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Abstract

Here we advocate Cancer Community Ecology as a valuable focus of study in Cancer Biology. We hypothesize that the heterogeneity
and characteristics of cancer cells within tumors should vary systematically in space and time and that cancer cells form local
ecological communities within tumors. These communities possess limited numbers of species determined by local conditions, with
each species in a community possessing predictable traits that enable them to cope with their particular environment and coexist
with each other. We start with a discussion of concepts and assumptions that ecologists use to study closely related species. We
then discuss the competitive exclusion principle as a means for knowing when two species should not coexist, and as an opening
towards understanding how they can. We present the five major categories of mechanisms of coexistence that operate in nature and
suggest that the same mechanisms apply towards understanding the diversification and coexistence of cancer cell species. They are:
Food-Safety Tradeoffs, Diet Choice, Habitat Selection, Variance Partitioning, and Competition-Colonization Tradeoffs. For each
mechanism, we discuss how it works in nature, how it might work in cancers, and its implications for therapy.
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Introduction tumors. The cancer cells will group into a limited number of
distinct cancer species each with their own ecological niche
determined by local conditions and the types and diversity of
ecological opportunities and hazards. Thus, each cancer spe-
cies in a community will possess predictable phenotypic traits
that enable them to cope with their environment and coexist
with each other. What is the significance of this diversity?
By what mechanisms is it maintained? Can we take advantage

Cancerous tumors are strikingly heterogencous. What was
previously thought to be a homogeneous collection of cells
is remarkably diverse. We now know that tumors comprise
many types of tumor microenvironments, tissues, and cells,
including cancer cells, various lymphocytes, macrophages,
neutrophils, and other immune cells, fibroblasts, stroma, vas-
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Cancer Control

therapies for favoring more benign, manageable cancer cells, or
suggest ways to strategically engineer the extinction of all of
the cancer species either collectively or one at a time.

Ecologists have asked questions similar to these. Commu-
nity ecology studies how species in nature interact and coexist
by partitioning space, resources, and hazards such as predation
risk. Ecological communities and why species diversify can be
studied through mechanisms of coexistence. Here we advocate
Cancer Community Ecology as a valuable focus of study in
Cancer Biology.

Useful Concepts and Assumptions

In this essay, we take the following perspectives for applying
ecological and evolutionary concepts to cancer. Ecology can be
understood as the interaction of species within a biotic and
abiotic context. Similarly, cancer cells inhabit their tumor eco-
system. Populations of related cancer cells from the same line-
age and with similar traits can be thought of as an oncospecies
(hereafter, “cancer cell species,” or simply “species”), distinct
from other cancer species possessing different traits.'*'> If
different species of cancer cells coexist within the same tumor
microenvironment or region of a tumor then they form an eco-
logical community of interacting species that experience sim-
ilar “predators” (lethal immune and/or fibroblasts cells) and
compete for the same set of resources. Normal cells are highly
regulated within their tissues, and cooperate to achieve a group
optimum for the whole organism—in this case the patient. They
occur within the context of a multicellular diploid organism, and
act to support that organism’s survival and reproduction. In con-
trast, a cancer cell is effectively a single celled protist living in a
universe comprised of its host’s body. It is free of homeostatic
and tissue controls by its host (i.e., the patient), and like all
protists, it reproduces by binary fission. Its descendants acquire
new heritable traits by genetic mutations and epigenetic altera-
tions, favoring traits that promote cell line proliferation.

As tumors grow and become more complex, competition
within the original cancer species intensifies, and there is
selection for diversification of cancer species through greater
specialization.'*'> What emerges is a tumor in which there is
temporal and spatial variability in food and nutrient availabil-
ity, oxygen availability, acidity, exposure to the immune sys-
tem, and so forth. These provide niche axes along which
opportunities for specialization and speciation can take place,
leading to a diversity of cancer species, each excelling at
coping with different sets of conditions and exploiting differ-
ent sets of resources. As in nature, these different cancer
species fill different ecological niches.'®'® In this regards,
the niche of a cancer species is the set of environmental con-
ditions within a tumor under which it can proliferate and
successfully persist.

The result is that some lineages of cancer cells adapt to the
conditions of the tumor center, some to its leading edge,'® some
to conditions closer to vascularization, some far away.zo’21 Thus,
a diversity of cancer cell species interact in time and space and
coexist by partitioning space and various resources. Only by

understanding the salient features of the tumor environment and
the salient features of the cancer cell species can we understand
the diversity of cancer cells, and only by understanding the
diversity of cancer cells can we best treat these diseases.”**

Cancer Community Ecology is the Study
of Closely Related Competitors

A striking feature of cancer is that although each case in each
patient represents newly evolved species, what emerges time
and again is so repeatable from patient to patient that we actu-
ally recognize particular types of cancer (e.g., there are 10
different types of breast cancer including tubular carcinoma
and 5 different types of prostate cancer including adenocarci-
noma). This suggests that the conditions of the human body are
sufficiently predictable and the problems that cancer cells have
to solve so repeatable that cancers hit on the same set of traits to
solve those problems from patient to patient again and again.'***
Thus cancers represent remarkable examples of convergent evo-
lution.?>° In nature, competition can occur between closely
related species as well as between distantly related ones. Typi-
cally, competition is more intense and its consequences more
striking in more closely related species.”’>° This is because
closely related species resemble each other more and share more
traits and requirements than more distantly related ones. Thus
they are more likely to have similar aptitudes and abilities and
similar deficiencies, including how they exploit resources and
how they avoid predators. Cancer cells within a patient are espe-
cially closely related. They likely derive from a single lineage of
cells that initiated the cancer, and the subsequent diversity of
cancer species can all trace their phylogeny (ancestry) back to
this single clade of cells. Hence, insights from the ecology of
closely related species should provide us with the most relevant
analogies for understanding cancers.

To illustrate the mechanisms of coexistence that may be
relevant to cancer, we can draw from the seed-eating, sand-
dune dwelling desert rodents from North America and from the
Negev Desert of Israel.**>? The rodent communities in each
region are comprised of independent sets of closely related
species from the same genus or family. Middle Eastern and
North American assemblages show strong ecological and evo-
lutionary convergence to each other.”** That is, the species
from the two different regions have evolved to resemble each
other in appearance and foraging aptitudes, and the commu-
nities are similar in the types and numbers of resources, com-
petitors, and predators. In both regions, species compete with
each other for scarce seed resources while facing threats from
diverse types of predators.®>® In these respects, they provide a
compelling analogy for communities of cancer cells within
(= same desert) and between patients (= different continents).

