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Topological properties and shape of proliferative and nonproliferative cell monolayers
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During embryonic development, structures with complex geometry can emerge from planar epithelial mono-
layers; studying these shape transitions is of key importance for revealing the biophysical laws involved in the
morphogenesis of biological systems. Here, using the example of normal proliferative monkey kidney (COS) cell
monolayers, we investigate global and local topological characteristics of this model system in dependence on
its shape. The obtained distributions of cells by their valence demonstrate a difference between the spherical and
planar monolayers. In addition, in both spherical and planar monolayers, the probability of observing a pair of
neighboring cells with certain valences depends on the topological charge of the pair. The zero topological charge
of the cell pair can increase the probability for the cells to be the nearest neighbors. We then test and confirm
that analogous relationships take place in a more ordered spherical system with a larger fraction of 6-valent
cells, namely, in the nonproliferative epithelium (follicular system) of ascidian species oocytes. However, unlike
spherical COS cell monolayers, ascidian monolayers are prone to nonrandom agglomeration of 6-valent cells
and have linear topological defects called scars and pleats. The reasons for this difference in morphology are
discussed. The morphological peculiarities found are compared with predictions of the widely used vertex model

of epithelium.
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I. INTRODUCTION

Nowadays, it is well known that along with genetic control,
physical and geometrical laws drive the formation and prop-
erties of biological systems like viruses or epithelia. However,
the path to this knowledge began a long time ago. Back in
1665, Robert Hooke revealed that the boundaries of cells
look like polygons. The first statistical analysis of the poly-
gon distribution by number of sides in the epidermis of a
cucumber was made in 1926 [1]. Much later, in 2006, it was
demonstrated that similar distributions are typical of several
proliferative epithelia and a hypothesis of the distribution
invariance, or topological invariance, was formulated [2-5].
Then, the hypothesis was confirmed for many plant and ani-
mal proliferative epithelia [6-8] and it became clear that the
topological invariance is closely related to the physiological
invariance of normal epithelium [9,10]: in all eumetazoans,
the epithelium acts as a selective paracellular barrier that
controls fluxes of nutrients, regulates ion and water balance,
and limits host contact with antigens and microbes. Recently,
topological analysis revealed common morphological features
(specific topological defects) of the spherical postmitotic fol-
licular system of ascidian eggs [11-13] and colloidal crystals
[14]. In this context, it is interesting to note that other topo-
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logical defects like those typical of liquid crystals control
apoptosis and extrusion of cells from the monolayer [15].

Topological methods have been successfully used to ra-
tionalize various morphological transformations possible in
the epithelium. For instance, normal development of epithe-
lium involves mesenchymal-to-epithelial transition leading to
the dramatic decrease of cell mobility and mitotic rate. At
this transition, cells take more regular shapes with smaller
average perimeter [16]. The reverse process, leading to the
appearance of elongated cells with high mobility, is called
the epithelial-to-mesenchymal transition (EMT) [17] and cells
undergoing oncogenic EMT drive metastasis process [18].
The epithelial-mesenchymal hybrid state in cancer progres-
sion is also studied [19]. A recent paper [20] shows that
specific topological defects appear at a brittle-to-ductile tran-
sition induced by competition between the cell rearrangement
and cell detachment.

Equally or even more exciting are the shape transitions
occurring in epithelia and changing their curvature. During the
early stages of embryonic development in mammals, planar
epithelial monolayers can form structures of complex geome-
try. As an example, the primitive endoderm transforms into the
yolk sac, which has a variety of functions [21,22] including
a major role in the establishment of the anteroposterior axis
of the embryo [23]. Shape transition also occurs during the
formation of epithelial tubes which are fundamental structures
across the metazoan phyla that provide an essential functional
component of many of the major organs [24]. The buckling
observed during the formation of intestinal villi is another
example of the transformation from the flat structure [25,26].
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FIG. 1. Structural organization of COS cell organoid (a) and ep-
ithelial follicular cells of Ciona intestinalis egg (b) (ascidian species).
Cell contours (i.e., cortical actin) are shown in red; cell nuclei are
cyan (see Appendixes A—C for more details of culture, collection,
and labeling). Scale bars are 100 and 50 um for panels (a), (b),
respectively.

The aim of this paper is to analyze the relationships be-
tween the local topological characteristics of individual cells,
the shape of epithelial structures, and degree of their order.
The rest of the study is organized as follows. In the next
section we present mathematical properties of spherical and
planar cell monolayers and give the definition of nonrandom
pair correlations characterizing the valences of the nearest
cells. In Sec. III we investigate and compare the COS cell
monolayers (monkey kidney cells immortalized by the SV40
virus T antigen) with planar and spherical shapes. The growth
of COS cell monolayers occurs by intercalated cell division.
The various shapes of the monolayers are obtained due to a
simple modification of the cell culture conditions [13] (see
also Appendix A). In several dozens of flat and spherical
samples [see Fig. 1(a)], we analyze the fractions of cells with
different numbers of nearest neighbors and study patterns
in the arrangement of pairs of neighboring cells depending
on their valency. In Sec. IV, to expand our study and test
the robustness of the theoretical approach, we perform a
topological analysis of a nonproliferative follicular epithe-
lium [see Fig. 1(b)] covering oocytes of solitary ascidians
(see Appendix B). In contrast to COS cells, morphogenesis
of this spherical epithelium occurs by cell accretion [13].
Then, in Sec. V, the discovered structural peculiarities are
compared with predictions of a widely used vertex model
[27-30]. The last section, Sec. VI, is devoted to discussion and
conclusions.

II. SOME TOPOLOGICAL AND PROBABILISTIC
PROPERTIES OF PLANAR AND SPHERICAL
CELL MONOLAYERS

Before performing the structural characterization of cell
monolayers, we recall some general topological properties
of these packings. Cell boundaries represent polygons that
are usually convex and form a tessellation of the monolayer
surface, which can be characterized by a distribution of poly-
gon types (DOPT), in other words, by fractions of cells with
different valences [2]. The considered tessellation is similar
to the Voronoi [31] one, which, in turn, is a dual of Delaunay
triangulation [32].

In addition to DOPT, both planar and spherical monolayers
can be characterized by the value

A=Y P(6—i), e

where P; = N;/X;Nj is the fraction of i-valent cells and N; is
the number of j-valent cells. The quantity Q = ), N;(6—i),
proportional to A, is called the topological charge [11,33,34]
and characterizes a whole system; the topological charge ¢
of each i-valent cell is 6—i. For an infinite planar monolayer
0 = 0 and, consequently, A = 0 [10]. For any triangulated
structure with spherical geometry, Q = 12 and A = 12/Ny,
where N is the total number of cells in the structure. In an
infinite planar monolayer, the DOPT is balanced: the number
of n-valent cells with n < 6 balances the number of n-valent
ones with n > 6. In this equilibrium, the weights of 5- and
7-valent cells [see Eq. (1)] are equal to 1; the weights of 4-
and 8-gons are twice as large, etc. Note that the exact values
of A for plane and spherical geometries may be violated by
the finite dimensions of the sample. In this case, the value of
A deviates randomly from zero for finite flat samples and from
12 /Nyo¢ for fragments of spherical samples.

