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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]:

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 ���⃗F𝛼  , and ��⃗r𝛼  is the position vector of the cell’s center of mass [19]. We denote 
the total number of motile cells as Nm.

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 
���⃗𝜌𝛼  . Following [21, 27] the polarisation dynamics of motile cells is described by an ordi-
nary differential equation coupled to each cell:

where ���⃗v𝛼  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 � 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 �� 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]:

where FM is the maximal motile force and 𝛽 > 0 is a half-saturation constant, so that |���⃗𝜌𝛼| = 𝛽 
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 
( Fm > 0 ) while other cells are not able to generate motility ( Fm = 0 ). We consider a two-
dimensional domain of 302 × 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, Nm = Nnm = 225 separated by a 2-pixel wide barrier (Fig.  1). The 

(2)
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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 ( t = 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: 
�
area

= 70, �
adh

= −10 , �
cont

= 0.5
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initial area of the cells was set to the target area A0 = 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 Nm = Nnm = 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� ≥ A0 . 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 A0 . 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 �area = 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 

Fig. 2  Snapshots of the spatial distribution of motile and non-motile cells, t = 25000MCS . A The 
motile cells (light blue or green) mix well with non-motile cells (blue) when the motile force strength is 
F
max

= 1000 , and the contractility is low �m
cont

= �nm
cont

= 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

max
= 400 and the con-

tractility was increased to �nm
cont

= 7 , and �m
cont

= 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 ��
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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 �� of each cell. Blue cells, with �� = 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 Fmax is sufficiently large and the cell cortex 
contractility parameter �c 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 t ≈ 8 × 104 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 �cont 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 
parameters used in the numerical 
simulations

Parameter Value

The domain size 302 × 150 pixels
Initial cell size 100 pixels
�n
area

 , �nm
area

70
�nm
cont

 , �m
cont

 (soft/hard regime) 0.5, 7
�n
adh

 , �nm
adh

−10

A0 100 pixels
Initial cell number per cell type 225
T 50
Half-saturation constant, � 1
Hill coefficient, � 10
Maximal motile force, F

max
Variable

Polarisation rate, � 1
Depolarisation rate, � 0.1
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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.

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

m
∕2 = 225∕2 cells where the contractility is �nm

cont
= �

m
= 0.5 and F

m
= 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, �nm

cont
= 7 (green curve) and F

m
= 400 . As the contractility of motile cells 

is increased to �
m
= 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 �area = 70 , and �adh = −10

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 ( �nm

cont
= 7 ); or in the soft regime 

B when the contractility is low ( �nm
cont

= 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, Ñm(t) . 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, 
i.e. Ñm(t) ≤ Nm∕2 = 225∕2 . In the case of partial mixing Ñm(t) < Nm∕2 for all t, and the 
case of no mixing corresponds to Ñm(t) = 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.

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
m
= B

nm
= 0.1,M

m
= M

nm
= 0.001 , and the mechanical parameters of all cells are �

cont
= 0.5, �

area
= 70, 

and �
adh

= −10 . Color bar: cell polarity magnitude |�| . 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

where �0 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 

(4)v =
ΔN

Δt

L

�0

Fig. 6  Number of motile and non-motile cells during the invasion. A motile cells invade, F
M
= 1000 , the 

biological and mechanical parameters are the same for all cells, �
cont

= 0.5, �
area

= 70, and �
adh

= −10 . B 
temporary partial invasion of motile cells, which is then reversed, and finally non-motile cells win
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between the cells. This is in contrast with the competition of non-motile cells ( Fmax = 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, Fmax , is reduced. For high motile force the invasion velocity saturates for 
Fmax = 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 Bm = 0.1 and 
high death rate Mm = 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 

Fig. 7  Invasion speed when the birth rates of motile cells are varied. In the case of high motile force 
F
max