Competitive Exclusion Principle

Ecological communities may comprise several consumer spe-
cies exploiting several resources while at risk from several
predators. A consequence of this is that some consumers may
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be better at obtaining certain types of resources, while some
excel at others. For example, in desert rodent communities in
the Sonoran Desert of Arizona, wood rats eat plants and are
able to detoxify a wide range of plant poisons including oxa-
lates, alkaloids, and phenolics found in the cacti, creosote
bushes, and mesquites that comprise their diets.> Kangaroo
rats instead eat seeds. They have especially sensitive olfaction
for discovering buried seeds and cheek pouches to facilitate
carrying them home to store. No matter how numerous wood
rats may be, they have little impact on the seeds and therefore
little impact on the kangaroo rats, and vice versa. Competition
between these species is weak, and wood rats and kangaroo rats
often co-occur.*® Among the kangaroo rats, Merriam’s kan-
garoo rat and Ord’s kangaroo rat are very similar to each other
in appearance and body size and eat nearly identical diets.
These two species compete intensely for seeds and rarely co-
occur.*® These examples illustrate how species that differ
greatly from each other can more easily coexist because they
use the same resources in very different ways or they use very
different resources. For similar species, though, coexistence is
less likely. This is summed up in the competitive exclusion
principle, which states that species that compete for the same
resources in the same ways cannot coexist.*' For two or more
similar species, there is a limiting similarity beyond which
coexistence is impossible.** For coexistence, competition
among members of one’s own species must be stronger than
competition from the members of other species,* that is, an
individual must have stronger negative effects on its own kind
than on its competitors.

Mechanistically, species coexistence requires: 1) heterogene-
ity in the environment that interacting organisms experience in
time or space, i.e. an axis of environmental heterogeneity or
niche axis. Otherwise, in completely uniform conditions, one
species will always be superior to the others. 2) The aptitudes
of'the interacting species must be such that being better at one set
of conditions necessarily means being worse at others** (jack-of-
all trades principle). For desert rodent species of different sizes,
the evolutionary tradeoffs associated with coexistence involve
finding, harvesting, and then handling seeds of different sizes
and characteristics.***® Coexistence occurs when each species
has a part of the niche axis at which it profits more than any of its
competitors. In this manner, mechanisms of species coexistence
explain and give rise to niche partitioning.

What sorts of species might coexist? In the following sec-
tions, we discuss five different mechanisms of coexistence
found in nature, and how these have parallels in the context
of cancer. We then consider potential ways to therapeutically
target each of these mechanisms for better patient outcomes.

Food-Safety Tradeoffs

In Nature

The tradeoff of food and safety is among the most fundamental
tradeoffs that organisms face and arises for three reasons. First,
most organisms have an activity that they can engage in that is

relatively safe. This can range from retreating to a refuge to
being vigilant for predators to staying stationary to investing in
defensive compounds. All these come at the expense of the
ability to capture resources, and create a choice between being
safer and being better able to obtain resources. Second, all other
things being equal, organisms prefer to exploit resources where
it is safer and so deplete resources there, leaving behind the
most resources where it is riskiest. Third, organisms tend to
aggregate where there are plentiful resources, which in turn
draws predators. This creates ecological and evolutionary
opportunities involving predation risk and competitive abilities
affecting traits involving vigilance, foraging efficiency, and
mobility.

Communities in nature frequently see the coexistence of a
species that is a superior competitor, but that is more vulnerable
to predators, and one that is better able to avoid predators at the
expense of being able to compete successfully for resources.
The former excels in safer places where they can thoroughly
deplete resources. The latter excels in risky habitats that either
contain more predators or are places where predators can hunt
more effectively. In a number of North American Desert sys-
tems, bipedal kangaroo rats coexist with quadrupedal pocket
mice. Kangaroo rats are better at detecting and avoiding pre-
dators, possessing large ear cavities that allow them to hear the
wingbeats of owls and using erratic hopping to confuse and flee
foxes. Pocket mice lack these advantages, but through their
smaller size and simple quadrupedal locomotion they have an
energetic advantage when foraging for seeds under shrubs.*®
In a field experiment, adding additional protective shrub cover
resulted in the loss of kangaroo rats whereas removing shrub
cover resulted in the loss of pocket mice.*’

In Cancer

Such a mechanism of coexistence is likely to occur when
there are tradeoffs in immune evasion and efficient resource
uptake. Successful immune evasion can include the produc-
tion of PD-L1 ligands or the down regulation of surface
antigens.*®>% The production of ligands may be costly, and
presumably the surface antigens that otherwise would be pres-
ent aid the cancer cells in resource detection and uptake. Other
forms of safety can involve signaling cancer associated fibro-
blasts that then serve to protect cancer cells from T-cells or
from detection.”® These are equivalent to anti-predator mor-
phology, defensive chemical compounds, and the ability to
effectively use vigilance. Such anti-predator measures would
be most valuable where immune cells are at their greatest
abundance. Coexistence of cancer cell types may happen
because if all other cells are immune-suppressive at a cost,
then a cancer cell that forgoes these traits will be favored as
a free-rider. Alternatively, if all other cancer cells forgo any
immune evasion traits, then one that does will be favored. In
tumors exposed to immune surveillance, we might expect to
see two types coexisting within the same region: one that is
immune-suppressive at a metabolic cost and the other more
efficient at nutrient acquisition at an immune cost.’*%°
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Furthermore, the immune-suppressive types would be in
greater relative abundance in the risky environment near vas-
culature or the tumor’s edge, and the type most efficient at
nutrient uptake in locations farther away from immune
infiltration.

Implications for Therapy

The goal of most therapies is to successfully treat all of the
cancer cells regardless of type. Once there are several coexist-
ing types of cancer cells, some therapies may be effective for
some types, but not others. With regard to the coexistence of an
immune-evasion specialist and a resource acquisition special-
ist, some favored drug combinations may already target both
types of cancer cells. For instance, when two immune-therapies
are given together, each with a different mode of action, one
may serve as a checkpoint inhibitor (e.g, anti-PD-1 nivolumab)
thus unmasking the immune-evasion specialist, while the other
may stimulate a direct immune response (e.g., anti-CTLA-4
ipilimumab)>® that is effective against the resource specialists,
though combinations create toxicity risks.”’ Or, it may suggest
the application of a chemotherapy that targets rapidly prolifer-
ating cells after having used a checkpoint inhibitor to suppress
the immune-evasion specialists. The first drug creates compet-
itive release of the resource specialists, thus promoting
enhanced cell proliferation. In this case, it may be better to
give the immune-therapy and chemotherapy in fairly rapid
succession as a first and second strike>®>? rather than together.

The philosophy behind adaptive therapy recognizes that
continuous high dose therapy will eliminate sensitive cells and
permit the proliferation of resistant cells.> If there is a cost to
resistance then there is a kind of food-safety tradeoff between
the sensitive and resistant cancer cell types. By strategically
withdrawing therapy before all of the sensitive cells have been
eliminated, the sensitive cells can rebound in a manner that
competitively suppresses and slows the increase in resistant
cells. Once the tumor burden rebounds, therapy can be reap-
plied to suppress the now resurgent sensitive cells. This cycling
of therapy in response to nadirs and peaks in tumor burden
effectively promotes the coexistence of these two cancer cell
types, but in a manner that prevents or stalls either from reach-
ing unacceptably high tumor burdens.®

Diet Choice

In Nature

Diet choice provides the most basic mechanism of species
coexistence.®*®> The environment offers different types of
foods or resources. The foods may have different energetic
content, require different amounts of time or different tech-
niques to handle, differ in nutrient content, have different types
and amounts of toxins, and so forth. The tradeoff necessary for
coexistence is that to be more efficient on one type of food, an
organism sacrifices efficiency on another type of food.

Coexistence is possible if foragers each have a food type on
which they are more efficient than their competitors.®?

