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ABSTRACT Cell division orientation plays an essential role in tissue morphogenesis and cell
fate decision. Recent studies showed that either cell shape or adhesion geometry can regu-
late the orientation of mitotic spindles and thereby the cell division orientation. However,
how they together regulate the spindle orientation remains largely unclear. In this work, we
use a general computational model to investigate the competitive mechanism of determining
the spindle orientation between cell shape and intercellular adhesion in epithelial cells. We
find the spindle orientation is dominated by the intercellular adhesion when the cell shape
anisotropy is small, but dominated by the cell shape when the shape anisotropy is large. A
strong adhesion and moderate adhesive size can ensure the planar division of epithelial cells
with large apico-basal elongation. We also find the spindle orientation could be perpendicu-
lar to the adhesive region when only one side of the cell is adhered to an E-cadherin-coated
matrix. But after the cell is compressed, the spindle orientation is governed by the cell shape
and the spindle will be parallel to the adhesive region when the cell shape anisotropy is large.
Finally, we demonstrate the competition between cell shape and tricellular junctions can also
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effectively regulate the spindle orientation.

INTRODUCTION

The orientation of the cell-division axis determines the positions of
daughter cells in a tissue and thereby is crucial to the tissue morpho-
genesis and cell fate decisions (Théry and Bornens, 2006; di Pietro
et al., 2016). Misoriented cell division can result in various develop-
mental disorders (Gillies and Cabernard, 2011; Williams et al., 2011;
Lancaster and Knoblich, 2012) and may also be responsible for the
tumor progression (Caussinus and Gonzalez, 2005; Pease and Tir-
nauer, 2011; Nakajima et al., 2013). Cell division orientation is cou-
pled to the mitotic spindle orientation. More than 100 years ago,
the cell shape had been thought of as a determinant of spindle
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orientation, which is known as the "long axis rule" (Hertwig, 1884).
Recent studies also confirmed the correlation between the cell
shape and the spindle orientation (O'Connell and Wang, 2000;
Strauss et al., 2006; Minc et al., 2011; Xiong et al., 2014; Li and
Jiang, 2018). However, in many frequently used systems, the adhe-
sion geometry (Théry et al., 2005, 2007; Matsumura et al., 2016),
cell polarity (Siller and Doe, 2009; Williams and Fuchs, 2013), or
extracellular mechanical force (Fink et al., 2011; Hart et al., 2017;
Scarpa et al., 2018; Finegan et al., 2019) sometimes could override
the cell shape to determine the spindle orientation.

In general, the long axis of the interphase cell is consistent with
the principal direction of the extracellular force or anisotropic adhe-
sion, because these factors can elongate the cell during the inter-
phase (Théry et al., 2005; Fink et al., 2011; Wyatt et al., 2015;
Bosveld et al., 2016). Therefore, the spindle orientation is usually
along the long axis of the cell as well as the principal direction of
extracellular force or adhesion. It is difficult to distinguish their indi-
vidual influences on the spindle orientation.

However, this is not always the case. Recent experiments have
found some cues about the competition between the cell shape
and adhesion. For example, the division of epithelia is usually
planar, that is, parallel to the monolayer plane, to maintain the
single-layered tissue architecture (Ragkousi and Gibson, 2014)
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FIGURE 1: Schematics of the epithelial tissue and the mitotic spindle
orientation. (A) Schematics of the epithelial tissue. (B) The spindle
orientation is planar, slant, or orthogonal in the side view. (C) The
spindle orientation within the tissue plane observed in the top view.
It can be regulated by either the polygonal cell shape (Wyatt et al.,
2015) or the TCJs (Bosveld et al., 2016).

(Figure 1, A and B). If the cell rounding is inhibited during the
mitotic phase, the spindle could orient along the apico-basal axis
due to the columnar shape of the epithelial cell (Chanet et al.,
2017). Furthermore, when one cell spreads on the two-dimen-
sional substrate, the spindle orientation is usually parallel to the
substrate due to the pulling of retraction fibers. When the cell is
covered by another adhesive surface-coated fibronectin, the
spindle orientation tends to be perpendicular to the substrate
due to the symmetric distribution of traction fibers on both adhe-
sive surfaces (Petridou and Skourides, 2014). Interestingly, if the
cell is spreading on the substrate coated with E-cadherin as an
artificial intercellular adhesion, the spindle orientation also be-
comes perpendicular to the substrate (Gloerich et al., 2017). This
might be induced by coupling the spindle orientation with the
intercellular adhesion through E-cadherin, which can recruit the
LGN/NuMA complex and apply pulling forces on microtubules
through associated dyneins (Peyre et al., 2011; Gloerich et al.,
2017; Wang et al., 2018).

In addition to the competition between the planar and orthogo-
nal directions (Figure 1B), the mitotic spindle of epithelial cells also
need to select its horizontal orientation in the top view when the
spindle is parallel to the tissue plane (Figure 1C). The spindles of
epithelial cells, which usually have the polygonal shapes in the top
view during the interphase, could orient either along their long axes
(Wyatt et al., 2015) or along the tricellular junction (TCJ) polarity
(Bosveld et al., 2016). The TCJs can act as force generators pulling
astral microtubules and orienting cell division via the dynein-associ-
ated protein Mud (Drosophila homologue of NuMA) (Bosveld et al.,
2016). If the anisotropy of interphase cell shape is large, the spindle
can orient along the long axis of the cell. In contrast, the spindle
orientation could be predicted by the TCJ polarity more successfully
when the anisotropy of interphase cell shape is small (Bosveld et al.,
2016). Moreover, when the cell monolayer is stretched, the spindle
tends to orient along the long axis of the interphase cell shape (Hart
etal., 2017; Wyatt et al., 2015). However, if the epithelial cell mono-
layer sustains a lower, more physiologically relevant uniaxial stretch
(~12% strain), a part of spindles could align with the stretch axis
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regardless of the long axis of the interphase cell shape (Hart et al.,
2017).

