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Abstract:
Chromosome segregaƟ on in mammalian oocytes and embryos is prone to errors, which might 
lead into numerical chromosomal aberraƟ ons or aneuploidy. Such condiƟ ons are linked with 
either terminaƟ on of development or severe mental and developmental disorders, such as Down 
syndrome. Molecular mechanisms responsible for the higher incidence of chromosome segregaƟ on 
errors in oocytes or embryos, in comparison to the somaƟ c cells, are sƟ ll not completely understood. 
However, it seems that the acentrosomal spindle assembly, locaƟ on of chiasmata on chromosome 
arms, reducƟ on of cohesin related to maternal age, failure of protecƟ on of centromeric cohesion 
and limited funcƟ onality of spindle assembly checkpoint might all contribute to the high incidence 
of aneuploidy. And also let’s not forget other remarkable diff erences between oocytes and almost 
any other cell in the body. First is their very special live cycle, oocytes are someƟ mes decades old 
when engaging into reproducƟ on. Then there is also their enormously large volume in comparison 
to other cells in the body. And both prolonged maternal age and large cellular volume were shown 
to be aff ecƟ ng the aneuploidy as well. We might conclude that several mechanisms, which might, 
together or separately, cause chromosome segregaƟ on errors and contribute to the frequent failure 
of embryonic development, were idenƟ fi ed so far. And the objecƟ ve for our future studies should 
be to focus more closely on those, which are more important and perhaps also on possibiliƟ es how 
to prevent such condiƟ ons and preserve healthy gametes and embryos.

Abstrakt:
Dělení chromozomů v savčích oocytech a embryích je náchylné k chybám, které mohou vést 
k numerickým chromozomálním aberacím nebo též aneuploidii. Tyto stavy jsou často spojovány 
s předčasným ukončením vývoje nebo s těžkými mentálními a vývojovými poruchami, jako je například 
Downův syndrom. Molekulární mechanismy, odpovědné za vyšší výskyt aneuploidií v oocytech 
a embryích, ve srovnání se somaƟ ckými buňkami nejsou dosud úplně probádány. Nicméně se zdá, že 
sestavování dělícího vřeténka bez centrozomů, pozice chiazmat na ramenech chromozomů, redukce 
kohezínu v závislosƟ  na věku matky, selhání ochrany centromerického kohezínu a nedostatečná 
funkce kontrolního bodu sestavení dělícího vřeténka mohou přispívat k vyšší aneuploidii u těchto 
buněk. A nezapomínejme také na dva další významné rozdíly mezi oocyty a téměř všemi ostatními 
somaƟ ckými buňkami. Jejich specializovaný životní cyklus způsobuje že někdy jsou tyto buňky staré 
desítky let v okamžiku, když vstupují do reprodukce. Pak také jejich enormní velikost ve srovnání 
s ostatními buňkami. A obě tyto vlastnosƟ , kterými se liší od ostatních buněk, hrají roli při vzniku 
aneuploidie. Můžeme konstatovat, že doposud bylo idenƟ fi kováno několik mechanismů, které 
mohou společně nebo každý zvlášť, přispět ke vzniku aneuploidie. A úkolem dalších studií bude 
zaměřit se na ty nejdůležitější z nich a také na možnosƟ , jak těmto poruchám předcházet a zachovat 
zdravé gamety a embrya.
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CONTROL OF CHROMOSOME SEGREGATION IN MAMMALIAN FEMALE MEIOSIS

ABSTRACT:

1. A brief overview of life cycle of mammalian oocyte

Oocytes are highly diff erenƟ ated and specialized cells and notably the largest cells in a body 
by their volume. Together with sperm, which is on the opposite side of the size spectra, being 
one of the smallest cells in the body, they fuse during ferƟ lizaƟ on in order to create a geneƟ cally 
unique individual. Primordial germ cells appear relaƟ vely early during embryogenesis and aŌ er 
series of mitoƟ c divisions they give rise to oogonia, which undergo premeioƟ c S phase. During 
S phase chromosomes are replicated and simultaneously protein complex called cohesin, which 
holds together sister chromaƟ ds unƟ l their separaƟ on in anaphase, is loaded on the chromosomes 
(Nasmyth and Haering, 2009). Cohesin complex in mammalian meiosis contains several subunits, 
which are not present in mitosis, namely kleisins Rec8 and Rad21L, SMC1 and SA3 (Ishiguro, 2019). 
This demonstrates that premeioƟ c S phase is unique and the germ cells are already commiƩ ed 
to the reducƟ onal division during this stage. AŌ er compleƟ on of chromosome replicaƟ on, cells 
undergo a unique chain of events focused on recogniƟ on and pairing of homologous chromosomes 
and formaƟ on of chiasmata facilitaƟ ng exchange of geneƟ c material between homologs (Gray 
and Cohen, 2016). The processes taking place during leptotene, zygotene and pachytene stages of 
prophase I are extremely complex and not yet fully understood. They are however essenƟ al and 
serve many important funcƟ ons, such as maintaining geneƟ c variability or providing barrier against 
hybridizaƟ on of geneƟ cally diverse individuals during speciaƟ on. Our laboratory parƟ cipated on a 
study leading into elucidaƟ on of a molecular mechanism behind postzygoƟ c sterility of interspecifi c 
hybrids (BhaƩ acharyya et al., 2013). The study revealed that the asynapsis of homologous 
chromosomes, consequently leading into pachytene arrest and sterility, is caused by an incomplete 
pairing of heterospecifi c homologous chromosomes. The correct formaƟ on of bivalents plays 
therefore also an important role in controlling speciaƟ on. In the diplotene stage of prophase I, the 
progression of meiosis is arrested and the oocytes remain in this stage unƟ l puberty, aŌ er which the 
oocytes with follicular cells are being periodically sƟ mulated by FSH/LH hormonal waves to resume 
meiosis (Channing et al., 1978). It is crucial to keep in mind that oocytes in mammals are unable to 
iniƟ ate meiosis aŌ er birth. Although it was repeatedly challenged, the provided arguments were 
unconvincing and this theory is sƟ ll widely accepted (Johnson et al., 2004). Inevitable consequence 
for long-living mammals, such as human, is that the prolonged meioƟ c arrest, which in some species 
lasts for decades, leads into increased frequency of chromosome segregaƟ on errors and aneuploidy 
in eggs (Hassold and Hunt, 2001).

2. Aneuploidy is a leading cause of terminaƟ on of early development

The goal of chromosome division in mitosis, as well as in meiosis, is to achieve equal distribuƟ on 
of chromosomes between daughter cells. In case of chromosome segregaƟ on errors leading into 
unequal chromosome distribuƟ on, the resulƟ ng cells do not possess a complete set of chromosomes. 
Such situaƟ on is called aneuploidy and it has usually severe consequences (Santaguida and Amon, 
2015; Naylor and van Deursen, 2016; Chunduri and Storchová, 2019). It needs to be menƟ oned 
there are Ɵ ssues and organs in our bodies, such as liver or developing brain, which contain aneuploid 
cells physiologically (Rehen et al., 2005; Yurov et al., 2007; Duncan, 2013). However, from the long-
term perspecƟ ve, aneuploidy has deleterious eff ects mainly caused by an imbalance of the gene 
expression and is oŌ en associated with various pathological condiƟ ons, such as cancer and aging. 
Aneuploidy in mammalian germ cells is far more frequent then in somaƟ c cells and it represents the 
most frequent single cause of the terminaƟ on of development with incidence 2%, 20%, 20% and 
35% in sperm, oocytes, embryonic blastomeres and spontaneous aborƟ ons respecƟ vely (Hassold 
and Hunt, 2001; Nagaoka et al., 2012). There are studies showing the incidence of aneuploidy in 
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human embryos is as high as 73% (van Echten-Arends et al., 2011). Aneuploidy can arise either 
during meiosis in germ cells or during mitosis in embryos. In case the aneuploidy was inherited 
from the germ cells all blastomeres in the embryo are aff ected and the development is terminated 
early, with excepƟ on of allosomes and trisomies (presence of extra chromosomal copy) of specifi c 
autosomes. Trisomies of chromosomes 13, 18 and 21, known as Patau, Edwards and Down syndrome 
respecƟ vely and aneuploidy of sex chromosomes (Lee and Kiessling, 2017) are compaƟ ble with 
embryonic development. The incidence of all three autosomal trisomies in human oocytes increases 
with maternal age, with trisomy of chromosome 13 being elevated in late twenƟ es and 18 and 21 
in thirƟ es (Nagaoka et al., 2012). Similar paƩ ern of increasing incidence of aneuploidy in correlaƟ on 
with maternal age was observed also in mouse (Pan et al., 2008). In our laboratory, we were 
interested whether there is any strain-specifi c variability of aneuploidy in meiosis II mouse oocytes. 
In order to analyse this we selected three frequently used mouse laboratory strains, namely inbred 
strains C57BL/6 and C3H/HeJ and outbred CD-1 strain and scored their aneuploidy in meiosis II 
eggs aŌ er in vitro maturaƟ on (Danylevska et al., 2014) and [A1]. Our experiments revealed that the 
overall aneuploidy among these strains was similar, 2.97% 3.06 % and 3.68 % in C57BL/6, CD1 and 
C3H/HeJ mice respecƟ vely [A1, Figure 2B and C]. However, scoring prematurely separated sister 
chromaƟ ds (PSSC) in metaphase II arrested eggs revealed that all three mouse strains had diff erent 
frequency of PSSC with the highest frequency 18,97 % in C3H/HeJ, 11,57 % in CD-1 and 3,72 % 
in C57BL/6 [A1, Figure 3A and B]. Since the chances for separated sister chromaƟ ds to segregate 
properly during anaphase are very low, the precociously separated sister chromaƟ ds represent a 
precondiƟ on for aneuploidy aŌ er ferƟ lizaƟ on. Our results demonstrated clearly that the incidence 
of PSSC in mouse is aff ected by geneƟ c background. It is known that various mouse strains show 
variability in essenƟ al processes linked to cell cycle progression and chromosome segregaƟ on, for 
example in the level of cyclin B synthesis (Polanski et al., 1998). We have no informaƟ on about 
molecular mechanisms leading into premature loss of cohesion between sister chromaƟ ds more 
frequently in one strain or another, but we suspect that strain–specifi c levels of cohesins or factors 
involved in protecƟ on of cohesion, such as Sgo2, might play a role in this phenomenon.

