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Epithelial vertex models with active biochemical regulation
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Collective motions of groups of cells are observed in many biological settings such
as embryo development, tissue formation, and cancer metastasis. To effectively
model collective cell movement, it is important to incorporate cell specific features
such as cell size, cell shape, and cell mechanics, as well as active behavior of cells
such as protrusion and force generation, contractile forces, and active biochemical
signaling mechanisms that regulate cell behavior. In this paper, we develop a
comprehensive model of collective cell migration in confluent epithelia based on
the vertex modeling approach. We develop a method to compute cell-cell viscous
friction based on the vertex model and incorporate RhoGTPase regulation of corti-
cal myosin contraction. Global features of collective cell migration are examined
by computing the spatial velocity correlation function. As active cell force parame-
ters are varied, we found rich dynamical behavior. Furthermore, we find that cells
exhibit nonlinear phenomena such as contractile waves and vortex formation.
Together our work highlights the importance of active behavior of cells in generat-
ing collective cell movement. The vertex modeling approach is an efficient and ver-
satile approach to rigorously examine cell motion in the epithelium. © 2018
Author(s). All article content, except where otherwise noted, is licensed under a
Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5023410

I. INTRODUCTION

Organized motion of epithelial cells as a group is crucial to developmental processes such
as embryo patterning and organ formation.'™ Epithelia are tissues that form the surface for
most organs in the body. They are broadly classified into simple monolayered and stratified
(multi-layered) tissues. Depending on the shape of cells in the tissue, the simple monolayer epi-
thelium can be further classified as squamous (flat cells), cuboidal (can take on any shape), or
columnar (long, column like). Irrespective of the type of epithelium, cells are connected to
each other through three kinds of junctions: tight junctions,* adherens junctions,” and desmo-
somes.® Adherens/tight junctions are the primary force transducers between cells while the des-
mosomes act as barriers to flow of water and proteins between cells. Coordinated motion of
cells in an epithelial sheet is facilitated by forces (coordinated or random) generated by cells,
as well as cell-cell mechanical interactions.

During organ formation or embryogenesis, coordinated cell movements and rearrangements
can generate complex organ shapes. Examples include tissue folding and bending during gastru-
lation,”® convergent extension’ during tissue elongation, and neural tube formation.'® Forces
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acting on cells play a key role in shaping a tissue.'""'* These forces could be a result of intrin-
sic elasticity of a cell; from its tendency to resist stretch, or from cells exerting forces on each
other through adherens junctions.'® These forces could also result from contractile forces com-
ing from molecular motors.'* Based on these forces and measurements of cell movement, we
can model the kinematics and dynamics of the epithelial sheet. Force landscape underlying a
migrating monolayer has been mapped out and is shown to be rugged and heterogeneous.
Plithotaxis, defined as the tendency for each individual cell within the monolayer to migrate
along the local orientation of the maximal normal stress or minimal shear stress, is a newly dis-
covered mode of cell guidance which requires force transmission across cell-cell junctions.'” In
wound healing or tumor invasion, where cells move to cover unfilled gaps, Kim et al. showed
another model of cell guidance where the cells at the edge exert tractions that pull systemati-
cally towards the gap using monolayer stress microscopy.'® In another similar biological con-
text of filling gaps, Rodriguez-Franco et al.'” discovered propagation of deformation waves
across the monolayer during boundary formation between two cell sheets. They also showed
that contractility plays a role in wave generation by inhibiting tension in the monolayer.

Modeling epithelial cell dynamics can help us validate competing hypotheses and design
further experiments to gain a better understanding of collective cell motility and organ forma-
tion. There are several models in place to understand sheet dynamics. These could be broadly
classified into continuum and discrete models. Continuum models consider the whole cell sheet
to be a two dimensional compressible fluid.'® Discrete models consider cells as particles'® and
model their behavior based on forces acting on them. These discrete models can further be clas-
sified into lattice models,zo_22 cell-centered models,23_26 and vertex models.”’~° Lattice based
models have been widely used to understand cell migration on patterns.’’ Cell shape as a func-
tion of RhoGTPase distribution has also been modeled in single cells using lattice based mod-
els.>? Cell centered models focus on establishing forces between cell-centers, whereas, in vertex
models, each cell is modeled as a polygon representing the cell membrane. Each cell vertex has
an equation of motion which depends on its connections to other vertices and the properties of
its neighbors. Vertex models, in comparison to cell centered models, can more easily describe
nonconvex shapes and cell neighbor rearrangements. However, these models can be computa-
tionally more expensive, especially when representing cells more accurately in 3D. Certain
topological changes like cell-cell fusion, cell extrusion can be challenging to represent. In these
models, it is assumed that three cells share a vertex which is not always true. Also, the cell-cell
junction is assumed to be linear and unique. In reality, these are two different cell membranes
that can be regulated independently.

