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Tetraploidy causes chromosomal instability in
acentriolar mouse embryos

Lia Mara Gomes Paim' & Greg FitzHarris2*

Tetraploidisation is considered a common event in the evolution of chromosomal instability
(CIN) in cancer cells. The current model for how tetraploidy drives CIN in mammalian cells is
that a doubling of the number of centrioles that accompany the genome doubling event leads
to multipolar spindle formation and chromosome segregation errors. By exploiting the unu-
sual scenario of mouse blastomeres, which lack centrioles until the ~64-cell stage, we show
that tetraploidy can drive CIN by an entirely distinct mechanism. Tetraploid blastomeres
assemble bipolar spindles dictated by microtubule organising centres, and multipolar spindles
are rare. Rather, kinetochore-microtubule turnover is altered, leading to microtubule
attachment defects and anaphase chromosome segregation errors. The resulting blastomeres
become chromosomally unstable and exhibit a dramatic increase in whole chromosome
aneuploidies. Our results thus reveal an unexpected mechanism by which tetraploidy drives
CIN, in which the acquisition of chromosomally-unstable microtubule dynamics contributes
to chromosome segregation errors following tetraploidisation.
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ell division is comprised of mitosis and cytokinesis. Dur-

ing mitosis, a bipolar spindle is organised by two centro-

somes, each comprising a pair of centrioles surrounded by
the pericentriolar material. The spindle segregates sister chro-
matids by the attachment of kinetochores to microtubules that
generate forces to separate the chromatids!:2. Following chro-
mosome alignment in metaphase, sister chromatids are segre-
gated during anaphase. In most cells, cytokinesis occurs
concomitantly causing the cytoplasm to be partitioned into two
daughter cells to house the newly segregated chromosomes®*.
Defects in either process can affect genetic fidelity. Whereas
chromosome mis-segregation in mitosis can cause gains or losses
of whole chromosomes, termed aneuploidy, cytokinesis failure
leads to an entirely duplicated genome, termed tetraploidy>®.

Importantly, tetraploidy can trigger persistent chromosomal
mis-segregation (also known as chromosomal instability; CIN),
and therefore drive aneuploidy™®. Indeed, tetraploidy is con-
sidered a common steppingstone in tumorigenesis and likely
contributes to the high levels of CIN in cancer>’-1!, Landmark
studies described a mechanism underpinning this phenomenon,
wherein the excess of centrioles generated by failed cytokinesis
causes multipolar spindles during subsequent mitoses. These
multipolar spindles can cluster their extra centrosomes to form a
bipolar spindle prior to anaphase, but in doing so increase the
likelihood of segregation error and whole-chromosome
aneuploidy®1-13. Whether this is the only mechanism by
which tetraploidy promotes CIN is unknown.

The early mouse embryo lacks centrioles. Whereas in most
mammals the fertilising sperm provides the centrioles!4, in mouse
they are eliminated both in the oocyte and the sperm, such that
the first several mitoses occur in the complete absence of cen-
trioles, and new centrioles are eventually manufactured de novo
in the ~64-cell stage embryo!>~17. Here we take advantage of this
highly unusual scenario to investigate the impact of tetraploidy
upon chromosome segregation in an acentriolar setting. By
extensive live time-lapse imaging we show that, in the acentriolar
mouse embryo, tetraploidy rapidly leads to CIN by a mechanism
independent of supernumerary centrosomes.

Results

Tetraploid mouse embryos are highly chromosomally unstable.
To explore the impact of tetraploidy, we transiently prevented
cytokinesis using the actin depolymerising agent Latrunculin B at
the 4-8-cell transition, thereby obtaining embryos with four
binucleated blastomeres (Fig. 1a, see also the section “Methods”).
Herein we refer to the next cell division, in which the four
binucleated blastomeres divide to become eight mono-nucleated
blastomeres as the ‘binucleated division’, and the subsequent
division as the ‘second tetraploid division’ (Fig. la). In some
somatic cells, tetraploidy results in a p53-dependent cell cycle
checkpoint that prevents further cell division!%19. To assess the
impact of tetraploidy in embryos, we allowed binucleated
embryos to develop in vitro and counted cell numbers 12 and 24
h after binucleation using fixed-cell analysis. Embryos developed
from the binucleated four-cell stage to become morulae posses-
sing 17.9 + 1.15 (mean + SEM, n =23 embryos) cells 24 h after
binucleation, confirming that cell divisions were not critically
impeded (Supplementary Fig. 1a, b). Next, we used PCNA:EGFP
to visualise cell cycle progression?’. Nuclear PCNA:EGFP foci
were transiently evident in mid-interphase both in the binu-
cleated division and the second tetraploid division, similar to
control embryos, indicative of successful progression through S
phase (Supplementary Fig. 1c, d). Accordingly, the number of
kinetochores, as observed by kinetochore immunostaining in
metaphase-arrested embryos, was doubled in Latrunculin-treated

embryos as compared to controls (Supplementary Fig. le, f).
Thus, as suggested previously?!-23, preimplantation mouse
embryos fail to mount a tetraploidy-induced cell cycle checkpoint
and continue to develop with a doubled genome.

We wondered about the impact of tetraploidy upon chromo-
some segregation in embryos. Analysis of chromosome segrega-
tion dynamics in live H2B:RFP-expressing embryos at the
binucleated division revealed that whereas 82% of divisions in
control embryos were normal and without obvious defects,
segregation defects were common in tetraploid embryos, with
only 33% of divisions occurring with no observable defect
(Fig. 1b, c). Embryos also displayed segregation defects when
cytokinesis failure had been induced with either Cytochalasin B
or Blebbistatin (Supplementary Fig. 2a, b). Moreover, embryos
undergoing mitosis in the continued presence of the actin
inhibitor Latrunculin had few errors (Supplementary Fig. 2c-e),
confirming that actin depolymerisation does not negatively affect
chromosome segregation fidelity in the mouse embryo, contrary
to the case of mouse oocyte meiosis 124 Together, these
experiments confirm that the errors observed are attributable to
the tetraploid state of the embryos, not the method of inducing
tetraploidy. Strikingly, analysis of the second tetraploid division
revealed a phenotype very similar to that of the binucleated
division, whereas stage-matched controls showed few discernible
defects (Fig. 1d, e). Increased abundance of micronuclei, a marker
of accumulated chromosome segregation errors?>, was also
observed in fixed cell experiments, excluding the possibility that
the increased number of errors was somehow related to live
imaging (Supplementary Fig. 3). Importantly, ploidy analysis by
chromosome spreads at early blastocyst stage revealed that 68.2%
of 32-cell stage control embryos contained 40 chromosomes,
whereas 31.8% had either chromosome gains or losses (Fig. 1f, g),
with chromosome numbers ranging from 38 to 42 (Supplemen-
tary Fig. 4a). In contrast, we found that only 24% of 16-cell stage
tetraploid embryos maintained a perfect tetraploid genome (80
chromosomes) (Fig. 1f, g), with chromosome numbers ranging
from 77 to 83 (Supplementary Fig. 4b). Taken together these
experiments reveal that tetraploid mouse embryos continue to
divide but become chromosomally unstable during the next few
cell divisions.

