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The disruption of tissue epithelial architecture is thought to be involved in the initiation of cancer; how-
ever, little is known about the cell biology of early neoplastic lesions. Computational models can facilitate
in the study of early cancer stages by simulating different scenarios of tumour inception and by testing
in silico the influence of various intrinsic and extrinsic factors on the emerging multicellular morpholo-
gies. Here, we have used a computational model to create 3D morphocharts, collections of multicellular
morphologies arising from systematic modification of three model parameters defining cell sensitivity
to external cues for cell growth, death and adhesion to the extracellular matrix. This systematic search
revealed the ranges of parameter values for which robust epithelial structures formed and those that led
to abnormal geometrical forms resembling tumour-like morphologies. We also showed how our model
can be used to map morphologies of experimental multicellular systems onto theirin silico counterpart
via the cell sensitivity parameter space that may in turn allow us to identify genetic or epigenetic changes
responsible for these morphological distortions.

Keywords: development of epithelial tumours; formation of mutant acini; single-cell-based models;
immersed boundary method; self-organization; robustness; morphology classification.

1. Introduction

Most tumours arise from epithelial tissues that form sheets of tightly packed cells separating different
body compartments. These epithelia cover various glandular structures, such as the breast ducts pro-
ducing milk or the lung ducts forming bronchial arteries. A disruption of tissue epithelial architecture
is thought to be involved in the initiation of cancer. However, little is known about the cell biology of
these early neoplastic lesions. In order to shed light on interactions between the epithelial cells and their
micro-environment during the formation and maintenance of epithelial structures, 3D culture systems
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have been introduced (Debnathet al., 2003; Wanget al., 1990a,b) that allow forin vitro growth of mul-
ticellular forms resembling normal epithelial glands. Several different cell lines have been successfully
cultured on adequate 3D matrices forming spherical shells of tightly packed cells enclosing the hollow
lumen (acini). These culture systems include MCF10A breast cell line (Debnathet al., 2003), RWPE-1
prostate cell line (Tysonet al., 2007), MDCK kidney cell line (Wanget al., 1990a) and pancreas cells
(Chenet al., 2002).

It is widely believed that the extent to which acinar structures depart from the normal architecture
formed in 3D culture is an indication of various cancerous changes that a particular cancer cell line
has acquired. Therefore, some genetic modifications of these cell lines have also been investigated to
examine the correlation between cancer-related gene mutations and the morphogenesis of early neoplas-
tic lesions (Debnath & Brugge, 2005; Nelson & Bissell, 2005; Muthuswamyet al., 2001; Wanget al.,
2006; Inokuchiet al., 2009). Experimentally, it is common to modify the genetic make-up of a cell line
by overexpression or knock-down of a particular gene. The subsequent phenotype, or in this case the
dysmorphic acinus, is then investigated biochemically to connect altered gene expression with altered
signalling network. However, it is not obvious how these gene, protein and pathway changes translate
into alterations of specific cell core processes (e.g. proliferation, adhesion, death) and how these impact
the morphogenetic outcome. Cell sensitivity to extrinsic factors, such as composition of the extracellular
matrix (ECM) or homogeneous concentration of nutrients, is even more difficult to manipulate experi-
mentally in order to determine their impact on the final tissue architecture and function. However, the
role of the micro-environment in aiding and controlling the development of early cancers is currently
of great interest to both modellers and experimentalists. Computational models can facilitate the study
of early cancer lesions by simulating different scenarios of tumor inception and by testingin silico the
influence of various intrinsic and extrinsic factors on the emerging multicellular morphologies.

The computational framework for our study will be a modified version of the previously developed
IBCell model (Section2), capable of reproducing the formation of normal hollow acini (Section3.1).
Using this model, we will investigate how cell sensitivity to extrinsic signals sensed from the cell micro-
environment via cell membrane receptors influences final cluster morphologies (Section3.2). We will
introduce 3D morphocharts, i.e. collections of multicellular morphologies arising from systematic mod-
ification of three model parameters defining cell sensitivity to external cues for cell growth, death and
ECM adhesion. These morphocharts enable us to investigate the mapping between molecular and cel-
lular processes via multicellular organization by projecting morphologies of experimental multicellular
culture systems onto the model parameter space (Section3.3). By identifying which cellular processes
are down- or up-regulated in the morphocharts, we may be able to suggest area of further experimen-
tation in order to determine key genetic or epigenetic changes responsible for these morphological dis-
tortions. This systematic search will reveal the ranges of parameter values for which robust epithelial
structures can emerge and those that can lead to abnormal geometrical forms resembling tumour-like
morphologies (Section3.4). Since these dysmorphicIBCell mammospheres reproduce observed abnor-
mal morphologies caused by changes in cancer-related genes, our model can establish an important
multiscale link between molecular and cell/tissue scales that can inform further experimental studies.

2. The mathematical model

The biomechanical model of fully deformable eukaryotic cells (namedIBCell, an immersed boundary
model of a cell) has been applied previously to simulate the development of epithelial acini and to in-
vestigate the necessary and sufficient conditions for acini formation and stability (Rejniak & Anderson,
2008a; Rejniak & Anderson, 2008b). Here, we present a modified version ofIBCell in which we
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introduce a new mechanism of cell growth arrest based on the negative feedback between cell pro-
liferation and ECM accumulation. This modification brings the following advantages: (1) it allows for
simulations of non-stabilized continuously growing morphologies that were not previously possible; (2)
it enables a more natural emergence of growth-arrested cells as a continuous process depending on the
number of different cell receptors, instead of a switch between two modes of cell polarity: partial in
which cells were allowed to proliferate and full in which cells were growth arrested; (3) it simplifies
the model in terms of the cell cycle flowchart and (4) it unifies the initiation and progression of all cell
life processes making them entirely dependent on cell intrinsic sensitivity to extrinsic stimuli from the
micro-environment. We now briefly describe the model equations (Section2.1), then discuss the dy-
namics of cell membrane receptors (Section2.2) and finally the evolution of cell phenotypes (Section
2.3) in this new version ofIBCell.