These experiments suggest that the intercellular adhesion and
cell shape can both regulate the spindle orientation in epithelial
cells. If their polarities are different, the two mechanisms may com-
pete with each other. It has been shown that both the intercellular
adhesion (Peyre et al., 2011; Bosveld et al., 2016; Chanet et al.,
2017; Gloerich et al., 2017) and the cell shape (Théry and Bornens,
2006; Minc et al., 2011; Pierre et al., 2016; Li and Jiang, 2018) could
orient the spindle by exerting forces on astral microtubules. There-
fore, their cooperation or competition should be actually imple-
mented by their resultant forces on the mitotic spindle. However,
how these coupling mechanisms regulate the spindle orientation is
still elusive.

In this paper, we use a general computational model to investi-
gate how the spindle orientation is determined by the competition
between the intercellular adhesion and cell shape in the top view
and side view of the epithelial tissue (Figure 1). Our results not only
quantitatively explain many existing experiment phenomena but
also provide many interesting predictions that can be verified in
future experiments.

RESULTS

The model reproduces the positioning and orientation

of mitotic spindles in different cell shapes and adhesion
geometries

The mitotic spindle is a bipolar structure consisting of large numbers
of microtubules and various molecular motors (McIntosh et al.,
2012). We have developed a general model for mitotic spindles to
study how cell size and cell shape regulate the positioning, orienta-
tion, and size regulation of mitotic spindles in our recent studies
(Jiang, 2015; Li and Jiang, 2017, 2018). In this work, the original
model is further improved (Figure 2, A and B), and we use two-di-
mensional (2D) simulations to investigate the orientation of mitotic
spindles in different cell shapes and adhesion geometries. In brief,
the model considers that microtubules are mainly nucleated from
centrosomes and display dynamics, and the bipolar spindle struc-
ture can be kept stable through interactions among antiparallel mi-
crotubules and interactions between microtubules and chromo-
somes. Astral microtubules can interact with the cortex and generate
pushing force by polymerization or pulling force by cortical dynein,
so that the spindle can be positioned and oriented. Through dy-
namic simulation, we can reproduce the positioning and orientation
of spindles (more details are provided in Materials and Methods and
Supplemental Figures S1-S3 in the Supplemental Materials).

First, the cell is regarded as a sphere with the diameter of 20 pm
during the mitotic phase in the model. The spindles in the simula-
tion can always be positioned to the cell center from random initial
conditions, but the spindle orientation is randomly distributed since
the cell shape and the cortical parameters are isotropic (Supplemen-
tal Figure S4 and Supplemental Movie S1). To define a specific ori-
entation, we elongate the cell to a stadium shape (Figure 2C and
Supplemental Figure S5) or an elliptical shape (Supplemental Figure
S6), corresponding to the compression of the round cell (Fischer-
Friedrich et al., 2014; Guild et al., 2017) or the stretching of the tis-
sue (Gibson et al.,, 2011; Wyatt et al., 2015), respectively. The cell
aspect ratio 4, that is, the ratio of the long axis to the short axis, is
1.5, and the cell volume (actually the area in the 2D simulation) is
same as the round cell. In these cases, the spindle can also be posi-
tioned successfully, but always oriented along the long axis of the
cell independently of the initial conditions (Supplemental Figures S5
and S6; Supplemental Movie S2). Therefore, astral microtubules can
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FIGURE 2: (A) A typical metaphase mitotic spindle observed in the
experiment (Rogers et al., 2002). Microtubules are labeled in green,
and chromosomes are labeled in blue. (B) The simulated spindle in

a round cell with the diameter of 20 ym (see also Supplemental
Figure S4 and Supplemental Movie S1). (C) The simulated spindle

in a stadium-shaped cell with the aspect ratio of 1.5 (see also
Supplemental Figure S5 and Supplemental Movie S2). (D) The
simulated spindle in a round cell with symmetric intercellular adhesion
on the two sides (red region). The adhesive length L= 12 pm. The
lateral adhesive region has a higher binding rate of cortical dynein
than the other regions, and the ratio is k=11 (see also Supplemental
Figure S7). Scale bar: 5 pm.

effectively sense cell shape and control the spindle orientation
along the long axis.

Then, we define two symmetric parts of the cortex as the inter-
cellular adhesive regions on the mitotic rounding epithelial cell
(Figure 2D). The E-cadherin on the lateral adhesion can recruit the
LGN/NuMA complex (Peyre et al., 2011; Gloerich et al., 2017). The
Par3/Par6/aPKC complex can exclude LGN from the apical cortex to
the lateral cortex, which leads to apico-basal polarity (Hao et al.,
2010; Zheng et al., 2010). Both mechanisms can result in the conse-
quence that the lateral cortex has a higher level of LGN/NuMA than
the apical cortex, and thereby the lateral pulling force is larger due
to more associated dyneins (Seldin et al., 2016). Therefore, we
assume the lateral region has a much higher binding rate of cortical
dynein than other regions (see Materials and Methods). It should
also be noted that the distribution of LGN/NuMA complex can be
changed by the cortical release and microtubule transport, but
maintained by chromosome- and spindle-pole-derived signals after
the spindle self-assembly (Kiyomitsu and Cheeseman, 2012; Zheng
et al., 2013). For simplicity, we assume the parameters of the lateral
region are unchanged over time. The binding rate of cortical dynein
at the lateral adhesive region is assumed k= 11 times larger than at
the other regions, and the size of the lateral adhesion region is as-
sumed as L= 12 um. More values of these two parameters and their
influences will be discussed in the later sections. In this case, the
spindle can also be positioned successfully, and the spindle orienta-
tion is perpendicular to the lateral adhesive region, that is, along the
adhesion polarity (Figure 2D and Supplemental Figure S7). Owing
to the increase of binding rate of dyneins at the adhesion region,
binding microtubules will assemble there so that the pulling force
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generated at the adhesion region is larger than the other regions,
and thus the spindle is pulled to orient along the adhesion direction.
Therefore, either the cell shape or the intercellular adhesion geom-
etry can regulate the spindle orientation in the simulation.

