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Spindle Architectural Features Must
Be Considered Along With Cell Size
to Explain the Timing of Mitotic
Checkpoint Silencing

Mathew Bloomfield, Jing Chen* and Daniela Cimini*

Department of Biological Sciences and Fralin Life Sciences Institute, Virginia Tech, Blacksburg, VA, United States

Mitosis proceeds through a defined series of events that is largely conserved, but the
amount of time needed for their completion can vary in different cells and organisms.
In many systems, mitotic duration depends on the time required to satisfy and silence
the spindle assembly checkpoint (SAC), also known as the mitotic checkpoint. Because
SAC silencing involves trafficking SAC molecules among kinetochores, spindle, and
cytoplasm, the size and geometry of the spindle relative to cell volume are expected
to affect mitotic duration by influencing the timing of SAC silencing. However, the
relationship between SAC silencing, cell size, and spindle dimensions is unclear. To
investigate this issue, we used four DLD-1 tetraploid (4N) clones characterized by small
or large nuclear and cell size. We found that the small 4N clones had longer mitotic
durations than the parental DLD-1 cells and that this delay was due to differences in
their metaphase duration. Leveraging a previous mathematical model for spatiotemporal
regulation of SAC silencing, we show that the difference in metaphase duration, i.e.,
SAC silencing time, can be explained by the distinct spindle microtubule densities and
sizes of the cell, spindle, and spindle poles in the 4N clones. Lastly, we demonstrate
that manipulating spindle geometry can alter mitotic and metaphase duration, consistent
with a model prediction. Our results suggest that spindle size does not always scale with
cell size in mammalian cells and cell size is not sufficient to explain the differences in
metaphase duration. Only when a number of spindle architectural features are considered
along with cell size can the kinetics of SAC silencing, and hence mitotic duration, in the
different clones be explained.

Keywords: mitosis, cell size, nuclear size, mitotic spindle, mitotic checkpoint, tetraploidy, SAC

INTRODUCTION

Mitosis requires the completion of specific events in a timely manner; the precise sequence of
events governs progression through defined mitotic stages (Baudoin and Cimini, 2018). Although
these mitotic stages are conserved in different cell types and organisms, the time scale for their
completion varies, with mitosis typically lasting 10-20 min in Drosophila embryos (McCleland
et al., 2009), S. pombe (Kriiger et al.,, 2019), and S. cerevisiae (Brewer et al., 1984; Leitao and
Kellogg, 2017), 20-60 min in many mammalian cell lines (Rieder et al., 1994; Meraldi et al,
2004; Arnaoutov et al., 2005; Kuznetsova et al., 2015; Vigan¢ et al., 2018), and 1-2h in mouse
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embryos (Sikora-Polaczek et al, 2006). In many systems,
mitotic duration critically depends on the spindle assembly
checkpoint (SAC), the surveillance mechanism that monitors
kinetochore-microtubule attachments and halts mitotic
progression until all kinetochores are bound to spindle
microtubules (Musacchio, 2011). There are two key SAC-
regulated events whose duration can influence mitotic timing.
First, the time it takes to satisfy the SAC by establishing
kinetochore-microtubule  attachments and chromosome
biorientation (Gorbsky et al., 1998; Hauf et al., 2003; Mogilner
and Craig, 2010; Foley and Kapoor, 2013; Sacristan and Kops,
2015). This process defines the stage of mitosis known as
prometaphase, during which SAC signaling remains active.
Second, the time it takes for the SAC to be silenced after
complete chromosome alignment at the metaphase plate has
been achieved (Rieder et al., 1994, 1995; Howell et al., 2000; Shah
et al., 2004; Pereira and Maiato, 2012). This time would define
the duration of metaphase. During prometaphase, unattached
kinetochores serve as a platform to promote a conformational
change in the SAC protein Mad2, which is then able to bind
other SAC proteins in the cytoplasm and form the mitotic
checkpoint complex (MCC), which in turn inhibits the anaphase
promoting complex/cyclosome (APC/C), producing the so-
called “wait-anaphase” signal (Taylor et al., 2004; Musacchio,
2015). This signal spreads throughout the spindle and cytoplasm
(Heasley et al.,, 2017) and is capable of inducing a mitotic arrest
in response to a single unattached kinetochore (Rieder et al.,
1994, 1995). Once a kinetochore achieves stable attachment
to microtubules, key SAC proteins are stripped from the
attached kinetochore and transported poleward along spindle
microtubules by the motor protein dynein (Howell et al., 2001),
and SAC-activating phosphorylation events are reversed by
phosphatases at the kinetochore (Etemad and Kops, 2016; Moura
et al.,, 2017; Gelens et al., 2018; Saurin, 2018). Dynein-mediated
transport is important for timely silencing of the SAC signal after
all kinetochores achieve stable attachment to the microtubules
(Howell et al., 2001; Griflis et al., 2007; Gassmann et al., 2010).
SAC silencing leads to activation of the APC/C, degradation of
securin and cyclin B, and consequently chromosome segregation
and mitotic exit (Clute and Pines, 1999; Hagting et al., 2002).
While stable kinetochore-microtubule attachments are sufficient
to satisfy the SAC in mammalian cells (Tauchman et al., 2015),
it is still unclear how robust and efficient silencing of the SAC
is achieved.

Because SAC silencing involves trafficking SAC molecules
among kinetochores, spindle, and cytoplasm, cell and spindle
sizes are expected to affect mitotic duration by influencing the
time required for SAC silencing. Recent studies have started to
provide insight on some facets of this issue, but questions still
remain. For instance, mitotic spindle size is thought to adjust to
cell size (Heald and Gibeaux, 2018). This is evident in the early
stages of embryogenesis, when developing cells rapidly divide
without growth, producing cells of progressively smaller size with
shorter spindles (Loughlin et al., 2010; Good et al., 2013; Hazel
et al., 2013; Reber et al., 2013; Wilbur and Heald, 2013; Lacroix
et al,, 2018). Differences in genome size or ploidy may also
affect spindle length indirectly by altering cell size (Mortimer,

1958; Mayer et al., 1992; Edgar and Orr-Weaver, 2001; Gregory,
2001; Gillooly et al., 2015). This has been observed in Xenopus,
where cell and spindle sizes are larger in the near-tetraploid X.
laevis compared to its diploid relative X. tropicalis (Brown et al.,
2007; Loughlin et al., 2011). Furthermore, spindle scaling has
been observed in a variety of metazoan species with different
cell sizes (Crowder et al, 2015). However, in experimentally-
generated tetraploid budding yeast strains, spindle length failed
to scale with cell volume (Storchovd et al, 2006), showing
that we do not yet fully understand how the mitotic spindle
scales in response to changes in genome and cell size. Similarly,
the question of whether changes in cell/spindle size influence
SAC silencing is still awaiting a definitive answer. A theoretical
model predicts that spindle size scaling is important for robust
SAC silencing (Chen and Liu, 2016). However, experimental
investigation of this question has often been partial or indirect
and has yielded contrasting observations. For instance, cell
cycle and mitotic progression were not perturbed in tetraploid
yeast cells (Storchova et al., 2006), which may be due to the
lack of spindle scaling in those strains. In contrast, tetraploid
mammalian cells often progress through mitosis more slowly
than their diploid counterparts (Kuznetsova et al., 2015; Paim
and FitzHarris, 2019; Cohen-Sharir et al., 2020; Quinton et al.,
2020), suggesting a possible delay in SAC silencing. Several recent
studies, which explored the link between cell and spindle sizes
and SAC function more closely (Gerhold et al., 2015, 2018; Galli
and Morgan, 2016; Kyogoku and Kitajima, 2017), also produced
conflicting results. Gerhold et al. showed that depleting HIM-
10, a component of the NDC80 complex, increased spindle
length and metaphase duration in C. elegans, and the metaphase
delay was only observed in cells with functional Mad2 (Gerhold
et al., 2015). Conversely, mouse oocytes with excessively large
cytoplasmic and spindle volumes progressed into anaphase more
rapidly than smaller oocytes (Kyogoku and Kitajima, 2017). To
further complicate the issue, many studies that investigate the
relationship between cell size and the SAC are performed under
conditions of mitotic spindle disruption (Galli and Morgan,
2016; Gerhold et al., 2018; Vazquez-Diez et al., 2019)—a method
used to quantify SAC strength by measuring the time required
for mitotic exit after depolymerization of spindle microtubules
(Rieder and Maiato, 2004; Khodjakov and Rieder, 2009). This is
especially common in studies examining SAC silencing, where
Mpsl1 inhibition is combined with spindle disruption to avoid
any effects kinetochore-microtubule attachments may have on
the signaling events that prompt anaphase onset (Nijenhuis et al.,
2014; Sivakumar et al., 2014; Saurin, 2018; Smith et al., 2019).
Therefore, a thorough understanding of whether and how the
time required for SAC silencing depends on cell and spindle sizes
in the presence of an intact mitotic spindle is lacking. Moreover,
previous studies have not investigated the contribution of other
spindle architectural features, such as its shape and density, to
SAC silencing and mitotic duration.