2.1 Model equations

To define the mathematical basis of our model, we follow the computational framework of the immersed
boundary method (Peskin, 2002; Rejniak & Anderson, 2008a; Rejniak, 2007a) that captures interactions
between individual elastic cells and a viscous incompressible fluid representing the cytoplasm inside
the cells, the ECM outside the tissue and the lumen inside the hollow acinar structure. The fluid flow is
influenced by point sources and sinks used to model transport of fluid across the membrane of growing
and dying cells, as well as forces generated by cell membranes (arising from cell elastic membrane, cell
contractile ring and cell–cell adhesion), while at the same time the elastic structures move at the local
fluid velocity. The ECM proteins are produced, accumulated and degraded along the cell membranes.
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Equations (1–7) describe motion of the fluid and all interactions between cells, the fluid and the ECM
density. In this system, (1) is the Navier–Stokes equation of a viscous incompressible fluid defined
on the Cartesian gridx = (x1, x2), where p is the fluid pressure,μ is the fluid viscosity,ρ is the
fluid density,s is the local fluid expansion andf is the external force density. Equation (2) is the law
of mass balance. Interactions between the fluid and the material pointsX(l , t) on cell boundariesΓ
and at point sourcesYk and sinksZm placed in the cell local micro-environmentYk, Zm ∈ Θε

Γ =⋃
X∈Γ {x: ‖x − X‖ < ε} are defined in (3–6). Here, the force densityF(l , t) defined on cell boundaries,

as well as sourcesS+(Yk, t) and sinksS−(Zm, t) defined in the cell micro-environment are applied
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to the fluid using the 2D Dirac delta functionδ, while all material boundary pointsX(l , t) are carried
along with the fluid. The boundary forcesF(l , t) arise from elastic properties of cell membranes, from
cell–cell adhesion and from contractile forces splitting a cell during its division and are represented
by short linear Hooks springs in (4), whereF∗ is the spring stiffness,L∗ is the spring resting length
andX(l∗, t) is the adjacent, opposite or neighbouring point for either the elastic, contractile or adhesive
force, respectively. The sourcesS+(Yk, t) and sinksS−(Zm, t) are chosen such that they balance around
each cell separately. The kinetics of the ECM protein concentrationγ is described at the material points
X(l , t) on the cell boundaries. It includes a constant rate of ECM secretion at the free growth receptors
and decay proportional to the local concentration at each boundary point. This simple equation of ECM
kinetics is coupled with the dynamics of cell membrane receptors described in more detail in Section
2.2. In brief, the ECM accumulation level determines the switch in receptor function from the growth
to ECM receptor, whereas the decay rate diminishes ECM concentration at all cell boundary points, in
particular at the adhesive and apical receptors. Because we model a generic ECM protein, an arbitrary
small value has been chosen as the receptor secretion rateκ1. The decay rateκ2 has been defined in such
a way as to allow for the natural decay of ECM around the receptors in which protein secretion was
stopped due to a change in receptor function (such as adhesive or apical receptors) but still allow for
the steady accumulation of ECM around the free growth receptors. Provided this parameter is chosen to
be small, it will only influence the time to receptor transition and not their overall dynamics. All other
physical parameters are identical with those used in the previous model (Rejniak & Anderson, 2008a)
but are listed in Table1 for completeness.

2.2 Model of cell membrane receptor dynamics

In the IBCell model, all material points on cell boundaries are considered to be cell membrane sensors/
receptors (colour coded in Fig.2(A)) and are used to sense the presence of other cells or the ECM in their
immediate neighbourhood. This is similar to the biological function of cell surface receptors. However,
in contrast to biological receptors that can be created or relocated depending on extrinsic signals sensed
by the cell, locations of theIBCell abstract receptors are preserved along the cell boundary, but their

TABLE 1 Physical parameters of the IBCell model of acinar morphogenesis

Model parameter Value Units References

Fluid density ρ = 1.35 g/cm3 Dembo & Harlow(1986)
Laurentet al. (2003)

Fluid viscosity μ = 100 g/(cm ∙ s) Dembo & Harlow(1986)
Laurentet al. (2003)

Elastic membrane force stiffnessFelastic= 500 g/(cm ∙ s) Laurentet al. (2003)
Adhesive force stiffness Fadhesive= Felastic g/(cm ∙ s) Rejniak & Anderson(2008a)
Contractile force stiffness Fcontractile= 50× Felastic g/(cm ∙ s) Rejniak & Anderson(2008a)
Fluid sources and sinks S+ = S− = 5 × 10−10 g/s Rejniak & Anderson(2008a)
Elastic spring resting length Lelastic= 0.5 μm Rejniak & Anderson(2008a)
Adhesive spring resting length Ladhesive= 0.5 μm Rejniak & Anderson(2008a)
Contractile spring resting lengthLcontractile= 2.5 μm Rejniak & Anderson(2008a)
ECM secretion rate
(at the growth receptors) κ1 = 1 × 10−10 mM/s This text
ECM decay rate κ2 = 0.05× κ1 1/s This text
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status and function will be dynamically modified in response to local environmental cues. A flowchart
showing the dynamics of cell membrane receptors is presented in Fig.1(A), and the rules of receptor
emergence and activation together with a link to the corresponding model equations are summarized in
Table2.