The competition between cell shape and bilateral
intercellular adhesion determines spindle orientation
in the side view of the epithelial tissue
Next, we consider the cell shape and the intercellular adhesion si-
multaneously to investigate the spindle orientation in the side view
of Figure 1. The long axis of the columnar-shaped epithelial cell is
usually along the apico-basal axis during the interphase, while the
intercellular adhesion polarity is parallel to the tissue plane. If the
cell rounding during the mitotic phase is inhibited, the cell shape
remains elongated along the apico-basal axis, that is, perpendicular
to the adhesion polarity (Chanet et al., 2017). We consider such a
case in the simulation to figure out whether the spindle orientation
aligns with the apico-basal cell shape or the planar adhesion polar-
ity. Experiments showed that the cell shapes in the side view are
complex, but share a common feature that the long axis is along the
apico-basal axis (Chanet et al., 2017). Therefore, the cell shape is
simplified as the stadium shape with a single long axis (Figure 3A).
It should be noted that the adhesive region actually covers the
lateral cylindrical surface of the cell, but the adhesive region be-
comes the bilaterally symmetric segments of the cortex in the 2D
simulations (Figure 3A). We show that the spindle orientation tran-
sits from the horizontal to the orthogonal direction with the increase
of the cell aspect ratio as the cell area is constant (Figure 3B and
Supplemental Movie S3). Specifically, when the aspect ratio is small,
the intercellular adhesion dominates, and the spindle orientation is
horizontal (A= 1.2 in Figure 3B). When the aspect ratio is large, the
cell shape dominates, and the spindle orientation is orthogonal,
that is, along the apico-basal axis (A = 1.8 in Figure 3B). When the
aspect ratio is medium, the spindle orientation is controlled by both
the intercellular adhesion and the cell shape, and thereby it is
slanted (4 = 1.4 in Figure 3B). When the adhesion parameters are
chosen as k=11 and L = 12 ym, the results are in agreement with
the experimental data from Chanet et al. (2017), where the cell
rounding was inhibited to various degrees to control the cell aspect
ratio (Figure 3C). The curve can be fitted by a sigmoidal function:

a —ot

- +
a—71+e(l_w/w+a (1

where o is the spindle orientation, that is, the angle between the
spindle axis and the horizontal direction (Figure 3B); A is the aspect
ratio of cell shape; ¢ are the limit values of the spindle orientation
(ar =0and o = 1/2); Aris the critical aspect ratio of cell shape, that
is, the aspect ratio when o = (& + @')/2; and wr is a constant that
reflects the width of the rising segment of the curve. Through fitting
the experimental data (Chanet et al., 2017) with the numerical simu-
lation (Figure 3C), we obtain the critical aspect ratio Ay =1.36.

If the level of related proteins, such as E-cadherin or LGN/NuMA,
is changed through the regulation of gene expression or corre-
sponding chemical inhibitors (Peyre et al., 2011; Gloerich et al.,
2017), the number of associated dyneins could be changed accord-
ingly. To simulate this case, we can change the binding rate of corti-
cal dyneins in the adhesive region. When the binding rate in the
adhesive region is the same as the other region, that is, k=1, the
spindle orientation is completely decided by the cell shape (A7 ~1).
That is, as long as the aspect ratio 4 is larger than 1, the spindle
tends to orient along the orthogonal direction, that is, the long axis
of the cell (black line in Figure 3D). With the increase of the binding
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FIGURE 3: Regulating the spindle orientation via the cell shape and the bilateral intercellular adhesion in the side view.
(A) The schematic shows the cell shape and intercellular adhesion of a dividing epithelial cell in the 2D simulation. The
cell is stadium-shaped, where the red segments represent the intercellular adhesion region. (B) The snapshots of
simulated spindles in the cells with different aspect ratios, but the same adhesive length and adhesive strength (L =

12 pm, k= 11) (see also Supplemental Movie S3). Scale bar: 5 pm. (C) The spindle orientation quantified by the angle
between the spindle axis and the adhesion polarity from (B) is plotted against the aspect ratio of the cell shape (mean
SE, 50 simulations for each case, the same below). The green dots are the experimental data from Chanet et al. (2017).
The solid line is the fitting of the simulation results by using Eq. 1. (D) The role of the adhesive strength in governing the
spindle orientation. (E) The role of the adhesive length in governing the spindle orientation. The curves in D and E can
also be fitted by Eq. 1 (not shown). (F) Through fitting, the critical aspect ratio A7 can be obtained, and it is the function

of the adhesive strength k and adhesive length L.

rate k in the adhesive region, the critical aspect ratio Ay increases
(Figure 3D), which indicates that a stronger intercellular adhesion
can ensure more planar division in the epithelial tissue.

Moreover, we also change the adhesive length in the simulation
to investigate the influence of the size of the adhesion area on the
spindle orientation. We find that the critical aspect ratio increases
with the adhesive length only when L <12 um (~20% of the cell pe-
rimeter; Figure 3E), but decreases if the adhesive length increases
further (Figure 3E). This is because the polarity of the intercellular
adhesion will be weakened when the adhesive length is too long
and finally disappears when the whole cell is adhesive. Taken to-
gether, a strong adhesion and moderate adhesive length can gener-
ate a large critical aspect ratio Ay, leading to more planar divisions in
the epithelial tissue (Figure 3F).

