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Cortical dynein drives centrosome clustering in 
cells with centrosome amplification

ABSTRACT During cell division, the microtubule nucleating and organizing organelle, known 
as the centrosome, is a critical component of the mitotic spindle. In cells with two centro-
somes, each centrosome functions as an anchor point for microtubules, leading to the forma-
tion of a bipolar spindle and progression through a bipolar cell division. When extra centro-
somes are present, multipolar spindles form and the parent cell may divide into more than two 
daughter cells. Cells that are born from multipolar divisions are not viable, and hence cluster-
ing of extra centrosomes and progression to a bipolar division are critical determinants of vi-
ability in cells with extra centrosomes. We combine experimental approaches with computa-
tional modeling to define a role for cortical dynein in centrosome clustering. We show that 
centrosome clustering fails and multipolar spindles dominate when cortical dynein distribution 
or activity is experimentally perturbed. Our simulations further reveal that centrosome cluster-
ing is sensitive to the distribution of dynein on the cortex. Together, these results indicate that 
dynein’s cortical localization alone is insufficient for effective centrosome clustering and, in-
stead, dynamic relocalization of dynein from one side of the cell to the other throughout mi-
tosis promotes timely clustering and bipolar cell division in cells with extra centrosomes.

INTRODUCTION
Proper formation and maintenance of the dynamic mitotic spindle is 
necessary to ensure accurate segregation of chromosomes and cell 
division resulting in two viable daughter cells. Assembly of the spin-
dle is initiated by the nucleation of microtubules at each of two cen-
trosomes, the organelles that function as the dominant microtubule 
organization center of the cell (Hinchliffe, 2011; Petry, 2016). Micro-
tubule plus ends radiate outward from the centrosome and interact 
with the cell boundary, other microtubules, and chromosomes 

(Forth and Kapoor, 2017). In response to mechanical forces on and 
by the microtubules, the centrosomes are positioned and ultimately 
become the two poles of a bipolar spindle (Busson et al., 1998; 
Merdes et al., 2000; Goshima et al., 2005; Kiyomitsu and Cheeseman, 
2012; di Pietro et al., 2016; Okumura et al., 2018).

Dynein is the major minus end–directed motor protein in the cell 
and has many functions. Throughout mitosis, dynein is localized at 
the kinetochore on chromosomes, where it contributes to chromo-
some movement and alignment (Bader and Vaughan, 2010), at the 
spindle poles, where it actively sustains focusing of microtubule mi-
nus ends at centrosomes (Merdes et al., 2000), and at the cell cor-
tex, where it contributes to centrosome movement and thus impacts 
bipolar spindle length, orientation, and positioning (Busson et al., 
1998; O’Connell and Wang, 2000; Kiyomitsu and Cheeseman, 
2012; di Pietro et al., 2016; Okumura et al., 2018; Mercadante et al., 
2021). Dynein and its binding partner dynactin are anchored at the 
cell cortex by a complex including the proteins LGN, Afadin, and 
NuMA (Du and Macara, 2004; Kiyomitsu and Cheeseman, 2012; 
Kotak et al., 2012, 2013; di Pietro et al., 2016; Okumura et al., 2018). 
Cortical localization of dynein is regulated through phosphorylation 
of NuMA by the centrosome-localized kinases PLK1 and CDK1 
(Kiyomitsu and Cheeseman, 2012; Kotak et al., 2013; Seldin et al., 
2013; Sana et al., 2018). Defects in bipolar spindle orientation have 
been observed when cortical dynein localization is perturbed via 

Monitoring Editor
Alex Mogilner
New York University

Received: Jul 27, 2022
Revised: Mar 20, 2023
Accepted: Mar 24, 2023

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E22-07-0296) on April 5, 2023.
*Address correspondence to: Sarah D. Olson (sdolson@wpi.edu) and Amity L. 
Manning (almanning@wpi.edu).

© 2023 Mercadante et al. This article is distributed by The American Society for 
Cell Biology under license from the author(s). Two months after publication it is 
available to the public under an Attribution–Noncommercial-Share Alike 4.0 In-
ternational Creative Commons License (http://creativecommons.org/licenses/by 
-nc-sa/4.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society for Cell Biology.

Abbreviations used: BSA, bovine serum albumin; CDK1, cyclin dependent kinase 1; 
DAPI, 4′,6-diamidino-2-phenylindole; DCB, dihydrocytochalasin B; EGFP, enhanced 
green fluorescent protein; GPU, Graphics processing unit; LGN, Leucine-Glycine-
Asparagine repeat protein; MT, microtubule; NuMA, nuclear mitotic apparatus 
protein; PBS, phosohate buffered saline; PHEM, pipes hepes EGTA MgCl2; PLK1, 
polo like kinase 1; PLK4, polo like kinase 4; RPE, retinal pigment epithelial cell; SD, 
standard deviation; TBS, Tris buffered saline. 

Dayna L. Mercadantea, William A. Aaronb, Sarah D. Olson ,a,b,*, and Amity L. Manninga,c,*
aBioinformatics and Computational Biology Program, bDepartment of Mathematical Sciences, and cDepartment of 
Biology and Biotechnology, Worcester Polytechnic Institute, Worcester, MA 01609

http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E22-07-0296
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E22-07-0296
https://orcid.org/0000-0003-3239-0579


2 | D. L. Mercadante et al. Molecular Biology of the Cell

enhanced phosphorylation of NuMA or experimental depletion of 
LGN or Afadin (Kiyomitsu and Cheeseman, 2012; Carminati et al., 
2016).

Cells with more than two centrosomes, termed centrosome am-
plification, are common in cancer. Extra centrosomes induce the for-
mation of multipolar spindles, and cell division can lead to the for-
mation of multiple daughter cells that are nonviable (Kwon et al., 
2008). However, cells with centrosome amplification often cluster 
their extra centrosomes into a functional bipolar spindle (Figure 1A), 
enabling a bipolar division and giving rise to two viable daughter 
cells (Kwon et al., 2008). This clustering activity is dependent on both 
passive and active mechanisms. Passive mechanisms, like contractil-
ity of the cortex-associated actin cytoskeleton, contribute broadly to 
centrosome positioning within the cell (Rhys et al., 2018). This helps 
to bring centrosomes within proximity of each other, where active 
mechanisms—those that allow centrosomes to engage and move 

with respect to each other—become relevant. Both motor-derived 
forces and cross-linking activity at the centrosomes have been shown 
to impact active clustering (Quintyne et al., 2005; Barr and Gergely, 
2008; Kwon et al., 2008; Fielding et al., 2010; Leber et al., 2010; 
Ding et al., 2017). While cortical dynein–driven centrosome move-
ment has been demonstrated to impact centrosome and spindle 
positioning in cells with two centrosomes, whether this activity may 
be relevant for either passive or active centrosome clustering in cells 
with centrosome amplification has not been investigated.

We exploit a combination of molecular manipulation and 
computational cell modeling approaches to quantify the impact of 
cortical dynein–derived forces on centrosome clustering. We utilize 
image-based approaches to assess how disruption of cortical dynein 
impacts centrosome clustering and mitotic progression. Informed 
by previously published work and our own experimental results, we 
define a computational model of mitotic spindle formation and 

FIGURE 1: NuMA is primarily enriched in a region behind a single spindle pole, regardless of centrosome number. 
(A) Schematic of cells with extra centrosomes that are unclustered and form a multipolar spindle (left) or are clustered 
and form a bipolar spindle (right). Centrosome clustering is defined as a spindle pole with two or more centrosomes 
that are within 5 µm of each other. (B, C) Representative fixed-cell images and quantification of cortical NuMA 
enrichment in mitotic RPE cells with two centrosomes. NuMA was characterized as being behind 1 spindle pole or >1 
spindle pole. (D, E) Representative fixed-cell images and quantification of cortical NuMA enrichment in mitotic RPE cells 
following DCB treatment, which induces cytokinesis failure and results in cells with >2 centrosomes. NuMA was 
characterized as being behind 1 spindle pole or >1 spindle pole or between poles (behind 0 poles). See also 
Supplemental Figure S1. All RPE cells are stained with antibodies specific for NuMA (green) and centrin-2 (red); DNA is 
detected with DAPI (blue). In B and D, pink arcs highlight regions of increased cortical NuMA, insets represent 4× 
enlargements of centrosomes, and scale bars are 5 µm. In C and E, error bars are SD. In E, cells were grouped based on 
spindle polarity and analysis performed on 50 cells per group for each of three biological replicates.
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function to explore the relationship between cortical dynein–de-
rived forces and centrosome movement in cells with centrosome 
amplification. Our findings implicate cortical dynein in the directed 
centrosome movement necessary to efficiently cluster centrosomes 
in cells with centrosome amplification.