To study the effects of cell and spindle size on SAC silencing,
we generated tetraploid (4N) clones from non-transformed,
immortalized retinal pigmented epithelial (RPE-1) and DLD-1
colorectal cancer cells. Not all of the 4N DLD-1 clones displayed
the same scaling of cell and spindle size compared to the diploid
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parental cells, which made them an ideal model to study the
relationship between cell/spindle size and mitotic duration. We
found that the 4N clones had unique spindle geometries and
certain clones exhibited altered mitotic timings, which were
due to differences in metaphase duration (ie., time taken to
silence the SAC after all kinetochores are attached). Leveraging
a previous mathematical model for spatiotemporal regulation
of SAC silencing (Chen and Liu, 2014, 2016), we show that
the differences in SAC silencing time, and hence metaphase
duration, cannot be explained by cell and spindle size alone.
Instead, only when other spindle architectural features, including
spindle pole size and microtubule abundance, are considered
along with spindle and cell size can the timing of SAC silencing
and metaphase duration be explained in all clones. Lastly, in line
with a model prediction, we demonstrate that experimentally
manipulating spindle geometry can reduce metaphase duration
in a clone characterized by a particularly long metaphase.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

DLD-1 (ATCC CCL-221) and hTERT-immortalized RPE-1 cells
were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). The DLD-1 cells were maintained in
RPMI 1640 media with ATCC modification (Thermo Fisher
Scientific—Gibco, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific) and 1% antibiotic-
antimycotic (Thermo Fisher Scientific), and the RPE-1 cells
were maintained in a 1:1 mixture of DMEM/F-12 with HEPES
(Thermo Fisher Scientific). All cells were kept in a humidified
incubator at 37°C and 5% CO, and monitored for possible
mycoplasma infection every 2-3 weeks by DNA staining.

Tetraploid RPE-1 and DLD-1 cells were generated by treating
diploid cells with 1.5 wg/mL dihydrocytochalasin B (DCB; Sigma
Aldrich, St. Louis, MO) for 20 hrs. After treatment, the cells were
washed four times with cell culture media and allowed to grow an
additional 1-2 days in supplemented media before the isolation
of single cells by limiting dilution in 96-well-plates. Only wells
containing a single cell were expanded into clonal cell lines and
used for further experimentation. Characterization of 4N clones
and subsequent experiments were performed at low passages to
limit variability due to evolution of the cell population.

For experiments conducted in the presence of blebbistatin
(Tocris Bioscience, Bristol, UK), the drug was added to the media
at a final concentration of 10nM for 4h before fixation and
immunostaining or at the time of media replacement prior to
live-cell imaging.

Preparation of Chromosome Spreads and

Chromosome Counting

Cells were grown to 70-80% confluency in T-25 flasks and
50 ng/ml colcemid (Karyomax-Invitrogen, Waltham, MA) was
added to the media for 4-6h to enrich for mitotic cells. The
cells were collected by trypsinization and centrifuged at 1,000
rpm for 5 min. The cell pellet was resuspended in 2 mL PBS and
centrifuged for 3 min at 1,000 rpm. Five milliliters of hypotonic
solution (0.075 M KCl) was added to the cell pellet and incubated

for 18 min at 37°C; then 0.5 mL of freshly prepared fixative (3:1
methanol:glacial acetic acid) was added before centrifugation
at 1,000 rpm for 5min. After removal of the supernatant, the
cell pellet was resuspended by adding 5 mL of fixative dropwise
and then incubated at room temperature for 15min before
centrifugation at 1,000 rpm for 5min. Depending on the size,
resulting cell pellets were suspended in 0.3-6 mL fixative (added
dropwise) and 12 pL of the cell suspension were dropped onto
microscope slides to check for optimal density and spreading.
Chromosome spreads were left at room temperature overnight
and stained the next day with 300 nM DAPI (Invitrogen) for
10 min. Antifade solution (90% glycerol and 0.5% N-propyl
gallate) was added to the slides and sealed under a 22 x
50 mm coverslip (Corning Incorporated, Corning, NY) with
nail polish. Chromosome spreads were imaged using a Nikon
Eclipse Ti inverted microscope (Nikon Instruments Inc., NY,
USA) equipped with ProScan automated stage (Prior Scientific,
Cambridge, UK), CoolSNAP HQ2 CCD camera (Photometrics,
AZ, USA), Lumen200PRO light source (Prior Scientific), and a
60X/1.4 NA Plan-Apochromatic objective. Chromosomes were
counted in individual images of chromosome spreads using NIS
Elements AR version 4.60 software (Nikon Instruments Inc.) to
confirm cell ploidy.

Cell and Nuclear Volume Measurements
For cell and nuclear volume measurement, cells

synchronized in G2 to reduce variation in size due to cell
cycle stage. Cells were seeded onto sterilized acid-washed
glass coverslips inside 35mm Petri dishes at low densities to
enable cells to adhere without touching neighbors. The next
day, 9pM of the CDK-1 inhibitor RO-3306 (Sigma Aldrich)
(Vassilev, 2006) was added to the media for 18 h to synchronize
cells in G2. After synchronization, the cells were incubated in
serum-free media containing 5 M CellTracker Green CMFDA
Dye (Thermo Fisher Scientific) for at least 30 min to stain the
cytoplasm. The serum-free medium was replaced with medium
containing FBS for at least 30 min before fixation per the
manufacturer’s protocol. Cells were fixed in ice-cold methanol
for 10 min at —20°C, washed three times (5 min each) with PBS,
and counterstained with 300 nM DAPI (Invitrogen) for 5 min.
Coverslips were mounted on microscope slides in an antifade
solution and sealed with nail polish. Z-stack images spanning
the entire height of single cells were acquired at 0.6 um steps
with a swept field confocal system (Prairie Technologies, WI,
USA) on a Nikon Eclipse TE2000 inverted microscope equipped
with a 60X/1.4 NA Plan-Apochromatic lens, motorized ProScan
stage (Prior Scientific), an XCITE 120Q light source (Excelitas
Technologies, Waltham, MA, USA; used to view cells before
imaging), a CoolSNAP HQ2 CCD camera (Photometrics), an
Agilent monolithic laser combiner (MLC400) controlled by a
four channel acousto-optic tunable filter, and a multiband pass
filter set (illumination at 405, 488, 561, and 640 nm). Cell and
nuclear volume measurements were performed in FIJI [Image],
NIH (Rasband, 2011)] using a macro for three-dimensional
reconstruction. In brief, image smoothing was done using a
Gaussian function, a binary image of each Z-stack was created
by auto thresholding (v1.17.2, “default” FIJI algorithm) with

were
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the stack histogram, any holes were filled, and the “3D Object
Counter” was used to quantify 3D objects in each stack and
determine cell and nuclear volumes (Bolte and Cordelieres,
2006).

