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Abstract
Embryonic stem (ES) cells are pluripotent cells widely used in cell therapy and tissue engineering. However, the broader clinical applications 
of ES cells are limited by their genomic instability and karyotypic abnormalities. Thus, understanding the mechanisms underlying 
ES cell karyotypic abnormalities is critical to optimizing their clinical use. In this study, we focused on proliferating human and mouse 
ES cells undergoing multipolar divisions. Specifically, we analyzed the frequency and outcomes of such divisions using a combination of 
time-lapse microscopy and cell tracking. This revealed that cells resulting from multipolar divisions were not only viable, but they also 
frequently underwent subsequent cell divisions. Our novel data also showed that in human and mouse ES cells, multipolar spindles 
allowed more robust escape from chromosome segregation control mechanisms than bipolar spindles. Considering the frequency of 
multipolar divisions in proliferating ES cells, it is conceivable that cell division errors underlie ES cell karyotypic instability.

Keywords: Embryonic stem (ES) cells; Mitosis length; Multipolar division; Single-cell tracking; Spindle assembly checkpoint (SAC); 
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Highlights:
•	 Undifferentiated	embryonic	stem	(ES)	cells	that	undergo	multipolar	divisions	are	viable	and	continue	to	divide.
•	 Polyploid	ES	cells	generated	by	inhibition	of	cytokinesis	more	frequently	undergo	multipolar	division.
•	 Cells	undergoing	multipolar	division	escape	from	spindle	assembly	checkpoint	(SAC)	activity	faster	than	bipolar	dividing	cells.
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Introduction

Embryonic stem (ES) cells are pluripotent cells derived from 
the inner cell mass of the blastocyst (Martello and Smith, 
2014). Because ES cells can differentiate into every cell type in 
the human body, they are potentially an ultimate source ma-
terial for regenerative medicine. However, the use of ES cells 
for such applications is limited by their chromosomal insta-
bility and frequent acquisition of karyotypic abnormalities, 
including chromosomal translocations and aneuploidy, during 
propagation in vitro	(Draper	et	al.,	2004;	Imreh	et	al.,	2006;	In-
ternational Stem Cell Initiative et al., 2011; Spits et al., 2008). 
Thus, understanding the mechanisms underlying karyotypic 
abnormalities in ES cells is critical to optimizing their medical 
use.

Several studies of cancer cells have shown that aneuploidy 
might result from errors in spindle assembly caused by the 

presence of supernumerary centrosomes (Brinkley, 2001). In-
deed, cells containing supernumerary centrosomes can under-
go multipolar divisions, which result in anaphase catastrophe 
and cell death (Brinkley, 2001; Castedo et al., 2004; Galimberti 
et al., 2011; Vitale et al., 2011). Alternatively, other studies 
have reported that even in the presence of supernumerary 
centrosomes, cells can prevent multipolar spindle assembly 
and the associated consequences. Specifically, cells can inac-
tivate extra centrosomes or cluster several centrosomes into 
one spindle pole (Quintyne et al., 2005; Ring et al., 1982). Cells 
with supernumerary centrosomes may also form multipolar 
spindles only transiently but ultimately divide with a bipolar 
spindle (Ganem et al., 2009). Correspondingly, centrosome 
(de)clustering mechanisms have become a key component of 
potential cancer therapies. Indeed, researchers are now search-
ing for molecules that can inhibit centrosome clustering and 
induce mitotic/anaphase catastrophe by multipolar division 
(Galimberti et al., 2011; Kwon et al., 2008).
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Similar to cancer cells, human ES cells frequently harbor 
extra centrosomes (Holubcova et al., 2011). However, wheth-
er a link between supernumerary centrosomes and multipolar 
spindles exists for ES cells is unclear. Chromosome segrega-
tion errors can be prevented by a control mechanism called the 
spindle assembly checkpoint (SAC). SAC prevents anaphase 
onset in the presence of unattached or improperly attached 
chromosomes and arrests mitosis until all sister kinetochores 
are properly connected to microtubules (Foley and Kapoor, 
2013). In cancer cells, SAC allows sufficient time for centro-
some clustering, thereby preventing multipolar spindle forma-
tion prior to anaphase (Kwon et al., 2008). Although SAC is 
intact in ES cells (Ballabeni et al., 2011), the fine details of its 
operation remain unknown.