In any triangulation of an infinite plane, the average num-
ber of lines outgoing from one node is six, and the most
topologically perfect triangulation is that in which all nodes
are 6-valent. However, even the most perfect spherical trian-
gulation must have at least 12 5-valent vertices. Previously, we
proposed [11] to characterize the defectiveness of monolayers
with spherical geometry by the absolute value of the total neg-
ative charge of all topological defects Q_ = Zi>71\li(i—6),
where W, is the number of cells (particles) having i neighbors;
(6 — i) is the topological charge of each cell or particle. In
the most topologically perfect spherical structures, this value
is exactly 0. Along with Q_ one can introduce the relative
topological defectiveness 0 = Q_/Nyi. The latter value is
easily calculated as Q = )", P,(i—6).

Before proceeding to a mathematical definition of pair
correlations, we note that due to visualization specifics (see
Appendix C), the cell nuclei in the micrographs obtained are
always clearly visible, while the cell boundaries are often
indistinguishable. Therefore, to analyze the images, we use
the Voronoi tessellation and Delaunay triangulation with the
nodes located at the centers of the nuclei. Thus, strictly speak-
ing, we use the valency of cell nuclei instead of the valency of
cells; the same approach was used in our previous works and
the equivalence between the two methods was discussed there
as well [10,11].

When the triangulation edges are found, we can introduce
the pair correlation functions that are usually applied for abi-
otic partially disordered systems [34,35]. Let us denote the
total number of triangulation edges as Ly, and the number
of triangulation edges connecting cells with i and j neighbors
as L;;. Then the pair correlation function C;; is the fraction
of all edges connecting the cells with the specified numbers
of neighbors C;; = L;; /L. The same definition can also be
used for experimentally observed structures; however, an ad-
ditional consideration of a way to correctly calculate Ly and
L;; is needed (see Appendix D). Note that the introduced pair
correlation functions do not vanish even in random structures,
and we need to define a nonrandom part of the correlations.
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To do this, we consider a hypothetical (random) triangu-
lated structure that is characterized by a certain DOPT and
contains N triangulation nodes, where N — oo. Since each
triangulation edge has two ends, the number of ends related to
all k-valent cells is equal to NP k. Then the total number of
ends is equal to Zk(N P.k), while the fraction of ends related
to i-valent cells reads:

end __ lPl
' > i (Pik)’

The probability that a pair of independent events will occur
is equal to the product of the probabilities of these events.
Therefore, in the hypothetical random structure introduced by
us, the fraction Pl-“-1d of triangulation edges connecting i-valent
and j-valent cells (where i # j) is proportional to a product
between two fractions (2):

2

rnd __ ZIJPIP]
el

where the coefficient 2 arises from the equivalence of tri-
angulation edge ends. For cells with the same valence, the
coefficient 2 disappears:

3)

Prnd J— ! ! (4)

i [Zk (Pkk)]z

Note that probabilities (3) and (4) satisfy the normalization
Zi, j Pf}’d = 1, and for an infinite flat or finite spherical mono-
layer the denominators of Eqgs. (3) and (4) can be simplified.
Using the identity

Y (Pk) =6+ [Pk —6)],
k k

and the properties of A [Eq. (1)], one can see that in the flat
case the sum in the denominator is equal to 6, while in the
case of spherical geometry this sum equals 6—12/N.

Thus we can introduce the nonrandom contribution C; ;to
the pair correlation function C;;:

Cl; =Gy — P, )
where for small structural fragments, the probabilities (3) and
(4) should be calculated directly, without denominator simpli-
fications (valid in the limit of N — c0). In addition, we note
that the positive or negative sign of the value (5) means that
the cells of the valences i and j tend or do not tend to locate
near each other (see Appendix E).

III. MICROGRAPH ANALYSIS OF COS CELL
MONOLAYERS WITH PLANAR AND
SPHERICAL GEOMETRY

COS are fibroblastlike cell lines derived from monkey kid-
ney tissue. COS cells were obtained by immortalizing CV-1
cells with a version of the SV40 virus that can produce large
T antigen but has a defect in genomic replication. The CV-
1 cell line in turn was derived from kidney of the African
green monkey. The acronym “COS” means that the cells are
CV-1 (simian) in origin and carry the SV40 genetic material.
The growth and visualization of flat and spherical COS cell
monolayers are described in Appendixes A and C.

The morphological characterization of the COS monolay-
ers (see Fig. 2) was carried out using 33 and 26 images of flat
and spherical structures, respectively. The analyzed areas in
the flat monolayers contained from 73 to 758 cells, while in
the spherical case they included from 17 to 399 cells (on the
visible hemisphere). Note that we discard the cells located too
close to the image border, for which the number of neighbors
cannot be determined (see Appendix D for details). Thus
DOPT and pair correlations were calculated for each image.
All averaging procedures over images were performed with
the weighting factor, which is the number of Voronoi cells in
the image. The procedures for spherical and flat samples were
performed separately.

Figure 2(a) shows a typical flat COS monolayer with 98
clearly visible nuclei. The Delaunay triangulation, the nodes
of which are the centers of the nuclei, is superimposed on
the monolayer. Fifty-three nuclei that are far from the borders
of the image are colored according to their valences. For the
rest of the nuclei marked with gray circles in their centers,
it is impossible to reliably determine the number of neigh-
bors. Figure 2(b) shows the Voronoi tessellation for the same
monolayer. The 53 colored Voronoi cells correspond to the
nuclei with reliably determined valences. The topology of a
typical spherical monolayer (containing 73 COS cells in the
visible region) is analyzed in Figs. 2(c) and 2(d). The coloring
of nuclei in Fig. 2(c) matches one in Fig. 2(a). Figure 2(d)
shows the Voronoi cells for 51 monolayer nuclei for which
the number of neighbors is correctly determined.

DOPTs for averaged data on flat and spherical monolayers
are shown in Fig. 2(e). These distributions are typical for other
proliferative epithelial monolayers [2]. Indeed, for both types
of monolayers the value of Ps, which mainly determines the
DOPT [2,10], falls within the conventional range from 0.38
to 0.48. The values of A calculated for histograms shown in
Fig. 2(e) are 0.02 and 0.06 for planar and spherical cases,
respectively. Since A is a linear combination of probabilities
P; and this value should vanish in an infinite planar monolayer,
its difference from zero characterizes a statistical error in P;
determination for the planar case. It is reasonable to assume
that the error for spherical fragments is close. Then the three-
fold increase in the value of A for the spherical case can only
be explained by the presence of Gaussian curvature. Thus
the difference between geometries of spherical and planar
monolayers manifests itself in the difference between DOPTs.

