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Abstract
Objective: Traditional cancer initiation theory pro-
pounds evolution of a monoclonal population of
fully transformed tumour cells to form a malignant
tumour. Cooperation between surrounding stroma
and the tumour also often leads to malignancy.
This cooperation may exist as a result of sharing of
growth signals or growth factors secreted by stro-
mal cells, which can cause those with proliferative
phenotypes to switch to motile phenotypes. Mathe-
matical models of sharing of growth factors
between cancer stem cells and stromal cells can
allow for deeper understanding of tumourigenesis
through cooperation. The study presented here
describes a novel evolutionary game theoretical
approach to investigate emergence of malignancy
through interactions among cells of three different
phenotypes, one of which produces growth factors.
Materials and methods: Three different scenarios
have been considered, and types of behaviour of the
three phenotypes during interactions, have been
modelled in terms of cost and benefit variables. Phe-
notypic compositions of such a tumour at equilibrium
have been analysed, and evolution of the population,
with respect to time, has been investigated.
Results: Results suggest the role of cooperation in
forming a malignant tumour and show, in all three
cases, that emergence of triple polymorphism, two-
strategy polymorphism, and fixation of one pheno-
type, were possible at equilibrium. The models also
suggest that under certain conditions, one pheno-
type may be completely eliminated from the popu-
lation, thus leading to new possibilities for
potential treatments.

Conclusions: This study explains some current
experimental findings from a theoretical viewpoint,
and may provide new approaches for future
research in oncology.

Introduction

Carcinogenesis, transformation of healthy cells to malig-
nant cells, is often recognized as an evolutionary process.
Much traditional cancer theory states that tumours develop
from a single progenitor cell, whose subsequent division
and mutation result in creation of various subclones of par-
tially transformed tumour cells (1). Genetic instability dur-
ing the carcinogenic process allows for creation of
subclones of such a phenotypically diverse population of
cells. Development of malignancy subsequently requires
the tumour to acquire a number of important mutational
capabilities, through this evolutionary selection of aggres-
sive subclones. These abilities include self-sufficiency in
generating growth signals, successful evasion of apoptosis
and unlimited proliferative potential, amongst many others
(2). Eventually, one subclone gains all the hallmarks nec-
essary to form a fully malignant tumour mass (1).

Cancer stem cells (CSCs) are responsible for main-
taining and initiating tumours and have also been found
to play a role in tumour cell invasion and metastasis,
through generation of tumour heterogeneity (3). The most
recent model of cancer metastasis suggests that metastasis
does not occur as a result of irreversible genetic changes,
but of different gene expression programs that are
imposed on the cancer cells by the tumour microenviron-
ment (4). Current cancer research has shown that epithe-
lial-mesenchymal transition (EMT) leads to the rise of an
invasive phenotype with properties akin to normal stem
cells (5). Stromal signals, such as by transforming growth
factor-b (TGF-b), can induce EMT in which proliferative
tumour cells acquire an invasive phenotype (3). Two
populations of EMT and non-EMT CSCs can coexist and
switch between the two phenotypes through EMT and, its
reverse process, the mesenchymal-to-epithelial (MET)
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transition (3). Experimental studies have shown that
phenotypic switching leads to onset of metastasis as a
result of genetic reprogramming to invasive phenotypes
(6). Phenotypic plasticity of CSCs suggests that they
adopt an invasive phenotype to migrate to a secondary
site (3). Once invasive cells have migrated to a new site,
they may switch back to the proliferative phenotype and
retain the proliferative phenotype or become dormant due
to lack of signals to the contrary, from the microenviron-
ment (4). Increasing evidence points to heterogeneity of
the tumour as the reason why some tumours are resistant
to drug treatment (4). Experimental evidence from exami-
nation of 86 melanoma cell lines in culture shows at least
two major gene expression signatures – one presents itself
in weakly invasive but rapidly proliferative phenotype
that can be repressed by TGF-b, and the other in a slowly
proliferating but highly invasive phenotype that is resis-
tant to TGF-b growth-inhibition signalling (7). Hoek
et al. (8) discovered that cancer cell lines with fixed
genetic profiles in culture, that were transplanted in vivo,
generated heterogeneous tumours that contained both
phenotypes. Carreira et al. (9) proposed that these differ-
ent phenotypes of cancer cell exist in melanoma tumours
due to different levels of microphthalmia-associated tran-
scription factor (Mitf) gene activity. Low expression of
Mitf results in cells of invasive phenotype, while high
Mitf expression yields cells with either proliferative phe-
notype or a pigment-producing phenotype in melanoma
(4). In breast cancer, increased regulation of TGF-b sig-
nalling leads to decreased regulation of Mitf expression
that subsequently triggers the switch from proliferative to
an invasive phenotype (10).