The classic example of resource partitioning via diet choice
comes from the Galapagos Islands.®* There, different species of
ground foraging Darwin’s finches (Geospiza spp.) partition
seeds according to the size of the seed and the size of the bird’s
beak. Those birds with deep, broad beaks can crack open large
seeds, but are slow and clumsy in handling small seeds to the
point where they spend more energy opening the seed than they
can recover from digestion. Those birds with small, slender
beaks can handle smaller seeds quickly and profitably, but are
unable to open larger seeds. In this manner, each finch species
has a range of seeds that profits it more than its competitors.5>%°

Another example concerns Bailey’s pocket mouse, a notable
specialist among desert rodents. It eats jojoba seeds.®” These
seeds are so rich in lipids that their oil is widely used in cos-
metics. But, the jojoba seeds are protected from most rodents
and insects by cardioglycosides.®® Bailey’s pocket mouse has
evolved the ability to detoxify these defensive compounds.
This gives the pocket mouse a supply of unusually rich food
that none of its competitors can touch.®® But such specializa-
tion comes at a cost. The more specialized a species becomes at
one resource, the worse it is at others. In the case of the pocket
mouse, its geographic range is almost entirely limited to where
jojoba grows.”® With jojoba, the Bailey’s pocket mouse has
nearly exclusive access to a valuable resource and can coexist
with other rodents. Elsewhere, it is outcompeted by other spe-
cies of pocket mice.

In Cancer

Sugars, lipids, amino acids, nucleic acids, trace nutrients pro-
vided through the blood, and the molecules secreted by cells
within a tumor (sometimes in the form of cancer associated
fibroblasts and macrophages co-feeding cancer cells) and det-
ritus (macromolecules from dead cells) provide the diverse and
heterogeneous pool of foods that could promote coexistence of
different cancer cell types that specialize on subsets of these.
The resource acquisition tradeoffs among cancer cells that
could promote coexistence have not been well studied. Trade-
offs likely take the form of investment in specialized types of
nutrient transporters and nutrient specific membrane perme-
abilities (perhaps pertaining to hydrophobic lipids and hydro-
philic amino acids). There may also be tradeoffs in the
capacities for micro- and macropinocytosis and the associated
metabolic pathways associated with extracting useful materials
from lysosomes.”""?

Thus far, cancer biologists have identified the coexistence of
different cancer cell types in terms of the obligate need for or
independence from certain growth factors such as estrogen
(breast cancer), testosterone (prostate cancer), EGFR (lung
cancers and others), or HER2 (breast cancer). Essentially all
breast cancers possess both ER+ and ER- cancer cells (cells
with or without estrogen receptors that either depend on estro-
gen or progesterone to grow). It is their frequency that deter-
mines how the cancer is classified. Lloyd et al.?® found that the
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degree of vascularity was positively correlated with the fre-
quency of ER+ relative to ER- cells.

Implications for Therapy

Therapies already target those cancer cells that require growth
factors as an essential resource, and it is known that such
therapies often favor cancer cells that become independent of
the growth factors, thus reducing therapeutic options (e.g, pro-
gression following anti-EGFR therapies in lung cancer’®) For
instance, triple negative breast cancer (cancer cells indepen-
dent of a triplet of growth factors) has a poor prognosis and a
more limited and effective range of therapies. Therapies can
also include targeting nutrient transporters such as GLUT-1,
but these seem to favor cancer cells that specialize on other
resources. If there are coexisting cancer cell types including
some that are targetable and others that are not, then a close
sequencing of a targeted therapy with a chemotherapy may be
more effective than giving them in combination. The targeted
therapy will reduce the cell types specialized on the resource,
allowing the follow-up chemotherapy to be more effective
against the other cell types experiencing a fleeting competitive
release.

An adaptive therapy trial with abiraterone more than
doubled progression free survival of men with castrate resistant
metastatic prostate cancer.** At this stage of the disease there
appear to be three cancer cell types, each with different nutrient
needs: T+ cells that require exogenous testosterone; TP cells
(CYP17 mutation”®) that produce their own testosterone and
leak it into the environment as a public good; T- cells that are
independent of testosterone, but at a very high metabolic cost.”
Androgen deprivation therapy (Lupron) effectively limits T+
cells, and Abiraterone targets the androgen receptor and elim-
inates TP cells. But together, continuous lupron and continuous
abiraterone will eventually select for lethal tumor burdens of T-
cells. Instead, to prevent the competitive release of the T- cells,
the adaptive therapy called for abiraterone to be administered
only until PSA levels dropped to below 50% of initial. At this
point, abiraterone administration was halted until the PSA lev-
els of the patient climbed back to the initial value, at which
point it was again resumed. In this way, cycling abiraterone
greatly prolonged progression free survival by maintaining
communities of T+ and TP cell types.

Habitat Selection

In Nature

Ecosystems offer spatial heterogeneity in predation risk, phys-
ical features, and resource availabilities. As such, habitat selec-
tion is one of the largest sources of biodiversity.’® At the largest
scale of biomes, climatic patterns of temperature, precipitation,
and seasonality promote entirely different communities of
plant species ranging from tropical rainforests to deserts and
tundra.>’ At smaller scales, physical conditions can dictate the
habitat-specific communities. The deeper water of a pond

supports floating aquatic vegetation such as lily pads, the shal-
low water supports emergent vegetation such as reeds and cat-
tails, the edge of the pond supports shrubs and smaller trees that
can tolerate shallow, water-logged soils, and finally upslope
from the pond there may be large hardwood trees.

Fox squirrels and grey squirrels of North America exhibit
habitat selection via a food-safety tradeoff.”” Grey squirrels, as
the better competitor for resources, dominate in the deep woods
where predators such as hawks and coyotes have obstructed
access. Fox squirrels succeed on the wood margins where pre-
dators have unobstructed access. Continuing with squirrels,
North America has tree squirrels (like the grey and fox squir-
rels) as well as ground squirrels inhabiting meadows, grass-
lands, and pastures. Each of these groups of squirrel species
exhibit habitat specific adaptations that make them suitable for
one, but not the other habitat.2""®

In Cancer

Habitat heterogeneities in cancers likely promote the diversifi-
cation and coexistence of specialized cancer cells. At the smal-
lest scale, there is the gradient of conditions from near to far
from vasculature.’**° This gradient may be only 5-10 cell dia-
meters long. At the scale of whole tumors there can be necrotic
zones, vascularized regions within the tumor, and regions on
the edge of the tumor.®' At the largest scale there can be dis-
seminated metastatic tumors in various tissue types.

Proximity to vasculature likely selects for different cancer
cell types. Those near the vessels experience crowding as well
as greater access to nutrients, physiologic pH, and normoxia.
Those farther away experience lower densities of competitors,
but less resource replenishment, buildups of toxic metabolites,
hypoxia, and acidic pH. Like the tree and ground squirrels,
different suites of adaptations are required to succeed near and
away from vessels. For example ER+ breast cancer cells occur
closer to blood vessels with a supply of estrogen than ER-
cancer cells.?’