For many applicaƟ ons in research, human reproducƟ on and applicaƟ ons in biotechnology of 
farm animals, it is necessary to culture mammalian oocytes in vitro, someƟ mes for prolonged Ɵ me 
period. We were interested whether in vitro culture condiƟ ons have an eff ect on frequency of 
chromosome segregaƟ on errors and aneuploidy in oocytes. In our study we focused on the eff ect 
of subopƟ mal temperature on the frequency of chromosome segregaƟ on errors in mouse oocytes 
during their in vitro maturaƟ on (Danadova et al., 2016) and [A2]. Our iniƟ al experiments showed 
that the duraƟ on of meiosis I and the Ɵ ming of anaphase entry were both signifi cantly aff ected by 
the culture temperature [A2, Figure 1 and 2]. IncubaƟ ng oocytes in temperature only 1.5°C lower 
than the opƟ mal culture temperature showed already detectable defects, and the 3°C diff erence 
caused signifi cant increase in misaligned chromosomes and aneuploidy [A2, Figure 4 and 5]. This 
illustrates clearly how cell division, parƟ cularly in oocytes, is extremely sensiƟ ve to the outside 
condiƟ ons, and that any disturbances of this process might lead into chromosome segregaƟ on 
errors.

On the contrary, it seems that not all mammals are suff ering from the maternal age-related 
aneuploidy. We studied the incidence of this phenomenon in pigs (Hornak et al., 2011) and [A3]. In 
contrast to mouse oocytes, in which for scoring aneuploidy we use a procedure originally developed 
by Francesca Duncan (Duncan et al., 2009), involving disrupƟ on of meioƟ c spindle and 3D scanning 
of the whole cell volume, for porcine oocytes we had to develop an assay based on comparaƟ ve 
genomic hybridizaƟ on (CGH) [A3 Figure 1]. This allowed us to score chromosomes in non-transparent 
porcine oocytes. Using this protocol, we scored the number of chromosomes in metaphase II eggs 
and also in the corresponding polar bodies as the controls. Oocytes were obtained from pigs of 
various age categories. Our results surprisingly showed that the frequency of aneuploidy in young 
animals was quite high, around 10 – 12% in comparison to the human or mouse oocytes, in which 
the aneuploidy is under 5% in young individuals. However, this frequency of aneuploidy remained 
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similar and showed no increase with maternal age in our experiments, for up to 10 years of age 
[A3 Table 2]. This demonstrated that the maternal age related aneuploidy might be aff ecƟ ng some 
species more then others and therefore it would be interesƟ ng to study other species and their 
ability to cope with the aging of the germ cells.  

3. The control of chromosome segregaƟ on during meiosis

The meiosis, as well as mitosis, is completed by segregaƟ on of chromosomes and cell division 
(Alberts, 2017). There are however fundamental diff erences in how this goal is achieved between 
mitosis and meiosis. In mitosis, following dissoluƟ on of the nuclear membrane a bipolar spindle 
assembles and kinetochores of all chromosomes are aƩ ached in such manner that the sister 
kinetochores are aƩ ached to the opposite poles. Then the connecƟ on between sister chromaƟ ds 
is abolished allowing equal segregaƟ on of chromosomes to the daughter cells. Main goal of 
meiosis, besides increasing geneƟ c variability by exchange of geneƟ c material between arms of 
the homologous chromosomes, is to prepare cells that fuse during ferƟ lizaƟ on, which means that 
they have to reduce their number of chromosomes to haploid. In order to achieve this, in meiosis 
there are two consecuƟ ve divisions with supressed DNA replicaƟ on in between, which inevitably 
leads into reducƟ on of chromosome number. Also, the confi guraƟ on of the chromosomes in cells 
entering division diff ers between meiosis and mitosis. Mammals are diploid and changes in ploidy 
have usually fatal consequences (OƩ o, 2007). The cells in both divisions are therefore diploid and 
replicate their chromosomes during preceding S phase, reaching four copies of each autosome. 
During mitosis, cohesin holding sister chromaƟ ds together is removed by two-step mechanism. 
The fi rst from the chromosome arms during prophase (see below the prophase pathway) and the 
second from the centromeres during anaphase by proteolysis. In germs cells however, paternal 
and maternal chromosomes, each consisƟ ng of two sister chromaƟ ds, form bivalents or tetrads 
connected via chiasmata and aŌ er their resoluƟ on by the cohesin complex located distally to the 
chiasmata (Petronczki et al., 2003). Homologous chromosomes are segregated during the fi rst 
meioƟ c division and the cohesin on chromosome arms must therefore survive unƟ l anaphase 
I. SeparaƟ on of the homologous chromosomes is then achieved by removal of this porƟ on of 
cohesin complex, while the cohesin at the kinetochores, holding together sister chromaƟ ds, must 
survive unƟ l meiosis II. This pool of cohesion is protected by PP2A phosphatase, transported to the 
kinetochores by shugoshin protein (Kitajima et al., 2006; Riedel et al., 2006). The cohesion holding 
sister chromaƟ ds around the centromeres is then dissolved during anaphase II. As I menƟ oned 
before, the bulk of cohesin complex from chromosome arms is in vertebrate mitosis removed early 
aŌ er entry in mitosis in a process called prophase pathway (Waizenegger et al., 2000). This pathway 
requires acƟ vity of CDK1, Plk1 and Aurora B kinases and also protein called Wapl and it removes 
bulk of cohesins from chromosome arms without cleavage of any of cohesin subunit (Peters and 
Nishiyama, 2012). In contrast to the prophase pathway, the remaining cohesin is removed during 
anaphase by cohesin cleavage, and the enzyme responsible for cleavage of kleisin subunit of 
cohesin ring upon anaphase entry is called Separase (Uhlmann et al., 1999; Uhlmann et al., 2000; 
Waizenegger et al., 2000; Hauf et al., 2001). It was soon recognized that Separase is also required 
for segregaƟ on of homologous chromosomes in meiosis I (Siomos et al., 2001; Terret et al., 2003). 
However, it was not enƟ rely clear, whether together with Separase cleavage a mechanism similar 
to the prophase pathway is operaƟ ng in mammalian meiosis. In order to resolve this quesƟ on, we 
prepared a mouse line with fl ox sites inserted in both alleles of Separase. The region between fl ox 
sites was then removed by CRE recombinase, and since the Separase is essenƟ al, CRE expression 
was controlled by ZP3 promoter, limiƟ ng the expression of CRE recombinase only to the oocytes 
(Kudo et al., 2006) and [A4]. We fi rst confi rmed that mouse oocytes without Separase are unable 
to extrude the fi rst polar body (A4, Figure 2 and 3). More importantly, our results showed that 
the depleƟ on of Separase prevented removal of cohesin from chromosomes and conversion of 
bivalents into univalents (A4, Figure 4 C and D, Figure 5B). This was conceptually important result 
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demonstraƟ ng that removal of cohesin from chromosome arms during meiosis I in mammalian 
oocytes, which leads into separaƟ on of homologue chromosomes, requires proteolyƟ c cleavage by 
Separase instead of the prophase pathway. The target of Separase cleavage during meiosis in yeast 
is the kleisin cohesin subunit called Rec8 (Klein et al., 1999; Watanabe and Nurse, 1999). In order 
to fi nd out whether Rec8 is also a Separase target in mouse oocytes, we constructed Rec8 with 
mutated Separase cleavage sites and studied the eff ect of overexpression of this version in mouse 
male and female germ cells (Kudo et al., 2009) and [A5, Figure 1]. Our data suggested that the Rec8 
cleavage is indeed essenƟ al for chiasmata resoluƟ on during meiosis I and also there is a diff erence 
between male and female meiosis in terms of Ɵ ming of Rec8 cleavage [A5, Figures 3-9].

