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Cell layers eliminate unwanted cells through the extrusion process, which underlines healthy versus
flawed tissue behaviors. Although several biochemical pathways have been identified, the underlying
mechanical basis including the forces involved in cellular extrusion remain largely unexplored. Uti-
lizing a phase-field model of a three-dimensional cell layer, we study the interplay of cell extrusion
with cell-cell and cell-substrate interactions, in a monolayer. Independent tuning of cell-cell versus
cell-substrate adhesion forces in the model reveals that a higher cell-substrate adhesion leads to a
lower number of total extrusion events. We find extrusion events to be linked to both half-integer
topological defects in the orientation field of the cells and to five-fold disclinations in cellular ar-
rangements. We also show that increasing the relative cell-cell adhesion forces translates into a
higher likelihood for an extrusion event to be associated with a five-fold disclination and a weaker
correlation with +1/2 topological defects. We unify our findings by accessing mechanical stress
fields: an extrusion event acts as a mechanism to relieve localized stress concentration.

The ability of cells to self-organize and to collec-
tively migrate drive numerous physiological processes in-
cluding tissue morphogenesis [1], epithelial-mesenchymal
transition [2], wound healing [3], tumor progression [4]
and cancer invasion [5]. Advanced experimental tech-
niques have linked this ability to mechanical interactions
between cells [6-8]. Specifically, cells actively coordi-
nate their movements through mechanosensitive adhe-
sion complexes at the cell-substrate interface and cell-
cell junctions. In this vein, cell-cell and cell-substrate
adhesion seem to be coupled [9], further complicating
the interplay of mechanics with biochemistry. Addition-
ally, cell elasticity affects spatiotemporal protein dynam-
ics on cell membrane [10] which consequently affects cel-
lular processes such as cell division [11] and motility [12].

While advances in experimental techniques are fol-
lowed by more nuanced theoretical and computational
developments, a majority of current approaches to sim-
ulate multicellular layers are limited to two-dimensional
systems, hindering in-depth exploration of intrinsically
three-dimensional nature of the distinct forces that gov-
ern cell-cell and cell-substrate interactions. Moreover,
some of the most fundamental processes in cell biology
such as cell extrusion - responsible for tissue integrity -
are inherently three-dimensional. Thus, studying the un-
derlying mechanisms necessitates access to both in-plane
and out-of-plane features of the cell layers.

Cell extrusion refers to the process of removal of excess
cells to prevent accumulation of unnecessary or patholog-
ical cells. This process can get initiated through apop-
totic signaling [13], oncogenic transformation [14] and
overcrowding of cells [15-17] and mediated by actin orga-
nization [18]. Most importantly, cell extrusion plays an
important role in developmental [19], homeostatic [16]
and pathological processes [20], including cancer metas-
tasis. However, the underlying mechanisms that facili-
tate cell extrusion are still unclear [21].

The similarities between cellular systems and liquid
crystals manifested in local nematic alignment and topo-
logical defects [22-27] provide a fresh perspective for
understanding cellular processes. In cellular monolay-
ers, comet-shapes and trefoils topological defects, corre-
sponding to +1/2 and —1/2 charges, respectively, are
prevalent [28, 29]. These are singular points in cellu-
lar alignment that mark the breakdown of orientational
order [30]. Recent experiments on epithelial monolay-
ers found a strong correlation between extrusion events
and the position of a subset of +1/2 defects [22]. Addi-
tionally, a numerical study of overlapping active particles
in two-dimensions suggest an alternative to topological
defects of nematic order, arguing that overlaps between
the cells and cellular extrusions are favored near five-fold
disclinations [31], representing imperfections in hexago-
nal, honey-comb structure of cells arrangement in the
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FIG. 1. (a): A representative simulation snapshot of a three-
dimensional cell monolayer and cell extrusion events. (b):
A cross-section (dotted yellow line) of the cell monolayer
highlighting extrusion events through out-of-plane velocity
(v, =T-¢,).
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FIG. 2. Projected simulation snapshot into xy-plane with
(a) £1/2 topological defects and (b) five-fold and seven-fold
disclinations mapped into the monolayer as two extrusion
events take place. Probability densities of dmin for varying
cell-substrate to cell-cell adhesion ratios Q2 and for four dis-
tinct realizations for (¢) —1/2 and (d) +1/2 topological de-
fects (inset: distribution mean m vs. wew). (€) The probabil-
ity density of coordination number Zz for varying cell-substrate
to cell-cell adhesion ratios € (inset: Z for all extrusion events).