CIN is not attributable to supernumerary centrosomes. In
tetraploid somatic cells caused by cytokinesis failure, super-
numerary centrosomes lead to the formation of transiently
multipolar spindles that promote segregation errors®!l. Pre-
implantation mouse embryos lack centrioles until ~64-cell stage
but achieve spindle assembly between the 4-cell and 32-cell stage
by acentriolar microtubule-organising centres (MTOCs)26. We
therefore set out to simultaneously observe MTOCs, spindles, and
chromosome dynamics in tetraploid embryos, using CDK5RAP2:
GFP?728, SiR Tubulin?® and H2B:RFP, respectively. During
interphase, the majority of normal diploid 8-cell embryos dis-
played a single clear MTOC close to the nucleus (Fig. 2a; Sup-
plementary Fig. 5¢ and Supplementary Movie 1). At the onset of
nuclear envelope breakdown (NEBD) a new MTOC was assem-
bled such that most diploid embryos displayed a clear
CDK5RAP2:GFP-labelled MTOC at each spindle pole at meta-
phase (Fig. 2a; Supplementary Fig. 5d and Supplementary
Movie 1)1917, Analogously, during the binucleated division, 4-cell
binucleated embryos typically displayed a single clear MTOC on
each nucleus during interphase (Fig. 2b; Supplementary Fig. 5a
and ¢; Supplementary Movie 2). Shortly after NEBD, two new
MTOCs were usually assembled such that most binucleated
embryos displayed four MTOCs during mitosis (Fig. 2b and
Supplementary Fig. 5a, d; Supplementary Movie 2). Interestingly,
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Fig. 1 Tetraploidy leads to chromosomal instability and aneuploidy in the mouse embryo. a Scheme illustrating the experimental design applied for the
generation of tetraploid embryos. b and d Representative time-lapse images of mitosis in live H2B:RFP-expressing 8-cell control and 4-cell binucleated
b, 16-cell control and 8-cell tetraploid embryos d. A lagging chromosome (yellow arrows) can be observed both in the binucleated and second tetraploid
divisions. ¢ and e Percentage of cell divisions containing chromosome segregation errors in 8-cell control (n =47 divisions from seven embryos), 4-cell
binucleated embryos (n =30 divisions from eight embryos) ****P < 0.0001 (two-tailed Fisher's exact test) ¢; 16-cell control (n = 66 divisions from seven
embryos) and 8-cell tetraploid embryos (n = 50 divisions from nine embryos) ****P < 0.0001 (two-tailed Fisher's exact test) e. Chromosome segregation
errors observed included: lagging chromosomes resulting in micronuclei formation (lagging with MN); lagging chromosomes that did not result in
micronuclei formation (lagging without MN); and chromosome bridges. f Representative images of chromosome spreads obtained from 32-cell control and
16-cell tetraploid embryos. g Percentage of blastomeres containing whole chromosome gains and losses in 32-cell control (n =22 spreads) and 16-cell
tetraploid embryos (n= 25 spreads) **P = 0.0034 (two-tailed Fisher's exact test). Scale bars =10 um. NEBD nuclear envelope breakdown
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Fig. 2 Chromosomal instability in tetraploid embryos is not attributable to supernumerary centrosomes. a, b, d and e Representative time-lapse images and
illustrations of live 8-cell control (a), 4-cell binucleated (b), 16-cell control (d) and 8-cell tetraploid embryos (e) labelled with SiR Tubulin (grey) and co-
expressing H2B:RFP (cyan) and CDK5RAP2:GFP (magenta and inverted grey). A major microtubule organising centre (MTOC) can be observed in the 8-
cell control, 16-cell control and 8-cell tetraploid embryo during interphase (red arrows) and a newly assembled MTOC can be observed during mitosis
(blue arrows). In binucleated embryos, two major MTOCs (red arrows) can be observed during interphase and two newly assembled MTOCs (blue

arrows) can be observed during mitosis. € Measurements of the angle between the two individualised spindles during the binucleated division. Line colours
represent the different types of chromosome segregation events associated with a specific cell division (n =23 divisions from 12 embryos). Chromosome
segregation errors observed included: lagging chromosomes resulting in micronuclei formation (lagging with MN); lagging chromosomes that did not result

in micronuclei formation (lagging without MN); and chromosome bridges. Scale bars =10 um. NEBD nuclear envelope breakdown
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these four MTOCs usually formed the poles of two completely
separate bipolar spindles (Fig. 2b and Supplementary Fig. 5a, b;
Supplementary Movies 2, 3). These two spindles rapidly moved
towards each other and fused to form a single bipolar spindle
prior to anaphase (Supplementary Movies 2, 3). We measured
and tracked the angles between the two spindles from the
moment they first established contact until they completely fused
(Fig. 2c). Upon contact, the spindles fused by either sliding
together or rotating towards each other depending on the initial
angle of contact until they eventually became a single bipolar
spindle (Fig. 2b, ¢; Supplementary Fig. 5a, b; Supplementary
Movies 2, 3), as observed in Fmn2~/~ mouse oocytes®, Xenopus
extract spindles in close apposition®!, and in mouse zygotes®2.
Notably however, there was no relationship between the initial
angle at which the spindles made contact with each other and the
likelihood of developing chromosome segregation errors (Fig. 2¢).
Moreover, multipolar spindles such as are characteristic in
somatic cells with supernumerary centrioles, and associated with
segregation error, were rare both in 4-cell binucleated (18.4% of
divisions) and 8-cell control embryos (11.4% of divisions).
Importantly, we used 3-min acquisitions intervals, which allowed
us to confidently distinguish between spindle fusion events and
multipolarity. Notably, even in more extreme examples of per-
pendicular spindle fusion, the two spindles remained distin-
guishable throughout fusion without neighbouring poles
connecting via microtubule bundles (Supplementary Fig. 5a, b;
Supplementary Movie 3).

Next, we analysed spindle dynamics in the second tetraploid
division which, importantly, begins with a single morphologically
normal nucleus containing a tetraploid genome. Similar to 8-cell
and 16-cell controls, these cells usually possessed only one major
MTOC adjacent to the nucleus and a second major MTOC was
assembled at NEBD to enable the generation of a bipolar spindle
(Fig. 2d, e; and Supplementary Fig. 5e, f). Though general spindle
morphology was not obviously altered as compared to diploid
controls, tetraploid blastomeres possessed a wider metaphase
plate, presumably as a result of having twice as many
chromosomes (Supplementary Fig. 5g, h). Spindle assembly was
otherwise morphologically indistinguishable from diploid 8-cell
or 16-cell embryos, despite the dramatic increase in segregation
errors (Fig. 1d, e), with multipolar spindles again very rare (16-
cell control: 9.6% of divisions; 8-cell tetraploid: 16.6% of
divisions). Taken together, these observations reveal that CIN
observed in the tetraploid mouse embryo cannot be attributed to
supernumerary centrioles or multipolar spindles.

