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Abstract

Background: Most mathematical models of biochemical pathways consider either signalling
events that take place within a single cell in isolation, or an 'average' cell which is considered to be
representative of a cell population. Likewise, experimental measurements are often averaged over
populations consisting of hundreds of thousands of cells. This approach ignores the fact that even
within a genetically-homogeneous population, local conditions may influence cell signalling and
result in phenotypic heterogeneity.

We have developed a multi-scale computational model that accounts for emergent heterogeneity
arising from the influences of intercellular signalling on individual cells within a population. Our
approach was to develop an ODE model of juxtacrine EGFR-ligand activation of the MAPK
intracellular pathway and to couple this to an agent-based representation of individual cells in an
expanding epithelial cell culture population. This multi-scale, multi-paradigm approach has enabled
us to simulate Extracellular signal-regulated kinase (Erk) activation in a population of cells and to
examine the consequences of interpretation at a single cell or population-based level using virtual
assays.

Results: A model consisting of a single pair of interacting agents predicted very different Erk
activation (phosphorylation) profiles, depending on the formation rate and stability of intercellular
contacts, with the slow formation of stable contacts resulting in low but sustained activation of Erk,
and transient contacts resulting in a transient Erk signal. Extension of this model to a population
consisting of hundreds to thousands of interacting virtual cells revealed that the activated Erk
profile measured across the entire cell population was very different and may appear to contradict
individual cell findings, reflecting heterogeneity in population density across the culture. This
prediction was supported by immunolabelling of an epithelial cell population grown in vitro, which
confirmed heterogeneity of Erk activation.

Conclusion: These results illustrate that mean experimental data obtained from analysing entire
cell populations is an oversimplification, and should not be extrapolated to deduce the
signal:response paradigm of individual cells. This multi-scale, multi-paradigm approach to biological
simulation provides an important conceptual tool in addressing how information may be integrated
over multiple scales to predict the behaviour of a biological system.
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Background

Experimentally, cell populations are usually considered to
be homogeneous. Techniques such as Western Blotting
inherently make the assumption that variations between
individual cells are not significant. Furthermore, most
computational models of signalling pathways relate to
events in a 'typical' cell. Whilst adequate for most pur-
poses, these models do not address the issue of heteroge-
neity - particularly in the context of how variations in the
micro-environment influence gene and protein expres-
sion of individual cells.

This issue of local heterogeneity in microenvironment,
and the potential influence on cell signalling and fate has
yet to be studied extensively. However, recent publica-
tions have suggested that such factors may play a critical
role in determining cell fate, with implications for clini-
cally important phenomena such as stem cell lineage fate
in MLL-AF9 leukaemia [1]. The architecture of intercellu-
lar contacts within beta cell islets has been shown to result
in heterogenous production of insulin [2]. In this paper,
we describe how we have used multi-scale computational
simulations, supported by experimental data, to explore
how local differences in intercellular contact may influ-
ence intracellular signalling, with implications for indi-
vidual cell response and population heterogeneity.

Cell behaviour can be modelled by representing individ-
ual cells as computational entities or software agents.
Unlike conventional modelling of intracellular signalling
pathways, agent modelling allows the response of signal-
ling to be interpreted at the cellular level. For example, we
can incorporate the hypothetical rule that a particular
threshold amount or concentration of a product is
required for an individual cell to progress through the cell
cycle. This method allows the study of emergent behav-
iour of a system (e.g. tissue growth or wound healing) as
the outcome of the interaction of the individual compo-
nents (the cells). We have previously developed Epitheli-
ome, an agent-based model of epithelial cell populations.
Software agents represent individual cells and iteratively
change their state (e.g. cell cycle stage, location, shape)
according to a number of pre-programmed rules repre-
senting biological behaviour, such as proliferation, inter-
cellular adhesion, migration and apoptosis. We have used
this simple rule-based model to simulate monolayer
growth [3] and wound healing [4] in normal human
urothelial cell cultures and have adapted it to explore
stratification and differentiation in normal and trans-
formed keratinocytes [5]. More recently, we have com-
bined this model with a mathematical representation of
autocrine ligand release, diffusion and binding [6]. The
biological basis for this work has been experimentally-
generated observations in cultures of normal human
urothelial (NHU) cells where, in the absence of exoge-
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nous growth factors, proliferation is driven through auto-
crine production of EGFR-binding factors [7]. In the NHU
cell culture system, inhibition either of EGFR, or of the
downstream MAPK/Erk pathway components, results in
dephosphorylation of Erk and an inhibition of prolifera-
tion that is reversible upon removal of the inhibitor [8].
Thus, although it is clear that multiple, interacting signal-
ling pathways influence cell cycle progression and prolif-
eration ([8-10]), there is compelling evidence for a causal
link between EGFR-Erk signalling pathway and prolifera-
tion, at least in these cells. Autocrine growth mechanisms
may operate through the release of soluble ligands, or
through juxtacrine signalling mediated via cell:cell inter-
actions and we have used a modelling approach to exam-
ine the implications of these modes of communication.
Our approach of using an individual-based paradigm nat-
urally lends itself to examining heterogeneity, either by
varying the internal parameters (memory state) of each
agent, or by observing the emergent behaviour of agents
in differing micro-environments.

The initial realisation of the Epitheliome model can be con-
sidered as a phenomenological representation of actual
cell behaviour, as the rules governing state transitions are
based purely on observations made experimentally, many
of which were extracted from the scientific literature. For
instance, agents progress around the cell cycle consisting
of phases representing G1, S, G2 and M, traversing a single
checkpoint in G1. As described in [3], transition through
this checkpoint is dependent on cell:cell bonding and cell
spreading, with the underpinning rule set mimicking the
phenomenon of contact inhibition of growth. Results
produced by this model successfully predicted the reduc-
tion of growth rate observed experimentally when epithe-
lial cell cultures were switched to culture conditions that
promoted formation of intercellular adherens junctions,
through the calcium-dependent homotypic binding of E-
cadherin [3]. However, a consistent enhancement of the
in vitro growth rate in low density populations grown in
physiological calcium conditions was not predicted com-
putationally, and this divergence of in vitro and in virtuo
systems led us to investigate potential mechanisms for
enhanced growth mediated via intercellular contact, and
in particular, juxtacrine signalling via the Epidermal
Growth Factor Receptor (EGFR).

EGFR is known to be a critical mediator of growth control
in many cell types, including urothelium [7] and there is
growing experimental evidence that EGFR ligands are bio-
logically active prior to cleavage from the membrane [11].
In order to investigate a possible role for contact-mediated
juxtacrine signalling in epithelial cell cultures, we have
utilised a mathematical ordinary differential equation
(ODE) model of membrane-bound EGFR-ligand interac-
tion, receptor dimerisation/activation and downstream

Page 2 of 17

(page number not for citation purposes)



BMC Systems Biology 2008, 2:102

signalling via the Ras-Raf-MAPK pathway. The end point
of this model pathway is the activation (diphosphoryla-
tion) of the cytoplasmic protein, Erk. It is known that acti-
vated Erk (Erk-PP) translocates to the nucleus where it can
activate transcription of key cell cycle regulators, such as
cyclin D1. The temporal characteristics of Erk activation
have previously been shown to be closely related to cell
fate, with sustained, moderate Erk activation correlated
with cell cycle progression [12,13].