Immunofluorescence, Image Acquisition,

and Data Analysis

For spindle dimension measurements, prometaphase-metaphase
defect analysis, and mitotic stage analysis, cells were fixed in
freshly prepared 4% paraformaldehyde in PHEM buffer (60 mM
Pipes, 25 mM HEPES, 10mM EGTA, 2mM MgSOy4, pH 7.0)
for 20 min at room temperature. Cells were then washed three
times (5 min each) with PBS and permeabilized in PHEM buffer
containing 0.5% Triton-X 100 for 10 min at room temperature.
After three quick washes with PBS, cells were blocked with
20% boiled goat serum for 1h at room temperature. For cyclin
B immunostaining and a- and y-tubulin fluorescence intensity
measurements, cells were fixed using ice-cold methanol for
10 min at —20°C and washed three times with PBS. For y-tubulin,
cells were blocked for 1 h at room temperature with 10% BGS. For
cyclin B and a-tubulin, 20% BGS was used for blocking. Next, the
cells were incubated overnight at 4°C with primary antibodies in
5% BGS and PHEM buffer. Cells were then washed four times
in PBS-T (PBS with 0.05% Tween 20) before 45 min incubation
at room temperature with secondary antibodies in 5% BGS and
PHEM buffer. The following primary antibodies and dilutions
were used: mouse anti-centrin (Abnova, Zhongli, Taiwan), 1:200;
rabbit anti-a-tubulin (Abcam, Cambridge, MA), 1:250; human
anti-centromere protein (Antibodies Inc., Davis, CA), 1:100;
mouse anti-a-tubulin (DM1A, Sigma Aldrich), 1:500; rabbit anti-
y-tubulin (Abcam), 1:200; mouse anti-cyclin B (BD Biosciences,
San Jose, CA), 1:500. The following secondary antibodies and
dilutions were used: Alexa 488 goat anti-rabbit (Molecular
Probes, Life Technologies, CA, USA), 1:200; Rhodamine Red-X
goat anti-human (Jackson ImmunoResearch Laboratories, Inc.,

For quantification of cells with unaligned chromosomes,
the analysis was limited to late prometaphase cells (i.e., cells
with a well-defined metaphase plate and only 1-few unaligned
chromosomes). For analysis of multipolarity, analysis was limited
to cells in which a metaphase plate was discernible. For
mitotic stage analysis, the number of mitotic cells in prophase,
prometaphase, metaphase, anaphase, and telophase were counted
(Baudoin and Cimini, 2018).

For fluorescence intensity analysis, images for all cell lines
in each experiment were captured on the same day using the
same microscope and imaging settings and were analyzed using
FIJT software. For quantification of y-tubulin intensity, Z planes
containing a detectable y-tubulin signal (as determined by the
default auto thresholding function in FIJI) were converted to
a single image using a sum intensity projection. 17-pixel (I,)
and 24-pixel (I,) diameter circles centered around the y-tubulin
signal were used to determine background-subtracted spindle
pole fluorescence intensity using the following formula:

Spindle Pole Fluorescence Intensity = I, — (Ip — I,).

For spindle microtubule measurements, auto thresholding
of a maximum projection of Z planes spanning the entire
spindle was performed to create a binary image. Any holes
were filled and the “analyze particles” function was used
to define the spindle area, which was saved as region
of interest (ROI). Next, this ROI was overlaid onto a
sum intensity projection of Z planes spanning the entire
spindle height to measure the integrated density of all
pixels within the spindle. For background correction, two
identical ROIs were drawn outside of the spindle area,
but within the cell, to measure intracellular background
fluorescence. These measurements were averaged (total
background fluorescence/total background ROI area), then
this value was extrapolated to match spindle area, and
subtracted from the o-tubulin spindle intensity using the
following formulas:

SpindleBackground Intensity = average background intensity x spindle area

SpindleMicrotubule Intensity = Total a — tubulin Intensity — Spindle Background Intensity

West Grove, PA), 1:100; Cy5 goat anti-mouse (Abcam), 1:200;
Alexa 488 goat anti-mouse (Molecular Probes), 1:200.

To analyze the mitotic spindle, Z-stack images were acquired
at 0.6 pm steps using the Nikon Eclipse TE2000 microscope setup
described in the previous section. For spindle width, a maximum
projection image was used to determine the distance between the
outermost kinetochores in the metaphase plate by drawing and
measuring a straight line in FIJI. For spindle length, a straight
line was drawn and measured from the most intense centrin
signal at each spindle pole. For cells where the spindle poles were
not in the same focal plane, spindle length was calculated using
the Pythagorean theorem. Spindle height was determined as the
distance from the first to the last plane of the Z planes containing
kinetochores. Spindle volume was calculated as: 7t/12 x spindle
length x spindle width x spindle height.

Live-Cell Phase Contrast Microscopy

Cells were grown on glass bottom dishes with No. 1.5 glass
(MatTek Corporation, Ashland, MA). Immediately prior to
imaging, cell medium was replaced with L-15 media (Gibco)
supplemented with 4.5 g/L glucose. All live-cell experiments were
performed on the same Nikon Eclipse Ti inverted microscope
(Nikon Instruments Inc.) described earlier (“Preparation of
chromosome spreads and chromosome counting”) with a
temperature and humidity-controlled incubator (Tokai Hit,
Japan). For live-cell phase contrast videos, images were acquired
every 3 min using a 20X/0.3 NA A Plan corrected phase contrast
objective for at least 6 h. Videos were analyzed with NIS Elements
to determine mitotic duration, or the time from cell rounding to
anaphase onset. In some cells, especially the larger 4N groups,
nuclear envelope breakdown (NEBD) could also be observed
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and typically coincided with the beginning of cell rounding. For
analysis of prometaphase and metaphase duration, only cells with
visible metaphase plates were used for analysis. Prometaphase-
metaphase transition was recorded as the time a metaphase plate
could be seen at the spindle equator.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (version
8.3.1) software. For prometaphase-metaphase defect and mitotic
stage analysis, statistical significance was determined using
a two-sided Fisher’s exact test. For all other experiments, a
Student’s t-test was used to test for statistical significance. For
experiments in which individual data points are reported, results
from individual experiments were compared to each other for
reproducibility and confirm that no statistical differences were
observed between experiments.

Mathematical Model for Spatiotemporal
Regulation of SAC Silencing

The model for SAC silencing consists of a core model for the
spatial dynamics of SAC proteins, and coupled biochemical
circuits for SAC signaling and silencing (Chen and Liu, 2014).
The core model predicts the concentration of SAC proteins at
the spindle pole as increasing number of kinetochores establish
attachment to the spindle and was built upon the following key
assumptions motivated by experimental observations:

(i) High phosphorylation level at unattached kinetochores vs.
low phosphorylation level at attached ones (Liu et al., 2009;
Maresca and Salmon, 2009; Welburn et al., 2010) dictates
the distinct dynamics and fates of SAC proteins at the two
types of kinetochores. Because of the known interdependency
between kinetochore attachment state, phosphorylation level
of kinetochore proteins, and dynein-mediated transport
(Whyte et al, 2008; Matson and Stukenberg, 2014), the
model assumes that SAC proteins released from the attached
and unattached kinetochores adopt distinct states. The SAC
proteins released from an attached kinetochore assume a
transport-active state, forming complexes with active dynein
and undergoing poleward streaming, while those released
from an unattached kinetochore assume a transport-inactive
state with diffusion only. Moreover, because kinetochore
phosphorylation level promotes recruitment of SAC proteins
(Ditchfield et al., 2003), the model assumes a significant
decrease in the recruitment rate of SAC proteins as a
kinetochore turns to the attached state.

(ii) The transport-active SAC proteins move along microtubules
toward the spindle pole and they may unbind before reaching
the pole due to dynein’s limited processivity (King and
Schroer, 2000; Reck-Peterson et al., 2006). While unbound
from microtubules, these proteins diffuse in the cytoplasm
and have a chance to either rebind the microtubules
and keep moving toward the spindle pole or bind a
kinetochore. Once these proteins reach the spindle pole,
they are partially sequestered by the spindle pole through
binding/unbinding dynamics.

The core model was formulated as a system of
compartmentalized diffusion-advection-reaction partial
differential equations (PDE) given in the Supplementary
Materials (Chen and Liu, 2014, 2015, 2016). The core model
was further expanded to an extended model, by coupling the
spatial dynamics with a biochemical circuit that describes the
regulatory interactions between key molecules of the SAC and a
generic toggle switch circuit (Tyson et al., 2003) that is triggered
by a threshold SAC protein concentration at the spindle pole and
induces SAC silencing. The PDEs for the extended model are
also provided in the Supplementary Materials.

Size and Microtubule Parameters Used in
the Model

Because cell/spindle sizes and mitotic timing must be measured
with several different experimental setups and could not all be
obtained from the same cell, we could only use the model to make
predictions based on the average sizes in each clone. To avoid
large deviation caused by outlier data points, we used the median
values of the measured sizes and fluorescence intensities. The
measured values and derived model parameters are summarized
in Table 1.