Spindle assembly checkpoint (SAC) is not abrogated by tetra-
ploidy. Most cells possess a signalling pathway termed the SAC
that serves to prevent chromosome segregation errors by delaying
anaphase until all chromosomes are aligned at the metaphase
plate and the kinetochores attached to microtubules®>34. Notably,
recent work has shown that, in early embryos, although mis-
aligned chromosomes/kinetochores also recruit SAC proteins,
such as Madl and Mad2, SAC signalling is not sufficiently robust
to enforce a metaphase arrest>~37. We wondered whether the
higher rates of error in tetraploid embryos might be attributable
to further weakening of the SAC, and thus set out to probe SAC
activity in tetraploid embryos. Notably, tetraploidy prolonged
mitosis, as observed by increased NEBD-anaphase duration
(Fig. 3a, b), suggesting SAC activation. SAC inhibition using the
Mpsl1 inhibitor AZ 3146 reduced the duration of mitosis causing
controls and tetraploids to have a similar M-phase duration,
indicating that the prolonged mitosis in tetraploids was attribu-
table to the SAC (Fig. 3a, b). Immunofluorescence analysis of the
SAC protein Mad2 revealed that the majority of kinetochores

exhibited pronounced Mad2 staining shortly after NEBD which
was lost as chromosomes aligned, similar to controls (Fig. 3c-e).
Similarly, live imaging of tetraploid embryos co-expressing H2B:
RFP and MAD1:2EGFP clearly shows MAD1:2EGFP recruitment
to kinetochores shortly after NEBD and gradual loss of signal
within 30-40 min as chromosomes align at the metaphase plate
(Fig. 3f, g). As is the case in normal diploid mouse embryos3®,
tetraploid blastomeres frequently failed to wait for full chromo-
some alignment prior to anaphase onset, underscoring the pre-
viously reported inefficiency of SAC in the mouse embryo
(Supplementary Fig. 6). Nonetheless, tetraploidy caused a sub-
stantial SAC-dependent lengthening of mitosis. Therefore,
though we cannot exclude the possibility of minor impacts of
tetraploidy upon the SAC, our experiments fail to uncover a clear
weakening of the SAC in tetraploids that might explain the high
rate of segregation error.

Tetraploidy perturbs metaphase chromosome alignment. To
further investigate how tetraploidy leads to lagging chromosomes
and chromosome segregation error, we performed a comprehen-
sive analysis of centromere spatiotemporal behaviour in mitosis.
Embryos co-expressing H2B:RFP and the centromere label Maj-
SatTALE:mClover3® were imaged in three dimensions at 75s
intervals, and individual centromere pairs were tracked during the
second tetraploid division. Our analysis showed no difference in
centromere velocity either prior to anaphase onset or during
anaphase poleward chromosome movement (Fig. 4a, b), or in the
tightness of the metaphase plate (Fig. 4c, d), suggesting that overall
behaviour of most chromosomes is not adversely affected in tet-
raploids. Interestingly, however, we observed that both controls
and tetraploid blastomeres displayed chromosomes that, having
previously been aligned, displaced from the metaphase plate to
become unaligned (Fig. 4e). In controls, these displacement events
lasted on average 6.32+1.43 min (n=16 displacement events;
Fig. 4h) during which time the centromeres typically moved
between 1.7 and 10.74pm from the metaphase plate, before
returning to full alignment. Importantly, in control blastomeres,
chromosomes that became displaced from the metaphase plate
returned to full alignment prior to anaphase onset in almost all
cases (Fig. 4e, f and h). On the other hand, in tetraploid embryos,
chromosome displacement events lasted substantially longer
(13.57 £2.11 min, n = 14 displacement events), and in many cases
chromosomes failed to completely re-align prior to anaphase onset
(Fig. 4e, g, h). Of the misaligned chromosomes at anaphase onset
observed in tetraploid embryos, almost all resulted from a chro-
mosome that was previously aligned and became displaced during
metaphase. Consistent with our previous results, the majority of
tetraploid embryos displayed lagging chromosomes. Importantly,
all anaphase laggards arose from previously metaphase-aligned
chromosomes, revealing that the elevated frequency of lagging
chromosomes in tetraploid embryos is not attributable to failed
alignment (Supplementary Fig. 7).

Taken together, these results show that, though overall
centromere behaviour and chromosome congression are largely
unaltered in tetraploid embryos, a deficiency in maintaining
chromosome alignment leads to an increased likelihood of
chromosome misalignment at anaphase. However, these mis-
aligned chromosomes do not seem to be the major cause of
lagging chromosomes in tetraploid embryos. Rather, similar to
somatic3® and cancer cells* lagging chromosomes arise from
chromosomes that were correctly aligned at the metaphase plate
prior to anaphase onset.

Tetraploidy affects kinetochore microtubule establishment.
During spindle assembly some kinetochore pairs form merotelic
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attachments in which a single kinetochore simultaneously con-
tacts microtubules (MTs) from both spindle poles. Establishment
of correct (amphitelic) chromosome attachment prior to ana-
phase occurs by correction of previously mis-attached kine-
tochores, a process that depends upon MT turnover at the
kinetochore*!1:42, In cancer cells, CIN is associated with reduced
kinetochore-microtubule (kMT) turnover that promotes errors
including merotelic attachments that lead to lagging chromo-
somes and aneuploidy*3. We directly analysed kMT turnover
during the second tetraploid division using fluorescence

6

Chromosome congression and alignment

Anaphase

dissipation after photoactivation of photoactivatable-GFP-tubulin
(PAGFP-tubulin) within the metaphase spindle as previously
described*3-4>, using SiR Tubulin to select cells with spindles
oriented in the plane of imaging (Fig. 5a-c). Strikingly, KMT half-
life was substantially increased in tetraploid embryos compared to
controls (Fig. 5a—c), indicating reduced kMT turnover. Notably,
this increase is similar to that observed when comparing chro-
mosomally unstable to chromosomally stable somatic cells*3.
Non-kinetochore MT half-life and the rate of poleward micro-
tubule flux measured with PAGFP-tubulin, as well as the velocity
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Fig. 3 Spindle assembly checkpoint activity is not abrogated in tetraploid embryos. a and b Quantification of mitosis duration in 8-cell control (without AZ
3146 n =47 divisions from seven embryos; with AZ 3146 n= 63 divisions from eight embryos), 4-cell binucleated embryos (without AZ 3146 n=30
divisions from eight embryos; with AZ 3146 n = 54 divisions from 15 embryos) ***P = 0.0009; ****P < 0.0001 (unpaired Kruskal-Wallis test with Dunn’s
test for multiple comparisons) a; 16-cell control (without AZ 3146 n= 61 divisions from seven embryos; with AZ 3146 n =159 divisions from seven
embryos) and 8-cell tetraploid embryos (without AZ 3146 n =50 divisions from nine embryos; with AZ 3146 n = 63 divisions from 12 embryos) ***P =
0.0005; ****P < 0.0001 (unpaired Kruskal-Wallis test with Dunn's test for multiple comparisons) b. ¢ Representative z projections of MAD2-positive
and MAD2-negative kinetochores demonstrating co-localisation of MAD2 (magenta) and CREST (cyan) in positively stained kinetochores and no co-
localisation in negatively stained kinetochores. d and e Proportion of MAD2-positive kinetochores in 8-cell control, 4-cell binucleated d, 16-cell control and
8-cell tetraploid embryos e at 10 mins (8-cell control n =6 blastomeres; 4-cell binucleated n = 6 blastomeres; 16-cell control n=>5 blastomeres; 8-cell
tetraploid n =5 blastomeres), 20 mins (8-cell control n =5 blastomeres; 4-cell binucleated n = 6 blastomeres; 16-cell control n =75 blastomeres;

