
threefold and HIF-2a expression was fourfold higher in
HH14 than HHI10. Expression of HIF-la was high in
allantois at all stages, whereas HIF-2a was only expressed
at HH10 (Figure 2C).

Exposing Early Avian Development to

Normoxia

To test the importance of the hypoxic phase, eggs were
incubated with a drilled hole such that early development
occurred under atmospheric O, (21%). Embryogenesis under
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FIGURE 2 | O, concentrations near and in the embryo as well as HIF-a expression. (A) During incubation of fertilized eggs (n = 7), the gas cell saw a decrease in O,
concentrations. (B) Tissue O, within the embryo measured ex ovo immediately after opening (full saturation under 21% atmospheric O, = 1). From HH10
(approximately E1) to HH24 (approximately E4), oxygenation in the sacral region (gray diamonds), head (blue circles), heart (green triangles), and vagal region (orange
squares) demonstrate a decrease in O, (black bars represent standard error). (C) HIF expression based on whole-embryo samples. Expression of HIF-1a and HIF-2a
is lower in samples from developmental stages HH10 and HH12 than in samples from stage HH14. In samples of the allantois, HIF-1a is strongly expressed from
HH10 to HH14, while HIF-2a expression is detectable at HH10 but absent thereafter.

atmospheric O, for up to 5 days led to increased death
rates of the embryos, compared to endogenous conditions.
Average death rates for embryos incubated for 2-5 days
were 7.5% for control and 59.8% for those with an opening
(Figure 3A). Viable embryos in the opened eggs were
significantly delayed in their development (Figure 3B) and
their vascular system (allantois) was significantly smaller
(Figure 3C) than that of embryos in the intact eggs (for
statistical tests see Supplementary Table 3). The vascular
systems of embryos in eggs with an opening to air (21%
0,) were morphologically deformed compared to those of
control embryos (Figure 3D and Supplementary Figures 6, 7).
Embryos incubated for 3 days at 40% O, in unopened eggs
demonstrated a similar delay in development as for opened
eggs, that is significant (Supplementary Table 4). Embryos in
opened and unopened eggs that were incubated at 10% O,

were at a similar developmental stage at E1 but all dead at E3
(Supplementary Table 4).

Quantification of the O, Diffusion
Coefficient of Eggshell

To understand the generation of the observed hypoxia, O;
diffusion and flux over the eggshell was investigated. Continuous
measurements of O, inside the gas cell after shifting ambient
0O, levels from 21 to 0% demonstrated that O, diffuses out
of the gas cell over the eggshell within ~20 min (Figure 4A
and Supplementary Table 5). The eggshell thickness was on
average 0.4 mm (0.39-1073 £ 0.04-10~2 m) and its area on
average 71 cm? (7.1-1079 £ 0.3-1079 m?2). Based on these
data, Do, was determined as 3.37-10% 0.14*10E~° m? s~!
(Figure 4B, crosses).
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During the first 4 days, unfertilized eggs kept at 37.5°C
lost on average 0.58 (40.04) g day~! corresponding to a
loss of ~1.3% (Supplementary Figure 8 and Supplementary
Tables 6, 7). The corresponding water diffusion coeflicient
(DH20) was on average 10.27-1072 + 0.25-1072 m? s~!. The
value of Doy was determined as 9.95-107° + 0.24-107°
m? s~! (Figure 4B, circles). The indirectly determined
Do, values were largely constant for the first 4 days of

incubation (Figure 4C).

Determining O, Consumption

We wused the indirectly determined Dg,, the gas-cell
volume increase (Supplementary Table 8), and the direct
measurements of O concentrations within the gas cell
of eggs that were viable for 4 days or more (n = 4)
to determine O, consumption within the eggs. Using
the indirectly determined Dp, allows an estimation of
flux of oxygen into the egg. When the hypoxic phase is
generated inside the eggs, Vo, increases 3-7 times, from
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~2:107% to 6-14-107% mol s7! (Figure 5). Flux was

also estimated using the directly determined Dg, values
(Supplementary Figure 10).

DISCUSSION

We observed a distinct phase of hypoxia during early chick
embryogenesis, despite the eggshell being a membrane permeable
to Oy. The phase of hypoxia associates with HIF-a stabilization
and appears to be important for normal development of
the embryo and the vascular system. The fact that the
eggshell is permeable, combined with the observed low O;
concentrations within the gas cell, lead us to infer that
the hypoxic phase must have resulted from increased O,
consumption rates (V;). Below, we discuss the estimates
of O, diffusion, the presence and role of a hypoxic phase
during early avian development, and the broader implications
of our findings.

A Distinct and Critical Phase of
Environmental Hypoxia During Avian
Embryogenesis

Hypoxia developed in the gas cell during E2-E4, after which O,
levels increased but remained below air saturation (Figure 2A).
To our knowledge, the presence of hypoxia in the uppermost
liquid of eggs (through embryo, allantois, albumen or yolk)
has been measured only once before, at time points during
E0-E4 (Lombholt, 1984). After removing the eggshell and outer
membrane, these measurements were discrete and blindly aiming
through the inner membrane to unknown positions in the liquid.
O, levels were found to decrease when hitting the liquid (and
possibly the embryo or allantois), down to 10% of initial levels
(Lombholt, 1984). In the tissues of similarly early embryos in our
study, oxygen levels follow on the observed phase of hypoxia
(Figure 2B). The decrease is notable in vagal and sacral regions,
as well as in the heart and head, and is similar to an earlier
observation that O, levels in the trunk region decrease within
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FIGURE 5 | Influx of O, (mol s~ ') during incubation of Eggs #3 (A), #4 (B), #5 (C), and #7 (D). These estimates were based on our indirectly determined Doy value.
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the same time interval (Niklasson et al., 2020). Previously, O,
levels in both tissue and blood have been measured at E4-E6
and noted to be at 20-30% of full saturation (Meuer et al.,
1992). Therefore, our observations of hypoxia in the gas cell and
embryonal tissues are consistent with previous observations and
add resolution to the first four days of embryogenesis. In the
following, we will discuss to what extent the phase of hypoxia
matters for embryo development.

Developmental challenges related to hypoxia have been
thoroughly investigated, but the focus has generally been on
the later stages of development. For example, eggs exposed to
hypoxia at E15-E18 (hatching occurs at E21) result in chicks
with decreased hatch size (e.g., Visschedijk et al., 1980; Metcalfe
et al., 1981). By contrast, observations from early development
indicate a different role of hypoxia. Firstly, embryos at El-
E2 have been noted to ‘tolerate’ hypoxia better (measured
through survival after exposure to decreasing O levels) than
those at E3-E4, which has led to the suggestion that the early

embryo utilizes anaerobic metabolism (Grabowski and Paar,
1958; Kucera et al., 1984). This would be consistent with
observations that mitochondria cristae remain poorly developed
at ~E1.5 (Scully et al,, 2016) and agrees with the timing of
the hypoxic phase that we observe here. Secondly, the nascent
vascular systems in chick embryos younger than ~E3 and zebra
fish embryos younger than ~E4 do not primarily provide O,
transport, since blocking their hemoglobin (with CO) does
not affect development (Cirotto and Arangi, 1989; Pelster and
Burggren, 1996). Thirdly, hypoxia and HIF-a are associated
with the correct development of organs and vascular systems
in e.g., chicken, quail, xenopus, and zebra fish (Nanka et al,
2006; Ota et al., 2007; Barriga et al., 2013; Scully et al.,, 2016;
Niklasson et al., 2020). For example, measurements of O, levels
within early zebra fish embryos (~26 h after fertilization), right
before vascularization, demonstrate hypoxic conditions (<2%)
(Kranenbarg et al., 2003), or severely hypoxic, depending on
context. By contrast, development in eggs under hyperoxia
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(100%) leads to an underdeveloped chick embryo vascular system
(Hoper and Jahn, 1995), similar to what we also note when eggs
are opened to normoxia (21%) (Figure 3). That both 21% and
100% O, in this regard, have similar effects on development
suggests that both indeed are hyperoxic compared to a phase
of critical hypoxia. Fourthly, the necessity of hypoxia (in the
tissue of quail embryos) appears to precede the expression of
HIFIA and angiogenesis (Nanka et al., 2006). We note that
hypoxia in both the egg gas cell and chick embryo tissue
also precedes HIF-a expression in the embryos. Expression of
both HIF-la and HIF-2a proteins increased after the onset
of the distinct hypoxic phase (Figure 2C). During the phase
of hypoxia, the expression of particularly HIF-1a shifts from
being predominantly expressed in the allantois (HH10-HH12)
to being predominantly expressed within the tissues (HH14).
Previously, HIF-1a has been observed to be expressed primarily
in the allantois at E0-E2 and within the embryo tissues
during later stages (E4-E6) (Meuer et al, 1992; Ota et al,
2007). Our data therefore complement and corroborate previous
studies observing that hypoxia determines the stabilization
of HIF-la in particular, and directs proper chick embryo
development in general.

In summary, our results align with earlier work finding
that both hypoxia and HIF-a responses are prerequisites for
proper development. We furthermore propose that the phase
of environmental hypoxia is a prerequisite to kick-start the
genetically determined cellular hypoxia-response machineries.
Without the initial phase of hypoxia, avian embryos might risk
dying from lack of ‘lack of oxygen’.

Increased O, Consumption Rates (V2)
and Properties of the Eggshell Generate
Hypoxia

The phase of hypoxia that we observed in the gas cell is not
induced by hypoxia in the external environment. Air and O,
continuously permeate through the porous eggshell. This means
that transient hypoxia must be coupled to increased Vo, within
the embryo itself. The lower the gas-cell O, that we measured
at E2-3, the higher the embryo’s V,. That O, is necessary is
indicated by our incubations at 10% O,, where no embryos
survive from E1 to E3. That also the biologically induced phase
of hypoxia is important is indicated by incubations at hyperoxia
(at 21% O, with perforated eggshells or at 40% O, with intact
eggshells) where death rates are higher and development delayed
(most pronounced around E3). To determine how this critical
phase of hypoxia is generated, we investigated oxygen diffusion
across the eggshell.

The oxygen diffusion coefficient (Do) of eggshell (and its
outer and inner membranes) constitutes a necessary component
to calculate the rate by which O, diffuses into the egg
during the phase of hypoxia. Our Dg;, values obtained through
microelectrodes (directly in ovo) are ~30% lower than those
obtained through water evaporation (indirectly via water vapor)
(Figure 4B). This discrepancy could be due to several factors and
we start by comparing our values to those reported in previous
work. To our knowledge, only two previous investigations using

microelectrodes have aimed to directly determine O, flux across
the eggshell. Most other efforts have focused on the evaluation of
the conductivity of water, which can be converted to Dg;, values
(see Table 1, also for references and notes on our conversions).

The directly determined values of Do, range from 0.03-10~8
to 1.11-10~8 m? s~1, our value being in the middle (Wangensteen
et al.,, 1970/71; Kayar et al., 1981). Wangensteen et al. (1970/71)
report the highest Do, value (see SI for conversions), which
differs in that it represents flux through the eggshell only. In
the given study, a cap of the eggshell was removed, cleaned
of its inner and outer membranes, and mounted on a board
where gases could be altered and measured on the inside of
the cap (Wangensteen et al., 1970/71). Since high Do, values
represent higher permeability, this value can be ascribed to the
lack of membranes. Kayar et al. (1981) report the lowest Do,
value, which was also obtained by measuring diffusion across a
removed cap of eggshell, fluxing the inside with N, and then
measuring the rate by which O, concentrations increased on
the inside. However, the given study differs from others by
(i) how eggs were incubated at 37°C until manipulation and
measurements, and (ii) how the inner and outer membranes
were removed sequentially to discriminate their and the eggshell’s
respective values of Do, over time. This study concludes that
the permeability of the inner membrane increases 10-fold at E4-
E6 (Kayar et al., 1981). That inner membrane properties change
after the first days of development is supported by how, in quail
eggs, the membrane thins from 74 nm at E2 to 35 nm at E10
(Yoshizaki and Saito, 2002). Our directly determined Dg, value
is 10 times higher than those determined by Kayar et al. (1981)
at E3-E4 and similar to the value they obtained at E7. Part
of the difference could be ascribed to a technical challenge in
our setup regarding how to precisely determine the geometrical
parameters of the gas cell. After drilling holes into the gas cell
and calibrating the microelectrode, egg white was prone to exit
the egg along the microelectrode. This loss of egg white may have
led to an overestimation of the gas-cell volume and the eggshell
area covering it, as well as to a lower Do, value. However, even if
we adjust the gas-cell volume to 1/3 of the measured value (and
adjust gas-cell area correspondingly), the resulting manipulated
Doy value (~0.15-10~8 m? s~!, Supplementary Figure 9) is
still higher than the D, for E3-E4 reported in the study by
Kayar et al. (1981). Therefore, it could also be possible that the
temperature or the developing embryo influences the properties
of the inner membrane during early embryogenesis, and that this
influence is reflected in the uniquely low E3-E4 Do, values of
Kayar et al. (1981). Due to the uncertainty as to why these directly
determined Do, values differ, we also determined Dg; indirectly
via water vapor.

Most efforts to determine the value of D, have been indirect
and based on estimated water flux across the eggshell. In these,
weight loss over time combined with differences in water vapor
pressure over the eggshell is used to calculate water conductivity
(G), expressed as e.g., mg x day~! x torr™! (Wangensteen and
Rahn, 1970; Ar et al, 1974; Paganelli et al,, 1975; Rahn et al,
1975; Ar and Rahn, 1985; Seymour and Visschedijk, 1988;
Wagner-Amos and Seymour, 2002). To compare available data,
we assumed values for the eggshell area and thickness in
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TABLE 1 | Comparison of water and oxygen diffusion coefficients of chicken eggshell.

Publication Indirect/direct  Dyop (Mm2/s)x 1078 Dgy (m2/s)x 10-8  Shell area (cm?)  Temp (°C) at exp. Note

This study Direct 0.34 + 0.01 22 With membranes

Wangensteen et al., 1970/71 Direct (K)* 0.83-1.11 25 No membranes

Kayar et al., 1981 Direct (K)* 0.03-0.04 37 ES-E4
0.23-0.31 37 E7

This study Indirect 1.23+0.2 0.99 + 0.24 7 375 With membranes

Paganelli et al., 1975 Indirect (G)** 0.58-0.77 0.56-0.74 66.4 24.5 Avg A for all eggs

Seymour and Visschedijk, 1988 Indirect (G)** 0.67-0.89 0.65-0.86 68*** 25

Aretal., 1974 Indirect (G)** 0.76-1.01 0.73-0.98 68*** 20-25

Rahn and Paganelli, 1990 Indirect (G)** 0.11-0.14 0.10-0.14 68** Several bird species

The directly determined Doy values are first converted (marked *) from oxygen permeability measurements (K) to water conductivity (G) and then into Doy. The indirectly
determined Doy values are converted (marked **) from water conductivity measurements (G). The conversions have been made using the eggshell area reported in the
given publication or a “standard” area of 68 cm? (marked ***). For the conversion of G to Doy, eggshell thickness (z) of 0.3 mm and also 0.4 mm are used, which leads to
the range in those Doy, values. Wangensteen et al. used their diffusive permeability of the eggshell (K; expressed as cm® STP x sec™! x cm™2 x mm Hg~') to describe
diffusion of both Oo and water vapor (Wangensteen and Rahn, 1970 and Wangensteen et al., 1970/71). In a follow-up study, water vapor conductivity (G) divided by the
total area of the egg is reported to equal the K value (Paganelli et al., 1975), which allows us to compare their value (K’) to our Dop. The conversion from G to Doy is made
by using the data available in each publication. G is multiplied by the partial pressure difference and then converted to moles/day. The partial pressure difference, using
the ideal gas law, is converted into moles/cm®. These two can then be used in Eq. 6 to calculate a Doy value. Since most of these publications lack data on total eggshell
area and eggshell thickness, assumptions have been used for these parameters. For the directly determined Doy values, the area cancels itself out and is therefore left

out of the table.

previous studies (if not stated in the respective publications).
Additionally, we converted reported values of D0 to Doy to
be able to directly compare to our obtained value (Table 1).
Although experimental setups differ in terms of temperature
and avian species, our indirectly obtained Do, value is largely
consistent with those determined previously based on water
evaporation. While the general consistency of the indirectly
determined Dg, values is encouraging, the discrepancy in the
Do, values determined directly (by recording O, flux) and
indirectly (based on water evaporation) lingers. It is impossible
that this reflects a real difference in the membrane properties, and
that water and O, are being transported through the membrane
at different rates during early embryogenesis. The properties
of the inner membrane may change through incubation or
embryogenesis, and it is known that the permeability of the
membrane with respect to O, changes around E4 (Kutchai and
Steen, 1971; Kayar et al., 1981). Thus, our initial assumption
that the majority of resistance is in the eggshell proper does not
appear to hold. The possibly different and changing diffusive
properties of eggshell versus membranes require further studies.
Although beyond the scope of this paper, the indication that
egg membrane properties may play a discriminatory role
for transporting gases (O, and H,O) at different rates later
in embryo development is noteworthy. Nevertheless, because
of the consistency between our indirectly determined Do
value and those reported by others, we use this value when
calculating the influx of O, during early embryogenesis and
the hypoxic phase.

Defining the Do, of eggshell allowed us to estimate the
theoretical maximum influx of O, per time unit (F) at the
beginning and end of incubation. At day zero, the eggshell
area covering the gas cell (normally at the blunt end of the
egg) constitutes ~5% of the total eggshell area (3.8:107%
m?). At E20, the chick is fully developed and O, can be
transported across the entire eggshell area (7.1:107% m?).

Based on calculation (8) and our indirectly determined value
of Dpp, the flux of O, can, theoretically, increase from
0.8:107% mol s~! at E1 to 1510 mol s~! at E20. This
theoretical 20-fold increase of flux can be compared to empirical
data (via e.g., respirometry) reporting a fivefold increase
in chick-embryo Vo, between E1 (0.7-107%7 mol s~ 1) and
E20 (3.7-107% mol s™!) just before hatching (Bartels and
Baumann, 1972; Mortola, 2009 and references herein). This
would support previous observations that, rather than limited
O, supply, late stages of development are sensitive to the
build-up of CO; that also initiates hatching (Tazawa et al,
1988; Mortola, 2009). Here, however, the early and dramatic
increase in the chick-embryo Vo, is of particular importance
in that it may be facilitating the observed phase of gas-
cell hypoxia.

Logging O, concentrations within the gas cell and estimating
the continuous influx of O, over the porous eggshell allow us to
visualize the dramatic increase in Vo, that induces the hypoxic
phase at E2 (Figure 5). The magnitude of the increase in Vo,
estimated in the present study, based on O, data from the gas cell,
is largely consistent with the Vo, increase observed previously
based on respirometry data of the early chick embryos (Bartels
and Baumann, 1972). Respirometry data reflect a doubling of
Vo2 between HH4 or ~E0.75 (0.7-10~% mol s~!) and HHS or
~FE1.25 (1.4-107% mol s~ 1). Although increased Vo, is detected
in the gas cell at ~E1, the most dramatic increase occurs slightly
later. Vo, roughly doubles from about 0.6-107%7 mol s~! at E1-
E2t0 1.4-10% mol s~! at E2-E3 (Figure 5). That an increase in
chick-embryo Vo, precedes the gas-cell O, dynamics reported
here, and both being of a corresponding magnitude, makes us
infer that increased cell proliferation in the growing embryo is
indeed inducing the observed hypoxic phase. This conclusion
is supported by the fact that a fourfold increase in protein
synthesis is known to occur between HH4 and HHS8 and that
neither egg yolk nor white was found to bind O to a higher
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FIGURE 6 | Our interpretation of data presented here and in previous work. Increased oxygen consumption rates within the embryo (Vop) together with physical
parameters of the eggshell and gas cell generate a distinct phase of hypoxia in the gas cell and tissues within the first two days of avian development. The presumed
O status at the end of embryogenesis (E21) is depicted with a box (dashed) that spans over (in the gas cell) normoxic and (in tissue) hypoxic (or physiologically
normoxic) conditions. Environmental hypoxia assists the embryo in growing from the 2D shape and enables HIF-driven angiogenesis. The phase of
hypoxia-dependent development continues until hypoxia and hypoxia-responses are regulated internally within the embryo’s 3D-shape, and the phase of
normoxia-dependent development ensues. The dimension of the embryo at HH10 and HH18 are approximate. Scale bar is 1 mm.

degree during incubation (Kucera et al., 1984). Based on our
measurements, hypoxia becomes less pronounced at E3.5 in
three out of four experiments and while the onset and degree
of hypoxia vary between eggs, the timepoint at which hypoxia
lessens does not (Figure 2A). We ascribe the observation that
the degree of hypoxia seems to consistently lessen at E3.5 to
the previously described change in the properties of the inner
membrane at this stage (Kayar et al., 1981; Yoshizaki and Saito,
2002). Thus, membrane properties and gas-cell dimensions,
as well as variations in the O, consumption rates during

early incubation, appear to be coupled to the induction of
the hypoxic phase.

Hypoxia as a Requirement for Early
Vertebrate Development

We report a distinct phase of hypoxia during early avian
development that we believe to be generated by a combination
of eggshell properties and variations in the embryo’s Vo,.
This hypoxic phase appears to be critical for normal chick
development.

Frontiers in Ecology and Evolution | www.frontiersin.org

June 2021 | Volume 9 | Article 675800


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Carroll et al.

Avian Development Generates Necessary Hypoxia

These findings are relevant since they challenge the thinking
on the importance of oxygen. In previous studies, it is commonly
explored how the embryo is able to access enough oxygen through
the eggshell (e.g., Kayar et al., 1981). Indeed, all the while, avian
embryogenesis within a porous eggshell posed a conundrum for
the exact opposite reason — how to generate sufficiently low O,
concentrations. These findings may also suggest that the timing
of the hypoxic phase occurs at a critical transition when the
embryo evolves from a planar fetus shape to a 3D form. After
this transition, the embryo’s internal cells and chemistry become
more sheltered from the immediate impact of the chemistry in
the surrounding environment. We suggest that this transition
reflects a divide between the first phase of embryogenesis, which
is coupled to hypoxia dependency, and a second phase that is
somewhat de-coupled from environmental hypoxia (Figure 6).

The latter phase of vertebrate development, which requires
access to normoxia, accords well with the well-understood
relationship between oxygen and animal development (e.g.,
Kiinzel et al., 1992). This phase likely comprises most of the
development. For example, chicken hatch size has been observed
to increase when incubation takes place under hyperoxic
conditions (100% O) - if these are imposed after E3 (Cruz and
Romanoff, 1944). This would suggest that the phase of hypoxia
observed by us plays its role for the time we observed it (up until
E3), after which an excess of O, can become beneficial for growth.
So far, investigations into how vertebrate development requires
certain levels of O, have overshadowed those into hypoxia-
dependency. However, many studies have also pointed toward a
necessity for an association between environmental hypoxia and
the genetically determined hypoxic responses. The necessity of
either hypoxia or HIF-a for development is demonstrated during
the early stages of bird, fish, reptile, and mammal development
(Grabowski and Paar, 1958; Lomholt, 1984; Meuer and Baumann,
1988; Kranenbarg et al., 2003; Niklasson et al., 2020). A full review
of the complex impacts of hypoxia during development is beyond
the scope of this paper. Here, however, we suggest it plausible that
if the combined properties of the membrane and growth rates
during avian development generate hypoxia, similar dynamics
to govern hypoxia may be operating during the development of
other vertebrates as well.

Hypoxia Connects Animal and Tumor
Evolution

That hypoxia would be present broadly during animal
development resonates with how animals diversified on
Earth under an atmosphere that was likely low enough in O,
to be defined as “hypoxic” by modern standards (Hammarlund
et al,, 2018). The generation of hypoxia during development
also resonates with how hypoxia is necessary to the function
of cellular mechanisms that sense fluctuations in oxygen. The
success of those eukaryotic clades that diversified on Earth’s
surface — animals, plants and fungi - has been associated with
functionally similar cellular mechanisms for sensing oxygen
fluctuations (Hammarlund et al, 2020). Considering this
framework, it appears less surprising that cancer cells can use
both hypoxia and HIF-mechanisms to their advantage. Indeed,
to view hypoxia as a necessity and ancestral norm can challenge

how we interrogate the varying roles of oxygen over tumor
evolution. While a long-standing focus has been to explore
how cancer cells cope with tumor hypoxia, it may be a larger
enigma how circulating cancer cells can cope with oxygenated
conditions in the blood stream. Future work should further
elucidate how, when, and to what extent hypoxia is essential for
animal development and health.
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Advanced metastatic cancer is currently not curable and the major barrier to eliminating
the disease in patients is the resistance of subpopulations of tumor cells to drug
treatments. These resistant subpopulations can arise stochastically among the billions
of tumor cells in a patient or emerge over time during therapy due to adaptive
mechanisms and the selective pressures of drug therapies. Epigenetic mechanisms
play important roles in tumor cell diversity and adaptability, and are regulated by
metabolic pathways. Here, | discuss knowledge from ecology, evolution, infectious
disease, species extinction, metabolism and epigenetics to synthesize a roadmap to
a clinically feasible approach to help homogenize tumor cells and, in combination with
drug treatments, drive their extinction. Specifically, cycles of starvation and hyperthermia
could help synchronize tumor cells and constrain epigenetic diversity and adaptability
by limiting substrates and impairing the activity of chromatin modifying enzymes.
Hyperthermia could also help prevent cancer cells from entering dangerous hibernation-
like states. | propose steps to a treatment paradigm to help drive cancer extinction that
builds on the successes of fasting, hyperthermia and immunotherapy and is achievable
in patients. Finally, | highlight the many unknowns, opportunities for discovery and that
stochastic gene and allele level epigenetic mechanisms pose a major barrier to cancer
extinction that warrants deeper investigation.

Keywords: epigenetics, evolution, cancer, fasting, fever, stochastic gene expression, metabolism, adaptive
therapy

INTRODUCTION

Cancer is a disease that results from fundamental biological processes and mechanisms that enable
diversity, adaptation and evolution (Merlo et al,, 2006; Maley et al., 2017; McGranahan and
Swanton, 2017). Stage IV metastatic cancer is currently not curable, and clinical treatment regimens
are typically palliative, aiming to maximize patient quality and duration of life. Malignant cells
arise most frequently in tissues with high cell division rates and from cell populations that have
the capacity for cell division (i.e., reproduction) (Tomasetti et al., 2017). Tumor cell populations
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in a single 1 cm® tumor can reach 107-10° cells, with a doubling
rate of every ~15 days for a rapidly growing tumor and every
100 or more days for a slow growing tumor (Tubiana, 1989; Del
Monte, 2009). Thus, a metastatic patient with multiple lesions
and circulating tumor cells can have tens of billions of actively
dividing malignant cells. With an average cell cycle time of ~48
h and mutation rate of 1.14 mutations per genome per cell
division (Werner et al, 2019), every gene in the cancer cell
genome is affected by coding and non-coding genetic mutations
multiple independent times in a patient with years of metastatic
disease. All enemies are at the gate. Nonetheless, cancer cell
evolution converges on a handful of specific driver mutations
that are the major genetic drivers of malignancy (McGranahan
et al, 2015; Tomasetti et al., 2015; Tokheim et al., 2016;
Reiter et al., 2018). This observation led to the proposal that a
curative combinatorial treatment strategy attacking these driver
mutations could be developed (Reiter et al., 2019). However,
while the identification of core genetic driver mutations in
cancer is foundational and exciting, understanding epigenetic
mechanisms driving cancer cell diversity and adaptability is
another major barrier. Epigenetic mechanisms contribute to the
evolution of multi-drug resistance (MDR), preventing us from
curing metastatic cancer (Easwaran et al., 2014; Baylin and Jones,
2016; McGranahan and Swanton, 2017; Guo et al., 2019). The
development of cancer cell subpopulations with MDR, or the
ability to enter dormant, persistent states that evade treatment
and immune predation, ultimately lead to disease progression
and patient death (Recasens and Munoz, 2019; Shen et al., 2020).
No single drug, new or old, will ever overcome these evolutionary
forces and cure the disease. Currently, many chemotherapies and
endocrine therapies target the reproductive capabilities of cancer
cells by affecting cell division processes or signaling pathways
that control cell division and tumor growth. Immunotherapies
are distinct in that they enhance immune cell predation on
cancer cells. However, the field lacks interventions aimed at
solving the fundamental problem of how to constrain cancer cell
diversity, adaptability and evolvability. Interventions that could
homogenize cancer cell populations and constrain adaptability
would help enable a chance at a cure using existing drugs.

Recent articles propose innovative treatment regimens for
curing metastatic cancer that are inspired by the factors
that drive the extinction of species in nature (Gatenby and
Brown, 2018; Gatenby et al., 2019, 2020; Reed et al., 2020).
Species extinctions often involve such complex interactions
between unrelated stressors, rather than single catastrophic
events. Central to these ideas are the application of aggressive,
unpredictable, successive and combinatorial chemo, endocrine
and immunotherapy treatment strikes that fragment cell
populations and continue even after the cancer becomes clinically
undetectable. Combinatorial approaches that are designed
to be curative would benefit from interventions that help
constrain cancer cell diversity and adaptability during drug
treatment strikes. Here, I discuss how epigenetic gene regulatory
mechanisms and allele-specific expression effects create cellular
diversity and enable adaptability in cancer, creating barriers to
its extinction. I highlight opportunities to learn from ecology,
evolution, biochemistry, metabolism, genomics and conserved

responses to bacterial infection to develop clinically relevant
strategies to constrain cancer cell diversity and adaptability. My
goal is to lay the conceptual groundwork and areas for further
study to devise feasible treatment programs to make cancer
cell populations more vulnerable to combinatorial chemotherapy
strikes designed to cure metastatic disease.

STOCHASTIC GENE REGULATORY
EFFECTS ARE IMPORTANT DRIVERS OF
CELLULAR DIVERSITY AND
ADAPTABILITY

Previous decades have largely focused on cancer genetics and
the identification of important genetic mutations. Less is known
about gene regulatory and epigenetic mechanisms in cancer,
though it is emerging as a major field of study and a new area
for therapy development. From ecology and species evolution,
we know that protein-coding genes are relatively well conserved
across species, while gene regulatory mechanisms and cis-
regulatory elements (CREs) are rapidly evolving. Changes to
gene regulatory network (GRNs) play the major roles in the
development of new phenotypes in different lineages (Davidson
and Erwin, 2006; Wray, 2007; Carroll, 2008; Davidson, 2010).
Recent reviews have covered the emerging and likely important
roles that epigenetic mechanisms also play in cancer initiation
and progression, metastasis, and drug resistance (Guo et al,
2019), as well as opportunities for targeting these mechanisms
to treat the disease (Bennett and Licht, 2018; Cheng et al,
2019; Hogg et al., 2020). Epigenetic mechanisms and stochastic
changes to GRNs and gene expression enable a dynamic
range of phenotypic possibilities for a population of cells
or organisms.

Pioneering studies in bacteria first showed that isogenic cells
held in constant conditions occupy a wide-range of different
states due to stochastic gene expression and transcriptional
bursts (Li, 2002; Ozbudak et al., 2002). Subsequent studies of
eukaryotic cells reached similar conclusions (Blake et al., 2003).
It is now well established that, at baseline, cells exist in flux,
creating molecularly diverse populations through stochastic gene
expression (Kern et al., 2005; Levine et al., 2013), transcriptional
bursting and transitions between active, reversibly silent and
irreversibly silent chromatin states (Singer et al., 2014; Bintu
et al., 2016; Figure 1). This has the important effect of creating
diversity for adaptability and “bet hedging” so that at least some
cells are in the right molecular state to receive and correctly
respond to unpredictable signals from the environment (Raj and
van Oudenaarden, 2008; Feinberg and Irizarry, 2010; Raj et al.,
2010; Balazsi et al., 2011). In the context of stressors, this diversity
may help prokaryotic and eukaryotic cells survive acute insults
by helping to ensure that at least some cells exist in a state that is
resilient to the stressor.