In addition to the role of growth factors in pheno-
type switching (10), extensive cell cooperation that
alters the surrounding non-cancerous tissue has already
been shown to exist between malignant cells and stro-
mal cells of the tumour microenvironment (2). This
cooperation arises through exchange of various types of
growth signals or growth factors. An example of this
type of cell communication can be found in carcinomas
where cancer cells secrete platelet-derived growth factor
(PDGF), which recruits macrophages that in turn secrete
TGF-b. Overexpression of TGF-b, then, activates carci-
noma-associated fibroblasts to stimulate cancer cell pro-
liferation and invasion (11). Even in distant metastatic
sites, endothelial cells and macrophages associated with
lung cancer have been observed to express MMP9 (an
agent that supports metastasis) when induced by cancer
cell-secreted VEGF of the primary tumour (12).

Axelrod et al. (13) have proposed that partially trans-
formed tumour cells can cooperate through this sharing
of growth factors, and therefore allow the tumour to
reach malignancy before a fully transformed subclone

emerges. Although increasing evidence has shown that
tumours mostly originate from a single progenitor (1),
there is also increasing evidence pointing to cooperation
between stromal cells and CSCs as reason for initiation
of metastasis (2). A recent study at the Weinberg lab
(14) has found that an ‘instigator’ cell line is able to
induce proliferation and metastasis of an ‘indolent’ cell
line through secretion of osteopontin, a factor that caused
initiation systemic effects that led to spreading. However,
mutualism between different subclones has not yet been
confirmed as paracrine signalling is often difficult to
study in vivo. Because of complications in studying can-
cer mechanisms in human patients, mathematical models
provide useful alternatives for preliminary investigations
of tumour initiation, growth and metastatic spread.

Presently, game theory has risen to the forefront of
cancer modelling due to understanding that cancer cells
compete at some level over available space and nutrients.
Pioneered by von Neumann and Morgenstern (15), game
theory studies how players cooperate and compete by
employing various strategies that affect their own fitness
as well as the fitnesses of the other players. Evolutionary
game theory (EGT), in particular, has been a tremen-
dously useful tool in the biological sciences as it can be
used to investigate evolution of a population where Dar-
winian fitness is determined by reproductive success of
the population only, and assumes that players’ strategies
are not determined by rational payoff maximization, but
by phenotypic traits. Traits themselves are acquired
through adaptations resulting from natural selection, and
the fitness of each individual is reproductive success
(16). While EGT has been most frequently applied to
evolution of competing animal species (17), its more
recent applications include to bacteria (18) and virus (19)
populations. During the past 10 years, the focus of EGT
has been applied to modelling interactions among cancer
cells. The use of EGT cancer models relies on the fact
that a tumour is phenotypically diverse and is populated
by cell ‘players’ that utilize different strategies to suc-
ceed in competition over available resources (20).

Previous studies using EGT models have focused on
the competitive aspects of tumour cell interactions
including effects of cytotoxins on neighbouring cells, and
reproductive competition over available space (21,22).
More recent studies have acknowledged existence of phe-
notypic diversity in tumours (23). Both experimental and
theoretical works cite existence of proliferative and
migratory phenotypes in invasive tumours. According to
current belief, benign tumours have proliferative cells,
whereas invasive cells are only found in malignant
tumours (24). Interestingly, cells that exhibit the prolifer-
ative phenotype cannot simultaneously become motile,
and motile cells tend to be of a much lower proliferative
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level than cells at rest (25). Some prior studies have
taken into account these two phenotypes in EGT models
of glioma. Basanta et al. (26) looked at whether and how
glycolytic cells may facilitate appearance of an invasive
phenotype in a tumour populated by the proliferative
phenotype, whereas Mansury et al. (27) investigated
genotype–phenotype link in a population of migratory
and proliferative cells. However, neither considered pres-
ence of growth factors and growth factor-secreting phe-
notypes in their models. Although Tomlinson and
Bodmer (28) used the concept of growth factors in game
theory models of angiogenesis and programmed cell
death, their models consisted only of cell genotypes that
produce growth factors, and cells that cannot, without
including other phenotypes that display either migratory
or proliferative types of behaviour. Gatenby et al. (29)
explored cooperation between tumour cells and normal
stromal cells of the extracellular matrix, in creating a
microenvironment for metastasis, although they did not
look at cooperation between subclones of partially trans-
formed tumour cells (29). During the past year, models
have been created to study cancer stromal dependency
(30) and cooperation among four phenotypes resulting
from a combination of motile, glycolytic, and prolifera-
tive characteristics in glioblastoma multiforme (31). Cur-
rently, no study has yet specifically examined the various
ways in which sharing of growth factors from stromal
cells can impact the generation of a heterogeneous popu-
lation of tumour cells, with the ability to metastasize.

The purpose of the study described here was to present
a novel evolutionary game theory model to simulate coop-
eration among three distinctly unique phenotypes: prolif-
erative, invasive and growth factor-secreting (such as
growth factor-secreting stromal cells). The study sought to
test which conditions can lead to rise of the invasive phe-
notype in a malignant tumour. In addition, the study looks
at how cooperation affects proportions of the three pheno-
types within the tumour. Growth factor signalling is
present in all cancers, most prominently in highly invasive
malignancies such as breast cancer, prostate cancer and
glioblastoma during all stages of malignancy (32–37).
Thus, the article presents three cases in which the growth
factor-secreting and acceptance mechanisms are slightly
different. This study seeks, on a broader scale, to contrib-
ute to a better understanding of tumourigenesis and
ultimately lead to new treatments for the disease.