The Erk signalling pathway is reasonably well character-
ised and has been the focus of several modelling studies
(e.g. [14-17]). It was not our objective to develop a new
model of this pathway, but to incorporate an existing
mathematical description into our agent-based represen-
tation of cells, hence introducing a subcellular level
'mechanism’ that is initiated by cellular scale interactions
to influence emergent changes in cell behaviour. We have
thus chosen to integrate and adapt existing models of this
pathway [14,15] in order to consider activation of the Erk
pathway in an individual cell which occurs as a result of
regions of intercellular contact with one or more neigh-
bouring cells, through activation of EGFR by cell surface-
presented cognate ligands. These intercellular regions can
be fixed in size, or actively growing in accordance with the
reported behaviour of E-cadherin mediated contacts in
cultured epithelial cells [18]. The various components of
the model, and our methodology in integrating them are
described in the Methods section and illustrated in Figure
1, 2, 3. We present the simulated time-varying activated
Erk (Erk-PP) profile for the following scenarios: 1) a pair
of cells forming a single, transient or stable contact (the
latter being typical of E-cadherin-mediated adherens junc-
tions) and 2) the ERK-PP profile averaged over a growing
population of several hundred to thousands of agents in
low and physiological calcium concentrations, (the latter
conditions being conducive for the formation of multiple,
stable E-cadherin-mediated contacts). The multi-agent
simulations inherently include inter-agent microenviron-
ment heterogeneity, as this reflects variation in the nature
of intercellular contacts experienced by individual cell
agents as a result of their position within the population.
We also present the results of a sensitivity analysis of
parameters in the signalling pathway model.

Methods

EGFR-Erk signalling model

The primary criteria for selecting a suitable model of intra-
cellular signalling for integration into our existing model-
ling framework were: 1) ability of the model to simulate
the key features of the output (temporal changes in Erk-PP
expression) with respect to input (receptor activation), 2)
minimum complexity (to introduce parsimony by restrict-
ing the number of ODEs required for future multi-agent
and hence multi-contact simulations), and 3) inclusion of
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key stages from the entire pathway, as opposed to a lim-
ited subset, to allow future mapping of signal to cellular
response.

On the basis of these criteria, the model chosen as a start-
ing point was that of [14], which was originally used to
examine the temporal pattern of Erk activation in
response to soluble EGF or NGF binding to surface recep-
tors. This model was selected due to its relative simplicity
compared to other more detailed descriptions, although
this does not impact on its ability to predict key features
of the pathway, notably the high amplitude transient peak
in activated Erk, followed by a lower, but sustained activa-
tion for periods of several hours. The receptor-ligand
dynamics were slightly simplified and the equations used
for this part of the model were those implemented in [15].
A schematic of the kinetic model is shown in figure 1a.

For the purposes of this study, we consider the case where
the presence of intercellular contacts means that receptor
activation can occur only on a limited region of the cell
surface and thus involve only a restricted number of recep-
tors and ligands. We ignore the role of soluble ligands,
assuming that the cells are in a growth medium that does
not incorporate exogenous EGF ligands. Receptors located
in the region of any intercellular contact can be subject to
internalisation, but with surface expression maintained
by receptor recycling or de novo receptor synthesis. In addi-
tion, the growth of contact areas between cells, such as
that observed during E-cadherin mediated adhesion, will
result in additional receptors entering the contact area.
Similarly, ligands will increase in number due to synthe-
sis, or increases in contact area, whereas they are lost by
proteolytic cleavage (as shown in figure 1b-c). Taking all
these processes into account, the equations describing
receptors in cell A and ligands on cell B associated with a
shared intercellular contact of length x,; and height z, are
given by equations (1) and (2) in table 1. Cells are consid-
ered to be oblate hemi-spheroids (as shown in figure 2).
Contact areas are considered to be elliptical in shape, with
the maximum height of a contact, z,, fixed at 5 pm (a rea-
sonable value considering the flattened morphology of
adherent epithelial cells). The length of E-cadherin medi-
ated contacts grow linearly with time until a maximum
length of 1.5 times the cell radius is reached (as specified
by equation 6 in table 2). This maximum threshold is
based on the examination of phase contrast microscopy
images of growing urothelial cell cultures. E-cadherin con-
tacts will not expand further if >95% of the cell perimeter
is already associated with intercellular contacts.

The first three terms on the right hand side of the equa-
tions (1) and (2) in table 1 represent changes in the num-
bers of species arising from receptor-ligand interactions.
The fourth term represents receptor internalisation or lig-
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EGFR-MAPK pathway model. Intracellular signalling pathway model derived from [15] and [14] and b) receptor trafficking
and c) ligand trafficking on the cell surface.
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and cleavage, the fifth represents receptor/ligand synthesis
and the last terms describe recruitment of new receptors
or ligands into expanding contact areas. The constant k, is
the receptor-ligand association constant; k_; the dissocia-
tion constant; k;,, the rate of internalisation of unoccupied
receptors, kg, and k;,, the rates of de novo receptor and
ligand synthesis respectively per cell; SA denotes the total
surface area of the cell; ¢ is the rate constant for E-cad-

herin mediated contact growth; R, Lyand S, are the total
receptor or ligand numbers and surface area on the cell
not associated with intercellular contacts at any given time
(given by equations 7-10 in table 2); and Q,; is a flag
indicating active contact growth, where Q,; = 1 if the con-
tact is defined to be expanding in size, and = 0 otherwise.
Diffusion of EGFR and ligands in and out of the contact
area is ignored. This is justified by the observation that

AGENT SIGNALLING
MODEL MODEL
R L
RL
1
Size :
Mo, intracellular ¥
species [11-29) o —
Erk Erk-P Erk-PP
T T
Mew numbers
intracellular species (11-28)
Figure 3

Model flow. Information passed between agent and signalling model. Blue arrows indicate information passed per contact,

green arrows represent information passed per agent.
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Table I: EGFR signalling and trafficking.
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Species Rate Equation Constants Ref
[ k, =3 x 104 [25]
KRsyn-7-XAB-Z T.ZABO. =0.
Ra AL = KR ALyl + K [RLy = K [R |+ R EABEAE o g m2ane KO t"= (?0233 gl
Kgoyn = 300
2 LB klsyn.-T-XAB-Z T o kLcIv= 0.005 [3|'33]
d[l B] —kq[RJ[Lg] + k_y[RLA] = ke [Lg] + Lyn4SAgB A8 Q- VZQgA(')[;O]B K =250
Lsyn —
3 RL, ARLAL k2 = 0.001 [15]
AL = IR AL gl = KR A ] = 2K R J[RL 5] + 20 ,[RL2 4] 260
4 RL2, 4 Ru k3 = 60 [15]
RUAL = 2K, [RL][RL ] = 2k 5[RL2 ] = k3[RL2 4] + ke [RP, ] Ty
5 V4 =123 x 106 [25]
dIRPA] V4[RPA] -
RP, =hk3[RL2 4] - ,3[RPA]—W—kim[RPA] K4 =3 x |0
kint = 0.19

Equations relating to juxtacrine receptor — ligand interaction and receptor dimerisation and phosphorylation. Constants are either extracted

directly from, inferred from or reported in the cited references. Units — All parameters relate to numbers of molecules — square brackets are for
clarity only. Units are: first order rate constant: min-!; second order rate constants molecules! min-!, maximal enzyme rates (V,,,,) are expressed in
units of molecules min!, Michaelis constants (K,,) in molecules. kg, and k ,,, are in no. molecules ceII 'min-!. Conversions from concentrations to

numbers of molecules assume a cell volume of 10-'2 litres.

typical diffusivities are extremely small (of the order of 10-
10 cm?2/second), and that movement of surface EGF recep-
tors is restricted by the cytoskeletal network [19].

The number of occupied, dimerised and phosphorylated
(active) receptors associated with contact AB on cell A will
then be given by equation (5) in table 1. Similar equa-
tions will exist for EGF receptor-associated species on cell
B associated with ligands on cell A.

Each cell will have n sets of equations 1-5, each associated
with an existing intercellular contact i.e. the total activated
receptor number is calculated on a per contact basis. It is
assumed that a cell can form a maximum of 6 contacts.
The n sets of equation 5 are then summed to provide the
total number of activated receptors per cell (RP in equa-
tion 11-12, table 3), which describes the conversion of

Table 2: Intercellular contact dynamics.

the adaptor protein Shc to ShP). All downstream species
are then calculated on a per cell basis.

