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Collective cell motion occurs in many biological processes, such as wound healing, tumor invasion and
embryogenesis. Experiments of cell monolayer migration have revealed the spontaneous formation of finger-like
instabilities, with leader cells at their tips. The mechanism driving this instability is still unknown at present. We
present a particle-based model for collective cell migration, which includes velocity alignment interactions
between neighboring cells. At the edge of the monolayer we introduce the following additional forces: surface-
elasticity restoring force, curvature-dependent motility positive feedback, and contractile acto-myosin cables. We
find that the curvature-driven instability at the layer edge is necessary and sufficient for the initiation of leader-

cells and the subsequent growth of cellular fingers, which are in good agreement with experimental observations.
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Collective motion occurs in many biological processes, such as wound healing, tumor invasion and
embryogenesis. Experiments of cell monolayer migration have revealed the spontaneous formation of
finger-like instabilities, with leader cells at their tips. We present a particle-based model for collective
cell migration, based on several elements that have been found experimentally to influence cellular
movement. Inside the bulk we include velocity alignment interactions between neighboring cells.
At the border contour of the layer we introduce the following additional forces: surface-elasticity
restoring force, curvature-dependent positive feedback, and contractile acto-myosin cables. We find
that the curvature-driven instability at the layer edge is necessary and sufficient for the formation
of cellular fingers, which are in good agreement with experimental observations.
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I. INTRODUCTION

Collective migration of cells occurs during the normal embryonic development process [1] and the physiological
responses during wound healing or immune response [2]. It also plays an important role during pathologies such
as cancer metastasis [3]. Therefore the mechanisms underlying collective cell migration are under intense current
research [4, 5]. Studies of collective cellular migration of a mono-layer on a flat surface have identified a form of edge
instability, where the border of a cell layer develops finger-like extensions [6-9]. At the tips of such fingers highly
motile ”"leader-cells” are observed, with a distinct morphology. The origin of this instability is still not understoo-l
with several theoretical models proposed to explain the spontaneously formation of such cellular fingers [10-15].

We investigate here the curvature-motility positive feedback mechanism, which was proposed in [11]. This mech-
anism is similar to the curvature driven instability implemented in the geometric model of crystal growth [16, 17|
in order to mimic in a simple way the Mullins-Sekerka instability [18]. We use a particle-based simulation, whert
cells are treated as point-particles, which was previously shown to describe very well the bulk dynamics of confluent
cells [19, 20]. This bulk model is then combined with a special treatment of the cells at the border (edge) of the cell
layer: For convex regions (protrusions) we have an increasing motile force pulling the cell outwards, linearly increasing
with the curvature [11]. This describes the phenomenological observation that cell motility is affected by the borde:
curvature [21], and the tendency of cells to extend larger and more frequent lamellipodia as their edge becomes more
sharply curved [22]. For concave regions we add the contractile force due to the super-cellular acto-myosin cable thot
is observed to form at the layer edge [9, 23], and plays an important role during layer hole closure [24-27]. This model
therefore allows us to explore the role of each of these components on the formation and dynamics of cellular fingers.

II. THE MODEL

Our simulations are based on the model proposed in [19], which is a particle-based model that includes Vicsek-type
orientational interactions with pairwise effective potentials [28], with the major change being the addition of specific
forces that act on the cells that are in the outer edge of the cell layer. As in [19] the interactions between cells ir
our model exist only for nearest-neighbors. See SI for detailed description of the algorithm used to determine the
nearest-neighbors and the border cells (see SI, Figs.S1-S6). We specify below the different forces that act on the cells
and determine their motion, within our model. Note that there are many other possible effects that contribute tc
cellular dynamics, which we have not investigated, such as the ability of cells to modify the properties of the substrate
thereby allowing cells to have higher motility on such modified regions [19].

A. Interaction potential

The basic inter-cellular interaction aims to mimic the following behavior of cells: when they are too close they repel,
while they attract each other only when they are pulled apart beyond a certain separation. For cell-cell separation:
that are in between these two limits, the cells are considered to be rather compliant, certainly over the long time-scalo«
of cellular motility, such that they do not effectively apply any forces on each other.

