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Abstract

Purpose of Review Here we connect theories of diet choice, patch use, and habitat selection with cancer biology. Key and only
partially answered questions include: Do cancer cells’ uptake of nutrients conform to theory? What are the supply and total mass
of resources within tumors? Can cancer cell foraging strategies provide indicators for tumor dynamics and therapies? We
advocate for a new research subdiscipline of cancer foraging ecology.

Recent Findings Foraging ecology studies feeding behaviors of organisms as adaptations. Virtually all of life exhibits adaptations
relating to diet, patch use, and habitat selection. Cancer cells likely exhibit selective nutrient uptake (diet), local depletion of
resources (patch use), and motility (habitat selection). In fact, the evolution of adaptive feeding strategies by cancer cells may be
an additional hallmark of cancer. In aggregate, the feeding behaviors of cancer cells can be devastating—acidosis, hypoxia,
cachexia, necrosis, tissue invasion, and metastasis. While these are well known, little is known regarding the nutrient uptake
strategies of individual cancer cells. Foraging theory provides a strong theoretical basis for anticipating what cancer cells might
do and how research on cancer foraging ecology—with impact on metastasis research and therapeutic intervention—should
proceed.

Summary Normal cells, as “servants” to the whole organism, should not conform to the principles of optimal foraging theory.
Cancer cells in response to fluctuating resource supplies, nutrient limitations, and hazards should evolve resource acquisition
strategies that are more optimal-foraging-like. Two areas of research make cancer foraging ecology a particularly propitious
emerging field. From behavioral and evolutionary ecology, there is a well-developed body of theory suggesting how organisms,
including cancer cells, should forage. From cancer cell metabolomics there is a large body of knowledge regarding how cancer
cells process and utilize different nutrients as fuel, material, buffers and messenger molecules. We suggest the time is ripe for
conjoining foraging ecology with cancer cell metabolomics.

Keywords Cancer - Foraging ecology - Consumer-resource dynamics - Tumor ecosystems - Diet choice - Patch use - Habitat
selection - Metabolomics

Introduction evolve over time based on pressures placed on them due to the
quality of their environment. For example, cancer cells require
Cancer cells, as units of selection, are subject to the forces of ~ nutrients and resources for homeostasis, survival, growth, and
natural selection. Cancer cells, like all other living organisms,  proliferation. In ecological terms, access to nutrients and re-
sources is described by the science of foraging dynamics.
Cancer cells exhibit heritable variation (genetic and epigenetic
This article is part of the Topical Collection on The Evolutionary and mutations) and must compete for limited resources, safety, and
Ecological Pathology of Cancer space, resulting in traits that contribute to more successful
heritable phenotypes.
A common limitation of cancer proliferation is substrate
availability, which may be disrupted by temporal and spa-
tial fluctuations in blood flow within the disordered struc-
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strategies that allow quick, efficient, and safe resource ac-
quisition [2]. Foraging ecology is the study of feeding be-
haviors and resource acquisition as adaptations. Within can-
cers, we view foraging ecology as the interplay between
how individual cancer cells respond to resource availabili-
ties and how the collective resource uptake of all of cellular
populations within a tumor influences resource availabilities
(Table 1).

There is a rich literature focused on the metabolism of
cancer, including the utilized nutrients, the mechanisms of
consumption, and the dependencies of cancer cells on var-
ious resources and the relationship of all of these to sur-
vival and proliferation [3]. Indeed, this topic is experienc-
ing a renewed appreciation in recent years as new technol-
ogies allow for the specific interrogation of cell-metabolite
interaction in addition to metabolism of these resources
(reviewed in [4ee, 5]).

Here, we review current knowledge on the sources, types,
and abundance of resources used by cancer cells. We consider
the uptake mechanisms utilized by cancer cells and the nutri-
tional relationships of resources consumed by cancer cells
(Table 2). In particular, we apply the concept of foraging the-
ory to expand the current field of cancer metabolism by
highlighting previously unidentified questions. The foraging
ecology of cancer cells has relevance for targets of therapy and

as assessments of neoplasms such as the recently proposed
evo- and eco- indices for characterizing cancers where mea-
sures of resource availability and utilization provide one axis
of the eco-index [6°°].

