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Abstract

Collective cell invasion underlies several biological processes such as wound healing,
embryonic development, and cancerous invasion. Here, we investigate the impact of cell
motility on invasion in epithelial monolayers and its coupling to cellular mechanical prop-
erties, such as cell-cell adhesion and cortex contractility. We develop a two-dimensional
computational model for cells with active motility based on the cellular Potts model, which
predicts that the cellular invasion speed is mainly determined by active cell motility and
is independent of the biological and mechanical properties of the cells. We also find that,
in general, motile cells out-compete and invade non-motile cells, however, this can be
reversed by differential cell proliferation. Stable coexistence of motile and static cell types
is also possible for certain parameter regimes.

Keywords Cell motility - Cell competition - Invasion wave - Cellular Potts model

1 Introduction

Cell motility plays an essential role in a range of biological processes such as embryonic
development, wound healing, cancer metastasis, and tissue vascularisation [1-4]. At a sin-
gle cell level, the mechanisms of active cell motility have been studied extensively and
a range of mathematical and computational models exist that describe how actomyosin
networks in cell protrusions generate active cell movement [5-7]. The direction of cell
movement is regulated by external and internal biochemical signals that generate the asym-
metric, i.e. polarised, structure of the moving cell [8]. The process of cellular chemotaxis
involves sensing of external concentration gradients resulting in cell polarization. This can
be described through feedback mechanisms in a nonlinear reaction-diffusion system of
intracellular signalling proteins [9-11].

In multicellular organisms a large number of interacting motile cells may produce emer-
gent behavior [12-14]. A well-known example of such collective cell movement is the
migration of neural crest cells during embryo development [4, 15-17]. Collective motility
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in epithelial layers, where the cells are directly connected to each other, was also studied
using computational models [18, 19]. Collective movement and wave propagation in such
cell layers were found to be dependent on the mechanical properties of the cells [20, 21]
regulated by the contractility of the actomyosin cortex.

In this paper, we investigate the role of cell motility in an epithelial cell layer com-
posed of two cell types with different properties that compete for space. Previous work has
demonstrated that competition of non-motile cells, with different division rates or different
mechanical properties, can lead to invasion of winner cells as a propagating front while the
other cell type is eliminated [22]. Here, we extend this computational model to study how
active cell motility influences the outcome of competitive cell invasion. This kind of com-
petition between motile and non-motile cells may arise when mutant cancer cells invade
normal tissue.

In the following section, we present the computational model for epithelial cell com-
petition combined with the dynamics of cell polarization, which is adapted from previous
work on collective migration [21]. Then, the numerical results are presented in two sepa-
rate sections. First, we consider the mixing of cells at the interface between two cell types
when the cell numbers of each type are fixed. Then, we investigate the more general case,
relevant for longer-term behavior, where cell division and death are included which may
lead to competitive invasion.

2 Model description

To model the effect of cell motility on epithelial invasion, we propose a 2-D computational
model that represents both motile and non-motile cells within a monolayer. The model is
based on the cellular Potts model (CPM) such that every cell covers a set of connected
lattice sites (or pixels), where each pixel can only be occupied by one cell at a time. The
movement of the cell boundaries is determined by minimising the energy function [21-23]:
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where A, is the cell area and L, is the perimeter of each cell @ of N cells (« = 1,2,...,N).
The first three terms of the energy function (1) describe mechanical properties and interac-
tions of the cells, whereas the last term represents a motile force driving the cells into the
direction of 17(; , and 7, is the position vector of the cell’s center of mass [19]. We denote
the total number of motile cells as N,,.

The elementary step of the CPM is defined as a small perturbation among the pixels
on the boundaries of the cells when the cell index is changed to a neighbouring cell. Then,
the energy change resulting from this perturbation is computed. If the perturbation leads
to a decrease in effective energy, it will be accepted unconditionally. Otherwise, it will be
accepted with a probability that decreases exponentially with the change of energy [22, 23].
The unit time of the CPM model is the Monte Carlo step (MCS) corresponding to an attempt
to change the cell index of every lattice site by the elementary step described above.
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Motile cells establish an asymmetric spatial distribution of intracellular signaling mol-
ecules that regulates the dynamics of cell protrusions and generates motility [21, 24-26].
We characterise the magnitude and direction of this asymmetry by the polarisation vector
P, Following [21, 27] the polarisation dynamics of motile cells is described by an ordi-
nary differential equation coupled to each cell:

