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Multipolar spindles are very rare in normal tissues, but they are much more prevalent in many tumors,
which might be induced by the mechanical confinements from overcrowding microenvironments in
tumors. However, little is known about what the difference is between various forms of mechanical
confinements that cells encounter in normal tissues and tumor tissues, and how they affect multipolarity and
chromosome segregation fidelity. Here, we use microchannels with different heights and widths to mimic
diverse forms and degrees of mechanical constraints within the tissue architecture. We find that multipolar
spindles occur frequently under two-wall confinement but that they are rare under four-wall confinement,
suggesting that multipolar-spindle assembly depends on the form of the three-dimensional mechanical
confinement. We reveal that two-wall confinement leads to an increased fraction of multipolar spindles by
pole splitting, while four-wall confinement restrains multipolarity by the enhancement of pole clustering
and the inhibition of pole splitting. We further conduct numerical simulations and develop a theoretical
model to investigate how mechanical confinement influences pole splitting and clustering. By exploring the
energy landscape of pole-pole interactions and pole-cortex interactions and treating pole splitting and
clustering as reversible reactions, we demonstrate that mechanical confinement controls cell shape and
pole-cortex interactions, which, in turn, change the energy barriers of pole splitting and clustering as well
as the probability of multipolar mitosis. Further experiments confirm the theoretical prediction that the
pole-cortex interaction determines the probability of the multipolar spindles under various mechanical
confinements. Our findings demonstrate the extent to which extracellular microenvironments and tissue
architecture can affect complex cellular behaviors, indicating that normal tissue architecture may have the
ability to suppress the progress of cancers. Thus, our findings would provide essential cues for cancer
therapies targeting the tumor microenvironment.
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I. INTRODUCTION

A remarkable feature of many cancer cells is the higher
rate of gain or loss of whole chromosomes, a phenomenon
termed chromosome instability (CIN) [1–5]. One of the
major causes of CIN are multipolar spindles, which are
prevalent in many human cancer cells [4,6] and polyploid
cells such as regenerating adult hepatocytes [5,7,8]. The
presence of multipolar spindles is associated with super-
numerary centrosomes due to centrosome overduplication

or cytokinesis failure [9,10], and the loss of spindle pole
integrity [11–13], including premature centriole disengage-
ment and pericentriolar material (PCM) fragmentation [6].
To ensure the chromosome segregation fidelity into the two
daughter cells, cells subjected to multipolar spindles will
initiate a correction mechanism by clustering supernum-
erary or fragmented centrosomes into a functional bipolar
spindle [2,4,14–18].
Most of our current understanding about the behaviors

of multipolar spindles, including pole splitting and pole
clustering, comes from in vitro culture systems, but little is
known about the influence of sophisticated tissue architec-
ture. Actually, cells in vivo suffer from mechanical confine-
ment from adjacent cells and extracellular matrices, so their
shape, adhesion, and mitosis are intrinsically different from
the in vitro culture environment. From the in vivo tissue to
the in vitro environment, there is a risk of removing too
much context and therefore sacrificing the mechanical or
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geometrical constraints that guide the behavior of the
cellular system [19]. To solve this problem, in vitro experi-
ments have begun to focus on faithfully recapitulating
extracellular constraints, known as “boundary conditions”
in physics [19], and to investigate how an extracellular
mechanical microenvironment regulates various cellular
behaviors [20–27]. However, how the mechanical confine-
ments from extracellular microenvironments influence the
behaviors of multipolar spindles still remains unclear.
Recent studies have suggested that mechanical confine-

ment from normal tissue architecture can ensure chromo-
some segregation fidelity. For example, chromosome
segregation defects are never observed in epithelial cells
within the tissue of mammary glands, embryonic skin,
and neonatal liver [8]. However, when these epithelial cells
are dissociated from their native tissue and cultured on
a 2D surface, the appearance of lagging chromosomes and
micronuclei significantly increases [8]. Consistently, the
results of single-cell sequencing of hepatocytes, both in
mice and humans, highlight the rarity of aneuploidy across
tissue scales [8,28], but hepatocytes in vitro culture exhibit
high frequencies of chromosome segregation defects and
aneuploidy [5,7,8]. Moreover, within the context of a
developing organism, the tissue architecture can facilitate
the pole clustering of Drosophila somatic cells with extra
centrosomes [15]. These results strongly suggest that the
mechanical constraints from surrounding normal tissue can
rescue multipolar mitosis and chromosome segregation
defects [8,15].
Compared to normal tissues, many tumor tissues display

much more multipolar mitosis [4,6], which may be induced
by the highly crowded three-dimensional microenvironment
that cancer cells encounter in vivo [29,30]. Uncontrolled
proliferation of cancer cells in vivo generates compressive
mechanical stress within tumors [29,30], and the stress
accumulated during tumor growth makes cancer cells
densely packed [29,30] and even collapses blood and
lymphatic vessels within the tumor [31]. The crowding
environment, e.g., severe height confinement, can result in
the fragmentation and splitting of the spindle pole, so the
probability of multipolar spindles and multidaughter cell
division remarkably increases [32–34]. The significant
difference between normal tissues and tumor tissues indi-
cates that multipolar cell division is very sensitive to the
mechanical constraints from an extracellular microenviron-
ment. However, the difference between various forms of
mechanical confinement that cells encounter in normal
tissues and tumor tissues, and how they affect multipolarity
and chromosome segregation fidelity still remain elusive.
To answer these questions, we use microchannels with

various heights and widths to confine cells so that the form
and degree of mechanical confinement can be well con-
trolled. Surprisingly, our results show that two-wall con-
finement promotes multipolar spindles by increasing the
pole splitting, while four-wall confinement restrains

multipolarity by the enhancement of pole clustering and
the inhibition of pole splitting. Combining experiments
with numerical simulation and a theoretical model, we treat
pole splitting and clustering as reversible reactions and
demonstrate that mechanical confinement controls cell
shape and pole-cortex interactions, which, in turn, change
the energy barriers of pole splitting and clustering as well as
the probability of multipolar mitosis. Our results highlight
that the extracellular mechanical microenvironment mat-
ters, and our findings provide a biophysical understanding
and basis for potential cancer therapies by modifying the
tumor microenvironment to suppress tumor progression.

II. RESULTS

A. Frequent multipolar mitosis under two-wall
confinement and rare multipolar mitosis

under four-wall confinement

To mimic various forms of mechanical confinement,
especially the mechanical confinement of epithelial tissue
architecture [Fig. 1(a)], we fabricate microchannels with
various heights (H) and widths (W) from polydimethylsi-
loxane (PDMS) by means of a photolithographic protocol
[35–37] [Fig. 1(b)]. We choose HeLa cells since they are
recognized as CIN cells harboring multipolar spindles [4].
The average volume of HeLa cells is about 3300 μm3

[Figs. 1(c) and S1 [38] ]. Based on this value, we propose a
phase diagram to distinguish the level of mechanical
confinement during mitosis [Fig. 1(d); more details can
be found in Appendix A 6]. The phase diagram contains
three regions, i.e., no confinement (cell rounding freely
during mitosis), two-wall confinement (only cell height or
cell width is confined during mitosis), and four-wall
confinement (both cell height and width are confined)
[Fig. 1(d)]. The diagram displays the reflection symmetry
about the line H ¼ W due to the intrinsic symmetry of the
height and width of microchannels. In the case of two-wall
confinement, only the cell height is confined in our
experiments [32–34] since it is inconvenient to confine
cells and observe the spindles through the microscope when
the cell width is confined.
In accordance with previously works [32,39], we find

that about 12% of free HeLa cells (with no confinement)
can exhibit multipolar spindles, with three, four, five,
or even more poles [Figs. 1(f) and S2]. Furthermore,
we observe a much higher frequency of multipolar
spindles under the various levels of two-wall confinement

)H ¼ 3,5 , and 7 μm) in comparison with free cells, and the
frequency increases to 60% as the channel height decreases
to 3 μm [Figs. 1(h), 1(g), and S3], which is consistent with
the previous studies [32–34]. We find that 10 μm is a
critical height, below which spindle deformations will
induce a higher frequency of multipolar spindles.
To study the impact of four-wall confinement and

exclude the influence of two-wall confinement, we fix
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the channel height at 10 μm and change the channel width
from 8 to 30 μm [Fig. 1(e)]. Strikingly, we find that the
frequency of multipolar spindles under four-wall confine-
ment is much lower compared with free cells, and the
frequency decreases to 4% as the channel width decreases
to 8–12 μm [Figs. 1(i) and S3], which is totally different
from the results of two-wall confinement [Figs. 1(h) and
S3]. A similar phenomenon is also observed in MDA-
MB-231 cells (Fig. S3). These observations lead to a
surprising conclusion that multipolar spindles are frequent
under two-wall confinement but rare under four-wall
confinement, suggesting that multipolar-spindle assembly
depends on the architecture of the three-dimensional
mechanical confinement.