The intracellular pathway associated with each cell is thus
represented by 19 ODEs (equations 11-29, table 3), with
individual steps represented by standard mass action
kinetics, or, where appropriate, Michaelis-Menten kinetics
[14]. This model was solved using the Mathworks Matlab
ode23tb solver.

Multiscale Modelling

The agent (rule-based) and signalling (ODE-based) mod-
els are run alternately. Each agent model iteration repre-
sents a total period of 30 minutes and the total solution
period of the following call to the ODE model represents
the same 30 minute period. The data passed between the
models on a per contact and per agent basis is summarised

Species Rate equation Constants Refs
6 X o =3.5/60 [18]
dZ?b =0 pum min-!
7 RO,
d[ROA] .2 ABo-|RO| A kRsyn[SAO0A]
2 Qs sao, KelROAI+ —4gi,
cnt=1
8 SAO0,
d[SAOA] Z Q, T ZABO'
cnt=1
9 LOg
d[LOB] -m.zABo-[LO]p. K1 syn[SAOB]
2 Qp ~saog KevlLOsl+ gy
cnt=1
10 SAQg d[SAOB] Z T.Z ABO
Q AB
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Table 3: Intracellular pathway model. Rate equations relating to intracellular EGFR-MAPK pathway. Units are as for Table I. All
constants are taken directly from [14].

Species Rate equation Constants
Il Shc na kg= 12
IS — k5 Y, [RPJIShel/(Ks +[Shc]) + V[Shc-P]/(K s + [ShcP]) °
cnt=1 K5 =6x 103
12 ShcP na V,=3.0x 105
ks 3 [RP][She]
d[SheP] _  “¢nt=11 _ Ve[SheP] Kg=6x 103
dt  ~  Ks+[Shq K +[shep] ~ K7[SheP][GrbSos] ¢ ;
K;=2x 10
kg|ErkPP][ShcGrbSos] 7
+k_,[ShcGrbSos] + Kg +[ShcGrbSos| k=38l
13 GrbSos Kg=1.6;
d[GrbSos] _ Vg9[GrbSosP]
4 = ~k7[ShcP][GrbSos] + k _;[ShcGrbSos] + {Ro+[GrbSosP| Ky= 6 % 105
14 GrbSosP Vy=175;
d[GrbSosP] _ kg[ErkPP][ShcGrbSos] — Vg[GrbSosP]
dt ~ Kg+[ShcGrbSos] Kg+[GrbSosP] Ky=2.0 x 104
15  ShcGrbSos dlSheGrbSos] kg [ErkPP][SheGrbSos] ko= 1.63 % 102
cGrIbsos| 8| Lrl CLIDS0oS
T k,[ShcP|[GrbSos] — k_;[ShcGrbSos]| — ~— Kg+[ShcGrbSos] ko= 10
—k,o[RasGDP|[ShcGrbSos] + k_; o[ ShcGrbSosRas| + ky,[ShcGrbSosRas]| k=15
n=
16  RasGDP k,,=5.0 x 10-3
ARSCDP] — ko [RasGDP][SheGrbSos| + ke_yo[ShcGrbSosRas] + y3[RasGAP] L I22 - 60
17 ShcGrbSosR: kj3=7.2x% 102
chrbsostas w:km[RasGDP][SthrbSos]—k,m[ShCGrbSosRas]—k“[SthrbSosRas] kl3_ 12 x 103
14= 1
18  RasGTP k,4=3.0
3 AIRasGTP] _ |, [ShcGrbSosRas] - k;, [RasGTP] [GAP] + 14
k_;,[RasGAP]| — k,,|Raf][RasGTP] + k_; ,[RasRaf | + k;5[RasRaf] ks =27
19 GAP dCAP Vie=9.7 % 104
e - —k,,[RasGTP][GAP] + k_;,[RasGAP] + k,3[RasGAP] Kie=6x 103
20 RasGAP d[RasGAP] k7= 50;
——qi— = k2[RasGTP][GAP] — k_;,[RasGAP] — k5[ RasGAP] K;;=9% 103
21 Raf d[Raf] V1 6[RafP] Vig=9.2x10%
i —k,,[RafP][RasGTP] + k_, ,[RasRaf] + K16 +[RafP] K= 6 x 105
22 RasRaf ko= 50;
dRasR 19 ’
%ﬁﬂ = k,,[RafP][RasGTP] - k_, ,[RasRaf] — k,5[RasRaf] Kig=9 x 103
23 RafP Vyo=9.2 % 105
d[lzaﬂ)] — k15[RasRaf] _ VlG[Raﬂ’]
t K16+[RafP] Kyo=6 % 105
24 Mek d[Mek] _ —kj7[RafP|[Mek] _ Vig|MekP] ky = 8.3;
dt Ki7 +[Mek] K18+[MekP] K2| =9 x |04
25 MekP d[MekP] _ ky7[RafP|[Mek]  Vig[MekP] —kjg[RafP][MekP] . V50| MekPP] V=20 108
dt T Kyp7+[MeK] Kyig+[MekP]  Kjg9+[MekP] Ko +[MekPP]
26 MekPP d[MekPP| _ kjo[RafP][MekP]  Voq[MekPP] Ky =6 % 105
dt T Kj9+[MekP] Ko+[MekPP] kyy = 8.3;
27  FErk Ky3=9 % 104
d[Erk] _ —k21([MekP|+[MekPP])[Erk] V5 [ErkP]
dt Ko1+[Erk] Koo +[ErkP]
28 ErkP d[El’kP] 3 k21 ( [MekP]+[MekPP] )[El’k] B sz [ETkP] Vz4 =40 % |05;
de  — K1 +[Erk] Ko +[ErkP]
3 k23([MekP]+[MekPP]).[ErkP] Vo 4[ErkPP]
K3 +[ErkP] K4 +|ErkPP) Kys=6 % 105
29  ErkPP
d[ErkPP] _ k23 ([MekP]+[MekPP]).[ErkP] _ Vou[ErkPP]
dt  — Ko3+[ErkP] K4 +[ErkPP]
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in figure 3. It is assumed that agent sizes and positions are
static during the solution of the signalling model (though
existing contacts can grow in length). The creation or
destruction of contacts is determined entirely by the agent
model, so the minimum length of time that a transient
(non E-cadherin stabilised) contact exists is 30 minutes.
This is reasonable, given that a detailed study of high-res-
olution time-lapse images of urothelial cells grown in low
calcium conditions (0.09 mM) suggested that most tran-
sient intercellular contacts persist between 10 and 60 min-
utes (e.g. additional files 1 and 2). At the end of every
simulation, the updated profile of Erk-PP (equation 29) is
returned to the memory of each agent. Numbers of all
intracellular molecular species (11-29) are stored for
every agent and surface species (1-5) for every contact, in
order to provide the initial conditions for the next set of
calculations. The identities of cells sharing any contact are
also stored. In the event that a pre-existing contact is reg-
istered as broken following the subsequent agent iteration
(a frequent occurrence for non-E-cadherin-mediated cell
contacts), the receptor and ligand terms in equations (1)
and (2), and equivalent equations for cell B, are set to zero
and the ODE solution deals with residual intracellular sig-
nalling only.

The model described above was used to study differences
in the activated EGFR-mediated conversion of Erk into its
active diphosphorylated form (active Erk or Erk-PP) asso-
ciated with the differing nature of contacts seen in low
(0.09 mM) and near physiological (2 mM) calcium envi-
ronments. This is considered to be the primary 'output’ of
the model, due to its role in mediating cell behaviour
[12,13]. Simulations were initially carried out for the sim-
plified case of a single pair of agents sharing a transient or
E-cadherin-mediated contact. This concept was then
extended to a much larger model consisting of hundreds
to thousands of agents forming contacts on a stochastic
basis.

