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Cell migration on a two-dimensional flat surface has been extensively
studied and is generally characterized by a front-protrusion—rear-
contraction process. In a three-dimensional (3D) environment, on the other
hand, cells adopt multiple migration strategies depending on the cell type
and the properties of the extracellular matrix (ECM). By using computer
simulations, we find that these migration strategies can be classified by
various spatial-temporal dynamics of actin protrusion, actin—myosin con-
traction and actin—-ECM adhesion. We demonstrate that if we include or
exclude proteolysis of ECM, and vary adhesion dynamics and spatial distri-
butions of protrusion, contraction and adhesion, our model can reproduce
six experimentally observed motility modes: mesenchymal, chimneying,
amoeboid, blebbing, finger-like protrusion and rear-squeezing cell locomo-
tory behaviours. We further find that the mode of the cell motility evolves
in response to the ECM density and adhesion detachment rate. The model
makes non-trivial predictions about cell speed as a function of the adhesion
strength, and ECM elasticity and mesh size.

1. Introduction

Actin-based cell migration is a key process for morphogenesis, wound healing
and cancer invasion [1]. Cell migration has been extensively studied on
two-dimensional (2D) substrates. It typically involves a combination of front
protrusion, rear contraction and graded adhesion [1]. At the leading edge,
actin polymerization forms flat and wide protruding lamellipodia [2]. At the
rear, myosin-induced contraction and disassembly of the actin networks gener-
ate contraction and forward translocation of the cell body [2]. Dynamic
adhesions [3,4] are formed in the lamellipodia region, mature and disassemble
as they move towards the centre of the cell [5]. The migration speed of cells is
determined by a delicate balance among actin polymerization, myosin-powered
retrograde actin flow, and an effective adhesion drag [6].

In a more physiologically relevant three-dimensional (3D) environment,
however, cell migration is far less understood due to both the technical chal-
lenges and the complexity of migratory behaviours. For example, fibroblasts
are found to move through 3D matrices in either lobopodial or lamellipodial
mode [7]. The former was observed in a stiff extracellular matrix (ECM)
where fibroblasts have an elongated shape and translocate using blunt, cylind-
rical protrusions. The latter was observed in a soft collagen matrix or at low
RhoA activity where fibroblasts form branched, finger-like pseudopodia with
Racl and Cdc42 activated at the tips. Both lobopodial and lamellipodial
modes require integrin-based adhesions, as inhibition of integrin stops the
motion of the cells [7]. Cell migration in ECM normally depends on myosin-
based contraction within the pseudopodia [8] that is several micrometres
behind the tips of pseudopodia [9]. In the fibroblasts migrating in the ECM
[7], nuclei are located at the centre or rear of the cells; however, migrating epi-
thelial cells in 3D collagen matrices were observed to have their nuclei leading
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the cell front with contractile cell body trailing behind [10]
and with actomyosin contraction propelling the nuclei
forward and driving the migration of these cells.

Tumour cells often migrate in either mesenchymal or
amoeboid mode, depending on both the cellular properties
and the physical properties of the ECM [11]. In mesenchymal
mode, cells are polarized and have an elongated shape, with
protrusion and retraction located at the two opposite ends
and integrin-dependent adhesions distributed all over the
cell surface. Cells exert traction forces on the ECM and trans-
locate with a continuous release of adhesions at the rear.
Mesenchymal migration relies on proteolytic activity to
melt down the ECM barriers and reduce the resistance [12].
Such migration causes structural remodelling of the ECM as
the cells advance through the ECM. In amoeboid mode,
cells are less polarized and have a more rounded shape.
They have a more uniform distribution of cortical actin and
form either F-actin networks or membrane blebs in the direc-
tion of migration [7,11]. Cells in amoeboid mode migrate by
squeezing through the pores of the ECM without remodelling
it. Both the proteolytic activity and the adhesion level are
minimal in amoeboid mode [6].

Perturbations of both internal and external factors have
shed light on multiple aspects of mechanochemistry of cell
migration in 3D. Inhibition of proteolytic activity in tumour
cells causes them to switch from mesenchymal to amoeboid
mode, while recovery of proteolytic activity brings the cells
back to the mesenchymal mode [11]. This indicates the exist-
ence of multiple, either complementary or redundant,
mechanisms in cell migration. Recent study showed that
mesenchymal migration depends on Rac-activated protrusion
of actin, and that amoeboid migration relies on Rho-activated
myosin contractility [13]. Because of complex feedbacks
between Rac and Rho, the balance between these two
GTPases is likely to determine the migration strategy of
tumour cells. Modes of cell migration also depend on the
stiffness of the ECM. It has been shown that decreasing the
stiffness of the matrix causes migrating fibroblasts to switch
from lobopodial mode to lamellipodial mode, and that restor-
ing the stiffness recovered the migration to lobopodial mode
[7]. The pore size of the matrix also influences the migration
mode. Tumour cells lacking proteolysis can move in amoe-
boid mode in collagen matrix, but not so in a denser
Matrigel matrix [14]. On the other hand, fibroblasts in a
sparse matrix were found to migrate along individual fibres
in a peculiar one-dimensional fashion [15,16].