B. Two-wall confinement leading to more multipolar
spindles by increasing pole splitting; four-wall
confinement restraining multipolar spindles by

inhibiting splitting and the enhancement of clustering

To resolve the paradox, we record and analyze the entire
process of mitosis from the nuclear envelope breakdown
(NEB) to telophase or cell death [Figs. 2(a) and 2(b)]. We
find that some multipolar spindles are naturally assembled
with constant pole numbers throughout the mitosis (Fig. S4
and movie S1 in Supplemental Material [38]), which is
referred to as “maintain.” Many more multipolar spindles
are induced by the pole splitting, i.e., the transition from
one pole to two poles [Fig. 2(a) and movie S1 [38] ]. Notice
that the number of spindle poles is based on the puncta of α
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FIG. 1. Frequent multipolar mitosis under two-wall confinement and rare multipolar mitosis under four-wall confinement.
(a) Schematic diagram of the mechanical confinement from epithelial tissue architecture during mitosis. (b) Schematic diagram of
mitotic cells under no confinement, two-wall confinement, and four-wall confinement. (c) Distribution of cell volume of HeLa cells.
(d) Phase diagram of the level of mechanical confinement to mitotic cells. (e) Bright field images of cells in microchannels with
H ¼ 10 μm and various widths. The scale bar is 30 μm. (f,g) Images of metaphase and anaphase HeLa cells under no confinement
(fixed cells), 7 μm height confinement (living cells), and four-wall confinement (living cells) with stained α tubulin (green), γ tubulin
(red), and DNA (blue). The scale bar is 10 μm. (h,i) Percentage of multipolar mitosis in all mitotic cells in free culture (n ¼ 1210),
two-wall (n ¼ 756, 1060, 719), and four-wall confinement (n ¼ 372, 556, 659).
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FIG. 2. Two-wall confinement leading to more multipolar spindles by pole splitting and four-wall confinement restraining
multipolar spindles by the inhibition of splitting and the enhancement of clustering. (a) Time-lapse images from NEB to telophase
show pole splitting under no confinement. (b) Cell under 5 μm height confinement suffering from twice the splitting followed by
tetrapolar division. (c) Among all the multipolar spindles, the fraction of pole splitting, clustering, “splitting-clustering” (first split
and then cluster), “clustering-splitting” (first cluster and then split), maintaining (pole number of a multipolar spindle remaining
unchanged during the mitosis process), and (d) corresponding duration from NEB to anaphase or death under no confinement
(n ¼ 107) and two-wall confinement (n ¼ 98, 111, and 104). We use the Mann-Whitney test with �p < 0.05, ��p < 0.01, and
���p < 0.001. The data of clustering, splitting-clustering, and clustering-splitting have been omitted in panel (d) since the data were
too few to be statistically significant. (e) Fraction of cells with one or more pole splittings, and (f) the corresponding duration from
NEB to anaphase or death under no confinement (n ¼ 70) and two-wall confinement (n ¼ 85, 87, and 61). We use the Mann-
Whitney test with ��p < 0.01. Time-lapse images from the NEB to telophase show the pole splitting (g) and clustering (h) under
four-wall confinement. (i) Among all the multipolar spindles, the fraction of pole splitting, clustering, splitting-clustering,
clustering-splitting, and maintaining, and (j) the corresponding duration from NEB to anaphase or death under no confinement
(n ¼ 107) and four-wall confinement (n ¼ 59, 59, and 80). The data of splitting-clustering and clustering-splitting have been
omitted in panel (j). In panel (k), time-lapse images show the splitting-clustering process under four-wall confinement. (l) The
fraction of cells with one or more pole splittings under no confinement (n ¼ 70) and four-wall confinement (n ¼ 17, 21, and 41).
(m) Duration from NEB to anaphase or death compared in the three cases. We use the Mann-Whitney test (n.s., not significant) with
p ¼ 0.83393, p ¼ 0.57714. All scale bars are 10 μm.
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tubulin in fluorescent images rather than centrosomes
[32,40]. For cells without any confinement, pole splitting
occurs in about 70% of multipolar spindles [Fig. 2(c)].
For two-wall confinement, the fraction increases to 90% as
the channel height decreases from 7 to 3 μm [Fig. 2(c)],
which is in good agreement with earlier experimental
observations [32]. Furthermore, among cells with pole
splitting, the fraction of cells pole splitting multiple
times (≥2) also increases as the channel height decreases
[Figs. 2(e) and S5(b)]. Therefore, after pole splitting several
times, the frequency of cells with 4, 5, and even more poles
is much higher in extreme height confinement [Figs. S3 and
S5(a)]. Taken together, these results indicate that two-wall
confinement leads to a higher fraction of multipolar
spindles by pole splitting.
Strikingly, under four-wall confinement, although

cells could still undergo pole splitting [Fig. 2(g) and movie
S1 [38]], its fraction in multipolar spindles significantly
decreases [Fig. 2(i)]. In particular, the fraction decreases to
29% as the channel width decreases to 8–12 μm. At the
same time, the fraction of cells pole splitting multiple times
(≥2) also decreases with the decrease of channel width
[Fig. 2(l)]. Therefore, contrary to the stimulation effect of
two-wall confinement, four-wall confinement tends to
restrain pole splitting.
Unexpectedly, under four-wall confinement, pole clus-

tering, i.e., the coalescence of two poles into one pole,
increases remarkably as the channel width decreases
[Figs. 2(h) and 2(i) and movie S1 [38] ]. In contrast, there
is nearly no pole clustering under two-wall confinement
[Fig. 2(c)]. It is worth noticing that a considerable fraction
of cells undergo pole splitting and clustering successively,
which is termed “split-cluster” [Fig. 2(i)]. For example,
Fig. 2(k) and movie S1 [38] show that one pole of a bipolar
spindle in the 10 × 10 μm2 channel splits into two poles
initially but fails to reach a new equilibrium state, and
finally, the two poles cluster together again. This
suggests that pole splitting is reversible under four-wall
confinement, and the split poles can be rescued by pole
clustering through certain mechanisms. On the contrary,
pole clustering under no confinement and two-wall
confinement is impaired, so pole clustering is very rare,
resulting in either multipolar division or death. Taken
together, we conclude that two-wall confinement leads
to an increased fraction of multipolar spindles by pole
splitting, but four-wall confinement restrains multipo-
larity by the inhibition of pole splitting and the enhance-
ment of pole clustering.
We further investigate how pole splitting and clustering

affect the duration of cell division. We find that, compared
to no confinement, both two-wall and four-wall confine-
ment lead to longer mitotic delay or even mitotic arrest,
measured as the duration from NEB to anaphase or death
[Figs. 2(d) and 2(j)]. Moreover, cells subjected to pole
splitting or pole clustering take much longer than cells

with a constant number of poles [Figs. 2(d) and 2(j)].
This is consistent with the previous experimental obser-
vation that doubling the centrosome number of RPE-1
cells prolongs mitosis, on account of the coalescence of a
tetrapolar spindle into a tripolar or bipolar spindle [41].
Finally, we find that cells pole splitting multiple times
(≥2) would suffer longer mitotic delays [Figs. 2(f)
and 2(m)], but the duration from NEB to anaphase or
death appears to be independent of the architecture of
confinement [Fig. 2(m)].

C. Increase of pole splitting under two-wall
confinement, associated with chromosome scattering
during the prometaphase and chromosome crowding

during the metaphase

To explore the mechanism of pole splitting under
two-wall confinement, we first investigate the chromo-
some distribution at early mitosis. We find that cells are
subjected to severe misalignment and scattered distri-
bution of chromosomes under the extreme height con-
finement (3 and 5 μm), minor misalignment under 7-μm
height confinement, and nearly no misalignment under
10-μm height confinement [Fig. 3(a)]. This is confirmed
by the polar radius of gyration about the centroid of the
projected chromosomes Rc, which becomes larger when
the confinement height becomes smaller, indicating
that tighter confinement leads to more severe chromo-
some misalignment and scattering [Figs. 3(b) and 8(d);
see details in Appendix A 7]. The scattered distribution
of chromosomes correlates with pole splitting (Fig. S6
and movie S2) due to the limited microtubule length
[32,40,42,43] and abnormal forces generated by mis-
aligned chromosomes [6]. Moreover, the flattened cells
exhibit continuous blebbing [Fig. 3(a)] [32,44,45],
which is very large under extreme height confinement.
The scattering chromosomes could be carried into the
blebs, ultimately leading to the formation of micronuclei
(Fig. S7 and movie S2), which further impairs the
fidelity of chromosome segregation.
Besides the scattered distribution of chromosomes

during the prometaphase, pole splitting is correlated
with the crowding of chromosomes due to the limited
space during the metaphase. As shown in Fig. 3(f), under
5-μm height confinement, chromosomes initially self-
assemble to form a very short and thick metaphase plate
within a bipolar spindle. However, after a long mitosis
arrest, the short and thick metaphase plate is bent into a
long and thin metaphase plate by pole splitting two
times, resulting in the tetrapolar division [Figs. 3(f)
and S8 and movie S3]. Thus, we conclude that the
increase of pole splitting under two-wall confinement
[Fig. 2(c)] is associated with the scattered distribution of
chromosomes during the prometaphase and the loss of
accommodation for the equatorial plate during the
metaphase.

APPROPRIATE MECHANICAL CONFINEMENT INHIBITS … PHYS. REV. X 13, 011036 (2023)

011036-5



D. Four-wall confinement controlling cell shape,
in turn regulating multipolar spindle configuration, and

pole splitting and clustering

Under four-wall confinement, we find that when the
channel height or width is very small, cells cannot be
confined in the channels by using our method, and it is
not physiologically realistic in normal epithelial tissue
architecture. Thus, here we focus on appropriate four-wall
confinement [H > 8 μm and W > 8 μm in Fig. 1(d)]. We
find that similar to free cells, appropriate four-wall confine-
ment rarely results in scattered distribution of chromosomes
during the prometaphase [Figs. 3(c)–3(e)], in agreement with
previous observations [46–48]. Appropriate four-wall con-
finement can provide enough space to accommodate all
chromosomes by tilting the metaphase plate during the
metaphase [Figs. 3(g) and S9]. However, these observations
only partly explain why appropriate four-wall confinement
can restrain multipolar spindles [Fig. 2(i)].
To better understand the behaviors of multipolar spindles

under four-wall confinement, we modify our previous
computational model [42,49,50] by introducing multiple
spindle poles into the model and considering pole splitting
and clustering [Fig. 4(a) and movie S4]. For simplicity, we
consider four spindle poles, among which one pair of poles
is clustered together initially, and the initial positions
of these poles are randomly distributed inside the cell;
thus, both pole splitting and clustering can be studied.
Our numerical simulations demonstrate that the fraction
of pole splitting increases in round cells, in comparison
with elongated cells [Fig. 4(b)]. In contrast, pole clustering
is more frequent in elongated cells than in round cells
[Fig. 4(b)]. These results further confirm our previous
experimental observations [Fig. 2(i)]. Our results are also in
good agreement with the experimental observation that
round cells exhibit a bias toward multipolar spindles, but an
elongated cell shape promotes pole clustering and bipolar
spindle mitosis [16].
Interestingly, our simulation also predicts that four-wall