Multi-agent simulations

The basis for this component of the computational model
is the prototype Epitheliome model, running on the
Mathworks Matlab platform, as described in detail in
[3,4]. Briefly, individual cells are represented by software
agents (instances of class objects in object-oriented Mat-
lab). Each agent contains memory parameters represent-
ing its current state (e.g. location, size and cell cycle
position). The simulation is run iteratively with each
agent updating its memory parameters ('state') according
to a number of pre-programmed rules representing bio-
logical behaviour such as proliferation, intercellular adhe-
sion, migration and apoptosis. Parameters are scaled such
that each model iteration represents 30 minutes in real
time. A numerical algorithm is employed after each agent

http://www.biomedcentral.com/1752-0509/2/102

update to shift the cells to minimise edge overlap arising
due to cell growth, division and migration. We refer the
reader to our earlier publication for a comprehensive
description of basic model operation and the details of
this numerical algorithm [3].

In order to focus on modelling cellular interaction, and in
particular, biochemical signalling processes that might be
influenced by direct cellular contact, it was necessary to
increase the complexity of rule sets governing migratory
and adhesive behaviour. These changes are described
below:

i) E-cadherin-mediated contacts

The cadherins are a family of transmembrane proteins
that mediate intercellular adhesion via interactions
between homotypic proteins on opposing cell surfaces.
Epithelial tissues express the cadherin subgroup, E-cad-
herin, which is critical for forming initial adherens con-
tacts between cells in developing tissues or cell cultures,
allowing more established structures such as tight junc-
tions and desmosomes to develop. In order to assume a
functional conformation, E-cadherin requires the pres-
ence of extracellular calcium ions. It has been demon-
strated that intercellular contacts form in cultures of
normal human urothelial (NHU) cells at a critical calcium
concentration > 1 mM [20]. A sigmoidal relationship
between bonding activity and exogenous calcium, with
the inflection point located at 1 mM was measured in
doublets of Chinese hamster ovary cells [21].

Adhesion probability

We have extended our previous, simple sigmoidal rela-
tionship between extracellular calcium and E-cadherin-
mediated cell contact to a more sophisticated rule set
which more quantitatively reflects the observations in
[21,22]. Each agent has a parameter representing normal
endogenous E-cadherin expression, which varies between
1 (normal expression), to zero (no expression - as for
example, found in malignant epithelial cells). This is con-
verted to an amount of functional surface E-cadherin by
the relationship:

C

P=A+ :

1+Te BX=M) )T

where P = amount of functional E-cadherin, A = lower
asymptote (= 0.1), C = upper asymptote (= 0.57), M =
point of max growth (= 1 mM), B = growth rate (= 1), T
determines relationship between max growth and asymp-
totes (= 1) and X is the exogenous calcium concentration
in mM. The relationship between functional E-cadherin
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amount, P and exogenous calcium thus closely mirrors
the relationship described by [21] between binding activ-
ity and calcium concentration.

The bonding probability BP, between pairs of cells at a
maximum separation distance of 5 pm (estimated to cor-
respond to maximum length of lamellipodia extension) is
then calculated:

gp = V(1" P2)

1
(esep+l)§

The pair of cells will form an initial E-cadherin mediated
contact if a pseudo-random number is less than BP.

E-cadherin-mediated bond length

Previously, we have modelled intercellular bonds simply
as being either present or absent. However, in order to
explore juxtacrine signalling, it was necessary to incorpo-
rate the concept of a finite bond length. On forming an
initial contact, E-cadherin molecules become aggregated,
leading to the 'zippering' of adjacent cell membranes over
a number of hours [18]. We devised a rule dictating the
increase in bond length with time from initial contact for-
mation, based on a quantitative interpretation of these
results:

for (0.5 <t<12)

BL=2+( *t)
else
BL = 15;

where BL = bond length and ¢ = time in hours and ¢ = 3.5
um/hour. As this linear expansion of contacts occurs on a
similar timescale as the intracellular signalling dynamics,
this 'rule' is incorporated into the signalling model (equa-
tion 6, table 2).

ii) Transient cell-cell interactions

Close inspection of time-lapse microscopy images of
NHU cells cultured in low calcium medium (0.09 mM)
revealed that although significantly fewer stable contacts
are formed than in physiological calcium, cells tended to
remain in contact with one another for periods of up to
one hour, before migrating away to form new contacts
(see additional files 1 and 2). During this period of tran-
sient contact, it is feasible that juxtacrine signals may be
exchanged between cells and therefore, we have chosen to
include the concept of transient cell contact in our agent
model. These could represent weak interactions mediated
by inter-membrane surface tension, as implied by
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immunofluorescence microscopy (see [20], and addi-
tional files 1 and 2). We have included the rule:

for cells with edge separation, sep, less than 0.1 m
ifsep <0
clen = max_r;
else
clen = (0.1-sep) *max_r/0.1;

where clen is the length of the non-specific contact length
and max_r is 1.5 times the larger of the two cell radii The
form of this relationship is somewhat arbitrary, but the
range of contact lengths produced gives a reasonable
agreement with that observed in microscopy images of
growing NHU cell cultures (|20], additional file 1). Note
that cell agents in low calcium are also permitted to form
E-Cadherin mediated contacts, but according to the rules
described above, these occur with a much lower frequency
than in higher calcium environments.

iii) Migration rules
In our earlier agent models (e.g. [3,6]), only cells with
zero intercellular contacts were able to migrate. Introduc-
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Figure 4

Results of intracellular signalling model. Model predic-
tions — effect of cell contact stability on Erk-PP. Case I, two
cells make an initial small contact of 2 um, which increases
linearly to 23 um over 6 hours. Case 2 shows the same initial
formation pattern, but with an instantaneous break of con-
tact after 4 hours when it has reached 16 um length. Case 3
shows the signal arising from an 'instantaneously' formed 12
pm contact.
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tion of the new bond probability rules and the concept of
transient contacts described above resulted in very limited
migration even in low calcium conditions; this situation
did not mirror that observed in real NHU cell cultures.
Hence, new rules were introduced that determined the
ability of an agent to migrate to be the outcome of the dif-
ference between the active migration force (reported to be
approximately 20 nN [23]) and intercellular adhesion
force resulting from stable and transient cell contacts
(reported in the former case to be approximately 100 nN
after 30 minutes, and 200 nN after one hour of intercellu-
lar contact for normal E-cadherin expression levels, and
linearly related to the square of the amount of E-cadherin
present at the cell surface [22]). In the case of transient
contacts, surface tension between non-adherent cells was
calculated to be approximately 0.32 nN per micrometre of
boundary in contact [24]. This leads to the following for-
mulation for total adhesion force acting on a cell:

AF = (0.32 * clen) + (P, * P,(100 * b1 + 200 * b2))

where clen is the length of cell boundary involved in non
specific contacts, b1 and b2 are the number of E-cadherin
mediated bonds that have existed for less and more than
one hour respectively, and P1 and P2 are the levels of
functional E-cadherin expression (between 0 and 1).

The model rule implemented was that a total intercellular
adhesion force less than 20 nN would result in migration
of a particular cell, but for larger values the cell was not
permitted to migrate. For normal levels of functional E-
cadherin expression, this effectively means that cells with
one or more E-cadherin contacts were prevented from
migration (as was the case in the earlier versions of our
model), whereas those with contacts defined as transient
were permitted to migrate only if the total boundary
length involved is less than 62.5 pm. The maximum
migration velocity was estimated from time-lapse images
of NHU cells to be in the region of 80 um/hour.