dp;
dt

=V, — 7P, 2)

where v, is the velocity vector of the cell’s center of mass and ¢ is a scaling factor. When
a polarised cell is unable to move, e.g. due to an obstacle, its polarisation is gradually lost.
The parameter y is the inverse persistence time of cell polarisation. The first term of (2)
represents the effect of reinforcement of polarisation due to actual movement, whereas the
second term describes the decay of p, when a cell stops moving [18]. It has been observed
experimentally that epithelial cells can switch between stationary and migrating states [28,
29]. Therefore, we assume that the magnitude of the motile force is described by a Hill
function [21]:
7 op Pa 1"
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where F, is the maximal motile force and # > 0 is a half-saturation constant, so that|p,| =
corresponds to a partially polarised cell that generates half of the maximum motile force.

We will use this model to investigate the outcome of bio-mechanical interactions
between two spatially separated epithelial cell populations, where one cell type is motile
(F,, > 0) while other cells are not able to generate motility (¥,, = 0). We consider a two-
dimensional domain of 302 X 150 pixels with a solid impermeable boundary. Initially, each
half of the domain is covered by a confluent layer of cells with an equal number of motile
and non-motile cells, N,, = N,,, = 225 separated by a 2-pixel wide barrier (Fig. 1). The

Fig. 1 Snapshot of the initial stage of the simulations illustrating the representation of the epithelial mon-
olayer on a rectangular domain before the barrier is removed (1 = 400 MCS). The vertical white line indi-
cates the barrier between motile (green) and non-motile cells (blue). The black cells are fixed rectangles
and form a wall which maintains the cells in the domain during the simulations. The cell-cell adhesion
parameter is ¢ = —10 for all cells and is set to zero between the wall and cells. The cell parameters are:
Agrea = 10, Aggy, = =10, A, = 0.5

area > “eont
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initial area of the cells was set to the target area A, = 100 pixels. In the first stage of the
simulations, the cell motility is switched off until the cells reach their equilibrium shapes,
typically around 400 MCS. It has been shown previously that, depending on the relative
strength of cell cortex contractility and cell-cell adhesion, the cells may produce relatively
static quasi-hexagonal shapes, known as the “hard” regime, where the cell perimeter is
close to minimal [27, 30]. In the opposite case, cell-cell adhesion dominates over the cor-
tex contractility resulting in a “soft” regime, where the cells have dynamically moving pro-
trusions and longer perimeters.

After the initialisation of cell shapes the motile cells in the left side of the domain are
allowed to spontaneously polarise according to the Eq. (3), that typically leads to a stream-
ing motion when the contractility of the cell perimeters is not too strong [21].

We will consider two types of simulations. In the first case, we investigate the mixing
between motile and non-motile cells after the barrier is removed and monitor the number
of cells of each type crossing the barrier. In these simulations, the total number of cells in
each sub-population, i.e. motile or non-motile, remains constant N,, = N, = 225.

In the second case, we include cell division and death in the model and simulate the
competition of two cell types for space over a longer time. The turnover regulates the home-
ostatic balance of the cell populations resulting in dynamically changing cell numbers.

To represent cell division and death in the CPM, we follow our earlier model of cell
competition and invasion without motility [22]. Cell proliferation is linked to cell growth
[31, 32], and therefore, if the cell area grows, the probability of cell division increases [33].
We assume that cell division is represented as a series of random events allowing indi-
vidual cells to divide in each MCS with a fixed probability B if their area is larger than the
target area, A, > A,. The cells selected for division are separated into two new cells with
an area equal to half of the original cell. Driven by the energy function of the CPM (1) the
new daughter cells start to grow approaching the target area A,. We also assume that motil-
ity stops during cell division; therefore, the polarisation vector is reset to zero. However,
after division, random movements of cell boundaries typically lead to gradual spontaneous
re-polarisation of the daughter cells.

Cell death is also modelled as a stochastic process and we assume that this is independ-
ent of cell size. Experimentally, it is observed that in dying cells the cortical cytoskeleton
network becomes depolymerized [34, 35], and the connections of the dead cell with sur-
rounding cells become incoherent [36], resulting in the degeneration of cellular compo-
nents and the loss of cell mass [36, 37]. To implement cell death in the model, we assume
that in every MCS cells have a fixed probability M to be selected for death. Then, the
parameters of the dead cell are modified by setting the cell-cell adhesion, contractility, and
target area to zero. To avoid the accumulation of dying cells in the domain, we increase the
area compressibility of dead cells to 4,,,, = 500. This ensures that the dead cell shrinks
and is gradually excluded from the layer to mimic cell extrusion observed in experiments.