As menƟ oned earlier, the cohesin complex is removed from meioƟ c chromosomes in two 
steps, from the arms in meiosis I and from the centromeres during meiosis II. The preservaƟ on of 
cohesin around centromeres during anaphase I requires protecƟ on. This is mediated by proteins 
called shugoshins, which brings trimeric complex of PP2A to the centromeres in order prevent Rec8 
phosphorylaƟ on and Separase cleavage of centromeric cohesion (Marston, 2015). In order to study 
shugoshin – PP2A interacƟ on, we analysed the crystal structure of Sgo1/2 and PP2A (Xu et al., 2009) 
and [A6]. Our experiments revealed the important residues for binding of both molecules. Further, 
we discovered that the Sgo1 diff ers from Sgo2 in more restricƟ ve interacƟ on with PP2A, allowing the 
Sgo2/PP2A to dephosphorylate disƟ ncƟ ve substrates. The results obtained by crystallography and 
molecular modelling were tested in mammalian oocytes and it was demonstrated clearly that the 
interacƟ on between Sgo1 and PP2A is required to protect chromosome cohesion [A6 – Figure 6]. 

4. Spindle assembly control mechanisms in mammalian oocytes

Unlike in somaƟ c cells, in which the assembly of the spindle is iniƟ ated from centrosomes, in 
animal oocytes the spindle is assembled from Microtubule Organising Centres (MTOCs) and controlled 
by the chromosomes themselves (Dumont and Desai, 2012; CliŌ  and Schuh, 2013; Bennabi et al., 
2016; Severson et al., 2016; Gruss, 2018). In mouse embryos, the transiƟ on from the MTOC based 
to the centrosome based spindle assembly is completed around blastocyst stage (Courtois et al., 
2012). Whereas in human embryos the centrosome is inherited from the sperm and the fi rst mitosis 
is already centrosomal (Sathananthan et al., 1991), although all details about how the centrosome 
is duplicated or quadruplicated in the zygote are not available yet (Fishman et al., 2018). In mouse 
oocytes, the spindle is assembled in the vicinity of the condensed meioƟ c chromosomes (Schuh and 
Ellenberg, 2007; Bennabi et al., 2018) and the stabilizaƟ on of the bipolar spindle structure involves 
several rounds of MTOC sorƟ ng and fragmentaƟ on (CliŌ  and Schuh, 2015). There are also studies 
indicaƟ ng that an exposure to in vitro condiƟ ons might change certain properƟ es of the spindle 
itself. It is known for a relaƟ vely long Ɵ me that the morphology of the spindles of in vitro and in vivo 
maturing oocytes is slightly diff erent (Sanfi ns et al., 2003; Ibáñez et al., 2005; BarreƩ  and AlberƟ ni, 
2007). In order to study diff erences between in vivo and in vitro oocytes, we focused on spindle 
bipolarizaƟ on and maintenance of bipolar spindle (Kovacovicova et al., 2016) and [A7]. Our study 
was inspired by an eff ect of drug called monastrol, which is an inhibitor of molecule called Eg5 or 
Kif11, and shows diff erent eff ect on in vivo and in vitro oocytes [A7, Figure 1]. Contrary to our fi rst 
assumpƟ on, those in vitro oocytes, which were more sensiƟ ve to the Eg5 inhibitor, had signifi cantly 
more Eg5 localized on the spindle [A7, Figure 2]. Our key experiment revealed that the sensiƟ vity to 
Eg5 inhibitor could be induced also in the oocytes matured in vivo by forcing them to rebuild their 
spindles in vitro by nocodazole. As this procedure takes only several minutes, it is likely that the 
diff erences in Eg5 spindle localizaƟ on and increased sensiƟ vity to Eg5 inhibitor between oocytes 
matured in culture does not require gene expression. It is therefore clear the spindles built outside 
of the ovary use diff erent repertoire of molecules to maintain spindle bipolarity then cells in the 
ovary. Given the redundancy of kinesins and their acƟ viƟ es (Hancock, 2014) the in vitro and the in 
vivo spindles might be funcƟ onally similar, although fi ne diff erences might be idenƟ fi ed by future 
studies.
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The assembly of the meioƟ c spindle (or perhaps also mitoƟ c spindle) is somehow connected to 
the molecular machinery involved in DNA replicaƟ on. This connecƟ on is not clear, but it was shown 
for example that the ORC1 protein, which is essenƟ al for assembly of prereplicaƟ on complexes on 
DNA, is also involved in control of centriole or centrosome copy number (Hemerly et al., 2009). 
It was also shown that another protein, which is required for DNA replicaƟ on and which is called 
CDC6, controls repression of DNA replicaƟ on between meiosis I and meiosis II (Lemaître et al., 
2002; Whitmire et al., 2002). Specifi cally, the absence of CDC6 is presumably important to prevent 
DNA replicaƟ on. This was interesƟ ng and therefore we aimed to analyse whether CDC6 has similar 
funcƟ on also in mammalian oocytes (Anger et al., 2005) and [A8]. We overexpressed or knocked 
down the CDC6 in mouse oocytes and somewhat surprisingly our experiments revealed that this 
molecule is required for the spindle assembly in oocytes. Most importantly, the RNAi knockdown 
of CDC6 in oocytes prevented normal chromosome condensaƟ on and spindle assembly and 
caused arrest in meiosis I [A8, Figure 4 and 5]. Our fi nding was later confi rmed in Xenopus oocytes 
(Narasimhachar et al., 2012). Moreover, recently it was shown in somaƟ c cells that DNA replicaƟ on 
controls the Ɵ ming of mitosis by regulaƟ ng the acƟ vity of mitoƟ c kinases CDK1 and Plk1 (Lemmens 
et al., 2018). All above demonstrates that the DNA replicaƟ on, spindle assembly and chromosome 
segregaƟ on, are linked together and controlled via shared signalling cascades.

Mammalian oocytes are dividing asymmetrically during both meioƟ c divisions, giving rise to a 
large cell, which will be eventually ferƟ lized and to two signifi cantly smaller polar bodies, which are 
extruded aŌ er each division (Figure 1A). During meiosis I, the spindle in mouse oocyte is assembled 
in the centre and then it moves to the cortex, where it remains also during the second meioƟ c 
division. The movement to the cortex is required for the asymmetric division of mouse oocyte, in 
contrast to the division of the zygote, in which the spindle is posiƟ oned centrally (Almonacid et al., 
2014; Chaigne et al., 2017; Mogessie et al., 2018) and (Figure 1B). Faithful chromosome segregaƟ on, 
as well as asymmetric posiƟ on of the spindle in cells such as oocytes, requires proper control over 
the length of the spindle (Dumont et al., 2007; Choi and McCollum, 2012). If the spindle length 
is greater than certain opƟ mal length, it might represent a problem for the polar body extrusion 
(Figure 2A). 

FIGURE 1

A
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Figure 1: The asymmetric division of mouse oocyte versus symmetric division of zygote
(A):  The illustraƟ ve image of mouse oocyte during resumpƟ on of meiosis (leŌ  panel) and arrested in 

metaphase II (right panel). Oocyte was microinjected with cRNAs encoding beta tubulin fused 
to EGFP and histone H2B fused to mCherry.