Materials and methods

Model design

The models presented in this study adopt evolutionary
game theoretical analyses (17) to study equilibria among

three different phenotypes of tumour cells in two differ-
ent circumstances. Of the three phenotypes, it is
assumed that two are the proliferative (present in benign
tumours) and invasive or motile (present in malignant
tumours) phenotypes because of their aforementioned
importance in most tumours (24,25,38). These two phe-
notypes represent two subpopulations of cancer cells,
one of which displays only the proliferative (PRO) phe-
notype and the other displays the invasive or motile
(MOT) phenotype. The PRO phenotype proliferates at a
rapid pace, but does not migrate, while the MOT pheno-
type does not proliferate as rapidly as the PRO pheno-
type, but actively migrates.

In addition, a third, growth factor-secreting (GF or
SGF) phenotype is present. Growth factors secreted by
this phenotype act in both autocrine and paracrine
fashions. Biologically, growth factors in the model
could represent a number of factors that benefit the
tumour cells that receive them. For example, hepato-
cyte growth factor/scatter factor (HGF/SF), when
bound to the Met receptor tyrosine kinase, triggers
increased proliferation or migration, depending on the
cell type (38). However, for simplicity of the model, it
is assumed only that growth factors secreted by the
GF phenotype confer some variety of benefit to the
receiving cells where they may act as proliferative or
migratory signals.

In both models, the base payoff, the payoff received
when cells are neither receiving any benefit nor sustain-
ing any costs, is 1. Each cell is a player with a strategy
determined by its phenotype. Cells engage in pairwise
interactions. In addition, cell players may receive any of
the following benefits or costs:

(a) Cost of producing the growth factor, g where g > 0.
(b) Benefit of receiving the growth factor, z where

z > 0.
(c) Cost of mobility, m where m > 0.
(d) Cost of sharing space, d where d > 0.

Growth factor phenotype model

In the growth factor (GF) phenotype model, the growth
factor phenotype secretes growth factors that are
accepted by itself, the proliferative phenotype and the
invasive phenotype via their surface receptors. A PRO
cell incurs the cost of sharing space (d) when it interacts
with another immotile cell because it does not migrate.
An MOT cell incurs the cost of mobility (m) when inter-
acting with any other cell because of its highly invasive
and migratory tendency. A GF cell incurs the cost of
producing the growth factor (g) and confers a benefit (z)
to any cell it meets, and itself.
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The following variables designate the proportion of
each phenotype:

1 The proportion of cell type GF in the population is a.
2 The proportion of cell type PRO is b.
3 The proportion of cell type MOT is c.
4 a + b + c = 1

Table 1 illustrates possible interactions. Payoffs are
given to cells in the leftmost column.

Let W(GF), W(GF) and W(MOT) represent fitness
of GF, PRO and MOT phenotypes, respectively, and
E(GF, PRO) represent payoff to the GF cell after interact-
ing with a PRO cell. Greater fitness represents greater
reproductive potential of the phenotype. The same nota-
tions apply to all cases. Assuming that initial fitness, W0,
of each phenotype is equal, fitnesses of phenotypes, after
participating in interactions depicted in the payoff table,
can be computed:

WðGFÞ ¼ W0 þ aEðGF;GFÞ þ bEðGF;PROÞ
þ cEðGF;INVÞ ¼ 1� gþ z� ad� bd

ð1Þ

WðPROÞ ¼W0 þ aEðPRO;GFÞ þ bEðPRO;PROÞ
þ cEðPRO;INVÞ ¼ 1þ aðz� dÞ � bd

ð2Þ

WðMOTÞ ¼ W0 þ aEðINV;GFÞ þ bEðINV;PROÞ
þ cEðINV; INVÞ ¼ 1�mþ az

ð3Þ
At equilibrium, fitnesses are equal among all pheno-

types. From this equilibrium, proportions of the three
phenotypes can be deduced:

WðGFÞ ¼ WðPROÞ ! a ¼ 1� g

z
ð4Þ

WðPROÞ ¼ WðMOTÞ ! aþ b ¼ m

d

From a + b + c = 1, it is possible to deduce:

c ¼ 1�m

d
ð5Þ

b ¼ 1� a� c ! b ¼ g

z
þm

d
� 1 ð6Þ

In eqns (4–6), several conditions must hold for the
three phenotypes to coexist:

0\
g

z
\1; 0\

m

d
\1; 1\

g

z
þm

d

Specific growth factor phenotype model

In real tumours, there exists the possibility that a particu-
lar phenotype did not acquire, through evolution, recep-
tors for a type of growth factor that is beneficial to cells
with the receptors. In fact, there is the possibility that the
stromal cells only secrete proliferative growth factors that
do not affect motile phenotypes. To test this scenario, a
specific growth factor (SGF)-secreting phenotype is
introduced into the population to replace GF phenotype.
Only itself and PRO phenotype may be able receive the
specific growth factor. For this model, proportion of phe-
notype SGF in the population is designated d. Costs and
benefits are represented by the same variables as the pre-
vious model. This model studies whether malignancy
can occur when only the benign phenotype (PRO) is able
to receive a promoting factor. Note that in Table 2, the
MOT cell is no longer able to obtain benefit of receiving
growth factor (z) when it interacts with the SGF cell.