The resulting inter-cellular force is therefore taken to have magnitude [19]

Finteraction(r) = Upr exp(—(r/A0)2) + Uy exp(—r/Ag) — Ug(T‘ — A3)2H(T‘ — A3) + Ul(T — Al)H(T‘ — Al) ( )

where H(r) is the Heaviside function, r is the distance between two near-neighboring cells, and U;, A; are free
parameters given in Table 1. The first two terms describe the short-range repulsion, while the last two terms describe
the long-range attraction. Note that there is an upper limit on the separation between nearest-neighbor cells, taker.
as 70pum, beyond which they do not interact.

B. Random Noise

Cells are self-propelled, performing a random walk when no other forces are applied on them. Hence we take e
random force, as an Ornstein-Uhlenback process with correlation time 7. The magnitude of the noise can depend on
the local density of the cells, expressed by the following form [19]

o(p) = 00 + (01 — ) (1 - ﬁ) 2)

Po
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where pg is the reference density of the cells and p is the local cell density. The random force is directed along a
direction 77, which evolves in time according to random diffusion in direction space, described by

dn;

T =-ni+& (3)

where 7 is the correlation time, and ¢; is a delta-correlated white noise (independent for each cell): < & ()& (t') >=
5t —t).

C. Vicsek interaction

Cells, like many other biological entities, tend to align their velocity when moving as a collective group. Mathe-
matically this behavior is described here by a Vicsek-like/fluid viscosity term [19, 29]. With this term we can write
the overall equation of motion for a cell in our system as

Ui =—ab + o+ Y [%@;——@-)} + Y [Futeractionis (i) (4

jN.N.ofiL™? jN.N.ofi

where « is the effective friction coeflicient of the cell with the substrate, and 8 describes the strength of the orientationa.
interactions with the nearest-neighboring cells. We work in the limit of zero inertia, so keep forces in units of
acceleration (mass is set to unity). In this limit the effective friction parameter « is describing the rate at which cells
depolarize and reorient their internal polarization.

D. Contour forces

For the cells at the outer edge of the cell layer, we include several additional forces. First, there are passive restoring
force, which arise from the behavior of the edge as an effective one-dimensional membrane [11], with a finite bending
modulus . There are two active forces at the edge: for convex curvature there is a higher tendency of edge cells to
form large lamellipodia pointing outwards, thereby producing a directed pulling force [11]. For concave curvature, it
is observed that cells tend to form an actin-myosin cable that acts to apply a large tension on the border cells. Such
a cable is observed during hole closure experiments, as a ”purse-string” mechanism [24-27].

The restoring force of the effective 1D membrane is described by a Helfrich energy functional

F= W/ (%nm) ds (5

where H is the magnitude of the local curvature of the border contour (see SI, Figs.S8,59). The normal forces appliea
on the border cells are derived from the Helfrich energy, to be [11]

, PH 3 - ‘
Fbending = —K dS_2 + §I€|H| H (0)

shown in Fig.1.

Cells at the layer edge tend to extend larger lamellipodia towards the open surface, inducing a large pulling force
directed outwards [30]. The active force describing the positive feedback between convex curvature (H < 0) at the
border, and increased motile force of the cells, is given by [11]

Fy H>0
Fborder = IF{ZZJ; |H| 0>H > _Hmam (7

Fmax H < _Hmax

where H,,q. =~ (16)~(um)~1 is the maximal curvature that the cells can adopt, with the corresponding maximai
motile force Fj, 4., and Fy = 0 is the outwards directed motile force on border cells in flat or concave regions. This
force always points towards the outwards normal to the border contour (Fig.1).

