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Abstract Epithelial monolayers play an important role in a broad range of physiological and pathological
processes, such as embryonic development and wound healing. Epithelial monolayers become crowded
during cell proliferation and growth, however, their mechanical properties entities remain obscure. This
paper presents a novel and efficient method utilizing the structural stiffness matrix-based computational
method (SMM) to investigate the mechanical characteristics of an epithelial monolayer as it undergoes
varying degrees of crowding. Both D1-type extrusion, representing the extrusion of live cells, and D2-
type extrusion, describing the extrusion of apoptotic cells, are examined. Our simulations reveal that the
epithelial monolayer exhibits linear elastic behavior under slight crowding and nonlinear elastic behavior
in response to overcrowding. These mechanical properties are significantly influenced by the strength
of cellular cytoskeleton and the mode of cell extrusion. Moreover, our analysis indicates that the linear
deformation of these monolayers is predominantly born by the variation in cell orientation, while the
nonlinear deformation originates from the existence of the microtubules. This study further deepens our
understanding of the relationship between the mechanical properties of cytoskeleton, individual cells and
their monolayers, and may shed light on linking cell behavior to the patterning and morphogenesis of

tissues.
1 Introduction

The epithelial monolayer plays an important role in a
broad range of physiological and pathological functions,
such as morphological changes in embryonic develop-
ment [1], protective barrier on surfaces of organs [2]
and collective cell migration in wound healing [3]. These
indispensable functions require the tight association
of its constituent cells by the adhesion junctions that
mechanically stabilize the tissue [4-6]. Many develop-
mental defects or clinical pathologies in the form of
impaired cell—cell associations will occur when cells are
unable to withstand mechanical stimuli due to gene
mutations or pathological disturbances [7, 8]. In light of
this, it becomes apparent that the quest to apprehend
the mechanical intricacies of epithelial morphogenesis
is a formidable task that holds immense significance in
developmental biology.

Owing to the acknowledgment of its critical role in
biological functions, growing attention has been paid
to investigating the morphologies and properties of
epithelia in varying mechanical environments [9-12].

#e-mail: kylind@bit.edu.cn (corresponding author)

Numerous captivating and substantial physical phe-
nomena have been documented in the analysis of these
experimental investigations. Serra-Picamal et al. [9, 10]
experimentally reported the identification of an X-type
mechanical wave that propagates slowly throughout the
monolayer during the free expansion of cell monolay-
ers. Their investigation also revealed that this wave is
regulated by myosin protein activity, cell-cell interac-
tions, and cytoskeletal remodeling. Brugues et al. [3]
discovered patterns of traction forces pointing toward
the wound by quantifying the map of traction force in
an epithelial monolayer. Harris et al. [13, 14] proposed
a device to measure the mechanical properties of the
stretched monolayers, and revealed that the strength
and stiffness of epithelial monolayers are contingent
upon the topology of their constituent cells and the
tight junctions between adjacent cells. Recently, Eisen-
hoffer et al. [15] and Marinari et al. [16] independently
delineated the phenomenon of epithelial overcrowding,
which may engender the extrusion of viable cells as well
as cell death. Subsequently, Liu et al. [17] conducted
simulations that validated the capacity of both these
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forms of cell extrusion to preserve the homeostatic den-
sity of cells and an optimal stress threshold of the mono-
layer under conditions of overcrowding. Nevertheless,
despite these insightful findings, the mechanical under-
pinnings of dense epithelial tissues that arise from cell
proliferation and migration continue to pose a signifi-
cant enigma in the realm of developmental biology.