In this study, we focused on multipolar divisions in prolif-
erating human and mouse ES cells. Specifically, we evaluated 
the frequency of multipolar mitoses in live cells, providing the 
first quantification of this phenomenon during proliferation 
cycles in undifferentiated cells. Our data showed that ES cells 
frequently underwent multipolar mitoses during propagation 
in vitro. We then used cell tracking to study the fate of cells 
resulting from such divisions. This revealed that not only were 
the daughter cells viable for a relatively long time in culture, 
but they also frequently underwent subsequent divisions. Fur-
thermore, the frequency of multipolar mitoses increased with 
polyploidization, which led to centrosome duplication. We also 
showed for the first time that following SAC activation induced 
by low levels of nocodazole, ES cells with multipolar spindles 
divided faster than those with bipolar spindles. Thus, for the 
therapeutic applications of ES cells, multipolar divisions are 
a major concern, primarily due to the limited effectiveness of 
chromosome segregation control mechanisms and the survival 
potential of such cells.

 
Materials and methods

DNA constructs
Bacterial artificial chromosome (BAC) #3715 containing H2A 
tagged with EGFP, which was kindly donated by A. Hyman 
(MPI-CBG,	Dresden,	Germany),	was	used	to	transfect	human	
ES	 cells.	 For	mouse	 ES	 cells,	we	 used	 PCR	 to	 amplify	 cDNA	
H2B-mCherry	from	the	pRNA	His-mCherry	vector	with	the	fol-
lowing primers: 5’-TCAAGCTTACCATGGCTAGCCCTGAACT-
GGCCAAATCTGCCCCG-3’ and 5’-TAGTCGACGGCATGGAC-
GAGCTGTACAAGTAA-3’. The mCherry-coding sequence was 
removed from expression vector pEF1α-mCherry-N1	 (Cat.	 #	
631969; Clontech, Kusatsu, Japan) by digestion with HindIII 
and SalI. These same restriction enzymes were then used to 
insert PCR amplicons. Before transfection, all vectors were 
verified by sequencing.

Immunocytochemistry
Cells were fixed with 4% formaldehyde and permeabilized 
with	0.1%	Triton	X-100	 (Carl	Roth,	Karlsruhe,	Germany)	 in	
phosphate-buffered saline (PBS) for 10 min at room temper-
ature (RT). Primary antibody was diluted in 1% bovine serum 
albumin (BSA; Sigma-Aldrich, St. Louis, MO) in PBS contain-
ing 0.05% Tween-20 (Sigma-Aldrich) and then incubated for 
60  min at RT (CREST antibody was incubated overnight at 
4  °C). After washing with PBS, secondary antibodies conju-
gated with Alexa Fluor 488, 568, and 594, respectively, were 
applied for 60 min at RT (Thermo Fisher Scientific, Waltham, 
MA).	 Nuclei	 were	 labeled	 with	 Hoechst-33342	 solution	
(H3570; Life Technologies, Carlsbad, CA) diluted to 2 µg/ml in 

PBS for the last washing step and then samples were mounted 
with Mowiol. Primary antibodies used were as follows: pericen-
trin	(ab4448,	1	:	8,000;	Abcam,	Cambridge,	UK),	OCT-4	(SAB-
105A-1, 1:100; System Biosciences, Palo Alto, CA), and hu-
man	nuclear	ANA-Centromere	autoantibody	CREST	(CS1058,	 
1	:	1,000;	Europa	Bioproducts,	Wicken,	UK).

Cell lines and cell culture
Transgenic human ES cell lines were produced from the pa-
rental line CCTL14 and routinely maintained in the laboratory 
(https://hpscreg.eu/cell-line/MUNIe007-A).	 Undifferentiated	
human ES cells were maintained on γ-irradiated mouse fibro-
blasts (MEFs) as described previously (Holubcova et al., 2011).

Cells of the JM8.A line of mouse ES cells, donated by Ron-
ald	Naumann	 (MPI-CBG,	Dresden,	Germany),	were	 cultured	
on	 gelatin-coated	 dishes	 in	 knockout	 Dulbecco’s	 modified	
Eagle	medium	(DMEM)	with	high	glucose	and	supplemented	
with	2	mM	GlutaMax,	1	mM	NE	Amino	Acids	(Thermo	Fisher),	
1 µM 2-Mercaptoethanol (Sigma-Aldrich), 15% fetal bovine 
serum	(FBS;	Thermo	Fisher),	and	1,000	U/ml	leukemia	inhib-
itory factor (LIF; Thermo Fisher). Mouse ES cells were trans-
fected with Lipofectamine 3000 (Thermo Fisher) according to 
the manufacturer’s instructions. Positive clones were selected 
using G418 antibiotic and sorted using fluorescence-activated 
cell sorting (FACS).