= 1000 , and 600, the invasion speed is not affected by the difference in birth rates (blue and 
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

max
= 0 the invasion speed 

increases monotonously with the difference of birth rates (red triangles). Birth and death rates are 
B
nm

= 0.1,M
m
= M

nm
= 0.001 , and the mechanical parameters of all cells are �

cont
= 0.5, �

area
= 70, , 

�
adh

= −10 , and F
M
= 1000
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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 

Fig. 8  Snapshots from simulation where non-motile cells win. The cell parameters are 
B
nm

= 0.8,B
m
= 0.1,M

m
= 0.003,M

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: �

cont
= 0.5, �

area
= 70, and �

adh
= −10 , F

m
= 1000 . Color 

bar: the cell polarity magnitude |�| . See also Supplementary Movie 4
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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 ( Mm = Mnm = 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.

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

m
= 0.1 and M

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 
�
cont

= 0.5, �
area

= 70, and �
adh

= −10
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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 

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 �

cont
= 0.5, �

area
= 70, and �

adh
= −10
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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.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10867- 024- 09660-8.

Author contributions Conceptualisation, F.S.A. and Z.N.; methodology, F.S.A. and Z.N.; investigation, 
F.S.A.; writing original draft, F.S.A.; writing, review and editing, F.S.A. and Z.N.; All authors have read and 
agreed to the published version of the manuscript.

Funding Open Access funding enabled and organized by CAUL and its Member Institutions This research 
was funded by the Australian Research Council Discovery Project No. DP160104342. F.S.A. was funded by 
a scholarship from Taif University (TU) and the Saudi Arabian Cultural Mission.

Data availability No datasets were generated or analysed during the current study.

Declarations 

Ethical approval N/A.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Bray, D.: Cell Movements: From Molecules to Motility. Garland Science, New York (2000)
 2. Montell, D.J.: Morphogenetic cell movements: diversity from modular mechanical properties. Science 

322(5907), 1502–1505 (2008)
 3. Friedl, P., Gilmour, D.: Collective cell migration in morphogenesis, regeneration and cancer. Nat. Rev. 

Mol. Cell Biol. 10(7), 445–457 (2009)
 4. Theveneau, E., Mayor, R.: Collective cell migration of epithelial and mesenchymal cells. Cell. Mol. 

Life Sci. 70, 3481–3492 (2013)
 5. Mogilner, A.: Mathematics of cell motility: have we got its number? J. Math. Biol. 58, 105–134 (2009)

https://doi.org/10.1007/s10867-024-09660-8
https://doi.org/10.1007/s10867-024-09660-8
http://creativecommons.org/licenses/by/4.0/


Modelling the effect of cell motility on mixing and invasion…

1 3

 6. Danuser, G., Allard, J., Mogilner, A.: Mathematical modeling of eukaryotic cell migration: insights 
beyond experiments. Annu. Rev. Cell Dev. Biol. 29, 501–528 (2013)

 7. Fletcher, D.A., Theriot, J.A.: An introduction to cell motility for the physical scientist. Phys. Biol. 
1(1), 1 (2004)

 8. Rappel, W.-J., Thomas, P.J., Levine, H., Loomis, W.F.: Establishing direction during chemotaxis in 
eukaryotic cells. Biophys. J. 83(3), 1361–1367 (2002)

 9. Levchenko, A., Iglesias, P.A.: Models of eukaryotic gradient sensing: application to chemotaxis of 
amoebae and neutrophils. Biophys. J. 82(1), 50–63 (2002)

 10. Mori, Y., Jilkine, A., Edelstein-Keshet, L.: Wave-pinning and cell polarity from a bistable reaction-
diffusion system. Biophys. J. 94(9), 3684–3697 (2008)

 11. Lin, B., Holmes, W.R., Wang, C.J., Ueno, T., Harwell, A., Edelstein-Keshet, L., Inoue, T., Levchenko, 
A.: Synthetic spatially graded rac activation drives cell polarization and movement. Proc. Nat. Acad. 
Sci. U.S.A. 109(52), 3668–3677 (2012)