Besides, we have investigated the role of other cortical param-
eters in the orientation process without adhesion in our recent
work (Li and Jiang, 2018). To further investigate how the cortical
parameters impact the spindle orientation when cell adhesion ex-
ists, we changed the unbinding rate of cortical dyneins as an ex-
ample (Supplemental Figure S8). We find that the critical aspect
ratio increases with the decrease of the unbinding rate. This is be-
cause the decrease of unbinding rate of dynein leads to the in-
crease of the pulling—pushing ratio of cortical microtubules (Li and
Jiang, 2018), and the adhesion polarity can have a stronger effect.
Previously, we have also studied the spindle length regulation (Li
and Jiang, 2017). Here we found that the critical aspect ratio in-
creases with the spindle length through increasing the binding rate
of cross-linking kinesins (Supplemental Figure S8). This indicates
the adhesion polarity can have a stronger influence on the longer
spindle.
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It should be noted that the lateral adhesion region can be asym-
metric due to the apico-basal cell polarity, that is, it is closer to the
apical cortex during the interphase (Bergstralh et al., 2013). During
the mitotic phase, the asymmetry in the lateral adhesion region may
remain the same if the cell rounding is inhibited. Therefore, we further
assume the adhesive region is asymmetric with 75% of the adhesion
region closer to the apical cortex (Supplemental Figure S9). We found
the results are similar to the symmetric cases as expected.

The competition between unilateral cell adhesion on
E-cadherin—coated substrate and compressed cell shape
determines spindle orientation
Above, we have shown that the competition between the bilateral
intercellular adhesion and the cell shape can determine the spindle
orientation. We then wondered how the spindle orientation is deter-
mined if only one side of the cell adheres to others. Previous studies
showed that when the cell adheres to the E-cadherin-coated wall as
an artificial intercellular adhesion, the mitotic spindle orientation is
perpendicular to the wall (Gloerich et al., 2017). To study this phe-
nomenon, we assumed only the bottom of the cell is the adhesive
region (Figure 4A). On the basis of the experimental observation
(Gloerich et al., 2017), we assumed that the adhesive length of the
round cell is L =7 pm. Simulations show the spindle orientation can
be perpendicular to the substrate, which is in good agreement with
the experimental result (Gloerich et al., 2017) (the case A = 1 in
Figure 4B; Supplemental Movie S4). This result also confirms that
the unilateral adhesion is enough to control the spindle orientation.
Then, we investigated the competition between the unilateral
intercellular adhesion and cell shape. If we further use a nonadhe-
sive surface, such as the cantilever beam of the atomic force
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FIGURE 4: Regulating the spindle orientation via cell compression vs.
unilateral intercellular adhesion in the side view. (A) The schematic
shows the cell shape and the artificial intercellular adhesion on the
E-cadherin—coated matrix in the 2D simulation. The compressing plate
above is nonadhesive. The matrix below (green color) is E-cadherin-
coated. The cell is stadium-shaped, where the adhesive length (red
color) increases with the compression degree. (B) The snapshots of
the simulated spindles in the cells with various aspect ratios but the
same adhesion strength (k= 11) (see also Supplemental Movie S4).
Scale bar: 5 pm. (C) The spindle orientation is plotted against the
aspect ratio of the cell with various adhesive strengths.

microscope or microplates, to compress the cell, the cell can elon-
gate in the planar direction and the cell shape polarity could be-
come perpendicular to the vertical adhesion polarity (Figure 4A).
We assume that the adhesion area increases with the compression
of the cell and further assume the adhesive region of the cell in-
cludes the cell surface whose distance to the substrate is less than
0.6 um (Figure 4, A and B).

Similar to Figure 3, we also find the critical aspect ratio increases
with the adhesive strength (Figure 4C). In other words, the stronger
adhesion can orient more spindles perpendicular to the adhesion
region. Unexpectedly, we find the spindle orientation angle o in-
creases with the cell aspect ratio initially and then approaches two
platforms one after the other (Figure 4C), especially for large k. After
the first platform is reached, the cell shape dominates, with the re-
sult that the spindle tends to be parallel to the substrate. However,
only one spindle pole is mainly pulled by the adhesive region due to
the asymmetry of the adhesion, and thereby the spindle is slightly
tilted (A = 1.5 in Figure 4B). The first platform is slightly less than ©/2.
Until the adhesive length is longer than the spindle length, the two
spindle poles are equally pulled by the adhesive region (A = 2 in
Figure 4B), and thus the spindle orientation can be parallel to the
substrate completely and the second platform is reached. Com-
pared with the bilateral adhesion (Figure 3), the spindle orientation
with the unilateral adhesion is dominated by cell shape with a
smaller aspect ratio, which indicates that the unilateral adhesion is
relatively weaker to overcome the influence of cell shape than the
bilateral adhesion.

As a comparison, we can also assume the adhesive length is in-
dependent of the cell shape (Figure 5). When the fixed adhesive
length is small, the results are similar to Figure 4, that is, the spindle
orientation can transit from vertical to parallel direction depending
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FIGURE 5: Regulating the spindle orientation via cell compression vs.
unilateral intercellular adhesion with the fixed adhesive length.

(A) Examples of the simulated spindles in the cells with short and long
adhesive regions and various aspect ratios. The adhesive strength is
k=11. Scale bar: 5 um. (B) The spindle orientation is plotted against
the aspect ratio of the cell with various adhesive lengths. (C) The
curves of spindle orientation vs. cell aspect ratio can also be fitted by
Eq. 1, and then the critical aspect ratios Ay as the function of adhesive
length and strength can be obtained. When the adhesive length is
very large, the spindle orientation is always parallel to the substrate
independently of the cell shape (white region).

on the degree of the compression of cell shape (L = 12 pm in
Figure 5A, L < 16 pm in Figure 5B, and Supplemental Figure S11).
We can also use Eq. 1 to fit the results to obtain the critical aspect
ratio (Figure 5C) and then also find that a strong adhesion and mod-
erate adhesive length can result in more adhesion-regulated spindle
orientations, that is, perpendicular orientations. However, when the
fixed adhesion length is large (up to one-half of cell perimeter), the
spindle orientation will always be parallel to the substrate no matter
what compression degree of the cell shape is (L = 24 um in Figure
5A, L =20 and 24 pm in Figure 5B). This is because the adhesive
length is always longer than the spindle length in this case, leading
to equal pulling on both spindle poles by the unilateral adhesion
(Figure 5A).