confinement can control the cell shape, which in turn
effectively regulates the equilibrium configuration of multi-
polar spindles, which was further verified by our experi-
ment [Figs. 4(c) and 10]. As shown in Figs. 4(c) (top)
and 4(e), most tripolar spindles are regular triangles at
equilibrium in wide channels since the cell aspect ratio
equals 1 in this case. In contrast, a higher fraction of
tripolar spindles become obtuse triangles that consist of
two smaller bipolar spindles sharing one pole as the aspect
ratio increases [Fig. 4(c), middle], and some spindles
even become straight lines in extremely narrow channels
[Fig. 4(c), bottom]. The regulation of multipolar spindle
configurations by cell shape is further confirmed by the
shape index of multipolar spindles, S, which equals 1 for a
regular triangle and 0 for a straight line [Fig. 4(d); see
Appendix A 8]. Moreover, although we find that the
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prometaphase under two-wall confinement with stained α tubulin
(green) and DNA (red). The scale bar is 10 μm. (b) Quantification
of the degree of chromosome misalignment under two-wall
confinement (n ¼ 17, 18, 14, and 8) and four-wall confinement
(n ¼ 24). We use the Mann-Whitney test with ��p < 0.01 and
���p < 0.001. (c) Three-dimensional reconstruction image of
toroidal chromosome distribution under no confinement. The
scale bar is 5 μm. (d,e) Images of chromosome distribution under
four-wall confinement. The scale bar is 10 μm. (f) Time-lapse
images of chromosome arrangement under 5-μm height confine-
ment. The short and thick chromosome plate (yellow arrowhead)
bends into a long and thin chromosome plate by pole splitting
(white arrowhead), due to the loss of appropriate accommodation
for the bipolar chromosome plate. The scale bar is 10 μm.
(g) Three-dimensional reconstruction images of the chromosome
metaphase plate under four-wall confinement. Appropriate four-
wall confinement can provide adequate space to accommodate all
chromosomes by tilting the metaphase plate during the meta-
phase. The scale bar is 10 μm.
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fraction of obtuse triangles and straight lines in all tripolar
spindles increases as the channel becomes narrower, the
absolute quantities decrease [Fig. 4(e)], which is consistent
with our previous observation [Fig. 1(i)].

E. Enhancement of pole clustering and inhibition of
pole splitting under four-wall confinement induced by
the pole-cortex interaction mediated by cell shape

Although our computational model is comprehensive
and robust, it is also complicated. To get more insight into
how mechanical confinement regulates the configuration,
and pole splitting and clustering in multipolar spindles, we
further develop a simplified theory. In fact, previous studies
have proposed that spindle pole separation and positioning
depend on both pole-pole and pole-cortex interactions,
which explains that the spatial distribution of the cortical
cues can regulate the spindle configurations on different

micropatterns (H-shaped or Y-shaped) [16]. Some other
theoretical works showed that the combination of
centrosome-centromere, centrosome-cortex, centrosome-
kinetochore, and centrosome-chromosome arm interac-
tion [51], or the torque rotating chromosome arms instead
of the interaction between the spindle and cell cortex [52],
can promote spindle bipolarity. Moreover, the probabi-
listic model is used to show that, through natural selection,
the tetraploid cell can asymmetrically cluster supernum-
erary centrosomes into a bipolar configuration, forming a
daughter cell with three centrosomes and another daughter
cell with a single centrosome, which is favored for long-
term survival [53]. However, these models [16,51–53]
cannot be used to find the difference between various
forms of mechanical confinement that cells encounter in
normal tissues and tumor tissues or how they affect
multipolarity and chromosome segregation fidelity.
Therefore, based on previous studies [16,51,52] and the
interacting particle model [51,54], we develop a minimal
theoretical model, in which spindle poles and the cortex
are considered as particles interacting with each other
by pairwise interactions in a distance-dependent manner
[Fig. 5(a)], and the movement, positioning, splitting,
and clustering of spindle poles are governed by the
competition between the pole-pole interaction and the
pole-cortex interaction.
In the absence of the influence of the cell cortex, we

can obtain the interaction force between two poles as the
function of the pole-pole distance from the simulation
[Fig. 5(c)], which can be well fitted by Eq. (C2). The
integration of the fitted interaction force yields the pairwise
pole-pole interaction energy, which is a double-well poten-
tial [51,55–57] with two minimums representing two stable
states, i.e., the clustered and split states of the two poles
[Fig. 5(d)] (see details in Appendix C). This is strongly
reminiscent of a reversible chemical reaction, where
the splitting reaction and clustering reaction should over-
come energy barriers ΔEsplit and ΔEcluster, respectively
[Fig. 5(d)]. If there are n spindle poles, the total pole-pole
energy should be a multiple-well potential with many
metastable spindle configurations (Fig. 11). The super-
position of the pole-pole interaction and the pole-cortex
interaction yields the total energy of the system with
shifted equilibrium spindle configurations and altered
energy barriers ΔEsplit and ΔEcluster (see Appendix C for
more details).
The pole-cortex interaction, including the contributions

from the pushing or pulling force generated by microtubule
polymerization and various molecular motors [58–62], is
given by an integral on thewhole cortex (see Appendix C for
details). Qualitatively, the pole-cortex interaction becomes
more repulsive when the pole approaches the cortex, and it
diminishes when the pole retreats from the cortex [Fig. 5(b)].
Based on experimental data within channels with various

widths, we calculate how the total energy of the system
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FIG. 4. Four-wall mechanical confinement controlling cell
shape, which in turn regulates multipolar spindle configuration,
and pole splitting and clustering. (a) Pole splitting and clustering
process under four-wall confinement in simulation. The scale bar
is 10 μm. (b) Fraction of pole splitting, clustering, maintaining,
splitting-clustering, and clustering-splitting under four-wall con-
finement in simulation (n ¼ 200, 200). AR stands for aspect
ratio. (c) Three typical configurations of tripolar spindles in cells
with different aspect ratios from the experiment and simulation.
The scale bar is 10 μm. (d) Shape index of tripolar spindles as a
function of cellular aspect ratio. (e) Quantity of three configu-
rations of tripolar spindles in cells with different aspect ratios in
the experiment.
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FIG. 5. Enhancement of pole clustering and inhibition of pole splitting under four-wall confinement induced by the pole-cortex
interaction mediated by cell shape. (a) Schematic of the theoretical model. (b) Pole-cortex interaction between the ith pole and the cortex,
Ei
c−p, becoming more repulsive when the pole approaches the cortex and rapidly diminishing when the pole moves far away from the

cortex. Note that li is the minimum distance between the ith pole and the cortex. Here, Ec−p ¼ P
n
i¼1 E

i
c−p denotes the total pole-cortex

interaction. (c) Pairwise pole-pole interaction force between the ith and the jth poles, Fij
p−p, as a function of pole-pole distance Lij,

calculated in our simulation and fitted by the theoretical model. (d) Pairwise pole-pole interaction energy between the ith and the jth poles,
Eij
p−p, which is a double-well potential with two stable states, i.e., the clustered and split states. Total pole-pole energy landscape of multiple

poles, i.e., Ep−p ¼ P
n
i;j¼1 E

ij
p−p. (e,f) Calculated time evolution of the pole-pole interaction energy (Ep−p), pole-cortex interaction energy

(Ec−p), and whole energy of the system (E ¼ Ep−p þ Ec−p) during pole clustering and splitting in microchannels with different widths
based on the experimental data. The scale bar is 10 μm. (g) Energy barrier of pole clustering (ΔEcluster) and splitting (ΔEsplit) obtained from
experiments (n ¼ 7, 6, 9, 5, 5). We use theMann-Whitney test with �p < 0.05 and ��p < 0.01. (h) Mechanical confinement influencing the
energy barriers of pole clustering and splitting. In wide channels, all spindle poles are far away from the cell boundary, and the pole-cortex
interaction is negligible compared to the pole-pole interaction. In narrow channels, the average distance between poles and the cell cortex is
smaller, and the contribution of the pole-cortex interaction becomes significant. Thus, the four-wall mechanical confinement changes the
energy landscape of the system by increasingΔEsplit and decreasingΔEcluster, indicating that it is easier for pole clustering but more difficult
for pole splitting in narrower channels. MC stands for multipolar configuration.
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evolves with time [Figs. 5(e)–5(g)]. We find that the energy
barrier for pole clustering (ΔEcluster) is quite large within a
22–30-μm-wide channel [Figs. 5(e) and 5(g) and movie S5]
but relatively small in a 14–20-μm-wide channel [Figs. 5(e)
and 5(g) and movie S6]. In an 8–12-μm-wide channel,
ΔEcluster even becomes negative [Figs. 5(e) and 5(g) and
movie S7], which indicates that the energy barrier vanishes
in extremely narrow channels. In contrast, the energy
barrier for pole splitting (ΔEsplit) increases as the channel
width decreases from 22–30 μm to 8–12 μm [Figs. 5(f)
and 5(g) and movies S8 and S9].
These results could be easily understood in the following

simple physical picture [Fig. 5(h)]. In wide channels, the
aspect ratio is small, and the cell nearly remains circular;
thus, all spindle poles are far away from the cell boundary.
Thus, the change of the pole-cortex interaction is very small
when pole splitting or clustering happens, so the total
energy is mainly determined by the pole-pole interaction
[Fig. 5(h)(I)]. In narrow channels, the aspect ratio is large,
and the cell is elongated due to the confinement; thus, the
average distance between poles and the cortex is smaller,
and the contribution of the pole-cortex interaction becomes
significant [Fig. 5(h)(II)]. In this case, the four-wall
mechanical confinement changes the energy landscape of
the system by increasing ΔEsplit and decreasing ΔEcluster

[Fig. 5(h)(II)], indicating that it is easier for pole clustering
but more difficult for pole splitting to occur in narrower
channels. The pole splitting becomes less and less favor-
able as the aspect ratio of cells increases. In the limit
case, the double-well potential will transit to a single-well
potential so thatΔEcluster vanishes [Fig. 5(e) and movie S7].
Therefore, we conclude that the enhancement of pole
clustering and the inhibition of pole splitting under four-
wall confinement are induced by the pole-cortex interaction
mediated by cell shape.