Averaged correlations Ci’j calculated using Eq. (5) and
corresponding standard deviations C; ; are shown in Figs. 2(f)
and 2(g). In both tables corresponding to planar and spherical
cases, the correlations Cg, have positive values which are
substantially larger than the standard deviations. All other
correlations are small and close in magnitude to the standard
deviation. It is pointless to discuss the magnitude of the latter
correlations, but we can talk about their sign: in both cases
the values of Cy,, Cig, and Cjq are positive; the values of
Cis, Cjs, Chy, and Clg are negative; and other correlation
values vanish. Thus, according to our results in both cases,
the pair correlations are qualitatively similar and cannot be
associated with the monolayer curvature. Only the value of
A is distinguished clearly between spherical and planar COS
monolayers.
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FIG. 2. Characterization of African green monkey (COS) kidney cells. (a), (b) Typical image of a flat cell monolayer with superimposed
Delaunay triangulation and Voronoi tessellation. (c), (d) Typical sample of a spherical cell monolayer and its graphical analysis. Scale bars
(15 um) are shown with white lines. The triangulation nodes are the centers of cell nuclei. Red, orange, yellow, green, and blue nodes correspond
to cells with four, five, six, seven, and eight neighbors, respectively. Voronoi polygons are colored accordingly. Gray nodes lie at the centers
of nuclei located too close to the image boundary; it is impossible to accurately determine the number of their neighbors (see Appendix D).
(e) Distribution of cells according to the number of their sides for averaged data on flat and spherical monolayers. Orange and green colors
correspond to spherical and flat monolayers, respectively. (f), (g) Averaged values and their standard deviations for planar (f) and spherical
(2) Cj; functions, respectively. Values Cj, + AC;; for the planar and spherical cases are (—0.13 +0.12)x107* and (—0.07 £ 0.15)x 1077,
respectively. All the values presented in the two tables should also be multiplied by 1072. Table cells with positive and negative values of C; :
are highlighted in shades of yellow and blue, respectively. The color brightness is proportional to the value of C; i

COS monolayers are conventional proliferative monolay-
ers with the typical DOPT. In the next section, we discuss
what the proposed approach reveals in the design of postpro-
liferative spherical monolayers corresponding to the follicular
system of ascidian eggs. These biological packings are of
great interest because, depending on the species of ascidians,
they are characterized by the value Ps up to 0.7 and have
topological scars and pleats [11,36], which also indicate their
relatively greater structural ordering. As we demonstrate be-
low, in these spherical monolayers the total topological charge
of a cell pair analogously controls the sign of nonrandom pair
correlations. In addition, a significant positive nonrandom cor-
relation emerges between the topologically neutral (6-valent)
nearest cells.

IV. MORPHOLOGY OF EPITHELIAL MONOLAYERS
OF ASCIDIAN EGGS

Below, we analyze 140 samples of epithelial monolay-
ers with spherical geometry (EMSG) covering eggs of eight
species of ascidians (see Appendix A). In our work [11],
where the same monolayers were presented, the analogies

between the least defective ascidian EMSG and spherical
colloidal crystals have been demonstrated. It was shown
that linear topological defects called scars and pleats (chains
with alternating 5-valent and 7-valent cells) are observed
on both types of curved structures. These defects, however,
are absent in COS monolayers, and below we reanalyze the
ascidian monolayers to detect the reason for this morpho-
logical difference. That is, we determine the values of C! ;
and compare topological characteristics of the considered
systems.

EMSG contained from 60 to 900 cells in the follicular
system. The numbers of investigated samples for the stud-
ied species are: Ciona intestinalis—21, Molgula citrina—?25,
Ascidiella aspersa—36, Styela clava—14, Styela plicata—S8,
Ascidia mentula—11, and Molgula sp.—7. Topological analy-
sis of typical samples of the weakly defective ascidian species
Styela clava and the more defective Molgula sp. is shown
in Figs. 3(a)-3(d), respectively. DOPTs for all investigated
ascidian species are presented in panel (e).

Scars and pleats are observed in all types of ascidians,
except for Phallusia mammillata and Styela plicata [11].
Thus, for scars and pleats to exist, the defectiveness of the
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FIG. 3. Topological organization of epithelial follicular cells in
ascidian species. (a), (b) Typical image of Styela clava monolayer
with superimposed Delaunay triangulation and Voronoi tessellation.
(c), (d) Typical sample of Molgula sp. monolayer and its similar
graphical analysis. The color code is the same as in Figs. 2(a)-2(d).
Scale bar [the same for panels (a)—(d)]: 70 um. (e) Distribution of
cells according to the number of their sides for averaged data on
ascidian monolayers of considered species. Red, dark red, orange,
brown, blue, dark blue, green, and dark green correspond to As-
cidiella aspersa, Molgula citrina, Styela clava, Ascidia mentula,
Molgula sp., Phallusia mammillata, Styela plicata, and Ciona in-
testinalis monolayers, respectively.

order should be relatively low: O < 0.14. In Figs. 3(b) (Styela
clava) and 3(d) (Molgula sp.), the defects are highlighted as
linear chains of orange and green polygons with five and seven
sides. Note that the last monolayer is transitional, and most
of the topological defects are not linear but extended ones,
although short pleats and scars are also observed. Thus we
conclude that in the spherical COS monolayers such linear
topological defects are not possible due to the defectiveness
being too large: for the monolayers O ~ 0.27.

The spherical geometry of the ascidian monolayers mani-
fests itself in an essentially positive value of A; see the fourth
column of Table I. Pair correlations in the ascidian EMSG
were calculated in the same way as in the COS monolayers.
Below, let us make a few additional notes.

According to the calculated values of (Q), the most ordered
EMSGs were observed in the species Ciona intestinalis and
Styela clava. The Ciona intestinalis monolayers included rel-
atively small numbers of cells with rather close sizes. About
48% of Ciona intestinalis one-side images had no extended
topological defects (ETDs) at all. However, despite the highest
ordering among ascidians, due to the size of the samples being
too small, we were able to determine Céﬁ for monolayers
of Ciona intestinalis only with low accuracy: the standard
deviation is several times greater than the absolute value of
Cé6. This occurs because the corresponding value (N) = 94
is small and, when processing images, it turns out that only a
very small (15 on average) number of Voronoi cells have re-
liably determined boundaries. Monolayers of the Styela clava
species that are a bit more defective [see the example shown in
Figs. 3(a) and 3(b)], despite the dominance of the hexagonal
order, already have a certain number of scars and pleats. These
monolayers have the relatively large correlation of C%, and the
largest correlation C¢ (see Table I).

On the surface of more defective monolayers (O ~ 0.14)
of the Molgula sp. samples [see a typical example in Figs. 3(c)
and 3(d)], extended defective areas are observed, where it is
not possible to distinguish individual scars. Such mixing of
the hexagonal order with scars leads to a decrease in the Cg,
value compared to the less defective ascidian species. The
presence of extended topological defects and the observed
increase in the length of scars and the number of pleats [see
Figs. 3(c) and 3(d)] lead to an increase in the Cs, value.

TABLE I. Comparative analysis of different ascidian monolayers. The table lines are ordered according to the relative topological
defectiveness (Q) of monolayers (see the third column). This defectiveness is averaged over all the studied samples of one species; the cell
number (N) is averaged analogously. The value of A corresponds to the DOPTs shown in Fig. 3(e). The last six columns show averaged values
of C,." ; and their standard deviations for i, j = 5, 6, 7. The other correlations are not shown in the table because of the smallness of Py and FPs.