Lloyd et al.'” found that the majority of cancer cells inha-
biting the tumor edges of breast cancer patients had upregula-
tion of CAIX and a variety of other characters suggesting
adaptations for a resource rich, but risky habitat. Those inha-
biting the interior of the tumor upregulated CAXII and had
other adaptations associated with a resource poor, but safe
habitat. Like the fox squirrels and grey squirrels, respectively,
the edge cancer cells experienced greater immune infiltration
while those on the interior experienced greater resource com-
petition. Different cancer cell types on the edges and interiors
of tumors may be the norm though characteristics may be both
cancer and patient specific. Whether the necrotic zones are
uninhabited, or like deserts, occupied by sparse populations of
cancer cells with specialized adaptations remains an open
question. We suspect that like extreme habitats in nature,
there will be a few specialized cancer types that would best
be described as “extremophiles.”®?

Metastases, particularly in tissues different from the primary
tumor, exhibit cancer cells that are different genetically and
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phenotypically.83 Like plant biomes, this would be expected as
different tissues offer different hazards, opportunities, and cellu-
lar structure.® For instance melanomas metastasizing to the brain
are going from a stiff, relatively resource poor and immune cell
rich environment to one that is quite the opposite.®” In fact, when a
colorectal cancer metastasizes to the liver one might expect that
the cancer cells will begin to evolve and converge on types that are
increasingly similar to primary liver cancer cells.

Implications for Therapy

A number of therapeutic regimes recognize the gradient effects
of near and away from vasculature, implicitly recognizing that
the cancer cells themselves may be of different types. For exam-
ple, anti-angiogenics aim to starve subsets of cancer cells, but the
frequent failure of this therapy points to cancer cell types capable
of surviving under the resulting extreme conditions. More
recently, it has been suggested to apply a sequence of therapies:
the first strike is aimed at eliminating the cancer cells near the
vessels, and then a second strike of therapies that then more
successfully diffuse into areas farther from vasculature 3658
Combinations of therapies have been proposed that either reduce
(bevacizumab) or encourage vasculature (vascular normalization
therapies).”” Expanded vasculature may favor the rich-habitat
cancer cell types as well as increased proliferation, possibly
enhancing the effects of chemotherapies. Reduced vascularity
will favor the poor-habitat types and may possibly enhance the
application of drugs intended to disrupt habitats further by
destroying the extra-cellular matrices.

The presence of acid-adapted, immune-evasive cancer cells on
the edges of tumors versus more resource efficient cancer cell
types in the interior invite therapies that target the most aggressive
or target one and then the other. For example, in a laboratory trial,
a chemotherapy proved far more effective in targeting CAIX
expressing cells when the mice were also given bicarbonate in
the drinking water. This neutralized acidic conditions around the
tumor, changed the community of cancer cells towards a less
aggressive phenotype, and altered the habitat characteristics of
the tumor in a manner that favored normal cells.>**°

Current therapies for disseminated cancers generally use the
drugs that are considered appropriate for the primary tumor. In
some cases, it might be better to have separate therapeutic regi-
mens for the different metastatic sites. For instance, drugs typical
of primary liver cancers might have value for other cancers that
have metastasized to the liver. By seeing the metastatic sites as
distinct communities of cancer cells, it might be useful to col-
lectively or serially target each of these communities.”!

Variance Partitioning

In Nature

Cyclic or stochastic variation in resource availability can pro-
vide environmental heterogeneity that can promote the coex-
istence of different species. Two tradeoffs can allow for this:
travel speed versus foraging efficiency, and foraging speed

versus foraging efficiency. There is an additional mechanism
of species coexistence under temporal variability known as the
storage effect; this interesting mechanism is treated in detail in
another contribution to this special issue.’?

If resource heterogeneity occurs in space, coexistence can
occur between a species that travels easily and quickly between
patches, seeking out the richest patches or concentrations of
nutrients from which it “skims the cream,” and an efficient
species that can deplete patches thoroughly, “crumb picking”
from patches previously exploited by its competitor. Each spe-
cies tailors a distribution of resources better suited to its com-
petitor, the “cream skimmer” by revisiting patches frequently
to reduce variance among patches while leaving a high mean,
and the “crumb picker” by allowing long renewal and resource
accumulation in rare rich patches.”? Harris’s antelope ground
squirrels (cream skimmer) and Merriam’s kangaroo rat (crumb
picker) are known to coexist via this mechanism in the Sonoran
Desert of Arizona. The kangaroo rat’s smaller body size and
lower metabolic costs give it a foraging efficiency advantage as
it depletes resources more thoroughly. The ground squirrel uses
its greater speed and mobility to seek out the richest patches
and exploit those patches quickly to obtain the lion’s share.”

Temporal or seasonal variability can create pulses of pro-
ductivity and subsequent depletion by foragers. This creates
alternating times of plenty and times of scarcity. Coexistence
can occur between a species that can harvest abundant
resources quickly during times of plenty and one with low
foraging costs that can deplete resource patches more thor-
oughly when resources are scarce.*® In popular imagination,
sand dunes almost define the essence of deserts. These dunes
are populated by diverse assemblages of seed-eating rodents
that depend on temporal variation. Each day, the wind blows
the sand and carries with it seeds of desert plants. These seeds
accumulate in small depressions and wind shadows and pro-
vide resource patches that renew daily. Each night, the rodents
emerge from the safety of their burrows to harvest those
resources. On Negev Desert sand dunes, two species of gerbils
nearly identical in every way save body size coexist on these
pulses of seeds. The larger species (greater Egyptian sand ger-
bil) emerges first, using its greater speed to avoid predators and
seek out and deplete rich seed patches first. It also uses its large
size to aggressively fend off the smaller species (Allenby’s
gerbil). But its large size requires more food, and soon the
depletion of food patches forces its retreat to its burrow. Then,
the smaller species, freed of interference and needing a far
lower density of seeds to make a profit, can continue to exploit
the seed patches until dawn.>®%4

In Cancer

Tumor micro-environments show regular or stochastic varia-
tion in blood flow, inter-cellular matrices, crowding, and the
frequencies of various normal cells that may promote or sup-
press the cancer cells. In particular, occlusion of existing blood
vessels or redirecting of others guarantees fluctuating availabil-
ities of glucose, amino acids, oxygen, pH, growth factors, trace
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nutrients, and metabolites.”” It is recognized that cancer cells
moving in this environment can show varying degrees of moti-
lity, and that this motility may be metabolically expensive.
Like for the ground squirrel, greater motility allows the more
mobile species of cancer cells to travel towards favorable spots
and away from less favorable ones. Conversely, the less motile
cancer cell species may be able to maintain proliferation and
survival when a location is less favorable. The epithelial (effi-
cient yet less motile) mesenchymal (less efficient but mobile)
transition (EMT) of cancer cells may demonstrate such as
tradeoff.”®

Variance partitioning in such an environment may be pre-
dicated from contrasting metabolic adaptations. Pseudohy-
poxia or the Warburg effect may favor cream skimming.”®-'*°
The high rates of glycolysis may fuel membrane transporters
that allow for an inefficient, but otherwise high rate of nutrient
uptake, particularly when nutrient availabilities are high. The
ability to go dormant or quiescent'®’ would add a further
advantage for avoiding bad periods. Conversely a cancer cell
species that emphasizes oxidative phosphorylation may be a
slower, but much more efficient forager. While not accruing
resources as quickly during times of plenty, it would be able to
continue foraging profitably at lower resource availabilities.
Cancer cells certainly exhibit phenotypes that match the trade-
offs of speed versus efficiency (in time or space), and it remains
an open question whether this acts to diversify cancer cells into
distinct species exhibiting different foraging speeds and
efficiencies.