8-cell tetraploid n = 6 blastomeres) and 30 mins (8-cell control n = 4 blastomeres; 4-cell binucleated n = 6 blastomeres; 16-cell control n =5 blastomeres;
8-cell tetraploid n =5 blastomeres) after nuclear envelope breakdown (NEBD). Error bars represent SEM. f and g Representative time-lapse images of
live 4-cell binucleated f and 8-cell tetraploid embryos g co-expressing H2B:RFP and MAD1:.2EGFP. Note that MAD1:2EGFP signal is clearly observed at
the kinetochores shortly after nuclear envelope breakdown (NEBD) and is gradually lost following chromosome alignment at the metaphase plate. Scale
bars =10 um except for figure ¢, where scale bars =1um. Where box plots are shown, the centre line represents the median, the bounds of box represent

the upper and lower quartiles and the whiskers represent minimum and maximum values

of microtubule growth events as determined by EBI:EGFP ima-
ging, were all unchanged between tetraploids and controls
(Supplementary Fig. 8a-—e), revealing that the change in MT
dynamics was highly specific to kMT turnover. Importantly, there
was no difference in MT turnover when comparing SiR Tubulin-
stained blastomeres with SiR Tubulin-free blastomeres, ruling out
the possibility that the increase in kMT half-life observed in
tetraploid embryos could have been induced by potential MT-
stabilising effects of SiR Tubulin (Supplementary Fig. 8f-h).
Highly consistent with a kMT turnover defect, direct comparison
of stable kMT attachments in embryos with a classic cold shock
approach revealed a far greater proportion of mis-attachments in
tetraploid embryos as compared to controls in mid-late prome-
taphase/metaphase (Fig. 5d, e). Whereas lateral/merotelic
attachments were very rare in diploid blastomeres (0.9%), 7% of
all attachments observed in tetraploid blastomeres were mis-
attached, at least one kinetochore being misattached in every
tetraploid blastomere examined. This is highly consistent with the
notion that a single merotelically attached kinetochore is suffi-
cient to cause missegregation3 and correlates with the elevated
rates of lagging chromosomes observed in tetraploids (Fig. 1b-e).

A major determinant of the capacity to maintain kinetochore
MT turnover to correct misattachments is the recruitment of the
microtubule  depolymerising protein mitotic centromere-
associated kinesin (MCAK)4%47. We wondered whether MCAK
was sufficiently recruited to the centromere/kinetochore in
tetraploid embryos. Using immunofluorescence we found that
MCAK was significantly underrepresented at the kinetochore in
tetraploid embryos as compared to controls (Fig. 5f, g). This
suggests that reduced MT turnover may be downstream of an
inability to recruit sufficient MT-turnover-sustaining factors.
Consistent with this notion, overexpression of MCAK:GFP
substantially and significantly decreased the rates of chromosome
segregation errors in tetraploid embryos, when compared to
tetraploid embryos expressing GFP alone (Fig. 5h, i), as has also
been seen in cancer cells ectopically expressing MCAK#3. Taken
together these data show that, in tetraploid embryos, kMT
turnover is reduced and error correction mechanisms are
suppressed, allowing for the accumulation of merotelic attach-
ments that in turn lead to lagging chromosomes, which can be
rescued by introducing ectopic MCAK:GFP.

Discussion

Our data show that mouse embryos do not possess a tetraploidy
checkpoint but continue to divide and become chromosomally
unstable immediately after tetraploidisation (Fig. 1). Why the

mouse embryo fails to mount a tetraploidy checkpoint is unclear
but may relate to the key role of centrioles in mediating the
checkpoint, shown in RPE1 cells!®. The described mechanism by
which tetraploidy leads to CIN in mammalian cells is that the
acquisition of supernumerary centrioles/centrosomes leads to the
formation of hazardous multipolar spindles that induce segrega-
tion errors>”>11. That there might be other means by which
tetraploidy could cause CIN was alluded to in studies of tetraploid
yeast with normal centrosome numbers, where CIN was likely
due to the impact of cell size upon spindle geometry4°. Here we
show that mouse blastomeres, which are acentriolar, become
highly chromosomally unstable upon tetraploidisation as a result
of altered kMT dynamics. Notably, this mechanism is distinct to
yeast, where tetraploid spindles have unchanged microtubule
dynamics®. Our data indicate that reduced kinetochore recruit-
ment of MCAK, a well-characterised MT depolymerising kinesin,
provides at least part of the explanation for the reduced kine-
tochore MT turnover that underpins misattachments and segre-
gation errors in tetraploid blastomeres. Why MCAK is
underrepresented at the kinetochores remains to be determined.
Gene expression changes associated with having extra copies of
chromosomes®?, and the doubling of kinetochores, could present
an overburden on the ability to recruit MCAK. Alternatively,
tetraploidy could impact upstream signalling necessary for
MCAK recruitment to the kinetochore®!->2, or affect the structure
of the kinetochore itself.

Our centromere and chromosome tracking data show that
tetraploidy introduces two types of anaphase defects. First, we
observed lagging anaphase chromosomes, that arise from fully
aligned metaphase chromosomes, and frequently result in a
micronucleus. Whereas in somatic cells micronuclei derived from
lagging chromosomes are frequently reabsorbed in the next cell
cycle, which likely forms the mechanistic basis for chromo-
thripsis®3, we have previously shown that in mouse embryos
micronuclei are very rarely reincorporated into the principal
nucleus, and repeated micronucleus inheritance necessarily drives
aneuploidy?’. Notably, micronuclei are also unilaterally inherited
in tetraploid embryos (Supplementary Fig. 9), thus lagging
chromosomes seem certain to contribute to mosaic aneuploidy in
the mouse tetraploid embryo. Secondly, we observe chromosomes
that fail to align in time for anaphase onset. In some cases, the
proximity of the misaligned chromosome to the metaphase plate,
paired with imaging resolution limits prevented us from deter-
mining whether the two sister chromatids were ultimately cor-
rectly segregated. However, in at least one example where we
labelled both the chromosome and the centromere in live ima-
ging, both misaligned sister chromatids were seen to migrate to

| (2019)10:4834 | https://doi.org/10.1038/s41467-019-12772-8 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Time before anaphase onset

2" tetraploid

1008
H2B:RFP
MajSatTALE:mClover

Time before anaphase onset

Control

2™ tetraploid

H2B:RFP
MajSatTALE:mClover

Time before anaphase onset

=3

Time after
anaphase onset

0.03
@ Control
E_/ 0.025 1 —— 2nd tetraploid !
2 0.02
Q '
S "o
© 0.015 - .
> IR7}
® £
o 0.01 { s
:
£ 0.005 - '
o} .
© 0o +———t——
bolbobbhobObolh
TTYIO- IO OY
BARERE ©

Time before and after anaphase

(min)
Time after d
anaphase onset
— 16 1
£ Control
=2 i
% 12 —— 2nd tetraploid
3
L
<
[s%
jo}
12
©
<
Q
kot
[}
=
O+—T—TT T T T T T T+1r
Shbbhbbbbbobhb
Or—-IO- IO~ ~OF
- loND o+ Fam
T T I
Time before and after anaphase
(min)
Time after

anaphase onset

Control

2" tetraploid

H2B:RFP
MajSatTALE:mClover

. Control g 2nd tetraploid

Es Es

o o

= j =

K K

S 4 S 4

Q< Q@

] ]

i) k=]

E 2 E 2

£ £

g [

= =

8 o 8 o

= R T T T T T ] PN N NN

8 L LW WL LY WL 8 QLo bbb

2 S -~ 3 - I - I 2 ProOyY T Oy

A o »+ o o 0 - a Nownow I =N »
T T T daTooT T

Time before anaphase
(min)

Time before anaphase
(min)

the same spindle pole (Supplementary Fig. 7). Thus, although
formally distinguishing the proportional contribution of these
two distinct defects to embryo aneuploidy is experimentally
challenging, both likely contribute to the elevated rate of aneu-
ploidy in the tetraploid embryo.