monolayer [32]. These recently introduced purely me-
chanical routes to cell extrusion have opened the door
to new questions on the nature of forces that are in-
volved in eliminating cells from the monolayer and chal-
lenge the purely biological consensus that an extruding
cell sends a signal to its neighbor that activates its elim-
ination process [13]. Nevertheless, it is not clear if these
different mechanisms are related, and whether, depend-
ing on the mechanical features of the cells, the cell lay-
ers actively switch between different routes to eliminate
the unwanted cells. Since all the existing studies so far
have only focused on effective two-dimensional models of
the cell layers, fundamental questions about the three-
dimensional phenomenon of cell extrusion and its con-
nection to the interplay between cell-generated forces at
the interface between cells and the substrate, with mul-
ticellular force transmission across the cell layer, remain
unanswered.

In this Letter, we explore three-dimensional collective
cell migration in cellular monolayers. Based on large
scale simulations, we examine (i) the underlying mech-
anisms responsible for live cell extrusion, including any
correlations with +1/2 topological defects and five-fold
disclinations, and (ii) the interplay of cell-cell and cell-
substrate adhesion with extrusion events in cellular sys-
tems. We find a lower likelihood of an extrusion event
occurring as cell-substrate adhesion increases. Further-
more, we link the extrusion events to both half-integer
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topological defects and five-fold disclinations with the
likelihood of an extrusion event associated with each
altered by the relative cell-cell interactions. Lastly,
by mapping the mechanical stress field across the en-
tire monolayer, we identify localized stress concentration
as the unifying factor that governs various mechanical
routes to live cell extrusion.

We consider a cellular monolayer consisting of N = 400
cells on a substrate with its surface normal &, (= ¢€,) =
€z X € and periodic boundaries in both €, and €,
where (€, €, €,) constitute the global orthonormal basis
(Fig. 1). Cells are initiated on a two-dimensional simple
cubic lattice. The cell-cell and cell-substrate interactions
have contributions from both adhesion and repulsion, in
addition to self-propulsion forces associated with cell po-
larity. To this end, each cell ¢ is modeled as an active
deformable droplet in three-dimensions using a phase-
field, ¢; = ¢; (¥). The interior and exterior of cell 4
corresponds to ¢; = 1 and ¢; = 0, respectively, with a
diffusive interface of length A connecting the two regions
and the midpoint, ¢; = 0.5, delineating the cell bound-
ary. A simple free energy functional, F, is considered
[33]:
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where F contains a contribution due to the Cahn-
Hilliard free energy [34] which stabilizes the cell inter-
face, followed by a soft constraint for cell volume around
Vo (= (4/3) mR}), such that cells - each initiated with ra-
dius Ry - are compressible. Additionally, k and w capture
repulsion and adhesion between cell-cell (subscript cc)
and cell-substrate (subscript cw), respectively. Moreover
~ sets the cell stiffness and p captures cell compressibil-
ity and ¢,, denotes a static phase-field representing the
substrate. This approach resolves the cellular interfaces
and provides access to intercellular forces. The dynamics
for field ¢; can be defined as:

OF
o
where F is defined in Eq. (1) and ¥; is the total veloc-
ity of cell 7. To resolve the forces generated at the cel-

lular interfaces, we consider the following over-damped
dynamics for cells:

Ori + T - Ve = — i=1,..N, (2

= ¢t~ FP = / 476 - TT™, 3)
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where t; denotes traction, & is substrate friction and
F;-Sp = ap; represents self-propulsion forces due to po-
larity, constantly pushing the system out-of-equilibrium.
In this vein, « characterizes the strength of polarity force
and II'™ = (3", — (6F/d¢;)) 1. While only passive inter-
actions are considered here, active nematic interactions
can be readily incorporated in this framework [9, 33]. To
complete the model, the dynamics of cell polarity is in-
troduced based on contact inhibition of locomotion (CIL)
by aligning the polarity of the cell to the direction of the
total interaction force acting on the cell [35]. The polar-
ization dynamics is given by [36]:

&ib; = —J|6;|A0; + Dy, (4)

where 0, € [—m, 7] is the angle associated with polar-
ity vector, i.e. p; = (cosf;,sinf;) and 7 is the Gaussian
white noise with zero mean, unit variance, D, denotes
rotational diffusivity and A#6; represents the angle be-
tween 7; and ¢; . Furthermore, positive constant J sets
the time scale associated with the alignment of polarity
to the total interaction force.

We perform large scale simulations with a focus on the
interplay of cell-cell and cell-substrate adhesion strengths
on collective cell migration and its impact on cell ex-
pulsion from the monolayer. Following [33], the space
and time discretization in our simulations are based on
the average radius of MDCK cells, ~ 5um, velocity
~ 20um/h and average pressure of ~ 100Pa, measured
experimentally in MDCK monolayers [22], correspond-
ing to Az ~ 0.5um, At ~ 0.1s and AF ~ 1.5nN
for force. In this study, we set the cell-substrate ad-
hesion strength we, € {0.0015,0.002,0.0025} and vary
the cell-substrate to cell-cell adhesion ratio in the range
O = Wee/wew € {0.2,0.4,0.6}. Based on previous ex-
perimental and theoretical studies [9, 33, 36], the other
simulation parameters are K¢, = 0.5, K¢y = 0.15, £ = 1,
a=0.5,A=3, p =45, D, =0.01 and J = 0.005, unless
stated otherwise.

In the absence of self-propulsion forces, the initial con-
figuration equilibrates into a hexagonal lattice. Biological
processes such as cell division and apoptosis are known
to push the system away from a hexagonal configura-
tion [37]. Similarly here, as we introduce self-propulsion
forces associated with cell polarity, the system is pushed
away from its equilibrium hexagonal configuration, re-
sulting in defects manifested as five-fold and seven-fold
disclinations. Fig. 1(a) shows a simulation snapshot with
two extrusion events taking place. An extrusion event is
detected if the vertical displacement of a cell, relative to
other cells in the monolayer, exceeds Ry/2. Fig. 1(b) dis-
plays the out-of-plane velocity profile, ¥ (Z) - €, for each
cell 7 in the cross-section, clearly marking the extruding
cells as they get expelled from the monolayer and lose
contact with the substrate.

In order to probe the possible mechanical routes to
cell extrusion, we begin with characterizing topological

—
21 00 21 -3 o 2
le-3 le-3

x10~* %101

—800 —600 —400 —200 0 200

€

FIG. 3. (a): The isotropic stress 0'* and (b): out-of-plane
shear stress o, fields projected into a plane, with extruding
cells marked. (c): Temporal evolution of local averages for

iso

0% and o, for one of the extruded cells. t. indicates the
extrusion time and Ro/lcq = 4.

defects in cell orientation field and disclinations in cellu-
lar arrangements. To this end, we first map the orienta-
tion field of the cells for the entire cell layer from the 2D
projected cell shape profile on the zy—plane and identify
topological defects as the singularities in the orientation
field. The results show the continuous emergence of half-
integer (+1/2), nematic, topological defects that sponta-
neously nucleate in pairs and follow chaotic trajectories
before annihilation, reminiscent of active turbulence in
continuum theories of active nematics [38, 39] (Fig. 2a).
It is noteworthy that unlike previous studies of active
nematic behavior in 2D cell layers [33, 40], the nematic
defects here emerge in the absence of any active dipolar
stress or subcellular fields, as the only active driving in
these simulations is the polar force that the cells gen-
erate. Therefore, although the cells are endowed with
polarity in terms of their self-propulsion, the emergent
symmetry in terms of their orientational alignment is ne-
matic, which is inline with experimental observations in
cell monolayers [22, 25], discrete models of self-propelled
rods [41, 42], and recently proposed continuum model
of polar active matter [43]. Remarkably, in accordance
with experimental observations [22], we find that the ex-
trusion events can be correlated with the position of both
+1/2 comet-shaped and —1/2 trefoil-shaped topological
defects. To quantify this, Fig. 2(c)-(d) display the prob-
ability density of the minimum distance dp,;, between an
extruding cell at time t. and +1/2 topological defects in
the interval ¢ € [t. —900, t. +100] for four distinct realiza-
tions and for varying cell-substrate to cell-cell adhesion
ratios €. In both cases, the probability density peaks in
the vicinity of the eliminated cell (= 1.5Ry) and falls off
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to nearly zero for diilf Z 5Ry (= 40).