Results

Phosphorylated-Erk profile associated with a single
intercellular contact

Figure 4 shows the predicted active Erk signal resulting
from juxtacrine EGFR-ligand engagement and subsequent
intracellular signalling when two cells (each assumed to
be oblate hemispheres with horizontal radius = 20 pum,
and vertical height = 10 pum) form contacts at different
rates (as illustrated in figure 2). In case 1, the cells make
an initial small contact of 2 um, which increases linearly,
as observed in [18], until a maximum length of approxi-
mately 23 pm is reached after 6 hours. Case 2 shows the
same initial formation pattern, but in this case there is an
instantaneous break of contact after 4 hours when it has
reached 16 um length. Finally, for comparison, case 3
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shows the signal arising from an 'instantaneously' formed
12 um contact (typical of those we have observed using
time-lapse microscopy between migratory cells main-
tained in medium with a low (sub-physiological; 0.09
mM) calcium concentration). Results show a strong
dependence of the active Erk signal on the rate of contact
formation, with moderately large, instantly formed con-
tacts (Case 3) resulting in a large peak in Erk-PP occurring
approximately 20 minutes after the initial contact is
made, which rapidly declines to very low levels (<0.3%),
even though the contact persists. By contrast, when a con-
tact is formed gradually (Case 1-2), this results in a slow
but steady increase in Erk activation, with a contact that
represents ~7% of the total surface area of the cell result-
ing in ~3% Erk activation. If the contact is lost, as shown
in case 2, the Erk-PP signal quickly decays to zero in a mat-
ter of minutes.

A potential flaw of many computational models is hyper-
sensitivity to one or more parameters. This can be partic-
ularly problematic when the parameters are difficult to
measure experimentally and are thus estimated or
assumed. This is a critical issue in multi-scale models such
as that described here, where sensitivity to parameters at
one model scale could potentially propagate through into
higher scales, often with unforeseen effects.

In order to assess the sensitivity of the results described
above to the model parameters, a sensitivity analysis was
carried out as follows. Each of the 50 parameters in the
signalling pathway model was varied systematically by
first dividing, then multiplying the value of each parame-
ter by a factor of two. The reason for selecting a relatively
large perturbation factor was that the kinetic parameters
for the upstream pathway model were derived from radio-
labelling studies utilising the soluble form of an EGFR
binding ligand (e.g. [25]) and parameters for membrane-
bound receptor-ligand interactions might be expected to
vary quite significantly.

The signalling pathway model was solved for both a tran-
sient, 15 um contact and a growing then stable 3 pm con-
tact. A sensitivity value S was calculated for each case in
terms of the maximum amplitude and duration (defined
as the length of time where the signal is greater than 10%
of its maximum value):

__ fractional change in output parameter

~ fractional change in input parameter

The distribution of the ten largest values of S for both con-
tact types is shown in figure 5. Although there is variation
in the amplitude and duration of the ERK-PP signals when
kinetic parameters are altered, none of the parameter var-
iations affected the fundamental result that transient con-
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Results of sensitivity analysis. Diagrammatic representation of results sensitivity analysis of signalling pathway model a)
maximum amplitude of Erk-PP associated with transient contact b) duration of Erk-PP associated with transient contact c)
maximum amplitude of Erk-PP associated with growing then stable contact d) duration of Erk-PP associated with growing then

stable contact.
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Erk-PP immunofluoresence results. Distribution of fluo-
rescently tagged Erk-PP in normal human urothelial cells
maintained in low 0.09 mM (a) and physiological 2.0 mM (b)
calcium. c) and d) show position of nuclei.

tacts result in a relatively large, transient response,
compared to the smaller but sustained response associ-
ated with slowly-growing stable contacts. The durations of
the signals were relatively insensitive to the model param-
eters. Interestingly, the parameters associated with the
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Figure 7

Agent model results - intercellular contacts. a) Mean
number of E-cadherin mediated contacts per cell predicted
by the agent model for a starting cell density of 200 agents/
mm and b) mean total perimeter length of each agent associ-
ated with E-Cadherin mediated contacts. Vertical lines repre-
sent standard deviation calculated from 3 simulations.
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Figure 8

Distribution of E-cadherin. a-b) Virtual E-Cadherin
immunofluorescence image — 2D snapshot of the agent popu-
lation (light blue circles) and the E-Cadherin mediated con-
tacts (red lines) after 50 iterations (25 hours) in a) 0. mM
and b) 2.0 mM extracellular calcium. Original seeding density
= 200 cells/mm? c-d) actual immunofluorescence microscopy
images of normal human urothelial cells cultured in 0.09 mM
and 2.0 mM [Ca2*] conditions, c and d, respectively. Cells
were labelled with an antibody that specifically recognises E-
cadherin (green), with nuclei counterstained in blue.

highest sensitivity values were typically those describing
dephosphorylation reactions in the downstream section
of the pathway. For instance, V,, Vg5 and V,,, (which
describe the maximal rate of Raf, Mek and Erk dephos-
phorylation respectively - see table 3), all had a signifi-
cant influence on signal amplitude; by contrast,
parameters describing the rate of receptor ligand binding,
receptor dimerisation, activation and internalisation had
amuch less significant effect. These results suggest that the
inclusion of rate constants that have been derived from
interaction of soluble ligands with cell surface receptors in
a model of juxtacrine signalling is not likely to be the larg-
est cause of error and uncertainty in the model, and irre-
spective of the exact values of these constants, the
temporal pattern of Erk activation is likely to depend on
the nature of intercellular contacts.

Modulation of intercellular contacts by calcium
concentration

Extracellular calcium is known to be a key mediator of
intercellular contacts, with concentrations greater than 1
mM resulting in stable adherens junctions mediated by
the homotypic interaction of E-Cadherin molecules
expressed on the membranes of adjacent cells [21]. Addi-
tionally, cells may form short-term or transient contacts
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Figure 9

Virtual Western Blots. Results of agent simulations in low
(blue) and physiological (red) calcium presented in the form
of virtual Western Blots. Percentage of total Erk in the acti-
vated state over the entire agent population is shown at 6, 12
and 24 hrs after the start of simulations for seeded agent
densities (ssd) of (a) 100 cells/mm?2, (b) 200 cells/mm?2 (c) 500
cellss'mm2and (d) 700 cells/mm?. The error bars represent |
standard deviation above and below the mean, obtained from
the three independent simulation replicates.

that are independent of the exogenous calcium concentra-
tion (for example, see additional files 1 and 2).

Testing the agent-only model with the rule sets described
in Methods was found to give an increased incidence of E-
cadherin-mediated bonding in low calcium conditions
than we have described in our previous modelling studies.
Comparison of simulated E-cadherin-mediated contact
incidence at different cell densities gave good qualitative
agreement with the results of an E-cadherin immunofluo-
rescence microscopy study carried out using cultured
NHU cells maintained in growth media containing 0.09
mM and 2.0 mM (physiological) calcium concentrations,
respectively, as shown in figure 6.

The difference in the nature of the contacts formed in the
two virtual environments is illustrated in figures 7, 8. Fig-
ure 7a shows the relative frequency of E-cadherin medi-
ated contacts in the case of a seeding density of 200 cells/
mm? (2 x 104 cells/cm?). Figure 7b shows the mean length
of the perimeter of each cell associated with this type of
contact. This demonstrates that even after the simulated
cell cultures reach confluence, E-cadherin-mediated con-
tacts are significantly more common and more stable in
physiological calcium conditions. Finally, figure 8a-b
illustrates a virtual immunofluorescence experiment
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showing E-cadherin localisation (red lines) in an agent
population (blue circles) after simulations have been run
in low or high calcium conditions for 50 iterations (25
hours). This can be compared to figure 8c-d, which shows
representative immunofluoresence microscopy images of
NHU cells (nuclei labelled blue) cultured in low (c) and
physiological (d) calcium conditions and labelled with an
antibody that recognises E-cadherin protein (green). Vir-
tual time lapse movies of the simulations in low (0.1 mM)
and physiological (2 mM) calcium concentrations are
available to view in the additional files 3 and 4 respec-
tively.