Foraging Theory

Feeding behaviors occur at three spatial scales. The smallest
is diet choice. Most organisms exist in an ecology with a
number of potential sources of nutrients. Diet choice con-
siders the dietary patterns of each organism within this
range of options [7]. Can cancer cells adaptively modulate
their resource uptake rates? What dynamics promote or con-
strain these dietary variations? The next scale is patch use,
which is the extent to which organisms locally deplete the
availability of resources as they feed [8]. We explore the
extent to which cancer cells can selectivity cease harvesting
particular resources when they become scarce. The largest
spatial scale is habitat selection. Habitat selection considers
the ability of organisms to move by responding to resource
availabilities (the focus of this manuscript), hazards such as
predation risk, and the density of competitors [9].
Interestingly, cancer cells have the ability to engineer their
own habitat, and therefore available resources, both through
promoting local angiogenesis and recruitment of host

Table 1 Foraging ecology terms and definitions
Term  Definition Units
F Fitness; the proliferation rate minus the death rate - Units per time
X Population size of cancer cells - The total number of cells (i.e., whole tumor burden)
- Density of cells per unit area or volume of the tumor
dx/dt Rate of change in the population size of cancer cells per unit time:
dx/dt = xF
t Time - Seconds, minutes, hours, or days
R; Abundance of resource i - Molecules, moles, or mass per unit volume of intracellular fluid
e; Nutritional value of resource i - Relative value to other resources (per molecule, mole, or mass)
- Overall contribution to the cell’s metabolic needs
(ATP or molecular building block per unit resource)
- Contribution to fitness (e; = dF/dC);)
C; Consumption rate of resource i by a single cell - Molecules, mass, or moles per unit time
k; Fixed need for resource i - Resource per unit time
The cell should modulate consumption to meet this fixed demand:
Ci=k
C{R;)  Functional response to resource i
Usually C; will be an increasing function of resource availability R;.
a; Fraction of available resources harvested - Resource per unit time
If this is the only limit on consumption then it will increase linearly
with resource concentration:
CiR)= aiR;
h; The time it takes for a cancer cell to handle a unit of resource i during - Time

which time it is not possible to further uptake more of that resource.
If this is the only limit on consumption, then it will increase with
abundance but at a decelerating rate: C(R;) = a;R;/(1 + a;h;R;)
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Table 2 Nutritional relationships of resources

Resource relationship F is proportional to Definition

Perfectly substitutable e1Cy + e,Cy

The fitness value of consuming resource 1 and resource 2 is equal.

The fitness value of consuming resource 1 declines as more is consumed (diminishing returns)

The fitness value of consuming resource 2 increases with the consumption of resource 1
(better to consume a mix of both than just one resource)

0< o, <1 are scaling factors that scale the degree of diminishing returns to consuming more of resource 1 and 2,

Complementary e1e2(C)XCy)P
respectively
Essential min{e;C}, e;Cy}

The consumption of one resource or the other determines fitness; increased uptake of the

non-limiting resource has no positive effect on the cell’s fitness

microenvironment cells (M2 macrophages, cancer associat-
ed fibroblasts, etc.) [10, 11].

Resources

We define a resource as any molecule (inorganic or organic
and micro- or macromolecules) that can be taken up by all ora
subset of cancer cells and used to promote homeostasis,
growth, and/or survival [12]. Resources generally provide ma-
terial or fuel [3]. The acquisition of a resource means that it is
temporarily (e.g., potassium ions) or permanently (e.g., OXy-
gen) used up. Glucose, glutamine, and other amino acids
make up 10-15%, 10%, and 20-40% of the carbon in a cancer
cell, respectively [13¢]. A resource such as glucose serves
primarily as fuel to make ATP and drive cell metabolism. In
contrast, a resource such as glutamine has many roles: it can
be used as a building block in polypeptides and nucleotides,
metabolized as fuel, or broken down and reconfigured into
other amino acids or even nucleotides [14¢]. Similarly, fatty
acids can be used to produce structures (cell membranes),
provide fuel, and be transformed into hormones, growth fac-
tors, and diverse molecules [15]. Macromolecules may be
usable directly for structures and enzymes (albumin and li-
pases) or be broken down to provide molecular building
blocks and fuel. Taken together, these observations demon-
strate that eukaryotic cells, and cancer cells in particular, have
multiple and diverse pathways for acquiring the necessary
substrate for survival and proliferation [16, 17].