Despite these intriguing findings, quantitative under-
standing of the dynamics of key molecular processes and
mechanics of 3D migration remains elusive. Computational
modelling is a valuable complement to experiments in under-
standing the complex cell migration behaviours [16]. Early
computational models did not address the shape change of
the cells but focused on factors that influence the speed of
migration. Zaman et al. [17] proposed a force balance model
with prescribed force profile and adhesion dynamics. They
predicted that the speed of cell has a similar biphasic depen-
dence on the cell-matrix adhesion to cells moving on a 2D
surface. Borau et al. [18] developed a continuum approach
to investigate how the stiffness of the ECM influences the
cell migration. Each modelled cell in their model is simplified
as a self-protrusive 3D elastic unit that interacts with an elas-
tic substrate through detachable bonds. They found a
biphasic dependence of cell speed on substrate stiffness: cell

speed is highest with an optimal ECM stiffness; increasing
or decreasing the stiffness leads to a lower cell speed.
Recent models place more emphasis on both the shape of
migrating cells and the dynamics of actin networks in cells.
Hawkins et al. [19] analysed the instability of the actomyosin
cortex on a spherical surface and showed that cell migration
can be induced by an emerging flow of the actin cortex driven
by the accumulation of myosin at one of the cell poles, and
subsequent pulling of the actin network towards this pole
maintaining higher myosin concentration there. Friction
between this flow and ECM has been proposed to propel
the cell. Sakamoto et al. [20] proposed a computational
model that takes into account the viscoelastic property of
the cell body. The model incorporates the shape change of
the cell by using a finite-element method. With a prescribed
cyclic protrusion of the leading edge of the cell, the authors
predicted that the mesenchymal-to-amoeboid transition is
caused by a reduced adhesion and an increased switching
frequency between protrusion and contraction. The most pro-
minent recent modelling success is the study of Tozluoglu
et al. [21] which reported a detailed, agent-based model of
blebbing driving amoeboid migration of cancer cells. The
cell cortex and membrane, represented by a series viscoelastic
links, encompass a viscoelastic interior of the cell. By compar-
ing cell migration through a smooth chamber and discrete
grids, the authors predicted that adhesion levels affect
the migration speed, and that steric interaction between the
cells and the ECM provides traction forces for amoeboid
mode of migration.

Most of the above models focused on one migration mode
and did not address the transition or relation between different
migration modes. Here we present an agent-based model that
includes both the dynamics of the cytoskeleton inside the cell
and the physical interactions between the cell and the structure
of the ECM. The model also accounts for the dynamic shape
change of the cell. By varying the actin-myosin dynamics
and cell-ECM interactions, we are able to reproduce various
observed 3D migration modes. We demonstrate computation-
ally that spatially separated protrusion and the contraction of
the cytoskeleton are essential for cell migration in 3D, and
that the steady flow of actin is the main driving force for cell
migration. Adhesion to the ECM, however, is dispensable if
steric interactions between the cell and the ECM are strong.
We also predict which migration strategy optimizes cell
migration based on the physical properties of the ECM and
the cell-ECM interactions.

2. Computational model

To avoid great computational complexity of true 3D simu-
lations, we consider a planar cross section of the cell and a
cross section of the ECM in the same plane around the cell.
This planar section of the cell has anterior—posterior and
dorsal-ventral directions but not lateral sides. One math-
ematical way to think about the model is to imagine a
cylindrical cell extending a great distance from side to side
and both the cell and the ECM are homogeneous in that
direction so that all non-trivial effect occurs in the 2D cross-
sectional plane. Another, also mathematical, approximation
is to consider an axially symmetric cell embedded into an axi-
ally symmetric ECM, and to neglect geometric effects of the
polar coordinate system on the mechanics and transport.
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More realistically though, the model is really 2D, but it cap-
tures most essential 3D migration effects: squeezing of the
deformable and “active’ cell through the deformable ECM.

The simulated cell consists of a dynamic actin-myosin
network, a rigid nucleus, and an elastic membrane (figure 1).
The cell is embedded into an ECM represented by a 2D
node-spring network in the x—y plane. The migrating virtual
cell has physical interactions with the nodes of the ECM.
ECM in the model is treated as a 2D elastic spring-node
network. The actin—myosin network of the cell is also rep-
resented by a 2D node-spring network, similar to previous
works [22-24]. Each node in this network connects to up to
six nearby neighbouring nodes through linear springs with
a finite rest length and a spring constant k,, which contributes
to the elastic stiffness of the network. The angular stiffness of
the springs is not included because the structure of the con-
nection gives rise to shear resistance [22]. We focus on
directed cell migration and thus ignore the initial process of
symmetry breaking. The simulated cell is assumed to have
a fixed direction of polarization, which corresponds,
for example, to cell migration in a fixed gradient of
chemoattractant.

To incorporate the protrusion and contraction behaviour
of the actin-myosin network, we model the network in the
following way. At the front of the cell, the nucleation of the
new actin filaments is incorporated by adding new nodes to
the existing network along the leading edge at an overall
nucleation rate k.. Each new node is immediately incorpor-
ated into the existing network by connecting to six
neighbouring nodes with undeformed springs. The initial
rest length of each spring is the same as the initial
distance between the connected nodes. The polymerization
and expansion of the network is represented by the con-
tinuous elongation of the rest lengths of springs with a
speed vy until the rest lengths reach a maximum value
Imax = 0.8Rpuc = 4 pm, where Ry, is the radius of the nucleus
and is a natural length scale in the model. As the network
expands, it creates an expansive stress in all directions.
Such expansion of the actin network is restricted to the
front half of the cell to represent the protrusion of actin at
the front. At the rear of the cell, the actin network undergoes
myosin-induced contraction which is approximated by the
continuous shortening of the rest lengths of springs with
speed vs. The shortening of the springs creates a contractile
stress in the network. Such activity is restricted to the rear
half of the cell. To include the effect of the network disassem-
bly, each network node is removed when its lifetime reaches
1/kgis, where kg is the disassembly rate. The nucleus is treated
as a hard sphere inside the cell which has steric inter-
actions with both the actin-myosin network and the cell
membrane (nodes of neither network nor membrane penetrate
the nucleus). Note that many biophysical processes—
growth and disassembly of a few types of actin structures,
hydrostatic/osmotic pressure, dynamic cross-linking, myosin
contraction—can contribute in complex ways to the net rates
and forces of expansion and contraction; our coarse-grained
model does not address these microscopic mechanisms.