In the simulations with cell division and death, the initialisation stages are extended
allowing the cells to reach their equilibrium density before the separating barrier is
removed. Then, the motile and non-motile cells compete for space within the finite
domain. Since cell numbers vary over time, typically one cell type, the winner cells, gradu-
ally invades the space occupied by the other cells and eventually eliminates the loser cells
completely. We monitor the speed of cell invasion characterised by the rate of change of
the cell numbers of each type.

For computer simulations, we use the CompuCell3D multicellular modelling environ-
ment [38].
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3 Results

First, we analyse the mixing of a fixed number of cells when the cell division and death
is not included in the model and investigate the effects of the motile force with varying
mechanical properties of the cells. We then model the competition of motile vs. non-motile
cells when they can invade the area occupied by the other type and investigate how chang-
ing the different biological and mechanical parameters determine the outcome of the com-
petition and the speed of the invasion process.

3.1 Mixing of cells

To examine how motility affects the mixing of two cell types, we analyse the behaviour
of an epithelial layer varying mechanical cell properties and the motile force. In the first
stage of the simulations the cells reach their equilibrium shapes, after that, the motile cells

29000 MCS

Fig.2 Snapshots of the spatial distribution of motile and non-motile cells, # =25000MCS. A The
motile cells (light blue or green) mix well with non-motile cells (blue) when the motile force strength is
F . = 1000, and the contractility is low A” = A" =0.5. See also Supplementary Movie 1 and Fig. 3
(red curve). B Partial mixing. The strength of the motile force was decreased to F,,, = 400 and the con-
tractility was increased to A" =7, and A” = 0.5. About 32% of motile cells crossed over to the right side

by the end of the simulation. See also Supplementary Movie 2 and Fig. 3 (green curve). Color bar: the cell
polarity magnitude p,,
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spontaneously polarise while their movement is still restricted by the barrier. Then, the bar-
rier is removed and we monitor the number of cells that cross the midline of the domain.
We consider the layer of cells well mixed when approximately half of the motile (or non-
motile) cells are on the opposite side of the domain relative to their initial position. The
simulations are run until the proportion of each cell type on the two sides stabilises.

Two typical cell distributions are shown in Fig. 2 where the colour scale represents the
magnitude of the polarisation vector p, of each cell. Blue cells, with p, = 0, are the non-
motile cells that initially occupy the right half of the domain. Figure 2(A) shows a case of
strong mixing where by the end of the simulation roughly half of the cells of each type are on
both sides. This happens when the motile force F,,,, is sufficiently large and the cell cortex
contractility parameter A, is relatively low. In Fig. 2(B), the motile force is lower, and the con-
tractility of the cells is higher, resulting in more rigid cell shapes. In this case, the mixing is
weaker and remains spatially restricted to the area around the initial interface; therefore, the
proportion of cells that cross to the opposite side remains much lower (Table 1).

Figure 3 shows how the number of motile cells that moved onto the right side of the
domain changes in time, for different values of the parameters. When the motile force is
large and contractility is low, we see an example of fast and complete mixing across the
domain (red curve). Intermediate motile force and stronger contractility results in partial
mixing, where the proportion of cells that have crossed over to the other side saturates
at around 30% (green curve). When the contractility of motile cells is also increased the
temporal fluctuations suddenly disappear at ¢ ~ 8 x 10* MCS (blue curve) indicating that
the mixing of rigid motile cells into the non-moving cell population creates obstacles
that can inhibit movement resulting in the complete loss of cell polarization of all cells.

These results show that cell motility is not the only factor that impacts on the mixing
process between the cells, but the mechanical properties also play an essential role. When
the cell boundaries are soft, due to low contractility or high cell-cell adhesion, the motile
cells can more easily polarise and move. As a result, the mixing of cells is enhanced.
However, if the contractility 4, is high, the cells are in the so called hard regime so they
are more rigid; therefore, mobility and mixing of cells are reduced [22, 27].

