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Cell division is central for embryonic development, tissue morphogenesis, and tumor growth. Experiments
have evidenced that mitotic cell division is manipulated by the intercellular cues such as cell-cell junctions.
However, it still remains unclear how these cortical-associated cues mechanically affect the mitotic spindle
machinery, which determines the position and orientation of the cell division. In this paper, a mesoscopic
dynamic cell division model is established to explore the integrated regulations of cortical polarity, microtubule
pulling forces, cell deformability, and internal osmotic pressure. We show that the distributed pulling forces of
astral microtubules play a key role in encoding the instructive cortical cues to orient and position the spindle
of a dividing cell. The present model can not only predict the spindle orientation and position, but also capture
the morphological evolution of cell rounding. The theoretical results agree well with relevant experiments both
qualitatively and quantitatively. This work sheds light on the mechanical linkage between cell cortex and mitotic
spindle, and holds potential in regulating cell division and sculpting tissue morphology.
DOI: 10.1103/PhysRevE.102.012405

I. INTRODUCTION

During metazoan development, epithelial tissues undergo
dramatic morphogenetic evolutions to achieve their exquisite
architecture [1]. The orientation and position of cell division
specified by the spindle direction and location lie at the heart
of regulating cell fate, orchestrating tissue architecture, and
sculpting organ shape [2–6]. In most epithelial tissues, neighboring cells are mechanically linked to each other through
cell-cell junctions [7–9]. These adhesive structures remain
intact during the dramatic cell shape evolution in epithelial
proliferation, ensuring the stable mechanical connections between cells across the whole tissue [10].
Besides maintaining the structural integrity of epithelial
tissues, cell-cell junctions also provide cortical cues to orient planar cell divisions. E-cadherin regulates cell division
orientation in alignment with cell-cell adhesions by forming
stable cortical attachments between astral microtubules and
E-cadherin-based adhesions [11]. Hart et al. [12] also found
that E-cadherin-based cell-cell adhesion regulates cell division orientation by recruiting cortical force-generating protein
complexes such as LGN and NuMA. Besides E-cadherinbased junctions, Bosveld et al. [13] demonstrated that tricellular junctions also play an important role in orienting the
mitotic cell division. Despite the above-highlighted experimental advances, it still remains unclear how the cortical
cues of cell-cell junctions are transmitted into the spindle
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orientation machinery to steer division orientation along with
other influencing factors.
In this work, we establish a mesoscopic dynamic cell
division model to address the above issue. The model takes
into account the cortical concentration of LGN-NuMA and
dynein complexes, microtubule pulling forces, cell rounding
pressure, cell deformability, and tissue viscoelasticity. LGNNuMA and dynein are the cortical force-generating complexes, which determine the spindle orientation by pulling on
astral microtubules [14–17]. The present model aims to capture the biomechanical mechanisms underpinning the signal
transmission during the mitotic cell division. We demonstrate
that the distributed microtubule pulling forces regulated by the
cortical LGN-NuMA and dynein concentration can transmit
the biochemical signals of intercellular junctions into the
biomechanical signals received by the mitotic spindle. Our
findings provide insights into the biophysical basis of relevant
experimental phenomena [11–13] in cellular mechanosensing
systems.
II. MODEL AND METHODS

Predicting the position and orientation of the cell division
plane remains a fundamental issue in the cell and developmental biology. Théry et al. [18] proposed a steady-state model
to predict the spindle orientation of adhesive cells spreading
on micropatterns, providing a mechanical explanation for how
cells sense their long axis. This model has also been used
to explain the influence of cell geometry on cell division in
sea urchin embryos [19]. Zhao et al. [20] investigated the
dynamics of a single cell confined in microchambers, and
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FIG. 1. Schematic of the dynamic mesoscopic cell division model. (a) The classical polygonal cell packing geometry of epithelial tissues.
(b) The representative dividing epithelial cell. Cell cortex is characterized by the cortical joints. The cortical joints with high LGN-NuMA and
dynein concentration are illustrated in yellow, and those with low LGN-NuMA and dynein concentration are in red. The spindle orientation is
characterized by the acute angle between the x axis and the spindle axis defined by the two centrosomes. (c) Schematic of the LGN-NuMA
and dynein dominated microtubule-cortex connections.