FIG. 1. (A) Flowchart describing the dynamics of cell membrane receptors; the default state is growth; transition to another
state (ECM, adherent, apical or death) depends on cues sensed from other cells and from the micro-environment. (B) Flowchart
describing the evolution of phenotypically different subpopulations of resting, growing, polarized, apoptotic and dead cells; the
initiation of cell life processes depends on the distribution of all cell membrane receptors and the predefined receptor thresholds.

TABLE 2 Rules for the emergence and activation of cell membrane receptors in the IBCell model and
their link to model equations. Cell membrane receptors are colour coded as in Fig.2A

Cell receptors Receptor activation/emergence Modelequations
Adhesion (green) Activated when two receptors from

distinct cells are close enough
Adhesive forcesF(l , t) in (3) and (4)

ECM (yellow) Activated when the expression of
ECM proteins exceeds the threshold

ECM γ (X(l , t)) kinetics in (7)

Growth (blue) All receptors free from any cell–cell or
cell–ECM contacts (a default state)

Sources S+(Yk, t) inside and sinks
S−(Zm, t) outside the growing cell, (5)

Death (grey) Emerge after detachment from a polar-
ized or from another dying cell

Sinks S−(Zm, t) inside and sources
S+(Yk, t) outside the dying cell, (5)

Apical (cyan) Emerge during the development of a
cell’s apical membrane domain

Adhesive forcesF(l , t) in (3) and (4)
are disassembled; all extrinsic signals are
blocked
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The default state of each receptor is ‘growth’, and if the host cell is capable of proliferation (see
Section2.3 for details), the balancing sources and sinks of fluid are placed around each growth recep-
tor, inside and outside of the cell, respectively. This creates a flow pushing on the cell membrane and
expanding its area. Each growth receptor is also a site of ECM protein secretion (at rateκ1; Table1).
Since the cell membrane is stretched during its growth, new boundary points are added halfway between
the existing receptors (following rules of the immersed boundary method;Peskin, 2002). ECM concen-
tration at these new receptors is assumed to take an average value of their two immediate neighbours.
When ECM accumulation at a given receptor exceeds a predefined threshold (see Section2.3), this
receptor becomes an ‘ECM’ receptor. When two receptors from two distinct cells fall within a pre-
defined distance (Ladhesive; Table1), an adhesive spring is created between them, (4), and the recep-
tor function is switched to ‘adhesive’. If adhesive receptors move apart due to dynamical interactions
between neighbouring cells, the adhesive springs between them are disassembled and the receptor func-
tion is changed back to ‘growth’. When the host cell becomes polarized, all receptors located on cell
apical side (see Section2.3) acquire an ‘apical’ status. All existing adhesive springs between apical
receptors and their neighbours are disassembled and all apical receptors are blocked from sensing any
extrinsic signal. When the adhesive spring is broken (due to either the development of an apical side in
the polarized cell or the initiation of cell death, see Section2.3), the function of adhesive receptors in
the inner cells is changed to ‘death’ receptors. When the host cell is in a process of apoptotic death (see
Section2.3), the balancing sinks and sources of fluid are placed in the receptor neighbourhood, inside
and outside the cell, respectively, to create a flow that diminishes cell area. The cell membrane shrinks
and overcrowded boundary points are removed. In addition, all adherent, apical, growth and death
receptors are sites of ECM protein decay (at a rateκ2; Table1).

2.3 Model of cell life processes

The initiation of a specific cell life process is determined by a current distribution of cell membrane
receptors and a set of predefined critical thresholds. For example, when the cell senses sufficient free
space in its micro-environment (i.e. when a certain percent of cell membrane receptors are in contact
neither with other cells nor with the ECM), this cell may enter into the process of cell proliferation.
In contrast, if the percentage of cell-free receptors does not meet the growth threshold, the host cell
remains in a resting (growth-arrested) state. Similarly, when the number of cell death receptors reaches
a prescribed threshold, the host cell starts a process of an apoptotic death. Therefore, by changing
the membrane receptor thresholds, we can impose various physiological properties on the host cell.
For instance, by increasing the death receptor threshold of the host cell, more death receptors must
be accumulated before entering into the apoptotic processes, thus we force the cell to become more
resistant to death. By diminishing the growth receptor threshold, we allow the host cell to grow even if
the percentage of their receptors engaged in cell–cell and cell–ECM contacts is large, therefore allowing
the host cell to be less sensitive to contact inhibition. A new feature of our model is the emergence of
ECM receptors in relation to the concentration of ECM proteins. By setting the ECM receptor threshold
(in terms of an ECM concentration level,α × κ1, at which a free growth receptor function is changed),
we can impose the cell sensitivity to ECM adhesion. Intuitively, an increased number of ECM membrane
receptors diminishes the number of growth receptors leading naturally to cell growth arrest and to acini
stabilization. The accumulated concentration of ECM acts thus as an inhibitory mechanism on cell
proliferation via a negative feedback loop. In our previous model (Rejniak & Anderson, 2008a; Rejniak
& Anderson, 2008b), the conditions for cell epithelial polarization were specified in terms of the length
of three cell membrane domains: basal (in contact with the ECM), lateral (in contact with other cells)
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and apical (in contact with the lumen), and the number of assembled tight junctions along cell lateral
sides. Moreover, we modelled the process of cell epithelial polarization by introducing two cell states:
partially polarized in which the cells are still capable of growing and fully polarized in which the cells
are in permanent growth arrest. Here we relate cell polarization only to the presence of cell–cell and
cell–ECM adhesion receptors, and the inhibition of cell growth is a natural consequence of the cell
receptor dynamics. In addition, by using this negative feedback loop based on an extrinsic factor (ECM
accumulation), we were able to greatly simplify the cell cycle flowchart (there is no need now for two
polarization states; Fig.1(B)) and to unify the initiation of cell life processes making them entirely
dependent on the cell membrane receptor distribution.