The mechanical characteristics of compact tissue are
typically governed by three fundamental properties at
the cellular level: the ability of individual cells to
migrate, the persistence of cell migration, and a tar-
get cell shape index [18]. These factors and their effect
on tissue mechanical states have been thoroughly inves-
tigated and explained in the literature [19-21]. One spe-
cific factor, namely the effect of cytoskeletal mechani-
cal stiffness within dense tissues, has largely been over-
looked in discussions concerning tissue mechanics. It is
widely recognized that cell death processes are highly
mechanosensitive and heavily reliant on various cru-
cial cellular parameters, such as local cell density, cell
shape, interface area between cells, intra-cellular ten-
sion, and paracrine biochemical signaling [22-25]. Many
of these cellular parameters are strongly correlated
with cytoskeletal strength [26, 27]. Therefore, neglect-
ing the mechanosensitive pathways that lead to cellu-
lar death while elucidating tissue mechanics, specifically
during significant biological events such as embryogen-
esis, wound healing, and cancer progression, can signif-
icantly constrain our comprehension of these complex
processes.

Several theoretical and computational techniques
have been developed for simulating cell behavior within
the epithelial monolayer, including the Cellular Potts
model, Flocking model, Phase-field model, and Vertex
model [28-31]. However, despite the promise of sim-
ulating large-scale tissues, most existing models lack
consideration for detailed cytoskeletal structures, and
incur high computational costs. Recently, Yin et al. [32]
proposed a computational method based on a struc-
tural stiffness matrix (SMM) that provides an efficient
tool for accurately and rapidly evaluating the mechan-
ical properties of cell monolayers. Importantly, this
approach naturally incorporates the structural features
of cells, which are often neglected in other methods.
In this paper, we employ this modeling framework to
investigate the mechanics of epithelial monolayer under
variable extents of crowding characterized by distinct
compression strains. D1- and D2-type cell extrusions
are chosen to express the extrusion of live cells and
cell death, respectively. Our findings suggest that the
monolayer exhibits linear elastic and nonlinear elastic
behaviors in different compression stages. The linear
deformation of the monolayer arises from cell orienta-
tion transition, while the nonlinear deformation origi-
nated from the resistance of the cytoskeleton. Moreover,
the cytoskeletal strength changes, including adhesive
strength, contraction and microtubule stiffness, and the
modes of cell extrusion, are found to significantly affect
the mechanical properties of the crowded monolayer.
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2 Methods

In this investigation, we utilize the SMM method [32]
to examine collective cell behavior in response to a
variable crowded environment. The approach involves
describing the monolayer as a sequence of polygons,
each representing a cell, which was then modeled as
a tensegrity structure [33-36]. The cell membrane is
depicted as a series of strings capable of bearing solely
tensile forces, while the internal microtubules were rep-
resented as a suite of bars able to resist both com-
pressive and tensile forces [37-39], as illustrated in
Fig. 1a, b. Within this framework, cell position and
shape changes are expressed through the motions of
vertices and nucleus.

We first derive the force vector and structural stiff-
ness matrix of an individual cell, designated by «. The
o - th cell packing geometry is described by N vertices
including 1 nucleus and N —1 membranal vertices, and
N¢ elements including NZ' microtubule elements and
N? membranal elements. The total mechanical energy
of the a-th cell is composed of the contributions of the
area elastic energy of the cell VY, the adhesion energy
V2, the contraction energy V¢, and the microtubules
deformation energy V", and is formally expressed as:

K
va:vg+v5+v;+v;n—f( — Sp)?
Ngs N,m
+ZM”+Z Sl
e( e(ij)= 1 e(lj)=1
B
x o (leapy — o), (1)

where K, A, I" and B represent the areal stiffness, inter-
facial tension, contraction modulus and microtubule
stiffness, respectively; lc(;;) and l.(1;) indicate the cur-
rent length of the membranal element e(ij) intercon-
necting vertices ¢ and j, as well as microtubule elements
e(17) linking the nucleus 1 and vertex j, with ¢, j = 2,
NY; lp and Sy correspond to the preferred length
of each microtubule and the preferred area of the cell.
With these energy forms, the forces exerted on the
nucleus are comprised of microtubule force and random
force. Each membranal vertex is subjected to adhesion
force, contraction force, microtubule force, area-elastic
force, and random force. Where, the first four terms are
considered potential force and can be derived via the
negative gradient of the potential energy V,, defined in
Eq. (1) with respect to the coordinates of vertices r, i.e.
FP = —9V/0r. Thus, the total force vector F, of the
a-th cell can be determined via summation [41, 42]:

F,=F} +F} =F), +F. + F, + F + F} ¢ R*"~",

(2)

where FY,, F2 F¢, /Sy and FY represent area-elastic,
adhesion, contraction, microtubule, and random force
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Fig. 1 Illustration of the
model of cell monolayer
containing cytoskeletal
structures.