revealed that the position and orientation of the cell division
plane are highly affected by boundary confinements. Besides
the geometric effects, intercellular cues such as cell-cell junctions also contribute to the mitotic spindle orientation [21].
By comparing the polarity-based cell division model with
the classical shape-based cell division model, Bosveld et al.
[13] found that the orientation of cell division is defined by
the tricellular junctions. In spite of the previous theoretical
efforts, there still lacks an inclusive dynamic model that can
predict both the position and orientation of cell division with
the effects of cell deformation and cell polarity.
We investigate the spatiotemporal evolution of mitotic cells
in a growing epithelial monolayer [Fig. 1(a)]. In a simple
description of epithelia, the cells usually divide in the plane of
the monolayer [2]. During the division of a cell, its essential
structural components, such as E-cadherin and actomyosin,
are approximately located in the plane of division [22,23].
Therefore, we consider a two-dimensional (2D) model by assuming that the cytoskeleton, nucleus, and cell-cell junctions
are all coplanar, as in previous references [24–26]. The 2D
model of a cell monolayer allows us to investigate the large
deformation and dynamic behaviors of mitotic spindles while
ignoring the three-dimensional deformation of the cell cortex.
In the simulations, we pay particular attention to a representative dividing cell in epithelial monolayer [27]. We
assume that, at the initial state, the cell has a hexagonal shape
with geometric polarity, containing the cytoskeleton and the
spindle [Fig. 1(b)]. The cell shape is characterized by the
cortical joints associated with LGN-NuMA and dynein complexes [Fig. 1(c)]. There are two centrosomes and a number
of astral microtubules bridging the centrosomes with the cell
cortex [Fig. 1(b)]. Although the mature bipolar spindle has not

yet formed at the beginning of mitosis, we assume an initial
position of the spindle and the centrosomes. Each microtubule
generates an axial pulling force between a centrosome and
the cell cortex. The mitotic spindle is moved and torqued by
the pulling forces exerted by the astral microtubules during
mitosis, and its final equilibrium state dictates the position
and orientation of cell division. For the sake of simplicity,
we do not consider the detailed structural components of the
surrounding cells, but model them as a viscoelastic medium.
Thus, during the dramatic deformation of the dividing cell, the
cell cortex is subjected to external viscoelastic resistance from
the surrounding tissue.
The forces acting on the cell cortex and the spindle are
shown in Fig. 2, and they will be calculated by solving
the coupled equilibrium equations of the cell cortex and the
spindle. In our simulations, we divide the cell cortex into
hundreds of segments to track its morphological evolution.
During mitotic cell rounding, an epithelial cell experiences
dramatic changes in its area and shape. Our mesoscopic
dynamic model can predict the geometric change of a cell
under large deformation, even when the cell cortex deforms
into a nonconvex shape [20].
A. Cortical spatial cues

LGN-NuMA and dynein are the evolutionarily conserved
cortical force-generating complexes, which control spindle
position and orientation by capturing and pulling on the
dynamic plus ends of astral microtubules [14–17]. Recent
experiments showed that during mitosis, cell-cell junctions recruit LGN-NuMA and dynein complexes, which significantly
affect protein concentrations in the cell cortex [11–13]. The
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velocity magnitude of the dynein anchored in the cell cortex;
rtub denotes the unit vector pointing from the cortical joint to
the centrosome.
B. Cellular stiffness

During mitosis, epithelial cells undergo large deformation,
which induces resistance forces simultaneously. It has been
found that the mitotic cortex becomes more rigid than the
interphase cortex, increasing the stiffness of mitotic cells
[32–34]. The cortical tension associated with cell deformation affects the cell shape to a large extent [25] and cannot
be ignored. We describe the cortical tension F mc along the
circumferential direction by
+
F+
mc = KL s ,

FIG. 2. Schematic of the forces and torque acting on the cell cortex and the mitotic spindle. The cortical joints with high LGN-NuMA
and dynein concentration are illustrated in yellow, and those with
low LGN-NuMA and dynein concentration are in red. Here, F tub
is the dynein-generated microtubule pulling force, F mc is cortical
tension along the circumferential direction, F mn is the force induced
by the change in cell area, F pre is the internal osmotic pressure during
the mitosis, F cons is the constraining force induced by the elastic
resistance of neighboring cells, and F vis is the viscous resistance
force induced by tissue viscosity.