In summary, every cell in the simulated system is equipped with a decision mechanism that modifies
its state by initiating certain life processes based on the configuration of cell receptors. Figure1(B)
depicts a flowchart showing the evolution of five phenotypically distinct subpopulations of cells in our
model: resting, growing, polarized, apoptotic and dead. Each cell phenotype (except the death cells) can
make decisions based on the configuration of cell membrane receptors (growth, death, apical, cell–cell
and cell–ECM) to enter the associated cell life processes (growth, polarization, apoptotic death, rest)
that are responsible for movement through the flowchart.

The first cell in the system spontaneously executes cell proliferation since all its receptors are growth
receptors. This is modelled by introducing fluid sources inside the host cell in a close neighbourhood
of each growth receptor and the balancing fluid sinks outside the host cell, (5). As a result, the amount
of fluid inside the cell increases pushing on the cell boundary points that are moved on the local fluid
velocity, (6). When the boundary points move apart a distance larger than the prescribed resting length
(Lelastic; Table 1), new points (growth receptors) and springs are added halfway between the exist-
ing points. Once the cell area is doubled, the contractile springs are introduced on opposite sides of
cell membrane pushing cell boundaries towards each other until they reach the prescribed distance
(Lcontractile; Table1). At this point, the host cell is split into two daughter cells. Since they are in a
close proximity to one another, the adhesive connections and adhesive springs are defined between
boundary points on both cells, (4), and the function of these boundary points is changed from growth
to adhesive receptors. Thereafter, the context becomes ever changing and the receptors react accord-
ingly (as described by the flowchart in Fig.1(A)). As the number of adhesive receptors increases,
the percentage of free growth receptors is diminished which directly influences the cell decision to
initiate a new proliferation process (if the growth receptors threshold is exceeded) or to remain in a
growth arrest state, otherwise. The development of both adhesive and ECM receptors (upon accumu-
lation of ECM proteins, (7)) leads to a change in cell phenotype, i.e. the host cell becomes epithe-
lially polarized. This is followed by the emergence of an apical side that is disjoint from the lateral
sides of the cell and is located opposite to the ECM receptors. This process requires the disassem-
bly of all adhesive springs between the polarized host cell and its neighbouring inner cells that in
turn leads to the change of receptor function from adhesive to apical in the polarized cell and from
adhesive to death receptors in the inner cells. The polarized cells can still proliferate if they meet the
growth receptor threshold; however, by increasing the number of ECM receptors, the overall percent-
age of growth receptors is diminished and generally leads to cell growth arrest. The inner cells will
initiate the process of apoptotic death if the percentage of their death receptors meets the predefined
threshold. This is modelled by introducing fluid sinks inside the host cell in a close neighbourhood
of each death receptor and balancing fluid sources outside the host cells, (5). As a result, the amount
of fluid inside the cell decreases and the cell boundaries shrink. More details on theIBCell model
implementation, solution and model parameters can be found inRejniak & Anderson(2008a) and
Rejniak(2007a,b).
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3. Computational results

Our overall goal is to investigate how cell intrinsic sensitivity to extrinsic factors influences the disruption
of normal acinar architecture and the emergence of mutant-like multicellular morphologies. Because
we compare how changes in model parameters translate to altered morphogenesis, we first need to
ensure that the modifiedIBCell model is capable of generating stable self-organizing acinar structures,
comparable to those produced by our previous model (Section3.1). We will then discuss the concept
of multidimensional morphocharts, i.e. collections of final acinar morphologies arising from simula-
tions with systematically varied parameter combinations that define cell sensitivity to extrinsic factors
(Section3.2). Utilizing these morphocharts, we will classify different tissue architectures (including
various forms resembling tumors) and map the morphologies observed in experimental multicellu-
lar systems onto the corresponding set of cell intrinsic properties (Section3.3). Finally, we discuss
the robustness of normal and mutant-like morphologies with respect to some intrinsic and extrinsic
perturbations (Section3.4).

3.1 Cells self-organization into a stable epithelial acinus

The new mechanism for cell growth arrest that relies on the concentration of an extrinsic factor sensed
by the cells through their membrane receptors allows us to simplify certain model assumptions with-
out loosing the ability to reproduce stable self-organizing acinar structures, comparable to those pro-
duced by our previous model (see Fig. 10 inRejniak & Anderson(2008a) and Fig. 3 inRejniak &
Anderson(2008b)). We initiate all simulations with a single cell (Fig.2(B)) that, upon consecutive
divisions, gives rise to a cluster of randomly oriented cells that adhere to their immediate neighbours
(green receptors, Fig.2(B)). All cells secrete ECM proteins in the vicinity of those membrane recep-
tors that are not engaged in cell–cell adhesion, i.e. initially along the whole cell boundary. However,
with the increased number of adhesive receptors, the ECM secretion remains confined only to the
outer part of the cell membrane that is in direct contact with the external medium. Moreover, upon
accumulation of the ECM (increased intensity of pink-red staining around cell receptors, Fig.2B),
the free growth receptors (blue, Fig.2(B)) will change their function to the ECM receptors (yellow,
Fig. 2(B)) subsequently leading to the differentiation of all outer cells and their epithelial polarization.
These polarized cells will eventually develop apical membrane domains (cyan receptors, Fig.2(B))
by breaking all adhesive connections with inner cells. This will subsequently increase the number of
death receptors (grey receptors, Fig.2(B)) on the boundaries of inner cells and trigger their apoptotic
death.