Growth factors are a special class of resources. They do not
seem to be directly useful as building blocks, structures, or
fuel, yet growth factors, such as estrogens and androgens, may
be critical controllers of tissue specific cell division or activity
[3]. They can be produced by specialized cells at distant loca-
tion in the body (e.g., testes, ovaries) and then distributed
through the vasculature so that local concentrations in tumors
are in part governed by local blood flow. Other growth factors
are produced locally by fibroblasts, macrophages, and other
host cells within the tumor microenvironment and made avail-
able to a smaller neighborhood of cancer cells. In both cases,
growth factors act as resources to govern survival, prolifera-
tion, and movement of specific types of cells, and some

growth factors may regulate other nutrient consumption.
Given their non-essential contribution to material and fuel,
however, it is unsurprising that cancer cells often evolve the
ability to produce their own hormones and growth factors or
reconfigure vital metabolic pathways to be independent of
these molecules [18].

Nutritional Relationships

Diverse sets of nutrients are required for the survival and pro-
liferation of cancer cells, measured as the expected net prolif-
eration rate of a cancer cell lineage, F. If x is the population
size of the lineage, the population size over time = dx/dt = xF.
What is less well known is how various combinations of re-
source uptake influence net proliferation (F). For instance, we
can let C=(Cy, ... C,) be the consumption rate of a cell on n
different resources. Net proliferation rates will be influenced
by this consumption rate (C), and in most cases, consuming
more of a resource will generally improve, or at least not hurt,
F[19].

In addition to abundance, the value and purpose of a re-
source are also critical. Two resources are substitutable if their
value to the cancer cell is a weighted average of their con-
sumption rates: F'is a function of e, C; + e,C, where e and e,
are the relative values of the two resources (e.g., glucose and
fructose). Two resources are complementary if their relative
value to the cancer cell changes with consumption (e.g., glu-
cose and cysteine). Increasing consumption of one makes the
other relatively more valuable: F' may be a function of
e;C% +e,C”, or e;e,C;*C”, where o and 0, scaling factors
representing the respective value of the resource, are greater
than zero but less than one. Thus, there are diminishing returns
to consuming more of a given resource. Both glucose and
glutamine (or cysteine) can be fuel or material, but glucose
serves best for fuel and glutamine (or cysteine) for material.
Fatty acids may enhance the utilization and metabolism of
glucose and glutamine [20]. Two resources are essential if
their relative value to the cancer cell is based on whichever
one is most limiting (Liebig’s Law of the Minimum): F is a
function of the minimum of e¢;C; and e,C,. Essential
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resources for cancer may include oxygen, various amino
acids, growth factors, and ions.

Resource Uptake and Diet Choice

Cancer cells can take up resources through multiple mecha-
nisms, including diffusion, active transport, and
micropinocytosis (Fig. 1). Diffusion allows the movement of
molecules in and out of the cell as determined by the relative
concentration on either side of the plasma membrane. Passive
diffusion is restricted to small uncharged hydrophobic mole-
cules that can dissolve across the phospholipid bilayer.
Facilitated diffusion, while still governed by the relative con-
centration of the resource, requires carriers or channel proteins
that allow larger and/or charged molecules to cross the plasma
membrane (e.g., amino acids, ions, carbohydrates), thus intro-
ducing a “handling cost” to consumption. Active transport
enables the cell to move a molecule up its concentration gra-
dient by using energy such as hydrolysis of ATP or another
coupled reaction (e.g., ion pumps: Na™K*, Ca**; ABC trans-
porters: carbohydrates, amino acids). Other molecules are tak-
en up by the cell via receptor-mediated endocytosis in which
the molecule binds its receptor on the cell surface and a vesicle
is formed by the inward budding of the plasma membrane into
the cell (e.g., hormones, growth factors). In contrast with the
transport of specific nutrients via receptor-mediated endocy-
tosis, a cell can engulf adjacent material non-selectively via
the endocytic process of micropinocytosis (or, for larger mol-
ecules, macropinocytosis).

The functional response, Ci(R), is a foraging ecology con-
cept that describes the rate of resource uptake as a function of
resource availabilities: R = (Ry, ... R,). It describes how quick-
ly a cancer cell acquires a resource and how this uptake is
influenced by the concentration of resources in their environ-
ment. This rate of resource acquisition supports fuel for met-
abolic activity and materials for maintenance, growth, and
proliferation. The functional response relates to how quickly
a cell or collection of cells will deplete resources. In terms of
resource competition, natural selection will favor both speed
and efficiency of nutrient uptake [21].