(B):  The diff erence between posiƟ on of the spindle in oocyte meiosis I (leŌ  panel) and the mitosis 
(right panel). Cells were microinjected with cRNAs encoding beta tubulin fused to EGFP and 
histone H2B fused to mCherry, frames from the Ɵ me-lapse experiments are shown.

In comparison to the mouse oocyte, the spindle in bovine oocyte is signifi cantly smaller (Figure 2B) 
demonstraƟ ng that in contrast to the larger spindle size, the smaller size of the spindle does not 
represent a problem for the asymmetric division. 

FIGURE 2

A
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Figure 2: Spindle length in oocytes is regulated and varies between species
(A):  Examples of cells with a physiological length of the meioƟ c spindle (top panel) and the elongated 

spindle, which does not support oocyte division (lower panel). Cells were microinjected with 
cRNAs encoding beta tubulin fused to EGFP and histone H2B fused to mCherry, frames from the 
Ɵ me-lapse experiments are shown, the duraƟ on of the experiment was the same for both cells.

(B):  Comparison of spindle length in mouse and bovine oocyte. The spindle and the chromosomes 
are visualized either by microinjecƟ on of tagged versions of beta tubulin and histone H2B 
encoding cRNAs (mouse oocyte) or by primary anƟ body recognizing acetylated tubulin and 
DAPI (bovine oocyte). 

The spindle in oocytes, and also in embryos during iniƟ al cleavage cycles, is not stretched throughout 
the enƟ re cell volume (Courtois et al., 2012; Yamagata and FitzHarris, 2013) and Figure 1B. This 
changes later during development, when the spindle size is more closely adjusted to the cell size. 
It was shown that large cells, such as Xenopus eggs, have the upper limit to the spindle size (Wühr 
et al., 2008). We were interested to fi nd how the size of the spindle is regulated in mouse oocytes 
and embryos. As a model system we used blastomeres of mouse 2 cell embryos and we aimed to 
elucidate whether the spindle length is limited also in mammals (Novakova et al., 2016) and [A8]. 
Using cell to cell fusion we discovered that by enlarging cell volume up to three Ɵ mes, the spindle 
size is sƟ ll changing accordingly and therefore it is very unlikely that there is a limit to the spindle 
length in mammalian early embryos [A8, Figure 1]. Our subsequent experiments, in which we used 
manipulaƟ on of cell volume, nuclear volume or both, revealed that the length of the spindle is 
aff ected by the proporƟ on between the nuclear and cytoplasmic volume [A8, Figure 2 and 3]. Our 
data could be probably best interpreted using recently published results, which showed that in 
Xenopus oocyte more that 80% of the total proteins are located exclusively either in the nucleus 
or in the cytoplasm (Wühr et al., 2015). Only about 17% of total proteins are distributed evenly 
in both compartments. It is therefore possible that by altering the proporƟ on between nuclear 
and cytoplasmic volumes we shiŌ ed a balance between both groups of proteins, which might have 
further eff ect on mulƟ ple processes in the cell, including the control over the spindle length. 
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5. RegulaƟ on of APC/C acƟ vity in mammalian oocytes

The assembly of the spindle in mitosis is controlled by the acƟ vity of a pathway called Spindle 
Assembly Checkpoint (SAC) (London and Biggins, 2014; Musacchio, 2015; Marston and Wassmann, 
2017). This pathway postpones acƟ vaƟ on of a mulƟ unit protein ligase called Anaphase PromoƟ ng 
Complex (APC/C), unƟ l all kinetochores are aƩ ached to the spindle and the sister kinetochores face 
its opposite poles (Sivakumar and Gorbsky, 2015; Kimata, 2019) (Figure 3A).

Figure 3

A
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Figure 3: The relaƟ onship between SAC and APC/C acƟ vity in mouse meiosis I
(A) SchemaƟ c view of duraƟ on of the acƟ vity of Spindle Assembly Checkpoint (SAC) and Anaphase 

promoƟ ng complex (APC) during mouse meiosis illustraƟ ng that only aŌ er SAC is inacƟ vated, the 
APC acƟ vity increases

(B) The prolonged APC/C acƟ vity during meiosis is illustrated on the expression curve of Securin 
(green), which, upon acƟ vaƟ on of APC/C, is destroyed within 2 – 3 hours (picture adapted from 
McGuinness et al. 2009).

Without this checkpoint, cells are unable to segregate chromosomes correctly and the resulƟ ng 
aneuploidy have severe consequences. There are three main components essenƟ al for the correct 
funcƟ on of SAC. The fi rst is the existence of a cohesion between sister chromaƟ ds, which is holding 
them together from the DNA replicaƟ on in S phase, and which is also opposing to the pulling forces 
of the spindle allowing to create a tension. Then there is the spindle apparatus itself, providing 
a mechanical connecƟ on between the spindle poles and the kinetochores and pulling sister 
kinetochores apart. And fi nally, SAC requires mechanisms capable to detect and correct improper 
connecƟ ons between kinetochores and the spindle microtubules. The spindle assembly is then 
based on establishing microtubule - kinetochore connecƟ ons, which are dynamically dissolved in 
case they are incorrect, and the whole process is not fi nished unƟ l two main condiƟ ons are fulfi lled 
– aƩ achment of all kinetochores to the spindle and the tension between sister kinetochores. We 
have signifi cant knowledge concerning the acƟ vaƟ on of SAC by unaƩ ached kinetochores. On 
the unaƩ ached kinetochores the proteins from Bub (“budding uninhibited by benzimidazole” 
- idenƟ fi ed in geneƟ c screen using budding yeast (Hoyt et al., 1991)) and Mad (“mitoƟ c arrest 
defi cient” idenƟ fi ed in the same model species (Li and Murray, 1991)) families catalyse a formaƟ on 
of a complex called mitoƟ c checkpoint complex (MCC), which is composed of BubR1 (called Mad3 
in some species), Bub3, Mad2 and CDC20 (Hardwick et al., 2000; Faesen et al., 2017). The CDC20, 
which is a coacƟ vator of APC/C during mitosis (Watson et al., 2019), is inhibited by complex with 
BubR1, Bub3 and Mad2, which prevents its binding to APC/C and anaphase entry. However, 
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signifi cantly less clear is how SAC senses a tension between sister kinetochores (Pinsky and Biggins, 
2005; Khodjakov and Pines, 2010; Salmon and Bloom, 2017). The problem is parƟ ally caused by 
interconnecƟ on of SAC ability to sense the improper connecƟ ons, which does not cause suffi  cient 
tension, and correcƟ ng mechanisms, based on the acƟ vity of Aurora B kinase, which are able to 
dissolve such connecƟ ons (Krenn and Musacchio, 2015). Our understanding of how the spindle 
pulling forces on kinetochores are being detected is sƟ ll quite limited and will perhaps require more 
detailed knowledge about the structure of the kinetochore itself. It is however really important that 
we understand this process, since without it, cells are unable to establish bi-orientaƟ on of the sister 
kinetochores.
It was recognized some Ɵ me ago that SAC funcƟ on is essenƟ al also in mammalian oocyte meiosis 
(Brunet et al., 2003; Wassmann et al., 2003; Tsurumi et al., 2004; Homer et al., 2005a; Homer 
et al., 2005b; Niault et al., 2007). However, as most of the studies were done by knockdown or 
overexpression approaches, and the results were someƟ mes not so clear. We targeted Bub1 
protein, which is essenƟ al for the SAC funcƟ on, and prepared oocytes without this protein by 
ZP3/Cre-lox system (McGuinness et al., 2009) and [A10]. Our results showed that targeƟ ng Bub1 
caused premature anaphase onset without congression of chromosomes on the metaphase plate 
[A10, Figure 1 and 2]. And importantly, virtually all oocytes were aneuploid [A10, Figure 2]. To 
address whether SAC is required for postponing APC/C acƟ vity, we developed an assay based on 
overexpression of tagged Securin, which is an APC/C substrate, and which allowed us to analyse the 
APC/C acƟ vity in live cells undergoing meioƟ c divisions [A10, Figure 3 and 4]. These experiments 
clearly showed that the precocious segregaƟ on of homologues was preceded by acƟ vaƟ on of 
APC/C. The results provided therefore a direct evidence that SAC is required to postpone APC/C 
acƟ vity also in oocytes. However, the results also showed that the duraƟ on APC/C acƟ vity in oocytes 
is remarkably longer, about 2-3 hours (Figure 3B), in comparison to the somaƟ c cells, in which the 
destrucƟ on of cyclins and securin takes tens of minutes (HagƟ ng et al., 2002).