Note that in Fig.1 the patterns of ﬁbending and F_"border are somewhat similar in the fingers. However, the origin of
this behavior is very different: The bending force is attempting to inflate the sharp tip of the finger so as to reduce
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FIG. 1. A snap shot of an evolving border of the expanding cell layer, indicating the magnitude and directions of the local
normal forces at the edge (all forces plotted with the same scale): Finteraction (Eq.1, fourth term in Eq.4), Fpnoise (second term
in Eq.4), Fvicsek (third term in Eq.4), the restoring force due to curvature Fbending (Eq.6), the active lamellipodia-driven force
acting on the convex regions Foorder (Eq.7, always pointing towards the outwards normal), and finally the force arising from
the contractile acto-myosin cable acting in the concave regions ﬁcable. The inset shows how the local tangential forces ﬁcabu
between the cells that make up the cable, end up pulling the cells in the normal direction, due to the local curvature.

its local curvature, due to the H? term in Eq.6 (last term). The bending force of Eq.6 can never be the source o
fingers and instability, as it acts initially to flatten any initiation of undulations in the edge contour. By contrast, the
active force of cell motility described by ﬁborder is linear in the curvature H (Eq.7), and is indeed the sole driver of
the fingers instability in our model.

The actin cables are modeled as an additional attraction force (ﬁcable) that acts between border cells, pulling
them towards each other, as long as the local border contour curvature is concave (H > 0, Fig.1). The value o1
F.apie = 350(um/h?), was chosen to give a good fit to the observed dynamics (Fig.4a), and also agrees with estimates.
based on hole-closure experiments [5]. These acto-myosin cables are observed to inhibit the formation of outwards.
pointing lamellipodia in the edge cells [9], which in our model appears naturally through the distinct division between

Frorder and F.qpe based on the sign of the curvature (Eq.7).

E. Proliferation

Cells in the model divide at an average constant rate, with a mean division time of (T") ~ 28hrs. We implement.
the observation that cell division time depends on the local cell density [31], by the following expression

T(p) = T <1 + (%)j 8

where p; is some reference density, and Tp is a model parameter chosen to fit the real division time (Table 1).

III. RESULTS
A. Finger formation

We begin by fitting the key parameters of the model, so that we have good agreement (Fig.2a) with the observation:
of finger instability in expanding cell layers [6-9]. Note that while the model is general, we wish to explore a realistic
range of parameters, and therefore it was useful to first fit it to the observed behavior of one particular cell type
(MDCK cells). We used essentially the same parameter set that was found in [19], which fits the bulk behavior o
the cell layer. The remaining parameters relate to our application of the shape-motility model on the outer contour,
and these are fitted to the observations as follows. The overall density of fingers along the contour is described 1y
the linear stability analysis which gives the wavelength of the most unstable mode [11] (Afinger, EQ.S10). We fina
that in our model this relation still describes very well the average distance between fingers (Fig.S10). Note that
the appearance of the fingers is a stochastic event due to the random motion of the cells, with Atjnger giving the
average separation. To fit the calculated density of fingers to the observations, we fix , such that: Ainger ~ 300um.
However, this length-scale depends on the ratio of the effective bending modulus of the contour, and the slope of the
curvature-force feedback (Finaz). We vary F,q.., while keeping the density of fingers fixed, until we find fingers that
have maximal velocities for their leader cells (at the tips, Fig.2f) that match the observed values of Vi, ~ 20um/h
[19]. We also avoided very large values of F,,., where cells at the tips of fingers begin to detach from the confluent
layer (Fig.S7), if the Fj,,,. is larger than the attractive force from the inter-particle potential (Eq.1). The final set o
parameters is given in Table 1.

Using these parameters we find indeed that our model gives rise to the spontaneous initiation and elongation ot
fingers (Fig.2 a). The overall density of fingers along the edge of the cell layer, as well as the time-scale of the motior
of the contour (Fig.2b), are in good agreement with the observations [19]. In Fig.2c we plot the calculated mear
velocity profile, which is in good agreement with observations [7]. Note that in the experiments the contour velocity
is observed to increase linearly with time, until it reaches a finite terminal value [6, 19], while we calculate a finite
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FIG. 2. (a) Typical shapes of an expanding cell layer at the indicated times, exhibiting the fingers instability (suing the nominal
values of the parameters given in Table 1). (b) Mean value of the |z|-coordinate displacement of the border cells, as a function
of time. The expansion is roughly linear. (c) Mean cell speed across the layer, as function of the xz-coordinate, at time ¢t = 22hrs
(see (a)). (d) Typical shape of a growing finger, showing the velocity field of the cells. Also indicated is the main axis of the
finger (red line), which is used to extract (e) the mean cell density and (f) the mean cell parallel velocity (along the finger axis),
averaged over the finger cross-section.