Transfection and selection of human ES cells were per-
formed in feeder-free conditions on dishes coated with Geltrex 
(Cat. # A1413301; Thermo Fisher) in human ES cell medium 
preconditioned	with	MEFs.	Undifferentiated	human	ES	 cells	
were	transfected	with	FugeneHD	(Promega,	Madison,	WI)	ac-
cording to the manufacturer’s instructions. After transfection, 
positive cells were selected using G418 antibiotic and sorted 
using FACS. After establishing stability, cells were further 
cultured on feeder cells without G418 as described previous-
ly (Poser et al., 2008). Positive clones were first characterized 
for expression of pluripotency markers and the percentage of 
centrosomal abnormalities and then further expanded (data 
not shown).

Polyploidy was induced by exposure of unsynchronized hu-
man/mouse	ES	cells	to	cytochalasin	D	(C8273;	Sigma-Aldrich)	
for	12	h	 to	prevent	 faithful	 cytokinesis.	Cytochalasin	D	was	
used at a final concentration of 0.5 µM by diluting 2000 × 
dimethyl	 sulfoxide	 (DMSO)	 stock.	 Drug	 treatment	 was	 ter-
minated by washing with drug-free medium five times over 
30  min. Subsequent counting of bipolar/multipolar mitoses 
was performed only for divisions in which mitotic spindles 
formed from two nuclei.

Nocodazole	 (M1404;	Sigma-Aldrich)	was	used	as	 antimi-
totic	agent	for	SAC	challenge.	Nocodazole	was	stored	at	a	con-
centration	of	10	mM	in	DMSO	and	then	used	at	final	concen-
trations of 25 nM, 50 nM, or 100 nM, respectively, depending 
on	 the	 experiment.	The	maximal	 concentration	of	DMSO	 in	
culture	media	 was	 0.0001%.	 Nocodazole	 was	maintained	 in	
culture media throughout the experiment.

Microscopy, live-cell imaging, and cell tracking
For	 live-cell	 imaging	 experiments,	DMEM/F12	without	phe-
nol red and supplemented with 25 mM HEPES was used (Ther-
mo Fisher). Medium in 96-well plates was overlaid with 50 µl 
of mineral oil (M8410; Sigma-Aldrich) to prevent evaporation. 
Time-lapse	movies	were	acquired	using	an	ImageXpress	Micro	
XL	 automated	 epifluorescence	microscope	 (Molecular	 Devic-
es, San Jose, CA) with the 40 ×/ 0.6 objective and the cham-
ber preheated to 37 °C. The frame rate was one image every 
15 min.	 Images	of	fixed	 cells	were	 acquired	with	 a	Nikon	Ti	
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Eclipse inverted fluorescence microscope using the 100 ×/ 1.45 
objective	and	a	Nikon	DS-Qi2	camera	or	a	Zeiss	LSM	780	con-
focal microscope using the Plan-Apochromat 63 ×/ 1.4 objec-
tive, respectively.

For cell tracking, we used the TrackMate plugin inside 
the FIJI open-source platform adapted to count multipo-
lar mitoses. Fixed cells were analyzed using the Cell Profiler 
open-source	 software	 (www.cellprofiler.org).	 Data	 were	 ana-
lyzed and plots were produced using R software for statistical 
computing and graphics (https://cran.r-project.org/) with the  
ggplot2 package.

Statistical analysis
All statistical tests were performed using non-parametric 
Kruskal–Wallis tests in open-source R software (https://
cran.r-project.org/).

 
Results
Frequency of multipolar divisions in dividing human ES 
cells
As we have published previously, human ES cells suffer from 
supernumerary centrosomes (Holubcova et al., 2011), which 