Implications for Therapy

The implications for therapy resemble those for habitat selec-
tion discussed above. Anti-angiogenics should be effective
against the fast foragers, the cream skimmers adapted to
exploiting pulses of productivity or seeking out the richest
patches. Therapies intended to disrupt conditions in the tumor
microenvironment that favor efficiency, then, should be effec-
tive against the cancer cells adapted to forage efficiently on
depleted resources. This may include pro-angiogenics that nor-
malize vasculature. These can be used either in the framework
of first and second strikes or in an alternating fashion as part of
an adaptive therapy program.

Competition-Colonization Tradeoffs

In Nature

This mechanism of species coexistence is an extreme case of
spatial and temporal variability that influences whole subpopu-
lations within a location. If local catastrophes are sufficiently
severe then whole subpopulations may be eliminated. Some
individuals must then disperse both to avoid extirpation at their
current location, and to colonize empty and now favorable
locations. Dispersal between subpopulations versus the ability
to compete within an extant subpopulation provides the trade-
off for species coexistence. Within a subpopulation the better

competitor will eventually exclude the better disperser. The
better disperser will be able to colonize more rapidly recently
extirpated subpopulations and enjoy a period of competition
free growth.'9%1%3

In one example, on the Pacific coast of North America, the
mussel Mytilus californianus dominates the intertidal zone and
can crowd out all of its competitors. In exposed areas, wave
action periodically sweeps away the mussels and creates open
patches on the rocks. These are rapidly colonized by the sea
palm Postelsia palmaeformis, and there they remain until they
are eventually displaced by the slow-colonizing mussels.'**

In Cancer

This mechanism of coexistence has been proposed for promot-
ing a diversity of cancer cell types.'®* Under the guise of “go or
grow” models, cancer cells are viewed as experiencing a trade-
off between proliferative capacity (competitive ability) and
migratory capacity (colonizers).'%"'°7 If there are new spaces
to be colonized at the boundary of the tumor’s growing edge,
then one species of cancer cells (growers) predominates in the
interior, and the other (goers) at the edge. Just as likely are
catastrophic events within the tumor itself. Necrotic and favor-
able areas within a tumor are not necessarily static. As loca-
tions switch between the two,'%!'! both types of cancer cells
can now be favored and coexist. Conventional wisdom sees
colonizer species as having more metastatic potential. Indeed,
the capacity to colonize unoccupied space may include addi-
tional adaptations for tolerating the immune system and novel
conditions. This may be seen in the characteristics of the highly
glycolytic and motile MDA-231 breast cancer cell line that
metastasizes easily in mouse models, versus the MCF-7 breast
cancer cell line that exhibits strong cell-cell adhesion, less
motility, and less glycolysis. This latter cell line will grow in
mouse models as a single, non-metastatic tumor.

Implications for Therapy

Existing therapies that aim to prevent metastases and target the
EMT make sense within the context of colonization-
competition tradeoffs.!'"''* Targeting the more motile, colo-
nizing species of cancer cell should be a high priority. As an
unintended consequence, their colonizing strategies are likely
to produce metastases. But, success at treating the colonizers
may provide competitive release for the more competitive spe-
cies resulting in the progression of existing tumors. The com-
petitive species should proliferate rapidly. Thus, alternating
chemotherapy with kinase inhibitors that target the motile spe-
cies may show more success than combination therapies that
may speed the evolution of co-resistance. A recurrent theme is
that drug sequences should change relatively frequently before
resistance has had a substantial chance to evolve. Radiation
therapy and surgery (particularly for glioblastomas) create
space that may encourage the motile, colonizer species. Hence,
neoadjuvant therapies may want to be directed towards the
colonizer species and then adjuvant therapies could in
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combination be aimed at both species of cancer cells. Therapies
for glioblastomas already consider the presence of two or more
coexisting cancer cell types that may require different regi-

1,1,16118.115—117

Concluding Remarks

We feel it is likely that some of the genetic and epigenetic
heterogeneity seen among cancer cells in a patient represent
distinct cancer species that occupy different ecological niches.
If so, then when we apply therapies we are treating heteroge-
neous and well-structured communities of coexisting cancer
cell types. Many contemporary therapies comprise administer-
ing one to several drugs simultaneously to patients repeatedly
at maximum tolerated doses until remission or until issues arise
with tolerance or the cancer cells evolve resistance and the
cancer progresses. This approach can and often does succeed
so long as the drugs are well chosen and the cancer cells
strongly resemble each other. But for tumors comprised of
highly diverse cancer cells, therapy applied blindly may instead
lead to competitive release of certain classes of cells especially
if resistance is involved. However, we should be able to take
advantage of knowledge of the structure of cancer cell com-
munities in tumors to successfully manage or even eliminate
the cancer. To do so requires an understanding of the mechan-
isms of coexistence of the different cancer cell species in ques-
tion. For example, therapies with immune-modulators affect
issues of food and safety and will favor cancer species that
excel at evading immune cells and mechanisms of coexistence
involving habitat selection at various scales; hormone therapy
will affect issues of diet selection and mechanisms of coexis-
tence based on them. We hope that knowledge of the commu-
nities of cancer cells and the mechanisms that promote the
diversity of coexisting cancer species can guide the therapy
to more favorable outcomes.

Authors’ Note

An ethics statement is not applicable to this essay since it does not
involve the use of animals or human subjects.

Acknowledgments

We would like to thank the editors of this special issue, Bob Gatenby
and Chris Whelan for the opportunity to contribute our thoughts, for
their encouragement, and their inspiration. We would also like to
thank our friends and colleagues for stimulating and thoughtful dis-
cussions, including Bob Holt, Bill Mitchell, Doug Morris, and Mike
Rosenzweig. This is publication number 1084 of the Mitrani Depart-
ment of Desert Ecology.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: Research

Support: Joel S. Brown: NIH/NCI 1U54CA193489-01A1, Cancer as a
Complex Adaptive System, NIH/NCI U54 Supplement, The tumor-host
evolutionary arms race. Burt P. Kotler: 259/2019, Israel Science
Foundation, Effects of the microbe Mycoplasma haemomuris-like bac-
terium on the foraging behavior, risk management, and species inter-
actions of desert gerbils.

ORCID iD

Burt P. Kotler (2 https://orcid.org/0000-0003-2693-8788

References

1. Whiteside TL. The tumor microenvironment and its role in pro-
moting tumor growth. Oncogene. 2008;27(45):5904-5912.

2. Tao L, Huang G, Song H, Chen Y, Chen L. Cancer associated
fibroblasts: an essential role in the tumor microenvironment.
Oncol Lett. 2017;14(3):2611-2620.

3. Forster JC, Harriss-Phillips WM, Douglass MJ, Bezak E.
A review of the development of tumor vasculature and its effects
on the tumor microenvironment. Hypoxia. 2017;5:21-32.