Species (N) (0) A 100C¢, 100C%, 100C¢4 100C¢; 100C;s4 100C;,
Ciona intestinalis 94 0.04 0.16 -0.89 £ 534 336 £ 3.27 07 £482 0.89 £38 -335+1.13 -096 £ 1.17
Styela clava 441 0.06 0.08 629 £325 264 £ 117 -396 £191 -152 £ 159 -0.88 £ 0.66 -0.89 £ 0.8
Ascidia mentula 615 0.084 0.04 352 +1.66 329 £ 088 273 £139 -253 £ 143 09 %+ 041 -046 £ 0.45
Ascidiella aspersa 2227 0.11 0.09 3.71 +£3.14 345+ 15 -291 £291 -148 £ 248 -1.53 £ 1.04 -094 + 1.01
Molgula citrina 179.8 0.117 0.09 297 £ 352 255 £ 209 -1.17 £292 -122 +£4.04 052+ 091 025+ 0.49
Molgula sp. 947 0.139 0.03 276 £ 126 322+ 07 -233 £059 -121 £133 0.67 £ 0.62 0.13 &£ 0.12
Phallusia mammillata 353  0.165 0.07 249 £ 252 4.19 £ 125 -247 + 1.88 -0.53 + 2.42 0.7 £ 0.73 0 £ 0.08
Styela plicata 404 0.18 0.08 4.82 £ 237 3.06 £ 088 -3.18 £ 196 -0.25 £+ 136 058 £ 043 0.12 £ 0.2
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FIG. 4. Topological organization of model spherical structures containing N = 300 point particles. (a) Voronoi tessellation for a typical
random spherical packing. (b) Structure resulting from (a) due to energy (7) minimization. (c) Voronoi tessellation for a typical spherical
packing obtained with random sequential absorption method. (d) Structure resulting from (c) due to energy (7) minimization. The color code
of the tessellations is the same as in Figs. 2 and 3. The cells with three and nine neighbors (these cell valences are absent in Figs. 2 and 3)
are shown with black and dark blue, respectively. (e) Distribution of cells according to the number of their sides for the averaged data on the
spherical structures of four considered types. Red and dark blue correspond to the averaged data obtained for ten random and ten RSA spherical
packings, while orange and green correspond to the averaged data obtained for the spherical structures that result from these random and RSA
packings due to energy (7) minimization at the following parameters: 8S,,/¢ = 1 and ¢ = 3.81. In terms of Ps ~ 0.49, RSA packings are
close to normal (invariant) proliferative epithelium, in which P varies within 0.38-0.48 [2]. (f) Averaged dependencies of Ps, Ps, P;, and Ci,
on ¢ for the energy-minimized structures (obtained from the RSA packings) are shown with orange, yellow, green and gray; for these plots
BSa/¢ = 1, and vertical segments correspond to the values of standard deviations.

V. MORPHOLOGY OF SPHERICAL MODEL PACKINGS

It is of interest to discuss (see the next section) to what
extent our results obtained for the spherical epithelial mono-
layers can be reproduced within the framework of the simplest
theoretical models. Let us first consider random spherical
packings and packings obtained using the random sequential
adsorption (RSA) method [27]. To obtain a random spherical
packing, the points are randomly (with equal volume proba-
bility) successively ejected into a cube with side length of d.
If the ejected point simultaneously locates into a sphere (with
diameter d) inscribed in the cube, then its coordinates are pro-
jected onto the sphere surface along its radius. The process of
ejection and selection of particles is repeated until the required
number of points N is reached. Then the obtained points are
used as nodes of the Voronoi tessellation. An example of the
resulting packing (with N = 300) is shown in Figs. 4(a) and
4(e).

More ordered packings with a higher probability Ps are
the quasirandom ones obtained in the framework of the RSA
method. Unlike random spherical packing, the points pro-
jected onto a sphere are considered to be the centers of balls
with equal diameter d. If the ball corresponding to the last
projected point does not overlap any previously adsorbed ball,
the last point is accepted and remains fixed for the rest of the
process. Otherwise, the last point and the corresponding ball
are removed. The process stops when there are no more spaces
left on the sphere surface to accommodate at least one more

ball. Then the points (the centers of the balls) are considered
as the centers of the cells of the Voronoi tessellation. An anal-
ysis of the topology of a typical sample of the RSA structure
is shown in Figs. 4(c) and 4(e).

Obviously, there is an averaged maximum limit on the
number of balls Ny, that can be placed on the sphere. This
limit, also known as the jamming limit [37], has been exten-
sively studied for various shapes and dimensions of adsorbed
particles [38—40]. In the case of the random sequential adsorp-
tion of equivalent disks on the plane, the average ratio of the
area occupied by them to the total surface area tends to L =~
0.547 [37]. Clearly, in the spherical case this ratio tends to the
same limit, if the ratio D/d, where D is the sphere diameter,
tends to infinity. Therefore, to generate spherical RSA pack-
ings with ~ N particles, where N is sufficiently large, the ratio
D/d should be approximately equal to +/N/4L.

The obtained data for ten random and ten RSA spherical
packings are shown in Table II. All studied model structures
contained N = 300 Voronoi cells. Averaged DOPTs for these
cases are shown in Fig. 4(e). The data presented in Table II
show that random spherical packings are more disordered
ones. They are characterized by a small fraction of cells
with a hexagonal environment (Ps = 0.29) and the absence
of any pair correlations. According to their topological char-
acteristics, these packings are far from the considered cell
monolayers. More ordered RSA packings are characterized
by the significant fraction of hexagonal cells (Ps = 0.49),
positive pair correlation C.;, and negative correlations CZs and
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TABLE II. Comparative analysis of different model structures. The table lines are ordered according to the relative topological defective-

ness (Q) (see the second column). The last six columns show averaged values of C! ' with their standard deviations for i, j = 5, 6, 7. The other
correlations are not presented in the table because of the smallness of P, and Ps probabilities.

Model structure (0) 100C, 100Cs, 100C,s 100Cy; 100C5s 100C;,

Random 0.51  0.04 £ 0.65 0.6 + 0.57 -0.1 + 1.05 021 £ 071 057 £ 039 026 + 0.57
RSA 026 002+ 085  4.00 £ 0.85 0.44 + 1.08 0.01 £ 070 257 £ 042  -1.86 & 0.47
Minimized random  0.19 047 £ 122 349 £ 061  -0.32 £ 06 -0.13 £ 1.09  -1.98 £ 027 171 &+ 0.49
Minimized RSA 0.17  019+£103 371 +£052 002+ 1.02 031+ 1.14  -1.93 £ 043  -1.68 + 0.39

C;,. The Ciq correlation is close to zero. Thus, in terms of
P value, the RSA packings are somewhat more ordered than
COS monolayers and less ordered than ascidian epithelium.
In terms of pair correlations, these packings are close to COS
monolayers.

Various approaches considering the elastic energy of cell
monolayers can be found in the literature [13,27-29,41-43].
Here we use a well-known vertex model [27], in which cell
centers and boundaries, like in our morphological analysis,
are directly determined by the Voronoi tessellation. Within the
framework of this model, it is possible to obtain more ordered
spherical structures with DOPT similar to that observed in the
nonproliferative spherical epithelium of ascidians.

When applying the model, we assume that the initial po-
sitions of the cell centers coincide with the centers of the
Voronoi cells in the random spherical or RSA packings de-
scribed above. Then we minimize the elastic deformation
energy E with respect to the coordinates of cell centers us-
ing the coordinate descent method [44]. Following the work
reported in Refs. [28,29], the energy E of a monolayer con-
taining N cells can be written as

N
E= Zﬁi(Ai —A?)z + &P — P,-O)z,

i=1

(6)

where the subscript i labels each cell; A; and P; are the cell
area and perimeter, respectively. The origin of the elastic
moduli B; is associated with a combination of the cell vol-
ume incompressibility and resistance to height differences
between nearest cells [28,29]. The second term including the
cell perimeters P; results from active contractility of the acto-
myosin subcellular cortex and effective cell membrane tension
due to cell-cell adhesion and cortical tension, which are linear
in the perimeter. Usually, different cells of the same type
are assumed to have the same elastic moduli 8; and ¢; and,
thus, index “i” is omitted. The same goes for the parameters
P and A?, which are usually substituted with Peg and Sy,

respectively. The resulting energy reads

N
E =" BAi— Su) + L (P, — Pep)”.

i=1

)

The value of S,, is equal to the ratio between the area of the
sphere and the number of cells. As is known, the mechanical
properties of the monolayer described by energy (7) are de-
termined by the target shape index g = Peg/+/Say [28,29]. In
the model planar monolayer, the transition between glasslike
state (¢ < qo) and fluidlike one (¢ > go) occurs at the point
qo ~ 3.81 of the so-called jamming transition [28,29]. In the

latter state the monolayer is less ordered since its cells take
a more elongated shape, and the fraction of 6-valent cells
decreases [28,29]. Below, following [28,29] we consider mor-
phological properties of spherical model structures dependent
on g (instead of P.g). The ten random and ten RSA spherical
packings (already mentioned above) were used as the initial
ones for the subsequent minimization of energy (7).