RESULTS

Since tetraploidy may have disparate effects on cell and spindle
size that disrupt mitotic fidelity (Storchova et al., 2006), we
reasoned it could be used to study the relationship between cell
size, mitotic spindle geometry, and SAC function. Therefore, we
induced cytokinesis failure with dihydrocytochalasin B in RPE-
1 (diploid, non-transformed) and DLD-1 cells (pseudodiploid
colorectal cancer cells) and expanded clonal cell lines from single
tetraploid (4N) cells. We were able to isolate one 4N RPE-
1 clone and several 4N DLD-1 clones. We next characterized
these 4N clones to determine nuclear and cell volumes in G2-
synchronized cells. In RPE-1 cells, cell and nuclear volume scaled
with DNA content (Supplementary Figures 1A,B, Table 2). For
DLD-1 cells, however, we found that, although chromosome
number doubled in each DLD-1 4N clone (Figure 1A, Table 2),
cell and nuclear volume did not scale uniformly (Figures 1B-D,
Table 2). Two of the DLD-1 4N clones were characterized by
small nuclear and cell size (S clones) and two were characterized
by large sizes (L clones). Specifically, the nuclear volume of
L1 and L2 increased by 96 and 95%, respectively, compared
to parental DLDI cells, consistent with the increase in DNA
content; however, S1 and S2 only increased by 37 and 38%,
respectively (Figures 1B,C, Table 2). Similarly, the cell volume
of L1 and L2 increased by 86 and 98%, respectively, while S1
and S2 increased by 28 and 31%, respectively (Figures 1B,C,
Table 2). Notably, cell and nuclear volume scaled proportionally
with each other, such that the nucleus-to-cytoplasm (N/C) ratio
of the respective parental cells was largely maintained in each
4N clone (Table 2). These findings show that tetraploidy has a
variable effect on cell and nuclear volumes in DLD-1 cells and
that doubling of the genome does not always result in doubling
of nuclear size. Finally, we should note that in all 4N clones the
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TABLE 1 | Median values of measured quantities in cell clones and parameters used in the model.

Quantity DLD-1 S1 S2 L1 L2 RPE-1 (2N) RPE-1 (4N)
Measured Cell Volume (um®) 1,847 2,227 2,383 3,153 3,081 2,399 5,595
Spindle length (um) 6.83 7.27 10.33 9.86 12.20 11.82 12.23
Spindle width (um) 8.85 9.97 10.74 10.94 11.44 8.69 11.17
Spindle height (.m) 6.60 9.00 9.60 7.80 6.60 6.00 7.80
y-tubulin intensity (a.u.) 864.81 1,695.0 888.87 1,373.8 1,309.1 934.87 999.97
a-tubulin intensity (a.u.) 893.27 1,841.0 1,030.6 2,201.1 1,080.6 959.92 971.45
Model Cell diameter (um): 15.22 16.20 16.57 18.19 18.05 16.61 22.03
D = J/measured cell volume x 6 + x
Spindle length (um): 6.83 7.27 10.33 9.86 12.20 11.82 12.23
L = measured spindle length
Spindle width/height (um): 7.64 9.47 10.15 9.24 8.69 7.22 9.33
Spindle pole diameter (uwm), d [see 1.11 1.50 112 1.39 1.36 1.67 1.62
Supplementary Material, Eq. (S1)]
Number of kinetochore microtubules: 1,600 3,193 916 2,885 960 1,032 776
Nur1 (see Supplementary Material,
Ea. (S2)
TABLE 2 | Characterization of parental DLD-1 and RPE-1 cells and derived tetraploid clones.
Characteristic DLD-1 S1 S2 L1 L2 RPE-1 (2N) RPE-1 (4N)
Modal Chromosome No. 46 91 92 88 91 46 88
Nuclear Volume* (um?) 847 + 39 1,156 + 41 1,170 £ 60 1,656 + 107 1,648 £ 117 649 + 27 1,465 + 47
Cell Volume* (um®) 1,787 + 80 2,288 + 97 2,345 + 123 3,326 + 233 3,541 + 244 2,408 + 95 5,731 + 270
N/C Ratio 0.48 0.51 0.50 0.51 0.47 0.27 0.27

*Nuclear and cell volumes are reported as mean + SEM.

majority of cells had normal centrosome numbers, consistent
with a recent report that extra centrosomes are rapidly lost in
4N cells via asymmetric centrosome clustering during bipolar
cell divisions and selective advantage of cells inheriting a single
centrosome (Baudoin et al., 2020). During such bipolar divisions
with asymmetric centrosome clustering, the chromosomes are
partitioned in a bipolar manner and cytokinesis occurs at the
midzone. Therefore, this process is unlikely to explain the size
differences we observe in our clones, but it is consistent with the
emergence of 4N cell populations in which the vast majority of
cells assemble bipolar spindles with normal centrosome numbers
(Ganem et al., 2009; Godinho et al., 2014; Kuznetsova et al., 2015;
Potapova et al., 2016; Vigano et al., 2018; Baudoin et al., 2020).

Tetraploid Clones Display Distinct Mitotic

Spindle and Cell Geometries

Spindle length increases linearly with cell diameter in many
metazoan species (Crowder et al., 2015), but in 4N budding
yeast, spindle length did not increase compared to smaller
diploid and haploid counterparts (Storchovd et al., 2006).
To determine if the mitotic spindle scales with cell size
in our 4N clones, we measured spindle length, width, and
height in metaphase cells with immunostained microtubules

(a-tubulin), kinetochores (centromere antigen), and centrioles
(centrin) (Figure 2A). Spindle width, measured as the distance
between the outermost kinetochores at the metaphase plate,
increased by roughly 20% in all the RPE-1 and DLD-
1 4N clones compared to their respective parental cells
(Figure 2B, Supplementary Figure 1C), suggesting that this
width may be optimal for tetraploid cells regardless of
their size and may be necessary to accommodate the extra
chromosomes. Spindle height, which was also measured using
kinetochores at the metaphase plate, increased by 25% in
the RPE-1 4N clone compared to the RPE-1 diploid cells
(Supplementary Figure 1D). In the 4N DLD-1 clones, however,
spindle height did not significantly change in L2 and increased
by only 17% in L1 compared to the parental cells (Figure 2C).
Instead, in both small DLD-1 4N clones (S1 and S2),
spindle height increased by 33-34% compared to the DLD-
1 parental cells (Figure2C). Finally, we measured spindle
length as the distance between the spindle poles (defined
by centriole staining) and found that it did not increase
in the RPE-1 4N clone compared to its diploid ancestor
(Supplementary Figure 1E), despite the considerable increase
in cell volume (Supplementary Figure 1B). Compared to the
diploid DLD-1 cells, spindle length increased by 37 and 71%,
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FIGURE 1 | Tetraploidization has a variable effect on cell and nuclear volume in DLD-1 cells. (A) Analysis of chromosome number to confirm ploidy in DLD-1 cells and
derived tetraploid clones (n = 50 for each). (B) Nuclear and (C) cell volume measurements in parental DLD-1 cells and 4N DLD-1 clones synchronized in G2. Data are
reported as mean 4+ SEM with individual data points from three independent experiments in which a total of 27-44 cells (n = 35, 44, 28, 39, and 27, respectively)
were analyzed. **p < 0.001, ***p < 0.0001, when compared to the parental DLD-1 cells by Student’s t-test. (D) Examples of S1 (top) and L1 (bottom) cells used for
nuclear (blue) and cell (green) volume analysis. Images are maximum intensity projections from Z-stacks along the X-Y coordinates (left three columns) or along the
X-Z coordinates (right column). All scale bars, 10 wm.

respectively, in the two large clones L1 and L2 (Figure 2D). In  length can vary widely between tetraploid cells of similar
the two small clones, S1 and S2, spindle length increased by  sizes. These findings show that tetraploidy can have mixed
7.7 and 42%, respectively (Figure 2D), indicating that spindle  effects on spindle length and height, producing distinct spindle
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geometries. The RPE-1 4N clone increased spindle width and
height, but not spindle length, relative to the parental cells.
Compared to diploid DLD-1, L1 and L2 primarily expanded
spindle length, whereas S2 expanded both spindle height and
spindle length, and S1 expanded spindle height, but not spindle
length, resulting in a spindle with a “compressed” appearance
(Supplementary Videos 1-10).