This type of stochastic epigenetic cellular diversity has been
proposed to have important roles in cancer evolution and drug
resistance (Pujadas and Feinberg, 2012). However, we currently
have little understanding of the mechanisms involved or how
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FIGURE 1 | Schematic depiction of how stochastic gene expression and epigenetic regulation creates mosaics of cells in different molecular states. Studies by Bintu
et al. (2016) show that histone acetylation is dynamic and mediates short-term epigenetic memory, while histone and DNA methylation is more stable, mediating
long-term epigenetic memory. These stochastic gene expression and epigenetic effects contribute to cellular diversity and may enable enhanced tumor cell diversity

and adaptability.
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to modulate or constrain the effect. Few studies have directly
examined chromatin dynamics at the cellular level over time.
Chromatin biochemical modifications are diverse and new forms
are constantly being discovered. Major epigenetic mechanisms
involved in stochastic epigenetic diversity likely include histone
acetylation, DNA methylation and histone methylation. A brief
overview of these mechanisms is described below, but I refer the
reader to excellent recent reviews for further detail (Campbell and
Wellen, 2018; Dai et al., 2020; Trefely et al., 2020).

In brief, histone tails are biochemically modified
post-translationally to regulate gene expression. The
chromatin modifiers (writers) that establish these marks
use metabolic intermediate molecules, including acetyl-CoA
and S-adenosylmethionine (SAM). Acetyl-CoA is the metabolite
used by histone acetyltransferases (HATs) to place acetyl
groups on lysine residues of the N-terminal tails of H3 and
H4 canonical histones. Acetyl groups are a subtype of acyl
organic molecules distinguished by the inclusion of a -CH3
group. In the absence of acetylation, the positive charges on
H3 and H4 histones combine with the negative charge on the
surface of H2A histone fold domains to enable the formation

of nucleosomes and compact chromatin. One effect of H3 and
H4 lysine acetylation is to change the overall histone charge to
neutral, which reduces histone affinity, creating open chromatin
sites in which transcriptional regulatory proteins can bind. The
creation of these open chromatin sites through lysine acetylation
is important for the activation of non-coding enhancers, gene
promoters, gene bodies and alternative exon usage through
splicing variation (Rajagopal et al., 2014). In addition to
promoting open chromatin states, bromo-domain containing
chromatin “reader” proteins recognize lysine acetylation and
bind to promote gene expression. Recently, other histone
acylations have been uncovered, which also have activating
effects on gene expression (Dai et al., 2020). On the other hand,
histone deacetylation by histone deacetylases (HDACs) promotes
gene silencing and the formation of heterochromatin. Acetyl
groups are added to histone tails by HATs, which are divided
into three groups, including GNAT, MYST, and p300/CBP. The
HDACs that remove acetyl groups in mammals are divided
into 4 groups, including the zinc-dependent class I, II, and IV
HDAGC:s, and the NAD-dependent class III HDACs, which are
also known as sirtuins.
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In addition to Acetyl-CoA dependent chromatin acetylation
dynamics, SAM dependent chromatin methylation dynamics are
primary players in orchestrating cellular epigenetic states and
GRNs. De novo DNA methylation is performed by DNMT
(DNA methyltransferase) 3a and DNMT3b, and maintenance of
DNA methylation is performed by DNMT1, which recognizes
hemi-methylated DNA. DNA methylation frequently occurs on
cytosines located in sets of CpG dinucleotide repeats called
CpG islands, which are located near transcription start sites.
Methylation of these regions contributes to gene silencing.
Removal of the silencing can be achieved by active DNA
demethylation, which is primarily regulated by the TET family
of DNA demethylase enzymes, as well as by passive DNA
demethylation due do inhibition of DNMT1 in dividing
cells, which causes the methylation mark to be lost over
successive cell divisions.

Methylation also occurs on histone tails, including lysine
and arginine residues, which alters the affinity of histone-
methylation reader proteins to bind and affect gene expression.
Some forms of histone methylation are associated with gene
activation, such as H3K4, H3K79, or H3K36 methylation. On
the other hand, H3K9, H3K27, and H4K20 methylation are
associated with gene silencing and different methylation states,
including mono-, di- or tri- methylation of the same amino
acid residue can have different effects on gene expression.
Histone methylation is mediated by histone methyltransferases.
For example, the EZH2 (enhancer of zeste 2) enzymatic subunit
of the polycomb repressor complex 2 (PRC2) catalyzes the
formation of H3K27me3, while KRAB (Kruppel associated box)
domain containing zinc finger protein transcription factors can
catalyze the formation of H3K9me3. Both of these chromatin
modifications have potent silencing effects and important roles
in the formation of stable heterochromatin.

Building on this understanding of epigenetic gene regulation,
a pioneering study by Bintu et al. created an elegant reporter
assay to study the temporal dynamics of histone acetylation, DNA
methylation and histone methylation at the cellular level (Bintu
et al., 2016). They compared the cellular repression induction
and reactivation kinetics for DNA methylation (DNMT3B),
H3K9me3 (KRAB), H3K27me3 (EED-EZH2 component of
PRC2) and H3/H4 histone deacetylation (HDAC4). Their results
show that DNMT3B, KRAB, and EED-EZH2 induce stable
chromatin changes that cause permanent epigenetic memory.
DNMT3B in particular showed slow induction kinetics, but
caused stable and permanent epigenetic memory in affected cells.
These results are consistent with previous work showing that
DNA methylation is a relatively stable biochemical mark. In
contrast, HDAC4 effects are highly dynamic, such that activation
of HDAC4 caused the induction of faster chromatin changes
than the other enzymes tested and the effects are transient
and rapidly reversible. The rapid and dynamic roles of histone
acetylation in these hamster ovary cell lines are consistent with
previous work in yeast, which showed that histone acetylation
and deacetylation states can switch within minutes (Katan-
Khaykovich and Struhl, 2002). Overall, these results suggest that
reducing the enzymatic activity of HATs and HDACs could
constrain short-term, dynamic stochastic cellular diversity and

adaptability. Further, reducing the activity of enzymes controlling
DNA and histone methylation could help constrain long-term,
stable stochastic cellular diversity and adaptability (Figure 1).
Below, I next discuss how stochastic epigenetic effects not only
occur at the gene level, but also at the allele level, which
potentially further create primary epigenetic and gene expression
barriers to cancer “extinction.”

STOCHASTIC GENE REGULATORY
EFFECTS AT THE ALLELE LEVEL AS A
POTENTIAL DRIVER OF TUMOR CELL
DIVERSITY AND ADAPTABILITY

Stochastic gene regulatory effects also occur at the allele level,
which could further contribute to cancer cell diversity and
evolvability. Indeed, the diploid and, in some cases, polyploid
nature of eukaryotic cells creates added cellular epigenetic, gene
expression and genetic diversity. The advantage of diploidy
over haploidy has typically been proposed to be to mask the
effects of partially recessive mutations (Orr, 1995). Interestingly,
however, periods associated with catastrophic extinction events,
such as the comet or asteroid strike and volcanic eruptions at
the Cretaceous—Paleogene boundary, were previously shown to
be associated with evolutionary bursts of new species with whole
genome duplication events (Madlung, 2012; Van de Peer et al,,
2017). In other words, increased ploidy was associated with
improved survival during a mass extinction event. Polyploidy
is proposed to have been beneficial because it increases allelic
diversity and species adaptability (Fox et al., 2020). In mammals,
most cells are diploid, though specialized cell-types, such as liver
hepatocytes, are polyploid. It has been observed that normal
diploid cells in the body can increase their ploidy in response
to stress (Fox et al., 2020). For cancer, tumor cell acquisition of
polyploidy or aneuploidy are major features of the disease that
are thought to contribute to rapid tumor evolution (Krajcovic
and Overholtzer, 2012; Coward and Harding, 2014). Typically,
increases in ploidy are considered to drive increased genetic
variation, however, through allele-specific epigenetic regulatory
effects, increased ploidy could also promote increased epigenetic
variation (Figure 2).

Previous in vitro studies of cell lines have suggested the
existence of random monoallelic expression (RME) for thousands
of autosomal genes in mice and humans due to non-genetic
mechanisms (Gimelbrant et al., 2007; Eckersley-Maslin et al.,
2014; Gendrel et al, 2014). RME in cell lines is mitotically
heritable and has been shown to be regulated by levels of the
insulator protein, CTCE in some cases (Chandradoss et al., 2020).
However, the prevalence of widespread autosomal RME that is
clonal (mitotically heritable) is currently debated and little is
known about the existence of such effects in vivo (Reinius and
Sandberg, 2015; Rv et al., 2021; Vigneau et al., 2018). Some have
suggested that bona fide clonal RME is rare on the autosomes and
that most observed cases are linked to transcriptional bursting
and low expression (Deng et al., 2014; Reinius et al., 2016; Larsson
et al, 2018; Symmons et al, 2019). Nonetheless, stochastic
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FIGURE 2 | Allele-specific epigenetic and expression create complex and
diverse cellular states. (A) Classic biallelic (allele co-expression) and no
expression states typically associated with autosomal genes, and clonal
random monoallelic states (RME) typically associated with random
X-inactivation in females. (B) Newly described stochastic differential allele
expression (DAE), which causes biallelic and stochastic allelic expression
states at the cellular level for thousands of autosomal genes in mice. (C) DAE
interacts with heterozygous mutations in diploid and polyploidy cells to create
widespread cellular diversity and potential for adaptability to different
conditions. This phenomenon could be a major blocker to cancer cell
extinction.

allele-specific expression for some autosomal genes appears stable
at the cellular level. For example, one study directly imaged allelic
expression at the cellular level over time for Bcll1b in T cell
lineages (Ng et al., 2018). The authors found that monoallelic (or
biallelic) expression states can be stable at the protein level for
at least one hundred hours in single cells, amounting to several
days (Ng et al., 2018). This type of allele-specific regulatory effect
might be sufficient to have biological consequences, affecting gene
dosage and/or the cellular effects of a single mutated allele.

Focusing on the in vivo context, we previously uncovered
hundreds of genes in mouse tissues that display stochastic
differential allelic expression (DAE) at the cellular level (Huang
etal., 2017). We found that DAE affects the cellular expression of
heterozygous mutations such that mosaics of mixed cells arise in
tissues in which some cells monoallelically express the mutated
allele, some express the wild-type allele and others are biallelic
and express both parental alleles (Huang et al., 2017). Stochastic
DAE may be an important feature of diploid (or polyploidy)
genomes that increases cellular diversity and adaptability to stress
(Huang et al., 2018; Kravitz and Gregg, 2019).

With regard to nomenclature, we differentiate stochastic DAE
from bona fide RME, because RME is typically used to describe
clonal, mitotically-heritable and stable monoallelic states, such
as random X-inactivation, olfactory receptor or protocadherin
monoallelic expression states (Lomvardas and Maniatis, 2016;
Monahan et al., 2019; Figures 2A, 3). In the case of stochastic
DAE, we found that some cells are monoallelic and others are
biallelic, and the temporal stability of each allelic state and the
clonal relationships between cells are not yet known (Figure 2B).
Mechanistically, stochastic DAE and clonal RME likely involve
different epigenetic mechanisms, including different roles for
short-term (e.g., histone acetylation) versus long-term (e.g.,
methylation or CTCF) epigenetic memory (Figure 3). This new
area is expected to reveal important allele-specific gene regulatory
mechanisms that enable increased phenotypic variability and
adaptable metabolic phenotypes (Huang et al., 2018; Kravitz and
Gregg, 2019). Currently, we do not understand the nature of these
different allelic effects in tumor cells or how they may change
and contribute to tumor initiation, metastasis, evolution and drug
resistance, and affect patient survival.

Given that polyploidy and aneuploidy are linked to cancer
progression and evolution, and appear to predict worse outcomes
(Coward and Harding, 2014; Krajcovic and Overholtzer, 2012),
it is possible that cancer cells benefit from increases in
ploidy by increasing cellular diversity through stochastic allele-
specific epigenetic and gene expression effects. Previous studies
found that progenitor versus differentiated cellular states are
associated with dramatic differences in RME, suggesting these
mechanisms have roles in defining different cellular proliferative
versus differentiated states (Miyanari and Torres-Padilla, 2013;
Eckersley-Maslin et al., 2014; Gendrel et al., 2014; Jeffries et al,,
2016; Branciamore et al., 2018; Ng et al., 2018). Recent studies
have also begun to show how stochastic allele-specific epigenetic
effects can interact with allele-specific genetic variants to create
allelic diversity (Onuchic et al., 2018; Zhang S. et al., 2020). In
summary, the studies above show the enormous potential for
stochastic epigenetic and gene expression effects to drive cellular
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diversity in cancer and the different potential forms of these
effects at the gene and allele levels. Next, I discuss findings that
show that stochastic epigenetic effects are, in fact, the primary
drivers of tumor cell evolution and drug resistance, which
motivates discussions for new studies and clinical solutions.

HOW DOES STOCHASTIC EPIGENETIC
VARIATION ENABLE CANCER CELL
EVOLUTION?

Intra-tumor  cellular  epigenetic and gene expression
heterogeneity is proposed play the primary roles in the
acquisition of drug resistance in cancer compared genetic
mutations (Flavahan et al., 2017; Marusyk et al., 2020). A leading
model in the field is that stochastic and semi-stable changes
to gene expression and chromatin states cause drug-resistant

phenotypes to arise dynamically within tumor cell populations.
In this model, stochastic epigenetic and phenotypic cellular
diversity creates an ecosystem in which a drug treatment can
“discover” a pre-existing tumor cell in a state that enables
it to tolerate the drug and persist. This epigenetic state is
therefore advantageous for survival and proliferation compared
to other tumor cell states in the microenvironment. Not
only will this cell survive, persist and continue to reproduce,
but its advantageous chromatin state can become enhanced,
stabilized and mitotically heritable through further induced
chromatin and gene expression changes. This evolutionary
process drives the formation of dangerous new lineages of drug
resistant tumor cells.

Support for this model of tumor evolution and drug resistance
is strong. Indeed, epigenetic stochasticity has been shown to be
a central driver of cellular phenotypic variability and mechanism
of plasticity (Jenkinson et al., 2017). A seminal paper by Sharma

Frontiers in Ecology and Evolution | www.frontiersin.org

51

June 2021 | Volume 9 | Article 693781


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Gregg

Constraining Cancer Cell Diversity and Adaptability

et al. showed that individual tumor cells stochastically and
transiently acquire and then relinquish chromatin-mediated
drug resistant states (Sharma et al, 2010). Moreover, they
showed that chromatin-modifying agents selectively ablated
the resistant cell population. Subsequently, others found that
the histone demethylases, KDM5A and KDMS6B, regulate
phenotypic heterogeneity in estrogen receptor positive breast
cancer (Hinohara et al,, 2018). High KDM5B activity promotes
increased intra-tumor gene expression heterogeneity, creating
pre-existing cell populations that increase chances for drug
resistance (Hinohara et al., 2018). Further, studies of DNA
methylation dynamics in chronic lymphocytic leukemia (CLL)
found that stochastic epimutations form the basis of intratumor
cellular methylome variability (Landau et al., 2014). More
recently, single-cell DNA methylome analyses in CLL revealed
that the cellular inheritance of stochastic DNA methylation
epimutations reveal a lineage tree for the cellular evolution of
the disease and that epigenetic drift occurs rapidly following B
cell transformation and greater proliferation rates (Gaiti et al,
2019). Moreover, increases in stochastic epigenetic diversification
in CLL appear to contribute to a larger diversification of gene
expression and cellular molecular identities in the disease (Gaiti
etal., 2019; Pastore et al., 2019). Thus, primary roles for stochastic
and dynamic cellular epigenetic and gene expression variability
in the selection, formation and evolution of drug resistant tumor
cells are now well supported (Huang et al., 2009; Huang, 2013;
Pisco et al., 2013; Knoechel et al., 2014; Flavahan et al., 2017;
Liau et al., 2017; Shaffer et al., 2017; Risom et al., 2018; Marusyk
et al., 2020). We now have a maturing conceptual framework
for understanding “mutation-independent” evolution and the
primary roles that epigenetic and gene expression diversity
play in the development of new phenotypes (Huang et al,
2009; Huang, 2011, 2012, 2021). One of the most glaring facts
supporting this model is that genetic mutations are not required
for cells to “evolve” into different cell lineages during organismal
development—this diversity is entirely grounded in epigenetic
and gene expression changes (Huang, 2012).

The major implication of all of the findings in the above
sections is that uncovering ways to constrain tumor cell
epigenetic regulatory activity and dynamics will help constrain
cancer cell diversity, adaptability and evolution during treatment.
Placing constraints on cellular acetylation and methylation
dynamics could be especially effective, but no single molecular
target will solve this problem because of redundancy and
adaptability. Next, I discuss clues for how to effectively constrain
cellular epigenetic diversity and dynamics in a clinically relevant
manner that could be feasibly integrated into a chemotherapy
treatment regimen.

EVOLUTIONARY SOLUTIONS TO
STOCHASTIC POPULATION DIVERSITY
AND ADAPTABILITY

Since both prokaryotic and eukaryotic cells use stochastic gene
regulatory mechanisms and transcriptional noise for promoting
cellular diversity and adaptability, we can potentially learn

solutions to constrain these effects by analyzing how vertebrates
evolved solutions to prokaryotic infections. The numbers of
bacteria involved in an infection can exceed the population
sizes that cancer cells reach in a body, yet the body can
drive them to extinction. To achieve this, vertebrates evolved
a highly conserved set of sickness responses that help to
effectively eliminate infections in combination with activation
of the immune system (Hart, 1988; Aubert, 1999; Dantzer
and Kelley, 2007). This combinatorial response involves: (1)
fasting (loss of appetite), (2) fever, (3) sleepiness and fatigue,
(4) social withdrawal and irritability, and (5) altered motivations
(inhibited foraging and exploration) (Hart, 1988; Aubert, 1999;
Adelman and Martin, 2009). This adaptation for infection turns
out to be highly relevant to cancer elimination. A history
of the immunotherapy field reveals that interest in immune
system predation on tumor cells began with early observations
of tumors disappearing in patients following a bacterial
infection with a high fever (Dobosz and Dzieciatkowski, 2019).
Subsequently, William Coley showed that cancer patients enter
spontaneous remission after a streptococcal skin infection (i.e.,
erysipelas). Moreover, bacterial infections can induce complete
remission in several cancer types (Dobosz and Dzieciatkowski,
2019). So far, this work has largely inspired the development
of targeted immunotherapies that aim to improve immune
cell detection and killing of cancer cells, but there may
be more to learn.

Vertebrate sickness responses are typically proposed to
function for diverting energy from activities peripheral to
surviving infection to immune responses that combat the
infection (Hart, 1988; Aubert, 1999; Dantzer and Kelley, 2007).
However, if the goal was only to increase resources for immune
defense, namely boost the concentrations of the substrates
and cofactors needed to support biochemical reactions for
effective immunity, one might instead expect the animal to
display increased appetite and caloric intake, rather than fasting.
Recently, fasting, and the associated shift to ketone metabolism,
was shown to reduce the damaging effects of reactive oxidative
species (ROS) generated by bacterial inflammation, indicating
an important function for this component of the sickness
response that is different from the energy conservation model
(Wang et al., 2016). However, as I discuss below, fasting may
have additional benefits that involve constraining capabilities
for stochastic cellular diversity and adaptability by limiting the
availability of key substrates and cofactors.

From the perspective of preserving energy for the immune
attack, coupling fasting with fever during sickness responses
might seem to be counterproductive. How fever offers a
protective mechanism against pathogenic microbes is a long-
standing mystery (Evans et al., 2015). Fever is currently
thought to create conditions that are inhospitable for microbe
proliferation by raising the body’s temperature above optimal
growth conditions, while potentiating the immune response
by increasing neutrophil activity and lymphocyte proliferation
and activation (Hart, 1988; Evans et al., 2015). However, with
the possible exception of unique immune cells, fever could
constrain biochemical reaction kinetics in cells and thereby
further constrain capabilities for creating a range of different
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stochastic cellular states. By constraining the diversity and
adaptability of microbes, immune cell predation would be more
effective. As I discuss below, fever could especially help block
dangerous hypometabolic hibernation-like states that enable
disease persistence.

Thus, by combining fasting and fever with increased
immune predation, the body has not only evolved an effective
combinatorial strategy for driving the extinction of invading
microbes, but apparently also cancer. We now know that
nutrients and metabolic processes affect epigenetic gene
regulatory mechanisms, suggesting an important link exists
between fasting, fever and the epigenetic mechanisms that enable
cellular diversity and adaptability. Noticeably, the vertebrate
sickness response combines the starvation, climate change and
predation conditions that frequently cause species extinctions in
the wild. It is a highly effective recipe for this outcome.

COMBINING FASTING AND
HYPERTHERMIA TO CONSTRAIN
CANCER CELL DIVERSITY AND
ADAPTABILITY DURING
CHEMOTHERAPY STRIKES

The benefits of fasting for cancer and other diseases have been
carefully reviewed elsewhere (Nencioni et al, 2018; de Cabo
and Mattson, 2019; Caffa et al., 2020; Tajan and Vousden,
2020; Zhang J. et al., 2020). Pre-clinical (Lee et al., 2012;
Brandhorst et al., 2015; Wei et al.,, 2017; de Cabo and
Mattson, 2019; Caffa et al., 2020), and early clinical studies
(Caffa et al, 2020; de Groot et al., 2020), show benefits
for coupling fasting or fasting-mimicking diets (FMDs) with
chemotherapy and/or endocrine therapy, including enhanced
treatment efficacy, reduce side effects and the prevention of drug
resistance. The beneficial effects of fasting in cancer have so
far been largely attributed to reductions in circulating glucose,
insulin, IGF-1, PI3 kinase, mTOR and leptin signaling, which
reduces growth signals that can drive cancer cell proliferation
and survival. Beneficial effects of increased autophagy and
stem cell activation are also apparent. Different durations
and patterns of fasting induce different biological effects in a
cell-type dependent manner. It has been suggested that the
induction of a starvation response, in which cellular autophagy is
strongly activated, is important for deriving anti-cancer benefits
(Brandhorst et al., 2015; Nencioni et al., 2018). Important for
this article, is that starvation and nutrient deprivation affect
epigenetic mechanisms. Such effects could help constrain tumor
cell diversity and adaptability. Starvation states can affect the
availability of essential substrates and cofactors necessary for
enzymatic modifications to chromatin and chromatin binding
transcriptional regulatory proteins. Starvation states also block
global protein translation by inhibiting mTOR complex 1
(mTORCI1), which in turn limits cellular capabilities for intra and
intercellular signaling and gene expression dynamics (Holcik and
Sonenberg, 2005; Wullschleger et al., 2006). Indeed, starvation
state translational and transcriptional programs involve a

shift to specific stress response mechanisms that are essential
for cell survival.

POTENTIAL FOR STARVATION STATES
TO CONSTRAIN STOCHASTIC DNA AND
HISTONE METHYLATION AND
LONG-TERM CELLULAR EPIGENETIC
MEMORY

To my knowledge, no study has yet determined whether
starvation reduces stochastic epigenetic dynamics within a cell
over time, epigenetic diversity across populations of cells, or
capabilities for epigenetic and gene expression adaptability in
response to new and additional stressors (e.g., chemotherapy
strikes). However, there are reasons to expect such effects. An
enzyme’s Km is the concentration of a substrate needed for
the rate of its catalytic reaction to be half of the maximum
rate (Vmax) and can further depend on the concentration
of necessary cofactors. Relative to their Km, the physiological
concentrations of the substrates and cofactors needed for HAT,
HMT, and DNMT mediated chromatin-modifying reactions are
low (Reid et al., 2017). As a result, the kinetics of histone
acetylation and methylation biochemical reactions are sensitive
to changes in these substrate concentrations and inhibited by
reduced cellular concentrations of nutrient-derived cofactors
and substrates (Su et al.,, 2016; Reid et al., 2017; Figure 4A).
This differs from phosphorylation and ubiquitination reactions
that are not as responsive to metabolic changes because their
substrate, ATP, does not reach cellular levels low enough to limit
enzymatic activity (Locasale and Cantley, 2011). Consequently,
starvation limits the availability of essential SAM and Acetyl-
CoA substrates needed for methylation and acetylation dynamics,
respectively, while simultaneously activating nutrient stress
response epigenetic and gene expression programs for survival.
This may constrain the range of different epigenetic states cells
can occupy, in addition to the other anti-cancer benefits of
fasting/FMD/starvation (Figure 4B).

SAM is an essential cofactor for histone and DNA
methyltransferases and is an intermediate of one-carbon
metabolism derived from dietary methionine and synthesized
through the methionine and folate metabolic cycles (Figure 5).
Dietary methionine restriction causes significant alterations
to cellular DNA methylation, histone methylation and gene
expression (Mentch et al., 2015; Su et al., 2016), though we know
less about effects on cellular epigenetic diversity or temporal
dynamics. Recent work in mice found that a methionine-
restricted diet rapidly altered methionine and sulfur metabolism,
inhibiting tumor growth and increasing tumor susceptibility to
chemotherapy and radiation (Gao et al, 2019). These results
suggest decreased capabilities for tumor cells to adapt to the
treatment strikes. However, further studies are needed to
determine whether a methionine-restricted diet can help prevent
the development of drug resistance either by reducing cellular
epigenetic diversity and/or adaptability over time. Starvation or
FMD cycles in mice have been shown to significantly improve
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survival, increase time to progression and even restore drug
responsiveness to previously resistant tumors (Lee et al., 2012;
Brandhorst et al., 2015; Caffa et al,, 2020). Currently, we do
not fully understand the mechanisms involved or to what
degree methionine-restriction alone can achieve the benefits of
starvation or FMD treatments.

POTENTIAL FOR STARVATION STATES
TO CONSTRAIN STOCHASTIC HISTONE
ACETYLATION AND SHORT-TERM
EPIGENETIC MEMORY

Methionine-restriction is not expected to directly alter histone
acetylation dynamics. However, nutrient deprivation or

inhibition of glycolysis causes significantly decreased acetyl-CoA
levels, which in turn reduces histone acetylation (Wang et al.,
2009; Lee et al., 2014; Marifo et al., 2014; Cluntun et al., 2015).
Acetyl-CoA abundance is a key factor controlling gene expression
by affecting chromatin structure to create open chromatin sites
for gene activation. In addition, Acetyl-CoA abundance affects
the acetylation of transcription factors by altering their stability,
subcellular localization, or abilities to bind to DNA (Choudhary
et al,, 2014). Acetyl-CoA is produced from pyruvate through the
tricarboxylic acid (TCA) cycle or by beta-oxidation of fatty acids
(Campbell and Wellen, 2018). Little is known about the effects
of starvation, fasting or FMD on histone acetylation dynamics
at the cellular level or over time within a cell. One study tested
whether a high fat diet (HFD) affects acetyl-CoA levels and
global histone acetylation in mice, uncovering tissue specific
effects after a 4 week HFD (Carrer et al., 2017). They found that
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white adipose tissue showed significantly decreased Acetyl-CoA
and histone acetylation for specific lysine residues. Thus, diet
can affect global histone acetylation in a tissue dependent
manner (Figure 5).

AMP-activated protein kinase (AMPK) is phosphorylated
in response to starvation and inhibits anabolic glucose, lipid
and protein synthesis pathways, and activates autophagy and
mitophagy for the breakdown of cellular macromolecules (Herzig
and Shaw, 2017). Cellular lipid stores are consumed through
lipid metabolic pathways and, in an attempt to increase glucose
uptake, AMPK promotes increased glucose transporter functions.
Along with this energy stress response, AMPK inhibits the HAT,
p300, and glucagon release during fasting causing the activation
of class II HDACs and localization to the nucleus to activate

transcriptional stress responses. Finally, sirtuins are activated
in response to nutrient stress and use NAD+ as a substrate
for deacetylation. I refer readers to a previous review detailing
how Acetyl-CoA levels are dynamically responsive to nutrient
availability, affecting histone acetylation and gene expression
(Sivanand et al., 2018). Additionally, starvation blocks global
protein translation by inhibiting mTOR complex 1 (mTORC1),
which in turn limits cellular capabilities for intra and intercellular
signaling and gene expression dynamics (Holcik and Sonenberg,
2005; Wullschleger et al., 2006). Recently, it has been further
shown that fasting effects on gene transcription and translation
depend upon the nature of the specific nutrients that are
deprived (Gameiro and Struhl, 2018). Currently, we know almost
nothing about how global or specific nutrient deprivations
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affect stochastic cellular epigenetic diversity and adaptability,
indicating an important area for study.

In a baseline fed state, diverse epigenetic writers, readers
and erasers are available with readily available substrates and
co-factors. However, after ~3 days of fasting, the human body
transitions into an early starvation state designed to preserve
cellular proteins and this involves a major switch to ketone
metabolism, which shifts epigenetic regulatory processes and
triggers protective stress responses (Dai et al, 2020). It is
reasonable to expect that this can help to constrain and inhibit
biochemical reactions that promote cellular epigenetic diversity
and adaptability, but remains to be tested. New single cell
omics technologies, including single cell RNASeq and ATAC-
Seq can help test these predictions directly. The implication
of identifying interventions that can constrain cellular diversity
and adaptability is that we can couple these interventions with
chemotherapy strikes and improved drugs to increase chances
for a cure and complete disease elimination. If such constraints
can be induced, we should expect that the type and duration of
nutrient deprivations can be tailored to different cancer types,
stages and lesion locations.

HOW COULD CHANGES TO BODY
TEMPERATURE HELP CONSTRAIN
CANCER CELL DIVERSITY AND
ADAPTABILITY TO FACILITATE TUMOR
CELL EXTINCTION?

As described above, chromatin methylation and acetylation
biochemical reaction kinetics can be controlled by limiting their
substrates and cofactors through nutrient deprivation. However,
another important factor constraining these biochemical
reactions is body temperature, which controls reaction kinetics
(e.g., Kd, dissociation constant). Whole organism metabolic
rate scales with the 3/4-power of body mass and increases
exponentially with temperature, up to ~40°C when catabolic
processes increase (Gillooly et al., 2001). Body temperature
profoundly affects metabolic rates and vice versa. A 1% increase
in body temperature has been linked to a 10-15% increase in
metabolic rate in endotherms (Evans et al., 2015). On the other
hand, decreasing body temperature slows biochemical reaction
kinetics. Most physiological processes and biochemical reactions
function optimally at ~37°C (98°F). What temperature state
might best help to drive cancer cell extinction?