Next, we explore the other possible mechanical route
to cell extrusion based on the disclinations in cellular ar-
rangement [31]. To this end, we compute the coordina-
tion number of each cell based on their phase-field inter-
actions and identify the five-fold and seven-fold disclina-
tions, with an example shown in Fig. 2(b). To quantify
the relation between extrusion events and the disclina-
tions, the probability density of the coordination num-
ber of an extruding cell averaged over the same interval,
t € [te —900,t. 4+ 100], z, for all the realizations is shown
in the inset of Fig. 2(e), clearly exhibiting a sharp peak

near zZ = 5.

This correlation between disclinations and extrusion
events is also related to the mechanical stress localization
at the five-fold disclinations: The occurrence of disclina~
tions in a flat surface produces local stress concentra-
tion [32]. Since it is energetically favorable to bend a
flat surface, rather than to compress or to stretch it, the
local stress concentration can lead to either a five-fold
(positive Gaussian curvature) or a seven-fold (negative
Gaussian curvature) disclination. In our set-up and given
that we consider a rigid substrate, five-fold disclinations
are much more likely to provide relief for the high lo-
cal stress concentration. This can change if the rigidity
of substrate is relaxed or extrusion in three-dimensional
spheroids are considered. Since we conjecture that
both topological defect- and disclination-mediated ex-
trusion mechanisms are closely linked with stress local-
ization, we characterize the in-plane and out-of-plane
stresses associated with the simulated monolayer. We
compute a coarse-grained stress field [44, 45], o;; =
(1/(2Veg)) Xev., (t;®é, +t;®e,) where T repre-
sents the center of the coarse-grained volume, V.4 = o

cg’
corresponding to coarse-graining length (.q, t; = t; (Zp,)
and unit vector €, = €, (Zm,To). Fig. 3(c) shows the

evolution of local isotropic stress, ¢'*° = (1/3)tro, and
an out-of-plane component of the shear stress, o,.., aver-
aged over an extruding cell ¢ and its nearest-neighbors,
nn. The result shows a clear stress build up, followed
by a drop near t — t, = 0, where t. is detected by our
stress-independent criterion. This drop in stress is fol-
lowed with another build-up for ¢t > t., due to another
extrusion occurring in that vicinity, as highlighted in Fig.
3(b).

Furthermore, we visualize ¢'° (%) and o (%) fields at
the onset of extrusion events, as shown in Fig. 3(a)-(b).
We observe a high, out-of-plane, shear stress concentra-
tion as shown in Fig. 3(b) as well as tensile and com-
pressive stress pathways (Fig. 3(a)) reminiscent of force
chains in granular systems [46]. While exploring the anal-
ogy of the active force chains observed here with those
in granular systems is beyond the focus of the current
letter, we note that the stress pathways manifest strong
correlations with beads of disclination dipoles, i.e., pairs
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FIG. 4. Number of cell extrusions versus (a) cell-substrate
adhesion strength w.,, for fixed values of the cell-substrate to
cell-cell adhesion ratio Q and (b) the adhesion ratio 2. Tem-
poral evolution of mean and variance (inset) of coordination
numbers, z, for (c¢) different Q and (d) different we.,.

of five-fold and seven-fold disclinations. Interestingly,
the association of cell extrusion events with regions of
high out-of-plane shear stress has parallels with the phe-
nomenon of plithotaxis, where it was shown that cells
collectively migrate along the orientation of the minimal
in-plane intercellular shear stress [47]. In this context, we
conjecture that high shear stress concentration hinders
collective cell migration with cell extrusion providing a
mechanism to re-establish the status-quo.