accumulation of cortical LGN-NuMA and dynein complexes
results in an increase of microtubule forces by forming stable
attachments [11] and generating multiple-arm capture and
pulling [28] between astral microtubules and the cell cortex.
Accounting for the distributed concentration of cortical LGNNuMA and dynein complex, we correlate, in the proposed
mesoscopic cell division model, the spindle positioning and
orientation with cell-cell junctions. In this way, the intercellular spatial cues induced by cell-cell junctions can be
transmitted into spindle orientation machinery to regulate the
cell divisions.
In LGN-NuMA and dynein complexes, dynein acts as
molecular motors, binding cortex adaptor protein NuMA with
astral microtubules [3,13,17] and generates a pulling force
on astral microtubules through hydrolyzing ATP [29]. The
mechanical behavior of astral microtubules varies with the
concentration of cortical LGN-NuMA and dynein complexes
[13,16]. The pulling force of a microtubule is approximately
proportional to the LGN-NuMA and dynein concentration and
can be expressed as [30,31]


v
F tub = N F0 1 −
rtub ,
(1)
v0
where N denotes the relative concentration of LGN-NuMA
and dynein complexes in the cell cortex compared with that
in cytoplasm, which can be estimated by the experimentally
measured ratio between the cortical and cytoplasmic protein
fluorescence intensities [11–13]; F0 = 5 pN is the stall force,
v0 = 0.2 μm/s is the unloaded velocity of dynein, and v is the

−
F−
mc = KL s ,

(2)

where the line tension KL = 0.002 N/m along the cell cortex
is induced by actomyosin contractility [26,27]. s+ denotes the
vector pointing from cortical joint i to i + 1, and s− the vector
pointing from cortical joint i to i − 1.
Besides the cortical tension, the cell areal stiffness also
affects the epithelial cell deformation [24,26,27]. The areal
stiffness induced force F mn in the direction perpendicular to
the cell cortex is described by
F mn = −Ka ŝ(A − A0 )rnor ,

(3)

where ŝ = (|s+ | + |s− |)/2; Ka = 5 pN μm−3 is the areal elastic modulus [35,36]; A and A0 denote the current and the initial
cell area; rnor = {(s− − s+ ) × z}/|s− − s+ | is the unit vector
normal to the local cell cortex [37], with z being the unit vector
normal to the epithelial plane.
C. Osmotic pressure

During mitosis, the forces generated by the internal osmotic pressure help the cell to push their surroundings to
round up [38]. The epithelial monolayers have a typical cell
height of H ∼ 5 μm [39,40]. During the deformation of the
cell, the internal osmotic pressure always pushes the cell
cortex outward, generating forces along the normal direction
rnor at the local cortex. The force generated by the osmotic
pressure can be calculated by
F pre = PH ŝrnor ,

(4)

where P = 100 Pa is the rounding pressure [38].
D. External resistance

The dividing cell also subjects to the forces arising from
intercellular connections in vivo [41]. In epithelia, cell deformation is affected by the contractions from neighboring cells
[42,43]. In our model, therefore, we add elastic constraints
to the cortex of the representative mitotic cell to mimic the
stretch from the surrounding cells [44]. The constraining force
induced by the elastic resistance of neighboring cells, F cons ,
follows the Hookean law
F cons = −ku,

(5)

where u = x − x0 is the displacement of the cortical joint,
with x and x0 being the current and initial positions, respectively. Here we take the effective spring constant k =
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0.002 N/m, according to the elasticity measurements of epithelial tissues [45].
We also consider a viscous resistance force arising from
the viscosity of the surrounding tissue. The viscous resistance
force depends on not only the composite shell envelopes of the
neighboring cells, but also their internal cytoskeleton and the
intercellular junctions [46,47]. The viscous resistance force
acting on the cortex is written as
F vis = −ŝηc v,

(6)

where ηc = 10 Pa s denotes the tissue viscosity [48], v =
dx/dt is the velocity of the cell cortex.
4

E. Thermal fluctuations

Gaussian white noise arising from fluctuations is introduced via a random force F noise acting on the cell cortex,
F noise = FR rnoise ,

(7)

where rnoise is the unit-variance Gaussian noise vector at
the cell cortex, and FR is the intensity of white noise. The
main results of our simulations on the spindle orientation
and positioning, as well as cell rounding, are not affected
by the random force F noise with magnitude ranging from
10 pN − 200 pN, according to previous studies [49–52]. In
our study, we take FR = 100 pN [52].
F. Simulation method