If resource uptake is entirely driven by the needs of the cell
and is not constrained by resource availability, then C;=k;, a
constant that describes resource requirement. For instance,
oxygen is only useful for oxidative phosphorylation. If avail-
able carbon substrates such as glucose, pyruvates, or lactates
are available for generating ATP in the mitochondria, then
oxygen uptake should simply match this need. The Warburg
effect recognizes continued anaerobic glycolytic metabolism
despite the presence (or the absence) of ample oxygen [22,
23].

For resources that passively diffuse into the cell, or perhaps
via facilitated diffusion, the rate of resource uptake will be
linearly related to availability: C; = a,;R; where q; is the uptake
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rate of the cell per unit resource. True passive diffusion across
the phospholipid membrane is rare and restricted to gasses and
small hydrophobic molecules (e.g., oxygen, water, ethanol).
Facilitated diffusion by carrier proteins and channel proteins is
common and is the route of transport for glucose and other
sugars, amino acids, and nucleotides. Evidence suggests that
the rate of glucose consumption and uptake is directly related
to its availability [24, 25].

When resources are acquired through facilitated diffusion
or active transport, or engage an extracellular receptor, there
may be some maximal rate resource uptake based on channels,
pores, or transporter molecules [26]. Glucose requires a carrier
protein (e.g., GLUT-1) that binds to extracellular glucose.
Upon binding, the carrier protein changes conformation and
rotates, releasing the glucose into the cell, and then reverts to
its original conformation. Thus, each carrier protein experi-
ences a handling time and cost. Having more transporter mol-
ecules will increase the rate of glucose uptake by increasing a;,
but the cell’s functional response on glucose will eventually
saturate for any given number of transporters. Such a func-
tional response may take the form of C;=a;R; /(1 + a;i;R;)
where /; represents a handling time or transportation cost to
taking up the resource. With such a functional response, up-
take rates reach a maximum value of 1/A; as resource avail-
ability increases to extremely high concentrations. Such a
functional response is likely the norm for most resources,
though actual measurements are rare.

Cancer cells can likely direct their uptake towards particu-
larly valued or rare nutrients by upregulating transporters.
This can lead to a functional response in which uptake accel-
erates with resource concentration but exhibits a diminishing
rate of increase at higher concentrations: C;= a;R% (1 +
a;h;R%) where the scaling factor 3> 1. For example, because
of their increased proliferation and protein synthesis, cancer
cells have a high amino acid demand. In order to consume
adequate levels of amino acids, cancer cells must upregulate
one or more (but not all) amino acid transporters [27¢]. The
cost of resistance in a class of cancer cells resulted from in-
creased glutamine consumption and metabolism to maintain
redox homeostasis within the cell [28¢¢].

Based on these functional responses, can cancer cells ex-
hibit biased or selective resource uptake? Foraging theory
makes a number of predictions regarding selective feeding
by cancer cells. When overall resource availabilities are high,
cancer cells should be more selective and reject resource items
of lower value. Resources, in general, will be ranked accord-
ing to their value divided by the effort required to acquire
them: e;/h;.

It is likely that those resources consumed by passive trans-
port (e.g., oxygen) are not governed by selective resource
uptake: what is available to be consumed will be taken up
until equilibrium is reached. In contrast, when active mecha-
nisms of resource uptake and consumption require energy,
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Fig. 1 Mechanisms of resource uptake by the cancer cell based on
foraging substrate. The cancer cell can consume resources via multiple
different mechanisms, dependent on resource availability and diet choice.
Constant resource supply: Resources are provided by a relatively steady
resource supply (e.g., blood vessel), and the cell consumes the resources
via passive diffusion, active diffusion, and active transport (left). Co-
feeding of cancer cells and host cells: cancer cells have the capacity to
engineer their own habitat via recruitment of host cells that in turn provide
growth factors and other nutrients for the local habitat (bottom). Nutrient

selective resource uptake would be adaptive. In normal cells,
there is evidence of nutrient uptake preference, mediated by
nutrient sensors and growth factor signaling. For example,
growth factor-mediated PI3K/Akt signaling mediates
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and material recycling: cancer cells engulf neighboring dying cells or cell
debris in a non-selective manner to consume macromolecules, proteins,
lipids, etc. (right). Cancer cell competition: an individual cancer cell
participates in and is influenced by the metabolic waste of a growing
tumor mass (top); this waste can decrease the activity of nutrient
transporters (e.g., glucose transporters have decreased activity in acidic
conditions) and also be used as a substrate itself (e.g., lactate can be used
as an energy source)