In addition, we also simulate the case of bilateral adhesion when
the adhesive length increases with the cell elongation, and the re-
sults are qualitatively the same as the case of bilateral adhesion with
the fixed length (Figure 3; Supplemental Figures S11 and S13).
We also perform simulations in elliptical cells under the above con-
ditions and find that the results are similar to the stadium-shaped
cells (see the Supplemental Materials and Supplemental Figures
S10-S13 for details).

The competition between the epithelial TCJs and cell shape
determines the spindle orientation in the planar surface

Next, we consider the spindle orientation within the tissue plane
(Figure 1C). During the interphase, epithelial cells usually have the
polygonal shapes in the top view. In our recent work (Li and Jiang,
2018), we found that the final orientation of spindle is not necessarily
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FIGURE 6: Modification of the model with the epithelial TCJs. (A) The comparison between experiments (Bosveld et al.,
2016) and simulations with and without the TCJ mechanism (also see Supplemental Movie S5). The blue, red, and green
lines in the experimental images indicate the directions of the cell shape polarity, the TCJ polarity, and the actual
spindle orientation, respectively. Scale bar: 5 pm. (B) We randomly generated 1000 polygonal cells and computed the
directions of the cell shape polarity and the TCJ polarity. The distribution of the difference between the two directions
(Brcs—Bshape) is in good agreement with the experimental data (Bosveld et al., 2016). (C, D) The difference between the
spindle orientation and the cell shape polarity (blue) or the TCJ polarity (red) obtained from the simulations with and

without the TCJ mechanism.

along the longest axis in the polygonal cells, but is determined by
the radial profile and the symmetry of the cell shape. This general
rule can accurately predict the experimental results, in which the sea
urchin embryos were forced into microchambers with various shapes
(Minc et al., 2011). However, since the epithelial cells in tissues be-
come round during the mitotic phases, the cell shape would not be
the main determinant of the spindle orientation. Bosveld et al. (2016)
found that cells can memorize their interphase shapes by TCJs,
which can also act as force generators pulling astral microtubules
and orienting cell division via the dynein-associated protein Mud
(Drosophila homologue of NuMA in mammals) (Bosveld et al., 2016).
Therefore, similar to the lateral adhesion, we assume the binding
rate of dyneins at the TCJs is higher. Since the astral microtubules are
distributed uniformly in the model, the number of microtubules that
can reach TCJs are limited and less than the other cortical region. To
ensure the sufficient influence of TCJs, we slightly increase the nucle-
ation rate in the direction pointing to TCJs (see Materials and
Methods). Since the cell completely adheres to surrounding cells
from the top view, all the cell cortex except the TCJs are defined as
the intercellular adhesion region (k= 11) as above.

To test the modified model, we select two typical cell shapes
from the experiment (Bosveld et al., 2016), in which the TCJ polarity
and the cell shape polarity are consistent and inconsistent, respec-
tively (Figure 6A). The definition of the TCJ polarity and the cell
shape polarity is given in the Supplemental Materials (Bosveld et al.,
2016). Our simulations show that the spindle can orient along the
cell shape polarity without the TCJ mechanism, but along the TCJ
polarity with the TCJ mechanism (Figure 6A and Supplemental
Movie S5). We further generate 1000 random polygons with the
same area and compute the direction angles of the TCJ polarity 6rc;
and the cell shape polarity fhape of these shapes. The variance of
their difference ¢, —6khape decreases with the shape anisotropy,
while the mean of 6rc —6ape keeps zero (Figure 6B). Through sim-
ulating the spindle orientation in these shapes, we find the TCJ po-
larity gives better predictions of the spindle orientation than the cell
shape when the TCJ mechanism exists (Figure 6D), which is in
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agreement with the experimental data (Bosveld et al., 2016). In-
stead, if the TCJ mechanism is not considered, it is better to use the
cell shape to predict the spindle orientation (Figure 6C).

We did not consider the cell rounding during the mitotic phase
in the simulations above, because other detailed mechanism is
needed to determine the junction positions after the cell rounding.
Ideally, the cell shape polarity disappears after the cell rounding.
However, in previous experiments, there exist some elliptical cells
during the metaphase in the epithelial tissue (Nakajima et al., 2013;
Bosveld et al., 2016; Wang et al., 2017; Scarpa et al., 2018) mainly
due to the anisotropic distribution of mechanical stress on the mi-
totic cells (Gibson et al., 2011; Wyatt et al., 2015). For instance, in
Figure 3C of Gibson et al. (2011), the spindle orientation is along the
TCJ polarity, but perpendicular to the long axis of the elliptical cell.
This showed that in this case, the TCJs dominate the spindle orien-
tation when the cell shape polarity and the TCJ polarity are inconsis-
tent. However, what if the cell shape anisotropy is larger?

To answer this question, we select a typical shape that the long
axis of the ellipse is perpendicular to the TCJ polarity (Figure 7A).
The anisotropy of TCJs can be changed by the distribution of the
TClJs. As shown in Figure 7A, the TCJs are distributed symmetrically,
the increase of the angle 8(0< 30°) can result in the decrease of the
TCJ anisotropy, and the anisotropy decreases to 0 when 6= 30° (see
the Supplemental Materials). We find that for the same TCJ anisot-
ropy, if the anisotropy of the cell shape is small, the spindle orienta-
tion tends to be along the TCJ polarity; but if the anisotropy of the
cell shape is large, the spindle orientation tends to be along the
long axis of the cell (Figure 7A and Supplemental Movie S6).This
indicates that the TCJs only dominate the spindle orientation for
small anisotropy of the cell shape, which is similar to the circum-
stance of intercellular adhesion (Figure 3). In the experiments, for
example, in Figure 3C of Gibson et al. (2011), the anisotropy of the
cell shape is small (1~1.25), and thus the spindle orientation is along
the TCJ polarity. As expected, when the TCJ anisotropy is decreased
(i.e., @is increased), or the pulling force generated at the TCJ is de-
creased, the critical aspect ratio of the cell decreases, that is, there
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stress, the rounding cell could exhibit an elliptical shape during the mitotic phase (Wyatt et al., 2015), probably leading
to the inconsistency of the TCJ polarity and the cell shape polarity. The schematic shows an example that the long axis
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orientation is plotted against the aspect ratio of the cell shape with various forces generated at the TCJs. (E) The critical
aspect ratio Ar as the function of the anisotropy and the pulling force at the TCJs is obtained by using Eq. 1 to fit the

curves in C and D and other cases.

are fewer spindles oriented along the TCJ polarity (Figure 7, C-E).
The results of the stadium-shaped cells are also similar to the results
of elliptical cells (Supplemental Figure S14).