Figure 2(C) shows the evolution of different cell subpopulations (proliferating, apoptotic, total)
over the time course of acinar formation presented in Fig.2(B). In this simulation, the following
three receptor thresholds have been chosen: the growth receptors threshold is equal to 15%, the death
receptors threshold to 25% and the ECM threshold to 15× 103κ1. The proliferating cells are observed
continuously over the period of the simulation equal to about 15 days of real time, and in the first
phase (Days 1–7), almost all cells are growing. After about 2 weeks, the growth of all cells is sup-
pressed. Around Days 15–16, there is a massive death of inner cells that leads to the formation of the
hollow lumen. After Day 16, the whole multicellular system reaches an equilibrium. The dynamics of
ECM secretion and its accumulation along the perimeter of an emerging acinus is shown in Fig.2(D).
Initially (up to Day 6), the amounts of secreted and accumulated ECM proteins are very small (unde-
tectable), but subsequently (Days 6–14) the concentration of ECM is steadily increasing and reaches
a plateau at Day 14. Similar dynamics of real acini formation have been observed in 3Din vitro ex-
periments. For instance, the non-tumorigenic MCF10A cell line when grown in Matrigel forms hollow
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FIG. 2. (A) Colour-coded cell membrane receptors: cell–cell adhesion (green), cell–ECM adhesion (yellow), apical (cyan),
growth (blue), death (grey). (B) A sequence of consecutive stages in the development of a hollow acinus starting from a sin-
gle cell and ending with a monolayer structure enclosing the hollow lumen. Accumulating ECM proteins are indicated by
different shades of red (see colour bar) and the change of receptors from growth (blue) to ECM (yellow). (C) Evolution of
different cell subpopulations: proliferating (green), apoptotic (red) and total (black) over the time course of acinar formation.
(D) Dynamics of ECM secretion and accumulation along the perimeter of an emerging acinus. Both data sets correspond to
the morphologies shown in panel (B). Model parameters: growth threshold: 15%, death threshold: 25%, ECM threshold:
15×103κ1.

multicellular spheroids over a period of 15 days (Debnathet al., 2002). Cell polarization in the outer
layer is detectable as soon as at Day 3 (Debnathet al., 2003), and the acinar diameter stabilizes around
Day 12 (Debnathet al., 2002). The inner lumen becomes completely empty in the period of 2–3 days
(Debnathet al., 2003), and cell apoptosis has been shown to be one of the contributing factors (Debnath
et al., 2002).

The acinar morphogenesis shown in Fig.2 is an example simulated for one particular set of receptor
thresholds. However, by changing these parameters, several distinct acinar architectures of various sizes
and dynamics may be produced. We will discuss the full multidimensional parameter space of model
outcomes in Sections3.2 and3.3. In general, the spatial self-arrangement of proliferating cells into a
hollow acinus is achieved solely due to local interactions among individual cells and local information
sensed through the cell membrane receptors, without any predefined blueprint to build an acinar struc-
ture or any other givena priori pattern. Moreover, the expanding multicellular structure becomes and
remains stable via a self-inhibition mechanism of proliferation. This is accomplished due to the emer-
gence of ECM receptors diminishing the number of free growth receptors that contribute to cell growth
arrest. In the previously published model (Rejniak & Anderson, 2008a), the stability of an acinar struc-
ture was achieved by introducing two types of cell polarity: partial, when the cells were still allowed to
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FIG. 3. (A) A 2D morphochart of final acinar structures produced for different combinations of growth and death receptor thresh-
olds and the ECM threshold fixed at 15×103κ1. (B) A morphochart in which the change of a single threshold (growth or death)
still produces a hollow acinus, whereas the simultaneous change of both thresholds results in a partially filled lumen (the ECM
threshold fixed at 10×103κ1). (C) A morphochart showing acinar structures produced for the growth receptor threshold fixed at
20% and varied thresholds for death and ECM receptors. (D) A 3DIBCell parameter space defining cell sensitivity to growth,
death and ECM signals divided into four colour-coded morphology classes: normal hollow acini (red), filled lumen acini (blue),
small degenerated acini (yellow) and non-stabilized acini (green). Insets show examples of similar morphologies observed in 3D
in vitro cultures; clockwise: MCF10A-Ras-Scribble (green) fromDow et al. (2008, Fig. 4d); MCF10A (red) fromDebnathet al.
(2003, Fig. 5C); RWPE-1/rA1 (blue) fromInokuchiet al.(2009, Fig. 2A) and MCF10A/Mek2-DD (yellow) from (Reginatoet al.,
2005, Fig. 7B). All figures reproduced with permission.

proliferate, and full, when the cells were assumed to be in a permanent growth arrest. We used these two
different modes of cell polarity to represent a gradual transformation in cell phenotype from sporadically
proliferating to growth suppressed. Such a change in cell behaviour has been observed in experimentally
grown acini where the outer cells were proliferating sporadically just before the whole acinar structure
became stabilized. However, there are no clear molecular markers for identifying cell epithelial polarity.
The introduction of an extrinsic factor, such as ECM density, allows us to avoid the use of an addi-
tional cell phenotype and the process of cell growth arrest now becomes an emergent property due to
insufficient free membrane receptors. It has been observed experimentally that ECM proteins, such as
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laminin-332, form a basal membrane surrounding the growth-arrested acinus (Debnathet al., 2002) and
that the ECM receptors, such as integrin-α6, are expressed differently in normal and tumour-like cells
(Liu et al., 2005).