The cell membrane is represented by a node-spring chain,
which separates the actin network from the ECM. The initial
perimeter of the membrane for a disc-like cell is chosen to
be L =27Ry =50 um. The total number of membrane
nodes is 50 in the simulations so that the rest length of each
membrane segment is AL =L/50 ~1um. The stretching

(@)
ECM actin—myosin network <€=& actin flow
O adhesion membrane = = = proteolysis
(b
kq

f actin

Figure 1. Schematics of the model. Actin—myosin network is shown in
green; ECM network is shown in grey; nucleus is shown as white disc; cell
membrane is shown in blue; adhesions are yellow circles. Cell membrane
and actin—myosin and ECM networks are node-and-spring networks.
(a) Conceptual model. Cell can interact with ECM via both adhesions
(upper membrane surface) and steric effects (lower membrane surface).
(b) Node-spring networks in the simulation. The actin—myosin network
links undergoing spatially graded expansion with rate vy and contraction
with rate v,, respectively. Effective elastic force from the outer nodes of
this network, fign, acts on the membrane; similarly, effective elastic
force, froy, from the ECM nodes that are pressing on the membrane or
adhering to it is ultimately transduced to the cell. The adhesions detach
with rate k.

spring constant for each membrane link is assumed to be
ksmem = 500 pN pm~! and the bending rigidity is chosen to
be kpmem = 10 pN pm per link-pair. This bending rigidity is
arbitrarily chosen to avoid membrane crossing. In reality,
such bending rigidity may also come from the actin cortex
that is attached to the cell membrane. To further avoid the
self-crossing of the simulated membrane, we included a
Gaussian-shaped repulsive energy between the membrane
nodes. The repulsive energy on each membrane node has a
maximum range of one segment length so that it has effect
only if two membrane nodes are closer than the segment
length. The membrane interacts with both the actin—myosin
network and the ECM nodes through steric effects. The
motion of each membrane node is determined by the force
through Stokes’ law.

QOutside the cell, the ECM is modelled as a 2D node-
spring triangular network with an average mesh size of
&em = 10 wm. We assume that the ECM in our 2D simulation
represents a layer of 3D ECM with the same mesh size. Thus,
the spring constant of the ECM links is ks = Ygcmépen, where
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Table 1. Definition and values of parameters.

symbols definition values
&G mesh size of ECM 2-10 pm
R(e” e 6—8me R
Ruuc v radivus vof nucleus 5 um
knuc T
Kgis disassembly rate constant of 0.004 5"
actin nodes
kq detachment rate constant of 0025
adhesion sites
ky formation rate of adhesion 0.055"
sites
Vg growth speed of actin links 0.01 wms™!
v, shrinking speed of actin links  0.002 ms '
' Yeem v ' 'Young's modulus of ECM ' '1'0 Pa o
ke spring constant of actin link 1000 pN m
ks mem v sprivng vconstant of membrane 500 pN pum ™
link
Kb,mem bending stiffness for 10kg T

membrane link

YEcwMm is the Young’s modulus of the ECM. To include the rup-
ture of the ECM, we assume that each spring in the ECM
breaks when it is stretched beyond a critical force f.. For
ECM of the same component and structure, parameter f. is
likely to be proportional to the thickness of the fibres in the
matrix and is thus proportional to the stiffness the ECM.
Therefore, we assume f. to be proportional to Ygcym via
fe =100Ygcm pN Pa~!. For ECM with Ygcy = 10Pa, the
critical force is f. = 1000 pN.

We assume that cells interact only with the nodes of ECM,
and that the springs between the ECM nodes only provide
restoring forces to the nodes. We include both the steric inter-
action and transient adhesions between the cell and the ECM
nodes. New adhesions are formed when the distance between
the actin nodes and the ECM nodes is within half of the aver-
age mesh size of the actin network of approximately 0.4 wm.
Each adhesion site joins the two nodes together until the
adhesion detaches, which has a rate constant of kg = 0.02s7 1.

To include the proteolysis into the model, we assume that
the proteolytic activity is restricted to the leading edge of the
cell with a width of half the diameter of the cell, approxi-
mately 0.4 pm. If an ECM node is in contact with the
proteolytic region, both the ECM node and its connected
springs are removed from the ECM without a time delay.

We have also included an effective pressure to account for
the approximate conservation of cell area: AP = a(1 — A/Ay),
where @ =1 pN wm ™ ? is an arbitrary constant to preserve the
area, A is the current area of the cell and Ay is the initial area
of the cell. The force produced by this pressure on each
membrane node is f; = &,,.,AP along the outward normal.

3. Simulation procedure

The simulated cell initially has a circular shape with radius
Reen = 6—-8 pm (figure 1; tables 1 and 2). A circular nucleus

of Rpye =5 pum is at the centre of the cell. The cell is placed n

in a 60 x 120 wm rectangular strip of ECM and has a fixed
migration direction along the x-direction. The ECM is fixed
along the wall of the chamber with an average pore size of
2-10 pm.

At the beginning of each simulation, the ECM is unde-
formed such that all the links are at their rest lengths.
A cell is placed at the left end of the ECM and has a fixed
direction of polarity towards the right. When the cell is
placed inside the ECM, it deforms the ECM by steric inter-
actions. Since both the cell and the ECM are in force
balance during the migration, equal but opposite forces are
applied to the ECM and the cell. ECM nodes move to the
position of force equilibrium. The cell experiences opposite
forces and undergoes deformation in a similar fashion.