FIG. 3. (a) Overlay of the border contour of the expanding cellular layer (grey lines) with the leader cells marked in red. (b’
Snap-shots of the simulation shown in (a), for the indicated times. (c) Total number of leader cells along an accumulated 17mm
length of initial contour edge, as a function of time. (d) The rate of initiation of new leader cells (every 5 hrs), for the samec
simulations as in (c).

contour velocity from the beginning. This may arise due to some incubation time for the cells to respond to the
appearance of the free edge and for them to form the lamellipodia that extend into this open space.

A more detailed analysis of the finger itself, is shown in Fig.2d-f. We find that the cells have a highly ordered flow
within the finger (Fig.2d), as was observed [7, 8], corresponding to the velocity profile shown in Fig.2e, for severa.
typical fingers. The cell density is found to decrease along the finger (Fig.2e), again in very good agreement wi.
experimental observations [8].

An additional comparison to experiments is for the overall rate of formation of leader-cells along the edge of the
expanding cellular layer. This was measured in experiments (Fig.S9 [19]), and we find in our simulations a veiy
similar trend (Fig.3). Both the overall density of the leader-cells, as well as their rate of formation matches very
well the observations. We identify here leader-cells as particles at the free edge that have a convex curvature that i
larger than some minimal threshold (see details in SI). Note that the rate of initiation of new leader-cells can becom-
negative at long times (Fig.3d) due to coalescence of fingers.

We therefore conclude that the model we propose gives a realistic account for the dynamics of the cells in the
expanding layer, including the finger instability at the outer edge.

We next explored systematically the components of the model for their effect on the formation of fingers. As shown
in Fig.S11b, cell proliferation is not essential for the initiation of fingers. However, the lack of new cells eventually
limits very strongly the ability of the layer to expand, and of the fingers to continue growing. In Fig.4 we explore the
role of density-dependent noise (01 — op in Eq.2 [19]) on the formation of fingers. We find that while fingers initiate
even with a uniform noise (09 = 01), they tend to be thicker and smaller in amplitude (Fig.4a). More important!,
the lower noise at the edge for the density-independent noise prevents the cells following the leader from being able
to move fast and keep up, thereby acting to slow down the finger growth significantly. In Fig.4b we compare the
velocities of the cells inside the fingers, and find that without the density-dependent noise they are similar to the
bulk, while with density dependent noise they are much faster, as observed in experiments. We therefore conclude
that this element is important to allow the cells behind the leader to be able to follow its fast velocity [19].

B. Role of orientational ordering

We wanted to explore the role played by the tendency of cells to align their motion with that of their neighborin~
cells, in the formation of fingers (Fig.5a). First, when varying the alignment parameter 5 (Eq.4) in our model we al o
affect the overall motility inside the bulk cell layer, such that it is reduced when 3 is increased (Fig.S12). We therefore
adjusted the noise level (o) to recover the observed velocity distribution in the bulk (Fig.S12). As shown in Fig.5a
the alignment parameter strongly affects the shape of the fingers, such that they become very narrow for small values
of 8. The reason for this is the reduction in the velocity correlation length &,, (Fig.S13b) with decreasing § (Fig.5b).
such that a leader-cell can not induce a large flow of followers when the correlation length is too small. The result s
that cells follow the leader in a single-file manner, and the finger becomes very thin. Since the fingers are thinner fc.
smaller 5 they tend to have higher curvature at their tips, and faster leader-cells (Fig.5c¢).

For large values of 8 we find that the leaders induce large flows of followers (Fig.5a), which results in thicker fingers
In the limit of large values of 8 the correlation length &,, grows to the size of the whole layer [32], and in principle

FIG. 4. (a-b) Velocity distributions in the bulk (dark blue) and fingers (light blue), for the density dependent and independent
noise cases. (c-d) Snap shot at ¢ = 20h for fingers formation with density dependent and independent noise (Eq.2). The bulk
cells are indicated in dark blue, while those related to the fingers are indicated in light blue.
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FIG. 5. (a) Typical shapes and velocity fields of expanding cell layers (¢ = 20hrs), calculated for different values of the
orientational (Vicsek-like) interaction 8 (Eq.4). (b) Velocity correlation lengths &, in the layer bulk as a function of 8 from
the simulations, showing the monotonic increase with 5. (c¢) The mean velocity of the leaders (see Fig.3 for leaders detection),
and their curvature, as a function of .