F. Disrupting the astral microtubules to confirm the
pole-cortex interaction can enhance pole clustering and
inhibit pole splitting under four-wall confinement

To further justify the mechanism we proposed above, we
disrupt the pole-cortex interaction by low dose nocodazole
treatment (20 nM) [Fig. 6(a)], which has been shown to
selectively depolymerize astral microtubules [21,61,63,64]
but has no effect on the assembly of bipolar and multipolar
spindles [65] [Figs. 6(b) and 6(c)]. In comparison with
control cells (DMSO), nocodazole treatment results in
more multipolar spindles in 8–12 μm channels but no
significant changes in wider channels [Fig. 6(d)]. Cells
treated with nocodazole suffered more pole splitting
than control cells, especially in 8–12 μm channels where
the fraction of pole splitting increased from 33% to 51%
[Fig. 6(e)]. Furthermore, the fraction of pole splitting
multiple times (≥2) also increased after nocodazole treat-
ment especially in narrow channels [Fig. 6(f)]. Remarkably,
the fraction of pole splitting after nocodazole treatment was

almost the same in all the channels [Figs. 6(e) and 6(f)]; i.e.,
the fraction of pole splitting was not sensitive to the channel
width anymore, which further confirmed that the cell shape
can effectively regulate the pole splitting through the pole-
cortex interaction. The fraction of pole clustering decreased
slightly after nocodazole treatment [Fig. 6(e)]. In particular,
nocodazole-treated cells exhibit a deficient ability of pole
clustering from tetrapolar spindles to bipolar spindles
[Fig. 6(g)]. It is worth noticing that the effect of disrupting
the pole-cortex interaction in narrow channels is more
remarkable than that in wider channels [Figs. 6(e)–6(g)],
which again confirms our theoretical prediction that
the contribution of the pole-cortex interaction becomes
more significant in narrow channels due to the elongated
cell shape.
Furthermore, previous research has suggested that

myosin-dependent cortical contraction acting on astral
microtubules plays an important role in spindle assembly
[16,66]. Along this line, the inhibition of cell contractility
and cortical tension could strongly affect the actin cortex,
which in turn suppresses the interaction of the cell cortex
and astral microtubules [16,66], i.e., pole-cortex interac-
tion. To test this idea, we treat the cells with ROCK
inhibitor Y27632 or myosin II ATPase inhibitor blebbis-
tatin to inhibit myosin-dependent cortical contraction. The
results show that the suppression of the pole-cortex
interaction by inhibiting cortical contraction leads to more
pole splitting and less pole clustering, in comparison with
the control group [Figs. 6(e)–6(g)]. Taken together, these
results further demonstrate that the enhancement of pole
clustering and inhibition of pole splitting under four-wall
confinement are induced by the pole-cortex interaction
mediated by cell shape.

III. DISCUSSION

In this work, we utilized microchannels to mimic various
degrees of mechanical confinement from a complicated
epithelial tissue environment, and we explored how various
forms of mechanical confinement regulate the behaviors
of multipolar spindles (Fig. 1). We found that two-wall
confinement leads to an increased fraction of multipolar
spindles by pole splitting, while four-wall confinement
restrains multipolarity by the enhancement of pole cluster-
ing and the inhibition of pole splitting. We further dem-
onstrated that the four-wall confinement changes the cell
shape, which influences the interaction between the cell
cortex and spindle poles and thus changes the energy
barriers of pole splitting and pole clustering. These results
might be easily understood in the following simple physical
picture. Under four-wall confinement, there are only two
opposite directions, along the cell’s long axis, where the
poles can go, so they are effectively pushed together to
form bipolar spindles. In contrast, the two-wall confine-
ment only limits cell height (the z direction), but the other
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two directions in the xy plane are free. The height confine-
ment leads to a strong pole-cortex interaction in the z
direction, which can only confine all the poles in the xy
plane. But the contribution of the pole-cortex in the xy
plane is almost negligible, so there is no additional driving
force for pole clustering in this case. Moreover, the strong
confinement in the cell height will further lead to the
scattered distribution of chromosomes during the

prometaphase and the loss of accommodation for the
equatorial plate during the metaphase, resulting in an
increase of the pole splitting under two-wall confinement.
Because of these two factors, the multipolar spindle is more
frequent under two-wall confinement.
Currently, researchers generally regard the spatial con-

finement as a challenge for various cell behaviors. For
example, uncontrolled proliferation of cancer cells in vivo
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generates compressive stress within tumors, and the stress
accumulated during tumor growth makes cancer cells
densely packed [29,30] and even collapses blood and
lymphatic vessels within the tumor [31]. Furthermore,
the overcrowded environment, e.g., severe height confine-
ment, can result in the fragmentation and splitting of
the spindle pole so that the probability of multipolar
spindles and multidaughter cell division remarkably
increases [32–34]. The lack of space in crowded environ-
ments also presents cells with a significant challenge for
cell migration so that cells have to adopt various migration
modes [24,26,27,36] to squeeze through narrow pores or
channels. In contrast, our results show that appropriate
spatial confinement similar to normal tissue architecture
can suppress multipolar mitosis and ensure chromosome
segregation fidelity. Therefore, the spatial confinement can
be a protection instead of a challenge for cells in this case.
The contradictory results under two-wall and four-wall

confinements address the sensitivity of cell behaviors to
mechanical constraints from extracellular microenviron-
ments [67,68]. The changes of the form and degree of
mechanical constraints within tissue architecture may lead
to opposite influences on cellular behaviors. For example,
Rous-sarcoma-virus-infected embryos develop normally
without oncogenesis, whereas once the cells are removed
from the embryo and placed in culture, they express the
transformed phenotype [69,70]. Furthermore, primary epi-
thelial cells and hepatocytes present faithful chromosome
segregation within native tissue architecture or organoid
culture, but missegregate chromosomes when dissociated
from tissues [5,7,8,28].
Since the microenvironment becomes overcrowded in

tumors, our findings may explain why the multipolar
spindle is very rare in normal tissues but much more
prevalent in many tumors. Actually, every cell in our body
communicates with extracellular surroundings, and an
appropriate microenvironment acts as a suppression to
tumorigenesis as long as the normal tissue homeostasis
is essentially controlled [67]. On the other hand, once the
appropriate extracellular microenvironment is disrupted, it
may become a promotion of cancer progression [67]. For
example, increased mammary tissue density may exist long
before breast cancer occurs [71–73]. Thus, the changes of
the extracellular microenvironment, i.e., either the loss or
enhancement of mechanical confinement, possibly triggers
multipolarity and promotes cancer progression [2,67]. This
also suggests that the administration of drugs or chemo-
therapeutics for modifying the tumor microenvironment
could be a potential cancer therapy [67]. In fact, there are
many trials relevant to microenvironmental therapies, and
some of these therapies have already been approved by
the US Food and Drug Administration (FDA) for several
cancer treatments [67]. For instance, bevacizumab
(Avastin) is a FDA-approved treatment for metastatic
colorectal cancer that inhibits the signaling between the

tumor and endothelial cells in the microenvironment [74].
Thus, a better understanding of the mechanism of an
extracellular microenvironment regulating cellular behaviors
could have a profound impact on cancer diagnosis and
clinical trials targeting the tumor microenvironment [67,68].
In this work, note that we only consider how the

mechanical confinement from the extracellular micro-
environment changes the cell shape and in turn affects
the pole-cortex interaction. However, the extracellular
microenvironment usually contains other cells as well
[67,75,76], which causes cells to be exposed to a complex
network of signals in their environment [75]. Thus, cells
can dynamically communicate with their extracellular
microenvironment through cell-substrate adhesion and
cell-cell adhesion, as well as hormones and other soluble
factors, which could be converted to the intracellular
signals that regulate cell behaviors [67,75]. Although some
genes for cell-substrate and cell-cell adhesion that are
required to suppress multipolar divisions have been iden-
tified [16], how these factors influence the assembly of
multipolar spindles still needs further investigation.
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APPENDIX A: MATERIALS AND METHODS

1. Cell culture and stable cell lines

HeLa cells and MDA-MB-231 cells were cultured in
DMEM (Gibco; Life Technologies) supplemented with
10% FBS (Gibco; Life Technologies) and 1% penicillin-
streptomycin (Gibco; Life Technologies) at 37 °C and 5%
CO2 in humid conditions. Stable cell lines expressing GFP-
α tubulin were transfected with lentivirus. Cells were
selected by 5-μg=mL puromycin (InvivoGen) and sorted
by fluorescence activated cell sorting (FACS).

2. Microchannel fabrication

The microchannels for shaping cells were made from
polydimethylsiloxane (PDMS) by means of a photolitho-
graphic protocol [35–37] [Fig. 1(b)]. Briefly, the photo-
resist (AZ6112 or AZ5214) was spin coated onto a 4-inch
silicon wafer. The wafer was baked on a hot plate for
90 seconds at 100 °C and then exposed to 12.6 mW=cm2

UV light (optical aligner MA/BA6, SUSS, Garching bei
Munchen, Germany) for 2.2 seconds. After that, the wafer
was etched by inductively coupled plasma (PlasmaPro
System100 ICP380; Oxford Instruments, Abingdon,
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United Kingdom). PDMS (Sylgard 184, Dow Corning) at a
ratio of 10∶1 was poured onto the master and peeled off
from the master after baking at 65 °C for 12 hours. Finally,
the PDMS was cut into 10 × 10-mm pieces that fit on a
standard 35-mm glass-bottom dish (NEST,801001).
Just before use, the PDMS piece was treated with plasma

cleaner (PDC-002, Harrick, Stockton, CA) in O2 for
1 minute to make it hydrophilic. A 50-μL drop of cells
in culture medium was then placed onto the center of the
glass-bottom dish (NEST,801001) and allowed to settle
onto the dish for about 2 minutes. The PDMS piece was
then placed on top of the liquid drop, and the culture
medium was gently sucked from the periphery of the
PDMS piece to the microchannels, which slowly pushed
the cells into the microchannels. To confine the cells into
the microchannels tightly, a glass block of size 10 × 10 ×
20 mm is placed on top of the PDMS. A sufficient medium
was gently added to the culture dish to keep cells alive for at
least 48 hours.