As noted above, the body responds to microbial infections
through a combination of fasting and fever, and the overall
sickness response can eliminate cancer in patients. A high-
grade fever in an adult is an oral temperature of > 39.4°C
(103°F), which can begin to promote catabolic processes and the
denaturation of enzymes. In contrast, reducing body temperature
slows cellular reaction kinetics and decreases the metabolic rate
(Evans et al., 2015). For example, hibernation (torpor) involves
a profoundly decreased metabolic rate in order to survive harsh
environmental conditions with low nutrient availability (Carey
et al., 2003). For torpor to occur, a first step is to trigger

a decrease the hypothalamic set point for body temperature,
and then in turn drop the body temperature for the induction
of torpor and decreased metabolic rate (Gillooly et al., 2001;
Geiser, 2004). A tumor in a hibernating animal stops growing
during hibernation, but then resumes growth after torpor
(Lyman and Fawcett, 1954). Dangerous, transient hypometabolic
hibernation-like states can also occur in human cancers and these
subpopulations of persistent, dormant cancer cells are major
causes of mortality, disease recurrence and treatment failure
(Recasens and Munoz, 2019; Shen et al., 2020). Recently, it was
shown that most cancer cells have the capability to enter a
dormant (or diapause) state (Recasens and Munoz, 2019). Out
of the many adaptive phenotypes cancer cell subpopulations
might occupy, this hypometabolic state is one of the most
dangerous. Previous studies have shown that chronic cold stress,
which depresses metabolic rate and immunity, is associated with
elevated risks for cancer (Bandyopadhayaya et al., 2020). Cold
stress is associated with accelerated tumor growth and treatment
resistance in mice, which appears to involve enhanced tumor cell
survival pathways as well as suppressed anti-tumor immunity
(Kokolus et al., 2013; Messmer et al., 2014). This suggests that
increased temperature could help prevent cancer cell dormancy
and hibernation-like states in the body (Figure 6A).

So far, thinking in the cancer field has primarily focused on
uncovering molecular targets that might help block cancer cell
dormancy using targeted drugs (Recasens and Munoz, 2019).
However, transiently elevating body temperature and metabolic
rates might be effective, particularly when coupled with fasting
and chemotherapy. Moreover, the activation of the immune
system, which occurs in response to elevated body temperature,
might beneficially boost anti-tumor immunity (Evans et al,
2015). There is clinical evidence and multiple independent
studies showing that hyperthermia has therapeutically beneficial
effects in cancer patients (Hildebrandt et al, 2002; van der
Zee, 2002; Wust et al., 2002; Jha et al., 2016). Efforts to
use hyperthermia clinically have included local delivery of
microwaves or radiowaves, as well as approaches to use arrays of
antennas to heat entire body parts. For metastatic patients, whole
body heating approaches using radiant thermal isolation systems
have been developed that can achieve systemic temperatures
of 41.8-42.0°C. Perfect thermal isolation is sufficient in-and-of
itself to raise the body temperature from 37.5 to 42 in a 70 kg
patient in 180 min (Wust et al., 2002). In mice, simply raising
the ambient temperature from 22°C to 30°C causes measurable
improvements in tumor sensitivity to chemotherapy treatment
(Eng et al., 2015). The benefits of hyperthermia are thought to
include immune activation and the enhancement of anti-tumor
immunity, increased blood perfusion and drug delivery into
tumor sites, and cytotoxic effects on tumor cells growing in low
pO2 and low pH conditions. Effectiveness for hyperthermia for
different cancers has been reported in some randomized clinical
trials (Jha et al., 2016).

In addition to beneficial immune activation, perfusion and
drug uptake effects, fever/hyperthermia promotes increased
cellular metabolic rates and biochemical reaction kinetics, and
then at ~40°C, causes enzyme denaturation and a rapid decline
in reaction kinetics. Such effects could be applied precisely to help
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fever-level body temperatures may help inhibit the activity of chromatin-modifying enzymes and block epigenetic diversity and adaptability. (C,D) Compare the effects
of hyperthermia versus hypothermia and suggest that hyperthermic treatments could have multiple beneficial effects for cancer elimination. (E) Plot shows that
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prevent cancer cells from occupying dangerous hypometabolic
states, and at > 40°C, to help narrow the dynamic range of
biochemical reaction kinetics in cells and thereby the diversity
of epigenetic states cancer cells can occupy (Figures 6B-D).
Overall, high-grade fever/hyperthermia may reduce cancer cell
diversity and adaptability. When applied in combination with
starvation/FMD, cells are struck with the combination of limited
substrates and cofactors plus a forced increase in metabolic
rates and enzymatic denaturation (Figures 6E,F, 7). In patients,
simple approaches to transiently increase body temperature and
metabolic rate could be vigorous exercise, which is difficult
for patients, or dry sauna treatments (Hussain and Cohen,
2018). Dry saunas begin to raise core body temperature within
15 min (Zalewski et al., 2014). More aggressive approaches
could involve pyrogen treatments, like LPS (lipopolysaccharide).
Further studies are needed to test whether mimicking the
vertebrate sickness response with a fasting + fever combinatorial

therapy has the effect of helping to constrain tumor cell
epigenetic diversity and adaptability and making cancer cells
more vulnerable to chemotherapy treatment strikes.

TIMING THE STRIKE—CELLULAR
SYNCHRONIZATION THROUGH
STARVATION AND TEMPERATURE
CHANGE CYCLES

For decades, scientists have used nutrient withdrawal or
temperature changes to synchronize the proliferation of dividing
bacterial, yeast or mammalian cells in culture for experiments.
The removal of serum from culture media causes cells to
withdraw from the cell cycle (Pardee, 1974; Zetterberg and
Larsson, 1985; Balsalobre et al., 1998). Then, the subsequent
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re-introduction of serum triggers the cell population to
synchronously re-enter the cell cycle, homogenizing the cell
population. Repeated serum removal cycles can synchronize
the division of 80% of cells in culture (Banfalvi, 2011; Tian
et al., 2012). Similarly, reducing and then increasing the ambient
temperature can synchronize dividing cells in culture (Rieder
and Cole, 2002; Banfalvi, 2017). This suggests that cycles
of starvation, re-feeding and increased temperature could be
combined in patients and timed with chemotherapy treatments
to help reduce cellular diversity by synchronizing tumor
cell populations for maximum killing during a chemotherapy
treatment strike (Figure 8). Different schedules might be
developed for different phases of treatment for complete
elimination of metastatic disease.

For a treatment regimen to have the potential to be curative,
it is predicted that the treatment needs to achieve NED (no
evidence of disease), thereby eliminating the majority of the
disease, and then continue with diverse strikes to ultimately
eliminate the remaining, yet undetectable disease (Gatenby et al.,
2020). If patients are to be cured, maintaining health for a rich,
long life must be integral to the approach and the functionality
of the immune and digestive systems should be preserved. Thus,
the major initial objectives are to (1) maximize tumor cell
killing to reach NED as quickly as possible and with as few
drugs as possible, and (2) to reach NED with paradigms that
protect the long-term health and quality of life of the patient
as much as possible (Figure 9A). By reaching NED quickly,
safely and efficiently, the tumor cell population is fragmented and
vulnerable to extinction with continued treatments (see below).
Ideally, the approach involves delivering successive combinations
of treatment strikes using different drugs that attack different
mechanisms and switching to each new treatment prior to
progression. Switching treatments at the disease nadir, but prior
to progression potentially helps to preserve drug efficacy for
future use if needed.

Toward achieving these goals in actual patients, coupling
starvation and hyperthermia cycles with strikes of cytotoxic
chemotherapy infusions is expected to enhance tumor cell
killing by (1) sensitizing the tumor to treatment, (2) reducing
growth signals driving tumor proliferation (e.g., glucose, insulin,
IGF1, leptin), (3) impairing capabilities to sustain metabolically
demanding drug resistance mechanisms, (4) disrupting the
Warburg effect, (5) boosting anti-tumor immunity through
hyperthermia, (6) improving vasodilation and drug delivery to
tumor cells, and finally, (7) constraining capabilities for cellular
epigenetic diversity, adaptability and dormancy during treatment
(Figure 9B). Moreover, starvation appears to protect normal cells
from the cytotoxic effects of chemotherapies by reducing division
and metabolic activity, while a majority of tumor cells continue
to divide and be affected, resulting in differential sensitivity to
chemotherapy treatment (Lee et al, 2012). Thus, integrating
starvation and hyperthermia cycles into the first phase of attack
and applying the chemotherapy strikes during the starvation
response could help the patient reach NED quickly and with
fewer drugs and treatment cycles. Moreover, it may help protect
the health of the patient during the aggressive treatment or even
enable a more aggressive regimen to achieve NED.
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FIGURE 7 | Schematic depiction of the hypothesized effects of combining
starvation/FMD and fever/hyperthermia on tumor cell epigenetic diversity.
(A) At baseline, enzyme kinetics are optimal and all possible stochastic
epigenetic cellular states can be occupied in a population of cells.
(B) Starvation limits essential substrates and cofactors for chromatin
modifying enzymes, constraining epigenetic dynamics the number of states
that a cell can occupy. (C) Fever/hyperthermia denatures chromatin modifying
enzymes, inhibiting their activity and constraining the number of different
epigenetic states that a cell can potentially occupy. (D) The combination of
starvation and fever/hyperthermia creates a state that severely constrains
cancer cell potential for epigenetic diversity.

Once NED is achieved, the next major challenge is to eliminate
any persistent, hibernating tumor cells that entered dormancy
and have evaded treatment, but will cause disease recurrence in
the future (Figures 9A,C). During this stage, when the tumor
cell population is fragmented and vulnerable, chemotherapy and
hyperthermia strikes might be best timed with the re-feeding
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FIGURE 8 | Cycles of transient starvation/FMD are predicted to help
synchronize tumor cell division and further reduce heterogeneity. At baseline
tumor cells are dividing at different rates and are in different stages of the cell
cycle. Following starvation, the division of tumor cells that are sensitive to
environmental nutrient concentrations is stalled. Many tumor cells are not
sensitive to nutrients and continue to divide and are sensitive to
chemotherapy. Subpopulations of tumor cells that are sensitive to nutrients,
may stop division and enter persistent, hypometabolic states during
starvation. However, upon re-feeding, nutrient sensitive tumor cells are
expected to synchronously enter the cell cycle, as is observed for some
cancer cell lines in vitro upon serum-induced cell cycle activation. This
activation is expected to make the cell population more homogeneous and
vulnerable to chemotherapy.

phase following a starvation cycle to help activate dormant
cancer cells and make them sensitive to treatment. Re-feeding
after starvation appears to drive progenitor cells, stem cells and
tumor cells into a rebound of increased, synchronous cell division
(Stragand et al.,, 1979; Brandhorst et al., 2015), though more
studies are needed. As noted above, cells in culture synchronously
re-enter the cell cycle upon the return of serum or shift from
cold to warm temperature. However, while this approach is
predicted to help activate and sensitize persistent, hibernating
tumor cells to chemotherapy treatment, it is also expected to
increase unwanted damage to healthy cell populations that also
enter the cell cycle upon re-feeding. Therefore, this hypothetical
approach for eliminating hibernating tumor cells might be best
applied in a limited and strategic manner when NED has been
reached and there is a chance to now cure the disease with
continued aggressive therapy.

Finally, I propose a third and final phase of adjuvant attack
during NED that uses remaining drugs in the clinical arsenal
that are designed for continuous chronic delivery and have low
side effects, such as oral chemotherapies (e.g., Capecitabine) or
targeted therapies (e.g., aromatase inhibitors and/or Palbociclib,
etc.). Frequently, these would be the first line therapies, but would
be delivered chronically until progression. Instead, here they are
delivered in this final adjuvant phase to drive disease extinction.
The continuous chronic delivery is potentially advantageous for
treating slow dividing and dormant tumor cells. Importantly
however, this chronic drug treatment is now coupled with
randomized and unpredictable starvation, fasting, dietary and
hyperthermic metabolic switches

(Figure 9D). The idea is that by inducing randomized
and different metabolic states during treatment, the metabolic,
epigenetic and gene expression states of the tumor cells are
forced into flux and occupy many different molecular states
during the chronic drug treatment. Selection for drug resistance
is strongly driven by the application of chronic, unchanging
treatment conditions and unpredictable environmental changes
are primary factor in driving extinction (Gatenby et al., 2019,
2020). Therefore, by enforcing randomized metabolic switching,
one aims to (i) force any drug resistant cellular states to be
transient and disrupted before a dangerous new resistant cell
lineage becomes stable, (ii) drive dormant tumor cells into
states of vulnerability to the treatment, and (iii) stochastically
“screen” different molecular states in the remaining tumor cell
population to uncover those that sensitize different cells to the
drug. Randomly perturbing metabolic pathways during chronic
treatment over time likely offers one of the best chances of driving
tumor cells throughout the body into different molecular states
that break evolutionary trajectories and expose drug-sensitive
vulnerabilities that ultimately lead to extinction. Devising optimal
approaches to do this is an important area for study and we
already have an understanding of different dietary and fasting
strategies for metabolic switching that the field can start with
(Nencioni et al., 2018; Tajan and Vousden, 2020).

Most importantly for clinical applications, there are reasons
to believe that this type of program will be tolerable and safe
and easily to integrate into the care setting. Pre-clinical studies
of FMD in mice involved treatments that are typically chronic in
patients, including fulvestrant and palbociclib, and are safe and
effective (Caffa et al., 2020). Further, in FMD clinical studies of
patients taking drugs during the fasting and re-feeding periods,
the approach appears safe (de Groot et al., 2020). Nonetheless,
the starvation-to-re-feeding pulse with drug strikes warrants
further investigation. The addition of hyperthermia during
re-feeding, which will increase perfusion and drug delivery,
might be best reserved for drugs with low probabilities of
causing neuropathy. The timing of starvation + hyperthermic
interventions might also be most effective when timed with
the known pharmacokinetics of the drugs to maximize the
tumor cell-killing window. For example, palbociclib reaches peak
plasma concentrations 6-12 h after oral administration and a
steady state in the body after 8 days of treatment, suggesting that
starvation, re-feeding and/or hyperthermic interventions are best
done 8 days into the typical 21 day treatment cycle and 6-12 h
after taking a dose. One question is whether the re-feeding period
can be optimized with specific nutrients intended to activate
cancer cell populations that especially depend on glucose, amino
acid or fatty acid metabolism, or other nutrients. Additionally,
supplementing fasting, hyperthermia and chemotherapy strikes
with small molecule drugs that impair major metabolic pathways,
like inhibitors of heat shock proteins, ubiquitin mediated protein
degradation, mTOR signaling or others, may increase the
epigenetic homogenization of tumor cells and/or help disrupt
epigenetic and gene expression states of drug resistance. These
general concepts need to be tested for safety and efficacy in
mouse models and tested for associations with effects on tumor
cell synchronization and constrained epigenetic diversity using
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Frontiers in Ecology and Evolution | www.frontiersin.org 60 June 2021 | Volume 9 | Article 693781


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Gregg

Constraining Cancer Cell Diversity and Adaptability

recent paired single cell RNASeq and ATAC-Seq technologies.
Finally, treating patients that have reached NED by scan and
tumor markers leaves the clinician in the dark regarding how
to gage the efficacy of such treatments. Circulating tumor DNA
might be a more sensitive and effective marker during this phase
to help define the bona fide extinction of the disease.

CONCLUSION

Stochastic epigenetic and gene expression states are primary
drivers of the evolution of drug resistance in patients. Moreover,
the diploid/polyploid genome of tumor cells likely enables
profound epigenetic, allelic and gene expression diversity at
the cellular level through stochastic DAE and clonal RME.
These gene and allele level epigenetic and gene expression
effects are barriers to the elimination of metastatic disease.
To create clinical solutions, we need an understanding of the
short-term and long-term epigenetic mechanisms involved, their
regulation by different metabolic mechanisms and their roles
in the initiation and persistence of cancer and the evolution of
drug resistance. No single drug will solve the cancer evolution
problem. Here, I have attempted to draw on the fields of
evolution, ecology, infectious disease, epigenetics, metabolism,
biochemistry, genomics and oncology to synthesize a clinically
feasible path forward to help homogenize tumor cell populations
and constrain cellular epigenetic diversity and adaptability
in patients. The rationale for pursuing this objective is to
improve the efficacy of combinatorial chemotherapy strikes to
cure metastatic disease. I propose an approach that involves
combining cycles of starvation and hyperthermia to synchronize
tumor cell division and constrain tumor cell epigenetic diversity
and adaptability by transiently limiting essential nutrients,
substrates and cofactors and impairing the optimal enzymatic
activity of chromatin modifying enzymes when drug treatment
strikes are delivered. I then propose inducing unpredictable
different metabolic states during continuous oral drug treatments
to drive the disease to extinction. In addition, I speculate that
strategic increases in body temperature may help block cancer
cells from entering dangerous hypometabolic, hibernation-
like states during treatment, which are major barriers to
disease elimination. Whether these manipulations can actually
reduce tumor cell epigenetic diversity, stochastic variability
and adaptability and improve outcomes is not known and
remains to be tested using state-of-the-art single cell genomics
methods and pre-clinical studies. Nonetheless, based on simple
biochemical principles, it is reasonable to expect that carefully
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Dormancy is a key survival strategy in many organisms across the tree of life.
Organisms that utilize some type of dormancy (hibernation, aestivation, brumation,
diapause, and quiescence) are able to survive in habitats that would otherwise be
uninhabitable. Induction into dormant states is typically caused by environmental stress.
While organisms are dormant, their physical activity is minimal, and their metabolic
rates are severely depressed (hypometabolism). These metabolic reductions allow for
the conservation and distribution of energy while conditions in the environment are
poor. When conditions are more favorable, the organisms are then able to come out
of dormancy and reengage in their environment. Polyaneuploid cancer cells (PACCs),
proposed mediators of cancer metastasis and resistance, access evolutionary programs
and employ dormancy as a survival mechanism in response to stress. Quiescence, the
type of dormancy observed in PACCs, allows these cells the ability to survive stressful
conditions (e.g., hypoxia in the microenvironment, transiting the bloodstream during
metastasis, and exposure to chemotherapy) by downregulating and altering metabolic
function, but then increasing metabolic activities again once stress has passed. We can
gain insights regarding the mechanisms underlying PACC dormancy by looking to the
evolution of dormancy in different organisms.

Keywords: hibernation, dormancy, polyaneuploid cancer cells, cancer, evolution

INTRODUCTION: DORMANCY, AND CANCER

Metastatic cancer is resistant to almost all known systemic therapies and remains largely incurable
(Pienta et al., 2020b). The inability to cure metastatic cancer leads to more than 10 million deaths
globally per year (Bray et al., 2018). This resistance to therapy appears to be mediated, at least
in part, by dormancy, a common survival strategy for many different organisms. Cancer cell
dormancy occurs when cancer cells enter reversible cell cycle arrest known as quiescence (Yeh and
Ramaswamy, 2015; Gao et al., 2017; Jahanban-Esfahlan et al., 2019; Recasens and Munoz, 2019).
These dormant cancer cells lack proliferative and apoptotic markers but are still metabolically
active and able to maintain essential cellular processes without continuous growth (Gao et al,,
2017). Dormancy allows cancer cells the ability to survive new environments, initiate metastasis,
become resistant to therapy, and evade immune detection (Recasens and Munoz, 2019). Cancer
progression occurs when a dormant malignant cell gains the ability to re-enter cell cycle and restart
uncontrolled proliferation. The ability to lay dormant during chemotherapy, stay metabolically
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active, and eventually reinitiate proliferation enables cancer cell
survival and results in observed therapy resistant recurrence
(Pienta et al., 2020c¢, 2021).

New evidence suggests that the dormant cancer cell capable of
surviving stress by entering a quiescent state is the polyaneuploid
cancer cell (PACC) (Lopez-Sanchez et al., 2014; Pienta et al,
2021). PACCs [also referred to as polyploid giant cancer cells
(PGCCs), multinucleated cancer cells, blastomere-like cancer
cells, and osteoclast-like cancer cells] are enlarged cancer cells
that have undergone whole-genome multiplication of their
aneuploid genome (Erenpreisa et al., 2000, 2008; Mosieniak and
Sikora, 2010; Zhang et al.,, 2014, 2015; Fei et al.,, 2015; Chen
et al,, 2019; Pienta et al., 2020c). Polyaneuploid cancer cells have
been observed in cell lines, in patients, and in mouse models
across virtually all cancer types (Virchow, 1860; Illidge et al.,
2000; Erenpreisa et al., 2008; Puig, 2008; Zhang et al., 2013,
2014; Ogden et al., 2015; Mittal et al., 2017; Niu et al., 2017;
Mirzayans et al., 2018; Amend et al., 2019; Chen et al., 2019).
Polyaneuploid cancer cells are capable of forming in response to
many different environmental/applied stressors such as hypoxia,
lack of nutrients, changes in pH, chemotherapy, or radiation
(Illidge et al., 2000; Makarovskiy et al., 2002; Erenpreisa et al.,
2008; Puig, 2008; Lopez-Sanchez et al., 2014; Mittal et al., 2017;
Mirzayans et al., 2018; Amend et al., 2019; Chen et al.,, 2019;
Lin et al, 2019). PACCs can form by endoreplication, failed
cytokinesis, and fusion (Illidge et al., 2000; Mirzayans et al.,
2018; Amend et al., 2019; Chen et al., 2019; Lin et al., 2019).
Cancer cells with the ability to become a PACC have the capability
to alter metabolic functions to enter quiescence to avoid DNA
damage, potentially providing a mechanism of therapy resistance.
When stress is lifted, PACCs exit quiescence and can repopulate
an aneuploid population by neosis (cell budding). A better
understanding of cancer cell and PACC dormancy is critical in
the quest to cure cancer. This review focuses on what we can learn
from dormancy observed in ecology to better understand how
polyaneuploid cancer cells alter their metabolism and survive in
a dormant state while under stress.

DORMANCY: A METABOLIC STRATEGY
FOR SURVIVAL

Dormancy is a broadly used term to describe inactivity or
lethargy (Navas and Carvalho, 2010). During dormancy, physical
activity in organisms is minimal and metabolic rates can be
altered or severely depressed (hypometabolism) (Navas and
Carvalho, 2010; Mayer, 2016). Dormancy can be a response to
various conditions such as circannual rhythm, temperature, or
availability of resources (i.e., food and water) (Harlow, 1995;
Lehmer et al, 2001; Navas and Carvalho, 2010). Dormancy
can occur over short periods of time (less than a day), multiple
days, an entire season, or, in extreme cases, even many years
(Navas and Carvalho, 2010). While dormant organisms are
physically inactive, they can still be aroused by disturbances
without any major changes in their physiological state. There
are many different forms of dormancy including hibernation
(winter dormancy) (Geiser, 2013), aestivation (summer or

dry season dormancy) (Storeyand Storey,2012), brumation
(winter dormancy observed in ectotherms) (Wilkinson et al,
2017), diapause (period of suspended development in an
insect, invertebrate, or mammal embryo in unfavorable
conditions) (Denlinger, 2000; Tougeron, 2019), and quiescence
(opportunistic inactivity observed in plants and cells) (Table 1)
(Navas and Carvalho, 2010). During all of these dormant
conditions organisms alter their metabolism to better survive
unfavorable circumstances in their environment.

Hibernation

One of the most well-known and commonly recognized forms
of dormancy is hibernation (Geiser, 2013). Hibernation can be
split into two categories: obligate hibernation and facultative
hibernation (Chayama et al.,, 2016). Obligate hibernation, the
more common form of hibernation, occurs when a mammal
hibernates at the same time every year (e.g., arctic ground
squirrels and dwarf lemurs) (Chayama et al., 2016). The other
form of hibernation, facultative hibernation, occurs only when
an organism faces stress in their environment (e.g., black-
tailed prairie dogs) (Lehmer et al., 2001; Chayama et al., 2016).
Hibernation is characterized by a reduction in body temperature,
energy expenditure, and other physiological functions in
mammals (Geiser, 2013). These changes in metabolic functions
allow for the conserved resources to be utilized throughout
a multiday torpor (inactivity). Multiday torpor was originally
hypothesized to only occur in winter due to the cold weather,
however, it has since been revealed that it is most likely due
to the lack of resources available during winter rather than the
weather itself (Geiser, 2013). Hibernating species have evolved
the ability to enter torpor to conserve energy by reducing their
metabolic states in order to survive. Without evolving the ability
to hibernate, many organisms would not have survived the
environments they live in.

Obligate Hibernation

The majority of ground squirrels are obligate hibernators,
including the arctic ground squirrel. Obligate hibernation allows
arctic ground squirrels to survive harsh winters in Alaska despite
sub-zero temperatures, frozen soil, little to no food available,
and near complete darkness (Loren and Barnes, 1999). Obligate
hibernators, like the arctic ground squirrel, have endogenously
timed annual dormancy in winter where they generate energy
reserves during the warmer months and then that energy is
conserved through a large reduction of basal metabolic rate, heart
rate, blood flow, and temperature while they hibernate (Loren
and Barnes, 1999; Singhal et al., 2020). Arctic ground squirrels
can hibernate for up to 8 months out of every year and during
this hibernation they lower their body temperature to adopt the
lowest body temperature ever measured in a mammal (-2.9°C)
(Loren and Barnes, 1999; Buck et al., 2008; Richter et al., 2015;
Singhal et al., 2020; Rice et al., 2020). Arctic ground squirrels
recycle broken down nutrients while in hibernation to enable
survival (Rice et al., 2020). Muscle is broken down and the
free nitrogen generated can be converted into necessary amino
acids (Rice et al., 2020). Using those amino acids, the squirrels
can synthesize new proteins necessary for continued survival
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TABLE 1 | Metabolic characteristics of dormancy in nature and in PACCs.

Type of dormancy Ecologic example

Organism metabolic characteristics

PACC metabolic similarities

Obligate hibernation Arctic ground squirrel

Facultative hibernation Black-tailed prairie dog

e Occurs annually (winter)

e Metabolic depression

e Recycling of broken-down materials for energy
e Only occurs under stress

e Metabolic depression

e Low lipid peroxidation rates

e Reduction in macromolecule synthesis and degradation
e Can occur annually or under stress (depends on the species)

e High autophagy levels: recycling of
broken-down intracellular contents
for energy

e Only occurs under stress

o High lipid levels

o Altered metabolism

o Altered metabolism

o Slowing of growth

o Low motility
o Halt in cell division

Aestivation Helix aspersa e Metabolic depression
Brumation Tiger salamander

e Metabolic depression
Diapause Bombyx mori e Only occurs under stress

e Metabolic depression

e Low behavioral activity

e Slowing of growth

e Reproductive functional arrest
Quiescence S. cerevisiae e Occurs under stress

e Widened cell wall

e Sequestering protein

e Enlarged cell structure
o High lipid levels
o Halt in cell division

e Transcriptional shut down

e Increase in size
e Halt in cell division

during their torpor without needing to ingest new nutrients from
the environment (Rice et al., 2020). Additionally, arctic ground
squirrels often wake from their hibernation while conditions
in Alaska are still harsh and still have enough energy reserve
leftover to sustain life until conditions improve and they are able
to successfully forage for food (Loren and Barnes, 1999). This
means that they strictly only dispense energy while in hibernation
when completely necessary so as not to waste energy. This annual
hibernation to avoid the harsh winters allows arctic ground
squirrels to survive and populate a habitat which they would
otherwise be unable to survive in.

Facultative Hibernation

Black-tailed prairie dogs, facultative hibernators, are unlike
obligate hibernators as they only enter a shallow torpor in
times of stress rather than entering an annual multi-day torpor.
This shallow torpor is most commonly induced when black-
tailed prairie dogs are severely cold or deprived of food and
water (Harlow, 1995; Lehmer et al., 2001; Harlow and Frank,
2001). Similar to obligate hibernators, black-tailed prairie dogs
experience a drop in body temperature and metabolic rate
during their short term torpor (Geiser, 2013). The physiological
advantages for adapting to be a facultative hibernator are still
not well known, but it is hypothesized that natural selection
likely favored facultative hibernation as black-tailed prairie
dogs have lower lipid peroxidation rates, allowing them to
conserve fat for extended periods of time (Harlow and Frank,
2001). Black-tailed prairie dogs share a common ancestor with
white-tailed prairie dogs yet white-tailed prairie dogs remained
obligate hibernators while black-tailed prairie dogs evolved to
be facultative hibernators (Harlow, 1995). Some hypotheses of
why black-tailed prairie dogs evolved to be facultative hibernators
include (1) a lengthened growing season and a higher abundance

of food in the great plains reducing the need for long term
hibernation, (2) a lack of refuge from their most common
predator, the black-footed-ferret, forced them to evolve to
hibernate less, and (3) the black-tailed prairie dog conserves fat
rather than protein during fasting which could reduce its ability
to successfully hibernate for long periods of time (Harlow, 1995).
While the true reason for this evolution is still unknown, it is
interesting to note that evolving to be facultative hibernators
has allowed black-tailed prairie dogs to only hibernate when
absolutely necessary for survival, not on an annual basis.

Aestivation

Aestivation, while similar to hibernation, occurs during the
warmer months of the year instead of during the winter
(Navas and Carvalho, 2010). Aestivation is also known as
“light” hibernation as these organisms are able to wake from
their dormant state very quickly after the stress is removed.
Ectotherms, organisms that are dependent on external sources
of body heat (i.e, “cold-blooded”), undergo an intrinsic
metabolic depression in which their metabolic rate declines
to about 10-20% of their resting metabolic rate at the same
body temperature, while endotherms, organisms capable of
the internal generation of heat (i.e., “warm-blooded”) undergo
a fundamental physiological change in body temperature,
reduction in metabolic rate, and water loss (Navas and Carvalho,
2010). Helix aspersa, commonly known as the garden snail, is
an example of an ectotherm that performs aestivation (Pedler
et al., 1996). When overheated or underfed these snails are able
to create a seal on their shell to prevent any residual moisture
from leaving their body (Pedler et al., 1996). The snails then
enter aestivation for long or short periods of time to survive
whatever harsh conditions they have encountered (Pedler et al.,
1996). During this period the snail only allocates energy to the
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most necessary processes for survival. For example, energy is
not allocated to reproductive efforts. While hibernation during
winter is the most common form of torpor known, aestivation
provides animals with a survival strategy during the summer
months. The utilization of dormancy and an altered metabolism
to survive harsh heat, drought, and lack of food allows these
animals to live and populate in an environment that would
otherwise be deadly to them.

Brumation

Brumation is winter dormancy performed by ectotherms
(Wilkinson et al., 2017; Kundey et al., 2018). While (obligate or
facultative) hibernating mammals may experience regular small
arousals from torpidity during the winter months, ectotherms
undergoing brumation are dependent upon the temperature
of their environment and stay dormant until temperatures
rise again (Wilkinson et al, 2017; Kundey et al, 2018). An
example of an ectotherm that undergoes brumation is the tiger
salamander (Kundey et al, 2018). If temperature is constant
and within a normal range for the salamanders they will not
undergo brumation at any point during the year. However, if
the salamanders live in an area where the temperature drastically
drops at any point in the year they automatically enter brumation
to survive the temperature change (Kundey et al., 2018). Tiger
salamanders are also able to enter into aestivation during summer
on days that are extremely hot, but their aestivation periods are
typically much shorter than their brumation periods (Kundey
et al, 2018). Additionally, multiple studies have shown that
entering and exiting brumation does not result in any change
in memory retention, meaning that as soon as tiger salamanders
come out of brumation they remember exactly where to find food
and how to find a mate (Wilkinson et al., 2017; Kundey et al.,
2018). Tiger salamanders’ unique adaptions to enter brumation
allow them to survive harsh winters or summers that would
otherwise eliminate them from the environment.

Diapause

Diapause is a form of developmental arrest in insects that
is equivalent to hibernation in mammals (Denlinger, 2000).
Diapause is characterized by low metabolic activity, low
behavioral activity, morphogenesis and reproductive functional
arrest, and the slowing of growth (Denlinger, 2000; Tougeron,
2019). Diapause is obligatory in some species of insects and
facultative in others (Denlinger, 2000). Diapause is induced by
abiotic cues that indicate the onset of adverse conditions in
the environment (Denlinger, 2000; Antonova-Koch et al., 2013).
While diapause most commonly occurs during the winter, it can
also occur during summer in months of extreme heat when there
is a lack of resources (Denlinger, 2000). The arrest induced by
diapause occurs in species-specific life stages (Antonova-Koch
et al., 2013; Tougeron, 2019). For example, in the silk moth
Bombyx mori, diapause occurs early in embryonic development,
while in the gypsy moth Lymantria dispar, diapause occurs at
the completion of embryonic development (Denlinger, 2000).
Diapause allows insects at different life stages to halt growth
and activity in adverse environments to enhance their survival.
Without evolving to perform diapause, insects may have only

been able to populate very specific regions of the world making
them susceptible to predation and overcrowding.