4. Boedtkjer E, Pedersen SF. The acidic tumor microenvironment as
a driver of cancer. Annu Rev Physiol. 2019;82:1-3.

5. Li H, Fan X, Houghton J. Tumor microenvironment: the role of
the tumor stroma in cancer. J Cell Biochem. 2007;101(4):
805-815.

6. Mbeunkui F, Johann DJ. Cancer and the tumor microenviron-
ment: a review of an essential relationship. Cancer Chemother
Pharmacol. 2009;63(4):571-582.

7. Gooden MJ, de Bock GH, Leffers N, Daemen T, Nijman HW. The
prognostic influence of tumour-infiltrating lymphocytes in can-
cer: a systematic review with meta-analysis. Br J Cancer. 2011;
105(1):93-103.

8. Okano M, Oshi M, Butash AL, et al. Triple-negative breast cancer
with high levels of annexin al expression is associated with mast
cell infiltration, inflammation, and angiogenesis. Int J Mol Sci.
2019;20(17):4197.

9. Tamma R, Annese T, Ruggieri S, et al. Inflammatory cells infil-
trate and angiogenesis in locally advanced and metastatic cholan-
giocarcinoma. Eur J Clin Invest. 2019;49(5):e13087.

10. Pienta KJ, Hammarlund EU, Axelrod R, Amend SR, Brown JS.
Hyperspeciation of the cancer clade, convergent evolution, and
the origins of lethal cancer. Mol Cancer Res. 2020;18(6):801-810.
In press.

11. Tessi MR, Anderson AR. Big Bang and context-driven collapse.
Nat Genet. 2015;47(3):196.

12. Cross WC, Graham TA, Wright NA. New paradigms in clonal
evolution: punctuated equilibrium in cancer. J Pathol. 2016;
240(2):126-136.

13. Sottoriva A, Kang H, Ma ZC, Graham TA, Salomon M, Zhao JS,
et al. A Big Bang model of human colorectal tumor growth.
Cancer Res. 2015;47(3):209-216.

14. Crespi B, Summers K. Evolutionary biology of cancer. Trends
Ecol Evol. 2005;20(10):545-552.

15. Merlo LM, Pepper JW, Reid BJ, Maley CC. Cancer as an evolu-
tionary and ecological process. Nat Rev Cancer. 2006;6(12):
924-935.


https://orcid.org/0000-0003-2693-8788
https://orcid.org/0000-0003-2693-8788
https://orcid.org/0000-0003-2693-8788

Kotler and Brown

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Letten AD, Ke PJ, Fukami T. Linking modern coexistence theory
and contemporary niche theory. Ecol Monogr. 2017;87(2):
161-177.

Ellner SP, Snyder RE, Adler PB, Hooker G. An expanded modern
coexistence theory for empirical applications. Ecol Lett. 2019;
22(1):3-18.

Ale SB, Halloway A, Mitchell WA, Whelan CJ. Does God roll
dice? Neutrality and determinism in evolutionary ecology. Biol
Philosophy. 2019;34(1):3-16.

. Lloyd MC, Cunningham JJ, Bui MM, Gillies RJ, Brown JS, Gate-

nby RA. Darwinian dynamics of intratumoral heterogeneity: not
solely random mutations but also variable environmental selec-
tion forces. Cancer Res. 2016;76(11):3136-3144.

Lloyd MC, Alfarouk KO, Verduzco D, et al. Vascular measure-
ments correlate with estrogen receptor status. BMC Cancer. 2014;
14(1):279.

Alfarouk KO, Ibrahim ME, Gatenby RA, Brown JS. Riparian
ecosystems in human cancers. Evol Appl. 2013;6(1):46-53.
Hashim Al Tessi MR, Enriquez Navas PM, et al. Defining cancer
subpopulations by adaptive strategies rather than molecular prop-
erties provides novel insights into intratumoral evolution. Cancer
Res. 2017;77(9):2242-2254.

Thierry AR, Pastor B, Jiang ZQ, et al. Circulating DNA demon-
strates convergent evolution and common resistance mechanisms
during treatment of colorectal cancer. Clin Cancer Res. 2017;
23(16):4578-4591.

Misale S, Di Nicolantonio F, Bianchi AS, Siena S, Bardelli A.
Resistance to anti-EGFR therapy in colorectal cancer: from het-
erogeneity to convergent evolution. Cancer Discov. 2014;4(11):
1269-1280.

Williams MJ, Sottoriva A, Graham TA. Measuring clonal evolu-
tion in cancer with genomics. Annu Rev Genomics Hum Genet.
2019;20:309-329.

Iacobuzio Donahue CA, Michael C, Baez P, Kappagantula R,
Hooper JE, Hollman TJ. Cancer biology as revealed by the
research autopsy. Nat Rev Cancer. 2019;19:686-697.

MacArthur RH. Population ecology of some warblers of north-
eastern coniferous forests. Ecology. 1958;39(4):599-619.
Freeman BG, Tobias JA, Schluter D. Behavior influences range
limits and patterns of coexistence across an elevational gradient in
tropical birds. Ecography. 2019;42(11):1832-1840.

Gazzola A, Balestrieri A. Nutritional ecology provides insights
into competitive interactions between closely related Martes spe-
cies. Mammal Rev. 2020;50(1):82-90.

Rosenzweig ML, Winakur J. Population ecology of desert rodent
communities: habitat and environmental complexity. Ecology
1969;50(4):558-572.

Brown JH. Species diversity of seed eating desert rodents in sand
dune habitats. Ecology. 1973;54(4):775-787.

Abramsky Z, Brand S, Rosenzweig ML. Geographical ecology of
gerbilline rodents in the sand dune habitats of Israel. J Biogeo-
graphy. 1985;12(4):363-372.

Mares MA. Convergent evolution among desert rodents: a
global perspective. Bull Carnegie Museum Nat History.
1980;16:51.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kotler BP, Brown JS, Bleicher SS, Embar K. Intercontinental
wide consequences of compromise-breaking adaptations: the case
of desert rodents. Isr J Ecol Evol. 2016;62(3-4):186-195.

Kotler BP. Risk of predation and the structure of desert rodent
communities. Ecology. 1984;65(3):689-701.

Kotler BP, Brown JS, Subach A. Mechanisms of coexistence of
optimal foragers: temporal partitioning in two species of sand
dune dwelling gerbils. Oikos 1993;67:548-556.

Brown JS. Desert rodent community structure: a test of four
mechanisms of coexistence. Ecol Monogr. 1989;59:1-20.

Kotler BP, Brown JS, Dall SRX, Gresser S, Ganey D, Bouskila A.
Foraging games between owls and gerbils: temporal dynamics of
resource depletion and apprehension in gerbils. Evol Ecol Res.
2002;4:495-518.

Kohl KD, Dearing MD. The woodrat gut microbiota as an experi-
mental system for understanding microbial metabolism of dietary
toxins. Front Microbiol. 2016;7:1165.

Brown JH, Kurzius MA. Composition of desert rodent faunas:
combinations of coexisting species. Annales Zoologici Fennici.
1987;24:227-237.

Hardin G. The competitive exclusion principle. Science. 1960;
131(3409):292-1297.

MacArthur RH. Geographical Ecology: Patterns in the Distribu-
tion of Species. Princeton University Press; 1972:269.