3. Drug treatment and live imaging

For cell-cycle synchronization, cells were first blocked in
G1/S with 2.5-mM thymidine (T1895, Sigma) for 16 hours
and then released in fresh culture medium for 10 hours to
enrich mitotic cells. For experiments with no confinement,
cells were synchronized with thymidine for 16 hours
and washed with PBS. After the release to fresh culture
medium for 10 hours, the frequency of multipolar spindles
was calculated, and the evolution of the mitotic cells was
imaged. For two-wall or four-wall confinement experi-
ments, cells stably expressing GFP-α tubulin were
synchronized with thymidine at a final concentration of
2.5 mM for 16 hours, followed by washing with PBS three
times for 5 minutes each; cells were then seeded into the
microchannels as described above. After 10 hours of the
culture being in the microchannels, the number of mitotic
cells with bipolar and multipolar spindles was counted, and
the behavior of the mitotic cells was imaged using a time-
lapse fluorescence microscope within 48 hours.
Nocodazole (M1404, Sigma) was used at 20 nM, and

ROCK inhibitor Y27632 (Y27) and myosin II ATPase
inhibitor blebbistatin (Bleb) were used at 10 μm.
Equivalent volume dimethyl sulfoxide (DMSO, Sigma)
treatment was used as control. The final concentration of
DMSO in all experiments was less than 0.1%.
For live cell imaging, cells were imaged with a Leica

DMi8 fluorescence microscope with a 20 × lens (numeri-
cal aperture, NA 0.75 or NA 0.8) equipped with temper-
ature and CO2 controlling environmental chambers
(WSKM, TOKAI HIT), and images were acquired every
5 minutes. For experiments with no confinement, multi-
dimensional images with z-stacks of 1 μm per step
covering the entire volume of the cells were acquired
every 5 minutes.

4. Immunofluorescence

For immunofluorescence, cells were washed with PBS
and fixed with 4% paraformaldehyde (PFA) (Sigma) in
PBS at room temperature for 10 minutes. Fixed cells were
washed with PBS for 5 minutes, permeabilized with 0.1%
Triton X-100 (Sigma) in PBS (0.1% PBST) for 10 minutes,
and blocked with 4% BSA in 0.1% PBST for 20 minutes.
Primary antibodies [α tubulin (ab6160; 1∶1000, Abcam)
or α Tubulin-FITC (F2168; 1∶1000, Sigma), γ tubulin
(T5362; 1∶500, Sigma)] were diluted in blocking solution
(4% BSA in 0.1% PBST) and incubated overnight at 4°C.
Cells were washed three times with 0.1% PBST for
5 minutes each time. Secondary antibodies [Alexa Fluor
488 (rat; 1∶1000, Abcam), Alexa Fluor 568 (mouse;
1∶1000, Sigma)] were diluted in blocking solution with
5 μg=mL Hoechst 33342 dye (Sigma) and incubated in the
dark for 1 hour at room temperature. Cells were washed
twice with 0.1% PBST for 5 minutes, followed by a PBS
wash for 5 minutes.

5. Image processing and analysis

Displayed images were processed using Leica Application
Suite X (LAS X), a software platform for all Leica micro-
scopes from Leica Microsystems, or Image J, where contrast
or brightness was changed across the field, and deconvolution
was appliedbyHuygensEssentialwhennecessary.For images
of multidimensional z-stacks, projection or extended depth of
field was processed by LAS X.

6. Details of phase diagram

Based on the average cell volume of HeLa cells [Fig. 1(c)
in the main text], we propose a phase diagram to distinguish
the level of mechanical confinement during mitosis
[Fig. 1(d) in the main text]. We assume the width and
height of microchannels are W and H, respectively. The
phase diagram contains three regions, i.e., no confinement
(cell rounding freely during mitosis), two-wall confinement
(only cell height or cell width is confined during mitosis),
and four-wall confinement (both cell height and width are
confined). The diagram displays the reflection symmetry
about the line H ¼ W due to the intrinsic symmetry of the
height and width of microchannels.
Here, we only discuss the case of H ≤ W, and the result

of H > W can be deduced by the exchange of H and W. If
we assume the average cell volume of HeLa cells is V and
the radius of cells in suspension is R0, then we should have
V ¼ 4πR3

0=3. If both the width and height of microchannels
are bigger than R0, the cell is not constrained. If H < 2R0,
the cell is under two-wall confinement as shown in Fig. 7.
In this case, the cell height h is equal to the microchannel
height H, while the cell width w is less than the micro-
channel width W, i.e., w ≤ W, since the cell width is not
constrained. If we assume the lateral surface of the cell
is a spherical surface with radius R (Fig. 7), the cell
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width should be the diameter of the equatorial plane,
i.e., w ¼ 2R. Thus, the cell volume is given by V¼
2
RH=2
0 πx2dy¼2

RH=2
0 πðR2−y2Þdy¼ðπ=4Þw2H−ðπ=12ÞH3.

When w ¼ W, the cell volume becomes V ¼ ðπ=4ÞW2H −
ðπ=12ÞH3, which yields the boundary between two-wall
confinement and four-wall confinement in Fig. 1(c) of the
main text.

7. Quantification of the degree
of chromosome misalignment

To quantify the degree of chromosome misalignment
under two-wall confinement (Fig. 8), we use the radius of
gyration of the projected chromosome area Rc to define the
index of chromosome distribution as

Rc ¼
ffiffiffiffiffiffiffiffiffiffi
Iρ=A

q
; ðA1Þ

where Iρ ¼
R
A ρ

2dA ¼ R
Aðx2 þ y2ÞdA is the polar moment

of inertia, A is the projected area of chromosomes, and x
and y are coordinates with the origin at the center of mass of
chromosomes.
We find that Rc becomes larger when the confinement

height becomes smaller, indicating that tighter confinement
leads to severer chromosome misalignment and scattering
[Figs. 3(b) and 8(d)].
It should be noted that even without the scattering

of chromosomes, Rc can still increase when cell height
decreases since we found that the chromosome volume is
conserved under various level of confinements [Fig. 8(c)].
To eliminate this influence on Rc, we calculate the radius of
gyration Rd of a solid disk that shares the same volume V
and height H with the scattered chromosomes as

Rd ¼
ffiffiffiffiffiffiffiffiffi
V

2πH

r
: ðA2Þ

We find that the difference between Rc and Rd still
increases as the height of two-wall confinement decreases
[Fig. 8(d)], indicating that two-wall confinement indeed
results in the scattered distribution of chromosomes.

8. Quantification of the pattern of multipolar spindles

To quantify the configuration of multipolar spindles, we
define a shape index as
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FIG. 7. Schematic for the cell under the two-wall confinement.
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S ¼
P

n
i¼1 y

2
iP

n
i¼1 x

2
i
; ðA3Þ

where xi and yi are the coordinates of the ith pole when the
cell center is zero and the long axis is the x axis (Fig. 9).
Obviously, S ¼ 1 represents the regular polygon, and
S ¼ 0 indicates that all the poles are in a straight line.

APPENDIX B: SIMULATION

To better understand the behaviors of multipolar spindles
under four-wall confinement, we perform numerical sim-
ulations based on our previous computational model
[42,49,50] by introducing multiple spindle poles into the
model and considering pole splitting and clustering. In
brief, the model takes account of both pushing forces and
pulling forces on spindle poles through the interactions of
microtubules with the cell cortex, chromosomes, antipar-
allel microtubules, and cytoplasm. Multiple poles and
chromosomes can self-assemble to form the multipolar
spindle under these complicated interactions.

1. Nucleation and dynamic instability of microtubules

In the assembly process of mitotic spindles, microtubules
can be nucleated at centrosomes, chromosomes [77], or
existing microtubules as branches [78]. Since all micro-
tubules interact directly or indirectly with the spindle poles
[50,79–81], they are assumed to be nucleated from spindle
poles with a nucleation rate of k0, and the density of the
nucleation rate is uniform k0=ð2πÞ in every direction
[42,50]. Additionally, we assume a higher nucleation rate
in the direction from spindle poles to chromosomes, where
the density of the nucleation rate is knk0=ð2πÞ (kn is a
constant larger than 1) [50].
Dynamic instability of microtubules, i.e., the transition

between a slowly growing state and a fast shrinking state, is
crucial for searching the kinetochore [82]. Here, we make
an assumption that the microtubules grow at a speed of v1
and shrink at a speed of v2, and the rescue rate (from a
shrinking to a growing state) and catastrophe rate (from a
growing to a shrinking state) are defined as k1 and k2,
respectively [50]. Therefore, microtubule lengths vary over
time, and the dynamics of microtubules are determined by
these four constant parameters [50].

2. Bundling of microtubules

Besides their nucleation and dynamics, the bundling
of microtubules is crucial for cellular functions, such as
kinetochore-microtubule interactions [83]. It has been
reported that microtubules are guided to grow along
existing microtubules by the minus-end-directed motor
kinesin-14 and plus-end tracker EB1 [83], leading to the
formation of a microtubule bundle [50]. Microtubule
bundles sustain a stronger force to ensure a stable spindle
configuration. In our model, an extra nucleation rate, klk0,
is defined along the direction of the existing kinetochore
microtubules [50]. Here, kl ≪ 1, and thus it has a negligible
influence on the total nucleation rate. Therefore, the
microtubules in the kinetochore fibers can be supplied
enough due to the extra nucleation and ensure the tension
on the sister kinetochores.
Hence, the total nucleation rate of a spindle pole is

k�0 ¼ k0 þ knk0θ=ð2πÞ þ Nklk0. Here, θ is the total angle
range in which chromosomes are reached by growing
microtubules, and N is the number of kinetochores con-
nected with this spindle pole by microtubules. Polar
microtubules exhibit a higher density than astral micro-
tubules, and the peaks appear at the kinetochores because
of the formation of microtubule bundling.