Once again, initial fitness of each phenotype is
equal. Fitness of each phenotype at equilibrium is calcu-
lated to be:

WðSGFÞ ¼W0 þ dEðSGF;SGFÞ þ bEðSGF;PROÞ
þ cEðSGF;INVÞ ¼ 1� gþ z� dd� bd

ð7Þ

Table 1. Payoff table represents the change in fitness of a tumour cell
with a given phenotype after interacting with another cell. Three phe-
notypes (GF, PRO and MOT) are represented. Payoffs go to the cells
in the leftmost column. For example, fitness change for a GF cell,
interacting with an MOT cell is 1 – g + z

Encounter with

GF PRO MOT

Payoff to
GF 1 � d � g + z 1 � d� g + z 1 – g + z
PRO 1 – d + z 1 � d 1
MOT 1 – m + z 1 � m 1 � m

Table 2. Payoff table represents change in fitness of tumour cells after
interactions with other cells. Three phenotypes (SGF, PRO and MOT)
are represented. Note specially that fitness change for an MOT cell
interacting with an SGF cell is now 1 � m

Encounter with

SGF PRO MOT

Payoff to
SGF 1 – d – g + z 1 – d – g + z 1 – g + z
PRO 1 – d + z 1 � d 1
MOT 1 � m 1 � m 1 � m
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WðPROÞ¼W0þaEðPRO;SGFÞþbEðPRO;PROÞ
þcEðPRO;INVÞ¼1þdðz�dÞ�bd

ð8Þ

WðMOTÞ¼W0þaEðINV;SGFÞþbEðINV;PROÞ
þcEðINV;INVÞ¼ 1�m

ð9Þ
At equilibrium:

WðSGFÞ ¼ WðPROÞ ! d ¼ 1� g

z
ð10Þ

WðPROÞ¼WðMOTÞ! b¼ z2�gzþmzþdg

zd
�1

b¼ z

d
�g

d
þm

d
þg

z
�1

ð11Þ

c ¼ 1� d� b ! c ¼ 1�mþ z� g

d
ð12Þ

In eqns (10–12), several conditions must hold:

0\
g

z
\1; 0\

mþ z� g

d
\1; 1\

z

d
� g

d
þm

d
þ g

z

Selective SGF phenotype model

If it is possible for stromal cells to only secrete growth
factors that benefit the proliferative phenotype, it is also
possible that the cells can only secrete migratory factors
that benefit MOT cells. On the basis of experimental
evidence that stromal cells will secrete factors that help
cancer growth only after being activated by a certain
factor secreted by the cancer cell (39,40), the authors
further assume that selective SGF (sSGF) stromal cells
will only receive the benefit of the growth factor after

being activated by the MOT cell. Table 3 illustrates
dynamics of such a series of interactions.

Once again, initial fitness of each phenotype is
equal. Proportion of MOT cells in the population is cal-
culated to be:

c ¼ g

z
ð13Þ

In eqn (13), the following condition must hold:

0\
g

z
\1

Evolution of stable states in the population

To test stability of polymorphisms existing in the models
over time, we present replicator equations (17) to analyse
evolution of the population over time. This will allow us
to see whether polymorphisms predicted by GF and SGF
models prove to be stable evolutionary stable strategies
(ESS) over many generations. Because of similarities
between the SGF and sSGF models, we will only investi-
gate evolution of the GF and SGF populations. Evolution
of the population will be towards the stable states, given
initial proportions of each phenotype and values of costs
and benefits. Replicator equations for proportions of phe-
notypes in the GF model are as follows:

a0 ¼ aWðGFÞ
�W

ð14Þ

b0 ¼ bWðPROÞ
�W

ð15Þ

c0 ¼ cWðMOTÞ
�W

ð16Þ

Where in eqns (14–16):

�W ¼ aWðGFÞ þ bWðPROÞ þ cWðMOTÞ
In the SGF model, equations for the three pheno-

types are therefore:

d0 ¼ dWðSGFÞ
�W

ð17Þ

b0 ¼ bWðPROÞ
�W

ð18Þ

c0 ¼ cWðMOTÞ
�W

ð19Þ

Where in eqns (17–19):

�W ¼ dWðSGFÞ þ bWðPROÞ þ cWðMOTÞ

Table 3. Payoff table represents change in fitness of tumour cells after
interactions with other cells. Three phenotypes (sSGF, PRO and MOT)
are represented. Note specially that sSGF only secretes growth factors
when it encounters an MOT cell

Encounter with

sSGF PRO MOT

Payoff to
sSGF 1 – d � g 1 – d � g 1 – g + z
PRO 1 � d 1 � d 1
MOT 1 – m + z 1 � m 1 � m
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Results

Due to complexity of the models, it is important to
define several conditions. First, the game consists of
only pure strategies, which means that no cell is able
to switch between different phenotypes during the
course of an interaction. Secondly, combinations of
values of costs and benefits that result in negative
phenotypic proportion values are rejected as they are
biologically improbable. In addition, values of costs
and benefits must follow: 1 + z � g + m + d. Lastly,
variables cannot be less than or equal to zero or greater
than 1, as that may result in phenotypic proportions
greater than 1.