Quiescence

Cellular quiescence, also known as the GO stage in cell
cycle, is defined as reversible proliferation arrest. Unicellular
organisms as well as individual cells of various prokaryotic and
eukaryotic microorganisms can survive in a quiescent state for
long periods of time (days, months, or years) without added
nutrients (Gray et al., 2004). Unicellular organisms and cells
in complex organisms utilize and spend a part of their life in
quiescence (Sagot and Laporte, 2019). Entry into quiescence is
associated with dramatic decreases and changes in metabolic
activities (Sagot and Laporte, 2019). While metabolism may slow
and change while these cells are in a non-proliferative state,
these cells are not completely inactive as they still perform
basic maintenance for survival. Unicellular organisms are more
frequently quiescent and can remain in a quiescent state waiting
for signals such as temperature, oxygen, or nutrients to exit
quiescence and begin proliferating again (Sagot and Laporte,
2019). An example of an organism that regularly utilizes
quiescence is Saccharomyces cerevisiae, a species of yeast (Wloch-
Salamon et al., 2017; Sagot and Laporte, 2019). When stressed
or nutrient deprived it has been shown that around 75% of a
stationary-phase culture of S. cerevisiae will enter into a quiescent
state (Wloch-Salamon et al., 2017). S. cerevisiae quiescent cells
differ from non-quiescent cells in the same culture as they
develop a widened cell wall (Aragon et al., 2008), increase storage
of carbohydrates (Aragon et al., 2008), sequester proteins (Suresh
et al, 2015), cluster telomeres (Tjaden, 2015), and undergo
transcriptional shut down (McKnight et al., 2015). Additionally,
it has been shown that cell volume influences quiescence exit
efficiency (Sagot and Laporte, 2019). S. cerevisiae cells exiting
quiescence must reach a critical size before they are able to
enter the S phase of cell cycle and thus larger quiescent yeast
generally emit buds faster than smaller quiescent yeast (Laporte
et al., 2018). Quiescence is a unique form of cellular dormancy
that allows unicellular and multicellular organisms the capability
to survive stress in many various forms by essentially shutting
down reproductive efforts and lowering metabolic functions
until the stress is removed. Saccharomyces cerevisiae provide a
unique model that can be used to better understand cancer cell
metabolism during dormancy.

DISCUSSION: UNDERSTANDING
DIFFERENT TYPES OF DORMANCY
PROVIDES INSIGHT INTO DORMANT
PACC METABOLISM

All types of hibernation give organisms a mechanism of survival
in unfavorable environments. Common themes for all types of
dormancy are lowered levels of activity, little to no reproductive
efforts, lowered intake of nutrients, and reduced metabolic
rates. PACCs require a survival mechanism and altering their
metabolism while in a dormant state is a possible mechanism
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to survive stresses such as chemotherapy. Understanding and
comparing the different types of dormancy in nature provides
insight into how altered PACC metabolism during dormancy is
helping these cells survive and provides a possible opportunity
for therapeutic intervention.

Throughout evolution, organisms have adapted many
different metabolic strategies for survival. A hallmark of cancer
is reprogramming energy metabolism (Hanahan and Weinberg,
2011). One of the most well characterized metabolic changes in
cancer cells is the Warburg effect: that cancer cells preferentially
utilize glycolysis to generate the majority of their ATP, even while
in aerobic conditions (Warburg, 1930; Hanahan and Weinberg,
2011). When cancer cells are stressed their metabolic signatures
can be further altered. Cancer cells undergoing stress such as
starvation, radiation, or chemotherapy are known to have an
altered metabolism compared to their non-stress counterparts,
with evidence of accumulation of lipids and an increase in
autophagy to survive (Hanahan and Weinberg, 2011).

To study the metabolism of dormant cancer cells under
stress, the dormant population must first be identified. Upon
treatment of a cancer cell population with chemotherapy, an
emergence of physically enlarged cells with high genomic content
are observed in vitro (Erenpreisa et al., 2008; Zhang et al., 2014;
Amend et al., 2019; Pienta et al., 2020a,c). These cells, defined
as PACCs, exhibit temporary polyploidization of their aneuploid
genome while simultaneously altering their metabolism to
survive environmental stress (Pienta et al., 2020a,c). Following
polyploidization, PACCs halt cell proliferation, entering a
dormant state (Pienta et al., 2021). Eventually, when stress is
removed, PACCs exit the dormant state and generate progeny
to establish a recurrence (Puig, 2008; Zhang et al., 2013; Amend
et al., 2019). PACCs are a transient state of cancer cells that are
hypothesized to utilize dormancy and an altered metabolism for
survival (Pienta et al., 2020a,c). While under stress, PACCs appear
to utilize different metabolic functions to survive, but the exact
PACC metabolic signature has yet to be defined (Sirois et al.,
2019). Cellular quiescence is associated with low metabolic rates,
altered glucose metabolism, lipid accumulation, and an activation
of autophagy to provide nutrients for survival (Valcourt et al.,
2012). The quiescent state in PACCs can be compared to
dormancy in organisms that are able to remain in an inactive
state for long periods of time under stress for enhanced survival.
Comparing dormant PACC metabolism to the metabolism of
other dormant organisms across the tree of life may provide
valuable insight into PACC biology and survival mechanisms.

Different types of dormancy have evolved for survival of
organisms across multiple kingdoms of life. The key component
in all different types of dormancy is altered (though not
necessarily diminished) metabolic activity for prolonged survival
without further intake of necessary nutrients. Similarities can be
observed between all types of dormancy and PACC dormancy
(Table 1). For example, while in obligate hibernation, the arctic
ground squirrel recycles cellular components for energy so that
intake of nutrients during hibernation is unnecessary. Facultative
hibernation highlights that dormancy is not exclusively an annual
or periodic event but can occur near-immediately as needed
for survival. Quiescence allows yeast the ability to exit the

active cell cycle during stress to conserve resources until the
stress is removed and they can begin proliferating again. All
of these strategies are key survival mechanisms that cancer
cells seem to access.

Obligate hibernators hibernate annually every winter. During
obligate hibernation arctic ground squirrels can recycle and reuse
select cellular components to make up for their lack of nutrient
intake. Arctic ground squirrel skeletal muscle is broken down and
the free nitrogen generated is converted into necessary amino
acids which are synthesized into proteins that are essential for
continued survival during hibernation (Rice et al., 2020). This
metabolic survival mechanism can be compared to elevated
autophagy in cancer cells (Table 1). When cancer cells are
stressed, autophagy is induced. Autophagy is the process in which
cells engulf and break down portions of their cytoplasm to be
recycled for future use. This process can generate a high level of
fatty acids and energy for the cells. PACCs that enter quiescence
due to chemotherapy treatment are under high levels of stress and
are hypothesized to have increased autophagy levels (Dudkowska
et al, 2021). High levels of autophagy could give PACCs
a metabolic advantage during quiescence by slowly breaking
down cellular components for energy instead of importing
nutrients from the toxic environment. This metabolic “recycling”
allows arctic ground squirrels and PACCs the ability to better
survive dormancy without exerting excess energy to obtain more
resources and limiting risk from the harsh environment.

Facultative hibernation allows mammals the advantage of
entering torpor only when it is necessary. This allows mammals
to continue foraging, hunting, and mating until the moment they
become too stressed by changes in their environment and they
must decrease metabolic activities and enter torpor to survive.
Black-tailed prairie dogs have been shown to have lower lipid
peroxidation rates while undergoing torpor (Harlow, 1995). This
implies a storage of lipids and fats, but not a high usage of
them, indicating the hibernating black-tailed prairie dogs are
either using other sources of energy to survive, slowly breaking

FIGURE 1 | PACCs accumulate lipid droplets. This image shows a single
PACC with a high level of lipids (black arrow) surrounding the nucleus.
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down these lipids for energy to ensure they have enough energy
for long term survival, or they are sequestering toxins in these
lipids to protect other cells in the body from damage. Cancer
cells mimic facultative hibernation when conditions are bad (e.g.,
chemotherapy is introduced to the environment) by forming
PACCs which are in a metabolically depressed quiescent state
(Table 1). While in a quiescent state, PACCs appear to have high
number of lipid droplets that are not quickly degraded (Figure 1)
(Sirois et al., 2019). These lipids could be sequestering toxins
or they could be saved as energy reserves for when PACCs exit
quiescence and proliferate again. PACCs and black-tailed prairie
dogs only enter dormancy when absolutely necessary to survive
stressors that would otherwise destroy the rest of the population.
The ability to only lay dormant when absolutely necessary
allows PACCs and black-tailed prairie dogs to live and inhabit
environments that may have been deadly to them otherwise.

Quiescence is a key survival strategy for many unicellular
organisms. Quiescence allows yeast to survive nutrient deprived
and other harsh environments. Quiescent cells are found all
throughout the human body and are vital for normal tissue
homeostasis (Coller, 2011; Yao, 2014). Infrequent cell cycle
(entering and exiting quiescence) has been described as a
fundamental mechanism that can contribute to the evolution
of therapy resistance in cancer (Coward and Harding, 2014;
Donovan et al., 2014). Cellular quiescence can provide metabolic
adaptions as well as protection against stress and toxicities
which is important for long-lived cells and, unfortunately, for
cancer cells (Yao, 2014). It is hypothesized that PACCs enter
into quiescence and alter their metabolism as a survival strategy
when they encounter stress (e.g., hypoxia, chemotherapy or
radiation) and then re-enter the cell cycle when the stress
is lifted (Erenpreisa et al., 2008; Lopez-Sanchez et al., 2014;

Normal Stressed Recovering/Repopulating Recovered
A -Facultative hibernation occurs
-Metabolic depression
-Low lipid peroxidation rates
Black tailed e
prairie dogs
B -Sequestering protein

-Transcriptional shutdown
-Increasein size
-Halt in cell division

Polyaneuploid
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FIGURE 2 | Parallel relationships between black-tailed prairie dogs, S. cerevisiae, and PACCs. (A) Black-tailed prairie dogs in a normal, non-stressed environment
are active in the environment. When stress (snow) is applied the black-tailed prairie dogs enter facultative hibernation. When the snow goes away the black-tailed
prairie dogs are able to exit their dormant state, become active again, and reproduce. (B) S. cerevisiae are first shown in a normal environment. When stressed
(starved) they enter into a quiescent state and some become enlarged. When stress is released they are able to exit quiescence and repopulate utilizing budding.
(C) Cancer cells in a normal environment are constantly proliferating. When stress (chemotherapy) is applied many of these cells undergo failed cytokinesis or
endoreplication and become PACCs. PACCs are larger than the original cancer cells and enter into a quiescent non-proliferative state, and contain high levels of lipid
droplets. When stress is released PACCs are able to undergo various forms of division (i.e., restart reproductive efforts) such as neosis or asymmetrical division to
produce new, smaller progeny that are the same size as the original cell population.
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Pienta etal., 2020b). Some parallels of yeast and PACC quiescence
seem to be that larger quiescent yeast cells are more successful at
survival and exiting quiescence while PACCs utilize larger size
to house additional cellular machinery to metabolize toxins as
well as access additional nutrients though autophagy (Table 1).
Additionally, quiescent yeast sequester proteins and undergo
transcriptional shut down to survive. Similarly, PACCs appear to
have high levels of lipids (Sirois et al., 2019) which means they are
most likely harboring fat to use during their dormant state as well
as not proliferating to save energy.

Analyzing parallel relationships between dormant organisms
can give us insight into how PACCs survive dormancy. Figure 2
demonstrates the parallel relationships between two different
types of organisms that utilize dormancy (black-tailed prairie
dogs and yeast) and PACCs. Black-tailed prairie dogs feed on
grass around their burrows to put on weight for winter months
when food is scarce and potential hibernation may occur. Only
when a stressor is introduced (snow/no food) will the black-tailed
prairie dogs actually begin facultative hibernation for survival.
When the environment is favorable again the black-tailed prairie
dogs are able to exit their temporary torpor and resume normal
daily activities and reproductive efforts (Figure 2A). Similarly,
when S. cerevisiae are starved, the majority of the population
becomes quiescent and some individuals become enlarged. As
stated earlier, recovering, larger S. cerevisiae are more successful
at exiting quiescence. The budded progeny of S. cerevisiae
return to the same size as the original S. cerevisiae population
(Figure 2B). Lastly, when in a stable environment, cancer
cells are continuously proliferating. However, when stressed
with chemotherapy, typical cancer cells become PACCs through
failed cytokinesis, fusion, or endoreplication (Erenpreisa et al.,
2008; Amend et al., 2019; Lin et al., 2019; Chen et al., 2019).
Polyaneuploid cancer cell are identified as large cells with a high
of genomic content. Under stress PACCs are the majority of
the population and enter into a quiescent state to survive. In
this quiescent state PACCs contain high levels of lipids (Sirois
et al., 2019), they do not reproduce (Pienta et al., 2021), and
they are physically enlarged, similar to the enlarged S. cerevisiae.
When stress is released, PACCs are able to undergo division (i.e.,
restart reproductive efforts) in the form of neosis (cell budding)
to produce new, smaller progeny that are the same size as the
original cell population (Figure 2C) (Sundaram et al., 2004;
Zhang et al., 2013; Amend et al., 2019).

All three of these examples demonstrate dormancy aiding
in the survival of these groups. During dormancy all of these
groups alter their metabolism to better survive in a dormant state.
Whether it be black-tailed prairie dogs that only enter torpor
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All biological systems depend on signals for coordination: signals which pass information
among agents that run the gamut from cells to organisms. However, their very importance
makes signals vulnerable to subversion. How can a receiver know whether a signal is
honest or deceptive? In other words, are signals necessarily a reliable indicator of agent
quality or need? By drawing parallels to ecological phenomena ranging from begging by
nestlings to social insects, we investigate the role of signal degradation in cancer. We
thus think of cancer as a form of corruption, in which cells command huge resource
investment through relatively cheap signals, just as relatively small bribes can leverage
large profits. We discuss various mechanisms which prevent deceptive signaling in the
natural world and within tissues. We show how cancers evolve ways to escape these
controls and relate these back to evasion mechanisms in ecology. We next introduce
two related concepts, co-option and collusion, and show how they play critical roles
in ecology and cancer. Drawing on public policy, we propose new approaches to view
treatment based on taxation, changing the incentive structure, and the recognition of
corrupted signaling networks.

Keywords: signaling, corruption, deception, cancer, evolution, behavioral ecology, targeted therapy

1. INTRODUCTION

In an influential 1996 speech, the President of World Bank, James Wolfensohn, described
corruption as a cancer standing in the way of equitable development (Wolfensohn, 2005). Without
giving any biological details, he used the term “cancer” to stand in generically for a bad thing that
will expand if uncontrolled and is difficult to root out. In response, he prescribed what can be seen
as an international version of precision medicine: specific homegrown solutions for each country,
complemented by support from the World Bank for anticorruption fighters and withdrawal of
international support from corrupt governments.

In economic contexts, corruption is often defined as “the abuse of public office for private gain”
(Wedel, 2012), with the focus on the use of government offices with control of a limited resource
to demand bribes or tariffs from a second party (Levin and Tsirik, 1998) but can be extended to
include corruption such as embezzlement involving only a single individual (Boisvert et al., 2014).
Mathematical analysis began with Rose-Ackerman (Rose-Ackerman, 1975) who studied bribes
using game theory and emphasized the role of information availability and reliability. Despite some
special cases where corruption might “grease the wheels of commerce” by correcting distorted

Frontiers in Ecology and Evolution | www.frontiersin.org 75

July 2021 | Volume 9 | Article 678533


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.678533
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.678533&domain=pdf&date_stamp=2021-07-08
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:anuraag.bukkuri@moffitt.org
https://doi.org/10.3389/fevo.2021.678533
https://www.frontiersin.org/articles/10.3389/fevo.2021.678533/full

Bukkuri and Adler

Cancer Corruption

markets, the effects of corruption are widely agreed to be
destructive (Wei, 1999), as argued by Wolfensohn. Corruption
concentrates wealth and power in the hands of those with
access, reducing resources for the environment and the poor
(Joly, 2017).

The causes of corruption are perhaps as complex as those
of cancer, involving internal forces that parallel growth and
mutation, outside influences like colonialism that parallel
carcinogens or oncogenic viruses, and a history that parallels how
these forces develop in a tumor (Wedel, 2012). Incompetence
can create supply gaps to be filled by corruption, excessive or
ambiguous regulation might promote their evasion, recessions
can increase need and increase incentives for corruption, and
low pay or education of government officials might increase
temptation (Levin and Tsirik, 1998). Corruption occurs within
a complex social system, just as cancer occurs within the tightly
knit environment of a tissue, and is promoted by a lack of
transparency and accountability (Levin and Tsirik, 1998), but
also by the very social pressures that make societies function
(Kolokoltsov and Malafeyev, 2017). Once established, corruption
can spread like a contagion (Nekovee and Pinto, 2019) or, of
course, like a cancer.

Direct approaches to combating corruption address these
causes by promoting greater transparency or increasing pay and
training (Levin and Tsirik, 1998). More systemic approaches
look to institutions. The benefit of modular network structures
that can contain corruption in more isolated cells must be
balanced against the risk that isolated units could receive less
oversight (Luna-Pla and Nicolds-Carlock, 2020). In some cases,
disrupting the structure of established corruption networks
might even improve their functioning (Duijn et al, 2014).
Fighting corruption, like fighting cancer, must thus deal with the
Law of Unintended Consequences (Fisman and Golden, 2017).
As anyone who watches crime movies knows, the most difficult
corruption to detect and control goes all the way to the top, a
modern variant of the ancient question “But who will guard the
guardians?” (Hurwicz, 2007).

Here, we ask whether the metaphor of corruption as a cancer
can be inverted, and whether thinking of cancer as corruption
might provide new approaches to treatment. This thinking seeks
to extend the many ideas derived from cancer ecology (Pienta
et al.,, 2008; Gatenby et al., 2009; Korolev et al., 2014; Kareva,
2015) to a behavioral ecology framework that sees cancer as a
breakdown of the reliability of signaling and information transfer
needed to coordinate complex biological systems.

2. COMMUNICATION AND SIGNALING IN
BIOLOGICAL SYSTEMS

Coordination of complex biological systems, from cells and
tissues to societies, depends on reliable communication. This
communication underlies behaviors ranging from the intricate
intracellular signaling cascades that coordinate cell growth,
movement, and division (Alberts et al., 2014) to the “ballerina
dances” that male birds-of-paradise use to court females
(Wilts et al., 2014). Communication requires signals, pieces of

TABLE 1 | Glossary of key terms.

Condition-dependent handicap: Low quality individuals must pay a greater
price to signal than high quality individuals

Condition-dependent payoff: High need individuals receive a greater benefit
from signaling than low need individuals

Corruption: Abuse of public office for private gain, or more broadly, a violation
of the public trust

Deception: A difference in the receiver’s interpretation of a signal, upon which
it acts, and the state of the signaler

Information: Stimulus that has meaning in some context for its receiver, here
typically the need, quality, or state of an individual

Signal: A medium that transfers information from one individual (the signaler)
to another (the receiver)

information transmitted from a signaler to a receiver (Table 1
provides precise definitions of key terms used throughout this
paper). Signals can be chemical (cytokines in the immune
system), aural (begging calls of nestlings), or visual (skin coloring
of venomous snakes or body movements of courting birds).
Following (Otte, 1974), we define a signal as a trait that plays an
adaptive role through conveying information to other organisms.
Traits like body size do convey information, but we treat as
signals only when modified to alter perception through structures
like frills (Shine, 1990). We discuss the blurry line between
physical constraints and signals later.

Communication depends on the response of the signal
receiver. When a signal is reliable, the receiver can accurately
ascertain information about the state of the signaler. Drawing
upon (Searcy and Nowicki, 2005), we classify a signal as reliable
if: (1) a characteristic of the signal is consistently correlated
with some attribute of the signaler or environment and (2) if
receivers gain some benefit from having information about the
attribute. For instance, if the call of a male frog is consistently
correlated with its size and if knowing the size of male frogs
allows females to choose appropriate mates, the male frog call is
reliable. We define deception functionally, obviating the need to
assume cognitive underpinnings for deceptive behavior (Hauser,
1996). Again, following (Searcy and Nowicki, 2005), we define
deception as when (1) a receiver registers Y from a signaler, (2)
the receiver responds in a manner that benefits the signaler and
is appropriate if Y means X, but (3) it is not true that X is the
case. For example, in great tits (Moller, 2010) and many other
birds, alarm calls are sometimes given in the absence of predators
to induce competitors to move away from a food source.

More broadly, deception can be categorized into three classes:
exaggeration (use of a signal that differs from the corresponding
condition), lies (use of the wrong signal), or withholding
information (not signaling when appropriate) (Vehrencamp,
2009). Each of these is context-dependent. For example, if
every frog were to sing as if it were larger than its true size,
receivers could adjust their interpretation to accurately assess
them, canceling the effects of exaggeration and making deception
a function of the social environment. In this context, we think
of corruption as being of the network of communication itself,
such as when a government official conceals information to
demand bribes for access. One can think of counterfeit money
as a deceptive signal of value that corrupts the trust in the “legal
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tender” upon which the economy depends. Before taking on the
broader concept of corruption, we focus on the mechanisms
by which deception is deterred in ecology and in tissues. We
then describe how cancers can evolve to evade these checks
and relate these strategies to those used in ecology. Finally, we
describe how viewing cancer through the lens of corruption,
combined with appropriate mathematical models, can inspire
new treatment strategies.

3. DECEPTION DETERRENCE

Deception degrades the reliability of the communication system,
endangering the coordination on which complex systems
depend. The fable of The Boy Who Cried Wolf provides
a proverbial example. However, conflicts of interest between
signallers and receivers can favor degrading reliability, as
with alarm calls. How then can biological systems maintain
the integrity of communication (Searcy and Nowicki, 2005;
Vehrencamp, 2009)?

We review key mechanisms from behavioral ecology and
discuss their application to tissues. First, and perhaps most
obvious, biological systems can reduce or remove conflicts of
interest (Krakauer and Pagel, 1996). The high relatedness of
sterile worker ants within a colony and the segregation of
germ and somatic tissue play similar roles: individual ants
or cells gain no benefit from behaviors that fail to aid the
centralized reproduction of the collective. However, the ability
of many worker ants to lay unfertilized male eggs creates such
a conflict, creating a challenge for colony functioning (Monnin
and Ratnieks, 2001). Avoiding such genetic conflicts within the
nest favors loss of kin recognition and the use of colony odor
to distinguish nestmates from non-nestmates (Lenoir et al.,
2001). To avoid attack, workers emerge with minimal odor, and
are tolerated by older workers while they come to smell like
their colony. Slave-making ants use this necessary acceptance of
ambiguous workers to take over a colony. A queen from a slave-
making species can infiltrate a host colony, kill the existing queen,
and lay her own eggs to be taken care of by the accepting workers
(Buschinger, 2009).

In evolutionary ecology, costly signaling is perhaps the best-
known deterrence mechanism; a signal constrained in this way
is called a handicap signal (Vehrencamp, 2000). With condition-
dependent handicaps, low quality individuals pay a greater cost
to signal than high quality individuals. If the benefit for a
given signal intensity is identical for all signalers, the optimal
signaling level that maximizes the difference between signal
benefit and cost will be greater for high quality individuals
(Figure 1) (Grafen, 1990).

Ecologists have established many cases of this mechanism.
Territorial song by male birds is an energetically expensive and
time-consuming signal of physical state and territory quality.
Males with higher quality territories have more access to food,
and thus pay a lower cost to sing more frequently because
they need to dedicate less time to foraging. Experiments across
bird species have confirmed this prediction by modifying food
availability in male territories and quantifying changes in song

frequency (Hoi-Leitner et al., 1995; Manica et al., 2014). For
females, this signal then conveys reliable information about
which males can provide the best access to food and potentially
greater investment in offspring care (Rytkonen et al, 1997).
Signals play a key role in the other component of sexual selection,
male-male competition. In red deer, energetically costly roaring
contests use muscles and actions similar to those used in fighting
and thus provide reliable information to assess male fighting
condition (Clutton-Brock and Albon, 1979). In our own bodies,
cells may also use costly signals to display their phenotypic state
to other cells in competitive environments. During development
of the neural system and of eggs, for example, costly signals
identify the healthiest cells that should be maintained for the
good of the body despite the lack of a conflict of interest
(Krakauer and Pagel, 1996; Madan et al., 2018).

Costly signals of need follow a similar logic if the greatest
benefits accrue to those with the greatest need. If all signalers
pay the same cost to signal but differ in their benefit curves, we
expect the signaler with the higher benefit curve to maximize
fitness by signaling at a higher intensity (Figure 2). Birds provide
the well-studied example of begging by nestlings. A starving
nestling should receive a greater benefit from a morsel of food
than a well-fed nestling and will thus beg more intensely from
its parents who receive a reliable signal of need. Experimental
manipulation of hunger by artificial feeding or short-term
food deprivation in a variety of bird species has shown that
begging reliably signals short-term need (Sacchi, 2002; Watson
and Ritchison, 2018), with birds that were deprived of food
begging at significantly higher rates than those that were not
(Cotton et al., 1996; Kilner et al., 1999). In our cells, a similar
low benefit mechanism may help suppress uncontrolled cell
proliferation. Cells require growth factors to divide, and can
signal for these dependent on need. The larger array of internal
controls, including cell cycle checkpoints (Kastan and Bartek,
2004; Barnum and O’Connell, 2014), programmed cell death
(Elmore, 2007; Fuchs and Steller, 2011), and oncogene-induced
senescence (Gorgoulis and Halazonetis, 2010; Zhu et al., 2020)
mean that the effects of growth factors saturate. Like a fully fed
nestling, a cell that takes up massive amounts of growth factor
would grow no faster, removing selection for deceptive signaling.

These cost-benefit mechanisms are complemented by
enforcement. We thus distinguish the energetic or production
costs characteristic of condition-dependent handicaps from
externally imposed costs through punishment or retaliation.
With repeated interactions, if receivers can identify and
remember the sources of deceptive signals, they can discriminate
against them in the future and reduce or reverse the benefits
of deception (Searcy and Nowicki, 2005). This individually
directed skepticism can enforce signal reliability because the
benefit a signaler receives from one deceptive interaction can
be outweighed by the cost of lower receiver responses in the
future (Maynard-Smith, 1991; Silk et al., 2000). As we have
seen, some animals use false alarm calls to lure competitors
away from food. In an experiment with Richardson’s ground
squirrels, when the alarm calls of one squirrel were consistently
paired with the approach of a badger and the calls of another
squirrel were not, receiver squirrels displayed much higher
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Effects of Differential Quality on Signaling Intensities
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FIGURE 1 | Lower signaling costs support higher signal intensities for high quality signalers (inspired by Johnstone, 1977). The black curve represents the fitness
benefit of signaling for a signaler. The blue curve represents the fitness cost of signaling for a low quality signaler: the cost of signaling increases rapidly with signal
intensity. The red curve represents the fitness cost of signaling for a high quality signaler: the cost of signaling increases more gradually with signal intensity. Signalers
will signal at an intensity that maximizes the difference between benefits and costs (indicated by blue and red stars). Because the cost curve is less steep for high
quality signalers, the intersection point will occur at a higher signal intensity.
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FIGURE 2 | Higher signaling benefits support higher signal intensities for needy signalers (inspired by Johnstone, 1977). The black curve represents the fitness cost of
signaling for signalers. The blue curve represents the fitness benefit of signaling for a low need signaler: the benefits of signaling quickly saturate with signal intensity.
The red curve represents the fitness benefit of signaling for a high need signaler: the benefit of signaling saturates more gradually with signal intensity. Signalers will
signal at an intensity that maximizes the difference between cost and benefits (indicated by blue and red stars). Because the benefit curve saturates less quickly for
high need signalers, the intersection point will occur at a higher signal intensity.

levels of vigilance to the alarms of the honest squirrel than to  food calls in domestic chickens (Evans and Evans, 2002). One
the dishonest one (Hare and Atkins, 2001). Similar results have  could speculate that the lack of alarm calls in the gregarious
been seen in vervet monkeys (Cheney and Seyfarth, 1988) and  zebra finch could be the endpoint of this breakdown, where
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TABLE 2 | Mechansisms of maintaining signal reliability in ecology and in tissues.

Prevention mechanism Ecological example

Tissue homeostasis

Eliminate conflict of interest High relatedness

Signal costs Song output
Begging

Testing through conflict

Signal benefits
Enforcement

Physical constraints Vocalization frequency

Segregation of germ plasm
Signaling complexity
Checkpoint controls
Immunological surveillance
PAMPs and TLRs

birds have abandoned such calls to be replaced by visual cues
(Butler et al., 2017).

Instead of removing the benefit of deception, receivers could
directly retaliate against deceptive signalers. For example, the
highly variable black clypeus patterns on the female paper
wasp Polistes dominulus strongly predict body size and social
dominance (Tibbetts and Dale, 2004). Specifically, wasps with
no marks or single marks are less aggressive and defer to the
more aggressive wasps that have “broken” facial patterns (Clark
and Kimbrough, 2017). However, the reliability of this signal is
constantly tested in contests between wasps. Experimental results
show that wasps with experimentally altered clypeus patterns
(deceptive signalers) received considerbly more aggression from
rivals and were less able to establish dominance relationships,
suggesting that a mismatch between signal and state causes social
punishment (Tibbetts and Dale, 2004; Tibbetts and Izzo, 2010).
The constant testing of host tissues for self-antigens such as
MHC and proteins like decay-accelerating factor that regulates
the complement system quickly identifies any cells that fail to
provide appropriate signals. Immunological memory serves as
a form of repeated interaction. When a tissue is exposed to an
antigen on several occasions, the host produces memory B and
T cells that enable a more rapid and effective adaptive immune
response to subsequent antigen insults (Janeway et al., 2001).

Most simply, physical constraints can prevent deceptive
signaling (Vehrencamp, 2000) if signal intensity is tightly
correlated with the quality being signaled, and cannot be
faked (Maynard-Smith and Harper, 2003). For example, the
frequency of vocalization depends on the size of vocal folds
in vertebrates, which in turn depends on body size. This size-
frequency allometry has been experimentally confirmed across
many mammalian species, from primates to carnivores (Morton,
1977; Schmidt-Nielsen, 1984; Bowling et al., 2017). If body
size is a marker for male quality, females can use vocalization
frequency signals to choose the best mate (Glaudas et al,
2020). Similarly, song repertoire size in great reed warblers is
an index of age, with older males having a greater repertoire
size (Hasselquist, 1994). However, no correlation is perfect,
and any trait that allows a signaler to sound larger without
being larger would be favored, leading to a shift in the whole
signal. In the context of tissue homeostasis, pathogens may carry
signals (pathogen-associated molecular patterns or PAMPs) as
seemingly essential parts of their physical structure, such as LPS
in the cell wall of gram negative bacteria or a production of
double-stranded RNA during replication of most RNA viruses
(Maverakis et al., 2015). These PAMPS are reliably recognized

by innate mechanisms of the immune system, such as toll-like
receptors (TLRs), triggering an immune response. (Kumar et al.,
2011). Of course, pathogens have no interest in signaling their
presence, and have evolved many ways to modify or conceal
these signals. Similarly, as we will see, cancer cells may modify
their cell surface markers to hide from immune cells. More
simply, pathogens, by definition, damage their hosts and this
physical damage creates an unambiguous signal. A summary of
these prevention mechanisms and examples in ecology and tissue
homeostasis is captured in Table 2.