Let us begin from the case when two terms in the energy
(7) are comparable and, consequently, 8S,,/¢ = 1. Then our
analysis shows that the most ordered structures (with the
highest values of Ps 2 0.6) appear if g = 3.81 or is a bit
smaller. Figure 4 and the last two rows of Table II demonstrate
averaged data for spherical model structures with g = 3.81.
According to our computations, when ¢ increases, the value
of Py rapidly decreases: at ¢ = 4.5 this probability achieves
~0.3, which is typical for random packing. In contrast, when
q decreases even up to zero, only a slight decrease (5%—-10%)
in the value of Ps occurs. Also note that in all the regions
g < 3.5 the value Ci; = 0.04 [see Fig. 4(f)].

As we have also revealed, a change in the value of S,y /¢
in the range from 0.1 to 10 has practically no effect on the
topological characteristics of the model epithelium. The de-
pendence of these characteristics on the initial coordinates of
the nodes is also rather weak. In the limiting cases, when
B =0 or ¢ =0, the probability Ps; decreases by about 10%
at the point g = 3.81, which is apparently because the most
ordered packing is that in which both the areas and perimeters
of cells simultaneously tend to their average values. In the case
of B = 0 one can consider the ¢ value variation. If ¢ decreases
and is smaller than 3.81, an additional slight decrease (up to
5%—-10%) in the value of Py occurs. When ¢ increases and is
greater than 3.81, the value of P rapidly decreases in the same
way as in the case of §S,,/¢ = 1.

Summing up, we conclude that the DOPTs of the model
spherical packings considered in the region 3.5 < g < 3.81
and 0.1 < BS./¢ < 10 are close to those observed in the
nonproliferative epithelia of ascidians. In terms of pair corre-
lations, the model packings are different from the epithelium
of ascidians only by a much smaller value of C¢,. However,
this fact is probably explained by the presence of gap junctions
[45] in the ascidian epithelial follicular system (see more
details in the next section).

At first glance, in the region g > 3.81 the vertex model
could explain the topology of proliferative COS monolayers,
which are more disordered than the epithelium of ascidians
[compare DOPTs in Figs. 3(e) and 2(e)]. However, such ap-
plication of the model is not physical, since, when g increases,
the monolayer transforms into a liquidlike state. To make the
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glasslike state monolayer (at g < 3.81) more disordered, one
could try to consider a disordering induced by cell division
and dynamics (which are substantially important for monolay-
ers of Madin-Darby Canine Kidney (MDCK) cells [46,47]),
but this study is beyond the scope of our work.

Using periodic boundary conditions, we analogously con-
sidered planar model monolayers also containing N = 300
cells in the fundamental region. These boundary conditions
lead to the exact fulfillment of the equality A = 0 and DOPT
in the planar monolayers becomes balanced: in the planar
monolayers, compared with the spherical ones, the probability
of Ps decreases by about 0.04, and Py increases by the same
amount. However, we have not found any other significant
peculiarities that are not explained by random spread in the
model structures.

Concluding the consideration of structures obtained within
the vertex model we note they are characterized by large
values of Py (close to ~0.6) and values of pair correlations
similar to those obtained for RSA packings. The topological
characteristics of the energy-minimized structures are practi-
cally independent of the initial order of the packings (compare
the last two rows of Table II).

The number of random and RSA structures considered in
this work is relatively small, but quite acceptable for cal-
culating DOPTs [see Fig. 4(e)]. One can justify this point
by referring to the fact that the DOPT obtained by us for
the random spherical packing is very close to the data [44]
obtained for the planar case. The values of pair correlations
obtained are obviously very approximate, but they indicate the
sign or closeness to zero of the considered correlations. This
is sufficient for the qualitative comparative analysis of the
morphology of the structures considered in the paper, which
is carried out in the next section.

VI. DISCUSSION AND CONCLUSION

In this study that continues the series of our papers
[10,11,13], we analyzed and compared the topological char-
acteristics of the cell order in several monolayer systems.
Considering spherical and planar COS cell monolayers, we
have shown that the spherical shape of the epithelium results
in an imbalance of DOPT histograms, numerically described
by the quantity A # 0 [see Eq. (1)]. Namely, in contrast to the
case of planar epithelium, the right-side sum calculated for the
histogram Zi27 P;(i—6) turns out to be slightly smaller than
the left-side one, Zigs P;(6—i). Since the main contribution
to these two expressions is made by the terms with Ps and
P, the fraction of 5-valent cells P; in COS monolayers is
greater in the spherical case, than in the planar one, and the
fraction of 7-valent cells P; is smaller in the planar epithelium.
As we have shown, the imbalance is especially noticeable
for a spherical epithelium containing several hundred cells. A
decrease in the value of A for ascidian monolayers of Molgula
sp. and Ascidia mentula (see Table I) takes place because
the value is inversely proportional to the number of cells in
a spherical structure and the Molgula sp. and Ascidia mentula
samples are characterized by the largest cell numbers (N).

The fact that the linear topological defects typical of col-
loidal crystals appear in the spherical epithelium of ascidians
was revealed in our previous work [11]. In addition, it has

been shown that due to the greater spread of cell sizes,
scars and pleats in spherical epithelium usually appear in the
structure with N = 200—300, while for formation of scars
and pleats in colloidal crystals N should exceed ~ 400 [34].
However, in spherical COS cell monolayers, which have ap-
proximately the same number of cells (several hundred) as
monolayers of some species of ascidians, linear topological
defects are practically not observed. As we have found out in
this work, this is due to a high degree of disorder in the prolif-
erative COS monolayers. Note that the quantity Zi>7 P,(i—6),
introduced above during the discussion of the properties of
DOPT, is also the measure Q of the topological defectiveness
of the spherical monolayers. Based on the analysis of the data
on ascidian monolayers, we have found the critical value Q ~
0.14, above which the linear topological defects are almost not
observed due to a high degree of topological disorder. This is
also true for COS cell monolayers, where (Q) ~ 0.27.

We also studied the regularities in the locations of nearest
cells depending on their valency and the monolayer geom-
etry. Considering a virtual random polygonal packing with
the same DOPT as in the real structure, we determine the
nonrandom contribution C; ; to the pair correlation of neigh-
boring i- and j-valent cells. The positive or negative value
of C; reveals the tendency to nonrandom agglomeration or
repelling of nearest cells with the corresponding valences.
These correlations can be significant provided that the values
P, are large enough; this is true for i, j =5, 6, 7. Also, we
note that for the considered planar and spherical structures, the
correlation sign is perfectly explained within the concept of
topological charge, which is equal to 6—i for a single i-valent
cell. For all examples of the packings considered in this pa-
per, nonrandom correlations can be essentially positive if and
only if the corresponding pair of nearest cells has zero total
topological charge. This fact recalls the results of the famous
Berezinskii-Kosterlitz-Thouless theory [48,49], in which vor-
tices and antivortices with opposite topological charges are
attracted to each other.