Growth factor phenotype model

The select values of a, b and c (representing the propor-
tions of the GF, PRO and MOT phenotypes respec-
tively) in Table 4 were obtained when the three
phenotypes are at equilibrium. Initially, proportions are
equal, and initial fitness, W0, is assumed to be the same
for all phenotypes. As shown in Table 4, equilibrium
proportions are independent of initial proportions.

There is strong evidence that initiation of metastasis is
caused by primary migrating cancer cells that create path-
ways for other cells in the primary tumour (31). In this
study, primary migrating cells are considered to exhibit the
MOT phenotype. When c > 0, metastasis is initiated as
MOT cells appear in the population. While a stable triple
polymorphism exists, the tumour becomes malignant when
d > m. Two-strategy polymorphism also occurs between
any two of the three phenotypes. A two-strategy polymor-
phism exists between GF and MOT when m ¼ dð1� g

zÞ or
m = ad. This is an interesting result because it suggests
that the proportion of MOT cells depends directly on the
proportion of GF cells in the tumour. Polymorphism also
exists between GF and PRO when d = m. Finally, it results
between PRO and MOT when g = z. Fixation of one phe-
notype arises when it becomes the only phenotype to
remain in the population. Fixation of PRO phenotype
exists when d = m and g = z. Fixations of GF and MOT
phenotypes do not develop realistically because aeq = 1.00
when g = 0.00, m = d and ceq = 1.00 when m = 0.00,
g = z. This suggests that both GF and MOT need to cooper-
ate with at least one other phenotype to survive as neither is
an ESS in the population.

The following graphs take into account cases in which
1 + z � d + g + m. Figure 1 shows that proportion of
MOT cells in the tumour varies when values of cost of
mobility (m) and cost of sharing space (d) are altered. High
c values emerge as a result of low values of m and high
values of d. Proportion of GF cells in the population fol-

lows a similar pattern. Number of growth factor cells
increases as benefit of receiving growth factor (z) becomes
greater while cost of producing the growth factor (g)
decreases.

Figure 2 indicates how proportion of PRO cells in
the tumour changes in four different cases. Values in
which the proportion becomes greater than 1 are rejected.
In case (a), proportion of PRO cells in the population
increases as values of d and z decrease. Likewise, in case
(c), as values of d and z decrease (to a certain point),
value of the proportion increases. However, the opposite
is true for cases (b) and (d): proportion of PRO cells
increases as values of g and m increase.

Increase in proportion for the PRO phenotype means
a subsequent decrease in proportion for either MOT or
GF phenotype as PRO cells begin to dominate primary
tumour resources. Thus, the tumour becomes less

Table 4. Dependence of equilibrium values of a (GF), b (PRO) and c
(MOT) on parameters d, g, m and z. Subscripts ‘i’ and ‘eq’ indicate
initial and equilibrium values respectively. Triple polymorphism, two-
strategy polymorphism and fixations are depicted. Input values follow
1 + z = d + g + m