is associated with the development of multipolar spindles. To 
evaluate the frequency of multipolar divisions in undifferen-
tiated human ES cells, we visualized their chromatin using 
expression of a BAC transgene encoding histone H2A fused 
to EGFP. Live cells were recorded for 72 h and every 15 min, 
a single z-plane image was acquired at four independent posi-
tions in each well. Based on the division geometry, cells were 
divided into two categories: those with bipolar division, which 
yielded two daughter cells, and those with multipolar division, 
which yielded more than two daughter cells (Fig. 1A). For these 
time-lapse experiments, a total of 21,538 mitoses were scored, 
of which 557 divisions (2.7%) were multipolar. Because the 
percentage of multicentrosomal cells changes with the pas-
sage number in human ES cells, we could not directly corre-
late the number of multipolar divisions with the occurrence 
of multicentrosomal cells from previous findings (Holubcova 
et al., 2011). Instead, we visualized centrosomes in fixed cells 
at the same passage number and then performed an indirect 
correlation between the number of multicentrosomal mitotic 
spindles (Fig. 1B) and the frequency of multipolar mitotic divi-
sions. This showed that the frequency of multipolar divisions 
was comparable to the frequency of cells with supernumerary 
centrosomes, suggesting that no mechanisms would lead to 
centrosome clustering and pseudo-bipolar division (Fig. 1C).

 Fig. 1. The frequency of multipolar divisions and supernumerary centrosomes in undifferentiated human embryonic stem (ES) cells. (A) Frames 
from	the	time-lapse	imaging	experiment	showing	cells	undergoing	bipolar	(top)	and	multipolar	divisions	(bottom).	DNA	was	visualized	by	expression	
of Histone H2A fused to EGFP. Scale bar = 10 µm, relative time is indicated. (B) Examples of human ES cells with two centrosomes (left) and 
supernumerary centrosomes (middle and right). Centrosomes were visualized using an anti-pericentrin antibody (red) and chromatin with Hoechst 
(green). Scale bar = 5 µm. (C) Chart comparing the frequency of multipolar divisions (white bar) scored from live cells in time-lapse experiments and the 
frequency	of	cells	with	supernumerary	centrosomes	(gray	bar)	as	analyzed	using	immunofluorescence	in	fixed	cells	from	the	same	experiments.	Data	
were collected in three experiments. The total number of cells analyzed for multipolar divisions was 21538 and the total number of cells analyzed for the 
number	of	centrosomes	was	2840.	Error	bars	represent	standard	deviation.	Differences	between	conditions	were	evaluated	by	Kruskal–Wallis	test:	not	
significant (n.s.) p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.
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Cell fates after multipolar divisions
To evaluate the impact of multipolar divisions on applications 
of ES cells in cell engineering and therapy, we next evaluated 
the fate of cells resulting from such divisions. This informa-
tion is crucial because these cells are obviously aneuploid and 
therefore might limit clinical applicability. To evaluate this, 
we used the TrackMate plugin in the FIJI open-source soft-
ware, which was modified to detect multipolar divisions. We 
used the same dataset as in Fig. 1 for this analysis. Individual 
cells and their progeny were tracked in images acquired during 
time-lapse experiments (Fig. 2A).

Of the 557 multipolar divisions observed, the vast major-
ity (545; 97.8%) produced viable progeny. In principle, these 
cells would carry chromosomal abnormalities, so it was im-
portant to determine their fate. To do this, we used single-cell 
tracking to further analyze these cells. First, we evaluated the 
viability of cells resulting from multipolar divisions. In total, 
we tracked 129 multipolar divisions, which produced a total 
of 396 daughter cells. Of these daughter cells, 58 (14.6%) 
died immediately after completing mitosis, while the remain-
ing 338 were viable until the end of the experiment. Of the 
129 total divisions, only 8 (6.2%) did not produce any viable 
offspring.

Surprisingly, our data showed that cells undergoing 
multipolar division spent a significantly longer time in 
preceding interphase than those undergoing bipolar division 

(Fig. 2B). Specifically, cells undergoing bipolar division had an 
average interphase length preceding mitosis of approximately 
19 h, while those undergoing multipolar division had an aver-
age of 27 h. Furthermore, some neighboring nuclei combined 
into one mitotic spindle, suggesting the existence of binuclear 
cells. As our cells did not carry membrane markers, we were 
unable to determine whether this was due to cell fusion or cy-
tokinesis failure. In some cases, we observed this phenomenon 
in cells originating from multipolar divisions (Fig. 2A).