Chesson P. Mechanisms of maintenance of species diversity.
Annu Rev Ecol Evol Syst. 2000;31:343-366.

Kotler BP, Brown JS. Environmental heterogeneity and the coex-
istence of desert rodents. Annu RevEcol Syst. 1988;19(1):
281-307.

Brown JS, Mitchell WA. Diet selection on depletable resources.
Oikos. 1989;54(1):33-43.

Garb J, Kotler BP, Brown JS. Consequences of seed size in fora-
ging and species interactions among Negev Desert granivores.
Oikos. 2000;88(2):291-300.

Rosenzweig ML. Habitat selection experiments with a pair of
coexisting heteromyid rodents. Ecology. 1973;54(1):111-117.
Shi F, Shi M, Zeng Z, et al. PD-1 and PD-L1 upregulation pro-
motes CD8+ T-cell apoptosis and postoperative recurrence in
hepatocellular carcinoma patients. Int J Cancer. 2011;128(4):
887-896.

Soliman H, Khalil F, Antonia S. PD-L1 expression is increased in
a subset of basal type breast cancer cells. PloS one. 2014;9(2):
e88557.

Toh JW, de Souza P, Lim SH, et al. The potential value of immu-
notherapy in colorectal cancers: review of the evidence for pro-
grammed death-1 inhibitor therapy. Clin Colorectal Cancer.
2016;15(4):285-291.

Raffaghello L, Prigione I, Airoldi I, et al. Downregulation and/or
release of NKG2D ligands as immune evasion strategy of human
neuroblastoma. Neoplasia. 2004;6(5):558-568.

Hu Q, Ye Y, Chan LC, et al. Oncogenic IncRNA downregulates
cancer cell antigen presentation and intrinsic tumor suppression.
Nat Immunol. 2019;20(7):835-851.

Monteran L, Erez N. The dark side of fibroblasts: cancer-
associated fibroblasts as mediators of immunosuppression in the
tumor microenvironment. Front Immunol. 2019;10:1835.



Cancer Control

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Shi J, Lu P, Shen W, et al. CD90 highly expressed population
harbors a stemness signature and creates an immunosuppressive
niche in pancreatic cancer. Cancer Lett. 2019;453:158-169.

Li X, Thirumalai D. Cooperation among tumor cell subpopula-
tions leads to intratumor heterogeneity. arXiv preprint. 2020;
15(2):99-119.

Klein O, Kee D, Markman B, et al. A phase II clinical trial of
ipilimumab/nivolumab combination immunotherapy in patients
with rare upper gastrointestinal, neuroendocrine, and gynecologi-
cal malignancies. J Clin Oncol. 2019;37(15):2570.

Schadendorf D, Hassel JC, Fluck M, et al. Adjuvant immunother-
apy with nivolumab (NIVO) alone or in combination with ipili-
mumab (IPI) versus placebo in stage IV melanoma patients with
no evidence of disease (NED): a randomized, double-blind phase
II trial IMMUNED). Ann Oncol. 2019;30:v903-v904.

Gatenby RA, Zhang J, Brown JS. First strike—second strike stra-
tegies in metastatic cancer: lessons from the evolutionary
dynamics of extinction. Cancer Res. 2019;79(13):3174-3177.
Gatenby RA, Silva AS, Gillies RJ, Frieden BR. Adaptive therapy.
Cancer Res. 2009;69(11):4894-4903.

Zhang J, Cunningham JJ, Brown JS, Gatenby RA. Integrating
evolutionary dynamics into treatment of metastatic castrate-
resistant prostate cancer. Nat Commun. 2017;8(1):1-9.

Pulliam HR. Ecological community theory and the coexistence of
sparrows. Ecology. 1983;64(1):45-52.

Pulliam HR. Foraging efficiency, resource partitioning, and the
coexistence of sparrow species. Ecology. 1985;66(6):1829-1836.
Kotler BP, Brown JS. Mechanisms of coexistence of optimal
foragers as determinants of the local abundance and distributions
of desert granivores. J Mammal. 1999;80(2):361-374.

Grant PR. Ecology and Evolution of Darwin’s Finches. Princeton
University Press; 1999:458.

Schluter D, Grant PR. Determinants of morphological patterns in
communities of Darwin’s finches. Am Natur 1984;123(2):
175-196.

Riddle BR, Hafner DJ, Alexander LF. Comparative phylogeogra-
phy of baileys’ pocket mouse (Chaetodipus baileyi) and the per-
omyscus eremicus species group: historical vicariance of the Baja
California peninsular desert. Mol Phylogenetics Evol.2000;17(2):
161-172.

Majak W. Mammalian metabolism of toxic glycosides from
plants. J Toxicol. 1992;11(1):1-40.

Sherbrooke WC. Differential acceptance of toxic jojoba seed
(Simmondsia chinensis) by four Sonoran desert heteromyid
rodents. Ecology. 1976;57(3):596-602.

Hall ER, Kelson KR. The mammals of North America. Vols. I and
II. John Wiley & Sons, Inc; 1981:1181.

Recouvreux MV, Commisso C. Macropinocytosis: a metabolic
adaptation to nutrient stress in cancer. Front Endocrinol. 2017;
8:261.

Amend SR, Gatenby RA, Pienta KJ, Brown JS. Cancer foraging
ecology: diet choice, patch use, and habitat selection of cancer
cells. Curr Pathobiol. Rep. 2018;6(4):209-218.

Liu Y, Sun L, Xiong ZC, et al. Meta-analysis of the impact of de
novo and acquired EGFR T790 M mutations on the prognosis of

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

patients with non-small cell lung cancer receiving EGFR-TKIs.
Onco Targets Ther. 2017;10:2267-2279.

Vasaitis TS, Bruno RD, Njar VC. CYP17 inhibitors for prostate
cancer therapy. J Steroid Biochem Mol Biol. 2011;125(1-2):
23-31.

Dillard PR, Lin MF, Khan SA. Androgen-independent prostate
cancer cells acquire the complete steroidogenic potential of
synthesizing testosterone from cholesterol. Mol Cell Endocrinol.
2008;295(1-2):115-120.

Cody ML. Habitat Selection in Birds. Academic Press; 1987:558.
van der Merwe M, Brown JS, Jackson WM. The coexistence of
fox (Sciurus niger) and gray (S. caroliniensis) squirrels in the
Chicago metropolitan area. Urban Ecosyst. 2005;8(3-4):335-347.
Thorson JM, Morgan RA, Brown JS, Norman JE. Direct and
indirect cues of predatory risk and patch use by fox squirrels and
thirteen-lined ground squirrels. Behav Ecol. 1998;9(2):151-157.
Brown JS. A tale of two squirrels and one city. In: Van Horn G,
Aftandilian D, eds. City Creatures: Animal Encounters in the
Chicago Wilderness. University of Chicago Press; 2015:377.
Fontaine CC, Deforet M, Akkari L, Thompson CB, Joyce JA,
Xavier JB. Metabolic origins of spatial organization in the tumor
microenvironment. Proc Natl Acad Sci. 2017;114(11):2934-2939.
Persano L, Rampazzo E, Della Puppa A, Pistollato F, Basso G.
The three-layer concentric model of glioblastoma: cancer stem
cells, microenvironmental regulation, and therapeutic implica-
tions. Sci World J. 2011;11:1829-1841.