Costs Benefit Initial values Equilibrium
values

d g m z ai bi ci aeq beq ceq

0.50 0.35 0.50 0.35 0.33 0.33 0.33 0.00 1.00 0.00
0.50 0.50 0.50 0.50 0.33 0.33 0.33 0.00 1.00 0.00
0.52 0.86 0.48 0.86 0.33 0.33 0.33 0.00 0.92 0.08
0.54 0.32 0.47 0.33 0.33 0.33 0.33 0.03 0.84 0.13
0.55 0.31 0.48 0.34 0.33 0.33 0.33 0.09 0.78 0.13
0.55 0.10 0.55 0.20 0.33 0.33 0.33 0.50 0.50 0.00
0.55 0.15 0.55 0.25 0.33 0.33 0.33 0.40 0.60 0.00
0.58 0.60 0.58 0.75 0.33 0.33 0.33 0.21 0.79 0.00
0.59 0.27 0.52 0.38 0.33 0.33 0.33 0.29 0.59 0.12
0.61 0.44 0.39 0.44 0.33 0.33 0.33 0.00 0.64 0.36
0.62 0.24 0.55 0.41 0.33 0.33 0.33 0.41 0.47 0.11
0.65 0.05 0.65 0.35 0.33 0.33 0.33 0.86 0.14 0.00
0.67 0.33 0.33 0.33 0.33 0.33 0.33 0.00 0.50 0.50
0.68 0.78 0.32 0.78 0.33 0.33 0.33 0.00 0.47 0.53
0.70 0.33 0.47 0.50 0.33 0.33 0.33 0.33 0.33 0.33
0.70 0.16 0.63 0.49 0.33 0.33 0.33 0.67 0.23 0.10
0.70 0.20 0.30 0.20 0.33 0.33 0.33 0.00 0.43 0.57
0.70 0.05 0.35 0.10 0.33 0.33 0.33 0.50 0.00 0.50
0.74 0.12 0.67 0.53 0.33 0.33 0.33 0.77 0.13 0.09
0.75 0.29 0.25 0.29 0.33 0.33 0.33 0.00 0.33 0.67
0.76 0.10 0.69 0.55 0.33 0.33 0.33 0.82 0.09 0.09
0.76 0.75 0.25 0.76 0.33 0.33 0.33 0.01 0.32 0.67
0.81 0.05 0.74 0.60 0.33 0.33 0.33 0.92 0.00 0.09
0.81 0.55 0.25 0.61 0.33 0.33 0.33 0.10 0.21 0.69
0.85 0.04 0.85 0.74 0.33 0.33 0.33 0.95 0.05 0.00
0.90 0.22 0.81 0.93 0.33 0.33 0.33 0.76 0.13 0.11
0.90 0.55 0.42 0.87 0.33 0.33 0.33 0.37 0.09 0.54
0.94 0.52 0.08 0.54 0.33 0.33 0.33 0.03 0.05 0.92
0.97 0.69 0.16 0.82 0.33 0.33 0.33 0.16 0.00 0.84
0.98 0.71 0.28 0.97 0.33 0.33 0.33 0.27 0.01 0.71
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malignant as variables d and z decrease and variables g
and m increase.

Specific growth factor phenotype model

Table 5 shows select equilibrium proportions of each
cell type from simulation of the SGF model. Initial

conditions and four parameters (d, g, m, and z) remain
the same as in the previous model; however, proportion
of the SGF phenotype has been designated d.

As in the GF phenotype model, triple polymorphism
occurs under most circumstances at equilibrium. The
tumour becomes malignant when d > m + z � g. Two-
strategy polymorphism results between PRO and MOT
when g = z just as in the GF phenotype model. Two-
strategy polymorphism also occurs between SGF and
MOT when z ¼ g

c. Fixation of a single phenotype in the
population favours the PRO phenotype when d = z =
m = g, although it is not restricted to this single case.
Fixation of SGF and MOT phenotypes cannot realisti-
cally happen as c = 1 when m = 0, g = z and d = 1
when g = 0, d = m + z.

Because a major difference between the GF pheno-
type model and the SGF phenotype model is inability of
MOT cells to directly accept the growth factor secreted
by the SGF phenotype, it is most expedient to analyse
the relationship of different values of z with phenotypic
composition of the tumour (Fig. 3). This set of figures
analyses cases when 1 + z � d + g + m. Negative pro-
portions are rejected as being biologically impossible.

Both SGF and PRO in Fig. 3 increase in proportion
with increasing values of z. However, c decreases in

Figure 1. Proportion of phenotype MOT (c) in cell population
with regard to variations in m and d.

(a) (b)

(d)(c)

Figure 2. Proportion of phenotype PRO (b) in tumor population in four different cases. (a) g = m = 0.10, (b) d = z = 0.90, (c) g = m = 0.50,
(d) d = z = 0.50.
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value in all cases as value of z increases, suggesting
inverse relationship between z and proportion of MOT
cells in the population at equilibrium. The PRO pheno-
type increases across the four cases as both g and m
increase. In contrast, proportion of SGF cells in the pop-
ulation decreases in a general trend. Whereas, in the first
model, MOT phenotype was not directly affected by z,
it is adversely affected by it now that the phenotype can
no longer receive the growth factor. The PRO phenotype
appears to be affected in relatively the same way as it
was before, as its proportion increases in both models as
g and m increase.

Selective SGF phenotype model

Results from the sSGF phenotype model differed
slightly from the results of the SGF model. Because we

are concerned with emergence of malignancy in the
population, we shall only compare the pattern of result-
ing proportions of MOT cells in the population. Unlike
the SGF model, proportion of MOT cells in the popula-
tion increases when cost of producing the growth factor
(g) increases and benefit of receiving the growth factor
(z) decreases. The tumour becomes malignant whenever
g>0. In reality, it is unlikely that cost of producing the
growth factor will be zero as the stromal cell will need
to use energy to produce the growth factors. Therefore,
in this particular case, MOT cells will fill the popula-
tion under most circumstances at equilibrium. This
suggests that once stromal cells begin producing factors
targeted for motile cells, the tumour will likely become
malignant.

Evolution of stable states in population

An evolutionary game with three or more strategies may
have no evolutionary stable strategy (ESS) that can resist
invasion by outside mutants (17). Interestingly, only PRO
can become a pure ESS when m > d in GF and SGF mod-
els. Although cells exhibiting MOT phenotype have often
been considered an ESS due to their improved abilities to
obtain nutrients and resources, the first two models pre-
sented here show the contrary, as the condition that W
(MOT) > W(GForSGF) and W(MOT) > W(PRO) can
never be satisfied. However interestingly, MOT may
become an ESS in the sSGF model when g=z. Therefore,
it is mathematically feasible for MOT to become fixated
in the population in this particular case.