Following the above analysis, the mechanical equilibrium
condition of the microtubule-cortex joint i is written as



 dxi  i

 r + KL si + + KL si − − Ka ŝi (A − A0 )ri
N F0 1 − 
nor
v0 dt  tub
dxi
+ FR rinoise = 0.
(8)
dt
The equilibrium state of the spindle dictating the final
division orientation and position of the cell is also required.
All microtubules transfer their axial forces to the centrosomes,
producing a pulling force on its spindle attachment site and a
torque at the spindle center. Since the centrosomes are much
smaller in size than the cell itself, they are assumed to be
circular in shape with negligible deformation. The force and
momentum balance equations of the spindle are formulated as




 dxi  i
 r + f = 0,
Ni F0 1 − 
(9)
v0 dt  tub





 dxi  

 rcen × ri + τ = 0,
Ni F0 1 − 
(10)
tub

v dt
+ PH ŝi rinor − kdxi − ŝi ηc

TABLE I. Parameters and their values used in the simulation.
Parameters
Stall force of dynein F0
Unloaded velocity of dynein v0
Cortical tension KL
Cellular area stiffness Ka
Rounding pressure P
Cell height H
Tissue elasticity k
Tissue viscosity ηc
Cytoplasmic viscosity ηp
Spindle radius R
Fluctuation force FR

References

5 pN
0.2 μm/s
0.002 N/m
5 pNμm−3
100 Pa
5 μm
0.002 N/m
104 Pa s
200 Pa s
5 μm
100 pN

[30,31]
[30,31]
[26,27]
[35,36]
[38]
[39,40]
[45]
[48]
[54]
[13,28]
[52]

centrosomes [Fig. 1(b)]. The cytoplasmic viscosity is taken as
ηp = 200 Pa s [54].
In this section, we have established a mesoscopic dynamic cell division model to predict the spindle position
and orientation according to the cortical LGN-NuMA-dynein
concentration. The model has taken both mechanical and
biological factors into account, including the cortical tension,
cellular areal stiffness, rounding pressure, dynein associated
pulling forces, cortical bridging-protein concentration, tissue
viscoelasticity and the constraints from neighboring cells. The
governing equations of the microtubule-cortex joints and the
spindle are coupled, as given in Eqs. (8)–(10). The unknown
variables, including the position of the spindle center (X ), the
vector from the spindle center to the centrosome (rcen ), and the
positions of the cortical joints (xi ), can be numerically solved
by finite difference method. All examples are iteratively
solved for 1000 s, which is sufficiently long for the whole
system to reach the steady state. While the mitotic phase of
an epithelial cell may last approximately 30 min [55,56], the
cell rounding process is accomplished within the first 10 min
after nuclear envelope breakdown (NEB) and, thereafter, the
cell keeps the spherical shape till cytokinesis [38]. Mitotic
spindle tracking also suggests that after NEB, it experiences
a rotation, which takes about 10–15 min to reach the stable
position and orientation [57,58]. In our analysis, we simulate
the cell rounding and spindle dynamics, which occur within
the beginning 15–20 min of mitosis. All parameters used in
the simulations are adopted from previous experimental or
theoretical studies in the literature, as shown in Table I.
III. RESULTS

0

where rcen is the vector pointing from the spindle center to the
relevant centrosome, f and τ are the viscous drag force and
the viscous drag torque acting on the spindle, respectively.
The viscous drag force is calculated by the Stokes law, f =
−6π Rηp v s , where R = 5 μm is the characteristic radius of
mitotic spindle [13,28], and v s = Ẋ is the spindle velocity,
X being the position of the spindle center. The viscous drag
torque is taken as τ = −π ηp R2 Hωs [53], where ωs = α̇ is the
angular velocity of the spindle, and α refers to the acute angle
between the x axis and the spindle axis defined by the two