Above menƟ oned results from our laboratory, as well as other laboratories, demonstrated 
without doubt, that SAC in oocytes is essenƟ al for postponing APC/C acƟ vity and thus for Ɵ mely 
entry into anaphase. It is less clear however, whether SAC in meiosis poses all the funcƟ ons known 
from somaƟ c cells. For example, it is not uncommon to observe mouse oocytes entering anaphase 
with uncongressed chromosomes (Figure 4A and B). 

FIGURE 4

A
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Figure 3: The impact of congression defects on SAC acƟ vity
(A) The illustraƟ ve image of mouse embryonic blastomere undergoing anaphase with congression 

defect. Oocyte was microinjected with cRNAs encoding beta tubulin fused to EGFP and histone 
H2B fused to mCherry

(B) Simultaneous detecƟ on of posiƟ ons of chromosomes (red), Mad1 signal on the kinetochores 
(yellow) and Securin expression levels (green). (LeŌ ) lagging chromosome is indicated by 
arrowhead in several Ɵ me frames, however the Mad1 signal from such chromosome disappears 
in similar Ɵ me interval as form the other chromosomes (leŌ ). Oocyte was microinjected with 
cRNAs encoding Securin, Histone H2B and Mad1 fused to fl uorescent proteins (preliminary 
results).

Such situaƟ on, as depicted in Figure 3, inevitably leads into chromosome segregaƟ on errors and 
aneuploidy in meiosis II. In fact, the inability of SAC to postpone APC/C in case of congression defects, 
was reported from several laboratories, including our laboratory (Nagaoka et al., 2011; Lane et al., 
2012; Sebestova et al., 2012) and [A11]. In our study we used an excepƟ onal model system based on 
hybrids between two mouse species, namely M. musculus and M. spretus. The hybrids are known 
to be sterile and it was also shown that the aneuploidy rates in oocytes from hybrid females are 
extraordinarily high (Koehler et al., 2006). First goal was to assess whether the hybrid oocytes poses 
intact SAC. For this we used treatment of oocytes with a low level of nocodazole, which does not 
disrupt the spindle, but it challenges the SAC and causes a permanent SAC acƟ vity. This experiment 
surprisingly revealed that the hybrid oocytes pose normal SAC acƟ vity, comparable to control CD1 
oocytes [A11]. Despite this, as well as despite the similar duraƟ on of meiosis I between control 
and hybrid oocytes, they enter anaphase with severely misaligned chromosomes and mulƟ ple 
congression defects [A11, Figure 4 and 6]. Our recent follow-up study showed furthermore that 
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the oocytes from hybrid animals harbour chromosomes with unaƩ ached kinetochores undergoing 
nondisjuncƟ on, during which the whole tetrad is co-segregated. (Sodek et al., 2017) and [A12, Figure 
2 and 3]. And strikingly, such defects merely delayed anaphase onset and polar body extrusion [A12, 
Figure 1]. Our study [A12] provided another evidence, that the SAC in oocytes is not capable of 
prevenƟ ng APC/C acƟ vaƟ on in case of an unaƩ ached or uncongressed kinetochores, although it 
was clearly demonstrated that SAC in somaƟ c cells delays APC/C acƟ vaƟ on, even in case of a single 
unaƩ ached kinetochore (Rieder et al., 1994). 

6. Conclusions and future direcƟ ons

Cell division, which involves segregaƟ on of chromosomes, is a risky aff air. Even in somaƟ c cells 
it comes with a chance of errors, which can be demonstrated by the correlaƟ on between the 
frequency of stem cell divisions in given Ɵ ssue and an incidence of cancer in this Ɵ ssue (Tomaseƫ   
and Vogelstein, 2015). The incidence of chromosome segregaƟ on errors in mammalian oocytes 
and embryos is signifi cantly higher with aneuploidy being the leading cause of terminaƟ on 
of development, mental or developmental disorders (Hassold and Hunt, 2001). It is my opinion 
that in order to gain insight why mammalian oocytes and embryos are so prone to chromosome 
segregaƟ on errors, we need to focus on diff erences between somaƟ c cells and germs cells in the 
molecular mechanisms controlling chromosome segregaƟ on. One obvious diff erence being the cell 
size, both oocytes and early embryonic blastomeres are one of the largest cells in the body in terms 
of their cell volume. Regarding this, it was recently shown that the large amount of cytoplasm might 
be responsible for the lower fi delity of SAC in C. elegans early embryonic blastomeres (Galli and 
Morgan, 2016). The idea is that the strength of SAC is dependent on the number of kinetochores, 
whereas the APC/C machinery is determined by the cell volume. While cell volume changes, the 
number of kinetochores is constant for the species, and therefore SAC become weaker in larger 
cells. AƩ empts to verify the relaƟ onship between the strength of SAC and the cell volume in mouse 
oocytes gave inconclusive results (Kyogoku and Kitajima, 2017) (Lane and Jones, 2017) and therefore 
it seems we need more experiments in order to fully understand this phenomenon. 

Another striking diff erence between the somaƟ c cells and the germ cells and embryos, is in the 
regulaƟ on of the gene expression, namely the regulatory role of transcripƟ on and translaƟ on. In 
fully-grown oocytes the transcripƟ on is repressed (De La Fuente and Eppig, 2001) and resumes 
again during the acƟ vaƟ on of the zygoƟ c genome (ZGA) (Schulz and Harrison, 2018). This means 
the regulaƟ on of several consecuƟ ve cell cycles is accomplished without transcripƟ on. According to 
our knowledge, the transcripƟ on plays an essenƟ al role in the cell cycle control in mitosis (Simmons 
Kovacs et al., 2008; Bertoli et al., 2013). In mammalian oocytes and early embryos, the absence of 
a regulatory role of transcripƟ on is fulfi lled by regulated translaƟ on (Susor et al., 2016). In case of 
certain molecules, this mechanism was extensively studied. We know for example that the mRNA 
encoding cyclin B is specifi cally recruited for translaƟ on, thanks to a specifi c sequence in its 3’UTR, 
and this process takes place during the iniƟ aƟ on of meiosis I (Yang et al., 2017). Another example 
is a molecule called Incenp, which is a member of Chromosome Passenger Complex regulaƟ ng 
acƟ vity of Aurora B kinase (Leblond et al., 2012). However, since ubiquiƟ naƟ on is an essenƟ al part 
of regulaƟ on of the transiƟ on between cell cycle stages, it sƟ ll remains a mystery how oocytes and 
early embryonic blastomeres compensate for the loss of many proteins during each cell cycle, when 
the transcripƟ on is being repressed. And our aim is to explore, whether the fi delity of SAC in oocytes 
and embryos is not aff ected by the absence of transcripƟ on. In fact, it is not even clear yet, whether 
the chromosome segregaƟ on control mechanisms, known from somaƟ c cells, are even operaƟ onal 
during the iniƟ al cleavage cycles of the embryo (Radonova et al., 2019).



17

REFERENCES:

ALBERTS B (2017). Molecular Biology of the Cell. 
ALMONACID M, TERRET M É, and VERLHAC M H (2014). AcƟ n-based spindle posiƟ oning: new insights from 

female gametes. J Cell Sci 127: 477-483.
ANGER M, STEIN P, and SCHULTZ R M (2005). CDC6 requirement for spindle formaƟ on during maturaƟ on 

of mouse oocytes. Biol Reprod 72: 188-194.
BARRETT S L, and ALBERTINI D F (2007). AllocaƟ on of gamma-tubulin between oocyte cortex and meioƟ c 

spindle infl uences asymmetric cytokinesis in the mouse oocyte. Biol Reprod 76: 949-957.
BENNABI I, QUÉGUINER I, KOLANO A, BOUDIER T, MAILLY P, VERLHAC M H, and TERRET M E (2018). ShiŌ ing 

meioƟ c to mitoƟ c spindle assembly in oocytes disrupts chromosome alignment. EMBO Rep 
BENNABI I, TERRET M E, and VERLHAC M H (2016). MeioƟ c spindle assembly and chromosome segregaƟ on 

in oocytes. J Cell Biol 
BERTOLI C, SKOTHEIM J M, and DE BRUIN R A (2013). Control of cell cycle transcripƟ on during G1 and S 

phases. Nat Rev Mol Cell Biol 14: 518-528.
BHATTACHARYYA T, GREGOROVA S, MIHOLA O, ANGER M, SEBESTOVA J, DENNY P, SIMECEK P, and FOREJT 

J (2013). MechanisƟ c basis of inferƟ lity of mouse intersubspecifi c hybrids. Proc Natl Acad Sci U S A 
110: E468-77.