Vertex models were first used to understand dynamics of soap bubbles and foams.
These were later used to study epithelial dynamics, first by Honda and Eguchi.’>~” Since then,
many studies used similar models®®~" for their ease of analysis to study cell packing and
motion during morphogenetic events. Despite the prevalence of these models in studying epi-
thelial dynamics, very few studies incorporate the role of cell signaling into these primarily
mechanical models.**™*® Many experimental studies have shown that cells actively adjust their
forces in response to externally applied forces. These forces are modulated by biochemical sig-
naling mechanisms that receive their signals from the cell membrane.** Protrusion at the cell
front and contraction at the rear are active processes which help the cell move and are modu-
lated by signaling mechanisms. Protrusion involves actin filaments pushing against the cell
membrane generating forces on the order of nanonewtons per micron. On a similar order, con-
tractile forces are generated by myosin contraction in the cell cortex. In the epithelial context,
cells also adjust their contractile forces, leading to phenomena such as epithelial oscillations.*’

In this study, we combine the vertex mechanical model with active biochemical signaling con-
trol of cell forces. Studies have shown changes in activation of RhoGTPases in response to an
external force.***’ In addition, pattern formation of RhoGTPases has been observed during wound
healing.*®*’ RhoA is a principal mediator of cytoskeletal tension.’® It regulates the activity of myo-
sin' and therefore is responsible for most of the intracellular tension and forces. Active Rho prop-
agates downstream signals by binding to Rho associated kinase, ROCK. Phosphorylation of myosin
light chain by ROCK leads to contractile force generation.”> Manipulation of the Rho pathway in
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experiments has shown the importance of Rho and ROCK in regulating myosin activity and hence
tension generation.”® In one study, inhibition of Rho kinase led to a decrease in myosin filament
mass in muscle cells.” In another study,’® using isolated reactivatable stress fibers, it was shown
that Rho kinase plays a major role in maintaining sustained contraction in cells. To understand
how active contractility, which is dependent on GTPase signaling, works hand in hand with cell
shape changes and motion, we incorporated a Rho-Myosin signaling mechanism within our vertex
model. In the Methods section, we describe the vertex model in detail. In the Results section, we
describe two aspects of collective migration we studied using this model—effects of cell density
and confinement. We find that cell density can modulate the level of cell contraction and influence
the overall migration speed and cell-cell correlation. We also find collective emergent patterns
such as contractility waves and streaming behavior, even though force generation by individual
cells is not coordinated by cell-cell signaling. For confined migration, we also observe streaming
behavior in the form of coherent rotations, with occasional counter rotations within the streaming
group. The active contractility mechanism also generates vortical defects within the coherent
streaming. These simulation results are consistent with observed collective migration phenomena
observed in experiments and suggest that simple models of active cell mechanics without cell-cell
communication can explain most of these phenomena.

Il. RESULTS

A. Cell shape and speed change as a function of time in response to changes in myosin
content

Experiments in literature*®*’ suggest that when a cell experiences an external stretch, it leads

to activation of RhoGTPase. This activates Rho associated kinase (ROCK) which phosphorylates
myosin light chain leading to cell contraction. This negative feedback loop is incorporated into
our vertex model. A detailed description of our model is given in the Methods section. Briefly,
each cell is modeled as a polygon with shared vertices and edges [Fig. 1(A)]. Motion of the cell
arises from passive (F), elastic and adhesive), frictional (Fp), and active (F,, protrusive and con-
tractile) forces acting on the cell vertices [Fig. 1(B)]. The contractile force is modified to incorpo-
rate dynamic signaling of Rho-ROCK-MLC activation [Fig. 1(C)] sensitive to the physical envi-
ronment of each cell. As a cell moves from one point in space to another, the fraction of active
Rho [Figs. 1(D) and 1(E)] and myosin fluctuates in time. The corresponding change in perimeter
is shown in Fig. 1(F), and the speed of the cell is shown in Fig. 1(G). Incorporating a signaling
pathway for cell contractility into the vertex model gives us a way to understand the response of
the cell to different environmental constraints. We refer to this method as active contractility or
contractility with signaling in the rest of the text.

B. Effect of cell density on motility

The motion of a single cell in a confluent layer depends on the local forces acting on it.
These forces depend on its connectivity to its neighbors. The average number of neighbors of a
cell can be important for determining the characteristics of collective motion. In other words,
cell density or the number of cells per unit area of the sheet could be an important player in
determining how organized motion is at the tissue level. Several experiments have shown the
importance of density on collective cell motion®~° but exactly how it affects migration is not
clearly understood.

To understand how cell density affects collective cell migration, we simulated cells in a
square domain with periodic boundary conditions. We changed density by fixing the number of
cells and varying the simulation domain. With the same number of cells, bigger box sizes simu-
late low density conditions and smaller box sizes represent high density conditions.