translocation of glucose transporters to the cell membrane to
facilitate glucose uptake [29-31] (reviewed in [5]). Upon on-
cogenic transformation, selective resource uptake mediated by
growth factor binding may be uncoupled, resulting in
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constitutive glucose uptake [5, 18, 22]. There is similar evi-
dence for the constitutive uptake of glutamine and essential
amino acids in order to support the high proliferation rates of
cancer cells.

For a highly proliferative cancer cell, it is likely that the
value of substrates for production of ATP and as material for
cell growth is so high as to outweigh the costs of acquisition.
Therefore, it is likely that partial preferences for nutrients
would be the norm for essential and complementary resources.
It is also possible that mutations in a different set of oncogenes
and tumor suppressor genes would lead to preferential uptake
of resources based on transporter activation. In this case, pref-
erence may depend on the effort and cost of acquisition. In
contrast, if a resource is needed to activate a constitutive path-
way, then need may drive consumption more than availability.
For example, breast cancer cells may simply increase the num-
ber of estrogen receptors in response to estrogen suppression
therapies or reroute metabolic pathways to become entirely
independent of the otherwise essential resource of estrogen.

The presence of one resource may strongly influence the
uptake of another. Glutamine consumption enhances uptake
of the essential amino acid leucine (among other amino acids)
through LAT1 [32, 33]. In normal cells, glucose consumption
via GLUT]! is regulated by growth factor binding such that
when growth factors are absent, glucose consumption is re-
duced, despite high extracellular glucose levels [29]. Such
adjustments may be in response to the resource being comple-
mentary or essential. If one nutrient is mostly limiting, then
there is little point in harvesting other less limiting ones.

The availability of one resource influencing the uptake and/
or value of another may be manifestation of what has been
called “metabolism addiction.” For instance, in cancer, glu-
cose and/or glutamine uptake may be decoupled from associ-
ated complementary resources such that uptake is only
constrained by availability (reviewed in [4e]). In cells that
are glutamine-addicted, however, amplification of c-myc in-
creases expression of glutamine transporters as well as
glutamine-utilizing enzymes, thus increasing glutamine con-
sumption and conversion to glutamate [34]. Notably, this ac-
cumulation of glutamate initiates a complementary resource
relationship: glutamate participation in the TCA cycle pro-
motes cysteine consumption [35].

Resource Depletion and Optimal Patch Use

Microenvironment heterogeneity is a characteristic of tumors.
Temporal and spatial variations in vasculature, local geometry
of the tumor, and the structure of normal cells and stroma
within the tumor generate a patchiness of distribution and
abundance of nutrients [36, 37]. Neighborhoods of cancer
cells likely experience periods and places with high- or low-
resource supply [12]. Resources are supplied through the vas-
culature, the extracellular space (e.g., extracellular matrix),
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local host microenvironment cells, and local cancer cells
(e.g., waste product lactate then consumed as an energy
source; growth factors), and the scavenging on material re-
leased from dead or dying cells [38, 39] (Fig. 1).

Resource-rich and resource-poor regions vary over time as
cancer and microenvironment cells consume the resources
that are then replenished with varying rates [40e¢]. Some areas
may experience a relatively stable supply of continuously
renewed resources (e.g., adjacent to blood vessels) while other
arcas may ebb over time as the resources are consumed (e.g.,
from tumor microenvironment cells). Regardless of the con-
sistency of the resource supply to these patches, the richness
of a patch will necessarily change over time as cells consume
resources and deplete the patch, while simultaneously cells
move into and out of the patch, either through cell movement
or through the proliferation of new cells. Beyond simply rich
or poor, patches may supply different combinations of re-
sources. For instance, a patch may contain resources such as
sugars and growth factors, while supplying very little of other
resources such as oxygen. As such, a cell’s foraging strategy
must be dynamic, necessarily varying from patch-to-patch and
moment-to-moment. Ultimately, the resources within a patch
represent a dynamic balance between renewal and depletion.