RESULTS
Cortical dynein promotes centrosome clustering
In cells with two centrosomes, dynein and its cofactor NuMA are 
localized to the cell cortex in an asymmetric manner such that en-
richment is primarily observed behind one spindle pole at a time 
(Kiyomitsu and Cheeseman, 2012). To assess whether similar local-
ization is seen in cells with more than two centrosomes, we first in-
duce centrosome amplification in retinal pigment epithelial (RPE) 
cells through induction of cytokinesis failure by treating cells with 
dihydrocytochalasin B (DCB). This approach generates tetraploid 
cells with four centrosomes (Andreassen et al., 1996). We next per-
formed immunofluorescence imaging to assess NuMA localization. 
NuMA functions to link dynein to the actin cytoskeleton, and its lo-
calization mirrors that of dynein at the cell cortex (Kiyomitsu and 
Cheeseman, 2012; Seldin et al., 2013). Consistent with published 
work (Kiyomitsu and Cheeseman, 2012; Seldin et al., 2013), we find 
that cells with two centrosomes primarily exhibit NuMA enrichment 
behind a single pole (Figure 1, A–C, and Supplemental Figure S1, A 
and B). Similarly, we find that NuMA is also primarily enriched be-
hind a single spindle pole in cells with centrosome amplification 
(Figure 1, D and E, and Supplemental Figure S1, A and B). This is 
true regardless of whether centrosomes are clustered together to 
form a bipolar spindle (where one or more spindle poles have two 
or more clustered centrosomes located within 5 µm of each other as 
in Figure 1A) or remain unclustered to form a multipolar spindle.

Work from our group and others has implicated cortical dynein 
as a dominant driver of centrosome movement during mitosis in 
cells with two centrosomes (di Pietro et al., 2016; Mercadante et al., 
2021). To test whether cortical dynein–driven centrosome move-
ment is involved in centrosome clustering in cells with centrosome 
amplification, we perturbed dynein localization or function in cells 
with experimentally induced centrosome amplification. Two com-
plementary approaches (Supplemental Figure S1, C–E) were used 
to induce centrosome amplification: overexpression of PLK4 (ind-
PLK4) to induce the biogenesis of extra centrosomes (Godinho 
et al., 2009) and induction of cytokinesis failure, as described above. 
Next, cortical dynein motor activity was disrupted using the small 
molecule inhibitor dynarrestin (Hoing et al., 2018; Mercadante et al., 
2021), or dynein localization was perturbed via small interfering 
RNA (siRNA)-mediated depletion of Afadin or LGN (Supplemental 
Figure S1, C–E). Individual cells were analyzed for centrosome num-
ber, centrosome location, and spindle structure, where clustering 
was assessed preanaphase and bipolar spindles were considered as 
those in which one or both spindle poles contained two or more 
centrosomes located within 5 µm of each other. Cells with centro-
some amplification and functional cortical dynein are efficient at 
clustering centrosomes, such that ∼50% of cells with >2 centro-
somes are able to form clustered bipolar spindles (Figure 2, A–D). In 
contrast, inhibition of dynein (dynarrestin) or dynein delocalization 
from the cortex (Afadin or LGN depletion) decreased centrosome 
clustering such that only ∼20% of cells with centrosome amplifica-
tion exhibit clustered bipolar spindles (Figure 2, A–D).

To explore whether dynein activity similarly impacts centrosome 
clustering in cells with preexisting centrosome amplification, we 
perturbed cortical dynein localization in MDA-MB-231 cells (Supple-
mental Figure S1F), a well-characterized breast cancer cell line with 

centrosome amplification (Mittal et al., 2017). Centrosome position-
ing and spindle structure were assessed as described above. Nearly 
45% of mitotic MDA-MB-231 cells have centrosome amplification 
and/or fragmentation (Supplemental Figure S1F). Of the mitotic 
cells with more than two centrosomes, ∼80% exhibit centrosome 
clustering and bipolar spindle formation (Figure 2, E and F). Consis-
tent with our results in cells with induced centrosome amplification, 
MDA-MB-231 cells exhibit a reduction in centrosome clustering 
when cortical dynein localization is perturbed, such that only ∼60% 
of preanaphase cells form a clustered bipolar spindle following 
Afadin depletion (Figure 2, E and F).

Cells complete multipolar divisions in the absence of 
cortical dynein
Centrosome clustering is a dynamic process that can take 1 h or 
longer to achieve (Kwon et al., 2008; Navarro-Serer et al., 2019), and 
analysis of a single time point in mitosis cannot distinguish between 
a delay and a deficit in centrosome clustering. To further assess the 
observed increase in multipolar spindles seen following cortical dy-
nein disruption, cells were additionally treated with the protease 
inhibitor MG132 before assessment of centrosome positioning and 
spindle structure. MG132 prevents anaphase onset, providing cells 
additional time in which to cluster centrosomes. Consistent with 
previous findings (Rhys et al., 2018), cells with centrosome amplifi-
cation progress from ∼50 to 60% and then 80% bipolar spindles 
following 30 or 60 min of MG132-induced mitotic arrest, respec-
tively (siCtl in Figure 3, A and B). In contrast, the percentage of mi-
totic cells with extra centrosomes and perturbed dynein activity that 
are able to form a bipolar spindle does not increase with prolonged 
mitotic duration, remaining primarily multipolar, even after 60 min of 
MG132 treatment (siAfa and siLGN in Figure 3, A and B).

Results of these fixed-cell analyses can support two distinct 
modes in the absence of Afadin/LGN. Either the majority of cells 
never achieve clustering, or alternatively, dynamic/unstable cluster-
ing is achieved while the steady state of clustering remains low. To 
distinguish between these modes and assess the temporal relation-
ship between spindle dynamics and the mitotic fate of cells follow-
ing loss of cortical dynein activity, we performed time-lapse imaging 
of cells stably expressing fluorescently tagged tubulin (EGFP-tubu-
lin; Figure 3C) (Mercadante et al., 2019) and induced cells to have 
extra centrosomes through induction of PLK4 expression (Figure 3D), 
as described above. Phase contrast and fluorescence images were 
captured every 2.5 min throughout mitosis and were used to assess 
spindle structure, mitotic timing, and the number of progeny result-
ing from each division. We find that individual mitotic cells with cen-
trosome amplification cluster extra centrosomes and progress 
through mitosis in ∼45 min. The vast majority (95%) of these cells 
complete a bipolar division (Figure 3, E and F). Disruption of cortical 
dynein activity does not alter mitotic timing (Figure 3E). However, 
consistent with the centrosome clustering defects described above, 
50% of cells with centrosome amplification that have disrupted cor-
tical dynein activity exit mitosis with a multipolar division (Figure 3, 
C and F). To confirm that spindle pole clustering (or lack thereof) in 
the live cell imaging approaches reflects the behavior of centro-
somes, we next performed fixed-cell analysis to quantify the 
frequency of centrosome clustering and multipolar divisions in ana-
phase and telophase cells stained for both microtubules and centro-
somes. These analyses similarly reveal that clustering is reduced in 
LGN-depleted anaphase cells in which centrosome amplification 
has been induced (Figure 3, G and H). Together, these results impli-
cate cortical dynein as necessary for centrosome clustering and 
bipolar division in cells with centrosome amplification.
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Centrosome clustering is sensitive to dynein activity at the 
cortex
To further manipulate cortical dynein and explore the extent to 
which it impacts centrosome clustering in cells with centrosome am-
plification, we developed a force balance model that tracks centro-
some movement and spindle formation, taking into account major 
motor-derived forces during mitosis. This model was informed by 
our previous work (Mercadante et al., 2021) and modified to ac-
count for the presence of >2 centrosomes. To simulate a cell that has 
rounded in mitosis, the cell boundary is defined as a rigid circle with 
a diameter of 30 µm. Dynamic microtubules are short at mitotic en-
try and elongate through mitotic progression (Figure 4A). Motor 
proteins Eg5, HSET, and dynein push or pull on the microtubule 
(and hence exert force on the centrosome the microtubule is at-
tached to). These motor-dependent forces, along with forces associ-
ated with microtubules pushing on the cell cortex, are evaluated at 
0.5 s intervals to determine centrosome movement in the mitotic 
cell (Supplemental Figure S2A). Motor-dependent force generation 
is dependent on distances between model entities and modulated 