The impact of polyploidization on multipolar mitosis 
frequency in ES cells
One possible mechanism underlying the production of binu-
clear cells is cytokinesis inhibition and subsequent formation 
of	binuclear	polyploid	cells.	During	polyploidization,	cells	ac-
cumulate	 extra	 centrosomes	 (Gentric	 and	 Desdouets,	 2014;	
Storchova and Kuffer, 2008). A previous study from our labo-
ratory showed that a significant proportion of human ES cells 
with supernumerary centrosomes are tetraploid (Holubcova 
et al., 2011). To study the relationship between polyploidy 
and	multipolar	division,	we	treated	cells	with	cytochalasin	D	
to inhibit cytokinesis and enrich the percentage of binuclear/
polyploid cells with extra centrosomes (Fig. 3A). For all sub-
sequent experiments, we evaluated both human and mouse 
ES cells to ensure that our results were not limited to one spe-
cies.	By	using	cytochalasin	D,	we	were	able	to	more	frequently	

 
Fig. 2. Multipolar dividing human ES cells yield viable cells that continue dividing. (A) Frames from the time-lapse imaging experiment illustrating cell 
tracking (top). Colored asterisks indicate branches visualizing multipolar divisions, which give rise to neighboring nuclei. Subsequently, these nuclei 
form one mitotic spindle and undergo multipolar division. Scale bar = 10 µm, relative time is indicated. Example of the cell lineage tree produced by 
analyzing the time-lapse image sequences (bottom). Relative time is indicated on the axis below. Cell lineages originating from bipolar divisions are 
labeled in blue, and those originating from multipolar divisions are labeled in red. (B)	Dot	plot	represents	the	length	of	interphase	for	cells	undergoing	
bipolar and multipolar divisions. Time intervals were collected from one experiment. The total number of cells for the bipolar group was 304, and 
the total number of cells for the multipolar group was 56. Statistical values are summarized by plotting mean with error bars representing standard 
deviations	(red).	Differences	between	the	conditions	were	evaluated	by	Kruskal–Wallis	test:	n.s.	p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,  
**** p ≤ 0.0001.
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Fig. 3. Cytochalasin	D-induced	cytokinesis	inhibition	induces	polyploidy	and	increases	the	frequency	of	multipolar	divisions	in	human	and	mouse	
ES cells. (A)	Experimental	overview:	ES	cells	from	both	species	were	exposed	to	0.5	µM	cytochalasin	D	for	12	h.	Thirty	minutes	after	removal	of	the	
inhibitor from the media, cells were analyzed by live-cell imaging or by immunocytochemistry. (B) Representative images of the control human ES cells 
(top)	and	cells	containing	neighboring	nuclei	after	cytochalasin	D	treatment.	Kinetochores	(orange)	were	visualized	using	CREST	antibody	and	DNA	
(blue) was labeled with Hoechst. Scale bar = 10 µm. (C) The frequency of bipolar and multipolar divisions scored from the time-lapse experiments after 
cytochalasin	D-induced	polyploidy.	The	number	of	divisions	scored	in	each	category	is	indicated.

obtain cells with two nuclei and with the number of kineto-
chores consistent with polyploidy (Fig. 3B). Subsequently, we 
evaluated the frequency of multipolar divisions in human and 
mouse	ES	cells	treated	with	cytochalasin	D.	This	revealed	that	
cytochalasin	D	increased	the	frequency	of	multipolar	divisions	
in ES cells from both species by more than 20 times, showing 
that induction of binuclear/polyploid cells leads to multipolar 
division (Fig. 3C).

Nocodazole dose-dependently affects proliferation and 
mitosis length in ES cells
Multipolar spindle formation, even transiently, challenges the 
fidelity of chromosome segregation (Silkworth and Cimini, 
2012; Silkworth et al., 2009). However, whether multipolar 
spindles are detected by control mechanisms such as SAC is un-
clear. Some studies have shown that cells with multipolar spin-
dles exhibit a metaphase-anaphase delay, which is abolished by 
targeting SAC (Kwon et al., 2008). Others have shown that in 
cancer cells, Mad1 signaling is absent from kinetochores in a 
large portion of cells with multipolar spindles (Gisselsson et 
al., 2010). Here, we first depolymerized microtubules using 
nocodazole to determine whether human and mouse ES cells 
had intact SAC responses. Cells were grown for 24 h in media 
containing 25 nM, 50 nM, or 100 nM nocodazole. Because ex-
posing cells to nocodazole might also completely block cell pro-
liferation and induce cell death (Sanchez-Aguilera et al., 2006), 
we measured cell proliferation by counting nuclei before and 
after the 24-h nocodazole exposure (Fig. 4A). This revealed 
that the highest concentration of nocodazole (100 nM) com-
pletely prevented any increase in cell number. This was con-
sistent with previous findings made by Kallas et al. using the 
human ES cell line H9. These results strongly indicated that 
in ES cells, 25 nM and 50 nM nocodazole genuinely activat-

ed SAC (with slower progression through mitosis) rather than 
causing irreparable cell damage (Kallas et al., 2011).