To obtain a detailed representation of the effect of parameters, we repeated the cell mixing
simulations to consider cases when the mechanical properties of the two cell types are varied
separately. Figure 4 shows the outcome of the mixing process as a phase diagram varying the

Table 1 The main model

. . Parameter Value

parameters used in the numerical

simulations The domain size 302 x 150 pixels
Initial cell size 100 pixels
B 421, 70
A’c’gl'n, Ag'gm (soft/hard regime) 0.5,7
}“Zdh’ )“Zﬁ -10
A, 100 pixels
Initial cell number per cell type 225
T 50
Half-saturation constant, 1
Hill coefficient, u 10
Maximal motile force, F,,,, Variable
Polarisation rate, { 1
Depolarisation rate, y 0.1
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Fig.3 The number of motile cells that crossed into the right side of the mid-line versus time. High strength
of the motile force and low contractility lead to enhanced mixing as shown by the red curve that saturates
around N, /2 = 225/2 cells where the contractility is A = A, = 0.5 and F,, = 1000. Lower motile force
and high contractility results in partial mixing when the number of cells crossing through the mid-line satu-
rates at less than 50% of cells, A’ =7 (green curve) and F,, = 400. As the contractility of motile cells
is increased to 4,, = 3 (blue curve), after 108 cells crossed to the opposite sides the motile cells lose their
polarity and stop moving. The other parameters are fixed for all simulations at A,.., = 70, and 4,4, = —10

maximum motile force along the horizontal axis and the contractility of the motile cells on the
vertical. The simulations were performed for two fixed values of the contractility of the non-
motile cells, corresponding to the hard and soft regimes, respectively.
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Fig.4 Phase diagram of the mixing between the two cell types while motile cell parameters are varied, and
non-motile cells are in either the hard regime A due to strong contractility (A" = 7); or in the soft regime
B when the contractility is low (22" = 0.5). The green dots or green stars indicate that the cell types mix
well, i.e., at least half of the cells invade into the initial area of the other cell type. Black dots or black stars
represent parameter combinations where there is no mixing and red symbols correspond to cases of partial
mixing. The symbols indicate when the motile cells preserve (dots) or lose (stars) their polarization either
during the simulation or fail to polarize
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We classify the simulations by following the number of motile cells that are located in
the opposite half of the domain relative to their initial position, N,,(f). While the number of
cell types on each side fluctuates, we consider that the system is well mixed when at some
point during the simulation at least half of the motile cells are fully in the right half domain,
ie. N, () <N, /2=225/2. In the case of partial mixing N, (¢) < N,,/2 for all ¢, and the
case of no mixing corresponds to N, (f) = 0 when none of the cells cross the mid-line of
the domain. The numerical results show better mixing of motile and non-motile cells in the
soft regime than in the hard regime. We also observe that in the case of low motile force, or
high contractility, the motile cells are either not able to polarise spontaneously, or they lose
their polarization at a later stage after the barrier removal. These cases where polarization
is lost in the final state are denoted by a star symbol in the phase diagrams.

(A)

R
|8 e S S 8]

= A
in SRS
’li. $$ I (117
H B T = H H B W =

E
.

AL BT A
e St

A

Fig.5 Snapshots from simulation of cell competition when motile cells invade the area of non-motile
cells. In A, C, E, and H colours represent cell types (green: motile, blue: non-motile). In B, D, F, and
I arrows show the direction of the polarisation of motile cells. D shows that cells produce streaming
motion in their sub-domain even before the barrier is removed. F and I show the motile cells’ direc-
tions after the wall removal in early stage, and a later time of the invasion. Birth and death rates are
B,=8B,,=01,M, =M,, =0.001, and the mechanical parameters of all cells are 4., = 0.5, 4,,,, = 70,

and A,;, = —10. Color bar: cell polarity magnitude |p|. See also Supplementary Movie 3
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3.2 Competitive cell invasion

Now, we consider the case when the cell numbers can change in time due to birth and
death resulting in competition for space between the two cell populations. We modeled the
competition of motile and non-motile cells initially occupying the left and the right halves
of the domain. First, we considered the case when both cell types have the same mechani-
cal and biological parameters and the only difference between them is motility. A typical
example of the resulting invasion is shown in Fig. 5. The left panel shows the distribu-
tion of cell types (green: motile, blue: non-motile). The red regions indicate dead cells.
We restrict the cell death rate to relatively small values so the proportion of dead cells
remains low, i.e. below =~ 5% of all cells. The corresponding right panels in Fig. 5 show
the direction and magnitude of the polarization vector of the motile cells. After the barrier
is removed the area occupied by motile cells expands until non-motile cells are completely
eliminated. This is also reflected in cell numbers plotted vs time in Fig. 6.