by altering the stochastic binding probability of a motor; increased 
binding probability equates to increased motor activity (Supple-
mental Figure S2B). Additional model details are given in Materials 
and Methods.

Our immunofluorescence analysis showed that regardless of cen-
trosome number, dynein primarily localized in a region behind a sin-
gle spindle pole (Figure 1E and Supplemental Figure S1B). To assess 
the functional relevance of the NuMA/dynein distribution on centro-
some clustering, we manipulated the distribution of cortical dynein 
activity in our model. The NuMA/dynein distribution was mimicked 
by permitting microtubules on centrosomes to bind to cortical dy-
nein with probability Pdcor

 = 0.5 on one fixed quadrant (angular region 
of π/2), while having a much smaller binding probability, Pdcor

 = 0.01, 
everywhere else (Figure 4, A and B, and Supplemental Figure S3, A, 
D, and G). We then assessed the movement of three, four, five, and 
six centrosomes to reflect the three to six centrosomes seen, on aver-
age, in our experimentally induced systems (Supplemental Figure 1, 
D and E; Figure 3D). Figure 4B is a representative simulation with 
three centrosomes. Initially, centrosomes numbered 2 and 3 start 

FIGURE 2: Centrosome clustering is compromised in the absence of cortical dynein activity. Representative fixed-cell 
images of cell lines with extra centrosomes, through overexpression of PLK4 (A: RPE indPLK4), DCB to induce 
cytokinesis failure (C: RPE DCB), or preexisting centrosome amplification (E: MDA-MB-231). Cells were treated with the 
dynein inhibitor dynarrestin, a nontargeting siRNA (siCtl), or a LGN or Afadin-targeting siRNA (siLGN or siAfadin) to 
disrupt dynein localization at the cortex (see Supplemental Figure S1 for experimental setup and confirmation of Afadin 
and LGN depletion). Antibodies specific for α-tubulin (green), centrin-2 (red), and DAPI (blue) to detect DNA were 
utilized to assess mitotic stage and spindle structure. The white asterisks denote spindle poles, insets represent 4× 
enlargements of individual centrosomes, and scale bars are 5 µm. Quantification of the percentage of mitotic cells 
(preanaphase) exhibiting clustered bipolar spindles is given: (B: RPE indPLK4), (D: RPE DCB), and (F: MDA-MB-231). The 
analysis was performed on at least 50 cells per condition from three biological replicates, and error bars are SD. 
Significance was determined via a Student’s t test when comparing two conditions and a one-way ANOVA with 
Dunnett’s test for multiple comparisons when comparing multiple conditions to one control; *p < 0.05, **p < 0.01.
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close together but move apart within a few minutes, whereas centro-
somes 1 and 3 start further apart and cluster together around t = 
10 min and remain clustered up until t = 30 min. We define this as 
sustained clustering: centrosomes that have a pairwise distance of 
≤5 µm that is maintained for the duration of the simulation after initial 
centrosome separation (after t = 10 min).

This simulation is also classified as having formed a bipolar spin-
dle where the sustained clustering of centrosomes 1 and 3 is one 
pole and the other pole is centrosome 2. Similarly, Supplemental 
Figure S3A shows the case where four centrosomes move and after 
t = 10 min, there is sustained clustering of three centrosomes that 
form a spindle pole close to the dynein-enriched region with the 
second pole as a single centrosome 15 µm away. Simulations with 
five and six centrosomes also form a bipolar spindle, with one pole 

having a single centrosome and the other pole consisting of the rest 
of the centrosomes clustered together (Supplemental Figure S3, D 
and G). In contrast, cases where the three (or four) centrosomes 
each have pairwise distances apart in the range of 7–20 µm from 
each other after t = 10 min and do not cluster are shown in Figure 4, 
D and E (and Supplemental Figure S3, B and C, for four centro-
somes), corresponding to the case of uniform dynein (Pdcor

 = 0.5 ev-
erywhere on the cortex) and no dynein (Pdcor

 = 0.01 everywhere on 
the cortex), respectively. Similarly, in the cases of uniform dynein or 
no dynein, a bipolar spindle is not formed for both five and six cen-
trosomes (Supplemental Figure S3, E, F, H, and I).

Owing to the inherent stochasticity of motor and microtubule 
dynamics, we ran 30 simulations (unless otherwise stated) to quantify 
the frequency of sustained clustering and bipolar spindle formation. 

FIGURE 3: Cortical dynein activity promotes centrosome clustering and bipolar cell division. (A, B) Representative 
fixed-cell images and quantification of the frequency of spindle bipolarity in cells induced to have extra centrosomes 
through overexpression of PLK4 (RPE indPLK4). Cells were treated with nontargeting (siCtl) or Afadin- or LGN-targeting 
(siAfa or siLGN) siRNA to disrupt cortical dynein localization, subsequently treated as indicated with MG132 to prevent 
anaphase onset. Antibodies specific for centrin-2 (red), tubulin (green), and DAPI (blue) to detect DNA were utilized to 
assess spindle structure. (C) Still frames from live cell imaging of RPE indPLK4 cells expressing EGFP-tubulin are shown 
for both control (siCtl) and LGN (siLGN) depleted cells at the indicated time points. (D) Microtubule-organizing centers 
in RPE indPLK4 cells were quantified at nuclear envelope breakdown (characterized by loss of EGFP exclusion from the 
nucleus). (E) Mitotic progression of RPE indPLK4 cells was timed from nuclear envelope breakdown until anaphase B 
(indicated by rapid elongation of the spindle), and (F) the frequency of mitotic cells progressing through a bipolar 
division was quantified. (G, H) Representative images and quantification of cells progressing through a bipolar division 
(determined at anaphase/telophase) in cells with extra centrosomes acquired through DCB-induced cytokinesis failure. 
The control and LGN depleted RPE DCB cells were stained with antibodies specific for centrin-2 (red) and tubulin 
(green) and assessed for evidence of bipolar vs. multipolar divisions. Scale bars in A, C, and G are 5 µm, and insets in G 
represent 4× enlargements of individual centrosomes. All quantifications were performed on at least 50 cells per 
condition from each of three biological replicates, and error bars are SD. Significance was determined by Student’s 
t test when comparing two conditions and a one-way ANOVA with Dunnett’s test for multiple comparisons when 
comparing multiple conditions to one control; *p < 0.05, **p < 0.01, ****p < 0.0001, ns indicates not significant.
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We find that in simulations with cortical dynein primarily in a single 
quadrant or region of π/2, ∼65% of cells with three centrosomes and 
∼75% of cells with four centrosomes formed bipolar spindles within 
30 min (Figure 4F). In simulations with three centrosomes where dy-
nein is uniformly distributed along the cortex or removed entirely, 
bipolarity is greatly reduced to ∼5 and ∼25%, respectively. We ob-
serve an even larger reduction in bipolarity in simulations with four, 
five, and six centrosomes in the case of uniform dynein and removal 
of dynein (Figure 4F). In this case, the simulations are not able to 
form a bipolar spindle and always have multiple distinct poles (Sup-
plemental Figure S3, B, C, E, F, H, and I). The reduction in bipolar 