Value

A. Comparison with experiments

Specific molecular modules anchored in the cell cortex,
also known as cortical force-generating machinery, have been
verified to guide the mitotic spindle orientation in both invertebrates and vertebrates cells [59]. Among the diverse
cortical cues, the evolutionarily conserved LGN-NuMA and
dynein complexes lie at the heart of regulating the mitotic
spindle orientation [60]. Recent experiments evidenced that
cell-cell junctions, such as E-cadherin-mediated adhesion and
tricellular junctions, induce the polarized accumulation of
LGN-NuMA (Drosophila Mud) at the cell cortex [Fig. 3(a)].
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FIG. 3. (a) The polarized distributions of LGN and NuMA (white arrows) in the cell cortex (top panels, adapted from Ref. [12] with
permission). NuMA’s Drosophila homolog Mud (white arrows) enriches at the tricellular junctions (bottom panels, adapted from Ref. [13]
with permission). (b) The polarized distributions of cortical cues induce the cell to divide along the interphase short axis (see also Movie 1 in
the Supplemental Material [61]). The cortical joints with high LGN-NuMA and dynein concentration are illustrated in yellow, and those with
low LGN-NuMA and dynein concentration are in red. The cells surrounding the dividing cell are illustrated by the polygons in blue. The right
panels are adapted from Ref. [12] with permission. (c) Tricellular junctional cues ensure the cell to divide along the interphase long axis (see
also Movie 2 in the Supplemental Material [61]). The red arrows in the top panels mark the cortical spatial cues in the simulation. The white
arrowheads and arrows in the bottom panels point out that Mud localizes at the spindle poles and the tricellular junctions during mitotic cell
rounding. The bottom panels are adapted from Ref. [13] with permission. Scale bars, 10 μm.

These accumulated proteins control the mitotic cells to divide
along the proper directions [12,13]. Therefore, we reconstitute
these experimentally observed cortical cues in our model
and compare our simulation results with the experiments.
In our simulations, both the relative concentrations of LGNNuMA and dynein complexes are taken from the experimental
measurements of fluorescent intensity. For the E-cadherinbased cortical cues, we take the relative protein concentration
N = 2.0 [12], while for the accumulated cortical cues at the
tricellular junctions, we set N = 5.0 [13].
As can be seen from Figs. 3(b) and 3(c), the final spindle
orientations predicted by our model are in line with the corresponding experiments. We find that the polarized distribution
of cortical spatial cues is sufficient to orient the mitotic spindle
along the initial cell short axis, as observed in experiments

[Fig. 3(b) and Movie 1 in the Supplemental Material [61]].
Besides, the tricellular junctional cues remain intact during
cell rounding, serving as the spatial landmarks on the cortex to
guide the cell division along the interphase long axis [Fig. 3(c)
and Movie 2 in the Supplemental Material [61]].
B. Effect of E-cadherin-based adhesion

The 136-year-old Hertwig’s law states that a cell divides
along the long axis of the interphase cell, which plays a
profound role in tissue morphogenesis [62,63]. Recently,
however, Hart et al. [12] demonstrated that epithelial cell
divisions align with tissue tension independently of interphase
cell shape and as a consequence, cells divide along their
geometric short axis. In addition, the cell shape-independent
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FIG. 4. Effect of E-cadherin-induced cortical cues on the mitotic spindle orientation. The cortical joints with high LGN-NuMA and dynein
concentration are illustrated in yellow, and those with low LGN-NuMA and dynein concentration are in red. (a) Dynamic evolution of the cells
with contrary polarity of cortical spatial cues. (b) Dynamic evolution of the cell with disrupted cortical cues. Scale bars, 5μm.

divisions require the polarized recruitment of LGN-NuMA
complexes to E-cadherin-based cell-cell adhesion [12]. To
identify the regulatory roles of the polarized concentration of
LGN-NuMA and dynein complexes induced by E-cadherinbased cell-cell adhesion, we here account for the effects
of nonuniform distributed cortical spatial cues [11,12]. To
elucidate the spindle orientation dynamics regulated by spatial
cues, we only vary the initial concentration of the cortical
proteins in different examples while the initial cell geometry,
spindle position, and orientation are assumed identical. The
dynamic evolutions of cells under several representative initial
protein concentrations are compared in Fig. 4. In all cases the
cell area approaches a constant S at last (Fig. 4, right panels),
indicating that the final steady states are achieved.
Our simulations show that the E-cadherin-induced cortical
spatial cues can dominate the interphase cell shape and then
determine the mitotic spindle orientation. The final orientation
of spindle is in consistency with the cortical spatial cues,
independent of the initial cell geometry [Fig. 4(a)]. In the cells
whose cortical spatial cues are distributed according to the
interphase cell long axis [Fig. 4(a), top panels], which happens
in the oriented cell divisions [59], the polarized cortical cues
ensure that the cell division occurs along the interphase cell
long axis. In addition, due to the polarized distribution of
microtubule pulling forces with respect to the cortical spatial cues, cells can divide along their interphase short axis
[Fig. 4(a), bottom panels], as observed in experiments [12].
Previous experiments showed that the disruption of Ecadherin-mediated adhesion without losing overall intercellular junction results in the E-cadherin and LGN protein
distribute uniformly throughout the entire cell cortex and
further abolishes the mitotic spindle orientation in epithelial