At each time step At in the simulations, all the springs in
the actin network are relaxed to reach force equilibrium. To
model the nucleation of new filaments, a total of k,u At
new cytoskeletal nodes are added randomly along the lead-
ing edge of the cell and immediately connected to nearby
existing nodes with undeformed linear springs. To model
the disassembly of the actin network of N nodes, a total of
kaisNAt existing cytoskeletal nodes, together with their con-
nected springs, are randomly removed from the simulation
at each time interval Af. The rest lengths of links at the
front half of the cell elongate at a constant rate before reaching
a maximum value of I to represent the polymerization of
the actin networks: Al; = vgAt. The rest lengths of springs
at the rear half of the cell shorten at a constant rate to
represent the contraction of the actin networks: Al; = —v At.
The adhesion between the cell and the ECM is represented
by connecting the cytoskeletal nodes and their adjacent ECM
nodes. The lifetime of each adhesion is calculated as 7= 1/kq.

We find that the cytosol-caused viscous drag on the actin
network is negligible compared with the internal elastic stress
in the network. Therefore, the motion of the nodes of actin
network is determined by the force balance of the elastic
springs, and the cytoskeletal nodes always move to their
force-equilibrium positions. The force on each node is the
sum of the forces from the connected springs: F=73 ,f;.
The force equilibrium for each node with # links is approxi-
mated as F/nk; from the current position and is then
further adjusted according to energy minimization.

Nodes in both the actin-myosin network and ECM inter-
act with membrane segments through steric interactions. The
movement of each node on the membrane is approximated
by F/2ks; towards the equilibrium position. The motion
satisfies the condition that each individual node in the actin
network, membrane and ECM reaches force equilibrium. As
a result, the net forces on the actin network, cell membrane
and the ECM are all zero.

Each round of the simulation ends when the cell moves
close to the right end of the ECM or the total simulated
time reaches 3 hours of real time. The average speed of the
cell for each run is calculated by dividing the travelled dis-
tance of the nucleus by the total simulated time. Each set of
parameters are simulated for 100 times to obtain the average
migration speed of the cell.

The baseline model parameters (some of which vary in
the simulations described below) are gathered in table 1.
Parameters &gcp, Reen and Ry, are of the same order of
magnitude as those reported in [11]. Parameter Ygcy is
of the same order of magnitude as that reported in [14].
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Table 2. Parameters for different migration modes.

amoeboid chimneying
proteolysts oY
adhesion y/n n
Golpm) 05
Reel (]J,m) 8 8

The adhesion detachment rate is chosen to correspond to the
effective adhesion level investigated in [14]. The rates of
adhesion formation, network nucleation, assembly, disassem-
bly, growth, shrinking and spring constants are chosen so that
the network flow and deformations similar to those widely
reported in the experimental literature are reproduced.

4, Results

4.1. Migration modes depend on the distribution and
dynamics of protrusion, contraction and adhesion

as well as extracellular matrix properties
By altering the spatial distribution and dynamics of actin pro-
trusion, actin—-myosin contraction and adhesion in our
simulations (figures 2 and 3; table 2), we find six migration
modes similar to those observed in normal and tumour

cells. Three of those are shown in electronic supplementary
material, Movies S1-S3 (table 3).

4.1.1. Mesenchymal mode

This mode is common in cancer cells with strong proteolytic
activity and adhesions. When proteolytic activity is included
and low-adhesion detachment rate of kg = 0.02s~! is chosen,
the simulated cell shows an elongated shape with nucleus
located at the rear (figures 22 and 3a; electronic supplemen-
tary material, Movie S1), consistent with the observed
shape of mesenchymal cells. The front end is pushed by the
polymerization and expansion of the actin networks, while
the rear end is retracted by the adhesion sites between the
cell and the ECM. Proteolytic activity is crucial for this
mode, as it removes the hindering ECM nodes at the front
and facilitates efficient migration.

Cells migrating in mesenchymal mode form transient
adhesion bonds between the moving actin network and the
outside ECM throughout the side of the cell. At the front of
the cell, adhesions provide traction forces because the local
flow rate of actin network is faster than cell translocation
rate v.. As adhesion sites move towards the rear of the
cell, the local flow speed of the actin network decreases.
When the local flow speed of actin becomes slower than
Veen, the adhesions generate resistant forces on the cell.
Since the adhesions gradually mature and detach from the
cell as they move towards the rear, the cells are able to
move forward continuously.

4.1.2. Chimneying mode
Our simulations show that inhibition of adhesion does not
totally stop the motion of the mesenchymal cells. Cells with

N NN

finger-like mesenchymal rear-squeezing
n R Y

y Y

2 2

8 6

proteolytic activity can move in a dense ECM using a chim-
neying mode (named by analogy with model [25]) where
small protrusions form and extend into the ECM pores on
the side of the cells (figures 2b and 3a; electronic supplemen-
tary material, Movie S2). Since these protrusions contain actin
networks that are integral and mechanically connected parts
of the whole actin network, the retrograde flow of actin in the
cell generates traction forces via steric effect between the pro-
trusions and the ECM. Cells’ movement in this mode is less
efficient compared with those moving in mesenchymal
mode because of the low efficiency in the generation of
traction forces.