4. ORIGINS OF CORRUPTION AND THE
MAINTENANCE OF CANCER

When signaling systems include conflicts of interest between
signalers and receivers, the reliability of communication
is in constant flux. Cancers emerge by corrupting these
control measures perhaps first and foremost by creating a
conflict of interest within a tissue. Even when control begins
to unravel, as seems inevitable with aging (Martincorena
et al., 2015), mechanisms based on costs, benefits, repeated
interactions, enforcement, and constraints can maintain effective
communication. But breakdown of the systems through
systematic deception or evasion is always possible. In this
section, we outline the ways cancers have evolved to partially or
completely circumvent each of these deterrence mechanisms, and
relate these evasion strategies back to ecology.

We begin by proposing that evasion of high cost and low
benefit mechanisms is central to the rise of corruption in cancer.
For costs, we propose that there are three main types: internal
regulation, external enforcement, and energetic costs. Internal
regulation refers to internal controls that cells have to govern
proliferation such as cell-cycle checkpoints and oncogene-
induced senescence. External enforcement describes interactions
of cancer cells with other agents in their microenvironment, most
notably immune cells. Energetic costs refer to the actual costs cells
incur to grow and divide, including ATP, pathway intermediates,
and synthesis of critical molecules. We here focus on the
energetic costs of cells and consider internal regulation and
external enforcement later. Assume there are two agents identical
in quality, but differing in the cost of signaling (Figure 1). The
individual with a lower signaling cost would be expected to signal
at higher intensities and benefit from this cost differential in a
deceptive fashion. Similarly, if one individual receives a higher
benefit from signaling, we expect this individual to signal at

Frontiers in Ecology and Evolution | www.frontiersin.org

19

July 2021 | Volume 9 | Article 678533


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Bukkuri and Adler

Cancer Corruption

a higher intensity (Johnstone, 1977; Grafen, 1990). In cancer,
we hypothesize that both of these cases occur, resulting in an
“exaggeration” evasion mechanism.

In order for a cell to divide or secrete growth factors for
example, the coordination and contribution of a multitude of
signaling components are needed. These components are tightly
regulated through both environmental and intracellular factors
to ensure that the cell does not divide at an inappropriate time.
However, in cancer, due to the presence of oncogenes, these
signaling components can be overexpressed or constitutively
active, removing the need to meet certain intracellular or
extracellular conditions and leading to uncontrolled levels of
proliferation. For example, MYC codes for c-Myc, which induces
cellular proliferation (Dang, 2012; Tansey, 2014). Normally, it
becomes activated upon receiving mitogenic signals like serum
stimulation, Wnt, Shh, or EGF via the MAPK/ERK pathway
(Campisi et al., 1984). However, in many cancers, most notably
in Burkitts lymphoma, Myc is constitutively expressed. This
removes the need for the cells to receive external serum
stimulation or expend energy to produce these signals, leading to
increased expression of many downstream genes that govern cell
proliferation (Finver et al., 1988). Similar situations occur with
NF«B and STATS3, key players in cell proliferation, apoptosis,
migration, and angiogenesis. Normally, these are activated by
a plethora of cytokines and growth factors; however, due to
constitutive activation in cancer, the cells do not need to invest in
the production of these cytokines and growth factors to activate
them, reducing the cost of proliferation, movement, and blood
vessel recruitment (Garcia et al., 2001; Nagel et al., 2014). More
generally, cancer cells seem to operate with a greater degree of
modularity; rather than having tightly integrated gene signaling
networks, pathways may act more independently of each other,
and thus avoiding some of the energetic costs involved in growth
and division.

Quite generally, cancers escape by removing the controls that
create saturating benefits. When cells lose tumor suppressors
such as Rb, they can grow more quickly for a given amount of
nutrient or growth factor, while a normal cell would be prevented
from dividing too quickly. Cancer cells that acquire mutations
to signal at higher intensities would then grow more quickly,
creating selection for deception (Vehrencamp, 2009). One can
see these cancer cells as exaggerating their phenotypic state and
need for growth and division factors. Cancer cells can also evade
saturating benefits by modifying their metabolic pathways. Most
cancers exhibit the Warburg effect, the use of glycolysis rather
than oxidative phosphorylation to generate ATP (Liberti and
Locasale, 2016). Although glycolysis is less efficient at generating
ATP, it creates more intermediates for biosynthetic and anabolic
purposes (e.g., through the pentose phosphate pathway) and
greater metabolic flexibility (e.g., catabolism of macromolecules)
when nutrients are limited (Vander Heiden et al., 2009). This
production of proteins, amino acids, and lipids is crucial for
proliferation. Unlike normal cells whose proliferation is partially
constrained, intrinsically and extrinsically, by the rate at which
they can produce molecules needed for growth and division,
cancer cells can rapidly produce those needed molecules. One
example of subversion of enforcement of honesty through the

saturating benefit mechanism in ecology, cowbirds lay their eggs
in the nests of other often smaller birds, and continue to beg and
grow far beyond their hapless nestmates (Dearborn, 1998).

Even the most tightly knit societies, such as social insects,
have interaction intensity vastly exceeded by that of cells in
a body. Due to the huge number of cells in the body or in
a tumor, individual cells are not encountered multiple times
and remembered. However, the whole tumor does present
novel antigens in the context of damage, triggering an immune
response. Cancers capitalize on one essential feature of this
response, T cell exhaustion. If the immune system indefinitely
attacked every repeated challenge, autoimmunity would be
almost unavoidable in the face of low level inflammation.
When faced with slow-growing tumors, immune cells interact
repeatedly with antigens on the surface of cancer cells, promoting
the progressive loss of function of effector T cells (Wherry, 2011;
Schietinger and Greenberg, 2014). In addition, when chronically
exposed to antigen, tumor-specific T cells develop an increased
expression of many inhibitory receptors such as PD-1 and
CTLA-4 and an altered cellular metabolic and transcriptomic
profile. As a result, these T cells have lowered proliferation,
effector cytokine secretion, and cytolytic activity, aiding tumor-
immune escape (Jiang et al., 2015; Catakovic et al., 2017; Zhang
et al., 2020). Tumor cells amplify these natural controls in at
least two ways, first by reducing expression of class I MHC
(Vinay et al.,, 2015) (a form of deception through withholding
information) and through production or induction of production
of immune suppressing signals like PDL1 (Cha et al., 2019). As
described earlier, slave-making ants and certain beetles capitalize
on the tolerance workers show to bland-smelling intruders
(Geiselhardt et al., 2007).

Finally, cancers find ways to evade even the physical
constraints that prevent deception. Normally, immune cells
circulate through the body, detect, and destroy malignant or
premalignant cells in a process called immune surveillance
(Swann and Smyth, 2007). They do so by identifying tumor-
specific antigens that are present on a cancer cell’s surface, which
triggers killing of the cancer cell through such mechanisms
as release of cytotoxic molecules like granzymes and perforin
(Tsukumo and Yasutomo, 2018). Tumors use many signal
corrupting mechanisms to avoid the immune system, including
the release of immunosuppressive cytokines (Seliger, 2005)
and recruiting regulatory T cell function (Zindl and Chaplin,
2010). Cancer cells can also mask their identity through the
modification of antigen presentation (Vinay et al, 2015). In
particular, cancer cells can downregulate MHCI expression (the
molecule used to present antigens to the immune system) or lack
the requisite costimulatory molecules for antigen presentation.
In this way, the cancer cell becomes invisible to the T cells, which
cannot recognize it as “non-self.”

Cancer cells can also gain a competitive advantage over
neighboring cells by modifying their expression of certain
membrane proteins. Cell selection based on “fitness fingerprints”
is used in development and maintenance to identify and
eliminate cells with low fitness relative to their neighboring
cells (Madan et al., 2018). The membrane bound protein Flower
has different isoforms termed “Win” and “Lose” to signal cell
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TABLE 3 | Mechanisms of evasion in ecology and cancer.

Prevention mechanism Evasion mechanism

Ecological example Cancer example

Eliminate conflict of interest Mutation
Signal costs Exaggeration
Signal benefits Exaggeration

Enforcement Withholding information

Physical constraints Lies

Worker reproduction Uncontrolled growth

Cowhbird begging Oncogenes
Cowhbird begging Loss of tumor suppressors
Social insects T cell exhaustion

Flock foraging Immune-evasion markers

quality. Cells that express high levels of Lose isoforms are
marked as low fitness and, if surrounded by cells expressing
high levels of Win isoforms, are eliminated (Madan et al., 2019).
This process allows the body to delay aging (Merino et al,
2015), prevent developmental malformation (Merino et al., 2013,
2015), and replace old tissues during regeneration (Moreno
et al., 2015). However, this cell selection mechanism can be
hijacked by premalignant cancer cells, which upregulate Win
isoform expression regardless of cell quality, to gain a competitive
advantage at the expense of neighboring stromal cells that express
the Lose isoform, increasing the cancer cell’s proliferative and
metastatic potential (Madan et al., 2019).

Cancer cells avoid a different physical constraint through the
loss of contact inhibition. Non-cancerous cells initiate cell cycle
arrest and reduce proliferation and mitogen signaling pathways
when cellular density is too high and cells are in contact with
each other, regardless of their cellular metabolism or extracellular
factors (Levine et al., 1965). However, this response is weakened
in cancer cells, allowing them to proliferate uncontrollably
and grow on top of each other, leading to the high density
characteristic of solid tumors (Pavel et al., 2018). We summarize
of the evasion strategies associated with each of these prevention
mechanisms along with examples in ecology and cancer in
Table 3.

5. COUSINS OF CORRUPTION

Two related concepts enhance the danger of cancer corruption:
co-option and collusion. co-option means diverting resources
or assistance in roles different from usual, and instead adopting
them for one’s own sake. Cancer cells can co-opt normal cells in
the tumor microenvironment to work for them. Viewing cancer
as “the wound that never heals” (Hua and Bergers, 2019) reveals
this process: the chronic inflammation that often accompanies
cancer progression brings with it a variety of inflammatory agents
which can lead to the infiltration and activation of different
myeloid cells such as macrophages that contribute to growth
(Schmid and Varner, 2012; Stegelmeier et al., 2019). Thus, the
physical damage that should be an unambiguous signal of danger
is not concealed but is instead turned to the tumors own
advantage. As part of this process, some cancer cells release
cytokines that promote polarization of nearby immune cells to
a pro-tumor role, dampening the anti-tumor immune response
and stimulating cancer cell survival and proliferation (Cheng
et al, 2019; Strauss et al., 2020). Immune cells can promote
cancer progression through an “angiogenic switch” by producing

proteases, proteins that break down the extracellular matrix, that
in turn can activate latent molecules to drive angiogenesis (Ribatti
etal., 2007; Baeriswyl and Christofori, 2009). Furthermore, recent
evidence in the context of breast cancer suggests that metastatic
cancer cells can induce regression of normal non-cancerous
cells in their local environment into a stem-like state, further
promoting tumorigenesis (Ombrato et al, 2019). In ecology,
some forms of sexual selection co-opt prior preferences, such as
those of female birds for brightly-colored fruit, to create attractive
males (Ryan et al, 1990). As we have seen, brood parasitism
provides an example of how one species co-opts another. Brood
parasites like cuckoos and cowbirds manipulate a host to care for
their offspring, leaving them with time and energy to spend on
feeding and producing more offspring (Dearborn, 1998). Egg-
dumping is common within species, where individuals again
co-opt the parental care instincts of others (Yom-Tov, 1980).

When corruption becomes systemic, multiple individuals
can work together in complementary roles and collude to
garner resources and subvert the signaling environment. Cancer
cells, both within and among tumors, can “collude” by
exchanging information, such as RNA, DNA, and proteins,
through exosomes and other mechanisms (Li et al., 2006; Hough
et al., 2017; Maziveyi et al., 2019). Although far from fully
understood, the proteins, metabolites, and nucleic acids delivered
in this way are thought to facilitate survival, differentiation,
and proliferation, promote angiogenesis and wound healing,
contribute to metastasis and migration, and reprogram metabolic
profiles of receiving cells (Kalluri and LeBleu, 2020). For
example, cancer cells in hypoxic conditions secrete exosomes
with increased angiogenic and metastatic potential to engineer a
more favorable environment or move to a new one (Park et al,,
2010). Exosomes from tumor cells mediate the metastasis of
cancer to distant organs through uptake by resident cells that
prepare the pre-metastatic niche (Hoshino et al., 2015). Poly-
aneuploid cancer cells (PACCs) are a recently discovered form of
collusion in cancer. During times of microenvironmental stress,
aneuploid cancer cells can fuse together to form PACCs, entering
a state of quiescence or reversible therapy-induced senescence to
protect their genome and avoid apoptosis (Pienta et al., 2021).
Due to their high levels of genomic content, PACCs that enter
the cell cycle and divide into non-polyploid cells can produce
new phenotypic variants of cancer cells that contribute to cancer
heterogeneity and lethality (Bukkuri et al., under review; Bukkuri
et al., under preparation).

In ecology, “collusion” is usually seen as cooperation that
does not subvert the existing order, such as food sharing among
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TABLE 4 | Hallmarks of cancer and escape mechanisms viewed through the lens
of corruption.

Hallmark of cancer Escape mechanism

Deregulating cellular energetics ~ Modification of costs and benefits within cells

Sustaining proliferative signaling  False signals of need
Evading growth suppressors Evasion of signals of control

Evasion of enforcement: false or concealed
information

Avoiding immune destruction

Enabling replicative immortality ~ Evasion of physical constraint through

telemorase

Tumor-promoting inflammation  Increasing access to resources through signals

of need

Activating invasion & metastasis  Corrupting distant tissues and colluding to

enhance invasion

Inducing angiogenesis Exaggerated signals of need

Genome instability and mutation  Corruption of control systems maintaining cell
integrity

Resisting cell death Evasion of control signals

vampire bats (Carter and Wilkinson, 2013). Coalitions of males
working together to oust an existing leader is perhaps closer to
the human sense of the term, but hardly subverts an already
violent social order (De Waal and Waal, 2007). The “dear
enemy” effect, where neighboring territory owners cooperate by
reducing aggression (Temeles, 1994) is not a breakdown of the
territorial system itself, but a modification through cooperation
that can even enhance defense against intruders (Detto et al.,
2010). One could view sexual reproduction as a form of genetic
collusion. Similar to the mixing of genetic material in the
PACC state through cell fusion that produces increased heritable
variation, many asexually reproducing species engage in sexual
recombination when under stress, ranging from the crustacean
Daphnia magna that produces males and sexual eggs when
facing high population density, starvation, or bacterial infection
(Kleiven et al., 1992; Mitchell et al., 2004) to the perennial herb
Trifolium repens that increases investment in sexual reproduction
when subject to herbivory. As an interesting parallel with cancer,
this response was observed solely in sensitive plants and not
resistant ones (Griffiths and Bonser, 2013). This view of cancer
as a corruption of the signaling system aligns remarkably well,
although not perfectly, with the established hallmarks of cancer
(Hanahan and Weinberg, 2011) (Table 4).

6. TREATMENT: CARROT OR STICK?

Does viewing cancer through the lens of signaling and corruption
help us design treatments? Our goal is to re-establish the broken
control system, either through some form of punishment (the
stick) in parallel with strengthening enforcement mechanisms,
or restoring the incentive structure created by costs and benefits
of signaling so that the corrupt behavior is no longer beneficial
(the carrot).

6.1. The Stick: Punishing Corruption
One way to abolish corruption is by punishing corrupt behavior
directly, including regulation and taxation. Regulation takes

many forms in the body, both within and across cells, such as
the immune system detecting cancer cells by their novel antigens
and destroying them. Immunotherapies, drugs that boost the
immune system, can restore regulation often weakened through
deceptive signals by the cancer. In this section, we focus instead
on taxation. In society, taxes are a tool of the public sector to
guide behavior in socially preferred ways, which has no direct
parallel in the self-organized and decentralized body. We here
think of taxation as having been guided by natural selection that
has evolved policies to control corrupt actors much as laws and
societies constantly develop and learn to achieve the same ends.
In both cases, corrupt actors almost by definition are not playing
by the rules, and can find ways to change their strategy to evade or
subvert the strategies, as the constant effort to suppress new forms
of tax fraud illustrates. However, such fraud requires altered
behaviors, such as hiring clever lawyers and fixers, that create
inefficiencies that parallel the costs of developing drug resistance.

We begin with two brief examples of the unintended
consequences of anti-corruption efforts in public policy (Fisman
and Golden, 2017). Due to rampant cheating on high school
exit exams in Romania, security cameras were introduced to
monitor students and teachers. Although cheating overall was
reduced, the policy disproportionately impacted the poorer
students because more affluent students were able to bribe
the enforcers individually without having to engage in more
detectable collusion like poorer students (Borcan et al., 2017).
In Ghana, the placement of observers at select polling locations
did succeed in reducing fraud at these locations, fraudulent
activity increased in neighboring, unobserved polling locations.
These examples illustrate two key points: (1) anti-corruption
measures can disproportionately impact certain groups and (2)
anti-corruption efforts are always under threat of subversion
by corrupt actors who find a way to modify their behavior to
evade them.

A related challenge arises with the use of targeted therapies
to treat cancer. Targeted therapies, from monoclonal antibodies
to small molecule inhibitors, have been at the forefront of the
precision medicine revolution, promising effective treatments
tailored to each patients unique genetic profile. In contrast
to chemotherapy that affects all rapidly dividing normal and
cancerous cells, targeted therapies attack pathways specifically
associated with the patients cancer. This reduces side effects and
should be more potent than standard chemotherapy. Like specific
anti-corruption policies however, targeted therapies only attack
a specific form of corruption, and cancer cells can modify their
corruption strategy through mutation or plasticity to avoid effects
of the drug, creating an opportunity to evade the treatment.
In a simple graphical model, an untreated cancer might grow
most quickly with a particular pathway tuned to an intermediate
value (Figure 3). Chemotherapy (blue line) reduces growth of
all cells below that needed for replacement (dashed gray line).
Targeted therapy (red line) lowers growth of the most rapidly
growing phenotype even further, but leaves a window of escape
for corrupt cells.

As an example, trastuzumab is a targeted therapy for
HER2+ breast cancer (Slamon et al, 2001). Despite being
initially highly effective, the majority of patients still experience
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FIGURE 3 | Hypothetical fitness landscape in response to therapy. The black curve represents the fitness of the cancer cells in the absence of therapy, which is
maximized for an intermediate value of some pathway trait. Targeted therapy, represented by the red curve, greatly diminishes the fithess of cancer cells with
intermediate trait values. However, in so doing, it leaves room for cancer cells with more extreme trait values to survive. The blue curve depicts the effects of
chemotherapy, which broadly reduces the fithess of all cells below a critical threshold, although not as dramatically as the targeted therapy on cells with intermediate
trait values.

disease progression within 1 year (Ellis and Hicklin, 2009).
This resistance emerges through a disturbingly wide array
of mechanisms: (1) mutation of the HER2 target to prevent
binding of the drug, (2) upregulation of downstream signaling
pathways, (3) upregulation of alternate growth factor signaling
pathways, and (4) inhibition of immune-mediated mechanisms
(Pohlmann et al., 2009). Imatinib was one of the first targeted
therapies, proving highly effective against BCR-ABL, a gene
highly overexpressed in almost every case of chronic myeloid
leukemia (Ellis and Hicklin, 2009). In this case, resistance
could be caused by (1) amplification of the BCR-ABL target,
(2) mutations in the BCR-ABL domain to prevent binding of
the drug, and (3) the emergence of BCR-ABL independent
pathways for signal transduction (Milojkovic and Apperley,
2009). Although targeted therapies can more efficiently kill
cancer cells while sparing healthy cells, they disproportionately
affect sensitive cells and provide opportunities for evolution of
new strategies that bypass the drug’s target molecule. Traditional
chemotherapy which simply targets rapidly dividing cells may
thus be more effective at keeping up with the cancer cell’s
evolution, recalling Haldane’s wonderful remark “It is much
easier for a mouse to get a set of genes which enable it to resist
Bacillus typhimurium than a set which enable it to resist cats”
(Lederberg, 1999).

In this context, we propose viewing cancer treatment as a
form of taxation. In order for cells to continue to survive and
proliferate under treatment, they must pay some cost, or tax, by
developing a mechanism of drug resistance. This can take forms
that include spending energy to upregulate production of the
target molecule or utilizing a less energetically efficient signaling
pathway to grow and divide. In economic terms, targeted
therapies act on elastic goods, goods that can be easily replaced by
alternatives if prices rise. Because targeted therapies focus on one
small aspect of complex, multi-agent signaling pathways, cancer
cells can evade the tax by shifting to an alternative. In contrast,
standard chemotherapies affect all rapidly dividing cells, agnostic
of the specific form of corruption of cancer cells. Thus, cancer
cells are left with the option of dividing less, exactly as we hope,
or mutating to defend against the drug’s effects, such as through
drug anti-porters (Lage et al., 1999; Tawbi and Buch, 2010; Jiang
etal., 2011), defective apoptotic pathways (Bedikian et al., 2006),
or the upregulation of survival signals (Lev et al.,, 2003). To
continue our economic analogy, chemotherapy acts on inelastic
goods, such as gasoline, whose consumption does not change
much as a function of price. Rather than switching to an alternate
pathway, standard chemotherapy forces cells to pay a price to
continue using the same pathways for growth and division. A
narrowly targeted tax is more effective when it works, but is easier
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to evade, while a broad tax affects the whole economy but is
more difficult to avoid. With cancer, these arguments for and
against traditional chemotherapy or targeted therapies depend
on how quickly the cancer can evolve or alter behavior to escape
treatment (Bukkuri et al., under review).

6.2. The Carrot: Changing Incentives
An alternative approach to prevent corruption changes the
incentive structure to remove the benefits of corrupt behavior.
In cancer, there are many ways to change the incentive structure
to reduce the benefit of rapid proliferation. We discuss three
approaches: oncogene-induced senescence (OIS), traditional
chemotherapy, and the sucker’s gambit. Although OIS can play
both pro- and anti-tumor roles (Gorgoulis and Halazonetis,
2010; Liu et al, 2018), we focus on its role in suppressing
excessive cell proliferation by arresting the cell cycle upon
recognition of aberrant oncogenic signaling (Zhu et al., 2020).
This effectively removes, or even reverses, any incentive to divide
faster. This layer of control must be weakened by mutation or
aging before oncogenes are selectively favored, and therapies
that could restore or replace these controls could thus obviate
the growth advantage of cancer cells. Chemotherapy that targets
rapidly dividing cells provides a crude way to replace these
controls, but at the cost of significant off-target side effects and
evolution of resistance. The most explicit therapeutic use of
this approach is the sucker’s gambit (Merlo et al., 2006), which
changes the selection pressures and incentive structures to select
for phenotypes which are easier to treat. For example, increasing
the concentration of glucose in a microenvironment changes
the underlying incentive structure to favor cancer cells with
high levels of GLUT1 receptors. Following this, administering
glucose starvation or GLUT1 inhibitor treatment can force
these cells to pay high and sometimes lethal costs for the
production and maintenance of these receptors (Bukkuri and
Brown, under review). Because cancer cells are short-sighted,
successive administration of therapies that impose opposite
evolutionary selection pressures on cancer cells can be effective.
In ecology, conservation biologists seek to avoid “ecological
traps,” where species choose poor habitats when faced by novel
species or habitat modifications (Schlaepfer et al., 2002), but such
traps could tempt unwanted species and help with their control.
Treatment necessarily alters the benefit structure, and ideally
can be used to sucker cancers into traps. One goal of modern
therapies is to weaken the benefits of evolving resistance or
evasion of therapy. We see analogies to education and public
policy realms. Campbell’s law states that the more a quantitative
social marker is used for social decision making, the more
it becomes subject to corruption that distorts the very social
process it is intended to monitor (Campbell, 1979). For example,
standardized testing can provide valuable information on student
performace, but only when teaching is aimed at general
competence. However, these quantitative measures soon became
goals of the teaching process, subject to corruption that can
actively degrade learning (Campbell, 1979). Schools and teachers
face immense pressures to produce high test scores, particularly
when tied to funding and bonuses (Nichols and Berliner, 2007),
leading to “teaching to the test” (Popham, 2001) and elimination

of subjects like social studies, music, foreign languages, and art
from curricula (Byrd and Varga, 2018). These high stakes tests
promote cheating, as discussed in the last subsection (Nichols
and Berliner, 2007), and high-priced preparatory classes taken
by students from more privileged backgrounds (Alon, 2009;
Buchmann et al., 2010). Alternatives include more individualized
assessments like portfolios (Kamenetz, 2015). We propose that
the way that we assess cancers and choose treatments might be
susceptible to Campbell’s law. What if cancers start “growing to
the test” and conceal their true size or state because it evades
our treatment, almost the same way that cancer can evade
immune responses?

7. DISCUSSION

If thought of narrowly as bribery, corruption provides a
poor model for cancer. However, we argue that corruption
is less about transfer of resources and more about breaking
the communication system and disrupting the reliability of
communication. In this sense, corruption is a violation of public
trust (Wedel, 2012), the trust in signal integrity that any complex
system relies on for coordination.

Evolutionary ecologists have identified five mechanisms that
maintain the integrity of signaling systems: reduction of conflict
of interest, costly signaling, saturating benefits, enforcement, and
physical constraints. Each of these is paralleled in the body,
and thus must be degraded by a surviving cancer. We propose
examples of each of these mechanisms in ecology and in the
body, and how they can be subverted. This approach provides an
alternative view of the hallmarks of cancer.

We think this view proposes several directions for therapy,
all of course building on prior work and ideas. First,
rather than focusing on a single corrupted signal, we could
use comprehensive approaches to recognize cancer through
disrupted signaling (Krakauer and Pagel, 1996). Potentially
dangerous lying, for example, can be recognized through the
“too many details” that liars pile on to convince themselves and
others (De Becker and Stechschulte, 1997). Cancer cells do not
send off a carefully orchestrated set of consistent signals, but a
welter of chemical noise that could be recognized through its
very incoherence (Sur et al., 2019). From this recognition, we
might be able to find ways to treat the resulting corruption of
the communication network. The disappointing performance of
VEGF inhibitors in effectively controlling cancer as monotherapy
(Comunanza and Bussolino, 2017), for example, could reflect the
challenge of placing such signal-disrupting therapies in the full
context of the network.

By viewing cancer therapy as a public policy problem, we
propose two main ways to combat corruption in our body:
punishing corruption directly (the stick), changing the incentive
structure so corrupt behavior is not favored (the carrot). As
punishment, we focus on treatment as a form of taxation,
showing how the very specificity and effectiveness of targeted
therapies might make them subject to escape: the cancer
equivalent of tax evasion. We advocate for careful consideration
of the evolvability of the cancer when deciding whether to
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administer traditional chemotherapy or targeted therapies. In
the case of altering the incentive structure, we describe how
oncogene-induced senescence and traditional chemotherapy can
change the incentives for cancer cells to proliferate rapidly.
We highlight how a sucker’s gambit therapeutic strategy can
combine these two approaches, tempting cancers with a carrot
and then slamming them with a stick to promote maximal
therapeutic efficacy.

Cancer treatment might benefit from other lessons from the
challenges of fighting corruption in the economic and political
spheres. Wedel (Wedel, 2012) describes the history of the
anticorruption movement that emerged at the end of the cold war
and found expression in Wolfensohn’s speech to the World Bank
in 1996. Of its four central assumptions, we find it remarkable
that three (except for the focus on public rather than private
sector corruption) have close parallels with cancer treatment, and
propose that questioning these assumptions might provide new
guidance for treatment.

1. Corruption happens to “the Other.” Anticorruption efforts
generally focus on distant nations with very different cultures
from the centers of economic power. Not only do those of
us fortunate enough to not have faced cancer tend to think
“it can’t happen to me,” but one can imagine that the body
itself sees an incipient cancer as happening elsewhere, rather
than permeating the entire system. Treatment that revives the
control mechanisms throughout the body, including sites of
potential metastases, could stop the spread of cancers.
Corruption is about bribery to individuals, often at lower
levels, rather than the system, and is illegal. Cancer treatment
focuses on cells within the tumor itself, and on ways that
cancers “break the rules” rather than on how they reshape the
body at all levels. Like much corruption, such as campaign
contributions, what cancers do is perfectly legal, and focusing
on consequences and mechanisms of corruption could be
more effective than a limited set of broken rules.

3. Corruption can be measured. This simple assumption reflects
the famous saying by business management guru Peter
Drucker, “If you can’t measure it, you can’t improve it.”
Indices, often derived from polls of business and political
leaders with their own biases, make corruption easy to
publicize in the media and compare across countries. As we
have seen, indices are subject to Campbell’s Law, effectively
corrupting the evaluation mechanism itself. Treatments based
on indices like specific biomarkers are subject to the same
logic, favoring tumors that evade the evaluation mechanism
itself (Stankovd et al., 2019). More flexible cancer treatments
can anticipate the evasion that can emerge when we use a
specific marker to trigger treatment.
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Dormancy is an inactive period of an organism’s life cycle that permits it to survive
through phases of unfavorable conditions in highly variable environments. Dormancy
is not binary. There is a continuum of dormancy phenotypes that represent some
degree of reduced metabolic activity (hypometabolism), reduced feeding, and reduced
reproduction or proliferation. Similarly, normal cells and cancer cells exhibit a range
of states from quiescence to long-term dormancy that permit survival in adverse
environmental conditions. In contrast to organismal dormancy, which entails a reduction
in metabolism, dormancy in cells (both normal and cancer) is primarily characterized by
lack of cell division. “Cancer dormancy” also describes a state characterized by growth
stagnation, which could arise from cells that are not necessarily hypometabolic or
non-proliferative. This inconsistent terminology leads to confusion and imprecision that
impedes progress in interdisciplinary research between ecologists and cancer biologists.
In this paper, we draw parallels and contrasts between dormancy in cancer and other
ecosystems in nature, and discuss the potential for studies in cancer to provide novel
insights into the evolutionary ecology of dormancy.

Keywords: dormancy, cancer, hypometabolism, quiescence, adaptation

INTRODUCTION

“You keep using that word. I do not think it means what you think it means.” From the character
Inigo Montoya, Princess Bride.

Most living organisms, from microbes to blue whales, experience temporal environmental
fluctuations. These fluctuations induce periods of stress due to extreme temperatures, lack of
resources, or disease. Dormancy, an evolutionary adaptation, enables organisms to survive through
stressful conditions, in part by decreasing metabolic activity to conserve energy. However, there is
a broad range of dormant states across taxa, which vary based on how long an organism remains
in dormancy, whether dormancy is induced prior to or in response to stress, the magnitude of the
response, etc. Despite attempts to devise a universal framework for animal dormancy (Wilsterman
etal., 2020), precise definitions remain challenging. Dormancy is further complicated by diverging
conceptualizations in other fields.
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Cancer dormancy often refers to a period of time, from
months, years, or even decades, between treatment of a primary
tumor and metastatic relapse. This could be due to isolated non-
proliferative cells that disseminated from the primary tumor
(cancer cell dormancy) or small non-expanding populations of
cancer cells (tumor mass dormancy). Although both of these
categories could result in clinically undetectable cancer, they
describe different biological mechanisms. This creates confusion
within the field about what is meant by “cancer dormancy;” and
between fields about how cancer dormancy relates to organismal
dormancy in other species. Furthermore, additional terminology
has been used to describe cancer cells that survive treatment or
other cellular stresses such as drug-tolerant persisters, hypoxia-
resistant cells, and polyaneuploid cancer cells (PACCs). These
descriptors and cell states add to the confusion owing to their
overlapping characteristics with dormant cancer cells, such as
cellular quiescence. Furthermore, this babel of terms and cell
states can stifle the exchange of ideas between cancer biologists
and other evolutionary ecologists.