Phosphorylated-Erk profile associated with a cell
population

Figure 9 shows the results of a 'virtual' Western Blot assay
for populations of interacting agents. Briefly, initial popu-
lations of 100, 200, 500 and 700 cell agents were "seeded"
onal mm x 1 mm virtual surface and expanded in silico,
with the model parameter that represents the extracellular
calcium concentration set to either 0.1 mM or 2.0 mM.
The intracellular pathway model shown in figure 1a was
solved 'inside’ every agent in direct contact with adjacent
neighbours. At every 1 minute time point, the fraction of
activated Erk relative to total Erk associated with every
agent, was calculated and divided by the total agent
number to provide a normalised virtual Erk-PP profile.
Each virtual assay was repeated three times to represent
inter-experimental replicates and ensure that results were
not a product of stochastic effects inherent in the model.
As calculations for each agent were carried out individu-
ally using a variable time step ODE solver (Matlab
ode23tb), each profile was interpolated to provide Erk
activation levels at common 1 minute time intervals. Pro-
files derived at time points representing 6, 12 and 24
hours after the start of the simulation are plotted as bar
graphs, equivalent to what is routinely done for in vitro
experimental immunoblotting data from densitometer
plots of the signal.

Although the results from the simple two cell model sug-
gest that Erk activation associated with an individual tran-
sient contact is relatively short lived (figure 4), the
summation over relatively large number of cells 'cultured'
in low calcium medium, continuously making and break-
ing contacts, leads to continuously elevated Erk-PP. By
contrast, in physiological calcium, stable contacts are
formed quickly. The consequence of this is that averaged
levels of Erk activation measured at fixed time points in
cell populations exposed to the two different environ-
ments both appear very similar (figure 9), even though
the activation levels in individual cells can vary signifi-
cantly. These results suggest that in populations where the
cell density is relatively high, but growth is not contact-
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inhibited (ie pre-confluent cultures with several hundred
cells per mm?2), the activated Erk signal averaged over the
population would be higher in low calcium (e.g. figure
9b), than in physiological calcium environments.

In simulations of very low cell density (figure 9a) intercel-
lular contacts are scarce, and Erk activation is always
higher in physiological calcium where any intercellular
contacts that occur are maintained for longer durations.
For a starting density of 200 cells/mm?, the Erk-PP signal
in the low calcium simulations exceeds that in the physi-
ological calcium simulations after 12 hours (figure 9b),
and this relative elevation persists until at least 24 hours.
For seeding densities of 500 and 700 cells/mm? (figure
9c-d), the population levels quickly approach conflu-
ence. In these conditions, space constraints limit cell
migration and the opportunity for cells to form transient
contacts, and the Erk-PP profiles are similar in both low
and physiological calcium environments.

A qualitative, second level sensitivity analysis was con-
ducted for a starting cell density of 200 cells/mm?2. Five
kinetic parameters pertaining to ligand/receptor interac-
tions, five downstream parameters with relatively high
sensitivity coefficients and the E-cadherin contact growth
rate parameter were systematically varied by a factor of
two. The cell culture simulation was run for a period rep-
resenting 25 hours. Although the amplitudes of the virtual
Erk activation level were altered, the prediction of compa-
rable or higher activation levels in the low calcium, rela-
tive to the physiological calcium simulations continued to
hold true in every case (results not shown).

Phospho-Erk Immunofluorescence Microscopy Data
Ideally, we would validate our single cell pathway model
by tracking Erk activation in cells making different types
of contacts under controlled conditions. Unfortunately,
this is not possible due to difficulties in visualising protein
activation levels and intercellular contact formation in
real time. However, our modelling results predict that an
otherwise homogeneous population of non-confluent
cells sampled from a small spatial region would at any
moment in time have a unique pattern of intercellular
contacts and hence would be expected to show heteroge-
neity in Erk activation if examined by immunofluores-
cence microscopy.

Figure 6a-b shows a snap-shot of the distribution of Erk-
PP in urothelial cells maintained in low and physiological
calcium visualised by immunofluorescence microscopy.
All cells show some degree of Erk activation (indicated by
the presence of nuclear Erk), which can be attributed to
pathway activation by soluble EGF present in the culture
medium. However, in both images there is clear evidence
of heterogeneity, with the cells indicated showing low,
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moderate and high levels of Erk activation, respectively,
which suggests that there is a secondary mode of stimula-
tion in these cells.

Discussion

Our model of juxtacrine signalling between individual
cells has yielded two interesting results. At the level of a
pair of cells forming a single intercellular contact, the
model suggests that the temporal characteristics of acti-
vated Erk are highly dependent on the rate of formation
and stability of the contact. Specifically, our results sug-
gest that transient contacts result in only transient Erk acti-
vation, irrespective of the spatial extent of the contact,
whereas more slowly formed, stable contacts stabilised by
the interaction of E-Cadherin result in a small but sus-
tained Erk activation, due to the engagement of new
receptors and ligands. Secondly, when incorporated into
a multi-agent simulation and used to derive an averaged
Erk-PP value for the population (analogous to a Western
blotting experiment), seemingly contradictory results can
be obtained. Specifically, for low density populations
(<400 cells/cm?), the averaged Erk activation level in low
calcium environments (where cells are migratory and
most contacts are transient) is equal, or even higher than
in physiological calcium environments (where most con-
tacts develop slowly, then remain stable).

Our model predictions relating to Erk activation at the sin-
gle cell level has potential implications for our under-
standing of how proliferation through juxtacrine
mechanisms is regulated within cell populations. The
temporal characteristics of Erk activation - the Erk-PP
"signature" - is recognised as a critical factor in determin-
ing cell fate. Thus, an initial peak in Erk-PP followed by
sustained activation for several hours has been shown to
be associated with cell cycle progression, whereas a tran-
sient peak followed by a rapid decline is insufficient to
induce cycle progression ([12,13]). This suggests that by
providing a sustained basal level of Erk activation, juxta-
crine signalling via EGFR could provide a mechanism for
the increased growth rates that we have previously
observed in NHU cells cultured in physiological versus low
calcium environments [3]. A positive relationship
between cell contact and proliferation has also been
observed in endothelial and smooth muscle cells [26] and
in kidney epithelial cells [27].

The negative association of cell-cell contact and prolifera-
tion (contact inhibition of growth) is well accepted. In our
agent-based model, this is currently represented by an
arbitrary rule that a cell exits the mitotic cycle when it has
> n bonds with neighbouring cells. At this stage we do not
know which other intercellular mechanisms are involved
in positive and negative growth modulation, but one can-
didate is B-catenin, which is a nuclear transcription factor
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inactivated by E-cadherin sequestration. Future computa-
tional and experimental exploration of intracellular proc-
esses involving B-catenin that builds on the work of others
[28] should indicate whether this is a plausible explana-
tion.

We have not yet fully developed rules for the agent level
simulation to relate the proliferation of cells (or more spe-
cifically, their decision to pass the G1-S checkpoint) to the
Erk-PP profile. This is a natural extension of the model
and would allow us to explore how intercellular interac-
tions impact on intracellular molecular state and ulti-
mately on normal and abnormal tissue growth.

By necessity, the model presented here is a simplification
of the real intracellular pathway, which may include up to
19,000 distinct molecular species ([29]). We have so far
neglected possible membrane diffusion of receptors and
ligands, potential targeting of newly synthesised EGFR
and ligand to, or clustering at, stable E-cadherin-mediated
contacts. We have also ignored the presence of soluble
autocrine or exogenous ligands in the medium, which
might provide some level of pathway activation inde-
pendently of any juxtacrine effect (as demonstrated by
immunofluorescence in figure 6, where exogenous EGF
was present in the growth medium) and other interacting
intracellular cascades that may also be downstream of the
EGFR (e.g. the P13K-Akt pathway [30]). It is possible that
membrane-bound and soluble forms of a ligand may
mediate differential effects on EGFR activation. However,
sensitivity testing suggests that our basic finding that sus-
tained Erk activation is associated with gradually-formed,
stable contacts is not affected by a perturbation in kinetic
parameters.