4.1.3. Amoeboid and blebbing modes

This mode of migration emerges when proteolysis is inhib-
ited and the adhesion level is low. We have simulated this
migration mode by turning off the proteolytic activity.
With a low detachment rate of kg = 0.025~!, the simulated
cell keeps forming random pseudopodia-like protrusions
into adjacent pores of the ECM (figure 2c; electronic sup-
plementary material, Movies S3 and S4). Because actin
polymerization keeps expanding at the front, the protrusions
inside the ECM pores keep growing in size. Eventually, one
protrusion will dominate and pulls the rest of the cell into
that direction due to the conservation of cell volume. This
mode of migration is similar to the observed amoeboid
mode of migration.

By completely removing the formation of adhesion sites,
we find the simulated cell has a similar motion except that
the adhesion-based cell-ECM interactions have been
replaced by steric effects (figures 2d and 3b). Cell moving in
this mode has a lower speed due to the less effective gener-
ation of traction forces. This mode is similar to the
observed blebbing mode [26,27]. We emphasize that the
experimentally observed blebbing mode has been well
explained by the detachment of the membrane from the
actin cortex and subsequent pushing by the hydrostatic
pressure. Our model does not simulate the experimentally
observed mechanism; we simply note that our model gener-
ates the morphodynamic behaviour similar to that of the
blebbing mode.

4.1.4. Finger-like protrusion mode

It has been shown that cells can migrate by forming long,
finger-like protrusions from the cell body into the ECM and
generates traction forces from the tips of the protrusions [9].
We hypothesize that such a shape can be reproduced by
our model (figures 2e and 3c; electronic supplementary
material, Movie S5) if both the actin polymerization and the
adhesion formation are active inside the protrusion. We
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=56 min
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Figure 2. Simulation snapshots. (a) Mesenchymal mode, (b) chimneying mode, () amoeboid mode, (d) blebbing mode, (e) finger-like mode and (f) rear-squeez-
ing mode. In all figures, actin network is shown in green; nuclei are shown as grey circles; cell membrane is shown in blue; ECM is shown as grey triangular
meshwork outside the cell; proteolytic region is shown in red; and cell-ECM adhesion sites are shown as white dots on the membrane.

have also changed the cell radius to 6 wm to reduce the size of
the simulated protrusion (12 pm long and 2 pm wide). With
a strong myosin-mediated contraction, the simulated actin
network exerts a high contraction force between the protru-
sion and the rest of the cell body. Because the protrusion
has a high concentration of adhesion sites, the cell body is
pulled along the protrusion. At the tip of the protrusion,
actin polymerization pushes the cell membrane further into
the pores of the ECM against the local adhesions, allowing
a continuous migration of the cell.

This mode of migration requires rupture of ECM links in
the neck region of the migrating cell. Although local prote-
olysis of ECM can greatly enhance such effect, we find that
proteolysis is dispensable. Without proteolysis, our simulated
cell can keep moving if (i) the contractile force in the protru-
sion is strong, (ii) the adhesions are strong and evenly
distributed along the protrusion and (iii) the ECM is easy
to rupture.

4.1.5. Rear-squeezing mode

To mimic the nucleus-at-front migration type observed in
[10], we reduced the radius of simulated cell to 6 pm so
that the nucleus occupies a higher fraction of the cell
volume. In addition, we make 90% of the actin nucleation
events at the rear half of the cell. As a result, most of the
actin network is concentrated behind the nucleus, and the
contraction of the actin network is able to generate a squeez-
ing force on the nucleus to push the cell forward (figure 2f).
Cell-ECM adhesion is required in this migration mode, as
steric interactions between the cell and the ECM are greatly
reduced due to the small contact region between the rear of
the cell and the ECM.

4.2. Continuous cell migration is driven by
polymerization- and contraction/disassembly-
induced flow of actin networks

Our simulations show that the continuous front polymeriz-
ation and rear contraction of actin—myosin network create a
steady retrograde flow of the network inside the cell. When
coupled to the ECM through either adhesion molecules or
steric effects, this flow generates traction forces to move the
cell through the ECM. A similar conclusion was previously
reached in [19]. Such traction force is balanced by resisting
forces applied by the ECM to the cell front as well as the
adhesion and friction forces on the side of the cell. This
polymerization- and contractility-mediated flow of actin
network has been shown to be stable at high Péclet number
(stress-caused advection is stronger than diffusion of myosin)
and generate traction forces against a 3D ECM [19]. This mech-
anism is continuous in time and does not require the
assumption of periodic protrusion and contraction [17].

To see how the flow of actin network influences the speed
of different migration modes, we simulated the migration of
cells in all six modes at different vy and v, (figure 4). Since
v and v are correlated with the polymerization and contrac-
tion rate, respectively, increasing both is expected to lead to
an increased migration speed. Indeed, this is the case
(figure 4). Note that v, in our model is not the polymerization
rate of actin, rather, vy represents effective rate of actin
network expansion.

By fixing vs = 0.01 pums™! and increasing v, from 0.001
to 0.01 pm s~ , we find that the simulated v, increases by a
factor of 1-4 for all migration modes (figure 4a). This suggests
that cell speed is sensitive to the rate of actin polymerization
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Figure 3. Proposed mechanics of cell migration in 3D ECM in five different
modes. Actin—myosin network is roughly divided into three dynamic regions:
protrusive (right), anchoring/traction (middle) and contraction (left). At the front
of the cell, actin polymerization generates compressive stress (divergent thin
black arrows) to push the cell front away from the anchoring/traction region
in the middle. At the rear of the cell, actin disassembly and myosin-induced
contraction generates contractive stress (convergent thin black arrows) to pull
the cell body towards the anchoring/traction region in the middle. The continu-
ous motion of cell in the direction indicated by the thick black arrow is achieved
through actin network flow and effective treadmilling. (a) Mesenchymal (top
membrane surface) or chimneying (bottom membrane surface) modes.
(b) Amoeboid and blebbing modes (adhesions not shown). (c) Finger-like
protruding mode.