spindle formation in the case of no dynein is consistent with our 
biological results in RPE cells with centrosome amplification and 
perturbed dynein localization (Figure 2, B, D, and F). Given that our 
biological experiments indicate that the frequency of centrosome 
clustering is sensitive to mitotic duration (when cortical dynein is not 
perturbed), we next sought to determine whether centrosome 
clustering in our model is similarly sensitive to simulation duration. 
Consistent with our biological results, extension of the simulations 
from 30 to 60 min increases the frequency of centrosome clustering 
from ∼65 to ∼90% with three centrosomes (Figures 3, A and B, and 
4, C and F) and from ∼75 to ∼80% with four centrosomes (Figure 4F).

FIGURE 4: Computational modeling suggests that restricted cortical dynein localization drives cen- trosome clustering. 
(A) Simulation results where cortical dynein is enriched in the region from 0 to π/2 (region shown with a pink arc in A, 
top, and dashed lines in A, bottom). Top, Simulation at t = 30 min showing centrosomes in yellow, microtubules bound 
to cortical dynein in pink, and all other microtubules in blue. Bottom, Plot of microtubules binding to cortical dynein on 
the boundary of the cell (−π to π) from the simulation shown above. Each dot indicates an individual microtubule binding 
to dynein. (B–E) Top, Trace of centrosome movement over time through the duration of a simulation, where a red “x” 
indicates initial centrosome position, a blue “*” indicates centrosome position at 30 min, and a yellow “x” (C only) 
indicates centrosome position at 60 min. Numbers mark individual centrosomes, and grayscale indicates time. The pink 
on the cell boundary indicates the region of high dynein activity (where Pdcor

 = 0.5; elsewhere Pdcor
 = 0.01). Here, B and C 

have dynein enrichment in the region 0 to π/2, D has uniform dynein on the entire cell boundary, and E has no dynein. 
(B–E) Bottom, Heat map representing the pairwise distances between all centrosome pairs indicated in the 
corresponding traces in the top panel. (F) The percentage of simulations that achieve bipolar spindles (each of the two 
poles having one or more clustered centrosomes) when cortical dynein is absent (noD), distributed uniformly across the 
cell boundary (uD), or enriched in the region from 0 to π/2 ((π/2)D); duration of simulations is t = 30 or 60 min as 
indicated. Data are an average over 30 simulations, and data for five and six centrosomes are shown for only t = 30 min.
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To further investigate the functional relationship between dynein 
and centrosome clustering, we quantified cortical dynein–derived 
forces and centrosome position over time in simulations where dy-
nein was enriched in an angular region of π/2, or alternatively, dis-
tributed uniformly along the cortex. These data reveal that as corti-
cal dynein engages and pulls on centrosome-anchored microtubules 
(as indicated by peaks in dynein-derived force felt by each centro-
some; red bars, Supplemental Figure S5, A and B), a corresponding 
decrease in the distance between the centrosomes and the region 
of dynein enrichment was observed (blue trace, Supplemental 
Figure S5, A and B). In simulations with three centrosomes, where 
dynein is restricted to a cortical region equal to π/2, two centro-
somes generally exhibit sustained clustering and form a pole closer 
to the region of dynein enrichment. The remaining centrosome 
does not interact with cortical dynein and remains ∼17 µm from the 
dynein-enriched region, forming a bipolar spindle (Supplemental 
Figures S5, C and D, and S6A).

In contrast, when dynein is uniformly distributed on the cortex, 
we observe cortical dynein acting on microtubules associated with 
all centrosomes; all centrosomes end up at a distance of ∼5 µm from 
the cortex but are not able to cluster (Supplemental Figures S5, B 
and C, and S6B). In the case of no dynein, centrosomes do not clus-
ter and pairwise distances between centrosomes stabilizes at ∼8 µm 

apart (Supplemental Figures S5, D and E, and S6C). These data in-
dicate that centrosome movement is responsive to cortical dynein–
derived forces but that restricted localization of dynein along the 
cortex is necessary to promote centrosome clustering and spindle 
bipolarity.

Oscillations in cortical dynein enrichment impact 
centrosome movement
In cells with two centrosomes, cortical dynein localization is primarily 
behind one spindle pole at a time and oscillates from behind one 
spindle pole to the other every few minutes (Kiyomitsu and 
Cheeseman, 2012). To determine whether dynamic cortical dynein 
localization influences centrosome clustering in cells with centro-
some amplification, we mimicked the observed biological oscilla-
tions by moving the π/2 angular region of enrichment to the oppo-
site side of the cortex every t minutes (t = 5, 10, and 15 in Figure 5, 
A–C, and t = 1.67 and 2.33 in Supplemental Figure S7, A and B). In 
contrast to static dynein enrichment in an angular region of π/2, we 
do not observe sustained clustering for periods of 20 or 25 min 
(comparing Figure 4B with Figure 5, A–C). Instead, centrosomes 
with microtubules bound to cortical dynein moved toward the re-
gion of dynein activity, effectively dragging similarly engaged cen-
trosomes toward each other, and when dynein activity oscillates to 

FIGURE 5: Oscillatory redistribution of cortical dynein activity in computational modeling enhances centrosome 
clustering. (A–C) Top, Traces of centrosome movement over time from a simulation with dynein-enriched regions (with 
Pdcor

 = 0.5) oscillating between the upper-right (0 to π/2, solid pink arc) and the lower-left (−π to −π/2, dashed pink arc) 
quadrants with periods of t = 5 min (A), 10 min (B), or 15 min (C). Initial centrosome position indicated by a red “x,” and 
final centrosome position indicated by a blue asterisk. Grayscale indicates time. (A–C) Bottom, Heat map representing 
the pairwise distances between all centrosomes from the corresponding simulation above. Black dotted lines indicate a 
time point when the quadrant of cortical dynein enrichment is updated. (D) Plots depicting the magnitude of cortical 
dynein–derived forces over time (blue bars, scale on left axis) and the distance between each centrosome and the 
midpoint of dynein localization (red trace, scale on right axis) from the simulation shown in C, where cortical dynein is 
redistributed at t = 15 min. (E) Quantification of transient bipolar spindle formation (each of the two poles having one or 
more clustered centrosomes) for simulations with either three or four centrosomes. Data are for 30 simulations.
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the opposing quadrant, previously engaged centrosomes do not 
sustain their close proximity to each other (Figure 5, A–C; Supple-
mental Figure S7, A and B).