When foraging in a patch, an individual expends energy to
consume resources (search and handling) and gains benefit
from the resources. While depleting a patch, the individual
will experience diminishing returns as the energy expended
to consume resources exceeds the benefit gained. This phe-
nomenon then requires that, for optimal patch use, not all
resources are consumed—those resources that are not “worth
it” to the individual. A Giving Up Density (GUD) describes
the level of resources that are abandoned in the patch by a
foraging individual [2, 41]. This “giving up” may take form
in two ways: (1) the cell moves from that patch in search of
another higher-resource patch or (2) the cell stops foraging
and remains stationary, reducing its metabolism and waits
for the patch to replenish. An old study suggested that gluta-
mine uptake by cancer cells ceases when arterial concentra-
tions are less than 0.5 mM [42]. Understanding the GUD of a
particular subset of cancer cells and how the GUD changes
with diet choice and mechanisms of resource uptake would
provide a wealth of information to enable predictions of be-
havior, specifically cell movement, invasion, and persistence,
under varying resource availabilities.

There is some incidental experimental evidence of the for-
aging behavior of cancer cells, but there is little research spe-
cifically interrogating these questions. Indeed, it is unknown
whether cancer cells have GUDs or if they completely deplete
their environment of all resources. It is known that the abun-
dance of glucose within a tumor is just 10-33% that of normal
tissue [43]. Remarkably, even the relatively elementary
(though experimentally challenging) questions of the flow of
nutrients in and out of a tumor or total measures of nutrient
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availabilities present in a tumor remain unanswered (but see
[39]). It is unclear whether cancer cells need more (or higher-
quality or greater diversity of) or fewer (or lower-quality and
less variety of) resources compared to their normal cell coun-
terparts. Normal cells bear the cost of their differentiated ac-
tivities but typically do not proliferate as frequently as their
malignant counterparts. In contrast, cancer cells must replicate
their internal structure to permit replication but will devote far
fewer resources to carry out functions that would ordinarily
benefit the host multicellular organism. Interestingly, the en-
ergy and substrate (carbon, nitrogen, phosphate, etc.) budgets
of normal or cancer cells in vivo are largely unknown.
Decades of experience with FAG PET scanning in clinical
cancers demonstrate that most malignant cells have increased
glucose uptake compared to normal cells, but these observa-
tions have not been integrated into a comprehensive under-
standing of the differences of the overall resource demand and
utilization budgets in malignant and normal mammalian cells.

While these quantifications would be most valuable in the
setting of a human tumor, in vitro culturing techniques provide
the most insight and a first-step approximation of the presence
of a cancer cell GUD. Determining the minimum resource re-
quirements of a cancer cell has been a critical for cell biologists
since the advent of in vitro culturing techniques. Indeed, early
work by Harry Eagle, George Gey, and others demonstrates the
minimum media requirements for subculturing of the HeLa
cancer cell line and provided the first glimpse into the nutrient
uptake—or foraging—of cancer cells [44]. Even these careful
formulations, however, provide all nutrients, including sugars
and essential amino acids, in excess and include the essential,
but highly variable and largely unquantifiable, nutrient supple-
ment of animal serum (e.g., fetal bovine serum, FBS).

Opposite excess resources is starvation, a standard laborato-
ry procedure to synchronize in vitro cultures by inducing GO/G1
cell cycle arrest. Rather than determining a titrated system, how-
ever, most serum starvation procedures immediately transition
cultures from 10 to 20% FBS to 0—1% FBS [45]. Though these
preparatory steps do not identify a cancer cell population’s
GUD (though measuring the nutrients from starved cells when
they undergo growth arrest may shed light on the topic), serum
starvation does indicate that there is a point at which cells de-
crease metabolism and proliferation—in essence, they stop for-
aging. Beyond the milieu of cell-supportive factors present in
FBS, many groups have also demonstrated that effect sizes are
amplified upon culturing cancer cells in low sugar or low oxy-
gen, likely challenging the cancer cells to the limit of or beyond
their GUD to observe a response.

It is possible—perhaps even likely, given the aberrant na-
ture of cancer cells—that, while normal cells may have a GUD
at which the cells undergo senescence or apoptosis, cancer
cells by nature of their altered metabolism and immortality
have lost the ability to sense and respond to a GUD. In very
low nutrient levels, such as in low-oxygen and low pH regions

of a tumor, cancer cells undergo autophagy. Autophagy is a
short-term solution to promote immediate survival of a cell by
self-digestion of organelles as an energy source. If a lack of
resources continues, the cell dies [46]. That autophagy exists
at all may indicate that the cancer cell failed to stop foraging at
its GUD, resulting in severe energy restriction and subsequent
activation of type II programmed cell death.