when myosin-induced contraction is faster than actin growth.
As vg increases further from 0.01 to 0.1 pm s, v increases
by a few tens of per cent for both blebbing and chimney-
ing modes, but remains roughly unchanged for the other
modes. The reason is that both blebbing and chimneying
modes rely on the steric interactions between the cell and the
ECM. Increasing polymerization rate will make the cell
expand more efficiently into the pores of the ECM and thus
increases the traction. On the other hand, the speed of
adhesion-dependent migration relies on the flow rate of actin
networks, which depends on both the polymerization and con-
traction rates of actin. For vz > v,, the actin flow rate is
determined by the slower rate vs. Therefore, v becomes
insensitive to vy for vy > vs.

Table 3. Factors that influence migration modes.

without
with proteolysis proteolysis

with adhesion mesenchymal/rear- amoeboid/finger-
squeezing like
without chimneying amoeboid
adhesion

By fixing vy = 0.01 pm s !and increasing v, we find that
Veen increases by a factor of 2—13 for finger-like, mesenchymal
and rear-squeezing modes but is roughly unaffected for
amoeboid, blebbing and chimneying modes (figure 4b).
This is because cells moving with the first three modes
depend on myosin-induced contraction of actin networks
while cells moving with the last three modes rely on the
expansion of the cortex into the pores of the ECM. For cells
migrating in the first three modes, there is a sharp increase
! to 0.01 pms L
Such increase is much slower as vs increases further to
0.1 pm s~ L. This is due to the fact that efficient flow of actin
networks depends on both the polymerization at the front

in vy as vs increases from 0.001 pms™

and contraction at the rear. For cells moving in the last
three modes, v,y does not drop to 0 as vs approaches 0
(figure 4b). This is because the continuous flow of actin can
be maintained by front polymerization and rear disassembly
even in the absence of myosin-induced contraction.

4.3. Migration speed depends on the lifetime of
cell—extracellular matrix adhesion

To see how the lifetime of adhesions affects the migration
speed, we varied kq for four adhesion-dependent migration
modes: amoeboid, finger-like, mesenchymal and rear-
squeezing modes. We find that cells in these modes generally
move more slowly as k4 increases from 0.01 to 1 s~ ' (figure 5).
An intuitive explanation is that transient adhesions facilitate
cell migration by supporting higher traction forces on the
side of the cell. Therefore, a high k4 will lead to a decreased
traction force, and thus slow down the migration speed. On
the other hand, a low k4 will increase the dragging force at
the rear of the cell, which also slows down the migration
speed. The combination of these two opposing effects leads
to an optimal kg4 where v reaches maximum. This effect
can be seen from our simulations in both mesenchymal and
rear-squeezing modes (figure 5).

In addition to the self-detachment of adhesions, actin dis-
assembly also releases the adhesions between the cell and
ECM. As a result, the ky-dependent dragging effect can be
attenuated at kg < kgis = 0.004s71, leading to an increased
migration speed at low kq. Our simulations show that vy
in both the amoeboid and finger-like modes plateaus as kq
decreases from 0.01 to 0.001s™ ' (figure 5), consistent with
the idea that disassembly of actin takes into effect.

4.4, Migration speed depends on the mesh size

We examined how the mesh size of the ECM influences the
speed of cells in different migration modes. We find that
for all migration modes there exists an optimal &pcy at
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Figure 4. Cell speed as a function of (a) v, and (b) v, for all six migration

modes.

which v reaches the maximum (figure 6). Cells moving in
amoeboid or blebbing mode reach their maximal speed
when &gy =~ 13 um, which is right between the diameter of
the nucleus (10 pm) and the diameter of the cell (16 pm).
The reason is that cells moving in these two modes rely on
the formation of pseudopodia into the pores of the ECM.
A small ey will hinder both the formation of pseudopodia
into ECM pores and the translocation of nuclei into the pores,
while a large &y will cause inefficient generation of traction
forces (figure 3b).

Cells moving in chimneying mode move mostly effi-
ciently at &gcy ~ 4 wm, which is comparable to the largest
mesh size of the actin network I, =4 pm in the simu-
lations. The mesh size of our simulated actin—myosin
network probably corresponds to the length scale of density
variation in the actual networks, which correlates with the
surface roughness of the cells. Since cells moving in this
mode are driven by the steric interactions with the ECM,
they will gain maximal traction and speed only if the size
of their surface undulation is comparable with &gcy.

For cells moving in mesenchymal or rear-squeezing
mode, the fastest speed is achieved at &gy < 2 wm. This is
because a denser ECM allows for a higher probability of
forming cell-ECM adhesions and thus a higher traction
force. On the other hand, the drag force increases with the
number of adhesions but is limited by the disassembly of
actin networks. As a result, cells move faster in ECMs with
smaller &:cp-

40 —— amoeboid
—@— finger-like
30 mesenchymal
—y— rear-squeezing
L
ERe
3
10
0 T T T T T T
0.001 0.01 0.1 1
kq s

Figure 5. Cell speed dependence on the adhesion detachment rate.

For cells moving in finger-like mode, v reaches
maximum at &gcy ~ 3 pm. Similar to the mesenchymal and
rear-squeezing mode, a higher traction force is obtained in
a denser ECM due to increased chance of forming adhesion
sites. But the resisting force, which is mainly from the steric
effects between the bulging cell body and the ECM, also
increase when the density of ECM increases. These two
opposing effects lead to a maximal speed at &gcy that is com-
parable with the width of the finger-like protrusion, which is
set to be 2 wm in our simulations.