1. Mean cell speed decreases with increase in density

Simulations of cells at different densities were performed, and the mean cell speed was cal-
culated. The mean cell speed is plotted as a function of normalized cell radius. Here, the cell
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FIG. 1. Description of the vertex model and characterization of motion of a single cell in the modeled epithelium in the
presence of an actively regulated contractile force. (A) Cells in an epithelial sheet are modeled as polygons. Each polygonal
vertex is shared by three cells and each edge is shared by two. The velocity of the cell is shown by the red arrows. The color
of each cell represents the phosphorylated myosin content in it. Blue represents low levels of phosphorylated myosin and
hence low contractility and red represents high contractility. Phosphorylated myosin content of a cell determines the magni-
tude of contractile force generated and hence the cell shape. (B) Motion of cells is determined by active (F,), passive (F,)
and friction (F) forces acting on all the vertices that define the cell boundary. (C) As the cell changes shape and volume,
signaling via the Rho pathway alters the level of active intracellular contractility. The red arrows represent tensile forces
acting on the cell to which the cell responds with contractile forces (blue arrows) via the Rho pathway. When a cell experi-
ences a mechanical stretch due to forces from its neighbors, the Rho-Myosin pathway gets activated resulting in cell con-
traction. In this implementation of the vertex model, as a cell moves from one point to the other in time (here #;jsiq; t0 tinar)
as shown in (E), fluctuations in phosphorylated Rho and Myosin (D) fractions, cell perimeter (F) and speed (G) (dimension-
less) are displayed.

radius is a proxy for density as it scales inversely with the cell density. The results are shown in
Fig. 2(A). Here, we compared the cell speed as a function of density using the active contractility
model and the model without the signaling pathway for contractility—referred to as the constant
contractility model. In the constant contractility model, the contractility coefficient of a cell J, T,
is set to a constant value (k) and is not proportional to the amount of phosphorylated myosin. In
both cases, there is a decrease in the cell speed as the density increases as observed in experi-
ments. The average cell speed approximately drops by 2-fold in experiments®® with the increase
in the density. In another paper,®’ increasing density in the same range as considered in our paper
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FIG. 2. Comparison between vertex model with constant contractility and active Rho-Myosin signaling. (A) Cell speed as
a function of normalized cell radius. Normalized cell radius is used as a proxy for cell density. The signaling model shows
a greater change in cell speed as a function of density as compared to the constant contractility model. (B) Myosin levels in
the active signaling increase as a function of cell radius. (C) Shape factor defined as a perimeter over square root of area
fluctuates in time in the signaling model. (D) The radial spatial correlations of cell velocities are qualitatively different at
different cell densities when a vertex model with signaling is used.

decreases the average cell velocity by about 3-fold. In our simulations, using the active contractil-
ity model, the decrease in the speed is approximately 1.6-fold for the same range of densities.
The net amount of change in the cell speed at low and high densities (between the high and low
mean cell radius) and the rate at which the cell speed decreases is different in the two models.

2. Mean myosin levels decrease with the increase in the density

In addition to looking at cell velocities which represent physical aspects of cell behavior at
different densities, we could analyze the chemical state of the cells in terms of the mean myo-
sin levels. We chose myosin levels as we know the intrinsic contractility of the cell depends on
the amount of myosin present. The signaling component of the model gives us a way of look-
ing at effects of density on the local myosin levels and hence the contractility of a cell. In
experiments, we see that the myosin levels increase linearly with a decrease in density or an
increase in the effective cell radius.®® Mean myosin content increased approximately 4-fold in
experiments when the average cell radius increased from 8 to 15 um (approximately 1.9-fold).
Our model showed an increase in normalized myosin activity of approximately 6-fold on
increasing normalized cell radius. RhoA activation in the signaling component of our model
depends on the change in perimeter experienced by the cell due to an external force. Since the
increase in the density implies a reduction in cell area/perimeter, myosin levels decrease in sim-
ulations as seen in experiments. This is consistent with our hypothesis of stretch dependent
myosin activation in a cell sheet.

Shape factor defined as cell perimeter over area varies in time in the active contractility model
whereas it does not change in the constant contractility model. This result is shown in Fig. 2(C).
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3. Active contractility model captures cell organization of migrating collectives at
different cell densities

Radial spatial autocorrelation of cell velocities (defined in Sec. IV) shows different behav-
ior at low, medium, and high cell densities as shown in Fig. 2(D). This is correctly captured
using a vertex model with contractility signaling.°® In this figure, low density refers to the case
when the average cell area is twice the preferred area, Aj, medium density is when the mean
cell area is equal to the preferred cell area, and the high density case is when the mean cell
area is two-third of Ay. The constant contractility model does not show this variation in correla-
tions with the density. Here, the radial distance is normalized by the mean cell radius. A value
of one implies that cell motion is aligned and zero implies motion is random.

C. Persistence and contractility determine cell organization and collective behavior at
various densities

A range of cell density factors (defined as the ratio of preferred cell area to mean cell area)
from 0.5 to 1.5 was explored in Sec. II B. In this section, only 0.5, 1, and 1.5 are used for low,
medium, and high densities, respectively. In order to understand the effect of persistence and
contractility on organizational behavior of migrating cell collectives at different densities, we
considered a range of values for persistence force strength o and contractility constant k as
shown in Table 1. Radial spatial correlation plots at different regions in the persistence—con-
tractility—density phase space were computed. In order to understand the cell organization,
these correlation plots were fitted to an exponential function given by

Clp) = (1=Cpe " +C,. (1)

Here, C(p) is the correlation function at a distance p and C, is the correlation plateau value at
large distances. Experimentally, it was observed®® that the velocity correlation function goes to
zero approximately around p = 34 at low cell densities. / is the correlation decay length. Thus,
two parameters are identified from the correlation plots—correlation length (1) and correlation
plateau value (C,). The correlation length is a metric identifying the radial distance at which
the cell motions are strongly correlated. This is a measure of local organization. When the com-
plete epithelium migrates as a group, the correlation function does not go to zero. The correla-
tion plateau value is a measure of this extensive streaming behavior.