FIG. 6. (a) Typical shapes of expanding cell layers, calculated for different values of the acto-myosin cable tension Frapre. The
parts of the contour which are concave and contract due to the cable are denoted by the red lines. (b) Average roughness (SD)
of the border contour, as a function of the cable force. We find that increasing cable tension tends to flatten the contour. Ir
(c) this is observed as an increase in the tangent correlation length along the contour.

the cells would begin to behave as a highly correlated ”"flock”, in which they are perfectly aligned with the leaders
In this limit we expect very few (but very wide) fingers, since the whole layer simply moves coherently in the same
direction.

In a simple contour model for this instability [11], fingers grew whenever the contour became unstable, since in that
model the motion of the contour was not impeded by the cellular flow in the bulk, which was not described. We finc
here that for the contour-driven instability to form, the cells in the bulk need to be recruited into the growing fingers
and this can happen only when they have strong enough alignment interactions. Otherwise, the flow of cells behind
the leaders is limited to the base of the finger, in a single-file manner, resulting in very thin fingers.

C. Acto-myosin cables at the border contour

Another distinct feature appearing at the edge of cell layers, is a supracellular actomyosin cable that contracts the
cells [9, 23]. This feature plays an important role during the closure of holes in the cell layer [24-26], in a purse-string
mechanism. In the experiments it is observed that this cable appears only in regions where the edge has a concave
shape. We have implemented this additional contractility of the edge cells, when they have a concave shape, and
explored the role of this feature on the formation and shapes of the fingers. In Fig.6a we plot the shape of typical cels
layers for different values of the cable tension Fiup.. We find that the tension in the cable adds to the line-tension a
the layer edge that acts to suppress the fingers [11], leading to a lower density of fingers along the contour (increasing
Afinger, Eq.510). In addition, by pulling the cells in the concave regions outwards, the cable tension leads to fast -
overall layer expansion.

These qualitative features, are manifested in the diminishing amplitude of fingers with increasing cable tension, ac
shown in Fig.6b. Similarly, the effect of the cable to lower the density of fingers and smooth the outer contour, results
in an increasing correlation length along the contour &;angent (Fig.6c, Fig.S13a). Our model therefore predicts that
inhibiting the formation of the actomyosin cable at the layer edge will induce a proliferation of fingers, but slower
overall border expansion.

Note that the role of myosin contractility on the edge motion is not only through its effect on the tension in tl.c
acto-myosin cables, which we study in Fig.6. As was observed in experiments [30, 33, 34], reducing contractility using
blebbistatin results in enhanced overall cellular motility, with larger and more persistent lamellipodia. This effect can
of course enhance the advance of the edge, and dominate over the effects of the cables that we describe in Fig.6.

IV. EFFECTS OF MOTILITY AND COMPARISON TO EXPERIMENTS

To study the effects of overall cell motility on the fingers formation, experiments were carried out with different
concentrations of fibronectin coating (Fig.7a, see SI for details). It is found that overall cell layer expansion increases
with the fibronectin concentration, due to stronger cell-substrate adhesion and larger traction forces, as shown by the
mean border progression (Fig.7b). We show in Fig.7c,d that a very similar behavior is found using our model, where
we increase the motility of the leader-cell force (Fiqaz, Eq.7). When we vary in the simulations both the leader-cel:
force and the overall noise magnitude (og, 01, Eq.2), we find that the increase in border progression is larger thar
that observed. The fibronectin coating therefore seems to affect most strongly the motility of the leader-cells, rather
than the random motility within the bulk of the layer.