DISCUSSION

In this work, we focused on the epithelial cell and considered both
the cell shape and adhesion geometry to investigate the mitotic
spindle orientation in the side view and top view of the epithelial
tissue (Figure 1). The positioning and orientation of spindles are
mainly driven by cortical forces on astral microtubules, including
pushing force and pulling force. The combination of pushing force
and pulling force can provide a more robust mechanism for posi-
tioning (Zhu et al., 2010; Pavin et al., 2012) and orientation (Li and
Jiang, 2018). The cytoplasmic pulling by motors along microtubules
can also drive the positioning and orientation, but this mechanism is
only significant in very large cells during early embryonic develop-
ment (Wihr et al., 2010; Minc et al., 2011; Li and Jiang, 2018). In
normal body cells, the cytoplasmic pulling is negligible. With uni-
formly distributed astral microtubules, cortical forces on astral mi-
crotubules can generate a torque to rotate the spindle to the mini-
mal torque orientation, that is, the long axis of the cell. The larger
the cell shape anisotropy is, the stronger the torque becomes. In
contrast, the cell adhesion, including the E-cadherin adhesion and
TClJs, can induce preferential distribution of microtubules and gen-
erate a larger pulling force on microtubules in the adhesion region.
The preferential pulling force can also generate torque to rotate the
spindle to the direction of adhesion polarity. Shape-generated and
adhesion-generated torques can be cooperative or competitive to
control the spindle orientation. Therefore, we found that in epithe-
lial cells, the intercellular adhesion dominates the spindle orienta-
tion for small anisotropy of the cell shape, but the cell shape domi-
nates for large anisotropy of the cell shape (Figures 3 and 8A). When
the cell adheres to the E-cadherin—coated wall as an artificial inter-
cellular adhesion, the mitotic spindle orientation is perpendicular to
the wall (Gloerich et al., 2017) since the adhesion to the E-cadherin—
coated surface leads to more pulling force pointing to the adhesion
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region (Figure 8B). However, if a nonadhesive plate is used to com-
press the cell, the mitotic spindle may tilt or even become parallel to
the surface due to the increase of anisotropy of the cell shape
(Figures 4 and 8B). Therefore, the spindle orientation is determined
by the competition between cell shape and the nonuniformly dis-
tributed force on the spindle induced by intercelluar adhesion.

Compared to the E-cadherin—coated matrix (Gloerich et al.,
2017), cells that adhered to the FN-coated matrix (Petridou and
Skourides, 2014) have different spindle orientations. In this case, the
lateral retraction fibers can generate larger lateral pulling forces on
astral microtubules after the cell rounding and thereby the spindle
orientation parallels to the surface (Figure 8C). However, when the
cell is covered by another FN-coated surface, the spindle orienta-
tion tends to be perpendicular to the substrate due to the symmet-
ric distribution of traction fibers on the both adhesive surfaces
(Petridou and Skourides, 2014). No matter whether the cells adhere
to one or two parallel FN-coated surfaces, the spindle orientation
can also be tuned by the cell shape if the cell shape is further
changed by external forces (Figure 8C). Similarly, when cells adhere
to various fibronectin micropatterns, although the cells still remain
spherical after the mitotic cell rounding, the spindle orientation can
be regulated effectively since the direction of the pulling force gen-
erated by the retraction fibers can be designed (Théry et al., 2005).

Another way to induce the nonuniformly distributed astral micro-
tubules and pulling forces is TCJs (Figures 7 and 8D), through which
cells can memorize their interphase shapes via the dynein-associ-
ated protein Mud (Bosveld et al., 2016). Finally, when the spindle is
oriented by some polarized chemical signal (Siller and Doe, 2009;
Williams and Fuchs, 2013), we speculate that the spindle orientation
can also be changed if the cell is elongated perpendicular to the
direction of polarization (Figure 8E). Therefore, the competition be-
tween cell shape and cell adhesion could exist under various me-
chanical microenvironments.

Our results are in agreement with some existing experiment ob-
servations (Bosveld et al., 2016; Chanet et al., 2017; Gloerich et al.,
2017). Moreover, we also provided more predictions that could be
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verified in future experiments. Among currently available experi-
mental methods, the position and size of the adhesion can be con-
trolled by microcontact printing (Théry et al., 2005, 2007); the adhe-
sive strength can be changed by inhibitors or regulation of gene
expression; and the cell shape can be manipulated by microfabri-
cated chambers (Minc et al., 2011), atomic force microscope, or mi-
croplates (Petridou and Skourides, 2014). Therefore, based on the
combination of these methods, our predictions can be further
tested, and the competition between the cell shape and the adhe-
sion geometry can be observed and investigated more directly and
quantitatively.
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The computational model used in this paper was developed
based on our recent work (Jiang, 2015; Li and Jiang, 2017, 2018),
and the new version is more general and robust after improvement.
Most of the previous models for spindle orientation considered the
spindle structure as a bipolar rigid body (Théry et al., 2007; Gibson
etal., 2011; Minc et al., 2011; Pierre et al., 2016). In contrast to these
phenomenological assumptions, we considered the formation of
bipolar spindle structure and the capture and positioning of chro-
mosomes based on the search-and-capture mechanism (Mogilner
and Craig, 2010). Therefore, our model is more general. Although
the formation of spindle structure is not necessary to the main con-
clusion of this paper, it is probably useful in future studies. For ex-
ample, if the spindle size is changed by the pushing force generated
by kinesin-5 or the pulling force on kinetochores, what is the influ-
ence on the spindle orientation? Besides, to improve computational
efficiency, we used 2D simulations with minimal simplification from
the 3D model. The competition we considered is between the pla-
nar and orthogonal orientation in Figure 3, or between the parallel
direction and perpendicular direction to the substrate in Figures 4
and 5. Furthermore, the spindle orientation has already been con-
fined to the tissue plane in Figures 6 and 7. Therefore, 2D simulation
is enough for the problems we studied. We did not consider the
deformation of microtubules explicitly and only recorded the state
and force of microtubules as some previous models (Zhu et al.,
2010; Pavin et al., 2012), which also largely increased the computa-
tional efficiency. Recent studies also found some new forces and
structure in spindles, including the bridge, twist, and rotational
forces (Kajtez et al., 2016; Novak et al., 2018; Tolic et al., 2019),
which we did not consider in the current model. In the future, we can
include them in our model by considering the deformation of the
microtubules.