BRUNET S, PAHLAVAN G, TAYLOR S, and MARO B (2003). FuncƟ onality of the spindle checkpoint during the 
fi rst meioƟ c division of mammalian oocytes. ReproducƟ on 126: 443-450.

CHAIGNE A, TERRET M E, and VERLHAC M H (2017). Asymmetries and Symmetries in the Mouse Oocyte 
and Zygote. Results Probl Cell Diff er 61: 285-299.

CHANNING C P, HILLENSJO T, and SCHAERF F W (1978). Hormonal control of oocyte meiosis, ovulaƟ on and 
luteinizaƟ on in mammals. Clin Endocrinol Metab 7: 601-624.

CHOI S H, and MCCOLLUM D (2012). A role for metaphase spindle elongaƟ on forces in correcƟ on of 
merotelic kinetochore aƩ achments. Curr Biol 22: 225-230.

CHUNDURI N K, and STORCHOVÁ Z (2019). The diverse consequences of aneuploidy. Nat Cell Biol 21: 
54–62.

CLIFT D, and SCHUH M (2013). RestarƟ ng life: ferƟ lizaƟ on and the transiƟ on from meiosis to mitosis. Nat 
Rev Mol Cell Biol 14: 549-562.

CLIFT D, and SCHUH M (2015). A three-step MTOC fragmentaƟ on mechanism facilitates bipolar spindle 
assembly in mouse oocytes. Nat Commun 6: 7217.

COURTOIS A, SCHUH M, ELLENBERG J, and HIIRAGI T (2012). The transiƟ on from meioƟ c to mitoƟ c spindle 
assembly is gradual during early mammalian development. J Cell Biol 198: 357-370.

DANADOVA J, MATIJESCUKOVA N, DANYLEVSKA A M, and ANGER M (2016). Increased frequency of 
chromosome congression defects and aneuploidy in mouse oocytes cultured at lower temperature. 
Reprod FerƟ l Dev 

DANYLEVSKA A, KOVACOVICOVA K, AWADOVA T, and ANGER M (2014). The frequency of precocious 
segregaƟ on of sister chromaƟ ds in mouse female meiosis I is aff ected by geneƟ c background. 
Chromosome Res 22: 365-373.

DE LA FUENTE R, and EPPIG J J (2001). TranscripƟ onal acƟ vity of the mouse oocyte genome: companion 
granulosa cells modulate transcripƟ on and chromaƟ n remodeling. Dev Biol 229: 224-236.

DUMONT J, and DESAI A (2012). Acentrosomal spindle assembly and chromosome segregaƟ on during 
oocyte meiosis. Trends Cell Biol 22: 241-249.

DUMONT J, PETRI S, PELLEGRIN F, TERRET M E, BOHNSACK M T, RASSINIER P, GEORGET V, KALAB P, GRUSS 
O J, and VERLHAC M H (2007). A centriole- and RanGTP-independent spindle assembly pathway in 
meiosis I of vertebrate oocytes. J Cell Biol 176: 295-305.

DUNCAN A W (2013). Aneuploidy, polyploidy and ploidy reversal in the liver. Semin Cell Dev Biol 24: 347–
356.



18

DUNCAN F E, CHIANG T, SCHULTZ R M, and LAMPSON M A (2009). Evidence that a defecƟ ve spindle 
assembly checkpoint is not the primary cause of maternal age-associated aneuploidy in mouse 
eggs. Biol Reprod 81: 768-776.

FAESEN A C, THANASOULA M, MAFFINI S, BREIT C, MÜLLER F, VAN GERWEN S, BANGE T, and MUSACCHIO 
A (2017). Basis of catalyƟ c assembly of the mitoƟ c checkpoint complex. Nature 

FISHMAN E L, JO K, NGUYEN Q P H, KONG D, ROYFMAN R, CEKIC A R, KHANAL S, MILLER A L, SIMERLY 
C, SCHATTEN G, LONCAREK J, MENNELLA V, and AVIDOR-REISS T (2018). A novel atypical sperm 
centriole is funcƟ onal during human ferƟ lizaƟ on. Nat Commun 9: 2210.

GALLI M, and MORGAN D O (2016). Cell Size Determines the Strength of the Spindle Assembly Checkpoint 
during Embryonic Development. Dev Cell 36: 344-352.

GRAY S, and COHEN P E (2016). Control of MeioƟ c Crossovers: From Double-Strand Break FormaƟ on to 
DesignaƟ on. Annu Rev Genet 50: 175-210.

GRUSS O J (2018). Animal Female Meiosis: The Challenges of EliminaƟ ng Centrosomes. Cells 7: 
HANCOCK W O (2014). MitoƟ c kinesins: a reason to delve into kinesin-12. Curr Biol 24: R968-70.
HARDWICK K G, JOHNSTON R C, SMITH D L, and MURRAY A W (2000). MAD3 encodes a novel component 

of the spindle checkpoint which interacts with Bub3p, Cdc20p, and Mad2p. J Cell Biol 148: 871-882.
HASSOLD T, and HUNT P (2001). To err (meioƟ cally) is human: the genesis of human aneuploidy. Nat Rev 

Genet 2: 280-291.
HAUF S, WAIZENEGGER I C, and PETERS J M (2001). Cohesin cleavage by separase required for anaphase 

and cytokinesis in human cells. Science 293: 1320-1323.
HAGTING A, DEN ELZEN N, VODERMAIER H C, WAIZENEGGER I C, PETERS J M, and PINES J (2002). Human 

securin proteolysis is controlled by the spindle checkpoint and reveals when the APC/C switches 
from acƟ vaƟ on by Cdc20 to Cdh1. J Cell Biol 157: 1125-1137.

HEMERLY A S, PRASANTH S G, SIDDIQUI K, and STILLMAN B (2009). Orc1 controls centriole and centrosome 
copy number in human cells. Science 323: 789-793.

HOMER H A, MCDOUGALL A, LEVASSEUR M, MURDOCH A P, and HERBERT M (2005a). Mad2 is required for 
inhibiƟ ng securin and cyclin B degradaƟ on following spindle depolymerisaƟ on in meiosis I mouse 
oocytes. ReproducƟ on 130: 829-843.

HOMER H A, MCDOUGALL A, LEVASSEUR M, YALLOP K, MURDOCH A P, and HERBERT M (2005b). Mad2 
prevents aneuploidy and premature proteolysis of cyclin B and securin during meiosis I in mouse 
oocytes. Genes Dev 19: 202-207.

HORNAK M, JESETA M, MUSILOVA P, PAVLOK A, KUBELKA M, MOTLIK J, RUBES J, and ANGER M (2011). 
Frequency of aneuploidy related to age in porcine oocytes. PLoS One 6: e18892.

HOYT M A, TOTIS L, and ROBERTS B T (1991). S. cerevisiae genes required for cell cycle arrest in response 
to loss of microtubule funcƟ on. Cell 66: 507-517.

IBÁÑEZ E, SANFINS A, COMBELLES C M, OVERSTRÖM E W, and ALBERTINI D F (2005). GeneƟ c strain 
variaƟ ons in the metaphase-II phenotype of mouse oocytes matured in vivo or in vitro. ReproducƟ on 
130: 845-855.

ISHIGURO K I (2019). The cohesin complex in mammalian meiosis. Genes Cells 24: 6-30.
JOHNSON J, CANNING J, KANEKO T, PRU J K, and TILLY J L (2004). Germline stem cells and follicular renewal 

in the postnatal mammalian ovary. Nature 428: 145-150.
KHODJAKOV A, and PINES J (2010). Centromere tension: a divisive issue. Nat Cell Biol 12: 919-923.
KIMATA Y (2019). APC/C UbiquiƟ n Ligase: Coupling Cellular Diff erenƟ aƟ on to G1/G0 Phase in MulƟ cellular 

Systems. Trends Cell Biol 
KITAJIMA T S, SAKUNO T, ISHIGURO K, IEMURA S, NATSUME T, KAWASHIMA S A, and WATANABE Y (2006). 

Shugoshin collaborates with protein phosphatase 2A to protect cohesin. Nature 441: 46-52.
KLEIN F, MAHR P, GALOVA M, BUONOMO S B, MICHAELIS C, NAIRZ K, and NASMYTH K (1999). A central 

role for cohesins in sister chromaƟ d cohesion, formaƟ on of axial elements, and recombinaƟ on 
during yeast meiosis. Cell 98: 91-103.