We then measured how 25 nM, 50 nM, or 100 nM noc-
odazole treatment affected mitosis length, as prolonged mi-
tosis usually reflects the extension of SAC activity (Fig. 4B). 
This showed that while human ES cells had increased mitosis 
length upon exposure to 25 nM nocodazole, mouse ES cells re-
quired 50 nM nocodazole to show a similar effect. The average 
length	of	mitosis,	from	nuclear	envelope	breakdown	(NEBD)	
to cytokinesis, in control human ES cells was 0.6 ± 0.3 h, while 
treatment with 25 nM, 50 nM, and 100 nM nocodazole in-
creased this interval to 0.9 ± 0.7, 2.5 ± 1.5, and 3.9 ± 1.5 h, 
respectively. Similarly, the average length of mitosis in control 
mouse ES cells was 0.5 ± 0.1 h, while treatment with 25 nM, 
50 nM, and 100 nM nocodazole extended mitosis to 0.5 ± 0.2, 
0.7 ± 0.2, and 3.1 ± 0.9 h, respectively (Fig. 4B).

Cells undergoing multipolar division escape from SAC 
activity faster
As demonstrated above, nocodazole activated SAC in ES cells. 
This allowed us to directly address how bi- and multipolar di-
viding cells reacted to SAC activation. For all subsequent ex-
periments, we used 50 nM nocodazole, as this concentration 
significantly prolonged mitosis in both species. Furthermore, 
prior to nocodazole exposure, we enriched the population of 
cells	 undergoing	multipolar	mitosis	 using	 cytochalasin	 D	 to	
induce polyploidization (Fig. 5A). We then measured mitosis 
length using live-cell imaging, and only cells with two nuclei 
that eventually formed a single mitotic spindle were analyzed 
(Fig. 5B). This revealed that in control polyploid cells without 
nocodazole,	the	mitosis	length	from	NEBD	to	cytokinesis	was	
1.3 ± 0.9 h for bipolar spindles and 1.1 ± 0.4 h for multipolar 
spindles in human ES cells. For mouse ES cells, this length was 
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Fig. 4. Nocodazole	dose-dependently	affects	cell	proliferation	and	mitosis	length	in	human	and	mouse	ES	cells.	(A) Human (white bars) and mouse (gray 
bars) ES cells were cultured in the presence of different concentrations of nocodazole. Cell counts were measured at 0, 12, and 24 h after initiation of 
the	experiment.	Bars	represent	the	mean	number	of	cells	in	each	category	and	error	bars	represent	the	standard	error	of	the	mean.	Data	were	obtained	
from three independent experiments (n = 3). (B)	The	time	interval	between	nuclear	envelope	breakdown	(NEBD)	and	cytokinesis	scored	in	human	(left)	
and	mouse	(right)	ES	cells	after	nocodazole	exposure.	Dot	plots	indicate	the	mitosis	length	in	each	category.	Data	were	collected	from	three	independent	
experiments and only bipolar mitoses were scored. Statistical values are summarized by plotting mean with error bars representing the standard 
deviation	(red).	Differences	between	conditions	were	evaluated	by	Kruskal–Wallis	test:	n.s.	p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

0.9 ± 0.4 h for bipolar spindles and 1.1 ± 0.4 h for multipolar 
spindles (Fig. 5C). Importantly, while the mitosis length did 
not significantly differ between bipolar and multipolar cells 
for human polyploid ES cells, multipolar cells required sig-
nificantly more time to complete mitosis for mouse ES cells; 
however, this difference was very small. As expected, 50 nM 
nocodazole delayed anaphase onset in cells from both species. 
In human ES cells, this treatment also prolonged the mitosis 
length to 3.5 ± 1.7 h in bipolar dividing cells and to 2.1 ± 1.0 h 
in multipolar cells. Similarly, in mouse ES cells, this was pro-
longed to 2.1 ± 1.0 h for bipolar dividing cells and 1.9 ± 0.8 h  
for multipolar cells (Fig. 5C). Thus, ES cells in both species 
escaped nocodazole-activated SAC faster when undergoing 
multipolar divisions. To our knowledge, this is the first re-
port to show that multipolar division helps cells escape from 
SAC-induced metaphase arrest.