In this paper, we take a critical look at the concept of tumor
cell dormancy, in its many guises. Although we are not the first
to point out the confusion associated with tumor cell dormancy
(Vallette et al., 2019; Phan and Croucher, 2020), we aim to help
clarify terminology by comparing it to key characteristics of
dormancy in nature. This is not to imply that cancer is not a part
of nature. It is. Rather we will use “in nature” as shorthand to
describe all natural systems other than cancer. In what follows,
we first examine how the term dormancy and related concepts
are used in organismal biology. We then examine the history
of the terms in cancer biology, with a focus on how those
uses compare to what the terms mean in the context of whole
organism biology and ecology. Finally, we discuss the mutual
benefit of studying dormancy as it applies to ecology and cancer
biology, and how experiments in cancer may help provide novel
insights into mechanisms that drive dormancy from cells to
organisms. Overall, we hope this paper provides a starting point
for ecologists to help understand the terminology used in cancer
biology and facilitate cross-disciplinary work on dormancy, while
simultaneously convincing cancer biologists of the benefits of
conceptualizing cancer dormancy using insights from ecology.

DORMANCY IN ORGANISMAL BIOLOGY

Dormancy is often used as an “umbrella” term indicating a
spectrum of inactive states characterized by reduced metabolism,
or hypometabolism, as adaptations to survive periods of reduced
resource availability or other adverse environmental conditions.
Dormancy also refers to specific states of hypometabolism in
both animals and plants (Table 1). The terms “dormancy”
and “torpor” are often used interchangeably in the organismal
literature. Dormancy encompasses many different hypometabolic
states that have evolved across widely divergent taxa. These
hypometabolic states exist along a continuum of metabolic
expenditure (Figure 1). From the extreme state of essentially
zero metabolic expenditure exhibited by bacterial endospores
and cysts, dormant states include seed dormancy, estivation,

TABLE 1 | Definitions of terms used in reference to states of reduced activity
and/or metabolism in cancer, microbiology, animals, and plants.

Term Definition

Aestivation
(estivation)

In insects, a state of reduced metabolic activity and reduced
physical activity in response to arid conditions and high
temperatures. In lungdfish, a period of reduced feeding,
respiration, and movement in response to prolonged drought
and heat.

Brumation Winter dormancy of ectotherms like reptiles and

amphibians that is induced by low temperature.
Cyst A thick-walled, dormant structure produced by some bacteria
and protozoa capable of enduring challenging environmental

conditions, such as desiccation or high temperatures.

Diapause In insects, a state of delayed or suspended development or
growth, accompanied by reduced metabolic activity, that is part
of a developmental program and not triggered directly by

adverse environmental conditions.

Dormancy A state of hypometabolism used by animals and plants to
survive through adverse environmental conditions. Often used
interchangeably with torpor. In animals, dormancy can be of
short duration with only slight decreases in body temperature
and metabolic activity (shallow dormancy), or of long duration
with great decrease in body temperature and metabolic activity
(deep dormancy). In plants, dormancy is a state in which
seeds or other tissue reduce metabolic activity and cease
growth during hostile environmental conditions, such as winter
or drought. In cancer, may refer to tumor mass dormancy or
tumor cell dormancy. Tumor mass dormancy occurs when
cancer cell proliferation is balanced by cell death, resulting in a
non-expanding population of cancer cells. This could happen
due to poor vascularization (angiogenic dormancy) or control by
the immune system (immune-mediated dormancy). Tumor cell
dormancy is a state in which cells are quiescent and are often
assumed to have low metabolism.

Encystment Production of a resistant stage known as a cyst in some
bacteria, protozoa, plankton, and some invertebrates,

such as flatworms.

Endospore A resistant, dormant and non-reproductive structure produced
by some bacteria in the Firmicute family that ensure survival

through hostile environmental conditions.
Hibernation A state of greatly reduced activity, body temperature, metabolic
rate, usually entered seasonally.
Hypo-
metabolism

A state of reduced metabolic activity that includes a
coordinated suppression of most cell functions; may vary in
duration.

Quiescence In insects, a temporary reduction in metabolic activity and a
slowing or halt to development in response to adverse
environmental conditions. In plants, a repression of division in
undifferentiated cells in a plant’s meristem (tissue from which
new cells are formed). In cells, a reversible, non-proliferative

state during which cells are in the G phase of the cell cycle.

Resting egg An invertebrate egg that undergoes a period of dormancy

during which it is highly resistant to environmental conditions.

Torpor A state of lowered body temperature and metabolic activity
generally in response to challenging environmental conditions;
may be of short duration (hours), as in nightly torpor of
hummingbirds, or of long duration (days to weeks), as in
hibernation of many ground squirrel species. Often used

interchangeably with dormancy.

Where the word has different meanings contingent upon the organism or biological
application (bold), we include separate definitions for each. “Sharp lines and precise
definitions” for many of these terms do not exist, and many of these states may be
considered as part of a “coherent physiological phenomenon” (Schmidt-Nielsen,
1997, p. 279).
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FIGURE 1 | Continuum of metabolic states in organisms and cancer cells, from lowest (“deep dormancy”) to highest (“active”). The states below basal metabolic
rate (BMR) represent hypometabolic states. The metabolic continuum of cancer cells (teal) likely falls within a narrower range of metabolic states in organisms (black).
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diapause, quiescence, and hibernation. These diverse states
are difficult to place into well-defined categories with sharp
boundaries, and terminology can be confusing (Schmidt-Nielsen,
1997; Lee, 2009). Some of the characteristics that differentiate
these states include (1) whether an organism enters dormancy
prior to (obligatory) or in direct response to (facultative) an
environmental stress, (2) the duration of the response (3) the
reduction in metabolic activity, and (4) how resistant the state
is to predation or stress. Dormancy may be of short duration
(hours), as in the shallow or daily torpor of hummingbirds, or
of long duration (days to weeks to months to years), as in the
deep torpor associated with hibernation in mammals or seed
dormancy in plants (Melvin and Andrews, 2009). While the
manifestation of these states differs considerably among taxa,
dormancy shares various core elements across numerous taxa
(Melvin and Andrews, 2009; Villanueva-Canas et al., 2014).
Shared elements include an integrated down-regulation of cell
functions, including cross-membrane transport, intermediary
metabolism (biochemical reactions that provide the cell with
metabolic intermediates), gene expression and protein synthesis,
and utilization of stored energy reserves. In the following, we
describe a subset of dormant states in organisms in order to give a
broad overview of the terminology, and include a more complete
set in Table 1. Although dormancy clearly is an adaptation
to minimize energy expenditure during adverse environmental
conditions, it comes with some costs, including the cost of
arousal through endogenous heat production and vulnerability
to predators (Withers and Cooper, 2010).

Most plant species produce seeds that exhibit a period
of complete metabolic dormancy following dispersal from
the mother plant (Bewley, 1997; Baskin and Baskin, 2004).
In temperate regions and deserts, many plants themselves
enter a dormant stage (Rohde and Bhalerao, 2007), in which
photosynthetic and other metabolic activity cease or are reduced
to very low levels. In winter dormancy, woody plants like trees

and shrubs typically drop their leaves, and many herbaceous
plants survive the winter below ground as roots while letting their
aboveground biomass whither.

Many microorganisms, including bacteria and protists,
differentiate into a metabolically inactive and highly resistant
state when faced with starvation or inhospitable environmental
conditions (Sadoft, 1975). The most resistant state, produced
by some bacteria, is known as an endospore. The endospore
may exist for centuries, during which time they “exhibit
complete metabolic dormancy and extreme resistance to multiple
environmental insults” (Mury and Popham, 2014). A similar
resistant state, known as a cyst, resting egg, or resting stage,
is also common in a variety of protists (Corliss, 2001; Ross and
Hallock, 2016), and phyto- (Ribeiro et al., 2011; Ellegaard and
Ribeiro, 2018) and zooplankton (Gilbert, 1974; Ricci, 2001).

Among insects, estivation is a dormant state that manifests
as quiescence, a short period of moderately depressed metabolic
rate triggered by unfavorable environmental conditions (Masaki,
2009); or diapause, a prolonged period of suppressed metabolism
and arrested development (Denlinger, 2009; Lee, 2009). Diapause
may be facultative or obligatory, and generally is expressed in
a particular life stage, which varies among taxa. Depending
on the taxa, the egg, larval, or adult life history stage may
undergo diapause.

Perhaps the type of dormancy that is most familiar among
people generally is hibernation (deep torpor)— classically
exhibited by ground squirrels (e.g., Punxsutawney Phil of the
movie Groundhog Day) and carnivores like bears. Hibernation
in this sense appears inextricably tied to endothermy, as
hibernation involves a shallow to a deep decline in body
temperature (Lyman et al, 1982). In its most extreme
manifestation thus documented, the arctic ground squirrel
(Urocitellus parryii) drops its core body temperature from 37
to —1.9°C during its nine month hibernation (Barnes, 1989).
Because many species inhabiting subtropical and tropical
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regions exhibit hypometabolism generally associated with winter
dormancy, many investigators now believe that hibernation is
a flexible phenotypic response to scarce resources and energy
conservation instead of a direct response to cold temperatures
(Martin and Yoder, 2014).

QUIESCENCE AND DORMANCY IN
NORMAL CELLS

As with whole organisms, quiescence and dormancy are terms
commonly used to describe a growth arrested state in mammalian
cells including hematopoietic stem cells, lymphocytes, and
fibroblasts. Quiescence is a reversible, non-proliferative state in
response to nutrient deprivation (e.g., glucose, insulin, amino
acids), mitogen or growth factor deprivation, loss of adhesion, or
contact inhibition (Valcourt et al., 2012; Yao, 2014). Quiescence
is essential for tissue homeostasis and regulation of the immune
and wound healing response (Valcourt et al., 2012; Fiore et al,,
2018). Gene expression, metabolism, and cell cycle re-entrance
dynamics vary widely among quiescent clonal cell populations
depending on the signal that initiated quiescence. As with
dormancy in organisms, quiescence describes a collection of
diverse states (Yao, 2014). However, cellular quiescence may
not include hypometabolism, or a shutting down of metabolic
functions outside of proliferation.

Hematopoietic stem cells (HSCs) regulate hematopoiesis, the
production of billions of blood cells each day. In vivo mouse
studies suggest that there are two populations of HSCs that
control homeostasis and are maintained in adjacent “niches”.
Short-term (“active”) HSCs are capable of self-renewal and divide
frequently to replenish blood cells daily. Long-term HSCs may
divide only five or so times per lifetime, or they can be activated
to proliferate in response to injury. These long-term HSCs have
been termed “dormant” (Wilson et al.,, 2008; Li and Clevers,
2010). Dormant HSCs exhibit a decreased metabolism as a
result of reduced ribosomal biogenesis and DNA replication
and are highly dependent on autophagy for survival (Wilson
et al., 2008; Valcourt et al., 2012). Maintaining dormant HSCs
is evolutionarily advantageous because it decreases the risk for
oncogenic mutations and helps prevent stem cell depletion
(Wilson et al., 2008).

Further down the hematopoietic lineage, lymphocytes,
components of the adaptive immune response, are maintained in
a quiescent state until activation by antigen presentation (Bryder
et al., 2006). Quiescent lymphocytes are small in size and have
few membrane glucose transporters, especially in the absence
of growth factors (Valcourt et al., 2012). Quiescent lymphocytes
depend on autophagy to obtain carbon sources for ATP
production, which is synthesized by oxidative phosphorylation
(Valcourt et al,, 2012). Upon activation, glucose transporters
increase and lymphocytes produce ATP by glycolysis (Valcourt
etal., 2012). Lymphocyte quiescence prevents cell exhaustion and
autoimmune disease.

Human dermal fibroblasts are maintained in a quiescent
state that is characterized by their secretion of extracellular
matrix. Wounding induces fibroblast activation and proliferation

to coordinate wound-healing. Quiescent and activated dermal
fibroblasts have similar metabolic rates, which suggests that
hypometabolism is not necessarily associated with cellular
quiescence (Valcourt et al., 2012). Unlike HSCs and lymphocytes,
quiescent fibroblasts are not dependent on autophagy for
survival and uptake glucose at rates comparable to proliferating
fibroblasts (Valcourt et al., 2012). Multiple external cues,
including contact inhibition and mitogen withdrawal, induce rat
embryonic fibroblast to enter a non-proliferative quiescent state
(Kwon et al., 2017). Fibroblasts that remain quiescent for longer
move into a deeper quiescence and require greater stimulation or
more time to reenter the cell cycle following serum stimulation
(Kwon et al.,, 2017). As in organismal dormancy, quiescence in
fibroblasts is heterogeneous and may entail a reactivation cost in
deeply quiescent cells. However, unlike in organismal dormancy,
deeply quiescent cells may remain metabolically active.

QUIESCENCE AND DORMANCY IN
CANCER CELLS

Mechanisms that regulate quiescence in normal cells provide
insights into the pathways that promote quiescence in cancer
cells. Cancer cells simply use or repurpose the processes,
epigenetics, and genetics of normal cells. In normal cells, the
trigger to divide or go quiescent is regulated by the availability of
mitogenic growth factors, nutrients, and space. Loss of sensitivity
to anti-growth signals is a hallmark of cancer (Hanahan and
Weinberg, 2000) and a key aspect of tumorigenesis. Yet, the
natural history of carcinogenesis and cancer eco-evolutionary
dynamics do not always conform to continuous monotonic
growth. The cancer cells making up a tumor live within a
highly dynamic and interactive microenvironment consisting of
fibroblasts, endothelial and inflammatory cells, growth factors,
cytokines, vasculature, and lymph vessels. Collectively these
constitute the tumor ecosystem. Fluctuations or interruptions
in blood flow across a tumor or within regions of a tumor,
lack of nutrients or space, or adverse interactions with normal
cells can force cancer cells, and sometimes the tumor population
as a whole, to pause rapid proliferation (Zahl et al, 2008;
Almog, 2013; Hahnfeldt, 2013). Following treatment, a patient’s
cancer may remain clinically undetectable for months, years, and
perhaps even decades (Aguirre-Ghiso, 2018). The disease seems
to persist in a cell-arrested or non-proliferative state that is often
referred to as “dormancy.”

In 1934, Willis (1934) suggested “dormant” tumor cells as
those that disseminated from the primary tumor and remain
in a growth-arrested state. Twenty years later, Hadfield (1954)
proposed that dormant tumor cells are in a temporary state of
mitotic arrest. More recently, experimental models of dormancy
have revealed that tumor dormancy may result from a balance
between cell proliferation and death so that the tumor mass (i.e.,
small population of cancer cells) maintains a constant size. This
balance may result from poor vascularization that limits nutrient
availability to cells (Gimbrone et al., 1972; Wheelock et al., 1981)
or from control by the immune system (Weinhold et al., 1979;
Wheelock et al., 1981).
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Cancer dormancy is thus divided into two categories (see
Figure 2): (1) non-proliferative cancer cells persisting over a
long period of time without dying (cellular dormancy) and (2)
populations of cancer cells with cell proliferation balanced by cell
death (tumor mass dormancy) (Enderling et al., 2012; Aguirre-
Ghiso, 2007). Both of these categories may result in clinically
undetectable cancer. The mechanisms producing them, however,
are distinct and may present unique therapeutic opportunities.
While dormant cancer cells are often assumed to have a
lower metabolism, few studies have empirically quantified their
metabolic activity (Endo et al., 2014; Carcereri de Prati et al.,
2017). On the other hand, population-level dormancy includes
metabolically active, proliferating cells. Because this concept
of tumor population-level dormancy diverges from organismal
dormancy, we do not further discuss it herein.

While the concept of cellular dormancy is often used in the
context of disseminated cancer cells, drug-tolerant persisters and
PACCs also exhibit a state that is stress resistant, quiescent, or

dormant (Vallette et al., 2019; Pienta et al., 2020a). Because of
their potential parallels to organismal dormancy, we consider
these cells in our discussion below.

Disseminated Tumor Cells

Disseminated tumor cells (DTCs) are cancer cells that have
detached from the primary tumor and spread to other locations
in the body through the circulatory system. DTCs may exist,
undetected, in a non-proliferative state for extended periods,
referred to as cancer cell dormancy. The microenvironment
within the target organ in which the DTCs survive appears to
play a critical role both in regulating the apparently dormant
state of the DTCs, and their re-awakening into a proliferative
state (Linde et al., 2016). Dormant DTCs may elude detection and
attack by the adaptive immune system, and later be “reawakened
by innate immune cells (neutrophils) responding to non-tumor
inflammation” (Aguirre-Ghiso, 2018). Following reawakening,
the active DTCs proliferate into metastases. Whether DTCs
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reactivation cost. In organisms, depth of dormancy increases as metabolic activity, body temperature, and sensitivity to growth signals decreases (deeper

cells from feeding include lack of resources or glucose transporters. The different aspects of dormancy depicted do not imply a series of physiological processes but

Cell

{

quiescence or dormancy (purple boxes). Exogenous factors that prevent cancer
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detach early or late in the evolution of the primary tumor
could also impact their potential to respond to dormancy cues,
with late DTCs having greater metastatic growth potential either
due to their later stage of evolution or the creation of pre-
metastatic niches by early DTCs (Sosa et al., 2014). The processes
of dissemination, dormancy, and reawakening may have critical
clinical and therapeutic relevance.

The metastatic spread of cancer bears great resemblance to
seed dispersal in plants or spores of microbes. The “seed and
soil” hypothesis proposed by Paget (1889) suggests that the
pattern of spread of the DTCs (“the seeds”) within the body of
a patient is due to the preferential growth and survival of DTCs
within certain microenvironments (“the soil”), which could
explain why particular cancers only metastasize in certain organs
(e.g., prostate-to-bone). In plants, seeds (or microbial spores)
disperse over short or long distances. Dispersed seeds can either
immediately germinate or remain dormant. Delayed germination
is beneficial to the plant. When seeds do not germinate at the
same time they reduce competition, sib-sib competition, and
spread the risk. Furthermore, dormancy and dispersal allow seeds
to escape from unfavorable conditions or arrive at favorable
conditions in time and space.

Similar to plant seeds, DTCs colonize microenvironments
that may be favorable or unfavorable for growth. Like many
cases of seed or spore dispersal, the vast majority of circulating
tumor cells die and never become DTC’s, but a tiny fraction
may (Luzzi et al., 1998; Chambers et al., 2002; Lloyd et al,
2017). Microenvironments colonized by DTCs that are “non-
permissive” for growth (e.g., hypoxic regions), activate stress
signaling pathways that induce the DTC to enter quiescence
(Aguirre-Ghiso, 2007). DTCs also colonize microenvironments
where stem cells are found (stem cell niches) where signals that
control HSC dormancy induce their dormancy. Because dormant
HSCs can be found in hypoxic regions, these microenvironments
may not be mutually exclusive (Lévesque et al., 2010). Although
dormant DTCs are often assumed to be in a hypometabolic
state, confirming this assumption is hampered by limited in vivo
models. Insights into the metabolic state of the subset of DTCs
located in hypoxic regions may be inferred from the metabolism
of hypoxia resistant tumor cells.

Hypoxia Resistant Tumor Cells

While DTCs may become dormant in certain regions of
an organ that are hypoxic, cancer cells of actively growing
tumors also experience hypoxia through temporal variations in
intratumoral blood flow and instability of vasculature (Gillies
et al, 2018). Although many tumor cells die in hypoxic
environments, some survive by entering a state referred to
as dormancy. Because few in vitro models of tumor cell
dormancy exist, understanding the properties of these dormant
cells is challenging. Existing evidence suggests that these cells
undergo cell-cycle arrest in the GO/G1 phases or greatly reduce
proliferation (Carcereri de Prati et al., 2017).

Hypoxia-resistant cells have a lower metabolism, as indicated
by an 80% decrease in glucose consumption and lower pyruvate
and lactate production (Endo et al., 2014; Carcereri de Prati et al.,
2017). During chronic hypoxia, hypoxia-resistant cells upregulate

autophagy to obtain nutrients despite the lower consumption
of glucose (Carcereri de Prati et al, 2017). When hypoxia-
resistant cells are reoxygenated, their proliferation rate returns
to normal after a short delay. The reversibility of their decreased
proliferation (Endo et al., 2014; Carcereri de Prati et al., 2017)
thus requires metabolic activation and cell remodeling. Hypoxia-
resistant cells are more resistant to chemotherapy, either because
of their low proliferation rate or because the drug cannot reach
the hypoxic regions of the tumor. While some cancer cells enter
quiescence or proliferate more slowly under chronic hypoxia,
cancer cells may utilize anaerobic glycolysis under acute hypoxia,
increasing glucose uptake and lactate production (Endo et al,
2014). Hence, the duration of hypoxia influences the metabolic
activity of cancer cells in hypoxic environments.

Polyaneuploid Cancer Cells

Polyaneuploid cancer cells are aneuploid (have abnormal number
of chromosomes) and undergo whole genome doubling in
response to stress (Pienta et al., 2020a). These correspond to
what others have described as polyploid giant cancer cells and
persister cells (Illidge et al., 2000; Puig et al., 2008). They form
from the fusion of 2N cells or from failed cytokinesis resulting in
poly- or mono-nucleated polyaneuploids. This reversible state is
also characterized by GO cell cycle arrest (quiescence), increased
cell size, and increased metabolic activity (distinguishing it
from other quiescent states that are hypometabolic) (Pienta
et al., 2020a). Once the stress is removed, and this can be
months, PACCs re-enter the cell cycle and bud off non-polyploid
(2N) progeny. They themselves do not proliferate as PACCs
begetting PACCs. Such highly metabolic, resource uptaking, non-
proliferative life history states have been found in a variety
of taxa including bacteria (Valderrama et al., 2019), protists
(Parfrey and Katz, 2010), fungi (Anderson et al, 2015), and
plants and robustly permit survival to microenvironmental and
therapeutic stress (Pienta et al., 2020a). It has been proposed
that PACCs serve a decisive ecological role of allowing for
increased storage, cell function, metabolic rate, and protection
from stressors such as hypoxia, pH, metabolites, oxidative
stress, and therapeutics. Evolutionarily, they increase heritable
variation, permit self-genetic modification, and new functionality
(see Table 1 from Pienta et al., 2021). The stress response in
PACCs is reminiscent of organisms that undergo facultative sex
such as Daphnia magna (“water fleas”), which can reproduce
sexually and asexually based on environmental conditions.
In good conditions, D. magna reproduce asexually to create
clones, whereas under adverse conditions (e.g., cold or dry)
they reproduce sexually to produce resting/diapausing eggs
that are wrapped in a tough protective shell until conditions
improve (Gerber etal., 2018). Sexual reproduction during adverse
conditions permits genetic recombination, which, by increasing
genetic diversity, may increase survival in a possibly altered
environment following “awakening” from diapause.

Drug-Tolerant Persisters

In cancer biology, “drug-tolerant persisters” refer to a
subpopulation of cancer cells that are reversibly tolerant to
treatment due to non-mutational mechanisms such as epigenetic
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reprogramming (Sharma et al, 2010). This terminology is
analogous to bacterial “persister cells,” a small subset of
antibacterial tolerant cells. Bacteria persisters form either
stochastically or in response to antibiotic treatment, are slow
dividing or growth arrested, and resume growth and drug
sensitivity once the antibiotic is removed (Fisher et al., 2017).
While there is no single definition of drug-tolerant persisters,
four properties distinguish this state from cancer cell dormancy:
(1) slow proliferation, (2) decreased sensitivity to treatment, (3)
restoration of drug sensitivity and cell proliferation following
treatment, and (4) contribution to genetic resistance (Shen S.
et al., 2020). Slow-proliferation may not be sufficient for persister
cells to survive therapy; evasion of therapy may also necessitate
minimizing glucose consumption, changing their cell identity
via the epithelial-to-mesenchymal transition, or interacting with
other cell types in the tumor microenvironment (Shen S. et al,,
2020). Most of these studies use 2D cultures, where drug-tolerant
persisters are rare and result from stochastic epigenetic states
(Sharma et al., 2010). However, recent studies suggest that in
3D cultures, treatment persistent residual tumors emerge and
adopt a program similar to embryonic diapause, a reversible
state of paused development in epiblasts that is triggered by
adverse conditions (Dhimolea et al., 2021; Rehman et al., 2021).
Similar to embryonic diapause, these “treatment persistent
organoids” are characterized by quiescence or slow-cycling,
downregulated metabolic and biosynthetic activity, increased
cell adhesion, and increased autophagy (Dhimolea et al., 2021;
Rehman et al, 2021). Thus, treatment persistent organoids
may use an evolutionarily conserved mechanism that promotes
survival under stress. An open research question concerns the
degree to which persister cells in cancer and other microbial
systems are polyaneuploid and vice-versa. Possible differences
relate to whether these non-reproductive cells are polyploid
or not, whether such cells are hyper- or hypo-metabolic, and
whether such cells facilitate surviving unfavorable conditions as
well as accelerating evolutionary changes such as drug resistance
(Pienta et al., 2020b). For those studying these phenomena in
yeast and bacteria, cancer may provide an ideal complementary
experimental model organism (see section “Comparison of
Dormancy in Other Organisms and in Cancer”).

Comparison of Dormancy in Other

Organisms and in Cancer

Although direct parallels are few, many characteristics of
quiescent cancer cells overlap with characteristics of dormant
states in organisms (Figure 2). One similarity is that the duration
of the response varies, with the longest duration associated
with DTCs in cancer (months to decades) and endospores
in organisms (centuries). While few studies in cancer have
quantified some of the key traits of organismal dormancy
including hypometabolism and reactivation cost, there is some
evidence of these characteristics in hypoxia-resistant tumor cells
(Endo et al., 2014; Carcereri de Prati et al., 2017). Like cysts and
endospores, cancer cells may morphologically change in response
to stress: hypoxia-resistant cells can have a longer shape and
higher volume of cytoplasm compared to cells in non-resistant

populations (Carcereri de Prati et al, 2017), drug-tolerant
persisters may change their cell identity through epithelial-to-
mesenchymal transition, and PACCs morph from a 2N state into
a polyploid state (Pienta et al., 2020b).

On the other hand, even though hypoxia-resistant tumor
cells have a lower metabolism, they may still be taking up and
metabolizing nutrients since there is not a complete depletion
of glucose consumption. This is in contrast to organisms, which
are in a non-feeding state when they are dormant. Furthermore,
some quiescent cancer cells such as PACCs may not be in
a hypometabolic state. Lastly, in comparison to hibernators,
whether cancer cells acquire and store energy prior to dormancy
is not known, though they often rely on autophagy for survival
(Carcereri de Prati et al., 2017). While the cardinal characteristic
of organismal dormancy is hypometabolism, the primary feature
of cancer cell dormancy is non-proliferation. Dormancy in
cancer is only loosely associated with hypometabolism and lack
of feeding, and the continuum of metabolic states in non-
proliferative or slowly dividing cancer cells likely falls within a
narrower range compared to organisms (Figure 1).

Yeast (Saccharomyces sp.) may provide some of the most direct
comparisons between cancer cell and microbial cell dormancy
(Hohmann and Mager, 2007). For instance when used for
producing ethanol, the yeast must be able to tolerate and respond
to temperature, oxidative, ethanol, and osmotic stressors (Saini
et al,, 2018). In response, yeast can exhibit the continuum of
maintaining proliferation and activity under stress, reducing
proliferation or switching to sexual reproduction (form haploid
spores through meiosis that can combine to form the diploid
state), changing metabolic state (i.e., via activation of heat shock
proteins), forming PACC-like polyploids, or reducing metabolic
activity and engaging in autophagy.

Evolutionary Ecology of Dormancy

Strategies

Variability in environmental conditions is common to all
ecosystems, creating favorable and unfavorable periods for
growth and survival. Natural ecosystems outside of cancer
frequently experience temporal fluctuations in temperature and
precipitation; in cancer, unpredictable patterns of blood flow
cause temporal variations in nutrients, growth factors, pH,
oxygen, and immune infiltration. Under these circumstances,
dormancy is an adaptation that generally serves four possible
functions: (1) bet-hedging, (2) avoiding over-crowding, (3)
avoiding sib-sib competition, and (4) hunkering down and
surviving unfavorable times (Simpson, 2007; Shefferson et al.,
2018). The first three functions can select for a dormancy
fraction where some of the population remain in an active state
while others remain dormant. The fourth represents predictive
dormancy where the organism or cancer cells have time to
respond to the unfavorable conditions, and furthermore, can
assess when conditions have improved. Cancer cells do exhibit
predictive dormancy, may exhibit bet-hedging, and at present,
there have been no experiments, to our knowledge, that would
show whether cancer cells engage in dormancy to avoid over-
crowding or sib-sib competition.
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All of the above are in response to temporal variation. What
of spatiotemporal variation? Venable and Brown (1988) used
a mathematical model to predict how dormancy and dispersal
traits in the seeds of annual plants co-adapt. As temporal
autocorrelations decrease dormancy should be favored. In the
absence of spatial autocorrelations and when spatial variability is
on a smaller scale dispersal is favored over dormancy. Dormancy
and dispersal can complement or substitute for each other,
though not entirely. Snyder (2006) explores whether the presence
of dormancy reduces the need for dispersal (Snyder, 2006). In
terms of dispersal, cancer cells do exhibit stochastic and directed
movement (chemotaxis) (Roussos et al., 2011; Sung and Weaver,
2017). But these movements, while large in relation to normal
cells, are virtually sedentary compared to motile protists with
cancer cells showing migration speeds of 0.4 wm per minute
(Shen Q. et al,, 2020), close to a body length per hour. This
is one to three orders of magnitude slower than the speed
of amoeboid cells (Van Haastert, 2011; Ildefonso et al., 2019).
Dissemination in the blood as circulating tumor cells represents
a long range dispersal that leads to highly improbable success.
The extent to which cancers rely on dispersal as an adaptation
to avoid spatiotemporal variability should be investigated in
the context of dormancy. Regardless, dormancy should provide
a prime adaptation for managing environmental uncertainty
in cancer cells.

Most of our examples from nature and cancer have involved
the use of predictive dormancy to respond to predictable or
stochastic environmental variability. Ample evidence in terms
of arrested cell cycles, PACCs, persister cells, and shifts toward
autophagy show that cancer cells will cease proliferation and
enter into some form of dormancy under harsh conditions.
What of bet hedging? Bet-hedging is a strategy that evolves
in unpredictably varying environments where expected fitness
(arithmetic mean fitness) is sacrificed to reduce the temporal
variance in fitness (geometric mean fitness) (Brockmann, 1987;
Philippi and Seger, 1989) and was first proposed to explain why
some plant seeds immediately germinate while others lie dormant
(Cohen, 1966).

There can be “diversifying bet-hedging” where fractions of
the population remain in different states regardless of current
conditions. These states (e.g., fixed dormancy and germination
fractions in annual plants) tradeoff fitness during good times
and fitness during bad times (Childs et al, 2010; Starrfelt
and Kokko, 2012). The bacteria Bacillus subtilus, like desert
annuals, shows some stochastic sporulation regardless of nutrient
conditions (Grimbergen et al., 2015). Similar examples can be
found for the social amoeba Dictyostelium discoideum (Martinez-
Garcia and Tarnita, 2017), a marine amoeba Flabellula baltica
(Fenchel, 2010), and in budding yeast Saccharomyces cerevisiae
(Bagamery et al., 2020).