With regard to mixed strategy polymorphisms, the
aforementioned results suggest that three kinds of poly-
morphisms exist in both the GF and SGF (and similarly
in the sSGF) models. However, to see whether these
polymorphisms are stable, we must see how the popula-
tion of tumour cells evolves over time. Figures 4 and 5
show results after many successive generations. Time
represents successive generations of the same popula-
tion. We assume that the tumour starts out with equal
proportions of GF (or SGF) and PRO cells
(a = b = 0.5) and no MOT cells (c = 0) as the tumour
starts off non-malignant. From the results, we can see
that the three polymorphisms as predicted do exist in
the populations under certain circumstances.

Discussion

Results of the simulations have accomplished several
objectives of the study. They have shown that coopera-
tion among stromal cells that secrete growth factors and
CSCs may exist and can lead to malignancy. Emergence
of malignancy was established in all three models as the

Table 5. Dependence of equilibrium values of d, b and c on parame-
ters d, g, m and z. Subscripts “i” and “eq” indicate initial and equilib-
rium values respectively. Triple polymorphism, two-strategy
polymorphism and fixation can occur as values of variables vary. Input
values follow 1 + z = d + g + m

Costs Benefit Initial values Equilibrium
values

d g m z di bi ci deq beq ceq

0.50 0.35 0.50 0.35 0.33 0.33 0.33 0.00 1.00 0.00
0.50 0.50 0.50 0.50 0.33 0.33 0.33 0.00 1.00 0.00
0.60 0.10 0.40 0.10 0.33 0.33 0.33 0.00 0.67 0.33
0.60 0.40 0.50 0.50 0.33 0.33 0.33 0.20 0.80 0.00
0.61 0.19 0.47 0.27 0.33 0.33 0.33 0.30 0.61 0.09
0.62 0.70 0.41 0.73 0.33 0.33 0.33 0.04 0.67 0.30
0.66 0.20 0.34 0.20 0.33 0.33 0.33 0.00 0.52 0.48
0.67 0.10 0.33 0.10 0.33 0.33 0.33 0.00 0.49 0.51
0.68 0.10 0.32 0.10 0.33 0.33 0.33 0.00 0.47 0.53
0.69 0.04 0.39 0.12 0.33 0.33 0.33 0.68 0.00 0.32
0.70 0.30 0.50 0.50 0.33 0.33 0.33 0.40 0.60 0.00
0.74 0.06 0.38 0.18 0.33 0.33 0.33 0.67 0.00 0.32
0.75 0.10 0.25 0.10 0.33 0.33 0.33 0.00 0.33 0.67
0.76 0.61 0.38 0.75 0.33 0.33 0.33 0.19 0.50 0.31
0.78 0.13 0.49 0.40 0.33 0.33 0.33 0.68 0.29 0.02
0.78 0.11 0.49 0.38 0.33 0.33 0.33 0.71 0.27 0.02
0.80 0.10 0.20 0.10 0.33 0.33 0.33 0.00 0.25 0.75
0.85 0.10 0.15 0.10 0.33 0.33 0.33 0.00 0.18 0.82
0.85 0.25 0.50 0.60 0.33 0.33 0.33 0.58 0.42 0.00
0.87 0.10 0.50 0.47 0.33 0.33 0.33 0.79 0.21 0.00
0.87 0.25 0.50 0.62 0.33 0.33 0.33 0.60 0.40 0.00
0.90 0.10 0.10 0.10 0.33 0.33 0.33 0.00 0.11 0.89
0.90 0.60 0.10 0.60 0.33 0.33 0.33 0.00 0.11 0.89
0.90 0.10 0.50 0.50 0.33 0.33 0.33 0.80 0.20 0.00
0.90 0.20 0.15 0.25 0.33 0.33 0.33 0.20 0.02 0.78
0.90 0.82 0.12 0.83 0.33 0.33 0.33 0.02 0.13 0.85
0.93 0.33 0.20 0.46 0.33 0.33 0.33 0.29 0.07 0.64
0.94 0.40 0.37 0.70 0.33 0.33 0.33 0.43 0.29 0.28
0.94 0.78 0.35 1.08 0.33 0.33 0.33 0.27 0.41 0.31
0.97 0.57 0.23 0.77 0.33 0.33 0.33 0.26 0.19 0.56
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invasive or motile (MOT) phenotype [traditionally con-
sidered to be the phenotype associated with initiation of
metastasis (41)] became proportionately dominant under
certain conditions. Fixation of the MOT phenotype can
never happen in GF and SGF models, but it can occur
in the sSGF model.