(a) Immunostaining of
Madin Darby canine kidney
cell monolayer, where the
green and blue colors
represent actin cytoskeleton
and nucleus, respectively
[40]. (b) Shape description
of cells, containing
membrane, nucleus, and
microtubules. (c) Cell
intercalation. (d) Cell
division. (e) D1-type cell
extrusion. (f) D2-type cell
extrusion

(F) D2-type extrusion

%q

vectors, respectively. To account for stochastic fluctua-
tions in the local microenvironment, the random force

vector FR is incorporated into the simulations [43] and
is formally defined as follows:

wheret denotes time,  represents the magnitude of the
fluctuation, 6 and d,, are Dirac’s and Kronecker’s J-
functions, respectively. The stiffness matrix of the a-
th cell is then solved by taking the derivative of the
potential force vector to the vertex coordinate vector,
that is,

=725t — )0y, (3)

dFP v a c m 2N,vX2NY
K,=—7" q =K, +K)+K,+ K, e R a,
r

(4)

where K}, K%, K¢, and K7 denote the matrices of area-
elastic stiffness, adhesion stiffness, contraction stiffness
and microtubule stiffness, respectively. Let the mono-
layer comprise N, cells and N, vertices, such that the
sizes of the force vector and stiffness matrix of each cell
can be expanded as F, € R and K, € R2V+x2Ny

><tercalation>_<
= S

D1-type extrusion

S A
%4
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Membrane

Microtubules

respectively. The components of these matrices are
embedded into the appropriate positions, following the
global sequences. Then, the total force vector F and
structural stiffness matrix K are obtained by simply
summing the matrices of all the constituent cells:

F=)F, K=) K. (5)

To ensure the positive definiteness of the stiffness
matrix and avoid numerical divergence, F and K are
modified as F and K [32]. The vertex displacements in
each iteration step are then obtained:

-1

car= ()R, ©)

where n is the iteration step. The detailed derivations
of the above formulas are given in [32].

The numerical simulations under consideration
involve three distinct topological transitions that are
employed to characterize the cellular biological pro-
cesses in question. These transitions include cell inter-
calation, cell division, and cell extrusion, as clearly
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illustrated in Fig. lc—f. The act of cell intercalation
(Fig. 1c) refers to the exchange of cell neighbors, which
is triggered when the distance between two vertices falls
below a specified threshold value Ip. The topological
transition process of cell division during tissue growth
is displayed in Fig. 1d. This transition describes the
phenomenon of a single cell dividing into two daugh-
ter cells, along a randomly oriented division axis that
passes through the cell’s geometric center. After the
division process is complete, the nucleus of each daugh-
ter cell is relocated to its corresponding geometric cen-
ter. Experimental findings suggest that the probability
of cell division increases proportionally with the geo-
metric size of the cell in question [44]. To characterize
this biological behavior, the probability function of cell
division is established [5]:

pdzl_exp(ﬁf‘ld—f‘a)

T 7)
where A4 is a parameter regulating the division prob-
ability. When the cell area exceeds Aq, the probabil-
ity Py is calculated and then the cell division occurs
if a generated random number is less than Py. Cell
extrusion refers to the removal of a cell from a mono-
layer and is posited to transpire when the area of a
cell descends below a designated threshold value Ag.
Experiments showed that two types of cellular extrusion
occur in response to overcrowding: D1- and D2-type
cell extrusions [45]. The former describes the extrusion
of live cells that accompanies a gradual loss of junc-
tions, and occurs only when a triangular cell becomes
smaller than a specified threshold. The latter repre-
sents the extrusion of apoptotic cells, in which the cells
contract rapidly without experiencing junction loss and
take place as the cellular area is below a threshold. The
dynamic processes underlying these two types of cell
extrusions are presented in Fig. le, f, respectively.