We do observe transient clustering where centrosomes are 
≤5 µm apart for several minutes and move apart only after the re-
gion of dynein localization oscillates to the other side of the cortex. 
For example, in Figure 5C, in the first 15 min period where dynein is 
enriched in the upper right quadrant of the cortex, centrosomes 1 
and 2 exhibit clustering, and cortical dynein–induced forces on 
these centrosomes is largest for t = 10–15 min (Figure 5D). At t = 
15 min, dynein is then enriched in the lower left quadrant and we 
observe the pairwise distances between centrosomes 1 and 2 in-
creasing whereas the pairwise distances of centrosomes 1 and 3 
decrease and they cluster (with increased cortical dynein–induced 
forces acting on these centrosomes after t = 20 min; Figure 5D). To 
determine whether changes in pairwise centrosome distance is a 
consequence of loss of cortical dynein behind the clustered pair or 
instead results from dynein-dependent pulling from the opposing 
side, we performed simulations in which microtubules bind to asym-
metric cortical dynein until t = 15 min and then dynein is removed 
for the duration of the simulation (Pdcor

 = 0.01 everywhere for t ≥ 
15 min). Assessment of dynein-derived forces and corresponding 
centrosome movement reveals that centrosomes cluster toward the 
region of enriched dynein but begin separating after dynein is re-
moved at t = 15 min (Supplemental Figure S7, C and D), indicating 
that loss of clustering is a passive event.

To quantify the propensity for a bipolar spindle to form, we re-
corded the number of simulations where we observe transient cen-
trosome clustering at least one time, sustained for at least 1.5 min. 
The frequency of transient centrosome clustering in simulations with 
cortical dynein oscillations is >75% for simulations with three or four 
centrosomes, regardless of the period of dynein oscillations (Figure 
5E). In the case of three centrosomes, this propensity to form a bi-
polar spindle is much higher than the ∼60% of simulations achieving 
centrosome clustering when cortical dynein activity was stably en-
riched in one quadrant of the cortex (comparing to Figure 4F). To-
gether, these results suggest that centrosome movement and clus-
tering are driven by cortical dynein activity.

DISCUSSION
In this work, we combine biological experimentation with computa-
tional modeling to inform novel dynein-dependent mechanisms 
driving centrosome clustering in cells with extra centrosomes. Our 
simulations indicate that cortical dynein–dependent forces are re-
sponsible for actively directing movement of centrosomes toward 
the cell cortex (Figure 4; Supplemental Figure S5). When dynein lo-
calization along the cell cortex is primarily in a region behind one of 
the poles of the mitotic spindle (Figure 1), dynein-dependent forces 
serve to bring individual centrosomes within close proximity of each 
other, near the region of cortical dynein activity (Figures 4 and 5; 
Supplemental Figures S3 and S7).

We propose that the directed movement of centrosomes toward 
a common region on the cell cortex is indicative of passive centro-
some clustering. The centrosome(s) not near the region of cortical 
dynein activity do not cluster and instead are held at a stable dis-
tance from clustered centrosomes by other microtubule-derived 
forces (i.e., binding to dynein at spindle poles, Eg5, and/or HSET 
and pushing on the cell cortex; Supplemental Figure S6), resulting in 
a clustered bipolar spindle structure (Figures 4 and 5; Supplemental 
Figures S3 and S7). Centrosome clustering in this model is depen-
dent on cortical dynein activity and is sensitive to the distribution of 
dynein on the cell cortex, as either removing cortical dynein activity 

from simulations or defining dynein to be uniformly distributed on 
the cortex precludes centrosome clustering (Figure 4; Supplemental 
Figure S4). Our biological data support this model and demonstrate 
that cortical dynein contributes to centrosome clustering in cells 
with centrosome amplification, such that loss of cortical dynein re-
sults in primarily unclustered spindles and multipolar divisions 
(Figures 2 and 3). This model is further supported by recent work 
from the Kyomitsu group that describes loss of spindle pole cluster-
ing in HCT116 cells with extra centrosomes when NuMA is acutely 
depleted during mitosis (van Toorn et al., 2023).

Our modeling framework provides an opportunity to exploit 
temporal and spatial regulation of cortical dynein activity in ways 
not easily achieved in biological systems. Through assessing pro-
gressively smaller angular regions of high cortical dynein activity 
from π to π/8, we find that the frequency of clustering is maximized 
at π/2 and decreases as the region of dynein activity is increased 
above or decreased below π/2 (Supplemental Figure S4E; results for 
three and four centrosomes). Importantly, our calculated range of 
dynein cortical distribution that is effective for centrosome cluster-
ing is consistent with the range of NuMA cortical distribution that 
has been described in different experimental systems: from ∼1/4 of 
the cortex in human epithelial cells (Kiyomitsu and Cheeseman, 
2012; Figure 1) to ∼1/3 of the cortex in mouse keratinocytes (Seldin 
et al., 2013) and in human cells with exogenously expressed tagged 
NuMa (Kiyomitsu and Cheeseman, 2012). While our experimental 
approach to reduce NuMA/dynein localization to the cortex disrupts 
centrosome clustering in a manner consistent with that seen in our 
computational model, experimental tethering of NuMA at discrete 
regions of the cortex, such as that done by Kiyomitsu and colleagues 
(Okumura et al., 2018), would be necessary to further validate the 
causal relationship between NuMA/dynein cortical positioning and 
centrosome clustering.

Cells with induced or naturally occurring centrosome amplifica-
tion exhibit a range of centrosome numbers and may have different 
regions of cortical dynein enrichment. In our model, we fix dynein 
enrichment to an angular region of π/2 and explore dynein-induced 
centrosome movement in simulated cells with two to six centro-
somes. Cortex-directed centrosome movement corresponds with 
peaks in dynein activity (Supplemental Figure S5) for simulations 
with two and more than two centrosomes (Supplemental Figures S5 
and S8; Mercadante et al., 2021). Our base model of mitotic spindle 
formation with supernumerary centrosomes reproduces critical fea-
tures of passive centrosome clustering and is robust to centrosome 
number—revealing similar frequency and dynamics of spindle pole 
clustering with three to six centrosomes with fixed dynein enrich-
ment as well as perturbations to dynein localization (Figure 4 and 
Supplemental Figure S3). We do note a few interesting features. 
Simulations with four centrosomes created a bipolar spindle that is 
predominantly asymmetric (one pole having three centrosomes and 
the other having one centrosome; this is consistent with previous 
experimental studies utilizing DLD-1 and RPE-1 p53−/− cells (Baudoin 
et al., 2020). In the case of five and six centrosomes, the fraction of 
simulated cells that form a bipolar spindle at t = 30 min is less than 
that observed in our experiments, as well as in simulations with 
three and four centrosomes. However, many of the multipolar spin-
dles observed were close to being bipolar, with one of the centro-
somes being within 1 µm of our criteria to change classification from 
three to two poles. Future work can consider additional forces or 
modify criteria for bipolarity classifications in simulated cells with 
larger centrosome numbers. Overall, these results show that the 
propensity to form a bipolar spindle is sensitive to the region of 
dynein localization, whereas formation of a bipolar spindle with a 
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given region of dynein enrichment is not sensitive to centrosome 
numbers between two and four. Our model considers centrosomes 
as a microtubule-nucleating and -organizing center and does not 
distinguish between a centriole pair/centrosome and individual cen-
trioles. As such, the ability of our model to reflect clustering activity 
is dependent on the number of microtubule-organizing centers and 
irrespective of centriole number. In this way, our simulations are rel-
evant to understanding dynein’s role in clustering extra spindle 
poles that arise either from centrosome overduplication or from cen-
trosome fragmentation.

Previous studies of mitotic cell division utilizing different model-
ing approaches have been valuable in understanding and informing 
force-derived centrosome clustering mechanisms in cells with cen-
trosome amplification (Chatterjee et al., 2020; Goupil et al., 2020; 
Miles et al., 2022). In particular, these models have provided insight 
into chromosome-dependent centrosome clustering mechanisms 
that implicated kinetochore microtubule–derived torque (Miles 
et al., 2022) and have highlighted that there must exist a delicate 
balance between attraction forces for efficient centrosome cluster-
ing to occur, including centrosome-cortex forces (Chatterjee et al., 
2020). Our results further expand on the latter observation by iden-
tifying that the centrosome-cortex force must correspond to a re-
gion on the cell cortex, either fixed or dynamically changing, for ef-
ficient clustering to occur via dynein motor activation (Figure 4).