Pikuta EV, Hoover RB, Tang J. Microbial extremophiles at the
limits of life. Crit Rev Microbiol. 2007;33(3):183-209.
Gerlinger M, Rowan AJ, Horswell S, et al. Intratumor heteroge-
neity and branched evolution revealed by multiregion sequencing.
N Engl J Med. 2012;366(10):883-892.

Rabbie R, Pour NA, Cast O. Multi-site clonality analyses
uncovers pervasive subclonal heterogeneity and branching evolu-
tion across melanoma metastases. BioRxiv. 2019:848390.
Carlino MS, Fogarty GB, Long GV. Treatment of melanoma
brain metastases: a new paradigm. Cancer J. 2012;18(2):208-212.
Chamseddine IM, Rejniak KA. Hybrid modeling frameworks of
tumor development and treatment. Wiley Interdiscip Rev Systs
Biol Med. 2020;12(1):e1461.

Karolak A, Poonja S, Rejniak KA. Morphophenotypic classifica-
tion of tumor organoids as an indicator of drug exposure and
penetration potential. PLoS Comput Biol. 2019;15(7):e1007214.
Vitos N, Chen S, Mathur S, Chamseddine I, Rejniak KA. Hypoxia
in cancer chemo-and immunotherapy: foe or friend? BioRxiv.
2019:629907.

Huang D, Lan H, Liu F, et al. Anti-angiogenesis or pro-
angiogenesis for cancer treatment: focus on drug distribution. Int
J Clin Expe Med. 2015;8(6):8369.

Robey IF, Baggett BK, Kirkpatrick ND, et al. Bicarbonate
increases tumor pH and inhibits spontaneous metastases. Cancer
Res. 2009;69(6):2260-2268.

Cunningham JJ, Brown JS, Vincent TL, Gatenby RA. Divergent
and convergent evolution in metastases suggest treatment strate-
gies based on specific metastatic sites. Evol Med Public Health.
2015;2015(1):76-87.



Kotler and Brown

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Miller AK, Brown JS, Basanta D, Huntly NJ. What is the storage
effect, why should it occur in cancers and how can it inform
cancer therapy? Cancer Control. 2020. IN PRESS.

Olsson O, Brown JS. Smart, smarter, smartest: foraging infor-
mation states and coexistence. Oikos. 2010;119(2):292-303.
Brown JS. Coexistence on a seasonal resource. Am Nat 1989;
133(2):168-182.

Brown JS, Kotler BP, Mitchell WA. Foraging theory, patch use,
and the structure of a Negev Desert granivore community. Ecol-
ogy. 1994;75(8):2286-2300.

Ziv Y, Abramsky Z, Kotler BP, Subach A. Interference compe-
tition and temporal and habitat partitioning in two gerbil species.
Oikos. 1993;66:237-246.

Gillies RJ, Brown JS, Anderson AR, Gatenby RA. Eco-
evolutionary causes and consequences of temporal changes
in intratumoural blood flow. Nat Rev Cancer. 2018;18(9):
576-585.

Gulhati P, Bowen KA, Liu J, et al. mTORC1 and mTORC2
regulate EMT, motility, and metastasis of colorectal cancer via
RhoA and Racl signaling pathways. Cancer Res. 2011;71(9):
3246-3256.

Epstein T, Gatenby RA, Brown JS. The Warburg effect as an
adaptation of cancer cells to rapid fluctuations in energy
demand. PloS one. 2017;12(9):e0185085.

Verdone JE, Zarif JC, Pienta KJ. Aerobic glycolysis, motility,
and cytoskeletal remodeling. Cell Cycle. 2015;14(2):169-170.
Pienta KJ, Hammarlund EU, Axelrod R, Amend SA, Brown JS.
Convergent evolution, evolving evolvability, and the origins of
lethal cancer. Mol Cancer Res. 2020;18(6):801-810.

Clark JS, LaDeau S, Ibanez 1. Fecundity of trees and the colo-
nization—competition hypothesis. Ecol Monogr. 2004;74(3):
415-442.

Ellner SP, Fussmann G. Effects of successional dynamics on
metapopulation persistence. Ecology. 2003:84(4):882-889.
Blanchette CA.Seasonal patterns of disturbance influence
recruitment of the sea palm, postelsia palmaeformis. J Exp Mar
Biol Ecol. 1996;197(1):1-14.

Orlando PA, Gatenby RA, Brown JS. Tumor evolution in space:
the effects of competition colonization tradeoffs on tumor inva-
sion dynamics. Front Oncol. 2013;3:45.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Gallaher JA, Brown JS, Anderson AR. The impact of
proliferation-migration tradeoffs on phenotypic evolution in
cancer. Sci Rep. 2019;9(1):1-10.

Garay T, Juhasz E, Molnér E, et al. Cell migration or cytokinesis
and proliferation?—revisiting the “go or grow” hypothesis in
cancer cells in vitro. Exp Cell Res. 2013;319(20):3094-3103.
Hatzikirou H, Basanta D, Simon M, Schaller K, Deutsch A. Go
or grow: the key to the emergence of invasion in tumour pro-
gression? Math Med Biol. 2012;29(1):49-65.

You L, von Knobloch M, Lopez T, et al. Including blood vascu-
lature into a game-theoretic model of cancer dynamics. Games.
2019;10(1):13.

Nagy JD. The ecology and evolutionary biology of cancer:
a review of mathematical models of necrosis and tumor cell
diversity. Math Biosci Eng. 2005;2(2):381-418.

Brat DJ, Van Meir EG. Vaso-occlusive and prothrombotic
mechanisms associated with tumor hypoxia, necrosis, and accel-
erated growth in glioblastoma. Lab Invest. 2004;84(4):397-405.
Riegman M, Bradbury MS, Overholtzer M. Population dynamics
in cell death: mechanisms of propagation. Trends in Cancer.
2019;5(9):558-568.

Raoof S, Mulford 1J, Cabanos HF, et al. Targeting FGFR over-
comes EMT-mediated resistance in EGFR mutant non-small cell
lung cancer. Oncogene. 2019;38(37):6399-6413.

Tulchinsky E, Demidov O, Kriajevska M, Barlev NA, Imyanitov
E. EMT: a mechanism for escape from EGFR-targeted therapy
in lung cancer. Biochim Biophys Acta Rev Cancer. 2019;
1871(1):29-39.

Du B, Shim JS. Targeting epithelial-mesenchymal transition
(EMT) to overcome drug resistance in cancer. Molecules.
2016;21(7):965.

Piccirillo SGM, Combi R, Cajola L, et al. Distinct pools of
cancer stem-like cells coexist within human glioblastomas and
display different tumorigenicity and independent genomic evo-
lution. Oncogene. 2009;28(15):1807-1811.

Joo KM, Kim SY, Jin X, et al. Clinical and biological implica-
tions of CD133-positive and CD133-negative cells in glioblas-
tomas. Lab Invest. 2008;88(8):808-815.

Liu S, Li X, Zhuang S. miR-30c impedes glioblastoma cell pro-
liferation and migration by targeting SOX9. Oncol Res. 2019;
27(2):165-171.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