The main common morphological feature of both con-
sidered biosystems, RSA and energy-minimized spherical
structures, is the presence of an essential positive correla-
tion CZ,, the value of which exceeds the standard deviation
of the corresponding averagings [see Tables I and II and
Fig. 2(g)]. In sufficiently ordered spherical monolayers of
ascidians (corresponding to rows 2-5 of Table I), one can
trace the relationship between the Ci; value and the frequency
of occurrence and the length of linear topological defects. It
is quite natural since in these defects 5- and 7-valent cells
alternate. However, these same correlations are also observed
in various planar and spherical structures (even without scars
and pleats), and we could not detect any specific relationship
between the shape of the monolayer and the magnitude of this
(or any other) pair correlation.

The main difference between the two considered biosys-
tems is that all ascidian species are characterized by a
higher value of Cg correlation and, accordingly, in the
nonproliferative epithelium of ascidians, 6-valent cells tend
to agglomerate. In our opinion, this fact can be explained by
the presence of gap junctions [45] in the ascidian epithelial
follicular system. These junctional complexes, absent in COS
monolayers, are intercellular channels connecting adjacent
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cells electrically and metabolically providing a better co-
ordination of cellular functions in all metazoans. In this
physiological context, it may be beneficial for cells to have
approximately the same cell side lengths, which is best real-
ized in agglomerations of 6-valent cells.

Finally, we hypothesize that in normal biological tissues,
specific structural peculiarities including the invariant dis-
tribution of cell valences, specific topological defects, and
certain pair correlations generate a subtle relation between
order and disorder determining the epithelial tissue elasticity
and authorizing the stable and reproducible deformations of
monostratified epithelia throughout the morphogenetic pro-
cesses. In the near future, we hope to further justify this
assumption by analyzing the relations between order, disor-
der, and epithelial deformations during zebrafish embryonic
development in vivo.
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APPENDIX A: CELL CULTURE

COS cells [COS-1 (ATCC CRL-1650), a gift from the
Institut de Biothérapie, Montpellier, France] were seeded ei-
ther on standard Petri dishes (flat monolayers) or, to induce
spherical monolayers, on hydrophobic Petri dishes in MEM
alpha medium supplemented with 10% fetal bovine serum, 20
ng/ml HGF, 10 ng/ml EGF, 25 mM glucose, 1 uM thyrotropin-
releasing hormone, 1 uM hydrocortisone, 10 ug/ml insulin,
50 ug/ml albumin-linoleic acid, 0.1 uM selenium acetate,
0.5 ng/ml ferrous sulfate, 0.75 ug/ml zinc sulfate, 10 mM
nicotinamide, 100 pug/ml streptomycin, and 100 U/ml peni-
cillin.

APPENDIX B: EGG COLLECTION

Ascidians were collected in Roscoff (Bretagne
Nord, France, latitude: 48.726 199, longitude:
—3.985324999999989) and their oocytes maintained at
18°C in 0.2 um filtered seawater containing 100 U/ml
penicillin, and 100 pg/ml streptomycin. Oogenesis occurs
continuously throughout adulthood [50,51] and oocytes, at
different stages of folliculogenesis [18,52], were obtained
through gonad dislocation. Experiments conducted on
ascidians (marine invertebrates) did not require specific
permission and were collected outside of private or protected
areas. Our field studies did not involve endangered or
protected species.

FIG. 5. Toy fragment of Delaunay triangulation. The color of a
circle located at a vertex of the triangulation corresponds to the color
code of Figs. 2—4 and is determined by the number of edges outgoing
from the vertex.

APPENDIX C: LABELING AND FLUORESCENCE
MICROSCOPY

COS cells and ascidian oocytes were fixed and processed
for cell contour (TRITC phalloidin labeling) and nuclei (DAPI
labeling) as previously described [53,54]. Specimens were
analyzed with a Leica SPE laser confocal microscope (Mont-
pellier RIO Imaging platform, France).

APPENDIX D: IMAGE ANALYSIS

After determining the geometric centers of the cell nuclei,
triangulation was performed using the Delaunay method [32].
Next, the Voronoi tiling was constructed, and the areas of the
epithelial cells were calculated as the areas of Voronoi cells.
Obviously, for a correct statistical analysis, it is necessary to
discard the cells (located too close to the image border), the
number of neighbors for which cannot be determined. Note
that even if it is possible to construct a closed Voronoi cell,
then it is also necessary to check whether the cell polygon
boundary can be changed by additional hypothetical nuclei
lying directly outside the image border. Therefore, the center
of areliably constructed Voronoi cell should be located at least
twice as far from the image border as any of the vertices of this
cell.

APPENDIX E: CALCULATING PAIR CORRELATIONS FOR
A SMALL FRAGMENT OF DELAUNAY TRIANGULATION

Six of the 12 vertices present in the fragment (see
Fig. 5) have six neighbors, so Ps = 16—2 = 0.5. Similarly,
Ps=P = % = 0.25. Now let us calculate the pair corre-
lations C;; for the considered fragment. To do this, we
consider only those triangulation edges that fall entirely into
the fragment under consideration. There are 22 such edges;
therefore Ly = 22. Six edges connect vertices that have six

neighbors, so Lgg = 5 and Cgs = % = % ~ (0.23. Similarly,
Cs= 7L = 5 ~0.23.
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Using the formula ), (NPik) = 12(0.25x5 4 0.5%6 +
0.25x7) = 72 [see Eq. (2)] one can find exactly the number of
ends of the edges shown in the figure. Indeed, 24 fully shown
edges have 48 ends, and 24 edges go beyond the borders of
the picture.

Let us calculate the fractions of edges in a hypotheti-
cal (random) triangulated structure that is characterized by
the same DOPT. Using Eq. (3) the fraction Psnld7 of trian-
gulation edges connecting 5-valent and 7-valent cells can

. prnd __ 2Xx5X7XPsxP; __ s .
be calculated: P = =72y = 0.12. Similarly, using

2
formula (4), one can find that ngd = [5P+36i++713]2 = 0.25.
5 6 7

Substituting these values into formula (5), one can obtain that
the nonrandom contributions to the pair correlation function
are equal to Cl, = Cs7 — P4 = 0.11; Cly = Ces — P =
—0.02. Thus in this fragment there is a negative correlation
C¢e and positive one CZ,. In fact, the positive correlation C,
occurs since in this structure all 5- and 7-valent cells are not
distributed uniformly over the triangulation fragment under
consideration, but are combined into one scar, which is a
topological defect, where 5- and 7-valent particles alternate.

[1] E. T. Lewis, The effect of cell division on the shape and size of
hexagonal cells, Anat. Rec. 33, 331 (1926).

[2] M. C. Gibson, A. B. Patel, R. Nagpal, and N. Perrimon, The
emergence of geometric order in proliferating metazoan epithe-
lia, Nature (London) 442, 1038 (2006).

[3] R. Korn and R. Spalding, The geometry of plant epidermal cells,
New Phytol. 72, 1357 (1973).

[4] D. Kwiatkowska and J. Dumais, Growth and morphogenesis at
the vegetative shoot apex of Anagallis arvensis L., J. Exp. Bot.
54, 1585 (2003).