The plots in Figs. 3 and 4 show correlation length and plateau values in the modeled epi-
thelial monolayer as a function of persistence and density at low and high contractility and as
a function of contractility and density at low and high persistence within the ranges
considered.

For the correlation length phase plots (Fig. 3), a value of 7 cell radii is used as a cut-off to
define high or low, shown as blue or yellow dots, respectively. Each dot on the plot represents
the mean value over three simulations for each condition. For the correlation plateau value phase
plots (Fig. 4), a value of 0.5 is used as the cut-off. In both these plots, the mid-high range of val-
ues for correlation length or plateau value show a higher order and streaming behavior. The low-
mid range values show jammed behavior with a higher probability.

The shaded regions in the plots show different qualitative behavior. We categorize these
behaviors into five types.

TABLE I. Model parameter ranges used for altering persistence, contractility and cell number density in Figs. 3 and 4.

Parameter Range Meaning
k 0.01-2 Contractility constant
o 0.01-2 Persistence force strength

df 0.5-1.5 Density factor
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FIG. 3. Behavior of the correlation length as a function of cell density, contractility and cell persistence force. Correlation
length—Ilow (blue), high (yellow)—at low, medium, and high densities shown at different persistence and contractility
parameter values. Various cell behaviors like streaming and jammed in place are labeled in the phase plots.

. Streaming is defined as the phenomenon where cells move together in the same direction.

. Streaming with waves in contractility: Myosin content in streaming cells shows wave like pat-
terns over time as shown in Fig. 5 and SM1 (supplementary material movie).

3. No significant movement: Cells hardly move; jammed behavior.

4. Groups of cells moving together with no significant net displacement: Cells move as a group

but show random motion with little or no persistent motion.
5. Many rearrangements: Cells undergo many T1 transitions with neighboring cells but no stream-
ing motion.

[N

Continuous cell streaming was observed at medium contractility and high persistence for
medium to high cell densities. At high densities, waves in cell myosin content are observed at
high persistence forces and medium to high contractile forces. These waves seem to spontaneously
arise and disappear. This is not due to box-size effects, since we have seen the same behavior for
bigger simulation boxes. The spatial wavelength is independent of the box size. Groups of cells
move together without significant net displacement at low densities and medium or high contractile
forces. The distance moved by the group increases with the increase in persistence. Jamming or no
movement at all is seen at low densities when the persistence is low. As persistence increases,
with lower contractile forces cells show lot of rearrangements without any net motion. These
results are consistent with model predictions without active cell forces described earlier.%®

D. Rotation of cells on a circular ring substrate

Cells migrating in physiological conditions experience various degrees of confinement
either because of the extra cellular matrix acting as a boundary or by neighboring cells on
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FIG. 4. Behavior of the correlation plateau value as a function of cell density, contractility, and cell persistence forces.
Correlation plateau value—low (blue), high (yellow)—at low, medium and high densities shown at different persistence
and contractility parameter values.

multiple sides.®” To understand cell motion in the presence of spatial constraints, several studies
examined cell behavior by confining single or multiple cells to micropatterned islands of differ-
ent geometries. Huang er al.’”® showed that when two or three cells are confined to mm scaled
fibronectin islands of circular or square geometry, they exhibit spontaneous symmetry breaking
and coherent rotation. This phenomenon has also been seen with large numbers of cells
(800-10000 cells per mm?).”" This type of rotation called as coherent angular motion has
shown to be present during the morphogenesis of mammary gland acini and could be important
for development.”* Albert and Schwarz’* show that adhesive micropatterns have a strong influ-
ence on collective cell dynamics. Using a two dimensional cellular potts model with cell divi-
sion, they describe swirl formation on circular and pacman patterns. Simulations show that cells
move randomly at first, but their movement becomes swirl like at higher densities. Segerer
et al*' found that the onset and persistence of coherent angular motion in cells confined in cir-
cular micropatterns is a function of number of cells (2-8 cells). They also used a cellular potts
model to reproduce the emergence of vortex states.

Recent experiments by Wan er al.”* have shown that cells on a ring substrate show counter
rotation at the inner and outer boundaries. In addition, vortex formation in collective cell migra-
tion in narrow channels has also been reported.”>’® However, we do not have a good under-
standing of how cell mechanics and biochemical signaling give rise to such behavior.
Previously, a minimal cell centered model incorporating cell geometry and mechanics has been
able to show rotation on circular substrates.”* In this section, we use the vertex model to look
at collective cell behaviors on geometries with two boundaries such as a circular ring.