The multi-agent simulations have yielded results that have
potential implications for the interpretation of experi-
mental data. The frequency of intercellular contact in a
cell population is related to cell density — the greater the
number of cells in a given surface area (or volume in 3D
culture) the greater the likelihood of contact formation.
We have observed that even in low calcium environments,
cells can form E-cadherin-mediated adherens junctions in
medium to high density cultures/simulations, although
these are substantially less common than in physiological
calcium (figures 7, 8, [20] and additional files 3 and 4).
Simulated cell cultures with initial cell densities of up to
the maximum simulated value of 700 cells/mm? are sub-
confluent and remain within the exponential phase of
population growth (a 1 mm x 1 mm model reaches visual
confluence at approximately 1000 cells). This observa-
tion, along with model predictions of the relative fre-
quency and perimeter length associated with E-cadherin
mediated cell contact in the different environments (as
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shown in figure 7), indicates that at high density, cells in
low calcium are still able to migrate and make contacts
that are predominantly transient in nature (as shown in
additional file 2). This suggests that the elevated popula-
tion-based Erk-PP signal in low calcium simulations (fig-
ure 9) represents the summation of multiple transient
signals over relatively large cell numbers, rather than an
alteration of the nature of intercellular contacts at
increased cell density.

These results provide an important insight into the poten-
tial pitfalls of interpreting experimental data that is aver-
aged over relatively large cell numbers. Practical
limitations mean that by necessity, data is often collected
from cell populations and used to draw inferences on
individual cell behaviour or intracellular state that cannot
be easily observed in the laboratory. A common of exam-
ple of the latter in a cell biology context is the interpreta-
tion of Western blotting data obtained from cultured cell
populations. In this case, amounts of a particular protein
(active, inactive or total) averaged across a large cell pop-
ulation are measured and used to draw conclusions relat-
ing to expression levels in individual cells in the
population. We have presented the simulated levels of
activated Erk across our entire agent population in the
form of a 'virtual' Western blot (figure 9). These model
predictions highlight the fact that experimental data
obtained from populations of cells should be viewed with
caution, particularly in terms of inferring behaviour on
the level of the individual cell. The methodology of
extracting and analysing our simulated data is directly
analogous to the process that an experimental cell biolo-
gist would routinely use in the laboratory and highlights
the versatility of the agent-based paradigm and its natural
relationship to the experimental world.

Our multi-scale model has demonstrated how a) changes
in the extrinsic environment affect intercellular contact
formation and impact upon intracellular molecular state
and b) how the combination of many instances of these
states can impact on the measurements that are made on
a population level. Clearly, our model is at present sim-
plistic, as it describes a direct causality between EGFR acti-
vation, Erk status and proliferation, when in reality, cross-
talk from other signalling pathways may modulate at all
levels. Nevertheless, the example used to illustrate our
novel approach to modelling heterogeneity within popu-
lations is biologically-relevant, and this single example of
extrinsic heterogeneity could be extended to examine other
nutrients, growth factors or cytokines in the environment.
The second obvious extension of this idea would be to
investigate the concept of intrinsic heterogeneity, where
individual cells in a population differ in terms of their
gene expression and numbers or concentrations of partic-
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ular receptors, ligands or intracellular species. An example
of this could be the situation where an E-cadherinnul! cell
arises by mutation and the fate of the population subset is
determined relative to its interactions with the rest of the
population. This could have important potential implica-
tions for understanding how proliferation controls are
lost in the event of malignant transformation and how
such malignant cells behave in comparison to their nor-
mal counterparts during carcinogenesis.

Conclusion

By combining a deterministic, ODE-based model of a sig-
nalling pathway with a non-deterministic agent-based
representation of a multi-cellular population, we have
developed a simulation environment that can be used to
compare how emergent heterogeneity in the cell popula-
tion can impact on system level behaviour. Our model
predicts that the heterogeneity of cell contacts, arising as a
result of the inherently stochastic processes of plating cells
in culture and the subsequent random migratory behav-
iour of these cells, provides a basis for heterogeneity in
biological response within a 'homogeneous' population.
In this paradigm, factors that modulate the random
nature of the cell contact may have a major role in influ-
encing the behaviour or phenotype of emergent subpopu-
lations. We have also demonstrated how an agent-based
computational approach has a role as an iterative, predic-
tive tool by generating 'virtual assays' to bring new insight
into the interpretation of cell biological experiments.

Authors' contributions

DW developed the models, carried out simulations, ana-
lysed the model results and drafted the manuscript. NTG
planned and carried out the time lapse microscopy and
immunolocalisation experimental studies and analysed
the results. JS participated in the design and coordination
of the experimental study and helped to draft the manu-
script. All authors jointly conceived the study and have
read and approved the final manuscript.

Additional material

Additional file 1

Time lapse movie of cultured low density urothelial cells in low (0.09
mM) calcium - recording frame rate = 1 frame per minute.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1752-
0509-2-102-S1.avi]

Additional file 2

Time lapse movie of cultured high density urothelial cells in low (0.09
mM) calcium - recording frame rate = 1 frame per 10 minutes.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1752-
0509-2-102-S2.avi]

http://www.biomedcentral.com/1752-0509/2/102

Additional file 3

Virtual time lapse movie of agent simulation in a low calcium (0.1
mM) environment. Circles represent agents (cells) and red lines rep-
resent E-cadherin mediated contacts. 1 frame = 30 minutes.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1752-
0509-2-102-S3.avi]

Additional file 4

Virtual time lapse movie of agent simulation in a physiological calcium
(2.0 mM) environment. Circles represent agents (cells) and red lines rep-
resent E-cadherin mediated contacts. 1 frame = 30 minutes.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1752-
0509-2-102-S4.avi]

Acknowledgements

The authors would like to thank RCUK, who provide the Academic Fellow-
ship held by DW. NTG carried out experimental work as a postdoctoral
research fellow funded by the Engineering and Physical Sciences Research
Council (EPSRC) on grant GR/S62338/01. JS holds a research chair sup-
ported by York Against Cancer. Gemma Hill produced the time lapse
movie in additional file 2.

References

I. Wei), Wunderlich M, Fox C, Alvarez S, Cigudosa ], Wilhelm J, Zheng
Y, Cancelas J, Gu Y, Jansen M, Dimartino J, Mulloy J: Microenviron-
ment determines lineage fate in a human model of MLL-AF9
leukemia. Cancer Cell 2008, 13(6):483-95.

2. Wojtusciszyn A, Armanet M, Morel P, Berney T, Bosco D: Insulin
secretion from human beta cells is heterogeneous and
dependent on cell-to-cell contacts. Diabetologia 2008,
51(10):1843-1852.

3. Walker D, Southgate J, Hill G, Holcombe M, Hose D, Wood S, Mac-
neil S, Smallwood R: The Epitheliome: modelling the social
behaviour of cells. Biosystems 2004, 76(1-3):89-100.

4.  Walker D, Hill G, Wood S, Smallwood R, Southgate J: Agent-based
computational modeling of wounded epithelial cell monolay-
ers. IEEE Transactions in Nanobioscience 2004, 3(3):153-163.

5. Walker DC, Sun T, Macneil S, Smallwood RH: Modeling the effect
of exogenous calcium on keratinocyte and HaCat cell prolif-
eration and differentiation using an agent-based computa-
tional paradigm. Tissue Engineering 2006, 12(5):2301-2309.

6.  Walker D, Wood S, Southgate |, Holcombe M, Smallwood R: An
integrated agent-mathematical model of the effect of inter-
cellular signalling via the Epidermal Growth Factor Recep-
tor on cell proliferation. Journal of Theoretical Biology 2006,
242(3):774-789.

7. Varley C, Hill G, Pellegrin S, Shaw N, Selby P, Trejdosiewicz L, South-
gate |: Autocrine Regulation of Human Urothelial Cell Prolif-
eration and Migration during Regenerative Responses In
Vitro. Experimental Cell Research 2005, 306(1):216-229.

8. Maclaine N, Wood M, Holder ], Rees R, Southgate |J: Sensitivity of
normal, paramalignant, and malignant human urothelial
cells to inhibitors of the epidermal growth factor receptor
signaling pathway. Molecular Cancer Research 2008, 6(1):53-63.