 
Discussion

Several previous studies have shown that pluripotent cells 
are more frequently affected by chromosome segregation er-

rors	than	other	somatic	cells	(Draper	et	al.,	2004;	Imreh	et	al.,	
2006; International Stem Cell Initiative et al., 2011; Spits et al., 
2008). Furthermore, aneuploidy and other chromosomal aber-
rations, as well as epigenetic changes, might promote a phe-
notype closely resembling cancer cells (Werbowetski-Ogilvie 
et al., 2009). In somatic cells, aneuploidy negatively affects 
proliferation, yielding an unbalanced genome with important 
consequences	for	essential	cellular	processes	 (Durrbaum	and	
Storchova, 2016). Alternatively, some somatic cell types such 
as hepatocytes are prone to aneuploidy without experiencing 
negative	functional	impacts	(Duncan	et	al.,	2010).	Similar	to	
our current results, most hepatocytes acquire polyploidy via 
cytokinesis failure (Celton-Morizur et al., 2009). Aneuploid 
cells might initiate steps toward senescence, leading to their 
elimination by the immune system (Santaguida et al., 2017). 
In contrast, mouse ES cells carrying an extra copy of a par-
ticular chromosome might show an accelerated proliferation 
rate	as	long	as	they	are	undifferentiated	(Zhang	et	al.,	2016).	
Therefore, to optimize the therapeutic potential of ES cells, 
it is essential not only to identify the pathways that lead to 
aneuploidy, but also to evaluate the risks resulting from the 
presence and persistence of aneuploid cells.
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Fig. 5. Multipolar dividing human and mouse ES cells escape spindle assembly checkpoint (SAC) activity faster than bipolar dividing cells.  
(A)	Experimental	overview:	To	increase	the	number	of	polyploid	cells,	human	and	mouse	ES	cells	were	exposed	to	cytochalasin	D	for	12	h	and	then	
transferred into media containing 50 nM nocodazole throughout imaging. Mitosis length was scored by live-cell imaging. (B) Representative images 
from the time-lapse experiments showing chromosome segregation during bipolar (i, iii) and multipolar (ii, iv) divisions in human and mouse ES cells. 
DNA	was	visualized	by	expression	of	histone	H2A	fused	to	EGFP,	the	relative	time	in	minutes	is	indicated,	scale	bar	=	20	µm.	(C)	Dot	plots	illustrating	
the mitosis length in polyploid human (left) and mouse (right) ES cells upon exposure to 50 nM nocodazole. Mitosis length was scored in bipolar (dots) 
and	multipolar	(triangles)	dividing	cells.	Control	cells	for	both	cell	lines	were	treated	with	cytochalasin	D	treatment	but	not	exposed	to	nocodazole.	Data	
were obtained from three independent experiments. The numbers of scored cells in each category were 83, 354, 74, and 209 for human ES cells, and 307, 
49, 111, and 500 for mouse ES cells. Statistical values are summarized by plotting the mean with error bars representing the standard deviation (red). 
Differences	between	groups	were	evaluated	by	Kruskal–Wallis	test:	n.s.	p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001.

Here, we evaluated both human and mouse ES cells and 
focused specifically on those undergoing multipolar divisions. 
Our data provided evidence that such cells are present in 
populations of undifferentiated human and mouse ES cells, 
although their frequency is normally fairly low. We also in-
directly confirmed that the incidence of multipolar divisions 
in human ES cells correlated with the occurrence of cells with 
supernumerary centrosomes. Importantly, this suggests that 

the majority of ES cells with supernumerary centrosomes do 
not cluster centrosomes to avoid multipolar division. Cluster-
ing centrosomes, which are observed in many cancer cell lines, 
are not optimal as the daughter cells are often aneuploid or 
have dysregulated anaphase (Ganem et al., 2009). However, 
the lack of centrosome clustering might be caused by distinct 
p53 regulation in ES cells. Indeed, tetraploid p53-/- cells have 
a much higher frequency of multipolar mitosis compared to 
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their p53-expressing counterparts (Yi et al., 2011). Further-
more, p53 expression is upregulated upon ES cell differentia-
tion	and	corresponds	with	that	of	Oct-4	and	Nanog	(Lin	et	al.,	
2005;	Zhang	et	al.,	2014).	This	might	explain	why	multipolar	
divisions are more frequent in undifferentiated ES cells. We 
previously showed that cells with supernumerary centrosomes 
are often tetraploid (Holubcova et al., 2011). In this study, 
blocking cytokinesis significantly increased the frequency of 
multipolar mitoses, which also correlated with an increased 
number of centrosomes accumulating after cytokinesis failure. 
The fact that tetraploid ES cells are viable indicates that they 
might have eliminated a mechanism involving the hippo path-
way, which normally prevents proliferation of tetraploid cells 
(Ganem et al., 2014).