Chromosomes and chromosome-derived forces have been im-
plicated in centrosome clustering in two distinct ways. First, chromo-
somes form a physical barrier that segments the cell, thereby re-
stricting centrosome movement (Goupil et al., 2020). Second, 
chromosomes form stable interactions, via kinetochores, with bun-
dles of microtubules that are in turn anchored at the centrosomes 
(DeLuca et al., 2006). The bioriented configuration and associated 
forces of paired kinetochores enforce a bipolar geometry where 
centrosomes are positioned along the spindle axis (Leber et al., 
2010; Tanaka, 2010; Chatterjee et al., 2020; Miles et al., 2022). Simi-
larly, cell shape and actin-dependent cortical contractility impact 
centrosome clustering by restricting the space within which centro-
somes can move (Kwon et al., 2008; Rhys et al., 2018). Dynein is 
functionally linked to the actin cell cortex through the proteins 
NuMA/LGN/Afadin (di Pietro et al., 2016), suggesting that cortical 
dynein and actin-dependent contractility act in concert to drive pas-
sive clustering by bringing centrosomes into proximity with each 
other. Once centrosomes are within ∼8 µm of each other, activities 
by static cross-linkers and motor proteins (i.e., HSET) at spindle 
poles engage centrosome-associated microtubules and drive ro-
bust and sustained centrosome clustering (Quintyne et al., 2005; 
Kwon et al., 2008; Rhys et al., 2018). Our simulations lack both chro-
mosome-derived forces and cross-linking activity, explaining why 
when cortical dynein activity is turned off or redistributed on the cell 
cortex, previously clustered centrosomes begin to move apart 
(Figure 5).

Our results indicate that cortical localization of dynein alone is 
not sufficient for centrosome clustering and instead specific enrich-
ment of dynein behind a single spindle pole is critical to drive clus-
tering. Because cortical dynein localization is negatively regulated 
by centrosome-localized kinases (Kiyomitsu and Cheeseman, 2012), 
this suggests an iterative process to achieve and sustain centrosome 
clustering where dynein pulls centrosomes toward a common point 
on the cell cortex and then is itself inhibited by the centrosomes 
clustered nearby. In this way, we propose that regional enrichment 
of cortical dynein can both drive and be driven by centrosome clus-
tering. Additional mechanisms such as kinase activity, nonmotor ac-
tivity, and tension from kinetochore–microtubule interactions would 

then allow for sustained clustering when regions of dynein localiza-
tion are dynamic. While existing in vivo data have not described 
dynein oscillations between more than two positions, it is reason-
able to assume that, at least early in mitosis before a spindle struc-
ture has been established, dynein may localize to and even oscillate 
between >2 cortex locations. Our model would predict that, due to 
a lack of sustained and repetitive dynein activity pulling toward a 
consistent cortex region, oscillations between >2 cortex locations 
may disrupt centrosome clustering in a manner consistent with that 
seen with very quick oscillations between two locations. If true, this 
would further implicate the critical nature of the iterative process by 
which centrosomes both drive and respond to cortical dynein distri-
bution to establish and maintain a bipolar spindle structure.

The presence of centrosome amplification is a hallmark of cancer 
and is associated with drug resistance, tumor progression, and poor 
patient prognosis (D’Assoro et al., 2002; Fukasawa, 2005; Mittal 
et al., 2020). Owing to the requirement of cancer cells with centro-
some amplification to cluster their centrosomes to remain prolifera-
tive, prevention of centrosome clustering in cancer cells is believed 
to be a promising therapeutic approach (Kwon et al., 2008; Leber 
et al., 2010; Godinho and Pellman, 2014; Sabat-Pospiech et al., 
2019). The motor protein HSET and proteins involved in the forma-
tion and maintenance of cell–cell junctions, cortical contractility, and 
kinetochore–microtubule interactions have been implicated as po-
tential targets to limit centrosome clustering in cancer cells (Kwon 
et al., 2008, 2015; Hebert et al., 2012; Rhys et al., 2018). Dynein had 
previously been implicated in centrosome clustering, although this 
role was believed to be associated with its function at spindle poles 
(Quintyne et al., 2005). Our data now indicate that both cortical dy-
nein activity and its dynamic and asymmetric localization behind 
spindle poles are critical for efficient centrosome clustering. Through 
simulations and molecular manipulations in cells with experimen-
tally induced centrosome amplification or cancer cells with preexist-
ing centrosome amplification, we show that perturbation of dynein’s 
ATP-driven motor activity or kinase-sensitive cortical localization 
impacts centrosome clustering. These results suggest that inhibition 
of either feature of dynein (activity or dynamic localization) may be 
of therapeutic interest in cancers with a high frequency of centro-
some amplification.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Modeling
In this work, we optimize and expand upon our previously described 
two-dimensional model with dynamic microtubules and stochastic 
motor-dependent force generation to capture the centrosome 
movement in cells with centrosome amplification (Mercadante 
et al., 2021). We allow microtubule–motor protein interactions with 
Eg5 and HSET on antiparallel microtubules, capturing the dominant 
roles of these proteins in mitosis. Dynein is localized at the cell 
cortex and spindle poles to account for its functions in pole focus-
ing and spindle dynamics, respectively (Supplemental Figure S2A) 
(Vaisberg et al., 1993; Sharp et al., 2000; Ferenz et al., 2009, 2010; 
van Heesbeen et al., 2014; Mann and Wadsworth, 2019; Loncar 
et al., 2020). Kinesin-5, Eg5 in mammalian cells, is a homotetrameric 
motor protein with two motor domains on either side of an elon-
gated stalk (Kashina et al., 2009). Each of the motor domains binds 
to a microtubule and walks toward the plus end (Bodrug et al., 
2020). When the microtubules are antiparallel, as they are in the in-
terpolar region of the spindle, this movement causes microtubule 
sliding in opposite directions and drives centrosome separation and 

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-07-0296
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early spindle formation (Mayer et al., 1999; Kapoor et al., 2000). 
Kinesin-14, HSET in mammalian cells, is a minus end–directed di-
meric motor protein with two motor heads on one end of the mol-
ecule and nonmotor microtubule-binding domains on the other 
(Braun et al., 2009; Fink et al., 2009). At the interpolar region of the 
spindle, HSET facilitates antiparallel microtubule–microtubule slid-
ing to help maintain mitotic spindle length (Fink et al., 2009). HSET 
movement opposes that of Eg5, resulting in an inward force 
between spindle poles (Mountain et al., 1999; Sharp et al., 2000). 
Dynein is the major minus end–directed motor protein in mamma-
lian cells. While dynein at the cell cortex is essential for spindle po-
sitioning and orientation, it has additional essential roles within the 
spindle that are required for the maintenance of spindle structure. 
Dynein activity in the interpolar region of the spindle, where inter-
polar microtubules overlap, counteracts that of Eg5, with one of 
dynein’s two motor heads walking along each microtubule. This 
movement pulls spindle poles together, antagonizing centrosome 
separation and bipolar spindle formation (Ferenz et al., 2009; Raaij-
makers et al., 2013; Raaijmakers and Medema, 2014). Additionally, 
dynein motor activity on parallel microtubules is critical for maintain-
ing microtubule minus end focusing at spindle poles, where loss of 
dynein results in splayed poles and barrel-like spindles (Echeverri 
et al., 1996; Goshima et al., 2005).