Using our vertex model, we examined model results for cells confined to a ring shaped
substrate as shown in Fig. 6. We compare two contractility models discussed earlier—one
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performing a wavelet transform®” of the active myosin content m(r, r). The largest wavelet frequency is defined as .

where the contractility is independent of signaling and the other with a signaling pathway for
active contractile force. In the first case, the contractility coefficient is a constant and there is
no signaling involved in the model. In the second case, we use the Rho-MLC pathway and
make the contractility coefficient proportional to the amount of active myosin. In both these
cases, two types of collective cell motions are seen on ring substrates—rotation or rotation with
vortex formation (Fig. 6).

1. Vortex formation in the constant contractility coefficient model

In addition to coherent rotation that is also seen on circular substrates, cells on rings also
show the formation of vortices. These vortices span the width of the ring and are dynamic in
space and time. Since there is coherent rotation, on an average, all the cells move with the
same angular velocity. Hence, the mean circumferential velocity over all cells at long times
scales with the radius [Fig. 7(A)]. Plotting mean circumferential velocities at the inner and the
outer boundaries as a function of time reflects the formation of vortices [Fig. 7(B)]. Here, the
inner ring cells move in the opposite direction as compared to cells in the outer ring
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FIG. 6. Types of collective motion seen in cells on a ring geometry. 300 cells modeled as polygons on a circular ring sub-
strate. The ratio of inner to outer ring radius is 2:5. Blue circles represent the inner and outer boundaries beyond which the
cells are not allowed to move. Cell velocity vectors are shown in red. (A) Coherent rotation and (B) Rotation with vortices
observed on ring substrates.

intermittently. When there is no vortex formation during rotation, the circumferential velocities
at the inner and outer rings move together as shown in Fig. S2.

The ratio of the magnitudes of persistent force to random force determines whether or not
cells exhibit coherent angular motion on ring substrates as seen in models of cells on circular
substrates.”* We also examined the parameter space of the strength of persistent force o and the
memory decay rate f§ to see what causes the additional complexity of vortex formation during
rotation. The range of o and f§ values that show rotation with vortices is shown in Fig. 7(C).

2. Model with signaling shows non uniform myosin distribution in cells on a ring

In the above-mentioned version of the model, the contractile force of a cell was indepen-
dent of its size or shape. To incorporate the interdependence of cell shape and biochemical sig-
naling, we introduced cell stretch dependent myosin activation into our vertex model to exam-
ine motion of cells on ring geometries. This model with signaling also shows coherent angular
motion as well as vortex formation as seen in Figs. 8(A) and 8(B). This vortex propagates in
space and time around the ring as shown in Fig. S1.

We also compute the distribution of mean myosin content and average cell perimeter as a
function of radius [shown in Figs. 8(C) and 8(D)]. The mean myosin content at the edges of
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FIG. 7. Vortex formation in cells on ring substrates. (A) Plot showing the average circumferential velocity as a function of
ring radius. Positive velocity implies clockwise direction and negative velocity implies counter clockwise direction. Mean
circumferential velocity is higher at the outer ring when compared to the inner ring. This is expected in coherent rotation
when all the cells move together as a solid body with a constant angular velocity. (B) Plot showing the average circumfer-
ential velocity as a function of time. Red circles indicate mean velocity at the inner boundary, and blue circles indicate
mean velocity at the outer boundary. The mean velocity at the inner boundary shows positive jumps showing clock wise
rotation when the velocity at the outer boundary is in the counter clock wise direction. This is indicative of vortex forma-
tion as seen in the vortex in (A, inset) where the cells at the inner ring are moving in a direction opposite to the cells at the
outer ring. (C) Phase space of persistent force parameters « and § showing the range of parameters in which vortex forma-
tion is seen.
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FIG. 8. Vortex formation and myosin distribution in cells on ring substrates. (A) Figure showing rotation with vortices on a
ring using model with signaling. Velocity vectors are shown in red. The cell colors represent activated myosin content,
blue to red showing low to high values. (B) Plot showing the average circumferential velocity as a function of time. Red
circles indicate the mean velocity at the inner boundary, and blue circles indicate the mean velocity at the outer boundary.
The mean velocity at the inner boundary shows positive jumps showing clock wise rotation when the velocity at the outer
boundary is in the counter clockwise direction. This is indicative of vortex formation as seen in the vortex in (A) where the
cells at the inner ring are moving in a direction opposite to the cells at the outer ring. (C) Plot showing the average myosin
content as a function of ring radius. Higher myosin content in the outer ring cells when compared to the inner ring cells.
This trend is also reflected in the plot (D) showing average perimeter as a function of radius.

ring seems to be about 20% higher than the myosin content in interior. This is consistent with
the cell perimeter distribution in the ring.

lll. DISCUSSION

Cell mechanical behavior plays an important role in collective motility of a group of cells.
Since cells are active mechanical objects, active changes in the cell mechanical behavior will
further modulate the overall behavior of the collective. In this paper, we incorporate known
contractile response of cells to external mechanical forces and show that this changes global
observable features during collective cell migration. We observe a stronger relationship between
the cell velocity and cell density. We also see nonlinear phenomena such as contractile waves
and vortex formation when active signaling is incorporated. The active signaling mechanism
also explains counter rotations observed for cells migrating on a ring-like confined substrate.
These emergent collective phenomena mirror similar types of collective motions in bird
flocks,”” fish schools,”® bacterial waves,”® and models of actively propelled particles.®**!