3 Results and discussion

In this study, the mechanical behaviors of the epithelial
monolayer are assessed by the present SMM in response
to different crowded environments. D1- and D2-type
cell extrusion, representing the apoptosis-independent
and dependent cell extrusions respectively, are both
considered [15, 44]. Furthermore, the impacts of cel-
lular cytoskeleton strength changes on the monolayer
mechanics are investigated. For instance, 100 randomly
distributed cells, depicted by Voronoi tessellations, are
placed into a box with periodic boundaries. In the fol-
lowing simulations, the box size is fixed in the longi-
tudinal direction (y-axis) and compressed in the lateral
direction (z-axis) [13, 46]. For the sake of simplicity, yet
without sacrificing generality, /Ay and K Ag/ % are spec-
ified as unit length and unit force, respectively. There-

after, other parameters can be readily normalized and
assigned: Ag = 1, Aq = 1.349, Ag = 0.14¢, I = 0.05,
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K=1T=01, A =01, B = 0.5, and v = 0.02.
Unlike the simulations conducted by Liu et al. [17], our
system is considered to reach stability and convergence
when the relative difference between the energies of the
system at two neighboring steps is less than 10~7. In
addition, we disregard the fluctuation of proteins aggre-
gating along the cell surface.

To quantitatively evaluate the mechanical properties
of the monolayer, some global mechanical parameters
are defined: the number of cells extrusion V., the stress
of the monolayer in the lateral direction o, and the lon-
gitudinal direction oy, mean cellular orientation H, and
aspect ratio R. The strain and stress can be calculated
using the following:

_Le-Lo _F _ 0B _ _F _ OE
Lo ' " L, Lz Y L.,  Lgoy

(8)

where L, and L, denote the current lengths of mono-
layers along z-axis and y-axis directions, respectively;
F, and Fy are the corresponding forces acting on the
monolayer in z-axis and y-axis directions, respectively.
The mean cellular orientation H is specified to express
their orientation distribution [5]

€

H = {cos 20), (9)

where 6 refers to the cellular orientation and (- --) rep-
resents the average of all cellular orientations within
the monolayer. On basis of this definition, H = 0 sig-
nifies that the cells within the monolayer are randomly
orientated. H = 1 and H = —1 indicate the cells are
oriented parallel and perpendicular to the compression
direction, respectively. The aspect ratio R is defined as
the ratio between the long and short axes of the ellipse
that fits the cell shape.

3.1 Mechanical behaviors of monolayers in response
to crowding

Experiments have shown that the elastic deformation
of the monolayer plays a pivotal role in upholding its
steady functionality in the face of external stimuli, par-
ticularly in crowded conditions [13, 47]. To simulate
varying crowding extent, the epithelial monolayer is
subjected to compressive loading via linear strain along
the horizontal axis (z-axis). The deformation responses
with D1- and D2-type cell extrusion are then calculated
and depicted in Figs. 2 and 3, respectively. Its mechani-
cal behaviors are described in terms of the variations in
the number of extruded cells N,, global stress of mono-
layer in the lateral direction o, and the longitudinal
direction oy, mean cellular orientation H and aspect
ratio R concerning the strain e.

For Dl1-type extrusion (see Fig. 2), the deforma-
tion process of the monolayer can be divided into two
regions: linear region and nonlinear. In the linear region
(eg. € = 0 ~ 30%), the stress o, and o, take a
linear decrease with respect to compression strain e,
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Fig. 2 Mechanical
responses of monolayers
with D1-type cell extrusion
under linear strain
compression. (a) Snapshots
of cell configurations in the
monolayer under different
strain levels: € = 0%, —50%
and —30%. Mechanical
responses of monolayers are
described by the variations
of (b) number N, of cell

(@)