These results provoke thoughts about relevance of the
nuclear size for different migration modes. Assuming that
the overall cell size, excluding long protrusions, is of the
same order of magnitude as that of the nucleus, amoeboid
and blebbing mode would be optimal if &xcy is of the same
order of magnitude as the nuclear size. In all other modes,
dragging the nucleus through ECM limits the locomotion,
and so the smaller the nucleus, the better for the cell speed.
Not surprisingly, active deformations of the nucleus (rigidity
of the nucleus in the model is one of its major limitations)
contribute crucially to a number of experimentally observed
motility mechanisms. Lastly, in the rear-squeezing mode, the
nucleus is not only the drag but also a ‘ram’ used by the cell
instead of cytoskeleton-based protrusion.

4.5. Migration speed depends on the extracellular

matrix stiffness
By varying the spring constant ksgcyv of the ECM links, we
are able to alter the Young’s modulus of the ECM through
Yeem = ks/&gcm without changing the geometric structure
of the ECM. The simulated v as a function of Ygcy with
parameter values shown in table 2 is shown in figure 7.

For the range of Ygcy between 1 Pa and 1000 Pa that we
studied, the speed of finger-like migration shows a biphasic
dependence and is very sensitive to Ygcwm: U reaches a
maximum value of about 34 pms™ ! at Ygom & 12Pa and
reduces by a factor of more than 5 as Ygcy approaches
either extreme values. For other migration modes, Ve
becomes less sensitive to Ygcmy with the maximum-
to-minimum ratio of v,y being approximately 2. In all
migration modes except for finger-like mode, vy is
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Figure 6. Cell speed dependence on the ECM mesh size.

insensitive to Ygcy in the range of Ygom = 1-10Pa but
shows different trends as Ygcy further increases to 1000 Pa:
Ueen in amoeboid mode shows a weak biphasic dependence
on Ygcm with its maximal value at Yoy = 120Pa; v in
chimneying mode has an opposite biphasic dependence on
YEcm with its minimal value at Ygcym &~ 200 Pa; v, increases
monotonically in blebbing mode but decreases monotonically
in both mesenchymal and rear-squeezing modes.

We explain that Ygcy influences v with the following
arguments. A stiffer ECM will yield less when deformed by
cells and thus better preserve its local structure. As a result,
cells can exert stronger traction forces through steric inter-
actions with the ECM and move faster. For finger-like
mode where adhesion in the thin protrusion is critical for
the generation of traction forces, a stiffer ECM will allow
each adhesion site to exert a stronger traction force during
its lifetime and thus make the cell move faster. On the
other hand, the better preserved local structure of the ECM
will produce a higher resistance force to the front of cells if
local proteolytic activity is low, leading to a slower speed.
In addition, the local structure of stiffer ECM will tend to
divert the direction of cell migration, leading to a less persist-
ent cell migration and thus a slower average speed. For cells
moving in amoeboid or blebbing mode, the pores of a stiffer
ECM is less likely to expand and will thus make the cell
nucleus less likely to move through, which will also lead to
a reduced speed of cell migration.

With the above effects, v in different modes will have
different dependencies on Ygcy. For example, at low Ygcy,
cells in finger-like mode cannot produce strong traction
forces and will move slowly; at high Ygcy, these cells will
experience high opposing forces at the front and will also
move slowly; only at intermediate Ygpcy these cells can
achieve optimal migration speed.

4.6. Phase diagram for migration modes

Since v, is not very sensitive to Ygcp, we focus on how pro-
teolytic activity, &gy and kg affect v and the migration
modes. We simulate migration of cells with an initial radius
of Ree = 8 pm inside an ECM of Ygcym = 10Pa. By varying
both &:cy and kg, we obtain contour plots of v, with and
without proteolytic activity (figure 8).
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Figure 7. Cell speed dependence on the ECM Young's modulus.

We visually identified the migration modes for different
combinations of écy and kg, and constructed a phase
diagram of migration modes on top of the contour plots of
Veen (figure 8). Because we do not include the initial long
protrusions of cells in this simulation, the finger-like mode
is identified when cells form a single, long protrusion along
the direction of migration. Other than finger-like mode,
cells without proteolytic activity can be either amoeboid or
blebbing type. They are differentiated by the number of
adhesion sites: cells with an average of more than two adhe-
sions are defined as amoeboid type while others are defined
as blebbing type. Since we do not include the biased nuclea-
tion of actin in this simulation, the rear-squeezing mode is not
included in the phase diagram.

For cells without proteolytic activity (figure 8a), we find
two local maxima: one is at &y ~ 2 wm and kg ~ 0.001s71,
the other is at &cy ~ 12 pm and kg4 ~ 0.001s7L. By compar-
ing the migration modes, we find that the first maximum
corresponds to a finger-like migration, and that the
second maximum corresponds to an amoeboid migration.
Cells in amoeboid mode can reach a maximum speed of
Vel = 15 umh™! while those in finger-like mode have a
maximum speed of approximately 10 umh™'. The speed
of finger-like migration in this simulation is much
slower than the one simulated previously (figure 6) because
these cells do not have the prescribed protrusion where
adhesions and actin contraction are highly active. From
figure 8a, we find that finger-like mode occurs at
&em <5pm and kg < 0.005s7!. Amoeboid mode occurs
at 5pm < &y <20pm  and kg < 0.06s7!. Blebbing
mode happens at 5pum < &cy < 14pum and kg > 0.06s71.
The boundary between amoeboid and finger-like modes is
roughly along &y = 5 pwm, which is likely to be determined
by the available area of protruding pseudopodia.