monolayers [11,64,65]. To see how uniformly distributed
cell-cell adhesion cues regulate the epithelial spindle orientation, we consider a uniform distribution of LGN-NuMA
and dynein complexes in the representative cell, as observed
in the experiments [11,64]. It can be seen that there is no
torque acting on the mitotic spindle when the cortical spatial
cues are uniformly distributed around the whole cell cortex
and, consequently, the spindle orientation fails [Fig. 4(b)].
This further demonstrates that the cell-cell adhesion-induced
cortical spatial cues instruct the mitotic spindle through the
distributed microtubule pulling forces.
At mitosis, cells undergo a drastic shape change, during
which cells gradually abandon their flattened, spread morphology and evolve into a rounded shape [66–68]. This phenomenon, known as mitotic cell rounding, appears in most
eukaryotes without a rigid cell wall [63]. Our simulation
shows that mitotic cells gradually attain a round shape during
mitosis, irrespective of the initial LGN-NuMA-dynein complex concentration. This suggests that the cell rounding is
dominated by some universal mechanisms of mitosis, such as
the cortical tension and the internal osmotic pressure.
C. Effect of tricellular junctions

As a specialized type of tight junctions, tricellular junctions form at the vertices where three cells meet [69]. It
has been verified that in Drosophila epithelia, tricellular
junctions encode cellular geometry information to orient
division along the interphase cell long axis. This coordination involves the participation of the dynein-associated
protein Mud, which is the homolog of NuMA [13]. To
explore the regulatory role of tricellular junctional cortical
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FIG. 5. Effect of tricellular junctional spatial cues on the mitotic spindle orientation and positioning. The cortical joints with high LGNNuMA and dynein concentration are illustrated in yellow, and those with low LGN-NuMA and dynein concentration are in red. (a) Dynamic
evolutions of cells with different ratios of cortical to cytoplasmic Mud concentration N at the tricellular junctions. Time evolutions of (b)
reverting angle θrevert and (c) reverting distance Drevert under different cortical to cytoplasmic Mud concentrations (mean ± std from five
parallel simulations). Scale bar, 5 μm.

cues, we reconstruct the accumulated Mud concentration at
the positions of tricellular junctions in the dividing cells
(Fig. 5).
The simulations show that the tricellular junctionassociated spatial cues are essential for the proper cell division
orientation. By increasing the relative concentration of Mud at
the tricellular junctions from N = 1.0, N = 3.0 to N = 5.0,
the spindle can be rapidly oriented along the initial long axis
of the cell [Figs. 5(a) and 5(b)]. To quantify the dynamic

process of mitotic spindle orienting along the initial long
axis, we define the reverting angle θrevert = θspindle − θshape ,
where θspindle is the spindle orientation angle and θshape is
the initial long axis angle of the cell. The steady magnitude
of θrevert under N = 5.0 approaches zero, indicating that the
spindle aligns perfectly along the initial long axis of the
cell [Fig. 5(b)]. However, the spindle deviates from the initial long axis of the cell in the example when accumulated
tricellular-junctional cues are neglected (N = 1.0) [Fig. 5(b)].
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cortical regions are specified according to the experimental
fluorescence intensity measurements [Fig. 6(c)]. We define
the deviating distance Ddeviate as the distance between the
right spindle pole and the light-illuminated cell cortex. The
simulation results show that with the accumulation of the
cortical cues, the mitotic spindle is gradually pulled towards
the light-illuminated cortical regions [Fig. 6(d)], whereas the
spindle orientation is not significantly affected. These results
indicate that the resultant force acting on the mitotic spindle
determines the final division plane, and the asymmetric distribution of cortical spatial cues is responsible for the spindle
resultant force towards the light-illuminated cortical regions,
but the induced torque is negligibly small and cannot rotate the
mitotic spindle. Our simulation results are in good agreement
with relevant experimental measurements, both qualitatively
and quantitatively [28].
FIG. 6. Effect of asymmetric cortical cues on the mitotic spindle
positioning. (a) Asymmetric cortical cues of metaphase cells in
simulation. The cortical joints with high LGN-NuMA and dynein
concentration are illustrated in yellow, and those with low LGNNuMA and dynein concentration are in red. (b) Light-illuminationinduced cortical accumulation of NuMA in the metaphase cells. The
image is adapted from Ref. [28] with permission, where the red
circle indicates the light-illuminated cortical region. (c) Cortical to
cytoplasmic concentration N of NuMA at the light-illuminated cortical region. (d) The distance between the right spindle pole and the
light-illuminated cell cortex Ddeviate quantifies the spindle movement
(mean ± std from five parallel simulations). The experimental data
are taken from Ref. [28] with permission. Scale bars, 10μm.