Tetraploidy is common in the early stages of tumorigenesis, and
likely contributes to the CIN and aneuploidy associated with some
cancers’~>>%, Genome doubling is thought to provide a permissive
environment for the acquisition of CIN, as chromosome losses are
more likely to be tolerated with multiple chromosome copies
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present®®. Importantly, our data do not oppose the notion that
centriole doubling can be a major driver of CIN, but rather add
altered microtubule dynamics as a distinct mechanism that can
also confer CIN immediately after tetraploidisation. In tetraploid
somatic cells, the extra centrioles are lost after repeated
passages®>, and it remains to be seen whether an analogous
adaptation might occur with microtubule dynamics. Nonetheless
our data adds altered MT dynamics to supernumerary centro-
somes as two separate defects that emerge rapidly to drive CIN in
the first cell cycles following tetraploidisation.
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Fig. 4 Tetraploid embryos exhibit chromosome alignment defects. a Representative time-lapse images of centromere tracking in 16-cell controls and 8-cell
tetraploid embryos co-expressing H2B:RFP and MajSatTALE:mClover. Coloured circles indicate centromere pairs that were tracked throughout mitosis and
individualised centromeres at anaphase. Coloured lines represent the path covered by the centromere pairs during time. b Quantification of average
centromere velocity in 16-cell control (n = 24 centromere pairs from five blastomeres) and 8-cell tetraploid embryos (n = 21 centromere pairs from five
blastomeres). ¢ Representative time-lapse images of 16-cell control and 8-cell tetraploid embryos co-expressing H2B:RFP and MajSatTALE:mClover,
demonstrating the measurements of metaphase plate width throughout mitosis. Red dashed lines indicate the borders of the metaphase plate based on the
MajSatTALE:mClover signal. Green lines indicate width measurements. d Quantification of metaphase plate width in 16-cell control (n =5 blastomeres)
and 8-cell tetraploid embryos (n =5 blastomeres). e Representative time-lapse images of 16-cell control and 8-cell tetraploid embryos co-expressing H2B:
RFP and MajSatTALE:mClover, demonstrating chromosome displacement events. In the control embryo, two chromosomes (orange and green circles—
corresponding to the orange and green lines in figure f) that were previously aligned become displaced from the middle plane of the metaphase plate (red
dashed lines) at mid-mitosis, returning to their original position before anaphase onset. In the tetraploid embryo, the two chromosomes that become
displaced (green and blue circles—corresponding to the green and blue lines in figure g) fail to return to the metaphase plate, resulting in misaligned
chromosomes at anaphase onset. Blue asterisks indicate chromosomes that were not yet aligned for the first time during the time sequence shown. f and
g Quantification of the distance between centromere pairs and metaphase middle plane in a 16-cell control f and 8-cell tetraploid embryo g.

h Quantification of average duration of displacement events in 16-cell controls (n =16 displacement events from five blastomeres) and 8-cell tetraploid
embryos (n =14 displacement events from five blastomeres; **P = 0.0061, unpaired two-tailed Mann-Whitney test). In the box plot, the centre line
represents median, the bounds of box represent upper and lower quartiles and the whiskers represent minimum and maximum values. Scale bars =10 pm.

Error bars represent SEM

Methods

Embryo culture and microinjection. All experiments were performed in accor-
dance with the guidelines for animal experimentation of the Comité Institutionnel
de Protections des Animaux (CIPA). All experiments were approved by the Centre
de Recherche du Centre Hospitaliaire de I'Université de Montréal (CRCHUM)
Comité Institutionnel de Protections des Animaux (CIPA). Protocol number:
IP18034GFs. Embryos were harvested from superovulated CD1 female mice (Crl:
CDI1(ICR) Charles River Laboratories) mated with CD1 male mice, and cultured in
KSOM medium (EmbryoMax® KSOM; Millipore, MR-020P-5F) in 5% CO, at

37 °C. mRNA was manufactured using Ambion mMessage Machine T3 (AM1348)
or T7 (AM1344) according to manufacturer’s instructions. Plasmids used were
H2B:RFP in pRN4 (gift from Alex McDougall), PCNA:EGFP in pcDNA3.1 + poly
(A) (gift from Kazuo Yamagata), CDK5RAP2:GFP in pGEMHE (gift from Tomoya
Kitajima), a-tubulin-human:PAGFP in pIRESHyg2 (Addgene, plasmid #12296),
EB1:EGFP in pcDNA3.1 + poly(A) (gift from Lynne Cassimeris), MAD1:2EGFP in
pIVT (gift from Michael Lampson), MajSatTALE:mClover in pTALYM3
(Addgene, plasmid #47878) and MCAK:GFP (purchased in the pEGFP-C1 vector
from Addgene, #pYOY152 and subcloned into pcDNA.3.1/myc-His(-)A). Two-cell
embryos were microinjected using a picopump (World Precision Instruments) and
micromanipulators (Narishige) mounted on a Leica DMI4000 inverted micro-
scope®. For the experiments in Fig. 3f, the embryos were microinjected at the
4-cell stage. For the experiments in Figs. 3g and 5h, the embryos were micro-
injected at late 4-cell binucleated stage (equivalent to 8-cell stage).

Drug treatments. To induce binucleation, late interphase 4-cell stage embryos
(~64 h post-hCG) were treated for ~10h with Latrunculin B (5 uM; EMD Milli-
pore,428020). Embryos that did not display the four blastomeres with two visible
nuclei by the end of the incubation period were excluded. Simultaneously, control
embryos were treated with 1:1000 DMSO (Sigma Aldrich, D2650). After the
incubation period, the embryos were thoroughly washed and cultured in KSOM
media. For experiments in Supplementary Fig. 2a, b, either Cytochalasin B

(5 pug/mL; Sigma-Aldrich C6762) or Blebbistatin (100 uM; Calbiochem/Millipore,
203391) were used to induce binucleation. For experiments in Supplementary
Figs. le, f, 5g, h; Figs. 1f, g; 5f, g, the embryos were treated with 25 uM of MG 132
(Calbiochem 474790) to induce a metaphase arrest. For kinetochore counts in
Supplementary Fig. le, f, after metaphase arrest the embryos were treated with
200 uM of Monastrol (Calbiochem, 475879) to induce monopolar spindle forma-
tion and allow better visualisation of individual kinetochores. For the SAC inhi-
bition treatment in Fig. 3a, b, the embryos were live-imaged in the presence of AZ
3146 (Calbiochem, catalogue #531976). For experiments involving PAGFP:tubulin
live imaging, embryos were arrested in metaphase using 100 uM of APCin (Tocris,
5747). For the photobleaching control experiments, MII eggs were live-imaged in
the presence of 10 uM of Taxol (Paclitaxel; Sigma Aldrich, T402). Spindle labelling
in live embryos was performed with a 2 h incubation in 300 nM of SiR Tubulin
(Cytoskeleton Inc., CY-SC002). For the experiment in Supplementary Fig. 8f-h, the
embryos were either exposed to 1 uM of SiR DNA (Cytoskeleton Inc., CY-SC007)
alone for 3h or to 300 nM of SiR Tubulin for 2 h followed by a 3 h exposure to
1 uM of SiR DNA.