In comparison to the competition of different non-motile cells, described in [22], the
shape of the interface appears to be more irregular and the front propagation rate is less
uniform. Nevertheless, we can approximately quantify the propagation speed by fitting the
average slope of the number of motile cells plotted as a function of time in the initial stage
of the invasion and we convert this into propagation speed as

_ave \
At py @

where p, is the equilibrium density of the invading cells, determined numerically as the
average cell numbers per area when only a single cell type occupies the whole domain. L is
the width of the domain, that we assume to be the length scale unit L = 1.

From our simulations over a wide range of parameters, we find that when motile cells have
equal or higher birth rates they can invade the whole system and eliminate non-motile cells.
In order to investigate the combined effects of motility and biological differences on the inva-
sion speed we varied the birth rate of motile cells. The results are shown in Fig. 7. The inva-
sion velocity is primarily determined by motility and is not affected by biological differences

Q) Bm=Bnm=0.1, Mm=Mnm=0.001 ©) Bm=0.1, Bnm=0.8, Mm=0.005, Mnm=0.003
I

600 T T T T T 500 T T T
500 [~ I =
| 400
8 400 I .
g 300
c | Motile Cells
£ 300 | : -
E ) Non-Motile Cells
_ = - 200
500 Wall Removal _| |
100 - 100 :
0 ! 0 I | | ! I
2000 6000 10000 2000 4000 6000 8000
Time (MCS) Time (MCS)

Fig.6 Number of motile and non-motile cells during the invasion. A motile cells invade, F,, = 1000, the
biological and mechanical parameters are the same for all cells, 4., =0.5,4,,,, =70, and 4,,5 = —-10. B
temporary partial invasion of motile cells, which is then reversed, and finally non-motile cells win
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Fig.7 Invasion speed when the birth rates of motile cells are varied. In the case of high motile force
F,.. = 1000, and 600, the invasion speed is not affected by the difference in birth rates (blue and

max
green). However, for weaker motile force the invasion becomes slower, but still independent of the dif-

ferential proliferation rates (brown squares). When motility is switched off F,, = 0 the invasion speed
increases monotonously with the difference of birth rates (red triangles). Birth and death rates are
B,,=01,M, =M, =0.001, and the mechanical parameters of all cells are A, =0.5,4,,, =70,
Agan = =10, and Fy,; = 1000

between the cells. This is in contrast with the competition of non-motile cells (F,,,. = 0)
where we found previously that the invasion velocity increases monotonously with the dif-
ference between birth rates [22]. However, the invasion velocity decreases when the strength
of the motile force, F,,,,, is reduced. For high motile force the invasion velocity saturates for

max?

F,,.. = 600 indicating that the invasion rate is also limited by the cell turnover rate.

Next, we investigated whether non-motile cells can invade motile cells if their disad-
vantage is compensated by higher birth rate and/or lower death rate. Snapshots from an
example where non-motile cells are the winners are shown in Fig. 8. The corresponding
cell numbers vs. time in Fig. 6(B) show that in this case, the competition follows a non-
monotonous scenario where the rate of change of cell numbers reverses during the sim-
ulation. After the barrier is removed, first motile cells invade the domain of non-motile
cells until a certain stage where they are already in substantial majority. However, later
the number of motile cells starts to decrease until they are completely eliminated. Thus,
in this case, motility appears to provide an initial advantage until the cells are spatially
separated, but as the invasion front and the distribution of cell types becomes more
irregular the higher birth rate and lower death rate of the non-motile cells determine the
outcome of competition and non-moving cells invade the whole domain.