Diversifying bet-hedging in cancer does occur. PACCs have
been identified as a small but ever-present fraction of the
cancer cell population even in the absence of a major stress
such as therapy, nutrient deprivation, or hypoxia (Lin et al,
2020). Cell culture experiments of dormancy show that during
serum deprivation, a small proportion of cancer cells remained
proliferative. Furthermore, when serum was replenished, a minor

(but non-zero) proportion of cells remained non-proliferative
(Barney et al, 2020). Some of these differences could arise
due to the stochasticity in gene expression which generates
phenotypic differences in cells that have the same genotype
(Viney and Reece, 2013). Protein synthesis can promote rapid
divergence so that sister cells are no more similar to each other
than randomly chosen cell pairs (Spencer et al., 2009). Simons
and Johnston (1997) suggest developmental instabilities as a
source of diversifying bet-hedging, and the genetic instability
of cancer cells may provide for bet-hedging through offspring
with diverse heritable traits. Miller et al. (2020) explore
how diversifying bet-hedging might promote coexistence of
different cancer cell types as has been suggested for microbes
(Jones and Lennon, 2010).

Conservative bet-hedging strategies involve a single state for
the population where its trait value enhances survival under bad
conditions while sacrificing opportunities during favorable times
(Haaland et al., 2019, 2020). While most organisms’ traits are a
likely compromise between variable conditions, it can be hard
to determine when such traits strictly tradeoff arithmetic with
geometric mean fitness. Simons and Johnston (2003) provide
an example with Indian tobacco Lobelia inflate where flowering
time, while suboptimal in most years, serves well during bad
years. Putative traits in cancer have not been studied in detail
within the context of conservative bet-hedging. Pseudohypoxia
has been proposed as such a case. Here, the cancer cells maintain
high HIF-1 expression as a response to hypoxic conditions
even under normoxia (Pressley et al., 2021). Other traits could
include those associated with the maintenance of high levels
of membrane pumps and metabolism to respond quickly to
stochastic variation in the presence of toxins, low pH, damaging
levels of oxygen free radicals, and even drug therapy. These
traits are straying from dormancy per se but represent potentially
critical forms of bet hedging. Dormancy strategies likely best fall
into diversifying bet-hedging.

DISCUSSION—FROM ECOLOGY TO
CANCER AND BACK AGAIN

Cancer cells exist in a highly dynamic ecosystem where they
experience both competition and cooperation with nearby cells.
Increased understanding of the ecology and evolution of cancer
is leading to new treatment strategies, like adaptive therapies
that exploit cancer cell competition (Gatenby et al., 2009; Silva
et al.,, 2012; Zhang et al., 2017). Similarly, better understanding
dormancy from an ecological perspective may help devise new
approaches to target these cells by exploiting the mechanisms that
promote their awakening, maintenance, or eradication. Many
advances have been made through interdisciplinary approaches
between ecologists and cancer biologists. For such efforts
to be fruitful, however, collaborators must possess a mutual
understanding of technical terms such as “dormancy” and speak
a common language. We believe that if the cancer biology
community adopted a more precise definition of dormancy that
also includes issues of reduced feeding, metabolism, robustness,
stress tolerance, and reactivation costs rather than just lack of

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2021 | Volume 9 | Article 676802


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Miller et al.

Dormancy in Nature and Cancer

proliferation, then it would ease the journey of ecologists trying
to contribute to cancer research.

For the evolutionary ecologist interested in testing models
and ideas pertaining to dormancy, cancer provides diverse
experimental approaches. Cancer research can provide a rich
spatial and temporal resolution of data not typically attainable in
other natural or laboratory systems. In contrast to field studies,
experiments can be replicated within the same cancer under
a more controlled setting. Cancer biology may thus provide
multiple avenues for testing both ecological and evolutionary
theories of dormancy that are difficult to address otherwise.
For example, cancer cell dormancy occurs de novo across a
vast array of cancers, including multiple myeloma, prostate
cancer metastasis to the bone, and breast cancer metastasis to
the bone, lung, and brain (Phan and Croucher, 2020). This
broad occurrence of dormancy could allow for the exploration
of differences in how dormancy is regulated between cancers
or metastatic sites, and whether those mechanisms resemble
known regulation mechanisms found across taxa in organismal
dormancy. Because cancers evolve rapidly, experimental cancer
systems provide opportunities to test hypotheses regarding the
environmental characteristics that select for the evolution of
dormancy as an adaptation. Studying the evolution of cancer
cell dormancy may provide novel insights into the evolution of
dormancy at the organismal level.

Research on cancer brings an array of technologies for
conducting experiments in mice (Lee et al., 2018), in organoids, as
3-D spheroids, or more traditional 2-D culture techniques. RNA
sequencing (RNA-Seq) technologies permit measuring single
cell expression of genes associated with cellular metabolism,
proliferation, and cell membrane activity (Recasens and
Munoz, 2019). Methylation profiling (Ferrer et al., 2020) and
whole-genome or targeted genome sequencing can identify
heritable differences between cancer cells within a cell line
or between cell lines with diverse ecological properties (e.g.,
contrasts between breast cancer cells lines such as the highly
glycolytic MDA-MB-231 and the non-glycolytic MCF-7). The
Seahorse XF extracellular flux analyzer can measure single
cell metabolism of cancer cells in different metabolic states,
from different clones, or different cell lines (Bhatia et al.,
2021). Immunohistochemical staining of cell cultures of
histology preparations can identify metabolic markers of cell
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Intratumoral molecular cancer cell heterogeneity is conventionally ascribed to the
accumulation of random mutations that occasionally generate fitter phenotypes. This
model is built upon the “mutation-selection” paradigm in which mutations drive ever-
fitter cancer cells independent of environmental circumstances. An alternative model
posits spatio-temporal variation (e.g., blood flow heterogeneity) drives speciation by
selecting for cancer cells adapted to each different environment. Here, spatial genetic
variation is the consequence rather than the cause of intratumoral evolution. In nature,
spatially heterogenous environments are frequently coupled through migration. Drawing
from ecological models, we investigate adjacent well-perfused and poorly-perfused
tumor regions as “source” and “sink” habitats, respectively. The source habitat has
a high carrying capacity resulting in more emigration than immigration. Sink habitats
may support a small (“soft-sink”) or no (“hard-sink”) local population. Ecologically, sink
habitats can reduce the population size of the source habitat so that, for example,
the density of cancer cells directly around blood vessels may be lower than expected.
Evolutionarily, sink habitats can exert a selective pressure favoring traits different from
those in the source habitat so that, for example, cancer cells adjacent to blood vessels
may be suboptimally adapted for that habitat. Soft sinks favor a generalist cancer
cell type that moves between the environment but can, under some circumstances,
produce speciation events forming source and sink habitat specialists resulting in
significant molecular variation in cancer cells separated by small distances. Finally, sink
habitats, with limited blood supply, may receive reduced concentrations of systemic
drug treatments; and local hypoxia and acidosis may further decrease drug efficacy
allowing cells to survive treatment and evolve resistance. In such cases, the sink
transforms into the source habitat for resistant cancer cells, leading to treatment failure
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and tumor progression. We note these dynamics will result in spatial variations in
molecular properties as an alternative to the conventional branched evolution model
and will result in cellular migration as well as variation in cancer cell phenotype and
proliferation currently described by the stem cell paradigm.

Keywords: cancer heterogeneity, cancer vascularity, branching clonal evolution, source-sink habitats, cancer

ecology, cancer evolution

INTRODUCTION

Regional variations in the molecular properties of cancer
cells have been well established and are usually ascribed
to accumulation of genetic changes, often called branched
evolution, as each mutation initiates a new species (Fisher
et al,, 2012; Gerlinger et al., 2012; Zhang et al., 2019). This
conceptual model is built upon the gene centric view of
evolution, summarized as “mutation-selection,” in which cancer
cells experience random mutations at a rate higher than normal
cells and each mutation is then subject to selection by the overall
tumor environment. Though most mutations are deleterious,
the rare mutation that increases fitness will allow increased
proliferation producing a genetically distinct subpopulation and,
therefore, observable regional genotypic variations.

However, this paradigm (Archetti, 2013; Scott and Marusyk,
2017; Hinohara and Polyak, 2019) tends to neglect the role
of spatio-temporal heterogeneity in environmental selection
forces as a driver of evolution. In general, the fitness of any
cancer cell is defined by the interaction of its phenotype
with local environmental conditions. As conditions change
in space so will the optimal phenotype of the cancer cells.
Thus, natural selection may favor genetically and molecularly
distinct cancer cells phenotypically suited to the local habitat
type. But, these local habitat-specific cancer cell populations are
not completely isolated. They are connected and more or less
coupled through migration, the dispersal of individuals between
habitats (Figure 1). Here we explore migration as a previously
unrecognized driver of intra-tumoral evolution (Winker, 2000).

Initially described by Pulliam (1988), local movement of
individuals can connect adjacent habitats with very different
properties. For example, a “source habitat” has favorable
environmental conditions and, therefore, a positive per capita
population growth rate. Within tumors, a source habitat might
be one that is well perfused with a large carrying capacity.
In contrast, a “sink habitat” has unfavorable environmental
conditions in which net mortality exceeds reproduction resulting
in a higher within-habitat death than birth rate. In tumors,
this would correspond to a region with little or no blood flow
resulting in environmental conditions that, in the absence of
migration, supports few if any cancer cells. When physically
adjacent, these disparate habitats can be coupled through
migration; and, within these metapopulations, a large fraction
of individuals may reside in habitats that are, in the absence
of migration, insufficient to maintain a net positive growth
rate. Furthermore, consistent movement between habitats
may alter the evolution of cancer cell phenotype resulting
in habitat specialization or a single generalist cancer cell

type whose adaptations balance exposure to both habitats
(Holt and Gomulkiewicz, 1997).

In nature, it has been demonstrated, both theoretically (Brown
and Pavlovic, 1992) and empirically (Boughton, 1999), that
source-sink dynamics can act both spatially (Holt, 1985) and
temporally (Johnson, 2004) to profoundly influence regional
metapopulations residing in and moving between different
habitats (Gravel et al., 2010). In particular, migration between
habitats can result in speciation and subsequent co-existence of
multiple different species. Thus, in addition to mutation, genetic
drift and natural selection, evolutionary ecologists have come to
recognize migration as a significant evolutionary force (Brown
and Pavlovic, 1992). As noted by Brown and Pavlovic (1992)
“when viewed as a property of the environment rather than a
force of evolution, migration becomes part of the circumstances
to which evolution by natural selection responds.”

Within tumors, the ability of individual cells to migrate
(typically ~ 5 to 10 wm/h) is recognized as a critical phenotypic
adaptation for survival and cancer progression (Yamaguchi et al.,
2005; Polacheck et al., 2013; Te Boekhorst et al., 2016; Paul et al.,
2017; Staneva et al., 2019)). Migration is typically associated
with epithelial-to-mesenchymal transition, wherein the latter
phenotype is motile (Dongre and Weinberg, 2019). Once it
arrives at a novel location or tissue, the cell can undergo the
reverse: a mesenchymal to epithelial transition. Furthermore, the
cancer stem-cell paradigm (Li et al., 2007; Walcher et al., 2020;
Wang et al., 2020) posits a stem cell niche from which non-stem
cells migrate (i.e., phenotypically distinct and not self-replicating)
into adjacent tumor regions (Borovski et al., 2011). Here we note
that “stem cells” may indeed be cells that occupy a source habitat
and migration of these cells into a sink habitat produces both the
phenotypic variation and reduced proliferative capacity described
in the stem cell paradigm.

The specific source-sink dynamics depend highly on the
characteristics of the sink environment. A black-hole or hard-
sink habitat cannot sustain a viable population in the absence
of continued immigration. Regardless of population size, in a
hard sink, the individuals will experience a negative per capita
growth rate. Within tumors, this would correspond to a region
with little or no blood flow resulting in environmental conditions
with a carrying capacity that is near zero. Migration from the
source habitat can maintain a population within the sink habitat.
The existence of multiple microscopic clusters of viable cells
within macroscopic “necrotic” areas of tumors is well known in
pathology (Jardim-Perassi et al., 2019). Hard sink habitats can
provide some return migrants to the source habitat, influencing
evolution, and even ecologically rescuing a source habitat from a
catastrophic perturbation (Holt et al., 2004).
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FIGURE 1 | (A) A histological section showing spatial variations in intratumoral habitats. Cellular density is high in the upper left indicating a well perfused tumor
region. The lower and right side of the images shows regions in which most cells are necrotic indicating little perfusion. (B) A dorsal window chamber view of a tumor
grown in a mouse expressing endothelial GFP. Tumor cells are shown in white. As with the histological staining there is a clear well perfused vascular edge with a less
dense avascular internal region and a necrotic core. Migration rates of ~ 5 to 10 wm/h allow for individual cells to traverse within and between these habitats.

Alternatively, the less favorable habitat may act as a “soft”
sink, which can support a viable population, albeit one that is
much smaller than the source habitat. Asymmetries in population
sizes or migration rates means that more individuals move
from the richer habitat to the poorer than vice-versa. Under
density dependent population growth, this means the system
equilibrates to a steady state in which the source habitat is
underpopulated (below its carrying capacity) and the sink habitat
is overpopulated (above its carrying capacity). Source and sink
habitats may exert selection for quite different phenotypic and
genotypic properties; so much so that there is a potential for
speciation and diversification (Cure et al., 2017).

We propose source-sink dynamics contribute to the spatial
variability in molecular properties of cancer cells observed within
and between tumors in the same patient. Some regions of a
tumor and regions of the body represent hard sinks in which a
dispersing cancer cell faces near immediate death upon arrival.
For example, circulating tumor cells may extravasate (exit the
circulating system) into a tissue totally unsuitable for survival
so that a metastases never forms. Within the tumor, necrotic
zones provide a hard sink. Examples of soft sink habitats may
include poorly vascularized tumor regions or perhaps inflamed
but otherwise normal tissue at the tumor edge.

Here, we illustrate the eco-evolutionary dynamics associated
with source sink dynamics in black-hole, hard- and soft-
sink circumstances. We focus on how migration into a sink
habitat influences 1) local and total population sizes, 2) possible
extinction of the entire population, 3) evolution of a trait
that influence fitness in both the source and sink habitats, 4)
speciation under conditions of a soft-sink habitat, and 5) eco-
evolutionary responses to therapy that target the source habitat
or the predominant cancer cell type. Results from goals 1-4
will be familiar to those familiar with the expansive literature
on source sink dynamics (Diffendorfer, 1998). We demonstrate
how source-sink dynamics are applicable to cancers and can

produce the observed spatial variations in genetic and phenotypic
properties of cancer cells, and suggest critical issues in designing
patient treatment strategies.

MATERIALS AND METHODS

Here, we model a source habitat and consider three variations of
an adjacent sink habitat: a black-hole sink, a hard sink, and a soft
sink (Gravel et al., 2010; Borovski et al., 2011; Gerlinger et al,,
2012). In all cases the source habitat will generally be A and the
sink B. When habitat B is a black hole sink, any cancer cell that
migrates from A to B dies instantly. When habitat B is a hard
sink, cancer cells cannot proliferate but they may die off slowly
at some fixed per capita rate. When habitat B is a soft sink, it
can sustain a smaller population of cancer cells than habitat A
and becomes a sink habitat only because of the disproportionate
number of migrants into B than out of B.

Within habitat A and within habitat B when it is a soft sink,
cancer cells directly compete for space and limited resources.
While these cancer cells do not directly compete with cells in
the other habitat, they interact indirectly due to the dispersal of
cancer cells between the source and sink regions. This dispersal
is represented by a per capita migration rate that describes the
probability that an individual in one habitat migrates to the
other. This migration rate can also represent the habitat shifting
underneath stationary cancer cells, such as when vasculature
becomes unstable, shifting the boundary between well perfused
and poorly perfused microenvironments.

The competition of cancer cells within a habitat and migration
between habitats is analyzed using a game theoretic approach
in which a G function couples ecological (population) and
evolutionary (strategy) dynamics (Vincent and Brown, 2005).
This framework is built upon the three principles of Darwin’s
theory of natural selection: there must be heritable variation,

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2021 | Volume 9 | Article 676071


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Cunningham et al.

Source-Sink Habitats in Cancer

there must be a “struggle for existence” (i.e., limited resources and
space prevent all populations from growing exponentially), and
heritable variation must influence this struggle. In the G function
approach, one considers a focal (or virtual) cell with strategy
(= heritable phenotype), v, which, along with the strategies (u)
and densities (N4, Np) of competing cancer cell populations,
determines the cell’s expected fitness or proliferation rate. For
example, # may represent expression levels of key proteins
implicated in cellular proliferation. Here, we let u = (uy, ...uy)
be the vector of strategies of the n different species where u;
represents the strategy of species i = 1, ..., n. Note that the length
of this vector can change dynamically in time: as species diversify
or go extinct, the vector will correspondingly expand or shrink.
Here, we assume that species are identical except for the values of
their strategies. Let Ny = (N}, ..., N%) and Ng = (N, ..., N}j) be
the vector of population sizes in the source habitat A and the sink
habitat B, where N, represents the population size of species i in
habitat A. Let F4 and Fp describe the fitness of a cancer cell in
the source (A) and sink habitats (B), respectively. We assume that
fitness within a habitat is only influenced by the cells within that
habitat where F4 (v, u, N4) and Fp (v, u, Np).

We assume random migration between the two habitats where
my is the per capita migration rate of cells from habitat A to
habitat B, and vice versa for mp. We assume these migration
rates are constant but this could be relaxed to include density-
dependent habitat selection (Rosenzweig, 1981; Tarjuelo et al.,
2017) and migration rates themselves could become a component
of the heritable strategy (Morris, 1991; Schmidt et al., 2000).
The number of cells in the source increases as the source cells
proliferate, and through incoming migration from the sink. The
number of cells in the source decreases due to outgoing migration
to the sink. These dynamics also apply, respectively to the sink.
The change in population size of each habitat can be written as:

Ny = N, Fa ( Na)l,—y, — maN’ + mpN}
o~ Nafa(, w, A ly=y; — maNy + mpNp
d—N;B—N"F(quN — mpNk + muN’
dr = INg B \V, U, B)ly=u; mp B mx A

To simulate the eco-evolutionary dynamics of cancer cells,
we treat our habitats as different states in the life history of
cancer cells, coupled via migration. This framework allows us to
capture the population dynamics of cancer cells with a population
projection matrix. Each entry in the matrix represents transitions
between the two life history states. An ecologically inclined
reader may notice that this is analogous to the Leslie matrix
for structured populations. Our population projection matrix,
denoted by P, can be written as:

P= FA—mA mp
- ma Fg — mp

Then, we can represent our population dynamics as

dN}, .
I Ni
dt B

Though we can use this matrix to simulate population dynamics,
we must still construct a fitness function to capture strategy
dynamics. We can define this fitness function as the dominant
eigenvalue of the population projection matrix since this is what
controls (approximates) long-term behavior (Vincent et al., 1993;
Vincent and Brown, 2002). In other words, we have

G (v, u, Na, Np) = max(Re(4;))

where ); are the eigenvalues of P. Then, the evolutionary
dynamics of u; depends on the local gradient of the G function:
how the fitness of the cells change due to perturbations in the trait
value and the rate at which cells can climb this fitness gradient.
Mathematically, the evolutionary dynamics of species i can be
formalized (Vincent et al., 1993) as:

where ¢ is a measure of additive genetic variance, in accordance
with Fisher’s fundamental theorem of natural selection. The %
term captures the local gradient of the fitness generating function
at v = u;. To reiterate, a cell’s fitness, G (v, u, Na, Npg), depends
on its own strategy, v, the strategies of the other tumor cells,
u, and the population sizes of tumor cells in the source habitat
(A) and the sink habitat (B), N4 and Np. The fitness generating
function, G, describes the ecological (changes in total and local
population size, N4, Np), and % describes the evolutionary
dynamics (changes in the populations heritable strategy values,
u). If at v=u;, G(v, u, Ny, Ngp) = 0 then NA and Ni,
the total population size of species i, will increase and vice-
versa for G < 0. The direction of the strategy dynamics can
be seen by the adaptive landscape which plots G versus the
focal cell’s strategy, v, while holding the other cells’ strategies (u)
and population densities (N4, Np) constant. A species strategy
u; will climb the adaptive landscape until the system reaches
a stable point where it is both evolutionarily (0G/dul,_,, = 0)
and ecologically stable (6N2/6t = aNI’;/at =0). Asu, N4g, Np
change, so too does the entire adaptive landscape, sometimes
dramatically (Vincent and Brown, 2005).

We now consider the eco-evolutionary outcomes when the
system starts with just a single species: n = 1. Interestingly, the
eco-evolutionary stable point can occur at either a minimum
or a maximum of the adaptive landscape (Cohen and Brown,
1999). If the stable point is at a maximum of the landscape
where (62G/0u? < 0), the cancer cells have evolved to their
evolutionary stable strategy (ESS) (Vincent and Brown, 1988).
On this other hand, if the stable point is at a minimum of
the landscape (62G/ou? > 0), the cancer cells might speciate
(= evolutionary branching, Geritz et al., 1998), creating two
distinct cancer cell types or “species” each with its own
unique strategy u; and up. These species will climb to their
respective peaks of the adaptive landscape to reach their own
unique ESS. Hence, when there is just one species: u = u; and
Ny = N}‘, N = N}\. When there are more than one species
u, Na, Npbecomes vector valued. Each species will have its own
strategy and its own population distribution between the source
and sink habitats.
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The habitat-specific population dynamics % and Y&, and

habitat-specific fitnesses F4 and Fp, for the black-hole sink, hard
sink, and soft sink are described in Box 1. We set ry = rg = 0.025
(many patient’s tumors experience growth at rates of 2.5 % per
day) as the maximum growth rate of each habitat. The functional
forms for carrying capacities and death rates are provided in
Box 1. The strategy of the focal cell, v, influences either its
habitat-specific carrying capacity or habitat-specific death rate:
K4 (v), Kg(v), and dg(v). For the relationships between K4 (v) and
Kg(v) and v, we use a quadratic equation. The parabolas were
scaled so that at v =1, K4(1) = 100 (maximum achievable
carrying capacity in habitat A) and Kp(1) = 25 (the less well
perfused habitat can support just 1/4 as many cells when the
cells are best adapted for A). At v = 0 (best adapted for habitat
B), we let both habitats have the same carrying capacity of 50:
Ka(0) = Kp(0) = 50. Thus, as v goes from 0 to 1 the cancer
cell’s carrying capacity in habitat A goes from 50 to 100, and its
carrying capacity in habitat B declines from 50 to 25 (Figure 2).

To determine the effects of migration on the dynamics of
the evolutionary game, we numerically solved for the ESS.
We consider values for m4 and mp in the range from very
slow migration (mp = mp = 1074 to very fast migration
(ma = mp = 10°). We initialize each numerical run of the model
by assuming that the cancer cells originate primarily in the source
habitat A. In this way, we set the population density in habitat
A to relatively full, No(0) = 95, habitat B to relatively empty
Np(0) = 5, and all cells with the strategy that maximizes fitness
in habitat A, v = 1 at time zero.

Modeling Treatment

The models for the black-hole, hard and soft sinks in Box 1
determine the cancer’s ecological and evolutionary dynamics
in the absence of patient treatment. Within the context of
the soft-sink model, we consider two types of treatment,
habitat dependent and cancer cell phenotype dependent. Habitat
dependent treatments are more effective in the source habitat
than the sink habitat and have been previously modeled
(Fu et al, 2015; Moreno-Gamez et al.,, 2015). In cancer,
chemotherapeutic drugs perfuse more thoroughly through
regions near the vasculature (source habitat) than habitats

farther from vasculature (sink habitat). The diffusion dynamics
that reduce nutrient concentrations away form blood vessels
also reduces the concentration of systemically delivered drugs
(Perez-Velazquez and Rejniak, 2020).

We additionally present a model for phenotype dependent
treatment, where drug efficacy depends on the strategy of
the cancer cells. This represents a targeted therapy that is
maximally effective for a given strategy value and drug efficacy
then declines as the cancer cells' strategy deviates from the
therapeutically optimal value.

To consider a habitat-dependent treatment, we add a death
term that represents a habitat-specific therapy-induced death
rate:

dNA i i i i
e = N,Fp — maNy + mpNp — yaN,
dNj j j j
dt NBFB mpNp + maN, — ypNp

where y, represents the fraction of cells that die due to treatment

in habitats A and B. We set y4 = 0.05 and yp = 0 due to the

increased delivery of drug to the well vascularized source habitat.
We model strategy dependent treatment as:

—N‘t‘ = N\ Fy — maN, + mpNi — y ( )Ni
. vata T maNy T mpNg = 7 (V)Ny
dNB = NiFp — mpNs 4+ maN', — y (v)N}
m sFp — mpNg + maNy — 7 (v)Np

where y (u) captures how effective the treatment is as a function
of the cancer cell strategy, v. Specifically, we use the following
form for y (v) :

(v = vopr)°
ot

y () = yexp(— )

where y represents maximal drug efficacy set here to 0.05, vop
is the cancer cell strategy at which the drug is maximally effective
(v =1), and o; is a measure of how “general” the treatment is set
here to 0.05. As the cancer cell’s strategy deviates from vy, drug
efficacy declines according to a Gaussian curve. Figure 3 depicts
the shape of this functional form.

BOX 1 | Mathematical model of all three sink habitat scenarios including the population dynamics, habitat fitness functions, and the properties of the habitats with

respect to a cell’s strategy.

Black-Hole Sink Hard Sink Soft Sink
Population Dynamics N, gt =NyFa — mAN n, gt =NyFa— mAN +mBN N, gt = NyFa —maN, +mBN’
"C’Yt = NiFg — mgNi +maN, Lo = NijFg — maNi +mah,
P _ Ka()=N, _ Ka)=37 . Ka)=37L N,
Habitat fitness Fa=ra (W) Fa=ra (T\//)‘ Fg=—ds () Fa=ra T(V/)w
Ke ) =371 N
Fs =I’B( 5 VKB%)1 B)
) ) Ka (V) = aka x (v — hia)® + K Ka (V) = aka x (v — hia)® + K
Habitat properties Ka (v) = aka x (v — hia)? + kx, A W) =aia x ( KA)2 Ka A W) =aia x ( KA)2 a
Kg (v) = adg X (V - th) + kdB Kg (v) = g X (V - th) + kKB
ax, = —50 Ky = =50 &gy = 0.0 3y = 80 & = —25
hk, = 100 hi, = =50 hg, =0 hy, = =50 hy, =0
ki, =1 kg, =100 kg, = 0.005 Kk, = 100 ki = 50
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Habitat A Carrying Capacity for all
Source-Sink Dynamics
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FIGURE 2 | Habitat properties for the source and sink habitats defined in Box 1. The source habitat, which is the same for all three sink habitat analyses, has a
maximum carrying capacity at a strategy equal to 1. This carrying capacity then falls as the strategy moves away from strategy value 1 toward a minimum carrying
capacity of 50 with a strategy equal to 0. For the hard sink dynamics, habitat B is defined by a death rate. Here the death rate is minimized at a strategy equal to O.
This death rate increases at the strategy moves away from 0 to a maximum death rate of 0.015 at a strategy equal to 1. Lastly, the carrying capacity of the soft sink
habitat B has a maximum of 50 at a strategy equal to O. As the strategy moves toward 1, the carrying capacity falls to a value of 25.
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Hard Sink Dynamics
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Soft Sink Dynamics
100 " T

80

60

Ky

40

20

0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

RESULTS
Black-Hole Sink

The black hole sink supports no population. From the perspective
of the source population, migration to the black-hole sink
represents a per capita death rate, shown in Figure 4. From the
perspective of the cancer patient, any movement of cancer cells
into surrounding tissue or extravasation of CTCs into completely
inhospitable tissues is beneficial.

The ESS for all values of my is u* =1, as there is no
tradeoff for balancing fitness in the source versus the sink habitat.
With very slow migration rates, m4 = 1074, the source habitat
can maintain a population density very close to its carrying
capacity. As the migration rate increases, the ESS population
size falls until a critical value of my = r4 = 0.025. When the

0.05

0.04 |

o

o

&
;

5
=}
[}

Treatment Efficacy

0.01}

0 L
0.4 0.6
Strategy

0.8 1

FIGURE 3 | Targeted therapy efficacy as a function of trait value. Therapeutic
efficacy is maximized when v = 1 and drops off in a Gaussian fashion as trait
values diverge fromv = 1.

migration rate is greater r4, the sink habitat will drain the source
population to extinction.

Hard Sink

In a hard sink, the ESS is significantly altered by the migration
rates. Due to cells’ exposure to the sink habitat B where the
strategy that maximizes fitness is #* = 0, the ESS u* is not always
equal to 1 (Figure 5). In general, when my is very low, regardless
of the migration rate mp, the ESS is u* = 1, as cancer cells mostly
reside in and experience habitat A. When the migration back
to the source, mp, is negligible, we can again see the critical
my = ra = 0.025 where, the source habitat drains the source
habitat to extinction.

In the absence of migration from the sink habitat to the source,
the hard sink acts like the black hole sink with the exception
that during the transient dynamic to extinction, there can still
be a sizable population in the sink habitat. Such transients are
difficult to detect from histologies of biopsy samples, though
indirectly one may be able to estimate birth and death rates
of cancer cells from immunohistochemical stains such as Ki67
(a proliferation marker) and CC3 (an apoptosis marker of cell
death) (Johnson et al., 2019).

When there is migration from the sink back to the source,
then the eco-evolutionary prospects of the source habitat and
tumor change dramatically. This becomes of interest as cancer
cell movement from necrotic regions (micro-scale or large scale)
or regions of hypoxia is likely within tumor microenvironments,
especially when cancer cells remain relatively stationary while the
habitats themselves form and shift in space.

Of most interest is when the migration rates m, and mp are
such that the source population supports a population in the sink
habitat. Under these migration rates, the ESS is a compromise
between u* =0 and u* = 1. A generalist species evolves that
sacrifices carrying capacity in the source habitat for survivorship
in the sink. In this way, the presence of a hard sink habitat
pulls the ESS of the entire population, including those cells
in the source habitat, away from the optimal strategy of the
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FIGURE 4 | Ecological and evolutionary ESS of a black-hole sink. Left panel shows the ESS population density in the source habitat as a function of migration rate.
As migration rate increases, more cells are constantly migrating out of Habitat A resulting in a lower sustainable population. Right panel shows that for every value of
migration rate, the ESS value is equal to 1, as this strategy maximizes the carrying capacity in the source habitat.
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source habitat. Survival and reseeding from the sink becomes
ecologically and evolutionarily consequential.

For example, Figure 6 shows how the adaptive landscape,
cancer strategy value, and habitat-specific population sizes
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FIGURE 5 | Evolutionary stable strategy in the presence of a hard sink for all
combinations of ma and mg. With both migration rates slow (bottom left
corner) the ESS remains equal to one as the exposure to the sink habitat is
minimal. This is the same for the upper left corner where cells migrate at a
slow rate out of habitat A and quickly migrate back, again minimizing the
exposure to the sink habitat. In the lower right, the population can not survive
as cell migrate quickly out of the source habitat and get ‘stuck’ in the hard
sink, eventually dying before being able to return to the source where
proliferation is possible. In the upper right corner where cells are migrating
back and forth between the habitats quickly, the exposure to the sink habitat
pulls the ESS u* away from 1 and toward the ESS of the sink habitat

which is 0.

change over time for my = mp = 10~!. When the source habitat
starts out relatively full and the sink habitat relatively empty, all
cells have a strategy maximizing fitness in the source habitat,
the adaptive landscape shows that decreasing the strategy value
will increase overall fitness, G. The cancer cells’ strategy climbs
the adaptive landscape until the slope of the landscape is zero
(6G/0u = 0) and the population sizes equilibrates so that fitness
is 0 (G = 0). The ESS at this stable point is u* = 0.5358, and
the distribution of individuals between the two habitats is N} =
63.18 and Nj; = 58.57.