Habitat Selection and Cell Movement

In nature, most organisms will select their habitats in a man-
ner that improves their fitness, either based on safety, sur-
vival costs, and/or resource availabilities. The movement of
individuals away from less favorable places to more favor-
able ones means that, overall, individuals will become dis-
tributed in space in a manner that roughly equalizes oppor-
tunities. By moving from a place, an individual makes the
habitat better for those that remain (more food and space per
individual). By moving into a place, the habitat must now
support an additional individual. Within a habitat, resource
limitation means that fitness (i.e., net proliferation rate) de-
clines with the number of individuals within that habitat:
dF;/dx; < 0 for some habitat i. If individuals can move freely,
share equally in the opportunities of a habitat, and have
perfect information on the habitats, then individuals should
distribute themselves among habitats so that fitness are
equal in an ideal free distribution: F(x;)=F(x,)=... F(x,)
where there are n habitats.

Cancer cells likely cannot achieve such a distribution.
They may lack sufficient motility, sensory capacity, and
information, but any capacity to move from poorer habitats
into better habitats will be revealing. For instance, high
glycolytic activity is associated with motility in prostate
cancer cells [47¢]. Cell density within particular habitats
should correlate with nutrient supply. At very local scales,
there may be a declining density of cancer cells with dis-
tance from vasculature [48]. Regions of necrosis indicate a
paucity of nutrients and perhaps an accumulation of toxins.
Standard in vitro migration and invasion assays demon-
strate the capacity of cancer cells for this type of habitat
selection (e.g., moving towards higher nutrients: FBS,
growth factors). Measures of cancer cell densities may pro-
vide insights into or act as a surrogate measure of, resource
supply and habitat favorability from the perspective of the
cancer cell [49]. In glioblastoma patients, T1 gadolinium,
FLAIR, and T2 gadolinium MRI has been used to identify
distinct tumor habitats [50]. A high frequency of resource
availability"€"-cancer cell density'®™ habitats was a predic-
tor of better patient outcome compared to other habitat
classifications. Glioblastoma cells are known to be partic-
ularly motile lending support that the distribution of cells
across habitat types may include forms of habitat selection
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in response to nutrients, risks, and competition from other
cells [51].

Conclusions

Cancer cells are divorced from their normal cell counterpart’s
function and are no longer restrained by body-wide homeo-
static requirements. In contrast, cancer cell fitness (prolifera-
tion and population size) is severely limited by resource avail-
ability within the heterogeneous and highly competitive local
habitat of the microenvironment. These cancer cells should
conform to the expectations of foraging theory: diet choice,
patch use, and habitat selection.

To survive under the strong selective pressures in a tu-
mor, cancer cells must evolve foraging strategies to maxi-
mize their fitness given the circumstances of resource scar-
city. Cancer cells should become more selective and effec-
tive in their harvest of particular nutrients. This diet choice
should reflect the specific nutritional values of each re-
source and the nutritional relationships between resources.
Cancer cells should evolve patch use behaviors where they
deplete nutrients only to point where additional uptake rates
compensate for the uptake costs (giving-up-density).
Finally, motile cancer cells demonstrate habitat selection.
Simple motility may move cancer cells from crowded to less
crowded regions: away from nutrient depleted regions and/
or towards nutrient rich areas. In short, a hallmark of cancer
may be the evolution of foraging behaviors that conform to
the expectations of foraging theory [4e, 52—54]. The study
of such uptake behaviors—partially selectivities in diet,
functional response curves, giving-up densities, and habitat
selection—is in its infancy and is often overlooked by can-
cer biologists. Yet, in other fields of ecology and conserva-
tion feeding behaviors provide valuable indicators [S55¢¢].

The aggregate feeding behaviors of cancer cells have de-
monstrable and clinically important consequences for tumor
properties, responses to therapy, and patient outcome. These
are well known and include pH, hypoxia, microenvironment
heterogeneity, upregulation of transporters, necrosis, epithelial
to mesenchymal transformation, invasion, and metastasis.
Less well known are the actual foraging behaviors of the in-
dividual cells that result in these emergent properties. We feel
the time is propitious for the new subdiscipline of cancer for-
aging ecology.
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