19

KOEHLER K E, SCHRUMP S E, CHERRY J P, HASSOLD T J, and HUNT P A (2006). Near-human aneuploidy 
levels in female mice with homeologous chromosomes. Curr Biol 16: R579-80.

KOVACOVICOVA K, AWADOVA T, MIKEL P, and ANGER M (2016). In Vitro MaturaƟ on of Mouse Oocytes 
Increases the Level of Kif11/Eg5 on Meiosis II Spindles. Biol Reprod 

KRENN V, and MUSACCHIO A (2015). The Aurora B Kinase in Chromosome Bi-OrientaƟ on and Spindle 
Checkpoint Signaling. Front Oncol 5: 225.

KUDO N R, ANGER M, PETERS A H, STEMMANN O, THEUSSL H C, HELMHART W, KUDO H, HEYTING C, and 
NASMYTH K (2009). Role of cleavage by separase of the Rec8 kleisin subunit of cohesin during 
mammalian meiosis I. J Cell Sci 122: 2686-2698.

KUDO N R, WASSMANN K, ANGER M, SCHUH M, WIRTH K G, XU H, HELMHART W, KUDO H, MCKAY M, 
MARO B, ELLENBERG J, DE BOER P, and NASMYTH K (2006). ResoluƟ on of chiasmata in oocytes 
requires separase-mediated proteolysis. Cell 126: 135-146.

KYOGOKU H, and KITAJIMA T S (2017). Large Cytoplasm Is Linked to the Error-Prone Nature of Oocytes. 
Dev Cell 41: 287-298.e4.

LANE S I, YUN Y, and JONES K T (2012). Timing of anaphase-promoƟ ng complex acƟ vaƟ on in mouse oocytes 
is predicted by microtubule-kinetochore aƩ achment but not by bivalent alignment or tension. 
Development 139: 1947-1955.

LANE S I R, and JONES K T (2017). Chromosome biorientaƟ on and APC acƟ vity remain uncoupled in oocytes 
with reduced volume. J Cell Biol 

LEBLOND G G, SARAZIN H, LI R, SUZUKI M, UENO N, and LIU X J (2012). TranslaƟ on of incenp during oocyte 
maturaƟ on is required for embryonic development in Xenopus laevis. Biol Reprod 86: 161, 1-8.

LEE A, and KIESSLING A A (2017). Early human embryos are naturally aneuploid-can that be corrected. 
J Assist Reprod Genet 34: 15-21.

LEMAÎTRE J M, BOCQUET S, and MÉCHALI M (2002). Competence to replicate in the unferƟ lized egg is 
conferred by Cdc6 during meioƟ c maturaƟ on. Nature 419: 718-722.

LEMMENS B, HEGARAT N, AKOPYAN K, SALA-GASTON J, BARTEK J, HOCHEGGER H, and LINDQVIST A (2018). 
DNA ReplicaƟ on Determines Timing of Mitosis by RestricƟ ng CDK1 and PLK1 AcƟ vaƟ on. Mol Cell 
71: 117-128.e3.

LI R, and MURRAY A W (1991). Feedback control of mitosis in budding yeast. Cell 66: 519-531.
LONDON N, and BIGGINS S (2014). Signalling dynamics in the spindle checkpoint response. Nat Rev Mol 

Cell Biol 15: 736-747.
MARSTON A L (2015). Shugoshins: tension-sensiƟ ve pericentromeric adaptors safeguarding chromosome 

segregaƟ on. Mol Cell Biol 35: 634-648.
MARSTON A L, and WASSMANN K (2017). MulƟ ple DuƟ es for Spindle Assembly Checkpoint Kinases in 

Meiosis. Front Cell Dev Biol 5: 109.
MCGUINNESS B E, ANGER M, KOUZNETSOVA A, GIL-BERNABÉ A M, HELMHART W, KUDO N R, WUENSCHE 

A, TAYLOR S, HOOG C, NOVAK B, and NASMYTH K (2009). RegulaƟ on of APC/C acƟ vity in oocytes by 
a Bub1-dependent spindle assembly checkpoint. Curr Biol 19: 369-380.

MOGESSIE B, SCHEFFLER K, and SCHUH M (2018). Assembly and PosiƟ oning of the Oocyte MeioƟ c Spindle. 
Annu Rev Cell Dev Biol 

MUSACCHIO A (2015). The Molecular Biology of Spindle Assembly Checkpoint Signaling Dynamics. Curr 
Biol 25: R1002-18.

NAGAOKA S I, HASSOLD T J, and HUNT P A (2012). Human aneuploidy: mechanisms and new insights into 
an age-old problem. Nat Rev Genet 13: 493-504.

NAGAOKA S I, HODGES C A, ALBERTINI D F, and HUNT P A (2011). Oocyte-specifi c diff erences in cell-cycle 
control create an innate suscepƟ bility to meioƟ c errors. Curr Biol 21: 651-657.

NARASIMHACHAR Y, WEBSTER D R, GARD D L, and COUÉ M (2012). Cdc6 is required for meioƟ c spindle 
assembly in Xenopus oocytes. Cell Cycle 11: 524-531.

NASMYTH K, and HAERING C H (2009). Cohesin: its roles and mechanisms. Annu Rev Genet 43: 525-558.



20

NAYLOR R M, and VAN DEURSEN J M (2016). Aneuploidy in Cancer and Aging. Annu Rev Genet 50: 45-66.
NIAULT T, HACHED K, SOTILLO R, SORGER P K, MARO B, BENEZRA R, and WASSMANN K (2007). Changing 

Mad2 levels aff ects chromosome segregaƟ on and spindle assembly checkpoint control in female 
mouse meiosis I. PLoS One 2: e1165.

NOVAKOVA L, KOVACOVICOVA K, DANG-NGUYEN T Q, SODEK M, SKULTETY M, and ANGER M (2016). 
A Balance between Nuclear and Cytoplasmic Volumes Controls Spindle Length. PLoS One 11: 
e0149535.

OTTO S P (2007). The evoluƟ onary consequences of polyploidy. Cell 131: 452-462.
PAN H, MA P, ZHU W, and SCHULTZ R M (2008). Age-associated increase in aneuploidy and changes in gene 

expression in mouse eggs. Dev Biol 316: 397-407.
PETERS J M, and NISHIYAMA T (2012). Sister chromaƟ d cohesion. Cold Spring Harb Perspect Biol 4: 
PETRONCZKI M, SIOMOS M F, and NASMYTH K (2003). Un ménage à quatre: the molecular biology of 

chromosome segregaƟ on in meiosis. Cell 112: 423-440.
PINSKY B A, and BIGGINS S (2005). The spindle checkpoint: tension versus aƩ achment. Trends Cell Biol 15: 

486-493.
POLANSKI Z, LEDAN E, BRUNET S, LOUVET S, VERLHAC M H, KUBIAK J Z, and MARO B (1998). Cyclin synthesis 

controls the progression of meioƟ c maturaƟ on in mouse oocytes. Development 125: 4989-4997.
RADONOVA L, SVOBODOVA T, and ANGER M (2019). RegulaƟ on of the cell cycle in early mammalian 

embryos and its clinical implicaƟ ons. Int J Dev Biol 
REHEN S K, YUNG Y C, MCCREIGHT M P, KAUSHAL D, YANG A H, ALMEIDA B S, KINGSBURY M A, CABRAL K 

M, MCCONNELL M J, ANLIKER B, FONTANOZ M, and CHUN J (2005). ConsƟ tuƟ onal aneuploidy in the 
normal human brain. J Neurosci 25: 2176-2180.

RIEDEL C G, KATIS V L, KATOU Y, MORI S, ITOH T, HELMHART W, GÁLOVÁ M, PETRONCZKI M, GREGAN J, 
CETIN B, MUDRAK I, OGRIS E, MECHTLER K, PELLETIER L, BUCHHOLZ F, SHIRAHIGE K, and NASMYTH 
K (2006). Protein phosphatase 2A protects centromeric sister chromaƟ d cohesion during meiosis I. 
Nature 441: 53-61.

RIEDER C L, SCHULTZ A, COLE R, and SLUDER G (1994). Anaphase onset in vertebrate somaƟ c cells is 
controlled by a checkpoint that monitors sister kinetochore aƩ achment to the spindle. J Cell Biol 
127: 1301-1310.