3. Interactions between microtubules and cell cortex

When a growing microtubule encounters the cortex, its
polymerization will be blocked so that a pushing force is
applied to the cortex [80,84–86], which equals the stall
force of microtubules, fstall [42,50]. On the other hand,
microtubules can be easily buckled by the pushing force
[80,87,88]. According to the Euler buckling formula, the
critical force is given by f ¼ π2κ=l2, where κ denotes
the bending rigidity and l denotes the microtubule
length [42,43,50,58,80,89]. The pushing force equals the
critical buckling force after microtubules are buckled
[42,43,50,58,80,89]. Taken together, the pushing force
generated by the cell cortex fþ can be given by [42,50]

fþ ¼ minðfstall; π2κ=l2Þ: ðB1Þ

Furthermore, we assume that microtubules have a higher
catastrophe rate k�2 [50,58,90], when a pushing force is
applied to the microtubule.
In addition to the pushing force, microtubules can also

bear a pulling force generated by the cortical dynein
[85,91]. In our model, the cortical dyneins bind to micro-
tubules at a rate of k−b , which is proportional to the density
of unbound motors [50]. We assume uniform density of
cortical dyneins; thus, k−b is a constant on the cortex [50].
Dyneins walk to the minus-end direction of the microtubule
and thus generate a pulling force on the microtubule
[85,89,92–94]. The pulling force f− is velocity dependent

]42,43,50,95,96 ] as
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i
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FIG. 9. Definition of the shape indices S.
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f− ¼ f−0

�
1 −

v−

v−0

�
; ðB2Þ

where f−0 , v
−
0 , and v− are the stall force, the unloaded

velocity, and the walking velocity of dynein, respectively.
The dyneins bound to microtubules can unbind, and the

unbinding rate k−u is load dependent [42,43,97],

k−u ¼ k−0 e
f−=f−u ; ðB3Þ

where f−u is a characteristic force and k−0 is the
unbinding rate of dynein under a zero load. Microtubules
become depolymerization states after dyneins unbind from
microtubules [89].

4. Interactions between microtubules and chromosomes

During the assembly of mitotic spindles, only a small
fraction of microtubules are blocked by chromosomes
because the diameters of the chromosome arms are quite
small (around 1 μm) [98]. Moreover, microtubules that are
blocked by or close to chromosomes can be captured by the
chromokinesin on the chromosome arms [97,99] and the
kinetochore. Therefore, in our 2D model, we assume that
none of microtubules can be blocked by chromosomes, but
the microtubules across the chromosome can be bound by
the chromokinesin and kinetochore at rates of kb;c and kb;k,
respectively [50].
Similar to the pulling force generated by dyneins,

the pushing force (fþc ) generated by the chromokinesin
on microtubules is also velocity dependent [97] as
fþc ¼ fþ0 ð1 − vþ=vþ0 Þ, where fþ0 is the stall force of
kinesin, vþ0 is the unloaded velocity of kinesin, and vþ

is the walking velocity of the motor [50]. Similarly, the
microtubules can also be buckled when the pushing force
generated by the chromokinesin is larger than the Euler
buckling force. Taken together, the pushing force generated
by chromokinesin fþc is given as [50]

fþc ¼ min

�
fþ0

�
1 −

vþ

vþ0

�
; π2κ=L2

�
: ðB4Þ

Here, L is the length between the spindle pole and the
binding site, rather than the total length of the microtubule l.
The chromokinesin bound to microtubules can unbind at

a rate of kþu;c, which is load dependent [97],

kþu;c ¼ kþ0 e
fþc =fþu ; ðB5Þ

where fþu is a characteristic force and kþ0 is the unbinding
rate of kinesin without a load.
The pulling force is generated on microtubules due to the

depolymerization when microtubules are attached to the
kinetochore [100]. In our model, the kinetochore region is
defined as the central region of the chromosome (about

20% of the chromosome length) [50]. This pulling force is
both microtubule-length dependent [101] and velocity
dependent [85]. Therefore, the pulling force generated
by kinetochore f−k is given by [50]

f−k ¼ l · fk;0 ·

�
1 −

v−

v−0

�
; ðB6Þ

where l is the microtubule length, fk;0 is the force per unit
length of the microtubule, and v− equals the component of
the relative velocity between the spindle pole and the
chromosome in the microtubule direction. Similarly, the
kinetochore bound to microtubules can also unbind at a rate
of k−u;k, which is load dependent [42,43,97], as

k−u;k ¼ k−0;k · e
f−k =f

−
u ; ðB7Þ

where k−0;k is the unloaded unbinding rate of kinetochore.

5. Interactions of microtubules with cytoplasmic motors

Some motors walking along the microtubules and
carrying cargo in the cytoplasm can also generate pulling
forces and play an important role in the positioning and
orientating of mitotic spindles [49,81,102]. Given that the
walking velocity of the cytoplasmic motor carrying cargo
almost equals the unloaded velocity [103,104], the pulling
force induced by a single motor is quite small [Eq. (B2)].
However, the number of binding motors is large; therefore,
this cytoplasmic pulling force is considered as microtubule-
length dependent because more motors can be bound to a
longer microtubule [50,102]. Taken together, the pulling
force generated by the cytoplasmic motors on a micro-
tubule is assumed as [42,49,50]

f−d ¼ ηl; ðB8Þ

where η is the pulling force per unit microtubule length, and
l is the total microtubule length.

6. Interactions between antiparallel microtubules

Some molecular motors (e.g., kinesin-5, Ncd, and
dynein) can serve as cross-linkers to connect antiparallel
microtubules and generate forces on them [17,32,42]. In
our model, we take account of both dynein and kinesin,
which generate the pulling force and the pushing force,
respectively. The two crossing microtubules from different
spindle poles can be bound by dynein or kinesin at the rates
of k−b;r and kþb;r [50]. The forces generated by cross-linker
motors are also velocity dependent as in Eq. (B2).
Therefore, the velocity of the motor bound on the micro-
tubule needs to be solved first. Generally, we consider the
interaction between the pth microtubule from the ith
spindle pole and the qth microtubule from the jth pole.
Let rp and rq be the unit vectors along the growing
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direction of the microtubules, and r�p and r�q be the unit
normal vectors of rp and rq (rotating 90 degrees counter-
clockwise from the microtubule growing direction). The
absolute velocity of the motor is [50]

Vi þ ϕpLpr�p þ vprp ¼ Vj þ ϕqLqr�q þ vqrq: ðB9Þ

Here, the left and the right of the equal sign are the absolute
velocities of the motor on the pth and qth microtubules,
respectively. The first two items denote the transport
velocities of the motor; Vi and Vj are the velocity vectors
of the ith and jth spindle poles; ϕp and ϕq are the angular
velocities of the microtubules; and Lp and Lq are micro-
tubule lengths from spindle poles to the linked sites. In the
third item, vp and vq are the relative velocities between the
motor and the cross-linked microtubules.
On the other hand, the forces exerted on microtubules

generated by motors (Fmo) can be decomposed into
the microtubule direction (fr) and its normal direction
(f�) [50]. Therefore [50],

Fmo ¼ ðf�r Þprp þ f�pr�p ¼ ðf�r Þqrq þ f�qr�q: ðB10Þ

Here, the forces generated by motors walking along
the antiparallel microtubules (f�r ) are also velocity depen-
dent and given by [50] ðf�r Þp ¼ f�0 ð1� vp=v�0 Þ and
ðf�r Þq ¼ f�0 ð1� vq=v�0 Þ, where the positive directions of
vp and vq are along the minus end of the microtubules. The
plus sign represents the pushing force generated by kinesin,
and the minus sign represents the pulling force generated
by dynein. The normal components f�p and f�q can drive
the rotation of the microtubules and be written as [50]
f�p ¼ ωpξlpLp and f�q ¼ ωqξlqLq, where ωp and ωq are
the angular velocities of the microtubules, ξ is the rotary
resistance coefficient of the microtubule with unit length,
and lp and lq are the total microtubule lengths.
Taken together, Eqs. (B9) and (B10) can be solved when

decomposed into the x and y directions, and hence four
unknowns (ϕp, ϕq, vp, and vq) are obtained. Based on these
motor velocities, we can solve the interactional forces on
the pair of antiparallel microtubules. Notice that if the
pushing force reaches the Euler buckling force, the force
equals the buckling force, and the length in the Euler
buckling formula is the microtubule length from the spindle
pole to the linked site (i.e., Lp or Lq). In addition, the cross-
linker motors bound to microtubules can also unbind at
load-dependent rates just as in Eqs. (B3) and (B5).

7. Cohesion force between poles

The spindle pole is usually constituted of one centro-
some containing a pair of centrioles surrounded by peri-
centriolar material (PCM) [105]. The integrity of the
spindle pole relies on the connection between the centriole
pair [106,107], which is established during the S phase and

persists for the entire mitosis [6]. However, abnormal force
generated by mitotic proteins such as separase [108,109]
might result in premature centriole disengagement and the
subsequent formation of multipolar spindles. Additionally,
the integrity of the spindle pole is also ensured by a
complex network of both PCM and pericentriolar satellite
proteins [6], which includes the recruitment and turnover
of centrosomal proteins [110–112]. Ninein at pericentriolar
satellites may anchor microtubules during the interphase
[113,114]. In fact, the depletion of ninein or other
pericentriolar satellite proteins can lead to PCM fragmen-
tation, followed by the formation of multipolar spindles
[112,115–120]. Recently, many centriole (e.g., CEP63) and
PCM proteins (e.g., CNN/CDK5RAP2) that sustain the
cohesion of spindle poles are identified [121–124]. Taken
together, proteins that maintain the stability of the centriole
pair and PCM-pericentriolar satellite networks provide the
cohesion force to ensure the structural integrity of spindle
poles [6,124]. Furthermore, the cohesion force of func-
tional spindle poles must be able to resist the pulling and
pushing forces generated by dynein and Eg5 (kinesin-5)
acting on microtubules to drive pole fragmentation during
spindle formation [6,107].
To consider the splitting and clustering of any two

spindle poles, we define a cohesion force between any
two poles as

Fc ¼
�−ALijðLij − LcÞ2 for Lij ≤ Lc

0 for Lij > Lc;
ðB11Þ

where Lij is the distance between the two poles, Lc

represents the range of cohesion force, and A is a
constant. In the simulation, we assume Lc ¼ 2 μm and
A ¼ 80 pN=ðμmÞ3. This force tends to maintain the struc-
tural integrity of the spindle pole under external forces [6].