To capture the different types of outcomes, we ran a series of cell competition simu-
lations where we varied both the birth rate and death rate of non-motile cells, whereas
the parameters of motile cells were fixed at a relatively low birth rate B,, = 0.1 and
high death rate M,, = 0.005 to balance out the inherent competitive advantage due to
motility. To take into account the stochasticity of the Potts model, we repeated each
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Fig.8 Snapshots from simulation where non-motile cells win. The cell parameters are
B,,=038,B,=0.1M, =0.003,M, = 0.005. First motile cells invade; however, non-motile cells later
revert the invasion process and gradually occupy the whole domain while motile cells are eliminated. The
mechanical parameters of all cells are the same: 4., = 0.5, 4,,,, = 70, and 4,4, = —10, F,, = 1000. Color
bar: the cell polarity magnitude |p|. See also Supplementary Movie 4

simulation three times. The results are shown as a phase diagram in Fig. 9. Green sym-
bols correspond to motile cells eliminating non-motile cells, and blue symbols repre-
sent the opposite case when non-motile cells win, in all three simulations. The blue
dots with green outline indicate that in two out of three simulations the non-motile
cells were the winners and the green triangles with blue outline represent the oppo-
site case where the motile cells were the winners in two out of three simulations. As
expected from the previous results, when there is a strong advantage in terms of higher
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Bm=0.1, Mm=0.005

! 1 o o—o ® Motile cell type is the winner
0.9 ° ° ° A ‘ ® Non-motile cell type is the winner
0.8 ® ° ° o .‘ ® Stable co-existence
0.7 ° ° ° A +
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0 0.001 0.002 0.003 0.004 0.005
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Fig.9 Phase diagram of the invasion process when the birth and death rates of the non-motile cells are
varied. The parameters of the motile cells are fixed at B,, = 0.1 and M,, = 0.005. Each of the simulations
was repeated three times. The symbols represent different simulation outcomes. Blue dots: non-motile
cells win in all three simulations; green triangles: motile cells win every time; blue dots with green out-
line: non-motile cells win in two cases; green triangles with blue outline: non-motile cells win in two
simulation runs; red squares: both cell types coexist in all simulations. The mechanical parameters are
Aeont = 0.5, A4peq = 70, and 4,4, = —10

cont > Marea

birth rate and lower death rate of non-motile cells (top left corner) they can outcom-
pete the motile cells; otherwise, motile cells win. Note, that when the death rates are
the same (M,, = M,,, = 0.005) an increased birth rate alone is not sufficient to com-
pensate for the advantage due to motility, and reduced death rate of the static cells is
also necessary to change the outcome.

Near the boundary between the two opposite outcomes, we also found cases of per-
sistent coexistence of the two cell types (red squares in Fig. 9). Two typical examples
for coexistence are shown in Fig. 10(A) and (B). In (B) the cell types coexist while
each occupies an approximately constant proportion of the domain, while in the other
case (A) the coexistence is much more dynamic following a sequence of alternating
incomplete invasions by each cell type. In both cases, the coexistence appears to per-
sist over a long time and neither type is eliminated.
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Fig. 10 Number of motile and non-motile cells during the invasion, where the mechanical parameters are
the same for both cell types. A and B demonstrate two qualitatively different examples of stable co-exist-
ence. The parameters in the Potts model energy function are 4., = 0.5, 4,,,, = 70, and 4,4, = —10

4 Discussion

Cells in a multicellular organism can gain a competitive advantage against others by
genetic mutations and expand the space they occupy within a tissue. Cell motility can
often contribute to the spread of such modified cells. In this paper, we investigated the
role of cell motility in the mixing and competition of heterogeneous epithelial cell pop-
ulations using a computational model.

The simulations demonstrate that active motility can enhance the mixing of differ-
ent cell types and also confers an advantage in competitive cell invasion of otherwise
identical cells. However, the effects of cell motility are dependent on the mechanical
and biological properties of the cells. Mixing of motile cells into a population of non-
moving cells can be inhibited by increased cell contractility creating a rigid barrier to
mixing. Also, the advantage of motile cells in competitive invasion can be suppressed
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by differential proliferation and death rates. This may result in either the elimination of
the motile cells or the stable coexistence of multiple cell types.

These above observations resulting from numerical simulations suggest a few poten-
tially interesting predictions that could be investigated in cell culture experiments. Con-
tractility of the cell cortex and/or proliferation rates could be manipulated by biochemical
perturbations. Observing how these can influence the movement of the interface between
different types of cells in such experiments may provide insights into potential treatment
strategies for growing tumours.

Our simulations were restricted to two distinct spatially separated cell types. How-
ever, cancer cells often develop high genetic variability within a growing tumour. There-
fore, it could be also interesting to investigate cell competition in a system with multiple
mutations or with more general variability continuously generated through a stochastic
process affecting the cell parameters. Such a model may provide insights into the process
of cancer initiation.
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