In general, all of the mechanical parameters are potentially under biochemical signaling
regulation on the time scales of hours. Parameters such as cell area stiffness, K, cell-cell adhe-
sion energy A, cell preferred volume A, and cell persistence force are all regulated by different
biochemical pathways. Since most cells migrate appreciably on the orders hours, active cell sig-
naling and changes in protein expression must strongly influence many features of collective
cell migration. This paper computationally incorporates one such well known signaling path-
way. We also explored how the observed dynamics change when the persistence force is
changed. Other pathways such as cell volume and pressure regulation are less clear and should
be eventually considered. Cell death and division, although not considered in this modeling
effort, are important to understand collective cell motility on a much longer timescale.
Cytokinesis, the final step of cell division, also requires crosstalk between several biochemical
and mechanical pathways.®* Myosin II is recruited to the contractile ring,** and this efficiently
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drives cell division. Incorporating cytokinesis and the role of myosin in its regulation® could
be potentially explored using this model.

This work also highlights the important role of active force generation by cells in orga-
nizing collective migration. Passive mechanics of the epithelium is important, but most rele-
vant features in the velocity correlation function are determined by active forces such as per-
sistence and contractility. This is summarized in Figs. 3 and 4, which show rich phase
behavior in the velocity correlation function. Within the vertex model formalism, it is
straightforward to simulate large number of cells and examine wide parameter ranges. It is
also possible to extend the model formalism to 3D and incorporate interaction with external
matrix. Different types of cells can be incorporated by selecting individual cell specific
parameter sets. Active behavior of the epithelium can be rigorously explored by our model in
a variety of settings.

IV. METHODS

No ethics approval is required since this is a purely modeling paper. Subsections
IV A-IV G describe the construction of the vertex model used.

When considering a two dimensional cross section of an epithelial layer, cells can be mod-
eled as polygons, each identified by a set of vertices as shown in Fig. 1. The motion of the ver-
tices determines the motion of the cell. A single vertex is shared by three cells and an edge is
shared by two cells. A large system or a periodic system with N cells contains 2N vertices. A
simple argument is as follows: Let us say, each cell has on average (n) vertices. Since each
vertex is shared by three cells, the total number of vertices, Ny.ex = N(n)/3. Each edge is
shared by two cells, so the total number of edges in the system, N4 = N(n)/2. The Euler
relation requires that N + Nyeprex — Negge = 1, Which gives

N(1+<3L>—%>:1, )

leading to

(n) 1
-t =—. 3
6 =N 3)
In the limit of a large system or a periodic system, 1/N approaches 0 and hence (n) = 6. So,
we have Nyeer = N(n)/3 = 2N. This tells us that the number of total vertices is known if we
know how many cells the system contains. This property can be used to generate the initial dis-
tribution of vertices.

A. Equation of motion of a cell vertex

Forces acting on a cell vertex can be classified into passive, active, or frictional. At cellu-
lar length scales and time scales, inertia is negligible. Hence, mechanical forces are balanced
by overdamped frictional forces, and an equation of motion can be written for the i-th cell
vertex

dl’,’
s +  Fpy = F,;, + F, , 4
~— ~— ~—

cell-substrate friction cell-cell friction passiveforce  active force

where 7,v; is the friction between the cell and substrate (viscous drag), 5, is the frictional coef-
ficient, v; = % is the velocity of vertex i, and r; is its position. Fy. ; is the friction between cells,
and F,; is the passive force arising from cell deformation and cell-cell adhesion. F,; denotes
the active force arising from cell contractility and persistent protrusive forces.
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B. Passive force

Eukaryotic cells resist mechanical deformation primarily because cells actively maintain
their volume on short time scales (~seconds) using ion channels and pumps. This mechanism
controls cells’ internal osmotic and hydrostatic pressures and their water content.**>® In addi-
tion, adhesion between cells in a sheet, e.g., due to cadherin bonds, results in contact surface
energy with neighboring cells. Such passive forces can be calculated from an energy (U,) of
the form

N
K
U, = ;5 (A7 — Ao)* + Z Alj, )
= 7
ou,
Fpi=—5" ©)

Here, K is an effective modulus of the cell that describes resistance of cells to volume changes,
Ay is area of cell J, Ag is the preferred cell area which could depend on the cell type, A is the
adhesion energy per unit length, and /;; is the edge length between vertex i and j.