Note that the observed increase in motility (cell velocity) with the concentration of the fibronectin coating (Fig.7) i
eventually reversed in experiments on single cell motility [35, 36]. The reason is that with the increase in cell-substrate
adhesion not only the traction forces increase, but also the effective friction coefficient o in Eq.4 (or the rate of cell
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FIG. 7. (a) Typical shapes of expanding cell layers, in experiments using the indicated concentration of fibronectin coating.
The expansion is faster for larger fibronectin concentration, as shown by the mean border velocity (b). (c) Simulations using
different value of the ”"motility factor” which changes the motility of the leader-cells (Fiaz, Eq.7) by a scaling factor. The
qualitative similarity is very good, showing that fingers form only above a threshold of leader-cell motility, as is also seen in
the mean border velocity (d).

FIG. 8. (a) Example from experiments (left column) and simulations (right column) of the evolution of a finger of cells that
moves side-ways and eventually bends and curves backwards until it merges with the main cell layer. (b) An example of ¢
finger undergoing a tip-splitting event, in experiments (left) and simulations (right).

loss of polarization). This leads us to expect the cells to slow down for very high fibronectin concentrations, where
they essentially become adherent and non-motile.

In Fig.8 we compare different qualitative behaviors of the fingers, observed both in the experiments and in ou
simulations. We often observe in the simulations that the fingers can bend and curve backwards towards the bulk
layer (Fig.8a), and this is also observed in experiments. One mechanism driving this dynamics is the contractior
of the acto-myosin cable, which acts more strongly on the more highly curved side of the finger. Fig.8b shows =
finger undergoing a tip-splitting event. Unlike the continuum model [11], where the tip-splitting was unavoidable
and happened for all fingers, in the discrete model we find that these events are greatly suppressed, as observed 1u
experiments.

V. CONCLUSION

In this work we demonstrated that the instability of an expanding cell monolayer to the formation of cellular fingers
can be described by a theoretical model that contains two essential ingredients: leader-cells are initiated through the
positive feedback between the protrusion of a cell at the layer edge and its motility, and such leaders are then able te
direct a cohort of followers behind them due to orientational interactions.

In Fig.9 we summarize the different cases that are often encountered in expanding cellular layers. For the casc
indicated by (1) we have a strong positive feedback between the curvature and the motile force, which initiates fingers
[11]. For such fingers to be able to thicken and grow the cells need to have strong enough orientational interactior.
(2) For highly motile cells, such that irrespective of the curvature at the edge they extend lamelipodia and crawl
outwards, we have a weak curvature-motility feedback, and do not expect fingers to form. This is indeed observea
for fast migrating cell layers [37]. When the positive feedback is too weak due to overall low cell motility (case 3).
we again do not predict finger formation, as is indeed observed experimentally (Fig.7). Another feature that has
been observed in several experiments, mostly when fingers do not form (as in case 2), is of waves of acceleration
that propagate from the monolayer edge into the bulk [34, 37, 38]. We find somewhat similar waves in our syster.
(Fig.S14), although a detailed study of this phenomenon is beyond the scope of this paper.

FIG. 9. A schematic illustration of the relation between Fporder and the curvature of the edge, that we use in this work (denoted
by the green line (1), Eq.7). For large enough positive slope we predict fingers, while for the two cases indicated by the dash: d
lines (2,3) we do not find fingers, as shown in the simulations below.

Our work allows for a systematic exploration of this collective instability phenomenon, and makes quantitative
predictions that are verified by experiments. The model can be used in other configurations, for example in the
expansion of small cell colonies, as we describe in [39]. By extracting the cellular properties essential for the fingerirg
phenomenon, our work gives motivation for studies aimed at uncovering the underlying molecular processes behin.
collective migration [40, 41], which are still not fully known at present.
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Variable Value Eq. Variable | Value Eq.
Maxz_NN_Dist | TOum (Sup.) T 1.39h (3)
Ohiding 118° (Sup.) || « 1.424 (4)
Uo 265055 (1) B 60+ (4)
A0 8um (1) o0 150 457 (2)
Ul 3077 (1) o1 300 h*g;; (2)
Al 2um (1) K 2.5“;;; (6)
U2 24m (1) Frax 125047 (7)
A2 25pm (1) Hinaa 0.05.~ (7)
U3 hz—w (1) FCable 350‘2—? -

A3 26m (1) To 35h (8)
DT 0.001h (S1) p1 2.2-10%um™2 | (8)

TABLE 1. Table of all parameters used in simulation. *Sup. = appears in Supplementary file
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