Dynamic microtubules. Microtubules emanate from a centrosome 
and are initialized with uniformly distributed random lengths l and 
angles α (l ∈ U [0, 0.5] µm and α ∈ U [0, 2π], respectively). At each 
time step, new microtubules are randomly nucleated a rate MTnuc. 
Microtubules are modeled as semirigid filaments with a constant 
bending rigidity κ. Microtubule plus ends are dynamic and have con-
stant growth velocity vg and shrinking velocity that is vb for microtu-
bules bound to dynein and vs for all other shrinking microtubules. 
Microtubule dynamic instability for each microtubule i is defined by a 
constant rescue frequency (k1) and a length-dependent catastrophe 
frequency (k

i2 ). We use a stochastic Monte Carlo method to deter-
mine microtubule dynamic instability; a random number n ∈ U [0, 1] 
is generated and if ≤ − −n e1 dtk1  or n e1 dtk

i2≤ − − , the micro tubule 
will undergo rescue or catastrophe, respectively (Supplemental 
Figure S2B). Shrinking microtubules that do not undergo rescue will 
depolymerize completely and no longer be considered in the system 
when li ≤ vgdt. Throughout the simulation, the microtubule length l 
and angle α are updated based on the state of the microtubule (Sup-
plemental Figure S2B).

Initialization and algorithm. Centrosomes are initialized in random 
positions within 7.5 µm from the cell center, to simulate positioning 
following nuclear envelope breakdown at the start of mitosis. At each 
time step, new microtubules are nucleated for each centrosome at a 
rate MTnuc. Microtubule dynamics and microtubule binding to motor 
proteins are determined and updated by a set of stochastic rules 
based on distances and probabilities (Supplemental Figure S2B). The 
force on each microtubule is calculated and summed to determine 
the total force on centrosome c. The position of centrosome c is up-
dated based on Eq. 4. The length and angle of each microtubule is 
updated based on its state, and this process is repeated until t = 30 
min. Parameters are highlighted in Supplemental Table S1.

Stochastic microtubule–motor interactions. Microtubule dynamic 
instability results in changes in microtubule length and positioning 
at every time step. As such, microtubule interactions with motor 
proteins are transient, with motor interactions depending on prox-
imity to a microtubule. In addition to proximity, we consider each 

motor protein population (Eg5, HSET, cortical dynein, and dynein at 
spindle poles) to have a distinct binding probability (Supplemental 
Table S1). If a distance argument and probability are satisfied, the 
microtubule will bind to the motor protein. For example, a microtu-
bule tip within a distance Ddcor

 from the cell boundary will then bind 
to cortical dynein with probability Pdcor

 (implemented by choosing 
ndcor

 ∈ U [0, 1] and allowing binding to occur if ndcor
 < Pdcor

). Otherwise, 
the microtubule will continue to grow and push against the cell 
boundary with a length-dependent force:

( )( )= π κf min f , /i
slip

stall i2 2�  (1)

where fstall is the stall force of the microtubule and κ is the bending 
rigidity. Interpolar microtubules i, j nucleated from centrosomes c, k, 
that are within a distance DEg5 or DHSET will have a probability of 
binding to Eg5 (PE) and/or HSET (PH ) and generating force. Using a 
Monte Carlo method, if a random number nEg5, nHSET is less than PE, 
PH , binding of Eg5 and/or HSET occurs, respectively. We allow each 
microtubule from centrosome c to have Eg5 and/or HSET binding 
on up to two microtubules from centrosome k. Microtubules also 
interact with spindle pole dynein near opposing centrosomes when 
a microtubule gets within a distance Ddsp

 and satisfies the probability 
Pdsp

 (Supplemental Figure S2B).

Motor-dependent force generation and centrosome move-
ment. We consider motor-dependent forces to be stochastic, where 
force by motor m is generated if both a distance argument between 
the two interacting structures (microtubule–microtubule, microtu-
bule–cortex, or microtubule–spindle pole) and a motor-specific 
binding probability Pm are satisfied (Supplemental Figure S2B). Indi-
vidual motor forces on the ith microtubule, fm, are calculated using a 
standard force–velocity relationship (Svoboda and Block, 1994):

f f vv uu vv(1– / )i
m

o m c i oo m, ,( )= ⋅  (2)

where fo,m is the stall force of motor m, vo,m is the walking velocity 
of motor m, vc is the velocity of centrosome c that microtubule i 
emanates from, and ui is the unit vector in the direction of microtu-
bule i. The total force by all motors m bound to the Nc,m microtu-
bules nucleated from centrosome c is calculated by
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where the sign indicates the direction of the force (cortical dynein, 
dynein at spindle poles, and Eg5 are [–] while HSET is [+]). The expo-
nential term accounts for increased drag-dependent force as the 
centrosome approaches a boundary, that is, the cell cortex or op-
posing centrosome (Aponte-Rivera and Zia, 2016). Therefore, this 
term is dependent on the distance, Li, between the centrosome and 
the point of force application on microtubule i and the distance, d, 
either between centrosomes or between the centrosome and the 
cell cortex. K is a constant scaling factor, and S is an additional mo-
tor-dependent scaling. For dynein-dependent forces, where only 
one microtubule is bound, S = 1. For HSET and Eg5-derived forces, 
where two antiparallel microtubules are interacting, S = a(1+Oi,j)C, 
where a is a constant that depends on the angle between interact-
ing microtubules, Oi,j is the overlap distance between interpolar 
microtubules, and C is a constant scaling factor to account for both 
active and passive cross-linking activity at antiparallel microtubule 
overlap regions (Mollinari et al., 2002; Peterman and Scholey, 2009; 
Shimamoto et al., 2015; Reinemann et al., 2018; Lamson et al., 
2019; Edelmaier et al., 2020).
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All motor-dependent and non–motor-dependent forces on all 
microtubules emanating from centrosome c are summed to deter-
mine the total force on the centrosome, and the position of centro-
some c is updated as

FF FF FF vv0 c
m

c
slip

c
rep

cj

m

0
j∑ ( )= + + + ξ

=
 (4)

where FFc
mj  is the total force generated on centrosome c by motor mj 

(cortical dynein, HSET, Eg5, or spindle pole dynein), FFc
rep is the repul-

sive force on centrosome c when within a distance Dr of another 
centrosome, FFc

slip is the total slipping force on centrosome c, vc is the 
velocity of centrosome c, and ξ is a constant drag coefficient.

All parameters were optimized to match experimental results. 
Additionally, all parameters that were modified from our previous 
publication (Mercadante et al., 2021) were retested in simulations 
with two centrosomes and asymmetric dynein localization to con-
firm that appropriate bipolar spindle length and dynamics were 
maintained (Supplemental Figure S8). In this work, we set the prob-
ability of HSET binding to be higher than that of Eg5 and set cortical 
dynein binding to be higher than that for spindle pole dynein (see 
Supplemental Table S1 for exact values). These values were chosen 
to achieve appropriate clustering frequencies and velocities of cen-
trosome movement that are comparable to that seen in our cell cul-
ture model. We note that a higher probability could correspond to 
a higher local level of expression and/or activity; we do not account 
for any spatial variation of motor binding other than the geometric 
constraints highlighted in Supplemental Figure S2B.

Modulating and assessing cortical dynein activity. To spatially 
and temporally regulate cortical dynein localization and activity 
within the model, we specify which microtubules are able to bind to 
cortical dynein with probability Pdcor

 based on the position of the 
microtubule end. When cortical dynein is uniformly distributed, we 
allow all microtubules to have an equal probability of binding to 
dynein and generating force. We remove cortical dynein by setting 
the probability Pdcor

 = 0.01, preventing most microtubules from bind-
ing and generating force. With dynein localized in a specific region 
as shown in Figure 4, A and D, we allow only those microtubules 
whose end falls within the upper-right quadrant of the cell to bind 
to cortical dynein at a probability Pdcor

. We allow all other microtu-
bules throughout the cell to have a probability Pdcor

 = 0.01 under the 
assumption that cortical dynein is unlikely to be entirely absent from 
this region. When regions of dynein localization oscillate in time, we 
change the position requirement of microtubule ends to bind to 
cortical dynein, dependent on the period of dynein oscillations, T. 
Specifically, microtubules in either the upper-right or lower-left 
quadrant bind to cortical dynein with probability Pdcor

 while all other 
microtubules have a small probability Pdcor

 = 0.01 of binding. Peaks 
in the traces defining the pairwise distances between centrosomes 
were determined by the MATLAB function “findpeaks” (Math-
Works, 2023), with significant peaks defined as those having a 
prominence greater than 1 SD of the average peak prominence.