8. Anti-overlapping force

The spindle poles and chromosomes do not penetrate
the cell cortex and are confined in the cell. Furthermore,
chromosomes cannot overlap with each other or with
spindle poles [42,49–51]. To prevent the overlap or
penetration, the short-range repulsive force is defined
between any two objects, including centrosomes, chromo-
somes, and the cell cortex, except for any two poles,

Fv ¼
�
Bð1=d − 1=d0Þ for d ≤ d0
0 for d > d0;

ðB12Þ

where d is the least distance between the two objects,
d0 is the range of anti-overlapping force, and B is a
constant. In the simulation, we assume d0 ¼ 1 μm and
B ¼ 200 pN · μm.
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9. Motions of spindle poles and chromosomes

Various forces exerted on the microtubules can be
transferred to spindle poles. Therefore, the force balance
equation of a spindle pole is given as [50]X

f� þ
X

fþc þ
X

f−k þ
X

f�r þ
X

Fc

þ
X

Fv þ ξpV ¼ 0: ðB13Þ

Here, the first four items represent the forces of the
microtubules nucleated at this spindle pole; the fifth item
denotes the cohesion force between poles; the sixth item
denotes the anti-overlapping forces; the last item denotes
the viscous drag of the cytoplasm exerted on the pole,
where ξp is the coefficient of the viscous drag and V is the
velocity of the pole. Notice that the inertial forces have
been neglected due to the low Reynolds number in the
system [50].
Chromosomes are regarded as a rigid rod. Similarly, the

force balance equations of a chromosome are given by [50]X
fþc þ

X
f−k þ

X
Fv þ ξcVc ¼ 0; ðB14Þ

X
fþc × rb þ

X
f−k × rb þ ζc _Θ ¼ 0: ðB15Þ

Here, rb is the vector from the center of the chromosome to
the binding site; Vc is the velocity of the centroid of the
chromosome; Θ is the direction angle of the chromosome;
ξc and ζc are the coefficients of translational and rotational
viscous drag of the chromosome, respectively. For sim-
plicity, the circumcircle of the chromosome is defined as its
boundary for calculating the minimal distance of the anti-
overlapping force; hence, the anti-overlapping force does
not lead to a torque exerted on the chromosome [50].

10. Simulation method and results

As the initial condition, we consider four spindle poles,
among which one pair of poles is clustered together
initially, and the initial positions of these poles are
randomly distributed inside the cell [Fig. 4(a) in the main
text]. Therefore, we can investigate the clustering and
splitting of spindle poles. The parameters used in the
simulation are summarized in Table I.
Our numerical simulations demonstrate that the fraction

of pole splitting increases in round cells (aspect ratio ¼ 1),
in comparison with elongated cells (aspect ratio ¼ 3)
[Fig. 4(b) in the main text]. In contrast, pole clustering
is more frequent in elongated cells than that in round cells
[Fig. 4(b) in the main text]. These results further confirm
our experimental observations [Fig. 2(i) in the main text]
and are also consistent with previous studies. Extra
centrosomes can be separated by the pushing force gen-
erated by cross-linked kinesin-5 on the microtubules [107].

TABLE I. Parameters used in the simulation.

Parameter Description

Geometric parameters
Dcell ¼ 23 μm Diameter of the cell
λ ¼ 1 ∼ 5 The aspect ratio of the cell. It is defined

as the ratio of the long axis to the
short axis.

Lch ¼ 2.5 μm Length of the chromosome [50]
Lkine ¼ Lch=5 Size of the kinetochore [50]

Microtubule dynamics
v1 ¼ 0.12 μm=s Free polymerization rate

(growing velocity) of microtubules
[79,125–128]

v2 ¼ 0.25 μm=s Free depolymerization rate
(shrinking velocity) of microtubules
[79,125–128]

k1 ¼ 0.04 s−1 Rescue rate of microtubules (from
shrinking to growing)
[79,125,127,128]

k2 ¼ 0.02 s−1 Catastrophe rate of microtubules (from
growing to shrinking)
[79,125,127,128]

k�2 ¼ 0.03 s−1 Catastrophe rate of microtubules
stopped by the cell cortex [43]

k0 ¼ 3 s−1 Nucleation rate of microtubules from
one centrosome [79,80,89,90]

kn ¼ 2 Additional nucleation rate coefficient
of microtubules from one
centrosome to all chromosomes [42]

kl ¼ 0.015 Additional nucleation rate of bundle
microtubules, estimation

κ ¼ 33.12 pN · μm2 Bending rigidity of microtubules [87]
fstall ¼ 50 pN Stall force of microtubule

polymerization [80,129]
fk;0 ¼ 1 pN=μm Depolymerization force of unit-length

microtubule at the kinetochore
[85,100,101]

ξ ¼ 1000 pN · s=μm2 Friction coefficient of microtubule
rotation [80,89]

Molecular motor dynamics
k−b ¼ 0.02 s−1 Binding rate of cortical dynein

[79,89,130]
kb;c ¼ 0.05 s−1 Binding rate of chromokinesin

[85,97,131]
kb;k ¼ 0.08 s−1 Binding rate of kinetochore

[85,97,131]
kþb;r ¼ 0.05 s−1 Binding rate of kinesin as cross-linkers

[132,133]
k−b;r ¼ 0.01 s−1 Binding rate of dynein as cross-linkers

[132,133]
fþ0 ¼ 5 pN Stall force of kinesin [134,135]
f−0 ¼ 5 pN Stall force of dynein [128,134]
vþ0 ¼ 0.2 μm=s Unloaded velocity of kinesin

[134,135]
v−0 ¼ 0.2 μm=s Unloaded velocity of dynein [128,134]

(Table continued)
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On the contrary, the pulling force generated by cross-linked
dyneins and kinetochore microtubules can promote the
coalescence of the extra centrosomes [15,17,124]. Our
results suggest that the behavior of multipolar spindles,
including pole splitting and clustering, could be linked to
the microtubule-related forces regulated by the cell shape.
Interestingly, our simulation also predicts that the cell

shape effectively regulates the configuration of multipolar
spindles (Fig. 10). The multipolar spindle will change from
a regular polygon to a chain of smaller bipolar spindles
when the aspect ratio of the cell shape increases.

APPENDIX C: THEORETICAL MODEL

To get more insight about how mechanical confinement
regulates the configuration, and pole splitting and cluster-
ing of multipolar spindles, we develop a simplified theory
based on the interacting particle model [51,54] [Fig. 5(a) in
the main text], in which spindle poles are considered
particles interacting with each other by pairwise inter-
actions (pole-pole interaction), and interactions exist
between each spindle pole and the cell boundary (pole-
cortex interaction). Therefore, the movement, positioning,
splitting, and clustering of spindle poles are governed by
the competition between the pole-pole interaction and the
pole-cortex interaction [16]. The superposition of the pole-
pole interaction and the pole-cortex interaction yields the
total energy of the system as

E ¼ Ep−p þ Ec−p ¼
Xn
i;j¼1

Eij
p−p þ

Xn
i¼1

Ei
c−p; ðC1Þ

where Ep−p represents the total energy of n poles due to

the pole-pole interaction, Eij
p−p is the pairwise pole-pole

interaction between the ith and the jth poles (i; j ¼
1; 2;…; n), Ec−p denotes the total pole-cortex interaction,
and Ei

c−p is the pole-cortex interaction between the ith pole
and the cortex.

1. Pole-pole interaction

In the absence of the cortex, the interaction force between
two polesFij

p−p as a function of pole-pole distance Lij can be
calculated in our simulation [Fig. 5(c) in the main text],
which can be well fitted by the following equation:

Fij
p−p ¼ ðaLij

3 þ bLij
2 þ cLijÞe−Lij=Lpp ; ðC2Þ

which satisfies the requirement of the interaction force
between two poles: Fij

p−p¼0 when Lij ¼ 0, and Fij
p−p →

0 as Lij → ∞. The integration of this fitted interaction
force yields the pairwise pole-pole interaction energy.
Specifically, the change of potential energy by increasing
the distance between the two poles from Lij to ∞ is [51]

Eij
p−pj∞Lij

¼ −
Z

∞

Lij

Fij
p−pdLij: ðC3Þ

Noticing Eij
p−p ¼ 0 at Lij → ∞, we obtain the pairwise

pole-pole interaction energy as

Eij
p−p ¼

Z
∞

Lij

Fij
p−pdLij

¼ ½aLppLij
3 þ ð3aLpp

2 þ bLppÞLij
2

þ ð6aLpp
3 þ 2bLpp

2 þ cLppÞLij

þ ð6aLpp
4 þ 2bLpp

3 þ cLpp
2Þ�e−Lij=Lpp ; ðC4Þ

3 Poles 4 Poles 5 Poles

1
:1

1
:1

1
:1

1
.5

:1

1
.5

:1

2
.5

:1
3

:1

2
:1

2
:1

5
:1

6
:1

FIG. 10. Four-wall confinement changing cell shape, which in
turn effectively regulates the configuration of multipolar spindles.
The multipolar spindles will change from regular polygons to a
chain of smaller bipolar spindles when the aspect ratio of the cell
shape increases.

TABLE I. (Continued)

Parameter Description

kþ0 ¼ 0.01 s−1 Unloaded unbinding rate of kinesin
[85,97,131]

k−0 ¼ 0.02 s−1 Unloaded unbinding rate of dynein
[79,89,130]

k−0;k ¼ 0.005 s−1 Unloaded unbinding rate of
kinetochore [85,100]

fþu ¼ 20 pN Characteristic force representing the
sensitivity of the unbinding rate of
kinesin to the load [97,132]

f−u ¼ 20 pN Characteristic force representing the
sensitivity of the unbinding rate of
dynein or kinetochore to the load
[89,132]

η ¼ 0.01 pN=μm Cytoplasmic pulling force per unit
microtubule length, estimated in
Ref. [42]

Centrosome and chromosome dynamics
ξp ¼ 10 pN · s=nm Viscous drag coefficient of

centrosome, estimated in Ref. [42]
ξc ¼ 30 pN · s=nm Translational viscous drag coefficient

of chromosome, estimated in
Ref. [42]

ζc ¼ 1255.5 pN · s · nm Rotational viscous drag coefficient of
chromosome, estimated in Ref. [42]
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which is a double-well potential [51,55–57] with two
minimums representing two stable states, i.e., the clustered
and split states of the two poles [see Fig. 5(d) in the main
text]. This is strongly reminiscent of a reversible chemical
reaction, where the splitting reaction and clustering reaction
should overcome energy barriers ΔEsplit and ΔEcluster,
respectively [Fig. 5(d) in the main text]. If there are n
spindle poles, the total pole-pole energy should be a
multiple-well potential with many metastable spindle con-
figurations (Fig. 11).