C. Active force

In addition to passive mechanics, cells also generate active forces. These could be from the
intrinsic contractility of a cell due to molecular motors or cell’s protrusions in the polarization
direction. In this model, we consider three kinds of active forces—contractile force, persistent
force, and a random force due to polarization diffusion

F,; = F.; + F,; + Fr; . (7)
—~~ —~—

Contractile force  Persistentforce =~ Random force

1. Contractile force

Phosphorylated myosin leads to contractile forces in the cell cortex. Taking this into
account, the contractile energy function (U,.) is assumed to be

N T,
U.=> =12 8
; 5L (®)

T =kM;, 9

where L; is the perimeter of cell J and T is the contractility coefficient that is proportional to
the amount of phosphorylated myosin, and M; in a cell which in turn is determined by the
Rho-ROCK-myosin signaling pathway described below. The contractile force is then

U,
Fc,i = ~ or,-

2. Rho-ROCK-myosin signaling pathway

Studies suggest that when a cell is subjected to an external stretch, the activation of
RhoGTPase increases.*® This ultimately leads to phosphorylation of myosin which then tries to
contract the cell,’” resulting in a negative feedback loop. Although this pathway involves several
other signaling molecules, we use a simplified version of the pathway in this model. The simpli-
fied pathway involves two components—Rho and Myosin but captures the underlying phenome-
non. It is built into the model as a system of ordinary differential equations (ODEs) for fractions
of activated Rho and Myosin. The fraction of activated RhoGTPase obeys the following ODE:
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n
Sy
K + 57

dpy _
dt

G,H(sr) (1=p;) =Dypy, (10

where H is the Heaviside step function making sure p gets activated only in response to cell
stretch, G, is the maximum activation rate of p,, s, = L; — Ly is the stretch of the cell, L, being
the preferred perimeter corresponding to the preferred area Ao, K, is the half maximal response
constant, 7 is the hill coefficient, and D, is the deactivation rate of p. The fraction of phosphor-
ylated myosin follows a similar kinetic equation:

%:GMP./(I —M;) — DuMj, (1D
where Gy, Dy, are activation and deactivation rates of myosin. Here, we assume uniform spatial
distribution of Rho or myosin within each cell. In reality, this is not true and there could be
nonuniform distribution of these molecules within the cell leading to polarization. It is also pos-
sible to implement models of cell polarization in this vertex model.’” In addition, the contractile
force is assumed to originate from the junctional regions of the cell and hence the contractile
energy is a function of the cell perimeter. In reality, medial myosin accumulation can also lead
to contraction,5 8 which is not considered in this model.

3. Persistent force

Cells migrate in a directed fashion over a characteristic time required to disassemble and
reassemble cytoskeletal networks necessary for motility.””® Persistent force in our model
comes from the ability to move in a certain direction persistently before making a turn. It is
described phenomenologically as a term that depends on cells’ past velocities

Jf exp (—=B(t—1))vi(f)dl
J’ exp (—(t — ))vi(f )l

F,i=u , (12)

where o is the strength of the persistent force, f§ is a constant that determines the decay rate of
persistence, and v; = % is the velocity of the vertex i. The denominator is a normalization fac-
tor. For large f, this term is also equivalent to the persistent part in the persistent random walk

model,””” which has been used to describe single cell motility.

4. Random force

Random force due to polarization fluctuation is modeled as Gaussian white noise with zero
mean and finite variance satisfying the following relations:

(Fri) =0, (13)
(Fry(t) - Fry(?)) = a>6(t — 1')ys, (14)

where ¢ is the magnitude of variance characterizing magnitude of polarization fluctuation, and
o(t), 04 are Dirac’s and Kronecker’s d-functions, respectively. In reality, there is very little
information regarding polarization fluctuation statistics in migrating cells, and further informa-
tion would help in developing a better quantitative description.
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D. Friction
1. Cell-cell friction

Considering the part fluid like behavior of the epithelial sheet, friction between cells can
be calculated from the in plane shear stress. This is computed using a finite volume approach.
The cell-cell friction force experienced by a vertex is defined as the total shear force on the
volume element®' defined by the cell centers neighboring the vertex and the midpoints of
neighboring edges as shown in Fig. 9. Deviatoric stress, which is the total stress acting on a
volume element minus the hydrostatic stress, is given by Eq. (15). Frictional force is obtained
by integrating this stress over the volume element

2
O'SZVIC(VV—I—(VV)T—gv-VI), (15)

Fyi = jgas - nds, (16)

where 7. is the cell-cell friction coefficient, Vv is the velocity gradient within the volume ele-
ment, S is the surface enclosing the volume element, and n is the outward directed normal to
the volume. A simplification is to assume the epithelium is incompressible, so that V- v=0,
giving

oy = 1, (Vv + (Vv)"). (17)

Substituting this simplified form into the friction force equation, Eq. (16) gives
Fﬂ;’,‘ =N, i;VV -nds. (18)

Decomposing v and Fy. into x and y components, friction force can be written as

v, Ovy
ch,x nc§<anx+a—yny)d5, (19)
vy v
Fry=1, Y . Y . 2
Jeyy 7h §<8X n, + ay n})ds ( 0)