(b)
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while the number of extruded cells remains constant,
N, = 0, as shown in Fig. 2b. The compression modu-
lus F, in z-axis direction can be calculated by fitting
the stress—strain curve: E, = 1.18. During this region,
the mean cellular orientation H tends to reduce rapidly
and linearly (H = 0 ~ —0.65), while the aspect ratio R
presents slowly linearly increasing (R = 1.32 ~ 1.41), as
illustrated in Fig. 2¢. This indicates that the monolayer
deformation at low-level compression strain is mainly
the transformation of long axis orientation of cells. In
the nonlinear region (e.g. ¢ = 31 ~ 70%), the stress o,
rises nonlinearly, o, goes down first and then up, while

the number N, of extruded cells remains at 0. Mean-
while, H drops slowly from H = —0.65 to H = —1,
while R increases quickly from R = 1.41 to R = 2.38,
indicative of compression of the cell in the loading direc-
tion and gradual alignment toward the vertical direc-
tion of the loading. This result shows in this region that
the applied compression is borne by mainly the geomet-
ric change of cellular shapes. Throughout the compres-
sion process, no extruded cell is observed in the mono-
layer, despite the existence of numerous small cells in
the configuration (see Fig. 2a). This phenomenon could
be attributed to the current cellular parameters being
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unfavorable for cell intercalation, which subsequently
affects the D1-type cell extrusion [17].

The mechanical properties of monolayers with D2-
type extrusion exhibit a resemblance to those with D1-
type extrusion (Fig. 3), while their difference is the
nonlinear region. In this region, the number N, of cell
extrusion takes a growth trend with increasing strain
€z. This variance from D1-type is primarily due to
the non-dependence of D2-type cell extrusion on cell
intercalation. The stress in the compression direction
(0, = —0.52) at the ending load is larger than that of
D1-type extrusion (o, = —0.55), while the longitudinal
stress and the aspect ratio (o, = —0.11, R = 2.21) are
less than that (o, = —0.06, R = 2.35), implying that
cell extrusion can effectively dissipate the compression
stress in monolayer, as observed in experiments [16, 17].
These findings indicate that in response to crowding,
live cell extrusion acts a crucial role in maintaining the
homeostatic cell density of the epithelial monolayer.

3.2 Mechanical properties of monolayers
at different line tension levels

Experimental findings have revealed a significant corre-
lation between the mechanics of monolayers and the cel-
lular cytoskeleton, encompassing myosin, intercellular
adhesions, and actin cytoskeleton [13]. To further inves-
tigate their respective roles, the influences of molecular
and cellular perturbations on the mechanical proper-
ties of crowded monolayers are evaluated in the ensu-
ing subsections. Our simulations have indicated that
all responses can be classified into linear and nonlinear
regions (data not presented) similar to Fig. 2b, c¢. To
describe the mechanical features of the responses, three
indices have been formulated, comprising the number
of cell extrusion N, the compression modulus F, fit-
ted in the linear region, and the final stress o, in the
z-axis direction at the ending load.

The mechanical properties of monolayers in response
to crowding under various cellular adhesion strengths
(expressed as line tension A) are first investigated, as
depicted in Fig. 4. The obtained result reveals that
an increase in line tension A leads to a decline in
the compression modulus E, (see Fig. 4a). For D1-
type extrusions, the number N, of extruded cells first
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keeps zeros and then grows, and the stress o, increases
monotonically (Fig. 4b). For D2-type extrusion, N, and
oy are both monotonically increasing. This trend is
attributed to weaker cellular adhesion (indicated by
a larger value of A), which preferentially produces a
smaller cell perimeter, generates more cell extrusions
during compression, and subsequently reduces the abso-
lute value of final stress o,. Additionally, the shorter
cell edge is able to produce more cell intercalation,
resulting in more D1-type cell extrusion, consistent with
experiments in that live cell undergoes a sequential loss
of cell—cell junctions before extrusion [16].

3.3 Mechanical properties of monolayers
at different molecular contraction levels
and microtubule stiffness

In this subsection, we investigate thoroughly the depen-
dence of mechanical properties of crowded monolay-
ers on the contractility of actin-myosin rings and the
rigidity of the microtubules. They are modeled by the
parameters I' and B respectively, which are both pos-
itive. A larger value of I' and B will tend to suppress
the geometric extension of cells.