To cover a greater variety of growth factor mecha-
nisms, the study presents three different models that have
compared how release of a growth factor affects cells that
directly receive it and cells that do not. In the GF model,
all three phenotypes (GF, PRO, and MOT) were able to
receive the growth factor; in the SGF model, only the
SGF and PRO phenotypes were able to receive the factor;
finally, in the sSGF model, only the MOT and sSGF phe-
notypes were able to receive the factors which the sSGF
cells selectively secrete. Results and stability analysis
show that the final proportional compositions of the
tumour follow surprisingly similar patterns. Only PRO
phenotype can become fixated in GF and SGF models,
but MOT may become fixated in the sSGF model. But
stable polymorphisms indicate that MOT phenotypes still

depend on cooperation with other phenotypes to appear in
the tumour population and remain in the population.

Although previous game theory models of tumour
dynamics have dealt with competitive and cooperative
nature of cancer cells, this study is the first to mathemat-
ically examine the validity of the role of growth factors
secreted by tumour stromal cells, in initiating coopera-
tion and ultimately malignancy in three different cases.
In an attempt to further the use of EGT in theoretical
oncology, this study presents a novel model for analyz-
ing cooperation through sharing of growth factors in a
population consisting of proliferative and invasive
tumour phenotypes, and a growth factor-secreting stro-
mal phenotype. Emergence of cells that supply both
autocrine and paracrine growth factors in the beginning,
as well as in later stages of tumour malignancy empha-
sizes the need to understand growth factor dynamics.
Because experimental studies of human patients may be
unethical and often inconvenient, use of computational
modelling provides a crucial alternative. Results suggest
that under certain conditions, one phenotype may be
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Figure 3. Proportion of the SGF, PRO, and MOT phenotypes in the tumor with regard to varying values of z. Four cases are take into
account: (a) d = 0.65, g = 0.20, m = 0.20. (b) d = 0.65, g = 0.25, m = 0.25. (c) d = 0.65, g = 0.30, m = 0.30. (d) d = 0.65, g = 0.35, m = 0.35.
Input values follow 1 + z � d + g + m.
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completely eliminated from the population (as would
occur in two-strategy polymorphism), a conclusion that
could lead to new therapeutic practices that would target
one specific phenotype by altering tumour environmental
conditions, rather than by attacking all phenotypes at
once.

Although few experimental studies have been con-
ducted on growth factors in terms of costs and benefits,

the models still help explain some current experimental
findings. The discovery that only certain cells can produce
growth factors that the tumour as a whole needs, explains
in homogeneous distribution of proteins in tumour tissue
observed after immunohistochemical staining (42,43).
The demonstrated need for tumour cell cooperation across
phenotypes verifies the importance of transferring some
tumour-derived cell lines at high concentrations (44).
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Figure 4. Evolution of stable states in the GF model with respect to time. Initial proportions of cells are as follows: a = 0.5, b = 0.5 and
c = 0. Time is dimensionless and represents one full cycle of replication. Values of parameters for each graph are: (a) d = 0.55, g = 0.15,
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Because of the difficulty of studying paracrine signalling
mechanisms (2), results of this study have no current
experimental comparison. Therefore, the models provide
suggestions for future in vivo and in vitro experiments
based on altering environmental conditions to manipulate
cancer cell polymorphism. For example, adding more
nutrients to the microenvironment would decrease cost of

sharing space, an increasingly acidic environment
decreases cost of motility (45) and greater cell density
increases cost of producing the growth factors.

In conclusion, over the course of this study, three
scenarios were considered in which three different
growth factor-producing phenotypes were present. The
purpose of the investigation was to examine whether
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theoretically, sharing of diffusible growth factors may
contribute to tumour cell cooperation and emergence of
malignancy, and whether presence of non-receiving phe-
notypes affects tumour dynamics.

Even at this early stage, the study’s findings may
help predict some characteristics of tumourigenesis.
Emergence of malignancy through cooperation is also
implicated in all models. Furthermore, the models high-
light key behavioural aspects of the different phenotypes.
Among these aspects includes, among others, the impli-
cation that cells that can directly receive growth factors
and those that cannot are both affected by the growth
factor-secreting phenotype. For instance, both GF and
SGF models indicate existence of triple polymorphism,
two-strategy polymorphisms and fixation of the PRO
phenotype, and the sSGF model suggests fixation by the
MOT phenotype.

Although comprehensive in the number of scenarios
taken into account, the models are still necessary simpli-
fications of the complex processes in a real tumour. In
future work, we plan to extend the model to include pay-
offs considered in terms of spatial constraints. Rather
than varying payoffs randomly, future studies can take
into account the possibility that payoffs vary in a pattern
related to environmental conditions. For example, a
space crowded with tumour cells of many different phe-
notypes might induce non-motile cells to incur a greater
cost of sharing space (because a greater concentration of
cells means less nutrients per cell) than incurred if a cell
is residing in a relatively sparse area.

The models presented in this study have the poten-
tial to enhance our understanding of tumourigenesis with
emphasis on cooperation among different phenotypes of
cancer cells. Although evolutionary game theory has
had a relatively short history in the field of theoretical
oncology, it may very well become an important and
promising direction for future cancer research.
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