To determine if spindle volume correlates with cell volume,
we calculated the volume of the entire mitotic spindle using the
spindle dimensions of each 4N clone. In the RPE-1 4N clone,
spindle volume did not scale with cell volume, increasing by
only 60% relative to the RPE-1 cells (Supplementary Figure 1F).
For the DLD-1 clones, spindle volume increased by 91 and
109% in L1 and L2, respectively (Figure 2E), compared to the
parental DLD-1 cells, similar to the increases in cell volume
(Figures 1B,C). In the small 4N DLD-1 clones, however, spindle
volume scaling exceeded the changes in cell volume, with S1
and S2 increasing by 61 and 125%, respectively (Figure 2E),
compared to parental DLD-1 cells. Moreover, despite being
similar in size (Figures 1B-D), S1 and S2 had the smallest
and largest spindle, respectively, of all the 4N DLD-1 clones
(Figure 2E), suggesting that cell size is not the only determinant
of spindle volume. Overall, these results show that in response
to tetraploidy, spindle volume did not fully scale with cell size in
the tetraploid RPE-1 cells, whereas in DLD-1 cells, although the
4N clones adjusted their spindle geometries differently, spindle
volume mirrored or surpassed the increases in cell volume.

Since the large 4N DLD-1 clones mostly expanded spindle
length and width rather than height, we asked whether there were
also differences in the sphericity of metaphase cells in the 4N
DLD-1 clones. Therefore, we measured the cell diameter (along
the axis corresponding to spindle length) of metaphase cells. Cell
diameter increased in L1 and L2 by about 25% compared to the
parental DLD-1 cells; however, cell diameter did not change in
S2 and decreased by 20% in S1 compared to the DLD-1 cells
(Supplementary Figure 2A). To assess sphericity, we used the
G2 cell volume measurements (from Figure 1C) to calculate the
expected diameter assuming the cells formed perfect spheres
during mitosis and compared this to our observed metaphase
cell diameters (Supplementary Figure 2B). This showed that
the observed and expected cell diameters were more similar
in the small 4N DLD-1 clones compared to the large 4N
DLD-1 clones or the DLD-1 cells (Supplementary Figure 2B),
indicating that S1 and S2 cells are more spherical while L1 and
L2 cells are more ellipsoid during mitosis. In particular, the
observed and expected cell diameters in S1 were nearly identical
(Supplementary Figure 2B), suggesting these cells form almost
perfect spheres when dividing. Overall, these findings show a
clear correlation between the size of tetraploid DLD-1 cells and
the degree of mitotic rounding.

Small Tetraploid Cells Spend More Time in
Mitosis Due to a Delay in Metaphase

Previous studies have shown that, in some experimental systems,
tetraploidy can lengthen mitosis, but it is unclear if cell and
spindle scaling contribute to this delay (Kuznetsova et al., 2015;

Vigan¢ et al., 2018; Paim and FitzHarris, 2019; Cohen-Sharir
et al., 2020; Quinton et al., 2020). To investigate whether the
differences in cell size and spindle geometry among the 4N
clones affect their progression through mitosis, we measured
the timing from cell rounding to anaphase onset (referred to
as mitotic duration henceforth) using live-cell phase contrast
microscopy (Figure 3A and Supplementary Videos 11-15).
Mitotic duration was similar in the 2N and 4N RPE-1 cells
(Supplementary Figure 3A). Similarly, mitotic duration did not
significantly change in L1 or L2 (43.5 and 45.0 min, respectively),
but it was significantly longer in the small 4N clones S1
(59.8 min) and S2 (47.2 min) compared to DLD-1 cells (41.1 min;
Figure 3B).

Since the small 4N DLD-1 clones showed a delay in
mitosis, we next sought to identify the underlying cause of the
delay. Chromosome misalignment can delay mitosis (Potapova
and Gorbsky, 2017), so we performed fixed-cell analysis
(Figure 4A, top row) to quantify unaligned chromosome(s) in
late prometaphase cells (i.e., cells with a well-defined metaphase
plate and only 1 or a few unaligned chromosomes). Among all
the 4N clones, L1, L2, and the 4N RPE-1, but not SI and S2,
displayed significantly higher frequencies of cells with unaligned
chromosomes compared to the parental cells (Figure 4B and
Supplementary Figure 3D), indicating that the mitotic delay
in SI and S2 is not caused by a delay in chromosome
alignment. Transient spindle multipolarity (Figure 4A, bottom
row) can also lengthen mitosis (Silkworth et al., 2009). However,
L1, L2, and 4N RPE-1, but not SI and S2, displayed an
increase in multipolar prometaphase/metaphase cells compared
to the parental cells (Figure 4C and Supplementary Figure 3E),
indicating that transient multipolarity cannot explain the mitotic
delay in the small 4N clones.

Overall, the above findings suggest the mitotic delay in small
4N DLD-1 clones may occur during metaphase. To explore this
possibility, we used fixed-cell mitotic stage analysis to quantify
the percentage of mitotic cells in metaphase (Figure 4D). We
found similar percentages of metaphase cells in 4N RPE-1,
L1, and L2 cells compared to their parental cells (Figure 4D
and Supplementary Figure 3F). Conversely, the fraction of
metaphase cells was significantly higher in S1 and S2 compared
to the parental cells, suggesting that the delay in mitotic duration
in the small 4N DLD-1 clones could be due to prolonged time
in metaphase.

To further assess whether metaphase duration was prolonged
in S1 and S2, we measured the time from cell rounding to
metaphase (prometaphase) and from metaphase to anaphase
onset (metaphase) by live-cell phase contrast microscopy.
Consistent with the similar overall mitotic timing, 2N and
4N RPE-1 cells had comparable prometaphase durations of
nearly 15min (Supplementary Figure 3B). The parental DLD-
1 cells had an average prometaphase duration of 21.2min,
which was similar to the prometaphase duration for LI
(21.4min; Figure3C). A modest increase in prometaphase
duration was observed for all other 4N DLD-1 clones, where
prometaphase duration was 23.4 (S2), 24.2 (S1), and 254
(L2) min (Figure3C). However, these differences are not
sufficient to explain the overall increase in mitotic duration
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FIGURE 2 | Tetraploid DLD-1 clones have distinct mitotic spindle geometries. (A) Examples of mitotic spindles from parental DLD-1 cells and cells from 4N DLD-1
clones S1, S2, L1, and L2 (top-to-bottom) in metaphase. Scale bar, 5 wm. Measurements of mitotic spindle width (B), height (C), length (D), and volume (E) reported
as mean + SEM with individual data points from three independent experiments in which a total of 30-40 cells (n = 35, 30, 40, 30, and 35, respectively). *p < 0.01,
***n < 0.0001, when compared to the parental DLD-1 cells by Student’s t-test.
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FIGURE 3 | Small 4N DLD-1 cells spend more time in mitosis due to a delay in metaphase. (A) Examples of parental DLD-1 cells and cells from 4N DLD-1 clones ST,
S2, L1, and L2 (top-to-bottom) progressing through mitosis. Elapsed time is shown in minutes (top-right corner), with 0 min corresponding to cell rounding. Yellow
arrowheads point to the dividing cell (Mother cell column) and to the two daughter cells (right column). Scale bar, 25 wm. Quantification of (B) mitotic duration (n =
179, 167, 161, 161, and 150 cells, respectively), (C) prometaphase duration (n = 111, 101, 118, 90, and 110 cells, respectively), and (D) metaphase duration (n =
111,101, 121, 91, and 101 cells, respectively). *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001, when compared to the parental DLD-1 cells by Student’s
t-test. Graphs in panels (B-D) represent data collected from three independent experiments reported as mean + SEM with individual data points.
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FIGURE 4 | Defects in prometaphase do not cause the mitotic delay in small 4N DLD-1 clones. (A) Examples of a cell with unaligned chromosomes (top) and a
multipolar spindle (bottom). Scale bar, 5 um. (B-D) Quantification of the percentage of late prometaphase-metaphase cells with (B) unaligned chromosome(s) and
(C) multipolar spindles. (D) Quantification of the percentage of mitotic cells in metaphase. Graphs for panels (B-D) represent the mean + SEM of three independent
experiments where at least 100 cells were scored in each experiment (n > 300 for each cell line). *p < 0.05, “**p < 0.001, ***p < 0.0001, when compared to parental
DLD-1 cells using a two-sided Fisher’s exact test.