In this case, the cell would not divide along the interphase
long axis in the end.
Spindle positioning, together with spindle orientation, determines the placement of the cleavage plane and plays a
crucial role in epithelial tissue development [70,71]. We next
examine the spindle positioning process under the tricellularjunctional spatial cues. The initial position of the spindle is designedly placed at a location deviating from the cell center. We
define the reverting distance Drevert as the distance between the
spindle center and the cell center. Our calculations show that
no matter whether the mitotic spindle orients along the initial
cell long axis or not [Fig. 5(b)], all spindles in the considered
examples eventually move to the cell center [Fig. 5(c)]. Our
results suggest that the tricellular junctional cues regulate the
torque that rotates the spindle, whereas the resultant force
acting on the spindle determines the spindle position at the
cell center.
D. Effect of asymmetric cortical cues

During the mitosis of a cell, the coupled spindle orientation
and positioning process determines the final division plane
synergistically [72,73]. To examine this synergetic mechanism, we introduce asymmetric distributions of cortical spatial
cues in our model [Fig. 6(a)], which reconstitute the light
illumination-induced cortical accumulation of NuMA-RFPNano in metaphase cells [28], as shown in Fig. 6(b).
In our simulations, the relative concentrations of LGNNuMA and dynein complexes N in the light-illuminated

E. Cell division adhered to E-cadherin-coated sidewalls

To further illustrate the application of our model, we consider the division of a cell adhered to E-cadherin-coated sidewalls as boundary constraints [11,74]. Previous experiments
showed that the attachment between the cell and such an
adhesive sidewall results in significant recruitment of LGN at
the cell-sidewall contact cortical regions and biases the mitotic
spindle perpendicular to the sidewall [11].
Simulations based on our cell division model show that the
model can predict the mitotic spindle position and orientation
under different adhesive geometrical constraints. A few examples are shown in Fig. 7. Due to the attachment between
the cell cortex and the adhesive boundary, LGN-NuMA and
dynein complexes are recruited in the contact cortical regions
[11]. Thus, the cortical spatial cues formed at the cell–sidewall
interfaces affect the resultant torque and force on the mitotic
spindle. The examples in Fig. 7 demonstrate that our model
can not only explain various cell division phenomena observed in cell monolayers but also account for the effects of
boundary constraints. In the case when a cell adheres to a
straight E-cadherin-coated wall boundary, our model predicts
that its mitotic spindle tends to rotate toward the direction
normal to the wall [Fig. 7(a)], in agreement with experimental
observations [11].
IV. DISCUSSIONS

During the development of exquisite tissue architecture,
epithelial cells rely on the instructive signals from cellular microenvironments to coordinate cell division. Previous
works have shown that intercellular junctions regulate the
cell division orientation through the cortical spatial cues associated with LGN-NuMA and dynein complexes [11–13]. In
this work, we have proposed a dynamic cell division model
integrating both cell deformation and cell polarity to unravel
how the intercellular spatial cues affect the orientation and
position of cell division. Our analysis shows that the astral
microtubules and their distributed pulling forces are two key
elements that transmit the intercellular junctional cues into the
mitotic spindle. After the cortical spatial cues are established,
the mitotic spindle follows the mechanical regulation based
on the cortical cues to determine the final division orienta-
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FIG. 7. Mitotic spindle orientation and positioning dynamics of cells adhered to E-cadherin-coated sidewalls: (a) a single straight wall,
(b) two angular walls, (c) triangular walls, (d) elliptical walls, and (e) L-shaped walls. The dashed pink lines in last column indicate the cell
division plane. The cortical joints with high LGN-NuMA and dynein concentration are illustrated in yellow, and those with low LGN-NuMA
and dynein concentration are in red. Scale bar, 5μm.