3.2 IBCell morphocharts as a tool for multicellular morphology classification

During IBCell simulations, the actions of all cells depend on their current membrane receptor configura-
tion. Individual cells undergo receptor-dependent state switching that changes interactions between cells
and their micro-environment and in turn modulates cell behaviour. Central to this process are the thresh-
olds defining the switch between cell states and determining which cell life process will be initiated.
By varying these thresholds, we can modify cell intrinsic responses to environmental cues, i.e. specify
whether the cell is more resistant or more sensitive to a specific extrinsic cue. In addition, by systemati-
cally exploring the whole threshold parameter space we can produce multidimensional simulation charts
(morphocharts), which plot collections of final acinar morphologies arising from simulations with dif-
ferent combinations of receptor thresholds. This in turn enables us to classify final acinar morphologies
with respect to the imposed cell sensitivity.

We use the simulation presented in Section3.1 as a seed for varying the three receptor thresholds
and examine emerging multicellular morphologies. Figure3(A) shows a 2D morphochart created for
different combinations of growth and death receptor thresholds and the fixed ECM threshold equal
to 12.5 × 103κ1. Note that by increasing the death receptor threshold, we impose on the host cell a
requirement to accumulate more death receptors before it can begin the process of apoptotic death;
thus, we make the cell more resistant to death signals. For example, the cells in the left part of the
morphochart, that require only 5–25% of death receptors to trigger their apoptotic death, produce hollow
structures. Whereas acini in the right part of the panel will remain partially or fully filled since these
cells need to accumulate many more death receptors (35–65%) to start the apoptotic process, making
it much more difficult to achieve. Similarly, by decreasing the growth receptor threshold, we lower the
requirement on how much free space a cell needs to sense in order to start growing. Therefore, we enable
cell proliferation even in the presence of large numbers of cell–cell and cell–ECM contacts; thus, we
make the cell more resistant to contact inhibition signals. For example, the cells in the lower part of
the morphochart require only 5–15% of its membrane receptors to be free from cell–cell and cell–ECM
contacts to start proliferating, i.e. potentially about 85–95% of cell membrane receptors can be engaged
in cell–cell contacts and the cell will still start growing. In contrast, the upper part of the panel shows
degenerate acini characterized by very irregular shapes which is a consequence of the fact that some
cells have entered into a growth arrest state early, not having sufficient free growth receptors (30–35%)
to continue the process of cell growth, whereas other cells were still capable of growing; in combination
this leads to abnormal folding and irregularities in acinar structure.

Different biological cell lines may be characterized by distinct levels of cell sensitivity to a particular
external factor. Moreover, cells derived from the same cell line may respond differently to similar exter-
nal conditions depending on whether or not they are exposed to specific drugs or oncogenes. One such
case has been reported inDebnathet al. (2002), where the authors used the 3D cultures of MCF-10A
cells, a non-transformed, non-tumorigenic mammary epithelial cell line. By growing them on a recon-
stituted basement membrane (Matrigel), they formed growth-arrested acini-like hollow spheroids. Inter-
estingly, the normal hollow acinar morphology was still achieved when either inner cell apoptosis was
inhibited (by overexpressing the anti-apoptotic proteins Bcl-2 or Bcl-XL) or cell proliferation rate was
increased (by overexpressing cyclin D1 or oncoprotein HPV16E7). However, by combining both kinds
of molecular insults, the normal hollow morphology was disrupted resulting in acinar morphologies
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with the filled lumen. Thus, inhibition of luminal apoptosis alone delayed but did not prevent formation
of the lumen. Similarly, increased proliferation was insufficient to disrupt acinar morphology. Luminal
filling was only observed when an anti-apoptotic signal was combined with a pro-proliferative signal.
This phenomenon naturally emerges in our model. Figure3(B) shows that the change in the threshold
of a single process (either growth from 5% to 10% of cell membrane receptors or death from 25%
to 35%) still produced normal hollow acini, but when the thresholds of both processes were changed
simultaneously, the lumen remained partially filled. Note differences in the dynamics of emerging cell
subpopulations for each of the four featured morphologies, especially after Days 14–16: a stable hollow
and growth-arrested structure (top left, death thresholdD = 25%, growth thresholdG = 10%), a stable
hollow structure with sporadic growth events accompanied by apoptosis producing a dynamic equilib-
rium (right bottom, with thresholdsD = 35%, G = 5%) and a stable structure with partially filled
lumen (right top,D = 35%,G = 10%).

3.3 Mapping experimental morphologies onto multidimensional morphocharts

By altering various receptor thresholds,IBCell can produce different acinar and tumour-like morpholo-
gies (Fig.3(A–C)). We here discussed in the previous section how changing the thresholds for growth
and death receptors resulted in the emergence of either normal hollow acini or epithelial ducts with
partially or fully filled lumen (Fig.3(A and B)). When, in turn, the ECM threshold is varied, the model
generates acini of various sizes (Fig.3(C)). For low values of the ECM threshold (bottom of the ECM
plane, Fig.3(C)), the ECM receptors emerge early leading to early cell growth suppression and the for-
mation of smaller growth-arrested acini. With increased values of the ECM threshold, the acinar clusters
grow larger before stabilizing. For high values of the ECM threshold (top row in Fig.3(C)), the acini
never stabilize and the outer cells (green) continue to proliferate. By systematically exploring the whole
3D parameter space of growth, death and ECM receptor thresholds, we can classify the final acinar
structures into four broad morphologically distinct categories (Fig.3(D)): normal hollow acini of vari-
ous sizes (red region), acini with partially or fully filled lumen (blue region), degenerate acini with small
irregular shapes (yellow region) and continuously growing, non-stabilized acini (green region). Further
subclassification may take into consideration acinar size, regularity of its final shape or the extent of
lumen filling. Examples of four experimental morphologies matching the four classes determined by
IBCell analysis are shown in the insets in Fig.3(D). Other examples are discussed inRejniaket al.
(2010).