For the microtubule stiffness and molecular contrac-
tion levels under study, the corresponding curves sim-
ilar to Fig. 2a are gained, as depicted in Figs. 5 and
6. It can be seen that with the strengthening of con-
tractile modulus K. or microtubule stiffness K, the
monolayers exhibit almost analogous mechanical vari-
ation patterns in response to crowding. For two extru-
sion types of cell, the compress modulus E, and stress
o, both take a monotonic increase. Their difference is
that the number N, of extruded cells keeps almost con-
stant for both D1- and D2-type extrusion with increas-
ing I, while N, remains zero for D1-type extrusion and
exhibits a growth trend for D2-type extrusion as grow-
ing B. The high contraction ability and microtubule
stiffness favor the generation of an isotropic cell config-
uration at a constant area, and consequently, changes
in their values do not affect the number of D1-type
cell extrusions. However, higher microtubule stiffness
can resist cell shrinkage in response to overcrowding,
thereby leading to the extrusion of more D2-type cells
to resist the anisotropic deformation of the monolayer.
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It is also noteworthy that the variation in contractil-
ity has almost no effect on the number of D2-type cell
extrusions, which is attributed to the presence of micro-
tubules.”

To further investigate the role of the cytoskele-
ton in monolayer mechanics, the mechanical responses
of epithelial monolayers without cellular microtubules
under compression are simulated in Fig. 7 and com-
pared with that in Fig. 6. Unexpectedly, the elastic
modulus E, and stress o, of D1-type extrusion both
drop monotonously with the increase of I" for B = 0,
while the number N, of D2-type cell extrusion grows
monotonously. Their variation trends are opposite in
the case of B = 0.5. This is because the cell mor-
phology is mainly determined by the actin-myosin ring
when the microtubules are ignored. As the contractive
modulus I' grows, cells tend to shrink in size, induc-
ing more D2-type cell extrusions. Meanwhile, the side
length of a cell in the compression direction becomes
shorter, resulting in a smaller tension o, for D1-type
extrusion and a smaller compression modulue Fy. In
addition, the mechanical process of a specific example
with parameters A = 0.1, I' = 0.1, B = 0 is described,
as shown in Fig. 8. It is surprising to find that the stress
0 in the z-axis direction of the cell monolayers without
microtubules takes a linear drop during compression.
The above variation is not affected by the form and
number of extruded cells by comparing Fig. 8a, b. The
stresses in the z-axis o, and y-axis direction o, in the
nonlinear region are both less than those in the pres-
ence of the microtubules (compared with Figs. 2 and 3).
These findings suggest that the cellular microtubules

are beneficial in relieving the stress of cell monolayers
in response to overcrowding. The above analysis indi-
cates that the cytoskeleton plays an indispensable role
in monolayer mechanics.

4 Conclusions

In summary, we studied the mechanical properties of
crowded epithelial monolayers at different cytoskeletal
strengths and cell extrusion types by using a struc-
tural stiffness matrix computational method. Our find-
ings indicate that the deformation curves of mono-
layers exhibit both linear elastic and nonlinear elas-
tic regions. The linear region in these monolayers is
primarily governed by alterations in cell orientation,
while the nonlinear deformation of monolayers is con-
tributed by the presence of microtubules. The com-
pression modulus of cell monolayers increases with the
enhancement of the ability of actin-myosin rings to con-
tract and the rigid of cell microtubules or with the
reduction of the adhesion strength of E-cadherins. The
stress of a crowded monolayer is relieved through cell
extrusion and cytoskeleton remodeling. This study thus
illuminates the mechanisms underlying the topological
changes of cells in epithelia subjected to mechanical
stimuli and has the potential to enhance our compre-
hension of the roles of sub-cell and cell mechanics in
epithelial properties. It is worth mentioning that this
computational method exhibits significant potential in
simulating multi-scale behaviors of three-dimensional
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biological tissues. Future research may thus be directed
towards expanding this method to explore and reveal
the underlying mechanisms of 3D tissue morphogenesis.
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