Next, in order to explore the possible impact of the in-
terplay between cell-substrate and cell-cell interactions,
we independently vary the strengths of cell-cell and cell-
substrate adhesion and quantify their impact on extru-
sion events. Figures 4(a)-(b) summarizes these results
for four distinct realizations of the considered parame-
ters for cell-substrate adhesion w, and cell-cell adhe-
sion strengths w... The results show that increasing cell-
substrate adhesion leads to less extrusion events (Fig.
4(a)), while the ratio Q = wee/weyw does not seem to play
a significant role on the likelihood of an extrusion event
occurring. To explore this further, the temporal evolu-
tion of mean and variance of coordination numbers are
shown in Figs. 4(c)-(d) for a subset of our simulations.
In most but not all cases, increasing cell-substrate ad-
hesion leads to a relatively higher average coordination
number temporal evolution with a lower variance while
increasing cell-cell adhesion has the opposite effect. This
has direct implications on the probability of occurrence of
a five-fold disclination and it suggests competing forces
that often edge towards cell-substrate adhesion. How-
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ever, the relative cell-cell adhesion, €2, seem to alter the
likelihood of an extrusion event being associated with a
+1/2 defect or five-fold disclination. As shown in Fig.

2(d), the distribution mean for d;ilf, m, increases with
Q = wee/wew (see inset) while the peak of the probability
density decreases with 2. At the same time, as shown
in Fig. 2(e), the probability of an extrusion occurring at
a five-fold disclination increases with €. Together, these
results suggest that as the cell-substrate to cell-cell ad-
hesion ratio 2 increases, the likelihood of an extrusion
event associated with +1/2 topological defects decreases
while the likelihood of such event occurring at a five-fold
disclination increases.

Our study presents, to the best of our knowledge, the
first three-dimensional model of the collective migration-
mediated live cell elimination. Importantly, this frame-
work allows for cell-substrate and cell-cell adhesion forces
to be tuned independently. Our findings indeed suggest
that varying the relative strength of cell-cell and cell-
substrate adhesion can allow cells to switch between dis-
tinct mechanical pathways to eliminate unwanted cells
through: (i) cell extrusion at +1/2 topological defects
in the cell orientation field, consistent with experimen-
tal observations [22]; and (ii) cell extrusion at five-fold
disclinations in cell arrangement, where complementing
the previous two-dimensional predictions of elevated cell-
cell overlaps near disclinations, our results show a direct
role of these disclinations in extruding the cells. Focus-
ing on the extruded cells, the results demonstrate that
increasing relative cell-cell adhesion increases the prob-
ability of an extruded cell being a five-fold disclination
while weakening the correlation with +1/2 topological
defects. Additionally, the presented framework provides
access to the local stress field, including the out-of-plane
shear components. Access to this information led us to
conjecture that high shear stress concentration frustrates
collective cell migration with cell extrusion providing a
pathway to re-establish the status-quo, analogous to the
plithotaxis phenomenon. We expect these results to trig-
ger further experimental studies of the mechanical routes
to live cell elimination and probing the impact of tun-
ing cell-cell and cell-substrate interactions, for example
by molecular perturbations of E-cadherin adhesion com-
plexes between the cells and/or focal adhesion between
cells and substrates, as performed recently in the context
of topological defect motion in cell monolayers [9].

Furthermore, we anticipate that this modeling frame-
work opens the door to several interesting and unre-
solved problems in studying three-dimensional features
of cell layers. In particular, the mechanics can be coupled
with biochemistry to study a wider range of mechanisms
that affect live cell elimination. Additionally, using our
framework the substrate rigidity can be relaxed in the
future studies to further disentangle the impacts of cell-
substrate adhesion from substrate deformation due to
cell generated forces. Similarly three-dimensional geome-

5

tries, such as spheroids or cysts can be examined. Lastly,
the links between collective cell migration and granular
physics, in terms of force chains and jamming transition,
as well as probing the impact of three-dimensionality and
out-of-plane deformations on these processes, is an excit-
ing route for future studies.
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