Carcinogenesis is a complex process that involves multiple cellular and micro-environmental
changes. Often mammary acini are used to investigate the impact that certain intrinsic and extrinsic
factors have on the final multicellular structure. However, it is very difficult to quantify how these
factors alter individual cell behaviour, especially in terms of multiple processes. By utilizing our com-
putational morphocharts, we can dynamically inspect multiple processes in a systematic manner teasing
out which ones have been altered and how, thus guiding further experimentation. This can be done by
mapping a particular experimental morphology onto a set of semi-quantitative model parameters in order
to quantify the range of possible changes in cell sensitivities defined by the thresholds of cell membrane
receptors under consideration. For example, the multicellular structure with morphology matching pat-
terns from the blue region may be simulated by our model by increasing the thresholds for both cell
proliferation and death sensitivities, with possibly reduced signalling from ECM. The multicellular pat-
tern resembling shapes from the yellow region may emerge when cells are resistant to growth signals and
sensitive to contact inhibition. The morphology corresponding to shapes generated in the green region
may arise by either a high resistance to ECM adhesion signals or elevated cell proliferation accompanied
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by changes in cell response to accumulated ECM. By comparing model parameters in simulations lead-
ing to normal acinar morphologies with those from mutant like, one can gain information about the
underlying differences in cell sensitivities to extrinsic signals (Rejniak et al., 2010). These multidi-
mensional morphocharts can highlight which combinations of cellular modifications drive a given acini
structure and therefore guide further experimentation to confirm or rule out model predictions. If other
sensitivity parameters are indicated by experiments, the corresponding morphocharts can be constructed
and finalin silico morphologies compared to experimental patterns.

3.4 Robustness of acinar and tumor-like morphologies as revealed by IBCell

Another important result ofIBCell simulations is that they capture robustness of the self-organizing
multicellular system, i.e. the capability of acini to maintain or repair their structure in response to some
intrinsic or extrinsic perturbations. This is manifested in our model by the quite vast regions of similar
morphologies that arise in response to variation in receptor thresholds. For example, changes in pro-
liferation or death sensitivity thresholds from 5% to 25% still resulted in stable hollow acini. Similar
robust results in generating hollow round acini were achieved when the ECM sensitivity threshold was
increased threefold. The morphocharts nicely capture and represent this variance and define a parameter
space for normalcy. This kind of robustness has also been observed experimentally. We described in
Section3.2 the case reported inDebnathet al. (2002) in which normal acinar structures were created
even when the baseline cells were manipulated to overexpress the anti-apoptotic or pro-proliferative pro-
teins. In the same paper, the authors reported that due to intrinsic cell variability the diameter of hollow
acini derived from the MCF10A cell line can vary almost twofold. Therefore, our model indicates that a
self-organizing process such as acinar morphogenesis endowed with sufficient robustness will generate
reproducible patterns. Moreover, each of the four broad classes of multicellular morphologies generated
by IBCell, either normal or mutant like, are robust to (a certain degree) alterations in cell sensitivity to
each of the three cellular processes: cell growth, death and ECM accumulation (see alsoRejniaket al.,
2010). This also corresponds to the view that acinar mutants that resemble cancers form highly robust
systems (Kitano, 2004).

4. Discussion

In this paper, we introduced a modified version of theIBCell computational model capable of simulating
the biomechanics of life processes of eukaryotic cells and local interactions between cells and their
micro-environment. This model has no built-in knowledge about the type of tissue architecture that
cells may construct. In contrast, the shape and form of final multicellular structures produced by the
model are derived exclusively from the local interactions between cells. In particular, the change of
cell phenotype, the initiation and progression of all cell life processes and cell responses to extrinsic
cues are all dependent, in our model, on the distribution and dynamics of cell membrane receptors. The
novelty of this version ofIBCell is introduction of an extrinsic factor, such as ECM proteins, that upon
secretion and accumulation lead to the emergence of ECM receptors that inhibit cell growth resulting in
stabilization of the whole developing structure.

The five kinds of cell membrane receptors/sensors: growth, death, apical, cell–cell and cell–ECM
adhesion considered in our model have their counterparts in biology. Adhesive receptors which are
activated when sensors from two distinct cells are sufficiently close to one another enable both cells
to stay in a close contact which is similar to the homotypic nature of cadherins (Gumbiner, 1996).
ECM receptors that are specified by the boundary point positioned at the outer segments of the plasma
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membrane being in contact with extracellular medium reflect the biological function of integrins (Tarone
et al., 2000). Apical receptors (markers) (Wanget al., 1990a) are activated in the outer polarized cells by
disassembling existing cell–cell adhesive links with inner cells. Death receptors (Junget al., 2001) are
created in the inner cells upon their detachment from the polarized or from other dying cells. Polarized
cells are by necessity on the outer rim of the acinus, due to ECM contacts (Liu et al., 2005). Upon the
assembly of ECM receptors, the number of free growth receptors is reduced resulting in cell growth
arrest that is linked to secretion of ECM. This is biologically realistic because certain ECM proteins,
such as laminins, are known to be a major component of epithelial basement membrane, a thin, dense
ring of the ECM that surrounds and encapsulates acini or epithelial ducts, but may be dysregulated in
cancers (Guess & Quaranta, 2009).