2. Pole-cortex interaction

Both the pushing force and pulling force can be
generated between the cell cortex and the spindle poles
due to the growth of microtubules and the walking of
molecular motors, so the spindle can be positioned and
oriented [42,49,50,88,89,136].
In our theoretical model, we assume that the angular

densities of pushing and pulling microtubules are nþ and
n−, respectively [80,89]. Similar to our simulation, the
pushing force of a single microtubule is given as
fþ ¼ π2κ=l2, where κ denotes the bending rigidity and l
denotes the microtubule length [42,43,50,58,80,89].
Additionally, the pulling force exerted on microtubules
is generated by cortical dynein [85,91]. Dynein walks to
the minus end of the microtubule and thus generates a
pulling force on the microtubule [85,89,92–94]. The pull-
ing force of a single microtubule f− can be described by
f− ¼ f0e−l=L0 [51], where f0 is a constant and L0 is the
average range of the attraction to the cortex. Therefore, the
pole-cortex interaction between the ith pole and the cortex
Ei
c−p can be obtained by calculating the work done by the

pulling and pushing forces when proportionally enlarging
the cell from the current size to infinity [51] as

Ei
c−p

����∞
current size

¼ −
I �Z

∞

ρi

ðnþfþ − n−f−Þdl
�
dϕ; ðC5Þ

where ρi is the distance from the ith pole to the cortex in the
ϕ direction. Notice that Ei

c−p should be zero when the cell is
infinitely large. Thus, we have

Ei
c−p ¼

I
dϕ

Z
∞

ρi

�
nþ

π2κ

l2
− n−f0e−l=L0

�
dl

¼
Z

2π

0

�
nþ

π2κ

ρi
− n−f0L0e−ρi=L0

�
dϕ: ðC6Þ

From Eq. (C6), we can see that the pole-cortex interaction
(Ei

c−p) depends on the distance between the pole and the
cortex; i.e., the pole-cortex interaction becomes more
repulsive when the pole approaches the cortex, and it
diminishes when the pole retreats from the cortex [Fig. 5(b)
in the main text]. The parameters used in the pole-cortex
interaction are listed in Table II.
It is difficult to obtain the pole-cortex interaction

potential in most cases. Next, we analyze the pole-cortex
interaction under two simple conditions, i.e., the round cell
and elongated cell with a stadium shape.

a. Pole-cortex interaction in round cells

In the absence of lateral confinement in wide micro-
channels, the cell is round with a radius of R. The origin
of the coordinate system is at the cell center, and the
coordinates of the ith pole are ðxi; yiÞ (Fig. 12). The
distance between the pole and the cortex in the direction
of ϕ is easier to obtain in the polar coordinate system,
where the origin of the polar coordinate is at the position of
the pole ðxi; yiÞ (Fig. 12).
Thus, the equation of the cortex could be described as

ρ2i − 2r1 · ρi · cosϕþ r21 − R2 ¼ 0; ðC7Þ

2 poles 3 poles ... n poles

Multipolar

configuration

E
p-p

FIG. 11. Total pole-pole energy landscape of multiple poles.

TABLE II. Parameters used in the theoretical model.

Parameter Description

a ¼ −5.5 pN=ðμmÞ3
b ¼ 94.05 pN=ðμmÞ2 Fitting parameters of the pairwise pole-

pole force based on our simulation
c ¼ −207.35 pN=μm The distance of two poles in the split state

is a typical spindle length (about
15 μm) based on our experiments and
the literature [42,47].

Lpp ¼ 5.128 μm
nþ ¼ 10=ð2πÞ Angular densities of pushing

microtubules, estimated from
Refs. [80,89]

n− ¼ 10=ð2πÞ Angular densities of pulling
microtubules, estimated from
Refs. [80,89]

κ ¼ 33.12 pN · μm2 Bending rigidity of microtubules, taken
from Ref. [87]

f0 ¼ 5 pN Amplitude of pole-cortex pulling force,
taken from Refs. [80,89,137]

L0 ¼ 10 μm Average range of the pulling interaction
of the cortex, estimated from Ref. [51]
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where r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2i þ y2i

p
. Therefore, the distance between the

pole and the cortex is

ρiðϕÞ ¼ r1 · cosϕþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 − r21 · sin

2 ϕ
q

: ðC8Þ

After substituting ρi into Eq. (C6), we have the pole-cortex
interaction potential in round cells.

b. Pole-cortex interaction in elongated cells

The cells under the four-wall confinement are regarded
as a stadium shape with two semicircular ends (Fig. 13).
In this case, Eq. (C6) consists of four parts:

Ei
c−p ¼

X4
k¼1

Ei
c;k ¼ Ei

c;1 þ Ei
c;2 þ Ei

c;3 þ Ei
c;4; ðC9Þ

where

Ei
c;1 ¼

Z
ϕ2

ϕ1

�
nþ

π2κ

ρi
− n−f0L0e−ρi=L0

�
dϕ;

Ei
c;2 ¼

Z
ϕ3

ϕ2

�
nþ

π2κ

ρi
− n−f0L0e−ρi=L0

�
dϕ;

Ei
c;3 ¼

Z
ϕ4

ϕ3

�
nþ

π2κ

ρi
− n−f0L0e−ρi=L0

�
dϕ;

Ei
c;4 ¼

Z
ϕ5

ϕ4

�
nþ

π2κ

ρi
− n−f0L0e−ρi=L0

�
dϕ: ðC10Þ

The first part (ϕ1 ∼ ϕ2) and the third part (ϕ3 ∼ ϕ4) are
semicircular, while the other two parts (ϕ2 ∼ ϕ3 and
ϕ4 ∼ ϕ5) are straight, where ϕ5 returns to the position of
ϕ1 (Fig. 13).
For the two semicircle parts, we also use a polar

coordinate. Their radius is R ¼ h=2, and their centers
are ðrc; 0Þ and ð−rc; 0Þ. We also define the ith pole position
ðxi; yiÞ as the origin of the polar coordinate, and ρiðϕÞ
follows:

ρiðϕÞ ¼ r2 · cosϕþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 − r22 · sin

2 ϕ
q

; ðC11Þ

where

r2 ¼
( ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxi − rcÞ2 þ y2i
p

ϕ1 < ϕ < ϕ2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi þ rcÞ2 þ y2i

p
ϕ3 < ϕ < ϕ4:

ðC12Þ

The angles ϕ1, ϕ2, ϕ3, and ϕ4 are variable when the
position of the pole is different. To simplify the calculation
of these angles, we set up two different coordinate systems.
For the first part (ϕ1 ∼ ϕ2), the polar axis of the polar
coordinate is along n ¼ ðrc − xi;−yiÞ, while for the third
part (ϕ3 ∼ ϕ4), the polar axis is along n ¼ ð−rc − xi;−yiÞ.
The direction vectors corresponding to ϕ1, ϕ2, ϕ3, and ϕ4

are n1 ¼ ðrc − xi;−R − yiÞ, n2 ¼ ðrc − xi; R − yiÞ, n3 ¼
ð−rc − xi; R − yiÞ, and n4 ¼ ð−rc − xi;−R − yiÞ, respec-
tively. Therefore, the angles ϕ1, ϕ2, ϕ3, and ϕ4 are given
in Table III.
Therefore, substituting the angles ϕ1, ϕ2, ϕ3, and ϕ4 into

Eq. (C10), we derive the contribution of the two semi-
circular parts of the cortex, i.e., Ei

c;1 and Ei
c;3 [Eq. (C9)].

Next, we try to calculate Ei
c;2 and Ei

c;4. For the straight
parts, the cortex equation is y ¼ �R, and the expression of
ρi is given by

y
x

ρi 

i
j

L
ij 

FIG. 12. Schematic diagram of the pole-pole interaction and the
pole-cortex interaction in a round cell. Note that Lij is the
distance between any two poles, and ρi is the distance from the ith
pole to the cortex in the ϕ direction.

h

Lc

R

r
c

FIG. 13. Cell under four-wall confinement regarded as a
stadium shape with two semicircular ends. For the sake of
calculation, the cell is divided into four parts.

TABLE IV. Angles ϕ2 ∼ ϕ5 for calculating the straight parts.

ϕ2 ϕ3 ϕ4 ϕ5

hn2;xia hn3;xi 2π − hn4;xi 2π − hn5;xib
ax represents the x axis, i.e., x ¼ ð1; 0Þ.
bn5 ¼ n1.

TABLE III. Angles ϕ1 ∼ ϕ4 for calculating the semicircular
parts.

ϕ1 ϕ2 ϕ3 ϕ4

xi ≤ −rc −hn;n1ia hn;n2i hn;n3i 2π − hn;n4i
−rc < xi < rc −hn;n1i hn;n2i −hn;n3i hn;n4i
xi ≥ rc hn;n1i 2π − hn;n2i −hn;n3i hn;n4i

ahn;n1i represents the angle between the two vectors.
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ρiðϕÞ ¼
� ðR − yiÞ= sinϕ ϕ2 < ϕ < ϕ3

ð−R − yiÞ= sinϕ ϕ4 < ϕ < ϕ5:
ðC13Þ

Here, ϕ2 ∼ ϕ5 is given in Table IV.
Therefore, we have derived the two straight parts of the

cortex, Ei
c;2 and Ei

c;4. Taken together, the pole-cortex
interaction potential in elongated cells [Eq. (C9)] has been
completely solved.
Based on experimental data, we can acquire the param-

eters such as the distance between any two poles (Lij) and
cell shape (Lc, rc, h, and R). Thus, we can calculate the
pole-pole interaction (Ep−p), the pole-cortex interaction
(Ec−p), and the total energy of the system (E) during the
process of pole clustering and pole splitting.
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