[5] A. K. Classen, K. I. Anderson, E. Marois, and S. Eaton, Hexag-
onal packing of drosophila wing epithelial cells by the planar
cell polarity pathway, Dev. Cell 9, 805 (2005).

[6] A. B. Patel, W. T. Gibson, M. C. Gibson, and R. Nagpal, Mod-
eling and inferring cleavage patterns in proliferating epithelia,
PLoS Comput. Biol. 5, e1000412 (2009).

[7] D. Sanchez-Gutiérrez, A. Saez, A. Pascual, and L. M. Escudero,
Topological progression in proliferating epithelia is driven by a
unique variation in polygon distribution, PLoS ONE 8, 79227
(2013).

[8] T. Aegerter-Wilmsen, A. C. Smith, A. J. Christen, C. M.
Aegerter, E. Hafen, and K. Basler, Exploring the effects of
mechanical feedback on epithelial topology, Development 137,
499 (2010).

[9] D. Sanchez-Gutiérrez, M. Tozluoglu, J. D. Barry, A. Pascual,
Y. Mao, and L. M. Escudero, Fundamental physical cellular
constraints drive self-organization of tissues, EMBO J. 35, 77
(2016).

[10] D. S. Roshal, M. Martin, K. Fedorenko, I. Golushko, V. Molle,
S. Baghdiguian, and S. B. Rochal, Random nature of epithe-
lial cancer cell monolayers, J. R. Soc. Interface 19, 20220026
(2022).

[11] D. S. Roshal, K. Azzag, E. Le Goff, S. B. Rochal, and S.
Baghdiguian, Crystal-like order and defects in metazoan epithe-
lia with spherical geometry, Sci. Rep. 10, 7652 (2020).

[12] N. Khetan, G. Pruliere, C. Hebras, J. Chenevert, and C. A.
Athale, Self-organized optimal packing of kinesin-5-driven mi-
crotubule asters scales with cell size, J. Cell Sci. 134, jcs257543
(2021).

[13] K. Azzag, Y. Chelin, F. Rousset, E. Le Goff, C. Martinand-
Mari, A. M. Martinez, B. Maurin, M. Daujat-Chavanieu, N.
Godefroy, J. Averseng, P. Mangeat, and S. Baghdiguian, The
non-proliferative nature of ascidian folliculogenesis as a model
of highly ordered cellular topology distinct from proliferative
epithelia, PLoS ONE 10, e0126341 (2015).

[14] A. D. Dinsmore, M. F. Hsu, M. G. Nikolaides, M. Marquez,
A. R. Bausch, and D. A. Weitz, Colloidosomes: Selectively

permeable capsules composed of colloidal particles, Science
298, 1006 (2002).

[15] T. B. Saw, A. Doostmohammadi, V. Nier, L. Kocgozlu, S.
Thampi, Y. Toyama, P. Marcq, C. T. Lim, J. M. Yeomans, and
B. Ladoux, Topological defects in epithelia govern cell death
and extrusion, Nature (London) 544, 212 (2017).

[16] Z. A. Antonello, T. Reiff, and M. Dominguez, Mesenchymal
to epithelial transition during tissue homeostasis and regenera-
tion: Patching up the Drosophila midgut epithelium, Fly 9, 132
(2015).

[17] C. L. Chaffer, E. W. Thompson, and E. D. Williams, Mes-
enchymal to epithelial transition in development and disease,
Cells Tissues Organs 185, 7 (2007).

[18] E. W. Thompson and D. F. Newgreen, Carcinoma invasion
and metastasis: A role for epithelial-mesenchymal transition?,
Cancer Res. 65, 5991 (2005).

[19] M. K. Jolly, R. J. Murphy, S. Bhatia, H. J. Whitfield, A.
Redfern, M. J. Davis, and E. W. Thompson, Measuring and
modelling the epithelial-mesenchymal hybrid state in can-
cer: Clinical implications, Cells Tissues Organs 211, 110
(2022).

[20] Y. Chen, Q. Gao, J. Li, F. Mao, R. Tang, and H. Jiang, Activation
of Topological Defects Induces a Brittle-to-Ductile Transi-
tion in Epithelial Monolayers, Phys. Rev. Lett. 128, 018101
(2022).

[21] C. Ross and T. E. Boroviak, Origin and function of the yolk sac
in primate embryogenesis, Nat. Commun. 11, 3760 (2020).

[22] W. P. Jollie, Development, morphology, and function of the
yolk-sac placenta of laboratory rodents, Teratology 41, 361
(1990).

[23] C. Chazaud, Y. Yamanaka, T. Pawson, and J. Rossant, Early
lineage segregation between epiblast and primitive endo-
derm in mouse blastocysts through the Grb2-MAPK pathway,
Deyv. Cell 10, 615 (2006).

[24] D. J. Andrew and A. J. Ewald, Morphogenesis of epithelial
tubes: Insights into tube formation, elongation, and elaboration,
Dev. Biol. 341, 34 (2010).

[25] S. B. Lemke and C. M. Nelson, Dynamic changes in epithelial
cell packing during tissue morphogenesis, Curr. Biol. 31, R1098
(2021).

[26] A. Trushko, I. Di Meglio, A. Blanch-Mercader, S. Abuhattum,
J. Guck, K. Alessandri, P. Nassoy, K. Kruse, B. Chopard, and
A. Roux, Buckling of an epithelium growing under spherical
confinement, Dev. Cell. 54, 655 (2020).

[27] A. G. Fletcher, M. Osterfield, R. E. Baker, and S. Y.
Shvartsman, Vertex models of epithelial morphogenesis,
Biophys. J. 106, 2291 (2014).

024404-10


https://doi.org/10.1002/ar.1090330502
https://doi.org/10.1038/nature05014
https://doi.org/10.1111/j.1469-8137.1973.tb02114.x
https://doi.org/10.1093/jxb/erg166
https://doi.org/10.1016/j.devcel.2005.10.016
https://doi.org/10.1371/journal.pcbi.1000412
https://doi.org/10.1371/journal.pone.0079227
https://doi.org/10.1242/dev.041731
https://doi.org/10.15252/embj.201592374
https://doi.org/10.1098/rsif.2022.0026
https://doi.org/10.1038/s41598-020-64598-w
https://doi.org/10.1242/jcs.257543
https://doi.org/10.1371/journal.pone.0126341
https://doi.org/10.1126/science.1074868
https://doi.org/10.1038/nature21718
https://doi.org/10.1080/19336934.2016.1140709
https://doi.org/10.1159/000101298
https://doi.org/10.1158/0008-5472.CAN-05-0616
https://doi.org/10.1159/000515289
https://doi.org/10.1103/PhysRevLett.128.018101
https://doi.org/10.1038/s41467-020-17575-w
https://doi.org/10.1002/tera.1420410403
https://doi.org/10.1016/j.devcel.2006.02.020
https://doi.org/10.1016/j.ydbio.2009.09.024
https://doi.org/10.1016/j.cub.2021.07.078
https://doi.org/10.1016/j.devcel.2020.07.019
https://doi.org/10.1016/j.bpj.2013.11.4498

TOPOLOGICAL PROPERTIES AND SHAPE ...

PHYSICAL REVIEW E 108, 024404 (2023)

[28] D. Bi, X. Yang, M. C. Marchetti, and M. L. Manning, Motility-
Driven Glass and Jamming Transitions in Biological Tissues,
Phys. Rev. X 6, 021011 (2016).