To our knowledge, there are no other models (except two other implementations of the immersed
boundary method by Dillon (Rejniak & Dillon, 2007; Dillon et al., 2008) and Dallon (Dallon et al.,
2009; Dallon, 2010)) that couple the mechanics of elastic deformable cells with the dynamics of their
membrane receptors allowing for simulations of morphological changes on both cell and tissue scales.
The computational framework of Glazier–Graner–Hogeweg (cellular Potts) model (Shirinifard et al.,
2009; Merkset al., 2008) enables one to model 3D deformable cells and to define cell adhesion to be
proportional to the cell surface area, but the individual receptors or receptor clusters are not represented
in this model. The mechanical framework of the subcellular element model (Sandersius & Newman,
2008; Newman, 2007) has no explicit representation of the cell membrane but models cell–cell adhesion
directly between subcellular element representing cell cytoskeleton. Several mathematical models have
addressed the dynamics of various receptors, such as integrins clustering (Paszeket al., 2009), integrin-
mediated cell migration (Cirit et al., 2010), E-cadherins signalling in cancer invasion (Ramis-Conde
et al., 2008) and colorectal cancer development (van Leeuwenet al., 2009). Other models have handled
cell adhesion in a more simplified way as an average adhesion strength between individual point cells
(in both lattice-based (Anderson, 2005; Deutsch, 2007; Kim et al., 2009) and lattice-free (Drasdo &
Hoehme, 2005; Galleet al., 2006; Nortonet al., 2010) models) or as a mean value taken over a patch of
tissue modelled as a continuum (Byrne & Chaplain, 1996; Armstronget al., 2006).

The mechanism of ECM-density-dependent self-inhibition of cell proliferation introduced in our
model of acinar morphogenesis constitutes a typical negative feedback. This inhibition process is self-
generated and proportional to proliferation itself since the larger the number of cells in the cluster the
higher the accumulation of ECM along the acinar perimeter which in turn will increase the number of
ECM membrane receptors diminishing the ratio of free growth receptors leading to cell growth arrest.
Biologically, contact inhibition resembles this kind of behaviour, and it is generally observed in 2D tis-
sue cultures leading to cells growing to confluence. Though the molecular details of contact inhibition
are not entirely understood, it is believed that as the number of adherens junctions on the plasma mem-
brane increases, proliferation decreases proportionally. In a 3D setting, contact inhibition is likely more
closely related to epithelial polarization, whereby plasma membranes become committed to basolateral
and apical domains. Both processes, contact inhibition and cell polarization, are represented inIBCell
by assembling cell–cell and cell–ECM contacts, respectively. We have hypothesized here that the ECM-
density-dependent inhibition of cell proliferation is a mechanism for the stability and growth arrest of
the developing acinar structure. It has been observed experimentally that ECM proteins, such as laminin-
332, form a basal membrane surrounding the growth-arrested acinus (Debnathet al., 2003) and that the
ECM receptors, such as integrins-α6, are expressed differently in normal and tumour-like cells (Liu
et al., 2005). However, further experimentation is needed to prove or disprove this mechanism.

The cell membrane receptors configuration and the predefined thresholds regulate the initiation
of cell proliferation, apoptosis and cell–ECM adhesion. Thus, cells undergo receptor-dependent state
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switching that changes interactions between cells and their micro-environment. This in turn modulates
cell behaviour and ultimately leads to the emergence of an epithelial acinus. Systematic changes in these
thresholds allow us to construct theIBCell morphocharts and classify the final acinar morphologies into
normal and various tumour-like or mutant-like structures. We have shown in Fig.3(D) four distinct
experimental morphologies to highlight that the computationally developed architectures have their
experimental equivalent. These include the non-tumorigenic MCF10A (Debnathet al., 2003) cells that
form normal hollow acini; MCF10A-Ras-Scrible (Dow et al., 2008) mutants producing non-stabilized
spheroids without detectable lumen; MCF10A-Mek2-DD (Reginatoet al., 2005) mutant forming mul-
tiacinar structures of irregular shapes and RWPE-1/rA1 (Inokuchiet al., 2009) mutant producing acini
with partially filled lumen. However, without detailed time lapse of the development of these structures,
we cannot claim that the computational acini are direct equivalents as we have no means of quantifying
the computationally determined thresholds (at least from a single static image). Further experimentation
(that is outside the scope of this manuscript) is needed in order to dissect whether cell phenotypes or
receptor characteristics of these experimental cell lines are in agreement with those predicted by our
model.

Since carcinogenesis is a complex process involving multiple cellular and micro-environmental
modifications, it is difficult to dissect changes in individual cellular processes. Computational mor-
phocharts can inspect these processes systematically and determine key intrinsic or extrinsic factors that
govern the transition in cellular morphologies from one class in parameter space to another. This will
reduce the number of possible processes that can lead to a particular morphological structure guiding
further experimentation. In this manuscript, we have focused on three cell processes and their corre-
sponding receptors: growth, death and ECM because proliferation and apoptosis are known to be dys-
regulated in tumours. The ECM contribution to tumour initiation is not widely investigated, but using
a systematic search ofIBCell model parameters, we have suggested a possible mechanism concerning
the impact of ECM concentration on acinar size and stability. Other processes and membrane receptors,
such as cell–cell adhesion, can be considered and corresponding morphocharts constructed.

There is a wealth of information on genes and pathways that may be responsible for early carcinoma
lesions. However, a general theory linking cancer-related gene mutations to the emerging morphol-
ogy of the lesion is lacking. Computational models, such asIBCell, can facilitate this task by defining
the parameter space of normal epithelial acini morphogenesis and comparing them with the equiva-
lent space for pre-neoplastic mutant morphologies. This will allow us to link the underlying cellular
and molecular defects in relation to morphology. Thus,IBCell can map from genetic change to pheno-
typic change via morphological change. Finally, by reversing this process, by identifying which cellular
processes are down- or up-regulated in the morphocharts, we may suggest the areas of further experi-
mentation in order to determine the molecular or genetic changes responsible for such morphological
distortions.
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