tion and position. The mechanical linkage between the cell
cortex and the spindle is accomplished by astral microtubules
with the help of LGN-NuMA and dynein complexes [12,13].
Our results suggest that the mitotic spindle can sense and
respond to cellular microenvironmental signals such as the
cell-cell junctions through the mechanical linkage between
centrosomes, astral microtubules and the cell cortex.
Growing evidence suggests that cell rounding is essential
for the proper orientation and position of the spindle in a
mitotic cell [75]. Cell rounding allows the spindle to accurately locate the cell center with the help of pulling forces of
the astral microtubules [76]. Besides, the instructive cortical
spatial cues are kept intact when a cell rounds up, ensuring

the cell to retain a memory of its interphase shape to orient the
division axis [13,55]. In this work, we have investigated this
dynamic process by integrating the spindle orientation, spindle positioning, and mitotic cell rounding. We find that mitotic
cells abandon the geometrical polarity during cell rounding
and, thereafter, cortical cues serve as spatial landmarks to
orient the spindle [Figs. 3 and 4(a)].
Our simulations show that the torque and the resultant
force acting on the spindle drive work cooperatively to control the orientation and position of cell division. During the
mitosis of a cell, the two processes (orienting and positioning) may happen simultaneously (Figs. 5 and 7) or in a
sequential manner (Figs. 4 and 6), depending on the pulling
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force distributions in the microtubules. The concentrations of
cortical LGN-NuMA-dynein dictate the microtubule pulling
forces, generating a resultant force and a torque that drive
the spindle to move and rotate, respectively. This mechanism
helps explain the experimental observations that the mitotic
spindle may evolve to different positions and directions under
different conditions [77,78].
In the recent years, much effort has been devoted toward
predicting the positioning and orientation of the mitotic spindle. However, most previous studies focused on predicting the
final steady state of the spindle [21]. It has been recognized
that the mitotic spindle moves and rotates before the final
division axis is determined. These dynamic processes are
especially important in the situations when the division plane
needs to be precisely tuned [79]. In our model, a time scale
has been introduced to explore the dynamic features of these
movements. It is found that the spindle orientation and the
deformation of cell cortex happen almost simultaneously and
interact with each other. Our theoretical prediction for the final
steady orientation of the mitotic spindle is in consistency with
relevant experiments [12,13].
In 1884, Hertwig proposed the famous long axis rule,
which underscores the role of cellular geometry in cell division orientation [62]. Though this geometry-based rule works
well in many situations, recent experiments indicated a requirement for additional physical mechanisms built on the existence of specific polarity cues [60]. These polarized cortical
proteins are maintained by protein sorting from intracellular
compartments and selective retention in the membrane [80].
Besides the LGN-NuMA and dynein complexes acting as the
key regulator in the spindle orientation, there are other pathways involved in recruiting force generators at the cell cortex
to orient the division. For example, the actin-binding proteins
ezrin-radixin-moesin (ERM) regulate the mitotic spindle orientation through organizing the F-actin meshwork beneath the
cell cortex [81,82]. These additional mechanisms of orienting
the mitotic spindle may also be important in some specialized
epithelia and are worth further studies.
Though a dividing cell does not have a mature bipolar
spindle in the G2 interphase, the polarized distribution of cortical cues has already been achieved [12,13]. To examine the
combined effects of continuous cell rounding and preestablished cortical cues on the spindle dynamics, we assume an
initial spindle position and orientation at the beginning of
our simulation. Previous experiments showed that the mitotic
spindle orientation can rotate 30–50 degrees before the final
configuration is attained [57,58]. In our simulations, the initial
spindle orientation from 30–45 degrees is set according to
the above-mentioned experimental observations. The bipolar
spindle formation, which happens at the interphase-prophase

transition, has not been considered in the current model.
Centrosome separation and bipolar spindle assembly, which
involve complex and multifaceted regulations of microtubule
kinetics, actin association, and chromokinesins [83,84], deserve further specific study.
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