MATERIALS AND METHODS

We have developed a general computational model for mitotic
spindles in our recent work (Li and Jiang, 2017, 2018). In the model,
microtubules are mainly nucleated from two centrosomes and grow
or shrink by the polymerization or depolymerization of their positive
ends (Zhu et al., 2010). Thus, they display the dynamic instability to
search the kinetochores on the chromosomes (Mogilner and Craig,
2010). The polymerization of microtubules can generate pushing
forces on the cortex or chromosome arms (Civelekoglu-Scholey
etal., 2006; Pavin et al., 2012), and the depolymerization can gener-
ate pulling forces on the kinetochore (Civelekoglu-Scholey et al.,
2006; Banigan et al., 2015). In the meantime, microtubules can be
bound by cortical motors (Mogilner and Craig, 2010), chromokines-
ins (Campas and Sens, 2006), cytoplasmic motors (Wu'hr et al.,
2010), and sliding motors (Nédélec, 2002; Goshima et al., 2005b;
Channels et al., 2008; Loughlin et al., 2010), all of which can gener-
ate various forces on the microtubules (Supplemental Figure S17).
Relying on these forces, the spindle can be self-assembled, posi-
tioned to the cell center, and oriented along the cell long axis (Li and
Jiang, 2017, 2018). Here, we further improved the model to investi-
gate the spindle orientation.

Nucleation and dynamic instability of microtubules

During the self-assembly of mitotic spindles, microtubules can be
nucleated from the centrosome, or near the chromosomes (Karsenti
and Nédélec, 2004), or from existing microtubules as branches in
the spindle region (Petry et al., 2013) (Inset 1 of Supplemental
Figure S1). The microtubules nucleated near the chromosomes are
converged to the spindle pole by minus end-directed motor pro-
teins, dynein and Ncd (Goshima et al., 2005a), and the branching
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microtubules have the same polarity with their mother microtubules
(Petry et al., 2013). Therefore, all microtubules have interactions with
the spindle poles. For simplicity, we assume all microtubules are
nucleated from the centrosomes as we did before (Li and Jiang,
2017), and there is a higher nucleation rate in the direction from the
centrosome to chromosomes. Specifically, in the 2D model, we first
assume that each centrosome has a nucleation rate of kg and the
nucleation direction is uniformly distributed. Therefore, the density
of nucleation rate is ko/(21). Second, we assume that the density of
nucleation rate in the direction from the centrosome to chromo-
somes is higher as knko/(2m), where k, is a constant parameter and
larger than 1 (Inset 1 of Supplemental Figure S1). This assumption is
more reasonable than the original model in which we assumed the
extra nucleation in a range of 60° (Li and Jiang, 2017). The position-
ing and orientation of spindles are regulated by astral microtubules,
which are mainly generated by the nucleation rate of kg in the
model, and the extra nucleation can ensure the bipolar spindle
structure is stable.

Microtubules can randomly switch between slowly growing state
and fast shrinking state, which is named the dynamic instability and
crucial to searching the kinetochore (Mogilner and Craig, 2010).
Here, we assume that the microtubules elongate at a speed of v; in
the growing state and shorten at a speed of v; in the shrinking state.
The rescue rate (from shrinking to growing) and catastrophe rate
(from growing to shrinking) of microtubules are k; and k, respec-
tively. These four parameters determine the dynamics of microtu-
bules and are considered as constants in the cytoplasm.

Microtubules interact with cortex

When a growing microtubule reaches the cortex, its polymerization
is blocked, and a pushing force is generated on the cortex (Pavin
et al., 2012) (Inset 3 of Supplemental Figure S1). The pushing force
equals the stall force of microtubules fgy. Since the microtubules
are very slender (length ~10 pm, diameter 25 nm), they can be buck-
led by the pushing force easily (Pavin et al., 2012). If we neglect the
lateral limitation, the critical force is given by the Euler buckling for-
mula f. = n2k/P, where k and | denote the bending rigidity and the
length of the microtubule, respectively (Pavin et al., 2012; Jiang,
2015; Li and Jiang, 2017). After buckling, the growth of the micro-
tubule only brings a little increase of the pushing force, thus we as-
sume the pushing force equals the critical buckling force when the
microtubule is buckling (Jiang, 2015). Therefore, the pushing force
induced by microtubule polymerization is given as

f* =min(fsn, n2x / 12) 2

When the microtubules are applied with a pushing force by the
cortex, they have a higher catastrophe rate k3 (Howard, 2006;
Kozlowski et al., 2007).