Chromosome spreads. Chromosome spreads were performed using an air-drying
method?®. Metaphase arrested 32-cell diploid and 16-cell tetraploid embryos were
exposed to 1% sodium citrate for 15 min and subsequently transferred to a grease-
free slide. Three drops of methanol:acetic acid (3:1) were applied directly on top of
the embryos and the slides were air-dried. For staining, air-dried slides were

co-labelled with Hoechst 33342 (Sigma Aldrich, H6024, 1:500) and DRAQ5
(Thermo Fisher Scientific, 62254, 1:250) loaded in FluorSave™ Reagent (Calbio-
chem, 345789) in order to differentially label the chromosomes and centromeric
regions.

Cold shock treatment. For assessment of kMT attachments in Fig. 5d, e, H2B:
RFP-expressing embryos were exposed to a 10 min cold shock treatment in ice cold
M2 media (Sigma Aldrich M7167) 35 min after NEBD was observed by live
imaging and then immediately fixed.

Immunofluorescence and live Imaging. Embryos were fixed with 4% paraf-
ormaldehyde (PFA) in PBS for 40 min followed by 10 min permeabilization using
0.25% Triton X in PBS, and blocked with 3% bovine serum albumin (BSA) in
PBS>’. Where CREST antibodies were used, embryos were fixed with 2% PFA in
PBS for 30 min. Where MAD?2 antibodies were used, embryos were fixed with 2%
PFA in PBS for 15 min. Primary antibodies used were: CREST anti-human (gift
from Marvin J. Fritzler 1:100), p-tubulin anti-mouse (Sigma Aldrich catalogue
#T4026 1:1000), MCAK anti-rabbit (gift from Duane Compton; 1:1000), pericen-
trin anti-mouse (BD Biosciences catalogue #611814 1:500), a-tubulin anti-rabbit
(Abcam catalogue #AB18251 1:1000) and MAD?2 anti-rabbit (Biolegend catalogue
#924601; 1:300). Hoechst 33342 (1:1000) was used for DNA labelling. Alexa-
labelled secondary antibodies (1:1000) were purchased from ThermoFisher.
Alexa Fluor® 555 Phalloidin-conjugated antibody (1:200) was purchased from
Invitrogen (A34055). Immunofluorescence imaging was performed on either a
Leica SP8 confocal microscope fitted with a 63 x 1.4 numerical aperture oil
objective or a Leica SP5 confocal microscope fitted with a 100 x 1.4 numerical
aperture oil objective and a HyD detector. Live cell imaging and FDAP was
performed on a Leica SP8 confocal microscope fitted with a 20 x 0.75 numerical
aperture air objective and a HyD detector and embryos were imaged on KSOM
media, placed on a heated stage top incubator with 5% CO, supply at 37 °C. For the
live imaging experiment performed in Supplementary Fig. 1a, the embryos were
imaged in a Zeiss Axio observer, equipped with an Axiocam and Apotome and
20 x 0.8 numerical aperture air objective and LED light. For EBI:EGFP live
imaging, embryos were imaged every 2.578 s for 2 min with a 63 x 1.4 numerical
aperture oil objective. For live imaging in the presence of either Taxol
(photobleaching control in Fig. 5a-c) or Latrunculin (Supplementary Fig. 2c, d),
the embryos were live imaged in Ibidi micro-insert wells mounted in a glass-
bottom dish with distilled water and our setup was modified for proper CO,

supply>8.

Fluorescence dissipation after photoactivation. Photoactivation was performed
by briefly exposing a defined rectangular region of interest positioned across one
side of the metaphase spindle to 405-nm laser. Live imaging was performed at 30 s
intervals for 15 min. For fluorescence decay curves and half-life analyses, the
measurements of fluorescence intensity decay for each blastomere were plotted
against time and fitted into a double exponential curve f(t) = A x exp(—k;t) + B x
exp(—k,t) using the cftool on MATLAB*>5%0, In this equation, ¢ represents time;
A, the less stable non-kMTs; B, the stable kMTs and k; and k, represent the decay
rates of A and B, respectively. The half-life for each MT population was calculated
as In 2/k. Photobleaching was corrected for each measurement by imaging MII eggs
exposed to 10 uM of the MT-stabilising agent Taxol, where MT turnover is
minimal. Poleward flux velocity was calculated by determining the distance
between the fluorescent mark on the spindle and the corresponding spindle pole at
each time point4360,
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Imaging analysis and statistics. All image processing and analysis was performed
using Image]J/Fiji®!. No thresholding or masking was applied to the images and LUT
brightness varies linearly. For centromere tracking in Fig. 4a, b, manual tracking was
performed using the “Manual Tracking with TrackMate” feature of TrackMate
plugin® on Fiji. For metaphase plate width measurements in Fig. 4c, d, the distance
between two lines drawn across each side of the metaphase plate was measured. The
lines were drawn based on the MajSatTALE:mClover fluorescent signal and
delimited the area occupied by all aligned chromosomes. Three dimensional
reconstructions (Supplementary Fig. 5b; Supplementary Movies 1-3) and surface
rendering (Supplementary Fig. 5b and Supplementary Movie 3) were generated

using IMARIS 9.3. For MCAK fluorescence intensity analysis in Fig. 5f, g,
background-subtracted fluorescence intensity values were obtained from a total of
100 kinetochores analysed from 10 embryos (10 kinetochores per embryo) for each
group and statistical analysis was performed as an inter-embryo comparison using
the average fluorescence intensity per embryo. All measurements analysed in this
study were taken from distinct samples and samples were not measured repeatedly.
Data were analysed using GraphPad Prism 7 software (GraphPad Software, La Jolla,
CA, USA, www.graphpad.com). Shapiro-Wilk normality tests were applied where
appropriate and either unpaired two-tailed ¢ tests or two-tailed Mann-Whitney tests
were applied. Statistical significance was considered when P < 0.05.
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Fig. 5 Error correction mechanisms are defective in tetraploid embryos. a PAGFP-tubulin (inverted grey) was photoactivated at a rectangular region across
one side of the metaphase spindle (red rectangles) and the time-course for fluorescence decay was monitored. Embryos were labelled with SiR Tubulin
(grey) to identify the metaphase spindle. b and ¢ Quantification of fluorescence decay values b and kinetochore-microtubule half-life (¢; **P = 0.008,
unpaired, two-tailed t test) in 16-cell control (n =11 blastomeres) and 8-cell tetraploid embryos (n =9 blastomeres). In the box plot, the centre line
represents median, the bounds of box represent upper and lower quartiles and the whiskers represent minimum and maximum values. d Representative z-
projections of end-on, merotelic/lateral, and unattached kinetochores at 35 min after nuclear envelope breakdown (NEBD); and scheme illustrating the
types of kinetochore-microtubule attachments analysed. Representative images were chosen to demonstrate the different types of attachments. For the
merotelic/lateral attachment image, only the merotelically attached kinetochore is in focus (as represented in the illustration by a fainter colour of the
sister chromatid). e Average percentage of end-on, merotelic/lateral and unattached kinetochores per cell in 16-cell (n =189 kinetochores from five
blastomeres) control and 8-cell tetraploid embryos (n = 223 kinetochores from five blastomeres; *P = 0.0148, unpaired, two-tailed t test). f Representative
z-projections of MCAK immunofluorescence in 16-cell control and 8-cell tetraploid embryos. g Quantification of fluorescence intensity in 16-cell control
and 8-cell tetraploid embryos (n =100 kinetochores from 10 blastomeres per group). Statistical analysis was performed as an inter-embryo comparison
using the average from 10 individual kinetochores analysed per blastomere, *P = 0.0223 (unpaired, two-tailed t test). h Representative time-lapse images
of 8-cell tetraploid embryos co-expressing H2B:RFP and either GFP or MCAK:GFP. The yellow arrow indicates a lagging chromosome. i Percentage of cell
divisions displaying chromosome segregation errors in 8-cell tetraploid embryos co-expressing H2B:RFP and either GFP (n = 51 divisions from 16 embryos)
or MCAK:GFP (n = 66 divisions from 23 embryos) **P = 0.0093 (two-tailed chi-square). Chromosome segregation errors observed included: lagging
chromosomes resulting in micronuclei formation (lagging with MN); lagging chromosomes that did not result in micronuclei formation (lagging without
MN); and chromosome bridges. Scale bars =10 um, except for d, where scale bars =1um. Error bars represent SEM

Reporting summary. Further information on research design is available in 17. Palacios, M. J., Joshi, H. C,, Simerly, C. & Schatten, G. Gamma-tubulin

the Nature Research Reporting Summary linked to this article. reorganization during mouse fertilization and early development. J. Cell Sci.
104, 383-389 (1993).