[29] D. Bi, J. H. Lopez, J. M. Schwarz, and M. L. Manning,
A density-independent rigidity transition in biological tissues,
Nat. Phys. 11, 1074 (2015).

[30] S. Alt, P. Ganguly, and G. Salbreux, Vertex models: From cell
mechanics to tissue morphogenesis, Philos. Trans. R. Soc. B
372, 20150520 (2017).

[31] G. Voronoi, Nouvelles applications des parametres continus
a la théorie des formes quadratiques. Deuxiéme mémoire.
Recherches sur les parallélloedres primitifs, J. Reine Angew.
Math. 134, 198 (1908).

[32] B. Delaunay, Sur la sphere vide, Izv. Akad. Nauk SSSR,
Otdelenie Mat. Estestvennyh Nauk 7, 793 (1934).

[33] J. H. Conway and N. J. A. Sloane, Sphere Packings, Lattices
and Groups, Grundlehren der Mathematischen Wissenschaften
Vol. 290 (Springer, Berlin, 1993).

[34] D. S. Roshal, K. Y. Petrov, A. E. Myasnikova, and S. B. Rochal,
Extended topological defects as sources and outlets of disloca-
tions in spherical hexagonal crystals, Phys. Lett. A 378, 1548
(2014).

[35] A. Donev, S. Torquato, and F. H. Stillinger, Pair correlation
function characteristics of nearly jammed disordered and or-
dered hard-sphere packings, Phys. Rev. E 71, 011105 (2005).

[36] A.R. Bausch, M. J. Bowick, A. Cacciuto, A. D. Dinsmore, M.
F. Hsu, D. R. Nelson, M. G. Nikolaides, A. Travesset, and D.
A. Weitz, Grain boundary scars and spherical crystallography,
Science 299, 1716 (2003).

[37] J. Feder, Random sequential adsorption, J. Theor. Biol. 87, 237
(1980).

[38] M. D. Penrose, Random parking, sequential adsorption, and the
jamming limit, Commun. Math. Phys. 218, 153 (2001).

[39] J. W. Evans, Random and cooperative sequential adsorption,
Rev. Mod. Phys. 65, 1281 (1993).

[40] J. Talbot, G. Tarjus, P. R. Van Tassel, and P. Viot, From car park-
ing to protein adsorption: An overview of sequential adsorption
processes, Colloids Surf. A 165, 287 (2000).

[41] R. Farhadifar, J. C. Roper, B. Aigouy, S. Eaton, and F.
Jiilicher, The influence of cell mechanics, cell-cell interactions,
and proliferation on epithelial packing, Curr. Biol. 17, 2095
(2007).

[42] S. Henkes, K. Kostanjevec, J. M. Collinson, R. Sknepnek, and
E. Bertin, Dense active matter model of motion patterns in
confluent cell monolayers, Nat. Commun. 11, 1405 (2020).

[43] B. Palmieri, Y. Bresler, D. Wirtz, and M. Grant, Multiple scale
model for cell migration in monolayers: Elastic mismatch be-
tween cells enhances motility, Sci. Rep. §, 11745 (2015).

[44] P. Tseng, Convergence of a block coordinate descent method
for nondifferentiable minimization, J. Optim. Theory Appl. 109,
475 (2001).

[45] S. Baghdiguian, C. Martinand-Mari, B. Maury, V. Lorman,
and P. Mangeat, D’ Arcy Thompson aurait-il prédit un contrdle
topologique de 1’apoptose? Med./Sci. 29, 411 (2013).

[46] A. Puliafito, L. Hufnagel, P. Neveu, S. Streichan, A. Sigal, D.
K. Fygenson, and B. I. Shraiman, Collective and single cell
behavior in epithelial contact inhibition, Proc. Natl. Acad. Sci.
USA 109, 739 (2012).

[47] J. Straetmans and E. Khain, Modeling cell size dynamics in a
confined nonuniform dense cell culture, J. Stat. Phys. 176, 299
(2019).

[48] V. L. Berezinskii, Destruction of long-range order in one-
dimensional and two-dimensional systems possessing a contin-
uous symmetry group. II. Quantum systems, Sov. Phys. JETP
34,610 (1972).

[49] J. M. Kosterlitz and D. J. Thouless, Ordering, metastability
and phase transitions in two-dimensional systems, J. Phys. C
6, 1181 (1973).

[50] Y. Sugino, A. Tominaga, and Y. Takashima, Differentiation of
the accessory cells and structural regionalization of the oocyte
in the ascidian Ciona savignyi during early oogenesis, J. Exp.
Zool. 242, 205 (1987).

[51] T. Okada and M. Yamamoto, Identification of early oogenetic
cells in the solitary ascidians, Ciona savignyi and Ciona intesti-
nalis: An Immunoelectron Microscopic Study, Dev. Growth
Difter. 35, 495 (1993).

[52] F. Prodon, J. Chenevert, and C. Sardet, Establishment of
animal-vegetal polarity during maturation in ascidian oocytes,
Dev. Biol. 290, 297 (2006).

[53] B. Maury, C. Martinand-Mari, J.-P. Chambon, J. Soule, G.
Degols, A. Sahuquet, M. Weill, A. Berthomieu, P. Fort, P.
Mangeat, and S. Baghdiguian, Fertilization regulates apoptosis
of Ciona intestinalis extra-embryonic cells through thyroxine
(T4)-dependent NF-« B pathway activation during early embry-
onic development, Dev. Biol. 289, 152 (2006).

[54] J. P. Chambon, J. Soule, P. Pomies, P. Fort, A. Sahuquet, D.
Alexandre, P. H. Mangeat, and S. Baghdiguian, Tail regres-
sion in Ciona intestinalis (Prochordate) involves a caspase-
dependent apoptosis event associated with ERK activation,
Development 129, 3105 (2002).

024404-11


https://doi.org/10.1103/PhysRevX.6.021011
https://doi.org/10.1038/nphys3471
https://doi.org/10.1098/rstb.2015.0520
https://doi.org/10.1515/crll.1908.134.198
https://www.mathnet.ru/links/6718ecf3d085e54693bc81ad973ce101/im4937.pdf
https://doi.org/10.1016/j.physleta.2014.03.037
https://doi.org/10.1103/PhysRevE.71.011105
https://doi.org/10.1126/science.1081160
https://doi.org/10.1016/0022-5193(80)90358-6
https://doi.org/10.1007/s002200100387
https://doi.org/10.1103/RevModPhys.65.1281
https://doi.org/10.1016/S0927-7757(99)00409-4
https://doi.org/10.1016/j.cub.2007.11.049
https://doi.org/10.1038/s41467-020-15164-5
https://doi.org/10.1038/srep11745
https://doi.org/10.1023/A:1017501703105
https://doi.org/10.1051/medsci/2013294015
https://doi.org/10.1073/pnas.1007809109
https://doi.org/10.1007/s10955-019-02300-9
http://jetp.ras.ru/cgi-bin/dn/e_034_03_0610.pdf
https://doi.org/10.1088/0022-3719/6/7/010
https://doi.org/10.1002/jez.1402420212
https://doi.org/10.1111/j.1440-169X.1993.00495.x
https://doi.org/10.1016/j.ydbio.2005.11.025
https://doi.org/10.1016/j.ydbio.2005.10.021
https://doi.org/10.1242/dev.129.13.3105