in S1 and S2. When we examined metaphase duration, as Differences in Spindle Dimensions and Cell
expected, there was no significant difference between the 2N Sjze Are Not Sufficient to Explain the

and 4N RPE-1 cells (Supplementary Figure 3C), whereas Observed Differences in Metaphase
in each of the 4N DLD-1 clones, we observed an increase . .
Duration in DLD-1 Clones

in metaphase duration compared to the parental cells. ) i ) )
Metaphase duration depends on the time required to silence the

Consistent with our fixed-cell data, metaphase duration -
SAC after the last chromosome aligns at the metaphase plate

was the longest in S1 and S2 (Figure3D). Specifically, .
whereas average metaphase duration was 17.1min in the (Rieder et al., 1994, 1995; Howell et al., 2000), and spindle and

parental DLD-1 cells, it increased to 24.8min in S2 and cell sizes have been proposed to impact the dynamics of SAC
354min in S1 (Figure3D). Altogether, these findings silencing (Chen and Liu, 2014, 2015, 2016). Thus, it is possible
indicate that the mitotic delay in S1 and S2 results from a  thatthelonger metaphase duration in our small 4N DLD-1 clones

prolonged metaphase. may stem from a size-dependent change in the time required
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FIGURE 5 | Mathematical model for spatiotemporal regulation of SAC silencing. (A) Cartoon summary of the model. Upper panels illustrate the key model
assumptions: (a) High phosphorylation level at unattached kinetochores (e.g., right kinetochore in the upper left panel) promotes recruitment of SAC proteins and
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FIGURE 5 | inhibits their transport activity (shedding transport-inactive SAC proteins illustrated by green dots); (b) Low phosphorylation level at attached kinetochores
(e.g., left kinetochore in the upper left panel and all kinetochores in the upper right panel) causes much weaker recruitment of SAC proteins and turns on their
transport activity (shedding transport-active SAC proteins illustrated by magenta dots); (c) Transport-active SAC proteins (magenta dots) partially accumulate at the
spindle pole, and partially escape from the poleward transport by dissociation from the microtubules (black double arrows), getting the chance to return to the
kinetochores. Lower panel illustrates the model predicted dynamics of the SAC protein concentration at the spindle pole (magenta line) and overall SAC activity in the
cell (black line). Through the spatiotemporal dynamics illustrated in the cartoons, SAC proteins accumulate at the spindle pole in a nonlinear fashion that depends on
successive kinetochore attachments. The last kinetochore attachment causes a substantial jump in this spindle pole signal, which is assumed to trigger SAC silencing
when crossing a threshold level (purple dashed line). The metaphase duration is the sum of the “triggering time” required for the spindle pole signal to reach the trigger
threshold (t1 — o) and the “propagation time” required for SAC silencing to propagate from the spindle pole throughout the cell (t> — t1). (B) Cell and spindle dimensions
in the model are calculated from experimental measurements. (C) Model predicted metaphase durations for the parental DLD-1 cells and the 4N DLD-1 clones using
the cell and spindle dimensions shown in panel (B). Values of the dimensions are given in Table 1. Panels (A,B) adapted with permission from (Chen and Liu, 2016).

for SAC silencing. To assess this possibility in explaining the
intriguing relationship between cell/spindle sizes and metaphase
duration observed in the 4N DLD-1 clones, we took advantage
of a previous mathematical model (Chen and Liu, 2014) that
addresses the spindle-mediated spatiotemporal regulation of SAC
signals and associates the dynamics of SAC silencing with cell
and spindle sizes (Chen and Liu, 2014, 2015). The model was
built upon the phenomenon that SAC proteins are concentrated
at the unattached kinetochores, but undergo continuous dynein-
mediated transport from the attached kinetochores to the spindle
pole (Howell et al., 2000, 2001; Wojcik et al, 2001; Basto
et al., 2004; Griffis et al., 2007; Silva et al.,, 2014) (Figure 5A)
(see Materials and Methods for basic model assumptions and
Supplementary Materials for details and equations). The model
predicts that such spatiotemporal regulation can lead to a
nonlinear increase in the concentration of SAC proteins at the
spindle pole, as more kinetochores within the cell achieve stable
attachment to spindle microtubules (Figure5A). Particularly,
attachment of the last kinetochore can induce a drastic increase
in the SAC concentration at the spindle pole. Such a dramatic
increase can generate a noise-robust signal to silence the SAC
after and only after all kinetochores are attached, if silencing is
triggered by a proper threshold concentration of SAC proteins
at the spindle pole (Chen and Liu, 2014) (Figure 5A). Thus, the
model suggests that dynein-mediated poleward transport of SAC
proteins could function to ensure robust, timely SAC silencing
(Chen and Liu, 2014). In the model, the trigger signal for SAC
silencing at the spindle pole could be any specific SAC protein,
or any additional mitotic signaling protein undergoing the same
spatiotemporal regulation as the SAC proteins, including cyclin B
and APC/C (Acquaviva et al., 2004; Torres et al., 2010; Famulski
et al,, 2011). In the rest of the paper, we will refer to this putative
SAC silencing trigger as the “spindle pole signal.” Because
the model treats the entire spindle, including kinetochores,
microtubules and spindle poles, as an integrated mediator of the
SAC silencing signal, it can predict how SAC silencing depends
on spindle and cell sizes (Chen and Liu, 2016).

To assess the influence of size differences, we entered
the median spindle and cell dimensions measured in the
parental DLD-1 and 4N clones into the model (Tablel,
Figure 5B), and calculated metaphase duration as the time delay
between the last kinetochore attachment and SAC inactivation
(Figure 5A, t; — tp). We assumed the same values for the
remaining model parameters across all cell clones, such as
binding/unbinding constants and biochemical rate constants

(Supplementary Tables 1, 2). We found that the spindle and
cell dimensions alone cannot explain the observed differences
in metaphase duration in the 4N DLD-1 clones (Figure 5C).
Specifically, the model predicts the two small 4N DLD-1 clones,
S1 and S2, to have shorter metaphase durations than the two
large 4N DLD-1 clones, L1 and L2. This is inconsistent with our
experimental observations that metaphase is longer in S1 and S2
compared to L1 and L2. Furthermore, it is inconsistent with our
finding that cyclin B persists in a larger fraction of metaphase
cells in the small 4N DLD-1 clones compared to L1, L2, and
parental DLD-1 cells (Supplementary Figure 4). Because cyclin
B is degraded prior to anaphase onset (Chang et al., 2003), its
persistence is indicative of a delay in SAC silencing.

Differences in Metaphase Duration Can Be
Explained by Combined Differences in Cell
Size, Spindle Size, Spindle Pole Size, and

Spindle Microtubule Abundance

We next considered additional factors that can influence the
dynamics of the spindle pole signal and consequently the
predicted time for SAC silencing. The predicted metaphase
duration reflects the sum of the “triggering time” and the
“propagation time.” The triggering time (Figure 5A, t; —ty) is the
time it takes the spindle pole signal to reach the trigger threshold
after attachment of the last kinetochore. The triggering time also
corresponds to the time period during which SAC silencing can
be reversed by disrupting microtubule-kinetochore attachments
(Dick and Gerlich, 2013). The propagation time (Figure 5A, t, —
t1) is the time it takes SAC silencing to propagate from the spindle
pole throughout the cell. In the model, the propagation time
largely depends on the biochemical pathway for SAC silencing,
which does not differ significantly among clones derived from
the same ancestor (Supplementary Figure 5), as they assume
the same biochemical parameters. Instead, the difference in the
predicted metaphase duration largely stems from the difference
in the triggering time (Supplementary Figure 5), which heavily
depends on the dynamics of the spindle pole signal, especially
on how much the final spindle pole signal exceeds the threshold
(Figure 6A). If the final spindle pole signal is very close to the
threshold, it takes a considerably longer time for the signal
to reach the threshold that is located near the plateau of the
temporal curve (Figure 6A, purple solid line). Therefore, any
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FIGURE 6 | Mathematical model explains observed metaphase durations when combining cell/spindle dimensions with tubulin measurements. (A) Effects of spindle
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lower level does (purple line). Noise (dashed lines) is expected to expedite triggering of SAC silencing and cause variation in the triggering time, and both effects are
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experimental measurements (refer to the Supplementary Materials for the derivation of microtubule number, Nj7+1). (C) Experimentally measured a-tubulin intensity
in the parental DLD-1 cells and the 4N DLD-1 clones. (D) Experimentally measured y-tubulin intensity in the parental DLD-1 cells and the 4N DLD-1 clones. (E,F)
Metaphase durations predicted for the parental DLD-1 cells and the 4N DLD-1 clones using the dimensions shown in panel (B) without (E) and with (F) noise. Values
of the dimensions are given in Table 1. Scatter dots in panel (F) show 50 individual simulation results and bars show the average.
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factor that significantly impacts the spindle pole signal is expected
to affect metaphase duration.