18. Andreassen, P. R,, Lohez, O. D., Lacroix, F. B. & Margolis, R. L. Tetraploid
state induces p53-dependent arrest of nontransformed mammalian cells in
G1. Mol. Biol. Cell 12, 1315-1328 (2001).

19. Ganem, N. J. et al. Cytokinesis failure triggers hippo tumor suppressor
pathway activation. Cell 158, 833-848 (2014).

20. Ueda, J. et al. Heterochromatin dynamics during the differentiation process

Data availability

The data related to the findings of this study are available within the manuscript and
Supplementary Information, or from the corresponding author upon request. The source
data underlying Figs. 1c, e, g, 2, 3a, b, d, e, 4b, d, f, g, h, 5¢, e, g, i, Supplementary
Figs. 1b, d, 2a, b, ¢, 3b, 4a, b, 5¢, d, 5, f, h, 6a-d, 8a, b, d, e, g, h are provided as a Source

Data file. revealed by the DNA methylation reporter mouse, MethylRO. Stem Cell Rep.
2, 910-924 (2014).

Received: 1 February 2019; Accepted; 20 September 2019; 21. Horii, T. et al. p53 suppresses tetraploid development in mice. Sci. Rep. 5, 8907

Published online: 23 October 2019 (201,5)' . . .

22. Eakin, G. S. & Behringer, R. R. Tetraploid development in the mouse. Dev.
Dyn. 228, 751-766 (2003).
23. Eakin, G. S., Hadjantonakis, A. K., Papaioannou, V. E. & Behringer, R. R.

References Developmental potential and behavior of tetraploid cells in the mouse embryo.

1. Compton, D. A. Spindle assembly in animal cells. Annu. Rev. Biochem. 69, Dev. Biol. 288, 150-159 (2005).

95-114 (2000). 24. Mogessie, B. & Schuh, M. Actin protects mammalian eggs against chromosome

2. Heald, R. & Khodjakov, A. Thirty years of search and capture: the complex segregation errors. Science 357, https://doi.org/10.1126/science.aal1647 (2017).
simplicity of mitotic spindle assembly. J. Cell Biol. 211, 1103-1111 (2015). 25. Vazquez-Diez, C., Yamagata, K., Trivedi, S., Haverfield, J. & FitzHarris, G.

3. Barr, F. A. & Gruneberg, U. Cytokinesis: placing and making the final cut. Cell Micronucleus formation causes perpetual unilateral chromosome inheritance
131, 847-860 (2007). in mouse embryos. Proc. Natl Acad. Sci. USA 113, 626-631 (2016).

4. Green, R. A, Paluch, E. & Oegema, K. Cytokinesis in animal cells. Annu. Rev. ~ 26. Courtois, A., Schuh, M., Ellenberg, J. & Hiiragi, T. The transition from meiotic
Cell Dev. Biol. 28, 29-58 (2012). to mitotic spindle assembly is gradual during early mammalian development.

5.  Storchova, Z. & Kuffer, C. The consequences of tetraploidy and aneuploidy. J. J. Cell Biol. 198, 357-370 (2012).

Cell Sci. 121, 3859-3866 (2008). 27. Fong, K. W,, Choi, Y. K,, Rattner, J. B. & Qi, R. Z. CDK5RAP2 is a

6. Storchova, Z. & Pellman, D. From polyploidy to aneuploidy, genome pericentriolar protein that functions in centrosomal attachment of the
instability and cancer. Nat. Rev. Mol. Cell Biol. 5, 45-54 (2004). gamma-tubulin ring complex. Mol. Biol. Cell 19, 115-125 (2008).

7. Fujiwara, T. et al. Cytokinesis failure generating tetraploids promotes 28. Balboula, A. Z. et al. Haspin kinase regulates microtubule-organizing center
tumorigenesis in p53-null cells. Nature 437, 1043-1047 (2005). clustering and stability through Aurora kinase C in mouse oocytes. J. Cell Sci.

8. Galipeau, P. C. et al. 17p (p53) allelic losses, 4N (G2/tetraploid) populations, 129, 3648-3660 (2016).
and progression to aneuploidy in Barrett’s esophagus. Proc. Natl Acad. Sci. 29. Lukinavicius, G. et al. Fluorogenic probes for live-cell imaging of the
USA 93, 7081-7084 (1996). cytoskeleton. Nat. Methods 11, 731-733 (2014).

9. Ganem, N. J.,, Godinho, S. A. & Pellman, D. A mechanism linking extra 30. Dumont, J. et al. Formin-2 is required for spindle migration and for the late
centrosomes to chromosomal instability. Nature 460, 278-282 (2009). steps of cytokinesis in mouse oocytes. Dev. Biol. 301, 254-265 (2007).

10. Pfau, S.J. & Amon, A. Chromosomal instability and aneuploidy in cancer: 31. Gatlin, J. C. et al. Spindle fusion requires dynein-mediated sliding of
from yeast to man. EMBO Rep. 13, 515-527 (2012). oppositely oriented microtubules. Curr. Biol. 19, 287-296 (2009).

11. Silkworth, W. T., Nardi, I. K., Scholl, L. M. & Cimini, D. Multipolar spindle = 32. Reichmann, J. et al. Dual-spindle formation in zygotes keeps parental genomes
pole coalescence is a major source of kinetochore mis-attachment and apart in early mammalian embryos. Science 361, 189-193 (2018).
chromosome mis-segregation in cancer cells. PLoS ONE 4, 6564 (2009). 33. Lara-Gonzalez, P., Westhorpe, F. G. & Taylor, S. S. The spindle assembly

12. Quintyne, N. ], Reing, J. E., Hoffelder, D. R,, Gollin, S. M. & Saunders, W. S. checkpoint. Curr. Biol. 22, R966-R980 (2012).

Spindle multipolarity is prevented by centrosomal clustering. Science 307, 34. Musacchio, A. The molecular biology of spindle assembly checkpoint
127-129 (2005). signaling dynamics. Curr. Biol. 25, R1002-R1018 (2015).

13. Kwon, M. et al. Mechanisms to suppress multipolar divisions in cancer cells ~ 35. Bolton, H. et al. Mouse model of chromosome mosaicism reveals lineage-
with extra centrosomes. Genes Dev. 22, 2189-2203 (2008). specific depletion of aneuploid cells and normal developmental potential. Nat.