 12. Serra-Picamal, X., Conte, V., Vincent, R., Anon, E., Tambe, D.T., Bazellieres, E., Butler, J.P., Fredberg, 
J.J., Trepat, X.: Mechanical waves during tissue expansion. Nat. Phys. 8(8), 628–634 (2012)

 13. Zhang, Y., Xu, G., Lee, R.M., Zhu, Z., Wu, J., Liao, S., Zhang, G., Sun, Y., Mogilner, A., Losert, 
W.: Collective cell migration has distinct directionality and speed dynamics. Cell. Mol. Life Sci. 74, 
3841–3850 (2017)

 14. Tlili, S., Gauquelin, E., Li, B., Cardoso, O., Ladoux, B., Delanoë-Ayari, H., Graner, F.: Collective cell 
migration without proliferation: density determines cell velocity and wave velocity. Roy. Soc. Open 
Sci. 5(5), 172421 (2018)

 15. Coburn, L., Cerone, L., Torney, C., Couzin, I.D., Neufeld, Z.: Tactile interactions lead to coherent 
motion and enhanced chemotaxis of migrating cells. Phys. Biol. 10(4), 046002 (2013)

 16. Giniūnaitė, R., Baker, R.E., Kulesa, P.M., Maini, P.K.: Modelling collective cell migration: neural 
crest as a model paradigm. J. Math. Biol. 80, 481–504 (2020)

 17. Khataee, H., Czirók, A., Neufeld, Z.: Contact inhibition of locomotion generates collective cell migra-
tion without chemoattractants in an open domain. Phys. Rev. E 104(1), 014405 (2021)

 18. Szabó, A., Ünnep, R., Méhes, E., Twal, W., Argraves, W., Cao, Y., Czirók, A.: Collective cell motion 
in endothelial monolayers. Phys. Biol. 7(4), 046007 (2010)

 19. Kabla, A.J.: Collective cell migration: leadership, invasion and segregation. J. R. Soc. Interface 9, 
3268–3278 (2012)

 20. Oelz, D., Khataee, H., Czirók, A., Neufeld, Z.: Polarization wave at the onset of collective cell migra-
tion. Phys. Rev. E 100(3), 032403 (2019)

 21. Khataee, H., Czirok, A., Neufeld, Z.: Multiscale modelling of motility wave propagation in cell migra-
tion. Sci. Rep. 10(1), 8128 (2020)

 22. Alsubaie, F.S., Khataee, H., Neufeld, Z.: Modelling of tissue invasion in epithelial monolayers. Life 
13(2), 427 (2023)

 23. Graner, F., Glazier, J.A.: Simulation of biological cell sorting using a two-dimensional extended Potts 
model. Phys. Rev. Lett. 69(13), 2013 (1992)

 24. Van Helvert, S., Storm, C., Friedl, P.: Mechanoreciprocity in cell migration. Nat. Cell Biol. 20(1), 8–20 
(2018)

 25. Brückner, D.B., Fink, A., Schreiber, C., Röttgermann, P.J., Rädler, J.O., Broedersz, C.P.: Stochastic 
nonlinear dynamics of confined cell migration in two-state systems. Nat. Phys. 15(6), 595–601 (2019)

 26. Selmeczi, D., Mosler, S., Hagedorn, P.H., Larsen, N.B., Flyvbjerg, H.: Cell motility as persistent ran-
dom motion: theories from experiments. Biophys. J. 89(2), 912–931 (2005)

 27. Noppe, A.R., Roberts, A.P., Yap, A.S., Gomez, G.A., Neufeld, Z.: Modelling wound closure in an epi-
thelial cell sheet using the cellular Potts model. Integr. Biol. 7(10), 1253–1264 (2015)

 28. Verkhovsky, A.B., Svitkina, T.M., Borisy, G.G.: Self-polarization and directional motility of cyto-
plasm. Curr. Biol. 9, 11–20 (1999)