Aside from the spindle and cell dimensions, spindle
microtubule abundance and spindle pole size can also strongly
affect the spindle pole signal (Supplementary Figure 6) and
therefore influence the triggering time. To obtain information
on spindle microtubule abundance and spindle pole size,
we quantified the fluorescence intensity of a- and y-tubulin,
respectively (Figures 6C,D and Supplementary Figures S7A,B).
To obtain model parameters from these data, we converted the
median a-tubulin signal intensity measured in each clone to the
abundance of spindle microtubules in the model (Figure 6B,
Nur1) [Table 1; Supplementary Materials, Eq. (S2)]. We also
took the median y-tubulin signal intensity as a metric for
spindle pole size and used it to derive the spindle pole
diameters relative to the parental cells (Figure 6B, d) [Table 1;
Supplementary Materials, Eq. (S1)]. When spindle microtubule
abundance and spindle pole size were included, the model
largely captured the experimentally observed relative metaphase
durations in different DLD-1 clones, especially the observation
that metaphase duration is much longer in S1 than all other
clones (Figure 6E). The metaphase durations predicted for
parental and 4N RPE-1 clones also matched the experimental
data (Supplementary Figure 7C).

We further examined the variations in the predicted
metaphase duration due to noise. When random noise in the
spindle pole signal is considered (Figure 6A, dotted lines),
SAC silencing has a chance to be triggered before the average
signal reaches the trigger threshold. For cases with a high
overall level of spindle pole signal, the threshold is located
in the fast-rising region of the spindle pole signal and hence
the triggering time is dominated by the rising dynamics and
relatively smaller variation is expected (Figure 6A, lower plot,
magenta distribution). For cases with a low overall level
of spindle pole signal, as the signal slowly approaches the
threshold in the near-plateau region, noise plays a much
more important role, resulting in shorter and more stochastic
triggering time (Figure 6A, lower plot, purple distribution).
Indeed, when 20% noise was applied to the spindle pole signal
in the model (see Supplementary Materials), the predicted
metaphase duration in S1 was significantly lowered from
45min in the deterministic simulation to 31 min average in the
stochastic simulations with a wide distribution (Figure 6F). In
contrast, the predicted metaphase durations for the parental
DLD-1 cells and other 4N DLD-1 clones displayed average
values close to the corresponding deterministic results and
narrower distributions (Figure 6F). This is consistent with the
experimental observation that metaphase duration in S1 was
more stochastic (broader distribution) than in the parental
cells and other 4N DLD-1 clones (Figure 3D). The parental
and 4N RPE-1 clones are also predicted to have similar
average metaphase duration as their corresponding deterministic
predictions (Supplementary Figures 7C,D). In sum, our model
shows that the difference in metaphase duration among the 4N
clones can stem from the combined variations in cell size, spindle
size, spindle pole size, and spindle microtubule abundance.

Changes in Spindle Shape Can Affect the
Timing of SAC Silencing

In addition to displaying the longest metaphase duration, the
S1 clone also displayed a unique spindle morphology, which
we described in an earlier section as “compressed,” given the
substantial increase in spindle height, but not in spindle length,
compared to the parental cells. We aimed to address whether
this spindle morphology may contribute to the metaphase delay
in these cells. Because S1 cells form nearly spherical mitotic
cells, we reasoned that we may be able to alter spindle shape
by limiting mitotic cell rounding. To this end, we treated S1
cells with the myosin inhibitor blebbistatin, since actomyosin
contraction is important for mitotic cell rounding and spindle
morphogenesis (Kunda et al., 2008; Kunda and Baum, 2009).
Indeed, spindle size measurements (Figures 7A-D) showed that,
at a low dose, blebbistatin treatment did not affect spindle width
(Figure 7A) of SI cells, but reduced spindle height by 10% and
increased spindle length by 42% (Figures 7B,C) compared to
untreated S1 cells. Using these size measurements in the model,
we found that these changes in spindle dimensions decreased the
predicted metaphase duration by 7min (or 15%) (Figure 7E).
To experimentally test this prediction, we quantified mitotic
timing by time-lapse microscopy (Figures 7F-H) and found that
mitotic duration was 11 min (or 18.6%) shorter in blebbistatin-
treated S1 cells compared to untreated S1 cells (Figure 7F).
Importantly, the decrease in mitotic duration could be explained
by a significantly shorter metaphase duration (Figure 7H), in line
with our model prediction. Altogether, these findings suggest that
spindle shape plays an important role in timely SAC silencing and
mitotic progression.

DISCUSSION

In this study, we generated tetraploid cell lines from RPE-1 and
DLD-1 cells to examine the relationship between cell and spindle
size scaling and mitotic progression. Our 4N DLD-1 clones could
be separated into two groups (small and large) based on cell and
nuclear volumes, supporting the notion that genome size does
not necessarily set cell/nuclear size (Neumann and Nurse, 2007).
This is also consistent with the observation that cells become
progressively smaller during development, despite maintaining
a constant genome size (Hara and Kimura, 2009). In contrast, we
were not able to isolate a small 4N RPE-1 clone. The ability to
suppress cell/nuclear size scaling in response to changes in DNA
content may be specific to cancer cells and could have relevance
for tumorigenesis. Indeed, DNA content and nuclear size do not
always correlate in cancers (Wang et al., 1992). The mechanisms
responsible for regulating and altering cell/nuclear size in normal
and cancer cells warrant further study. Regardless of how much
cell and nuclear sizes scaled, the N/C ratio was maintained in
each cell type, which is consistent with many previous studies
in which cell and nuclear sizes were examined in a variety of
contexts (Conklin, 1912; Jorgensen et al., 2007; Neumann and
Nurse, 2007).
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FIGURE 7 | Blebbistatin treatment modifies spindle dimensions and reduces metaphase duration in S1 cells. (A-D) Measurements of mitotic spindle width (A), height
(B), length (C), and volume (D) in untreated and blebbistatin-treated S1 cells (n = 29 and 36, respectively), reported as mean + SEM with individual data points from
three independent experiments. ***p < 0.001, ***p < 0.0001, when compared to untreated cells by Student’s t-test. (E) Model-predicted metaphase duration using
the median spindle dimensions in panels (A-C). Cell size, spindle pole size, and spindle microtubule abundance were assumed to be the same between the control
and treated groups. (F-H) Quantification of (F) mitotic duration in untreated and blebbistatin-treated S1 cells (n = 167 and 193, respectively), (G) prometaphase
duration in untreated and blebbistatin-treated S1 cells (n = 101 and 92, respectively), and (H) metaphase duration in untreated and blebbistatin-treated S1 cells
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Spindle Size Does Not Always Scale With
Cell Size

Across many metazoan species and within developing organisms,
spindle size typically scales with cell size, such that larger cells
have longer spindles and vice versa (Brown et al., 2007; Loughlin
et al.,, 2010, 2011; Good et al., 2013; Hazel et al., 2013; Reber
etal., 2013; Wilbur and Heald, 2013; Crowder et al., 2015; Lacroix
et al., 2018). Moreover, Xenopus egg extract spindles assembled
in microfluidic devices were shown to adjust their size based on
the available space (Good et al., 2013; Hazel et al., 2013). Our
results, however, show that spindle geometry or size do not show
an obvious correlation with cell size and that the relation between
cell and spindle size is more complex than traditionally believed.
Similar to a study in yeast (Storchovd et al., 2006), spindle length
did not increase with cell volume in the RPE-1 4N clone. Spindle
width was similar in all of the 4N clones, despite differences
in cell and spindle volumes, suggesting that the increase in

chromosome number following tetraploidization may require a
specific adjustment of spindle width. Moreover, width may only
increase within certain constraints, given that excessively wide
spindles can result in pole splitting and multipolarity (Dinarina
etal., 2009; Lancaster et al., 2013). The lack of correlation between
cell and spindle size was particularly evident in the small 4N
DLD-1 clones, S1 and S2. Despite having similar cell and nuclear
volumes, S1 and S2 displayed the smallest and largest spindle
volumes, respectively, out of all the 4N DLD-1 clones, indicating
that factors other than cell volume can determine spindle volume.