Our experiments indicate that mouse ES cells have lower 
number of multipolar mitoses in normal culture condition, 
suggesting that this phenomenon is more frequent in human 
than in rodent cells. Consistently with this, similar differences 
in errors of the spindle structure were also detected between 
human and mouse oocytes (Holubcova et al., 2015). Further 
it was demonstrated earlier that the percentage of supernu-
merary centrosomes substantially varies even between various 
hES cell lines and also with respect to their passage number 
(Holubcova et al., 2011). Therefore, more comprehensive stud-
ies using several human and mouse cell lines with different 
passage number would be required to draw firm conclusions 
on inter-species differences.

The cells resulting from multipolar divisions were not only 
viable, as our cell tracking results revealed, but they under-
went subsequent divisions. Similar results were obtained us-
ing a glioblastoma cell line in which multipolar mitosis yielded 
viable and further dividing daughter cells (Gisselsson et al., 
2010). The proliferation potential of such cells must be limit-
ed, as they would otherwise accumulate during extended pro-
liferation in vitro. However, for potential stem cell therapies, 
such cells might still present a problem because they are inev-
itably aneuploid. Our data also showed that a subpopulation 
of multipolar dividing cells spent a longer time in interphase 
preceding this division. This indicated that the events prior to 
mitotic cell division might lead to aberrant spindle assembly 
and multipolar division.

We also evaluated whether the presence of multipolar 
division was monitored by cell cycle control mechanisms 
such as SAC, which is the ultimate mechanism that prevents 
chromosome segregation errors (Foley and Kapoor, 2013). 
Previous studies involving sea urchin eggs and somatic cells 
showed that SAC cannot postpone anaphase onset in cells with 
multipolar spindles (Sluder et al., 1997). However, more recent 
studies have shown that anaphase onset can be postponed in 
cancer cells with multipolar spindles, and their exit from mi-
tosis is facilitated by mitotic slippage (Sluder et al., 1997). Our 
current results indicated that undifferentiated human and 
mouse ES cells possessed functional SAC that was capable of 
delaying anaphase upon exposure to a microtubule depolym-
erizing agent. However, the ability of SAC to permanently ar-
rest cell cycling was limited, and cells eventually exited mito-
sis despite the presence of nocodazole. Importantly, our data 
suggested that ES cells of both species underwent multipolar 
divisions and were able to escape nocodazole arrest faster than 
cells with bipolar spindles. The ability of multipolar dividing 
ES cells to escape SAC control more efficiently resembles that 
seen in cancer cells and mammalian oocytes (Chen and Liu, 
2015;	Holubcova	et	al.,	2015;	Nakagawa	and	FitzHarris,	2017).	
In our study we employed fluorescence microscopy to track 
living	cells.	Using	this	technique,	we	were	able	to	follow	indi-

vidual cells, which would be almost impossible using standard 
transmitted light/phase contrast illumination. However, flu-
orescence microscopy has also several drawbacks, such as the 
necessity to label intracellular structures by transgenes and 
possibility of a defects caused by the phototoxicity after pro-
longed experiments. Recently emerging technique of quanti-
tative phase imaging (QPI), review in (Park et al., 2018) would 
allow to overpass the labelling and selection of fluorescently 
labelled cells and enabled to test more cell lines and make more 
general conclusions about multipolar divisions in ES cells.

 
Conclusions

Our data show for the first time that undifferentiated human 
and mouse ES cells can undergo multipolar division, and that 
their daughter cells are viable and can continue to divide. We 
also determined the frequency of multipolar divisions in un-
differentiated mouse and human ES cells under standard cul-
ture	conditions.	Using	cytochalasin	D,	a	chemical	inhibitor	of	
cytokinesis, we demonstrated that the frequency of multipolar 
mitoses increased with polyploidization. We also showed for 
the first time that multipolar mitosis in ES cells changed the 
length of mitosis relative to that in cells with bipolar spindles. 
Cells resulting from multipolar divisions persisted in popula-
tion for a relatively long time and engaged in subsequent divi-
sions. Importantly, cells with multipolar spindles more quickly 
escaped from SAC activation-induced metaphase arrest. These 
results are important for determining the therapeutic poten-
tial of ES cells in cell therapy and tissue engineering. Our fu-
ture studies will focus on cells with multipolar spindles during 
ES cell differentiation.
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