For cells with proteolytic activity (figure 8b), we find that
the most effective cell migration happens at &y < 12 pm.
There exists a single local maximum at &gy =~ 5pum and
k4 ~ 0.0055~! where cells move in mesenchymal mode. For
&om <8pm and kg > 0.1s57!, chimneying mode starts to
emerge but with a much slower speed. Wolf et al. [11]
found that inhibition of proteolytic activity on mesenchymal
HT-1080/MT1 cells in 3D collagen matrix switches the cell
into amoeboid mode but does not change the migration
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Figure 8. Simulated speed and migration modes for cells without proteolysis
(a) and with proteolysis (b). Symbols indicate simulated modes of migration.
Circles, amoeboid mode; up-triangles, blebbing mode; crosses, finger-like
mode; pluses, mesenchymal mode; down-triangles, chimneying mode.

speed. This finding corresponds to &gcy =14pm and
kq < 0.01s7! in our simulation where switching off proteolytic
activity changes the migration mode from mesenchymal to
amoeboid but v remains about the same.

5. Discussion

Our simulations suggest that observed modes of 3D cell
migration can be explained by a single model which has three
main components: protrusion, contraction and adhesion.
We find that we can reproduce five modes of motility if we
include or exclude proteolysis of ECM, and vary adhesion/
detachment rate, and spatial distributions of protrusion,
contraction and adhesion. Specifically, mesenchymal mode
requires strong proteolytic activity and low-adhesion detach-
ment rate. Chimneying mode works in the absence of
adhesions, but requires proteolytic activity. Amoeboid and
blebbing modes persist with inhibited proteolysis and the
low-adhesion level. Finger-like protrusion mode requires actin
expansion at the tip of the protrusion, strong adhesions along
the protrusion, strong contraction at the base of protrusion
and an ECM that can be easily ruptured. In this mode, prote-
olysis is dispensable. Lastly, in the rear-squeezing mode, actin
network has to be concentrated behind the nucleus, so that

the contraction of the actin network can generate a squeezing [ 10 |

force on the nucleus to push the cell forward.

We further find that the mode of the cell motility could
evolve without changing parameters or spatial distributions
in response to the ECM and adhesion properties: without
proteolysis, cells choose the finger-like protrusion mode in
the dense ECM, and amoeboid mode in ECM with larger
mesh size. The amoeboid mode becomes blebbing mode in
the absence of adhesions. With proteolysis, cells move in
chimneying mode in low-density, low-adhesion ECM and
in mesenchymal mode in dense adhesive ECM.

The model makes a number of interesting quantitative
predictions: the finger-like protrusion mode is sensitive
to the ECM elasticity; cell speed peaks at an intermediate
elasticity. Speed in other modes is not very sensitive to the
ECM elasticity. Cell speed in the majority of modes is sensi-
tive to the ECM mesh size; there is an optimal ECM
density, specific for each mode. There is an optimal adhesion
strength maximizing speed in mesenchymal and rear-
squeezing modes, while the speed is a decreasing function
of the adhesion strength in amoeboid and finger-like
protrusion modes.

One general conclusion is that cells can sometime dis-
pense either the front protrusion, or the rear contraction, or
adhesions, but the rearward flow of the cortical actin network
is always important for migration in 3D. Without rear con-
traction, the flow of the actin network is weak, which slows
down the cell migration speed but does not stop the
motion. Without adhesions, cells can move via steric inter-
actions with the ECM by forming small protrusions to
‘grab’ on the structures of the ECM. Thus, the retrograde
flow of the actin network and its mechanical coupling to
ECM is a versatile driving mechanism for cell migration in
3D. In addition, proteolysis is important for efficient
mesenchymal migration in a dense ECM. One interesting
result is that the combination of parameters yielding minimal
migration speed lies roughly along the diagonal line from
low proteolysis + high kg4 + small &gy to high proteolysis +
low kg + large &xcym-

Our model is conceptual, rather than comprehensive: it
does not consider the effect of membrane blebbing. ECM in
the model is represented by interconnected nodes, and the
cell interacts with the ECM only through these nodes, not
with the ECM fibres. Importantly, the model does not include
random competing protrusions. Besides, the simulations
would have to be redone in the asymmetric 3D case, which pre-
sents a significant computational challenge. One of the
consequences of these simplifications is that the predicted
‘snail trails” in figure 2 indicating a footprint of cell passage
do not correspond well to experimental observations. In
addition, the prediction of non-altered tension in the re-
modelled ECM adjacent to the passage of the cell does not
agree well with observations. Future simulations of the realistic
nonlinear, mechanosensing, mechanochemical, history-
dependent and viscoelastic properties of the actin—myosin
and ECM networks, and nucleus will be required.

We should note that the parameters with which we
describe the physical properties of ECM, such as &y and
YEcMm, are typically interdependent. For example, increasing
the density of ECM can increase Ygcy but will decrease
éecms Yeem can be changed without affecting &pcy by
using a different ECM material, but it is likely to influence
the adhesion dynamics. Studying the relation between
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these factors is beyond the scope of current study. In our
model, the detachment rate of cell-ECM adhesions is sim-
plified to be a constant k4. But in reality, such detachment
rate may depend on the stress or strain in a nonlinear
fashion. Such dependence will impact our v — kq relation
in complicated ways. A detailed study of how different
dependence of kq on the force or strain will be included in
the future to improve our model. Last, but not least, continu-

Downloaded from http://rsfs.royalsocietypublishing.org/ on August 19, 2016

3D motility.

ous modelling of the 3D cell migration [28-31] has to be

explored in parallel with discrete computational models,

such as ours.
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