This generalist strategy of u* = 0.5358 allows for a total
population size of N* = 121.75 that is greater than the maximum
population that can be sustained by the source habitat alone,
100. For all combinations of my ~ mp where both are greater
than ~ 1072, the total ESS population size is greater than 100,
reaching a maximum possible N* of 124.1 (Figure 7). With a
sufficiently low dp (v), the sink habitat can even harbor more
individuals than the source habitat. For these reasons, the sink
habitat can influence the ESS by selecting for a population wide
u* < 1. This evolution allows the sink habitat to become a
large reservoir of cells that can repopulate the source habitat
following perturbations such as therapy. Population size alone
cannot be used to infer which microhabitats in tumors are
sources and hard sinks.

Soft Sink

In a soft sink, both habitats can support a population
independently, allowing for positive per capita growth rates in
each habitat when population sizes are small. This creates an
opportunity not available in black hole or hard sinks for the
ESS to contain two species when migration rates are relatively
low. For example, Figure 8 shows the adaptive landscape and
evolutionary dynamics over time for m4 = mp = 107>, Under
the initial conditions, where habitat A is relatively full, habitat B
relatively empty, and all cells have a strategy maximizing fitness

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2021 | Volume 9 | Article 676071


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Cunningham et al.

Source-Sink Habitats in Cancer

>

100

Total Population in Each Habitat

w

o
)

230.6 |

[3)

3204r¢
02}

0 100

300
Time

200

400

t=10

Fitness

500

E ,xw0?®

0.4 0.6
Strategy

0.8

Fitness.
°

0 100

300
Time

200

400

500 600 3

0 0.2

0.4 0.6
Strategy

0.2 0.4 0.6 0.8 1
Strategy

Fitness.
o

FIGURE 6 | Ecological and evolutionary dynamics in the presence of hard sink where ma = mg = 1071, (A) Population dynamics of habitat A and B showing the
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quick migration out of the initially large source population to fill the sink habitat followed by dynamics toward the stable population densities. (B) The strategy value
over time decreases away from 1 to a generalist strategy between 0 and 1. (C) The adaptive landscape at the initial conditions, where the source habitat is relatively
full, the sink habitat is relatively empty, and all cells have a strategy maximizing fitness in the source habitat shows that fitness could be greatly increased by
decreasing the strategy value and climbing the adaptive landscape. (D-F) As time progresses the strategy value climbs to an ESS of u* = 0.5358. Supplementary

Movie 1 provides a movie of the panels presented in (C-F).
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in a total ESS population greater than would be available with only the source sink.
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FIGURE 7 | ESS population density of habitat A, habitat B, and the total combined population in the presence of a hard sink. The population is specialized to habitat
A when the migration rate mp is relatively low (lower left quadrant and upper left quadrant of each panel) reaching the carrying capacity of habitat A with relatively low
density in habitat B. When the migration out of the source habitat A is fast and there is low migration back from the sink (lower right quadrant), the population

declines to extinction. When there is a balance of migration rates (upper right quadrant), a generalist strategy allows for cells in both habitat A and habitat B, resulting

Total Population N*¥

in habitat A, the adaptive landscape shows that decreasing the
strategy value will increase fitness. Interestingly, the convergent
stable point is at a minimum of the landscape (6°G/ou? > 0), and
the cancer cells should speciate, creating two distinct populations
or “species” each with its own unique strategy. These species
climb their respective peaks of the adaptive landscape to reach
an ESS with two species.

Each species becomes a specialist on their respective habitat.
In this way, species 1 has a strategy of u* ~ 1 that maximizes
carrying capacity in habitat A, while species 2 has a strategy of
u* ~ (0 that maximizes carrying capacity in habitat B (bottom
left corner of Figure 9). In cancer, this likely explains some of
the heterogeneity in cancer cell types (Lloyd et al., 2016), and is

most likely to promote diversity when habitats are relatively large
and contiguous, thus reducing migration rates between them. In
line with this, secondary tumors in different tissue types from
the primary tumor will evolve cancer cells with quite distinctive
phenotypes appropriate to the specific tissue type (Klein et al.,
2002; Quinn et al., 2021). Such divergences have also been seen in
3-D cancer cell culture experiments (Ruud et al., 2020).

When migration rates are relatively high for both m4 and mg,
the rapid movement of cells between habitats selects for a single
generalist species (upper right corner of Figure 9). Interestingly,
when m, and mp are at opposite extremes (consider the upper
left corners and lower right corners of Figure 9) the ESS
tends to specialize on the habitat with high immigration and
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FIGURE 8 | Ecological and evolutionary dynamics in the presence of soft sink where ma = mg = 1073, (A) Population dynamics of habitat A and B showing habitat
B filling up with migrant cells from the source habitat A, then both cell populations maximizing their respective carrying capacities after speciation. (B) The strategy
value over time, showing a speciation event at around time 1000. These dynamics are seen in the panels (D-G) with respect to the underlying adaptive landscape.
(C) The population densities broken down between both species and habitat. Species 1 is the only species filling both habitats before the speciation event.
Afterwords, habitat B is filled with species 2 having a strategy equal to 0 maximizing fitness in this habitat, while habitat A remains filled with species 1. (D) The
adaptive landscape at the initial conditions, where the source habitat is relatively full, the sink habitat is relatively empty, and all cells have a strategy maximizing
fitness in the source habitat shows that fithess could be greatly increased by decreasing the strategy value and climbing the adaptive landscape. (E) The population
evolves to a minimum in the adaptive landscape. (F,G) Speciation occurs and the individual species climb their respective peaks. Supplementary Movie 2 provides

a movie of the panels presented in (D-G).

low emigration. For example, the upper left corner has high
immigration into habitat A from habitat B, and low emigration
from habitat A to habitat B. Here we see the ESS selects for
u* = 1, which is the optimal strategy for habitat A. The same is
true, but opposite for the lower right corner.

The migration rates favoring a single generalist, single
specialist, and speciation to two coexisting specialist species are
shown in Figure 10.

For the adaptive landscape example shown in Figure 8
where my = mp = 1073, the total ESS population is N* = 144.2,
well above the carrying capacity of the source habitat alone
(Figure 11). In the single specialist regions, the total population is
near or a little above the carrying capacity of the habitat to which
the species is specialized. The region where a single generalist
strategy is the ESS, like that in the hard sink, can also sustain total
populations greater than each of the habitats individually.

It is important to note that if each habitat can support
individuals alone, the definition of the source and sink habitat are
context dependent. There are indeed regions where the migration

rates and populations in each habitat make habitat B the source
where Fg > 0 and habitat A the sink where F4 < 0.

Consequences of Habitat-Dependent
and Phenotype-Dependent Therapies

Witihin the context of a soft-sink, we set migration values to
my = mp = 107> so as to be in the speciation regime of the
phase portrait, and analyze the eco-evolutionary dynamics of
cancer cells under two types of therapy: habitat dependent and
phenotype dependent. First, we consider habitat treatment under
which all species in habitat A (the source habitat) are subject
to the effects of therapy, regardless of their strategy. Species in
habitat B are not directly affected by this treatment. In ecology,
this is analogous to the application of pesticide to a portion
of farmland. In cancer, it pertains to the pharmacokinetics of
drug delivery through vasculature and the size of the tumor.
The drug may only reach certain areas of the tumor at high
concentrations (source habitats) but is unable to permeate other
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FIGURE 9 | ESS in the presence of a soft sink. Due to the possibility of speciation, the strategy for both species 1 and species 2 are shown independently in the first
two panels, and the differences between them is shown in the right panel. Where the population is specialized to habitat A (upper left quadrant) the single species
ESS converges on u* = 1. Where the population is specialized to habitat B (lower right quadrant) the single species ESS converges on u* = 0. Where the population
takes a single generalist approach (upper right quadrant) the ESS compromises and converges to a strategy between 0 and 1. Where the population speciates
(lower left quadrant), each species converges to strategy that maximizes fitness in their respective habitats: u* = 0 and u* = 1.
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regions of the tumor (sink habitats), sheltering these cells from
the effects of therapy.

To simulate habitat treatment, we simply eliminate 5% of
the cells in habitat A at each time step in the simulation. This
changes the source habitat into a sink habitat and vice versa.
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FIGURE 10 | In a soft sink, migration rates, ma and mg, determine whether
the ESS has a single generalist species, single specialist species, or
speciation resulting in the coexistence of two specialist species. The
population is specialized to habitat A (upper left quadrant) when the rate of cell
migration out of habitat A is low and the rate of cell migration back into habitat
A'is high. Alternatively, the population is specialized to habitat B (lower right
quadrant) when the rate of cell migration out of habitat B is low and the rate of
cell migration back into habitat B is high. When the migration between both
habitats in low, the population speciates with each species specializing on one
habitat. In the other regions, the ESS converges to a single generalist species
with a strategy that represents a compromise between the two habitats.

As such, cells in habitat A go extinct, while the cell populations
in habitat B remain at their carrying capacity (Figures 12A,C).
Since habitat A can no longer support any cells, species 1, which
formerly specialized in habitat A, evolves toward a strategy of
v = 0 converging on that of species 2 (Figure 12B). Even as
species 1 evolves toward specializing on habitat B its population
declines, potentially to extinction, as a consequence of species
2 already being a habitat B specialist. The ESS goes from two
specialist species prior to therapy to a single specialist species
following therapy. These changes can clearly be seen in the
adaptive landscapes (Figures 12D-G). Before the application of
therapy (Figure 12D), there exist two peaks on the adaptive
landscape: one at v = 1, habitat A which species 1 occupies, and
one at v = 0, habitat B which species 2 occupies. However, once
therapy is administered, the two peaks of the adaptive landscape
change into a single peak at v =0, corresponding to being a
habitat B specialist. Species 1 is initially entirely unfit for this
habitat (Figure 12E), but eventually evolves (Figure 12F) and
converges on the strategy at v = 0 (Figure 12G).

Now, consider a phenotype-dependent therapy or targeted
therapy whose efficacy depends on the species’ trait value,
regardless of their habitat. In ecology, the targeted therapy may
be analogous to fish harvesting by humans, with the species’
trait representing fish body size. In cancer, the targeted therapy
(Herceptin) may target a specific protein (HER-2) in a cancer
metabolic pathway. In both instances, one can imagine that the
targeted therapy will not be effective at low values of the trait
(a small fish or a cancer cell with a low expression of the target
protein) but may be highly effective for high values of the trait.

We simulate targeted therapy by using a maximal efficacy of
5% at the cancer cell strategy at which the drug is maximally
effective (v =1), with efficacy falling as v diverges from 1
(Figure 3). First, consider the overall dynamics in Figure 13A.
We note that the total population (combined over both species)
in habitat B remains remarkably constant for the entirety of the
simulation. Because most of the individuals in habitat B have a
strategy value less effected by the targeted therapy, cancer cells
in habitat B suffer a smaller decline from therapy than those in
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habitat A (upper left quadrant) the ESS population density reaches the carrying capacity of habitat A, with relatively low density in habitat B. Where the population is
specialized to habitat B (lower right quadrant) the ESS population density reaches the carrying capacity of habitat B, with relatively low density in habitat A. Where
the population evolves a generalist strategy (upper right quadrant) the ESS population can exceed the maximum carrying capacity provided in the source habitat,
with substantial numbers of cancer cells in both habitat A and habitat B. Where the population speciates (lower left quadrant), each species can nearly reach its
maximal carrying capacity within its preferred habitat, allowing the total ESS population to approach N* = 150.
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FIGURE 12 | Effects of Habitat Treatment. Habitat A can no longer support any cells, and evolution drives species 1 to evolve toward v = 0 to persist in habitat B.
(A) The total population in habitat A crashes to 0, while the total population in habitat B remains at its carrying capacity. (B) Since habitat A is no longer viable,
species 1 evolves its strategy toward v = 0 in an attempt to remain extant in habitat B. (C) Species 1 crashes in habitat A after the application of treatment and is not
able to evolve its strategy fast enough to persist in habitat B. There is little to no change in population density of species 2 in habitat B. (D-G) Depictions of the
adaptive landscape over time. Before application of therapy, there are two peaks in the adaptive landscape, corresponding to the two viable habitats. After therapy is
administered, the peak corresponding to habitat A vanishes and species 1 evolves toward the peak at v = 0. Supplementary Movie 3 provides a movie of the
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habitat A. Because the targed therapy is most effective against
cancer cells specialized on habitat A, the population in A drops
dramatically immediately after therapy is administered. At least

initially, this therapy that targets a cancer phenotype v = lhas
a similar effect as the habitat-dependent therapy. But, in time,
the effect is dramatically different. Species 1, whether residing in
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FIGURE 13 | Effects of Targeted Therapy. (A) The total population in habitat A drastically declines immediately after administration of therapy, but gradually recovers
as cells evolve viable trait values. The total population in habitat B stays near its carrying capacity. (B) Species 1 evolves a lower strategy to reduce impact of therapy.
Species 2 initially evolves a higher strategy in an attempt to occupy the empty niche in habitat A. Once species 1 becomes viable in habitat A, species 2 evolves its
strategy back down to near v = 0. (C) Transient dynamics: species 1’s population crashes and species 2 attempts to occupy the empty niche in habitat A.
Long-term dynamics: species 1 evolves a lower strategy, allowing it to outcompete species 2 in habitat A and allowing species 1 to persist in habitat B at a lower
level than species 2. (D-G) Depictions of the adaptive landscape over time. Before application of therapy, there are two peaks in the adaptive landscape,
corresponding to the two viable habitats. After therapy is administered, the peak corresponding to habitat A shifts toward the one for habitat B; species 1 evolves
toward this shifted peak. Supplementary Movie 4 provides a movie of the panels presented in (D-G).

habitats A or B, can evolve resistance by having a lower strategy
value that also has the additional benefit of making species 1 more
of a generalist.

Once species 1 evolves a lower strategy, evolutionary
rescue is possible and population size recovers. However, note
this lower strategy reduces the maximal carrying capacity in
habitat A, leading to a lower population equilibrium than
prior to treatment. Now, consider species-specific dynamics
(Figures 13B,C) in which species 1 rapidly declines following
therapy. Initially this leaves an open niche in habitat A
to which species 2 evolves a higher strategy value. Thus,
simultaneously, the strategies of both species 1 and species 2
begin to converge on more generalist phenotypes - species 1 as
a form of therapy resistance and species 2 to take advantage of a
depopulated habitat A.

Eventually, species 1 evolves into a generalist that allows
it to be therapy resistant and to repopulate habitat A though
not at the same abundance as pre-treatment. As species 1
recovers, species 2 is again under selection to be a habitat B
specialist. Interestingly, at the new post-treatment ESS, species
1's generalist strategy allows it to have substantial population

sizes in both habitats at the expense of species 2. Compared
to the pre-treatment ESS, species 2 is still virtually absent from
habitat A and resides in habitat B at a reduced population
size. While the transient dynamics of the adaptive landscape
(Figures 13D-G) are dramatic, both the pre- and post-treatment
ESSs lead to adaptive landscapes with two peaks. Once therapy
is administered, habitat A’s peak shifts closer to habitat B’s,
capturing a trade-off between maximizing carrying capacity in
the habitat and avoiding effects of treatment.

The source-sink dynamics led to a counterintuitive result
where targeting the phenotype of species 1 actually resulted in
an increased number of this cancer cell type as the cancer cells
evolved toward a new post-treatment ESS. This result happens
because of the strong selection for habitat specialists with or
without therapy. If there was only a weak tradeoff between habitat
specialists then the pre-treatment system could either have a
single generalist species or two specialist species that are not so
extreme in their traits values. If the former, then with therapy,
the single generalist species would evolve further toward being
a habitat B specialist. If the latter, then the habitat A specialist
might evolve so far toward the habitat B specialist or vice-versa
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that one type would go extinct leaving just a single generalist
cancer cell type.

DISCUSSION

Here, we investigate a relatively unrecognized dynamic in
intratumoral evolution - the role of cell migration. Movement
of individual cells can have population effects by coupling
source-sink habitats, which we show can have profound
consequences for tumor biology and treatment. Ongoing
intratumoral evolution is frequently described as “branching
clonal evolution.” That is, cancer cells are subject to genetic
mutations and, when a rare mutation results in increased fitness,
this new molecular clone expands into an observable population
(Greaves and Maley, 2012). However, branching clonal evolution
neglects the striking spatial heterogeneity in local environmental
conditions, governed primarily by changes in blood perfusion,
that are characteristically observed in cancers at macroscopic and
microscopic levels. Thus, the selection forces within a tumor will
vary considerably. Physically adjacent microscopic regions of a
tumor can have dramatically different environmental conditions
(Losic et al., 2020).

In contrast to this conventional “mutation-selection”
sequence, we propose intratumoral evolution is primarily
driven by spatial and temporal variations in environmental
conditions. That is, cancer cells in regions of hypoxia and
acidosis evolve different phenotypic properties than, for example,
those in physiologic environments that may also contain
more “predatory” immune cells. This generates frequency-
and density-dependent selection within and between tumor
microenvironments (Bozic et al., 2012; Soman et al., 2012)
produce local cancer cell phenotypes and corresponding
genotypes most suited to particular microenvironments — either
as generalist or specialist cancer cell types. Thus, mutations
that encode phenotypic adaptations suitable for the local
environment will become frequent in the extant population.
These genetic changes are consequences of evolution by natural
selection, not the cause (Vincent and Brown, 1988).

Furthermore, a cancer biology paradigm that is difficult to
reconcile with evolutionary dynamics is the stem cell hypothesis
which posits self-replicating stem cells (Walcher et al., 2020)
within a specific niche (Borovski et al., 2011; Oskarsson et al.,
2014) give rise to phenotypically variable and non-replicating
cells that populate the remainder of the tumor. Evolutionarily, the
production of non-replicating daughter cells would be extremely
wasteful of scarce resources and likely be subject to negative
selection. However, these observed stem cell dynamics could arise
from the migration of proliferative and phenotypically distinct
cancer cells from source habitats to sink habitats where they
adopt a different phenotype and are much less proliferative.

When migration occurs between a source and sink habitat,
we demonstrate that, even when the sink habitat cannot
maintain a long-term population (e.g., hard sink habitat), it
can act as a reservoir of cells that migrate from the source
habitat thus maximizing the global population. Furthermore, a
harsh sink environment may promote epigenetic modifications

(e.g., increased HIFla expression resulting in upregulation of
xenobiotic pathways (Vorrink and Domann, 2014)) that promote
resistance to treatment. Thus, the sink habitat may become a
source for cells that are also more resistant to subsequent cycles of
treatment (Lavi et al., 2013).

In contrast, a soft sink habitat can maintain a small, self-
reproducing population. Here, migration from the adjacent
source habitat can increase the population of the sink habitat.
However, unlike a black hole or hard sink habitat, cells that
migrate into a soft sink habitat may proliferate. This is a critical
distinction, because proliferation of the migrant cells in the sink
habitat is determined by their fitness relative to that of competing
native cells. Thus, although the migrant cells are the result of
evolutionary selection in the source habitat, their proliferation
in the sink habitat is governed by phenotypic adaptation to
conditions in the sink habitat. These dynamics can promote
“speciation” so that cancer cells even in adjacent tumor regions
can have significantly different molecular properties.

Thus, migration of cancer cells between source and sink
habitats can produce the clinically observed regional variations
in the molecular properties of cancer cells as an alternative to the
branching clonal evolution paradigm. Both the spatial variations
in the molecular properties of cancer cells in the same tumor
at microscopic and macroscopic scales (Gerlinger et al., 2012;
Greaves and Maley, 2012; Gerashchenko et al., 2013; Losic et al,,
2020) and cancer cell migration (Yamaguchi et al., 2005; Chung
etal., 2010; Huang et al., 2011) have been extensively investigated.
Yet, to date, no experiments have directly tested the source-sink
dynamics described here. Microfluidic co-culture systems may
provide an opportunity. There could be adjacent chambers with
high (source) and low (soft or hard sink, depending) nutrient
availabilities. Hydrogel stiffness could be used to vary migration
rates into and out of chambers. Fluorescent labeling could allow
for measures of migration, population dynamics, and phenotypic
and genotypic changes over time both within and between
chambers (Soman et al., 2012; Mi et al., 2016).

We note coupled source-sink habitats may additionally
have clinical significance by promoting evolution of resistance
following treatment. Thus, while therapy is successful in the
source habitat due to increased drug delivery in the case of
systemic therapy or improved oxygenation that increases the
efficacy of radiation therapy, the source-sink dynamics could
reverse after therapy as the surviving cells in the sink habitat
become a source, allowing reverse migration and recolonization
of the hitherto superior habitat (“rescue effect” in ecology,
(Gotelli, 1991)). Adding therapy to the microfluidic co-culture
experimental system could address these results.

CONCLUSION

In conclusion, the ecological and evolutionary dynamics
produced by source-sink habitats may provide an underlying
explanation to observed spatial variations in genetic and
phenotypic properties of cancer cells, an eco-evolutionary
foundation for the stem cell paradigm, and suggest critical issues
in designing chemotherapeutic and targeted treatment strategies.
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Explaining the emergence and maintenance of intratumor heterogeneity is an important
question in cancer biology. Tumor cells can generate considerable subclonal diversity,
which influences tumor growth rate, treatment resistance, and metastasis, yet we
know remarkably little about how cells from different subclones interact. Here, we
confronted two murine mammary cancer cell lines to determine both the nature and
mechanisms of subclonal cellular interactions in vitro. Surprisingly, we found that,
compared to monoculture, growth of the “winner” was enhanced by the presence of
the “loser” cell line, whereas growth of the latter was reduced. Mathematical modeling
and laboratory assays indicated that these interactions are mediated by the production
of paracrine metabolites resulting in the winner subclone effectively “farming” the loser.
Our findings add a new level of complexity to the mechanisms underlying subclonal
growth dynamics.

Keywords: cancer evolution, intratumor clonal heterogeneity, evolutionary game theory, parasitism, paracrine
signaling, beta-hydroxybutirate, lactate, Lotka-Volterra model

INTRODUCTION

Considering tumors as complex ecosystems has led to the notion that diverse cancer cell subclones
engage in heterotypic interactions reminiscent of those that operate in organismal communities
(Heppner, 1984; Axelrod et al., 2006; Merlo et al., 2006; Tabassum and Polyak, 2015). Mutually
negative interactions are thought to be ubiquitous in cancer (Nowell, 1976; Greaves and Maley,
2012). As in classic ecosystems, cancer cells compete for nutrients and space, and competition
between emergent subclones gives rise to complex temporal and spatial dynamics of tumor
composition and growth (Tabassum and Polyak, 2015). Positive ecological interactions (mutualism
and commensalism) have been observed in cancer models in mice (Calbo et al., 2011; Cleary et al.,
2014) and in drosophila (Ohsawa et al., 2012). In these cases, one subclone acquires new abilities,
such as the capacity to grow or metastasize, only in the presence of another subclone, resulting in
the tumor as a whole progressing toward a more aggressive phenotype. In contrast, the prevalence
within tumors of asymmetric interactions such as amensalism, parasitism and facilitation remains
an open question. Defining the mechanisms of tumor ecology is essential for a better understanding
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of cancer progression and may lead to novel therapeutic strategies
(Gatenby and Brown, 2017; Maley et al., 2017).

To gain insight into molecular and cellular events related
to ecological interactions between cancer subclones, we took
advantage of a model described over three decades ago, based
on two closely related murine cancer cell lines derived from a
single spontaneous mouse mammary tumor (Dexter et al., 1978;
Miller et al., 1988). When cultured separately, the two cell lines
have similar growth rates, yet in co-culture one cell line (the
“winner”) expands at the expense of the other (the “loser”). Our
careful re-examination of this model, combining experiments
with mathematical modeling and parameter inference, indicated
that the cellular behaviors of the two subclones are surprisingly
sophisticated. Both cell lines produce paracrine metabolites
that boost proliferation of the winner and also decrease the
growth rate of the loser. Our results thus unveil a type of
facultative parasitic behavior of the winner subclone. We further
identified beta-hydroxybutyrate and lactate as metabolites that
contribute to these phenotypes and characterized their modes of
action. We discuss our results in the context of how previously
underappreciated ecological interactions may contribute to the
complexity of tumor growth dynamics.

RESULTS
4T07 Cells Have a “Winner” Phenotype

Two cell lines derived from a single mouse mammary
carcinoma - 168 and 4T07 cells - have similar growth rates
when cultured individually, yet the 4T07 clone displays a
dominant phenotype when grown together, either in cell culture
or in orthotopic allografts in vivo (Miller et al., 1988). Several
hypotheses to account for this interesting behavior had been
tested in the original work, but the precise mechanism behind
these competitive interactions has so far not been identified.

We began by verifying that in our hands the lines maintain
their competitive characteristics. To facilitate lineage tracing
we first generated lines stably expressing GFP, the expression
of which did not alter cell growth (Figure 1A). Next, we
followed growth characteristics of 4T07 and 168FARN cells, the
latter being a drug-resistant derivative of the original 168 clone
(Aslakson et al., 1991), in a continuous culture for 3 weeks.
The cells were seeded as 1:1 mix at a density that allowed
them to reach confluence within 3-4 days, at which point they
were harvested and re-seeded in a new well at the original
density. Remaining cells were analyzed by flow cytometry to
determine the proportion of GFP expressing clones in the
expanding population.

The homotypic co-culture (same line with and without GFP)
confirmed that GFP has no impact on cellular proliferation
(Figures 1B, 2B). In contrast, heterotypic co-culture conditions
(two different lines, one expressing GFP) revealed the dominance
of the 4T07 clone (Figures 1B, 2B).

These results confirm the originally described ecological
interaction between the clones: 4T07 gradually dominates the
culture while the 168FARN cells become scarce within 15-
17 days. Importantly, the dominant phenotype is independent

of the starting ratio between the two cell lines (Supplementary
Figures 1A,B).

Co-culture Alters the Proliferation Rates

of Both “Winner” and “Loser” Cells

As originally discussed for the two clones under study (Miller
et al., 1988), the expansion of a single clone in co-culture could
be due to alterations in cell death or changes in the proliferation
rates of either or both clones. We measured apoptosis in the loser
168FARN clone and found identical, very low levels of cell death
under homotypic and heterotypic conditions (Supplementary
Figure 2A). Next, we used time-lapse microscopy to assess the
growth dynamics of both clones in continuous culture. The
cells were seeded at a density that allowed reaching confluence
in 4 days and were photographed every 45 min for the last
3 days. We measured the overall pixel intensity for each frame
(Figure 3A) as a proxy for the growth rate of the fluorescently
tagged cell line. This analysis revealed that under co-culture
conditions, the growth rate of 168FARN decreased, whereas that
of 4T07 increased relative to mono-cultures. To test whether
increased net growth of the winner population is due to the
alteration of proliferation, we estimated the proportion of cells
in the S phase of the cell cycle by performing pulse-chase EAU
staining. The results presented in Supplementary Figure 2B
confirmed that heterotypic co-culture gave rise to significant
decrease in cells actively replicating DNA for the loser clone
and a significant increase in the winner clone. Overall, these
results suggest that the dominant phenotype displayed by the
winner cells in co-culture can be explained by changes in
proliferation that operate in opposing directions on the winner
and the loser cells.

Mathematical Modeling and Inference of

Evolutionary Parameter Values
To gain further insight into the ecological interactions between
the winner and loser cell types we turned to mathematical
modeling. Examination of the growth curves revealed two
distinct phases of evolutionary dynamics (Figures 3A,B). In
phase 1, from 0 to 45 h, the two cell types grew exponentially
in both homotypic and heterotypic cultures, and the growth rate
of 168 was higher than that of 4T07. This first phase can be
regarded as a transition period before the cells start altering and
responding to their new environment. By contrast in phase 2,
from 45 to 72 h, the growth curves were strongly affected by
interactions within and between the two cell types, and 4T07
grew faster than 168. To enable us to determine the mode of the
ecological dynamics in each phase, we opted for a parsimonious,
piecewise mathematical model. Specifically, we assumed a model
with exponential growth in phase 1 and a transition to density-
dependent competitive Lotka-Volterra-type dynamics in phase 2.
By fitting our model to the homotypic growth curves, we
inferred the values of the phase 1 and phase 2 growth rates and
the within-type interaction parameters (see section “Materials
and Methods”). To infer the between-type interactions, we used
additional data from 72-h competition assays, covering a wide
range of initial ratios of the two cell types. Although this latter
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FIGURE 1 | Mutual impacts on subclonal growth. (A) 168FARN and 4T07 parental cells were transduced either with an empty retroviral vector (168P and 4T07P) or
with labeled with a GFP-encoding retrovirus (168G and 4T07G). Cells were seeded in triplicate in six-well plates at a density of 50,000 cells/well and cultured for the
indicated times before harvesting and counting. (B) 10° Cells were seeded at a 1:1 ratio in homotypic (parental and GFP expressing derivative of the same cell line)
or heterotypic (different cell lines, one expressing GFP) co-cultures and harvested and replated at the initial densities (10° cells/plate) at indicated times. The ratios of
GFP-labeled to unlabeled cells were estimated by flow cytometry. The results represent data from three independent experiments and are shown as mean + SEM.
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data set comprises only the initial and final proportions (at the
beginning of phase 1 and the end of phase 2), we were able to infer
the proportions at the beginning of phase 2 by adjusting for the
exponential growth of both types during phase 1. We then used
these inferred proportions and our previously inferred parameter
values to estimate the remaining interaction parameters (see
section “Materials and Methods”). The resulting model gives a
good fit to the competition assay data (Figure 2A, first column)
and is consistent with heterotypic time-lapse data not used for
parameter inference (Figure 3 and Supplementary Figure 6).
The inferred parameter values (Table 1) imply that during
phase 2, 4T07 has a large negative effect on both itself and on
168, consistent with 4T07 producing a harmful diffusible factor.
The negative effect of 168 on itself is only about half as large,
and 168 has approximately zero net effect on the growth of
4T07. This suggests that ubiquitous negative effects of 168 on
4T07 (e.g., likely due to waste products and competition for
resources) are offset by positive effects, such as due to a beneficial
diffusible factor. Also, during phase 2, the intrinsic growth rate
of 168 (that is, the inferred growth rate before accounting for
cell-cell interactions) is approximately 30% lower than that of
4T07, consistent with the conventional hypothesis that producing

beneficial factors is costly. This disadvantage is offset by 168
having an approximately 30% higher carrying capacity (defined
as the upper limit of the homotypic population size). Over phase
2, or any longer period that includes phase 2, the inferred net
growth rate of 4T07 (that is, the growth rate after accounting for
cell-cell interactions) is invariably higher than that of 168, which
means 4T07 will come to dominate numerically, no matter their
initial frequency.

Since we also conducted 96-h competition assays, we were
able to infer the population dynamics during a third phase (72-
96 h). For every initial ratio of the two cell types, the growth rate
difference (also known as the gain function) was on average lower
in the 96-h than in 72-h competition assays (Supplementary
Figure 5). Moreover, this difference did not depend on the initial
ratio, which implies it was not caused by a change in interaction
parameters. A parsimonious way to account for this effect is
to assume a reduction in 4T07’s intrinsic growth rate during
phase 3, as would be expected to result from starvation and/or
the build-up of toxic waste products. Making this adjustment to
our model indeed produces a better fit to the competition assay
data (Figure 2A, middle column, Figures 2B,C). The predicted
dynamics are shown in 