Of all the spindle dimensions, spindle height appeared to
be critical for adjusting spindle volume in response to cell
size variations. Indeed, the small 4N DLD-1 clones were
characterized by spindles that were taller than the spindles
in the large 4N clones. We found that inhibiting myosin
with blebbistatin reduced spindle height in S1, indicating that
actomyosin contraction during mitotic cell rounding assists in
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vertical expansion of the spindle. During mitotic cell rounding,
which facilitates proper spindle formation (Kunda et al., 2008;
Kunda and Baum, 2009), actomyosin contraction helps to
counterbalance the outward force generated by osmotic pressure
(Stewart et al., 2011). Since osmosis depends on the movement
of ions and water across the cell membrane (Lang, 2007), the
increased surface area-to-volume ratio of the small 4N DLD-1
clones may enable these cells to more readily regulate the osmotic
gradients needed for mitotic rounding compared to the large 4N
DLD-1 clones. Indeed, we found that mitotic cell rounding was
most pronounced in S1 and S2, indicating that the efficiency
of mitotic cell rounding may explain the relationship between
cell size and spindle height in tetraploid cells. Mitotic rounding
and cytoskeletal contraction were also shown to contribute to
efficient mitotic spindle assembly and chromosome alignment
(Lénart et al., 2005; Lancaster et al., 2013; Booth et al., 2019),
which can explain our observation that the small 4N clones had
fewer defects in chromosome alignment compared to the large
4N clones. Thus, our findings suggest that the size of tetraploid
cells can influence several aspects of mitosis, including mitotic
rounding, spindle morphogenesis, and chromosome alignment.

Cell and Spindle Sizes Are Not the Only
Determinants of SAC Silencing Timing

Previous studies have shown that SAC “strength” and mitotic
duration increase as cell size decreases (Galli and Morgan, 2016;
Gerhold et al., 2018). This is consistent with our observation
that the small 4N clones displayed the longest mitotic durations
among DLD-1 clones. Even with similar cell volumes, however,
S1 and S2 had different mitotic and metaphase durations,
indicating that cell size is not sufficient to explain the timing
of SAC silencing. The spatiotemporal model for SAC silencing
(Chen and Liu, 2014) we used here provides a theoretical
framework to examine the combined effects of multiple
parameters on SAC silencing time. For instance, among the cell
and spindle dimensions, only spindle length differed significantly
between S1 and S2, but the model predicts that the spindle pole
signal is rather insensitive to spindle length (Chen and Liu, 2016).
Hence, the difference in metaphase duration between S1 and S2
cannot be explained by differences in cell or spindle dimensions.
However, the two small clones displayed particularly pronounced
differences in their a- and y-tubulin intensities, which translated
to significantly higher spindle microtubule density and larger
spindle poles in S1. According to the model, higher spindle
microtubule density leads to stronger poleward flux of the SAC
proteins, which increases the spindle pole signal and shortens
metaphase duration. Meanwhile, larger spindle poles dilute the
spindle pole signal and lengthen metaphase duration. Between S1
and S2, the impact of spindle pole size outcompeted the impact
of spindle microtubule density, leading to a longer metaphase
duration in S1. Unlike the comparison between S1 and S2, S1
and L1 displayed similar a- and y-tubulin intensities. However,
they showed different cell sizes and different spindle heights.
Spindle height is particularly interesting because it has been
shown that limiting cell height, and hence spindle height, through
chemical or physical perturbations impairs mitotic progression

(Dumont and Mitchison, 2009; Lancaster et al., 2013; Cattin et al.,
2015). Our model suggested that the difference in metaphase
duration between S1 and L1 stems from the larger cell size
and smaller spindle height in L1, both of which increase the
spindle pole signal and shorten metaphase duration. Consistent
with this, when spindle height was experimentally reduced in S1
cells, metaphase duration was also reduced. Therefore, our data
show that not only limiting spindle height, but also excessive
spindle height (as that observed in S1 cells) can affect mitotic
progression. Overall, our mathematical model showed that,
although spindle scaling is important for robust SAC signaling
(Chen and Liu, 2014, 2016), spindle size alone is not sufficient
to predict the kinetics of SAC silencing. Instead, our data show
that timing of SAC silencing can only be explained by the
combined contributions of cell, spindle and pole sizes along with
microtubule abundance.

Although the model explains most of the differences in
metaphase duration among the parental cells and 4N DLD-
1 clones, certain discrepancies remain between the model
predictions and the experimental data. For example, the
predicted metaphase duration in L2 is higher than all the
other DLD-1 clones except for S1, which does not match
the experimental data. Such a discrepancy could stem from
additional factors that might differ among the clones, such as
biochemical or transport activity of SAC proteins, which will
require future investigations. The discrepancy could also be
attributed to incompleteness of the model. The model has made a
number of assumptions that yet await experimental verification.
For example, SAC silencing is assumed to be triggered by a
threshold concentration of a “spindle pole signal” that arrives by
the dynein-mediated poleward transport. Although the dynein-
mediated transport has been documented (Howell et al., 2000,
2001; Wojcik et al, 2001; Basto et al, 2004; Griffis et al.,
2007; Silva et al., 2014), the identity of the signal, existence of
the threshold, and the downstream pathway triggered by the
threshold all need to be determined. Moreover, the biochemical
part of the model is coarse-grained, resolving only a few key
molecular players in the SAC mechanism. Nevertheless, using
identical parameters for the biochemical circuits and protein
transport across all the clones derived from the same ancestor,
the model predictions provide insight on the relative differences
in SAC silencing time among these clones, which is not attainable
by statistical comparison of sizes alone.

Revisiting the Role of Tetraploidy and

Spindle Architecture in Tumorigenesis

Tetraploidization has been proposed as an intermediate step
during tumor progression (Storchova and Pellman, 2004;
Ganem et al,, 2007). This idea is supported by a number of
observations, including the fact that nearly 40% of all tumors
have likely undergone whole genome duplication during their
clonal evolution (Zack et al., 2013) and that tetraploid, but not
diploid, mammary epithelial cells could induce subcutaneous
tumors in nude mice (Fujiwara et al, 2005). Newly formed
tetraploid cells inherit extra centrosomes that promote spindle
multipolarity (Chen et al, 2016; Baudoin et al., 2020), which
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was proposed as the mechanism underlying the tumorigenic
potential of tetraploid cells (Storchova and Pellman, 2004). In
our 4N clones, however, a majority of cells formed bipolar
spindles with a normal centrosome number, consistent with
other reports (Ganem et al, 2009; Godinho et al, 2014;
Kuznetsova et al., 2015; Potapova et al., 2016; Vigané et al.,
2018) and recent evidence that extra centrosomes are quickly lost
through asymmetric centrosome clustering during the evolution
of tetraploid cells (Baudoin et al.,, 2020). Our findings suggest
that rather than multipolarity resulting from extra centrosomes,
relatively subtle variations in spindle geometry, spindle pole
size, microtubule abundance, and cell volume can affect mitotic
progression and SAC silencing in tetraploid cells. Thus, even
though spindle bipolarity may be preserved, other changes in cell
size and spindle architecture—its geometry and composition—
may promote mitotic dysfunction and contribute to the genomic
instability caused by tetraploidy (Storchova and Kuffer, 2008;
Dewhurst et al., 2014; Cohen-Sharir et al., 2020; Quinton et al.,
2020).
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