9. Asthagiri A, Reinhart C, Horwitz A, Lauffenburger D: The role of
transient ERK2 signals in fibronectin- and insulin-mediated
DNA synthesis. | Cell Sci 2000, 113 Pt 24:4499-4510.

10.  Wolf-Yadlin A, Kumar N, Zhang Y, Hautaniemi S, Zaman M, Kim H,
Grantcharova V, Lauffenburger D, White F: Effects of HER2 over-
expression on cell signaling networks governing proliferation
and migration. Molecular Systems Biology 2006 in press.

1. Singh A, Harris R: Autocrine, paracrine and juxtacrine signal-
ing by EGFR ligands. Cellular Signalling 2005, 17(10):1183-1193.

12.  Roovers K, Assoian RK: Integrating the MAP kinase signal into
the G phase cell cycle machinery. BioEssays 2000, 22:818-826.

Page 16 of 17

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1752-0509-2-102-S1.avi
http://www.biomedcentral.com/content/supplementary/1752-0509-2-102-S2.avi
http://www.biomedcentral.com/content/supplementary/1752-0509-2-102-S3.avi
http://www.biomedcentral.com/content/supplementary/1752-0509-2-102-S4.avi
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18538732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18538732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18538732
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18665347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18665347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18665347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15351133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15351133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16968170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16968170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16968170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16765384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16765384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16765384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15878346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15878346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15878346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18234962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18234962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18234962
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11082043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11082043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11082043
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17016520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17016520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17016520
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15982853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15982853
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10944584
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10944584

BMC Systems Biology 2008, 2:102

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31

32.

Yamamoto T, Ebisuya M, Ashida F, Okamoto K, Yonehara S, Nishida
E: Continuous ERK activation downregulates antiprolifera-
tive genes throughout Gl phase to allow cell-cycle progres-
sion. Current Biology 2006, 16(12):1171-1182.

Brightman F, Fell D: Differential feedback regulation of the
MAPK cascade underlies the quantitative differences in EGF
and NGF signalling in PCI2 cells. FEBS Letters 2000,
482(3):169-174.

Kholodenko B, Demin O, Moehren G, Hoek J: Quantification of
short term signaling by the epidermal growth factor recep-
tor. Journal of Biological Chemistry 1999, 274:30169-30181.
Schoeberl B, Eichler-Jonsson C, Gilles ED, Miller G: Computa-
tional modeling of the dynamics of the MAP kinase cascade
activated by surface and internalized EGF receptors. Nature
Biotechnology 2002, 20:370-375.

Hatakeyama M, Kimura S, Naka T, Kawasak iT, Yumoto N, Ichikawa
M, Kim J, Saito K, Saeki M, Shirouzu M, Yokoyama S, Konagaya A: A
computational model on the modulation of mitogen-acti-
vated protein kinase (MAPK) and Akt pathways in heregulin-
induced ErbB signalling. Biochemical ~ Journal 2003,
373(2):451-463.

Adams CL, Chen YT, Smith §J, Nelson WJ: Mechansims of Epithe-
lial Cell-Cell Adhesion and Cell Compaction Revealed by
High-resolution Tracking of E-Cadherin-Green Flourescent
Protein. Journal of Cell Biology 1998, 142(4):1105-1119.

Kusumi A, Sako Y, Yamamoto M: Confined lateral diffusion of
membrane receptors as studied by single particle tracking
(nanovid microscopy). Effects of calcium-induced differenti-
ation in cultured epithelial cells. Biophysical Journal 1993,
65(5):2021-2040.

Southgate ], Hutton KR, Thomas DFM, Trejdosiewicz LK: Normal
human urothelial cells in vitro: proliferation and induction of
stratification. Laboratory Investigation 1994, 71(4):583-594.
Baumgartner W, Hinterdorfer P, Ness W, Raab A, Vestweber D,
Schindler H, Drenckhahn D: Cadherin interaction probed by
atomic force microscopy. Proc Nat Acad Sci USA 2000,
97(8):4005-4010.

Chu Y-S, Thomas WA, Eder O, Pincet F, Perez E, Thiery JP, Dufour
S: Force measurements in E-cadherin-mediated cell doublets
reveal rapid adhesion strengthened by actin cytoskeleton
remodeling through Rac and Cdc42. Journal of Cell Biology 2004,
167(6):1183-1194.

Lee J, Leonard M, Oliver T, Ishihara A, Jacobson K: Traction forces
generated by locomoting keratocytes. Journal of Cell Biology
1994, 127:1957-1964.

Foty RA, Steinberg MS: The differential adhesion hypothesis: a
direct evaluation. Developmental Biology 2005, 278(1):255-263.
Waters C, Oberg K, Carpenter G, Overholser K: Rate constants
for binding, dissociation, and internalization of EGF: effect of
receptor occupancy and ligand concentration. Biochemistry
1990, 29(14):3563-3569.

Nelson CM, Chen CS: Cell-cell signalling by direct contact
increases cell proliferation via a P13K-dependent signal. FEBS
Letters 2002, 514:238-242.

Liu W, Nelson C, Pirone M, Chen C: E-cadherin engagement
stimulates proliferation via Racl. Journal of Cell Biology 2006,
173(3):431-441.

van Leeuwen |, Byrne H, Jensen O, King J: Elucidating the interac-
tions between the adhesive and transcriptional functions of
beta-catenin in normal and cancerous cells. Journal of Theoreti-
cal Biology 2007, 247(1):77-102.

Conzelmann H, Saez-Rodriguez ], Sauter T, Bullinger E, Allgower F,
Gilles E: Reduction of mathematical models of signal trans-
duction networks: simulation-based approach applied to
EGF receptor signalling. Systems Biology 2001, 1(1):159-169.
Pece S, Chiariello M, Murga C, Gutkind JS: Activation of the pro-
tein kinase Akt/PKB by the formation of E-cadherin-medi-
ated cell-cell junctions. Evidence for the association of
phosphatidylinositol 3-kinase with the E-cadherin adhesion
complex. Journal of Biological Chemistry 1999, 274(27):19347-19351.
DeWitt A, Dong ], Wiley H, Lauffenburger D: Quantitative analy-
sis of the EGF receptor autocrine system reveals cryptic reg-
ulation of cell response by ligand capture. Journal of Cell Science
2001, 114(12):2301-2313.

Lauffenburger L, Oehrtman GT, Walker L, Wiley HS: Real-time
quantitative measurement of autocrine ligand binding indi-

33.

http://www.biomedcentral.com/1752-0509/2/102

cates that autocrine loops are spatially localized. Proc Nat
Acad Sci USA 1998, 95:15368-15373.

Oehrtman G, Wiley H, Lauffenburger D: Escape of autocrine lig-
ands into extracellular medium: experimental test of theo-
retical model predictions. Biotechnology and Bioengineering 1998,
57(5):571-582.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 17 of 17

(page number not for citation purposes)



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16782007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11024454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11024454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11024454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11923843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11923843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11923843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12691603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12691603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12691603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9722621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9722621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9722621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8298032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8298032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8298032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7967513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7967513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7967513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10759550
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10759550
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596540
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7806573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7806573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15649477
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15649477
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2354152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2354152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2354152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11943158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11943158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16682529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16682529
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17382967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17382967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17382967
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10383446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10383446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10383446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11493669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11493669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11493669
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9860975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9860975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9860975
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	EGFR-Erk signalling model
	Multiscale Modelling
	Multi-agent simulations
	i) E-cadherin-mediated contacts
	Adhesion probability
	E-cadherin-mediated bond length

	ii) Transient cell-cell interactions
	iii) Migration rules


	Results
	Phosphorylated-Erk profile associated with a single intercellular contact
	Modulation of intercellular contacts by calcium concentration
	Phosphorylated-Erk profile associated with a cell population
	Phospho-Erk Immunofluorescence Microscopy Data

	Discussion
	Conclusion
	Authors' contributions
	Additional material
	Acknowledgements
	References