Computation and code availability. All computational modeling 
and model analysis was performed in MATLAB utilizing GPUs on a 
cluster. Thirty simulations of each set of parameters were run with 
three centrosomes for 30 min of mitosis unless otherwise specified. 
Code will be made available upon request.

Cell culture
Cell lines were maintained at 37°C with 5% CO2. hTERT-immortalized 
RPE cells were obtained from and authenticated by the American 

Type Culture Collection. RPE cells expressing EGFP-tubulin were 
generated by viral transduction of L304-EGFP-Tubulin, a gift 
from Weiping Han (Singapore Bioimaging Consortium; Addgene 
plasmid #64060; http://n2t.net/addgene:64060; RRID:Addgene 
64060; Yang et al., 2013). RPE cells expressing the tet-inducible 
PLK4, a gift from Neil Ganem (Boston University), and MDA-MB-231 
cells, a gift from Catherine Whittington (Worcester Polytechnic Insti-
tute), were maintained in DMEM. RPE p53 deficient cells, a gift from 
Meng-Fu Bryan Tsou (Memorial Sloan Kettering Cancer Center), 
were maintained in DMEM F-12. Cell culture medium was supple-
mented with 10% fetal bovine serum and 1% penicillin and strepto-
mycin. DNA stain (4′,6-diamidino-2-phenylindole [DAPI]) was used to 
monitor and confirm the absence of mycoplasma contamination.

Induction of centrosome amplification and perturbation of 
cortical dynein activity
Disruption of cortical localization of dynein was achieved through 
depletion of Afadin or LGN using lipid-based transfection of 50 nM 
Horizon ON-TARGET plus pools of siRNA (Afadin target se-
quences: 5′-ugagaaaccucua guugua-3′, 5′-ccaaaugguuuacaag-
aau-3′, 5′-guuaagggcccaagacaua-3′, 5′- acuugagcggcaucgaaua-3′, 
LGN target sequences: 5′-gaacuaacagcacgacuua-3′, 5′-cuucagg-
gaugcaguuaua-3′, 5′-acagugaaauucuugcuaa-3′, 5′-ugaaggguucuuu-
gacuua-3′). Horizon nontargeting siRNA pool (siCtl) was used as a 
negative control for siRNA experiments (5′-ugguuuacauguc-
gacuaa-3′, 5′- ugguuuacauguuguguga-3′, 5′-ugguuuacauguuuu-
cuga-3′, 5′-gguuuacauguuuuccua-3′). Knockdown ef- ficiency was 
confirmed using Afadin (F:5′-gtgggacagcattaccgaca-3′, R:5′tcatcgg
cttcaccattcc-3′), LGN (F:5′-gtgaccacccgtctgtcg-3′, R:5′-ttcagcaac-
atttctcccgc-3′), and GAPDH (F:5′-ctagctggcccgatttctcc- 3′, R:5′-
cgcccaatacgaccaaatcaga-3′)-specific primers. Inhibition of cortical 
dynein activity was achieved with exposure to 25 µM dynarrestin 
for 1 h. Four hours posttransfection with siRNA, RPE indPLK4 cells 
were induced to express PLK4 and amplify centrosome biogenesis 
by the addition of 2 µg/ml doxycycline 4 h posttransfection with 
siRNA. PLK4 induction was sustained for 48 h until cell fixation. 
Alternatively, 24 h after siRNA transfection, RPE p53-/- cells were 
treated with 1.5 µg/ml DCB for 24 h to induce cytokinesis failure 
and generate tetraploid cells with four centrosomes. Cells were 
washed out of DCB and cultured for an additional 24 h before 
tetraploid cells were allowed to progress to mitosis. These experi-
mental timelines are summarized in Supplemental Figure S1. 
Where relevant, 20 µM MG132 was added to the media for the fi-
nal 30 min or 1 h of culture before fixation.

Fluorescence imaging and analysis
Images were captured with a Zyla sCMOS (Oxford Instruments, 
Belfast, UK) camera mounted on a Nikon Ti-E microscope (Nikon, 
Tokyo, Japan). For live cell imaging of RPE cells expressing EGFP-
tubulin, a 20× CFI Plan Fluor objective was used to capture images 
every 2.5 min for the duration of mitosis (Mercadante et al., 2019). 
Analysis of mitotic timing and cell fate was performed on at least 50 
mitotic cells. Mitotic duration was quantified as the time between 
nuclear envelope breakdown (determined by loss of GFP exclusion 
from the nucleus) to anaphase B (determined by rapid elongation of 
the spindle). Phase contrast images were used to assess the number 
of progeny resulting from each division.

For analysis of cortex-localized NuMA, cells were rinsed briefly 
in phosphate-buffered saline (PBS) and then incubated in PHEM 
buffer (60 mM PIPES pH 6.9, 25 mM HEPES pH 6.9, 10 mM EGTA 
pH 7.0, 2 mM MgCl2) with 0.3% Triton X-100 (TX-100) for 5 min. 
Cells were fixed in warmed 3.7% paraformaldehyde supplemented 
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with 30 mM sucrose for 15 min at room temperature and then per-
meabilized in 0.1% TX-100 in PBS for 5 min. Cells were blocked in 
3% PBS–bovine serum albumin (BSA) with 0.05% Tween-20 for 
15 min and then incubated in primary antibody (NuMa: Abcam 
ab109262, Cambridge, UK; centrin-2: Sigma 04-1624) diluted in 
blocking buffer overnight at 4°C. Cells were washed briefly and in-
cubated in secondary antibody diluted in TBS (Tris-buffered Saline)-
BSA containing 0.2 µg/ml DAPI. NuMA distribution was determined 
by measuring the intensity of NuMA staining along a line drawn 
from the center of a cell, through the spindle pole, and across the 
cell boundary. The ratio of NuMA staining intensity along the line at 
the cell boundary to NuMA staining intensity in the cytoplasm was 
calculated, with a ratio ≥1.2 indicating cortical enrichment. Enrich-
ment scores were calculated for the cortical region behind each 
spindle within the cell (a cell with three spindle poles would have 
three enrichment scores) (Supplemental Figure S1A), and the num-
ber of cells with cortical enrichment behind one, more than one, or 
no spindle poles in each condition was was quantified (Supplemen-
tal Figure S1B). NuMA cortical enrichment scores were consistent 
with visual inspection, and qualitative assessment of NuMA distri-
bution with respect to spindle pole position was performed for ad-
ditional replicates. For analysis of spindle morphology, cells were 
fixed in ice-cold methanol for 10 min at –20°C. Blocking, primary 
(α-tubulin: Abcam ab18251, Cambridge, UK; centrin: Millipore 04-
1624, Burlington, MA) and secondary antibody dilutions were pre-
pared in TBS-BSA. DNA was detected with the addition of 0.2 µg/
ml DAPI to the secondary antibody dilution. Images of individual 
mitotic cells were captured using a 60× Plan Apo oil immersion ob-
jective and 0.3 µm z-stacks through the depth of the cell. NuMA 
localization was assessed as described previously (Seldin et al., 
2013). Clustered bipolar spindles were defined as those in which 
microtubules were organized into two spindle poles and in which 
one or both spindle poles contained two or more centrosomes po-
sitioned within 5 µm of each other. Statistical analysis between two 
conditions was determined using a two-tailed Student’s t test. For 
multiple comparisons, a one-way analysis of variance (ANOVA) was 
performed and Dunnett’s test post-hoc was used for simultaneous 
comparison between each test condition and a control.
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