 29. Lomakin, A.J., Lee, K.C., Han, S.J., Bui, D.A., Davidson, M., Mogilner, A., Danuser, G.: Competition 
for actin between two distinct f-actin networks defines a bistable switch for cell polarization. Nat. Cell 
Biol. 17, 1435–1445 (2015)

 30. Farhadifar, R., Röper, J.-C., Aigouy, B., Eaton, S., Jülicher, F.: The influence of cell mechanics, cell-
cell interactions, and proliferation on epithelial packing. Curr. Biol. 17(24), 2095–2104 (2007)

 31. Schwartz, M.A., Assoian, R.K.: Integrins and cell proliferation: regulation of cyclindependent kinases 
via cytoplasmic signaling pathways. J. Cell Sci. 114(14), 2553–2560 (2001). https:// doi. org/ 10. 1126/ 
scien ce. 276. 5317. 1425

 32. Brakebusch, C., Bouvard, D., Stanchi, F., Sakai, T., Fässler, R.: Integrins in invasive growth. J. Clin. 
Invest. 109(8), 999–1006 (2002). https:// doi. org/ 10. 1172/ JCI02 15468

https://doi.org/10.1126/science.276.5317.1425
https://doi.org/10.1126/science.276.5317.1425
https://doi.org/10.1172/JCI0215468


 F. S. Alsubaie, Z. Neufeld 

1 3

 33. Streichan, S.J., Hoerner, C.R., Schneidt, T., Holzer, D., Hufnagel, L.: Spatial constraints control cell 
proliferation in tissues. Proc. Nat. Acad. Sci. U.S.A. 111(15), 5586–5591 (2014). https:// doi. org/ 10. 
1073/ pnas. 13230 16111

 34. Doncel, J.P., Cruz Ojeda, P., Oropesa-Ávila, M., Paz, M.V., De Lavera, I., La Mata, M., Córdoba, M.Á., 
Hidalgo, R.L., Rivero, J.M.S., Cotán, D., et  al.: Cytoskeleton rearrangements during the execution  
phase of apoptosis. Cytoskelet. Struct. Dyn. Funct. Dis, 151–169 (2017)

 35. Ren, W., Zhao, W., Cao, L., Huang, J.: Involvement of the actin machinery in programmed cell death. 
Front. Cell Dev. Biol. 8, 634849 (2021). https:// doi. org/ 10. 3389/ fcell. 2020. 634849

 36. Ramachandran, A., Madesh, M., Balasubramanian, K.A.: Apoptosis in the intestinal epithelium: its 
relevance in normal and pathophysiological conditions. J. Gastroenterol. Hepatol. 15(2), 109–120 
(2000). https:// doi. org/ 10. 1046/j. 1440- 1746. 2000. 02059.x

 37. Bortner, C.D., Cidlowski, J.A.: Apoptotic volume decrease and the incredible shrinking cell. Cell 
Death Differ. 9(12), 1307–1310 (2002). https:// doi. org/ 10. 1038/ sj. cdd. 44011 26

 38. Swat, M., Thomas, G.L., Belmonte, J.M., Shirinifard, A., Hmeljak, D., Glazier, J.A.: Multi-scale mod-
eling of tissues using CompuCell3D. Comput. Methods Cell Biol. 110, 325–366 (2012)

https://doi.org/10.1073/pnas.1323016111
https://doi.org/10.1073/pnas.1323016111
https://doi.org/10.3389/fcell.2020.634849
https://doi.org/10.1046/j.1440-1746.2000.02059.x
https://doi.org/10.1038/sj.cdd.4401126

	Modelling the effect of cell motility on mixing and invasion in epithelial monolayers
	Abstract
	1 Introduction
	2 Model description
	3 Results
	3.1 Mixing of cells
	3.2 Competitive cell invasion

	4 Discussion
	References