14. Delattre, M. & Gonczy, P. The arithmetic of centrosome biogenesis. J. Cell Sci. Commun. 7, 11165 (2016).

117, 1619-1630 (2004). 36. Vazquez-Diez, C., Paim, L. M. G. & FitzHarris, G. Cell-size-independent

15. Howe, K. & FitzHarris, G. A non-canonical mode of microtubule organization spindle checkpoint failure underlies chromosome segregation error in mouse
operates throughout pre-implantation development in mouse. Cell Cycle 12, embryos. Curr. Biol. 29, 865-873 €863 (2019).

1616-1624 (2013). 37. Wei, Y. et al. Spindle assembly checkpoint regulates mitotic cell cycle

16. Gueth-Hallonet, C. et al. Gamma-tubulin is present in acentriolar MTOCs progression during preimplantation embryo development. PLoS ONE 6,
during early mouse development. J. Cell Sci. 105, 157-166 (1993). €21557 (2011).

| (2019)10:4834 | https://doi.org/10.1038/s41467-019-12772-8 | www.nature.com/naturecommunications 1


https://doi.org/10.1126/science.aal1647
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Miyanari, Y., Ziegler-Birling, C. & Torres-Padilla, M. E. Live visualization of
chromatin dynamics with fluorescent TALEs. Nat. Struct. Mol. Biol. 20,
1321-1324 (2013).

Cimini, D. et al. Merotelic kinetochore orientation is a major mechanism of
aneuploidy in mitotic mammalian tissue cells. J. Cell Biol. 153, 517-527
(2001).

Thompson, S. L. & Compton, D. A. Examining the link between chromosomal
instability and aneuploidy in human cells. J. Cell Biol. 180, 665-672 (2008).
Lampson, M. A. & Grishchuk, E. L. Mechanisms to avoid and correct
erroneous kinetochore-microtubule attachments. Biology 6, https://doi.org/
10.3390/biology6010001 (2017).

Salmon, E. D., Cimini, D., Cameron, L. A. & DeLuca, J. G. Merotelic
kinetochores in mammalian tissue cells. Philos. Trans. R. Soc. Lond. B Biol. Sci.
360, 553-568 (2005).

Bakhoum, S. F., Genovese, G. & Compton, D. A. Deviant kinetochore
microtubule dynamics underlie chromosomal instability. Curr. Biol. 19,
1937-1942 (2009).

Zhai, Y., Kronebusch, P. J. & Borisy, G. G. Kinetochore microtubule dynamics
and the metaphase-anaphase transition. J. Cell Biol. 131, 721-734 (1995).
Fitzharris, G. A shift from kinesin 5-dependent metaphase spindle function
during preimplantation development in mouse. Development 136, 2111-2119
(2009).

Kline-Smith, S. L., Khodjakov, A., Hergert, P. & Walczak, C. E. Depletion of
centromeric MCAK leads to chromosome congression and segregation defects
due to improper kinetochore attachments. Mol. Biol. Cell 15, 1146-1159
(2004).

Wordeman, L., Wagenbach, M. & von Dassow, G. MCAK facilitates
chromosome movement by promoting kinetochore microtubule turnover. J.
Cell Biol. 179, 869-879 (2007).

Bakhoum, S. F., Thompson, S. L., Manning, A. L. & Compton, D. A. Genome
stability is ensured by temporal control of kinetochore-microtubule dynamics.
Nat. Cell Biol. 11, 27-35 (2009).

Storchova, Z. et al. Genome-wide genetic analysis of polyploidy in yeast.
Nature 443, 541-547 (2006).

Stingele, S. et al. Global analysis of genome, transcriptome and proteome
reveals the response to aneuploidy in human cells. Mol. Syst. Biol. 8, 608
(2012).

Andrews, P. D. et al. Aurora B regulates MCAK at the mitotic centromere.
Dev. Cell 6, 253-268 (2004).

Lan, W. et al. Aurora B phosphorylates centromeric MCAK and regulates its
localization and microtubule depolymerization activity. Curr. Biol. 14,
273-286 (2004).

Zhang, C. Z. et al. Chromothripsis from DNA damage in micronuclei. Nature
522, 179-184 (2015).

Davoli, T. & de Lange, T. The causes and consequences of polyploidy in
normal development and cancer. Annu. Rev. Cell Dev. Biol. 27, 585-610
(2011).

Baudoin, N. C. et al. Asymmetric clustering of centrosomes defines the early
evolution of tetraploid cells. Prepint at https://www.biorxiv.org/content/
10.1101/526731v1, https://doi.org/10.1101/526731 (2019).

Tarkowski, A. K. An air-drying method for chromosome preparations from
mouse eggs. Cytogenetics 5, 394-400 (1966).

FitzHarris, G. Anaphase B precedes anaphase A in the mouse egg. Curr. Biol.
22, 437-444 (2012).

Vazquez-Diez, C. & FitzHarris, G. Correlative live imaging and
immunofluorescence for analysis of chromosome segregation in mouse
preimplantation embryos. Methods Mol. Biol. 1769, 319-335 (2018).

59. Zhang, Q. H. et al. Cyclin A2 modulates kinetochore-microtubule attachment
in meiosis II. J. Cell Biol. 216, 3133-3143 (2017).

60. Cimini, D., Wan, X, Hirel, C. B. & Salmon, E. D. Aurora kinase promotes
turnover of kinetochore microtubules to reduce chromosome segregation
errors. Curr. Biol. 16, 1711-1718 (2006).

61. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. Methods 9, 676-682 (2012).

62. Tinevez, J. Y. et al. TrackMate: an open and extensible platform for single-
particle tracking. Methods 115, 80-90 (2017).

Acknowledgements

Work funded by grants from the Natural Sciences and Engineering Research Council of
Canada, Fondation Jean-Louis Lévesque, Canadian Foundation for Innovation and the
Canadian Institutes of Health Research. LMGP is supported by a Fonds de Recherche du
Québec—Santé Doctoral Scholarship. We thank Gilles Hickson, Jean-Claude Labbé, and
Aleksandar Mihajlovi¢ for comments on the manuscript, Gaudeline Rémillard-Labrosse
and Aurélie Cleret-Buhot for excellent technical support.

Author contributions
LM.G.P. and G.F. conceptualised the study. L.M.G.P. performed the experiments and
analysed the data. LM.G.P. and G.F. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12772-8.

Correspondence and requests for materials should be addressed to G.F.
Reprints and permission information is available at http://www.nature.com/reprints

Peer review Information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
B Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:4834 | https://doi.org/10.1038/s41467-019-12772-8 | www.nature.com/naturecommunications


https://doi.org/10.3390/biology6010001
https://doi.org/10.3390/biology6010001
https://www.biorxiv.org/content/10.1101/526731v1
https://www.biorxiv.org/content/10.1101/526731v1
https://doi.org/10.1101/526731
https://doi.org/10.1038/s41467-019-12772-8
https://doi.org/10.1038/s41467-019-12772-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Tetraploidy causes chromosomal instability in acentriolar mouse embryos
	Results
	Tetraploid mouse embryos are highly chromosomally unstable
	CIN is not attributable to supernumerary centrosomes
	Spindle assembly checkpoint (SAC) is not abrogated by tetraploidy
	Tetraploidy perturbs metaphase chromosome alignment
	Tetraploidy affects kinetochore microtubule establishment

	Discussion
	Methods
	Embryo culture and microinjection
	Drug treatments
	Chromosome spreads
	Cold shock treatment
	Immunofluorescence and live Imaging
	Fluorescence dissipation after photoactivation
	Imaging analysis and statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