FIG. 9. Finite volume method for computing cell-cell friction. Frictional forces between cells in the sheet can be calculated
from shear stress within the volume element surrounding the vertex. The procedure to compute the friction force acting on
vertex ry is described in the text [Egs. (15)—(28)].
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The velocity field can be computationally determined by a Taylor series expansion of the func-
tions v, and v, about the midpoint of each edge of the volume element. Using the edge cx,
with midpoint x, as an example, the expansion is

Vx Vx
Vx(x) ~ Vx + (x —Xo)g . + (y - yo)(’?—y xoa (21)
ov
~ _ 7y _ i)
VY('X) ~ Vyo + (x XO) ax 0 + (y yO) 8}7 x07 (22)
where the nodes ¢y, r, and r3 are used to obtain
= 2vi(cr) 4+ ve(r1) + vi(rs) , (23)
Yo 1
Ovy Ty We(r3) = ve(er)] 4+ r3pve(er) = ve(r)] + ciyve(r) — vi(r3)] (24)
ax Xo rly(rlr - Clx) + r3y(C1X - rlx) + Cly(rlx - r3x) ’
Ove | ris[val(rs) = vilen)] 4 racveler) = ve(ro)] + cacve(r) = ve(rs)] 25)
ay X0 rly(r3x - Clx) + r3y(clx - rlx) + Cly(rlx - r3x) ’
and
vy, = 2vy(c1) + Vyi"l) +y(13) ’ (26)
Dvy Ty [vy(r3) = vy(e)] + ray[vy(cr) = vy ()] 4 iy [vy(r1) — vy (r3)] @n
ox Yo rly(r3x - Clx) + r3y(clx - rlx) + Cly(rlx - "3,\') ’
% :}’lx[Vy(I‘_g) —Vy(Cl)] —|-}’3X[Vy(()1) —vy(rl)] —|—c1x[vy(r1) —vy(r3)] (28)
dy %o Fiy(r3e — C1x) + 1r3y(Cre — ix) + Ciy (P — 73¢) )

Analogous equations for the edges xjca, ¢¥s, X2¢3, C3x3, and x3¢; can be derived to compute
the entire path integral and hence the friction force between cells.

2. Substrate drag force

The substrate drag force F,,; is defined as the friction between the cell i and the substrate
(including the media around it) and is assumed to be proportional to the cell velocity v,;. The
coefficient of friction 7, is assumed to be a constant

ch,i = Vi (29)

E. Topology changes

To faithfully represent collective cell behavior, we need to allow cells to change their neigh-
bors. Topological changes, i.e., changes in connectivity of vertices, occur through T1 transitions.
T1 transition is a neighbor exchange method which allows cells to make and break edges with its
neighbors. If the cell edge length goes below a certain threshold, T1 transition is allowed only if
after the transition the two vertices of the edge move away from each other. The edge undergoing
transition is rotated by 90° around its midpoint as shown in Fig. 10. Additionally to maintain the
integrity of the two dimensional system, restrictions are placed on the movements of vertices to
ensure that edges do not cross or cells do not fold onto themselves.
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_> d

FIG. 10. Topology changes. T1 transition, a neighbor exchange method to which allows changes in connectivity of vertices
and allows cells to make and break bonds with neighbors.

F. Implementation

This model is implemented in both MATLAB and Fortran. All the parameters used in the
model are listed in Table II. Parameters are rendered dimensionless using a length scale of

VAp, time scale of Kﬂ_k{o’ and an energy scale of KAS/ %,

G. Radial correlation function

To quantitatively measure organizational features of the migrating collective, we examine a
radial spatial correlation function for the simulated cell velocity fields. Cell motion is aligned if
the value of this function is one and it is random if the value is zero. Defining this function at
various radial distances gives us an idea of local and broader regional organization. The radial
correlation function for cell velocities at a distance p is defined as

_ sz Cijlij
Sili

where the sum is over all cell vertices. Here, Cj; is a correlation matrix between vertex veloci-
ties v; and v; and is defined as

C(p) (30)

Cj=—r N 31)
[[villllv;ll
TABLE II. Model parameters used in the simulations.
Parameter Value Meaning
N 1000 Number of cells in simulation
s 1 Cell-substrate friction coefficient
e 0.1 Cell-cell friction coefficient
K 5 Area elastic modulus
Ag 1 Preferred area
A 0.5 Cell-cell adhesion strength
k 2 Contractility constant
o 0.1 Persistence force strength
p 0.1 Persistence force decay
G, 0.5 Maximal activation rate for p
D, 0.1 Inactivation rate for p
Gy 0.5 Maximal activation rate for M
Dy 0.05 Inactivation rate for M
K; 120 Half maximum response constant
n 2 Hill coefficient

t1 0.07 T1 transformation threshold
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and /;; is an indicator matrix that takes on a value of 1 when the vertex pair belongs to a radial
annulus of diameter p and O otherwise

—_—

, iffri—r] € p

Iy = { 0, otherwise. (32)

SUPPLEMENTARY MATERIAL

See supplementary material for additional figures on vortex propagation in cell velocities
when cells are confined to a ring structure and for a movie on collective cell streaming with
wave like patterns in myosin content.
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