Besides the pushing force, the cortex can also apply pulling force
on microtubules generated by cortical dynein (Inset 3 of Supple-
mental Figure S1), and the pulling force is crucial to the positioning
and orientation of mitotic spindles (Laan et al., 2012; Bosveld et al.,
2016; Gloerich et al., 2017). The cortical dynein can bind to microtu-
bules touching the cortex at a rate of kg, which is usually thought to
be proportional to the density of unbound motors. We assume the
density of cortical dyneins is uniform, so that kg is constant on the
cortex. When the cortical microtubule is bound by cortical dynein,
the dynein can walk to the minus-end direction of the microtubule
driven by the energy of the hydrolysis of ATP and thus generate a
pulling force on the microtubule. The force is velocity-dependent as
(Jiang, 2015; Li and Jiang, 2017)
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_ _ 1
f =fo (1—E) (3)

where fg and v are the stall force and the unloaded velocity of dy-
nein; v~ is the walking velocity of the motor. If we neglect the pole-
ward flux of microtubules, the velocity here equals the velocity com-
ponent of the centrosome in the microtubule direction. It should be
noted that the velocity is positive when the microtubule is shorten-
ing, while it is negative when the microtubule is elongating.

The binding dynein can unbind from the microtubule at a rate of
kg, which is load-dependent (Campas and Sens, 2006; Jiang, 2015;
Li and Jiang, 2017), as

kg = kgef /f 4

where f; is a characteristic force representing the sensitivity of the
unbinding rate to the load, and kg is the unloaded unbinding rate of
dynein. After the unbinding of dynein, the microtubules are in the
state of depolymerization (Laan et al., 2012).

Force generated by cytoplasmic dyneins

Besides above-mentioned motors, some motors walk along the mi-
crotubules to carry cargoes in the cytoplasm (Inset 6 in Supplemen-
tal Figure S1). These motors mainly generate pulling forces and also
play an important role in the positioning and orienting of mitotic
spindles (Wihr et al., 2010; Minc et al., 2011; Li and Jiang, 2018).
This cytoplasmic pulling force is thought as microtubule length-de-
pendent because more motors can bind to a longer microtubule. It
should be noted that the number of binding motors is large, but the
velocity of one motor carrying a cargo and walking along the micro-
tubule almost equals the unloaded velocity, which indicates the pull-
ing force generated by a single motor is very small (Eq. 3). There-
fore, we simply assume the pulling force induced by the cytoplasmic
motors on a microtubule is

fg=nl 5

where 17 is the pulling force per unit microtubule length and /is the
total length of the microtubule (Li and Jiang, 2017, 2018).

Force generated at the intercellular adhesion region
Experiment studies have found that the E-cadherin can recruit the
LGN/NuMA complex (Gloerich et al., 2017; Wang et al., 2018). They
can bind more astral microtubules and apply larger pulling forces
through associated dyneins (Seldin et al., 2016). Since we have as-
sumed the binding rate of dyneins is proportional to the density of
unbound motors, we can assume that the intercellular adhesion re-
gion has a higher binding rate of dyneins, which is k times higher
than that on the other cortex region. The forces generated on mi-
crotubules and the other changes of microtubule state are the same
as described above (Egs. 2-4).

Force generated at TCJs

The TCJs can also act as force generators to pull astral microtubules
and orient cell division via the dynein-associated protein Mud
(Bosveld et al., 2016). When microtubules arrive at the TCJ, defined
as the region where the distance from the node is less than 0.25 um,
they can bind to dyneins at the TCJs at a larger binding rate of ky, ..
However, microtubules are distributed uniformly, and microtubules
that can reach the TCJs are limited and less than the other cortex
region. Under such conditions, the influence of TCJs on the spindle
is little. Therefore, we assume there is an extra nucleation rate kjkg
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along the existing microtubules that have been bound to TCJs to
increase the number of microtubules there. Since the extra nucle-
ation rate is much smaller than kg, the total number of cortical micro-
tubules is almost unchanged. The force generated by TCJs on mi-
crotubules is also similar to the cortical dynein, f7 = f(1-v~/vg).
Here, fis the stall force generated by the motor at TCJs and will be
regulated as a controlling parameter in the simulations. Besides, this
binding can also unbind at a load-dependent rate as Eq. 4.

Bipolar spindle structure and other simulation details

Based on these mechanical interactions above, the spindle can be
positioned and oriented by the cortical cues. Besides, through the
interaction between antiparallel microtubules, and the interaction
between microtubules and chromosomes based on the search-and-
capture mechanism (Mogilner and Craig, 2010), the bipolar spindle
structure can keep stable. More details of model and simulation
methods can be seen in the Supplemental Materials.

Compared with the original model, the new version mainly has
three improvements. First, in the original 2D model, chromosomes
could hinder most of the microtubules from forming antiparallel
structures. Therefore, we computed the chromosomes and antipar-
allel microtubules separately and then superposed them. However,
in the 3D case, chromosomes have a finite thickness and thus can
only hinder a fraction of microtubules. Thus, we can directly simulate
the antiparallel microtubules. Considering the computational feasi-
bility, we still use 2D simulation with a quasi-3D assumption that
microtubules can bypass the chromosome. Therefore, they cannot
only bind to chromosomes by chromokinesins or kinetochores but
also bind to antiparallel microtubules by cross-linkers (Supplemental
Figure S1). Second, microtubules can be nucleated from centro-
somes, chromosomes (Karsenti and Nédélec, 2004), or existing mi-
crotubules as branches in the spindle region (Petry et al., 2013). The
latter two nucleation sites can induce more polar microtubules be-
tween the centrosome and chromosomes. For simplicity, we still as-
sume all microtubules are nucleated from centrosomes (Li and
Jiang, 2017, 2018), but the nucleation rate is given higher in the
range where the microtubule can meet the chromosomes. In this
way, the simulated spindle has a higher density of polar microtu-
bules than that of astral microtubules (Supplemental Figure S2),
which is more consistent with the real spindle. Third, we add the
microtubule bundling mechanism that the minus-end-directed
molecular motor kinesin-14 can cooperate with the plus-end tracker
EB1 to guide the growing plus end along the existing microtubule
(Molodtsov et al., 2016) (Supplemental Figure S1). We assume the
microtubule connected on the kinetochore can induce this bundling
mechanism. After these improvements, we can perform the dy-
namic Monte Carlo simulation (Supplemental Figure S3). More de-
tails of the model, simulation methods, and parameters (Supple-
mental Table S1) are provided in the Supplemental Materials.
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