SALMON E D, and BLOOM K (2017). Tension sensors reveal how the kinetochore shares its load. Bioessays 
SANFINS A, LEE G Y, PLANCHA C E, OVERSTROM E W, and ALBERTINI D F (2003). DisƟ ncƟ ons in meioƟ c 

spindle structure and assembly during in vitro and in vivo maturaƟ on of mouse oocytes. Biol Reprod 
69: 2059-2067.

SANTAGUIDA S, and AMON A (2015). Short- and long-term eff ects of chromosome mis-segregaƟ on and 
aneuploidy. Nat Rev Mol Cell Biol 16: 473-485.

SATHANANTHAN A H, KOLA I, OSBORNE J, TROUNSON A, NG S C, BONGSO A, and RATNAM S S (1991). 
Centrioles in the beginning of human development. Proc Natl Acad Sci U S A 88: 4806-4810.

SCHUH M, and ELLENBERG J (2007). Self-organizaƟ on of MTOCs replaces centrosome funcƟ on during 
acentrosomal spindle assembly in live mouse oocytes. Cell 130: 484-498.

SCHULZ K N, and HARRISON M M (2018). Mechanisms regulaƟ ng zygoƟ c genome acƟ vaƟ on. Nat Rev 
Genet 

SEBESTOVA J, DANYLEVSKA A, NOVAKOVA L, KUBELKA M, and ANGER M (2012). Lack of response to 
unaligned chromosomes in mammalian female gametes. Cell Cycle 11: 3011-3018.

SEVERSON A F, VON DASSOW G, and BOWERMAN B (2016). Oocyte MeioƟ c Spindle Assembly and 
FuncƟ on. Curr Top Dev Biol 116: 65-98.

SIMMONS KOVACS L A, ORLANDO D A, and HAASE S B (2008). TranscripƟ on networks and cyclin/CDKs: the 
yin and yang of cell cycle oscillators. Cell Cycle 7: 2626-2629.



21

SIOMOS M F, BADRINATH A, PASIERBEK P, LIVINGSTONE D, WHITE J, GLOTZER M, and NASMYTH K (2001). 
Separase is required for chromosome segregaƟ on during meiosis I in CaenorhabdiƟ s elegans. Curr 
Biol 11: 1825-1835.

SIVAKUMAR S, and GORBSKY G J (2015). SpaƟ otemporal regulaƟ on of the anaphase-promoƟ ng complex in 
mitosis. Nat Rev Mol Cell Biol 16: 82-94.

SODEK M, KOVACOVICOVA K, and ANGER M (2017). True NondisjuncƟ on of Whole Bivalents in Oocytes 
with AƩ achment and Congression Defects. Cytogenet Genome Res 

SUSOR A, JANSOVA D, ANGER M, and KUBELKA M (2016). TranslaƟ on in the mammalian oocyte in space 
and Ɵ me. Cell Tissue Res 363: 69-84.

TERRET M E, WASSMANN K, WAIZENEGGER I, MARO B, PETERS J-M, and VERLHAC M-H (2003). The Meiosis 
I-to-Meiosis II TransiƟ on in Mouse Oocytes Requires Separase AcƟ vity. Current Biology 13: 1797-
1802.

TOMASETTI C, and VOGELSTEIN B (2015). Cancer eƟ ology. VariaƟ on in cancer risk among Ɵ ssues can be 
explained by the number of stem cell divisions. Science 347: 78-81.

TSURUMI C, HOFFMANN S, GELEY S, GRAESER R, and POLANSKI Z (2004). The spindle assembly checkpoint 
is not essenƟ al for CSF arrest of mouse oocytes. J Cell Biol 167: 1037-1050.

UHLMANN F, LOTTSPEICH F, and NASMYTH K (1999). Sister-chromaƟ d separaƟ on at anaphase onset is 
promoted by cleavage of the cohesin subunit Scc1. Nature 400: 37-42.

UHLMANN F, WERNIC D, POUPART M-A, KOONIN E V, and NASMYTH K (2000). Cleavage of Cohesin by the 
CD Clan Protease Separin Triggers Anaphase in Yeast. Cell 103: 375-386.

VAN ECHTEN-ARENDS J, MASTENBROEK S, SIKKEMA-RADDATZ B, KOREVAAR J C, HEINEMAN M J, VAN 
DER VEEN F, and REPPING S (2011). Chromosomal mosaicism in human preimplantaƟ on embryos: 
a systemaƟ c review. Hum Reprod Update 17: 620-627.

WAIZENEGGER I C, HAUF S, MEINKE A, and PETERS J M (2000). Two disƟ nct pathways remove mammalian 
cohesin from chromosome arms in prophase and from centromeres in anaphase. Cell 103: 399-410.

WASSMANN K, NIAULT T, and MARO B (2003). Metaphase I arrest upon acƟ vaƟ on of the Mad2-dependent 
spindle checkpoint in mouse oocytes. Curr Biol 13: 1596-1608.

WATANABE Y, and NURSE P (1999). Cohesin Rec8 is required for reducƟ onal chromosome segregaƟ on at 
meiosis. Nature 400: 461-464.

WATSON E R, BROWN N G, PETERS J M, STARK H, and SCHULMAN B A (2019). Posing the APC/C E3 UbiquiƟ n 
Ligase to Orchestrate Cell Division. Trends Cell Biol 29: 117-134.

WHITMIRE E, KHAN B, and COUÉ M (2002). Cdc6 synthesis regulates replicaƟ on competence in Xenopus 
oocytes. Nature 419: 722-725.

WÜHR M, CHEN Y, DUMONT S, GROEN A C, NEEDLEMAN D J, SALIC A, and MITCHISON T J (2008). Evidence 
for an upper limit to mitoƟ c spindle length. Curr Biol 18: 1256-1261.

WÜHR M, GÜTTLER T, PESHKIN L, MCALISTER G C, SONNETT M, ISHIHARA K, GROEN A C, PRESLER M, 
ERICKSON B K, MITCHISON T J, KIRSCHNER M W, and GYGI S P (2015). The Nuclear Proteome of 
a Vertebrate. Curr Biol 25: 2663-2671.

XU Z, CETIN B, ANGER M, CHO U S, HELMHART W, NASMYTH K, and XU W (2009). Structure and funcƟ on 
of the PP2A-shugoshin interacƟ on. Mol Cell 35: 426-441.

YAMAGATA K, and FITZHARRIS G (2013). 4D imaging reveals a shiŌ  in chromosome segregaƟ on dynamics 
during mouse pre-implantaƟ on development. Cell Cycle 12: 157-165.

YANG Y, YANG C R, HAN S J, DALDELLO E M, CHO A, MARTINS J P S, XIA G, and CONTI M (2017). Maternal 
mRNAs with disƟ nct 3’ UTRs defi ne the temporal paƩ ern of Ccnb1 synthesis during mouse oocyte 
meioƟ c maturaƟ on. Genes Dev 31: 1302-1307.

YUROV Y B, IOUROV I Y, VORSANOVA S G, LIEHR T, KOLOTII A D, KUTSEV S I, PELLESTOR F, BERESHEVA A K, 
DEMIDOVA I A, KRAVETS V S, MONAKHOV V V, and SOLOVIEV I V (2007). Aneuploidy and confi ned 
chromosomal mosaicism in the developing human brain. PLoS One 2: e558.



22

ATTACHMENTS:
[A1] Danylevska A, Kovacovicova K, Awadova T, Anger M. The frequency of precocious segregaƟ on 

of sister chromaƟ ds in mouse female meiosis I is aff ected by geneƟ c background. Chromosome 
Res. 2014;22: 365–373.

[A2] Danadova J, MaƟ jescukova N, Danylevska AM, Anger M. Increased frequency of chromosome 
congression defects and aneuploidy in mouse oocytes cultured at lower temperature. Reprod 
FerƟ l Dev. 2016

[A3] Hornak M, Jeseta M, Musilova P, Pavlok A, Kubelka M, Motlik J, et al. Frequency of aneuploidy 
related to age in porcine oocytes. PLoS One. 2011;6: e18892.

[A4] Kudo NR, Wassmann K, Anger M, Schuh M, Wirth KG, Xu H, et al. ResoluƟ on of chiasmata in 
oocytes requires separase-mediated proteolysis. Cell. 2006;126: 135–146.

[A5] Kudo NR, Anger M, Peters AH, Stemmann O, Theussl HC, Helmhart W, et al. Role of cleavage 
by separase of the Rec8 kleisin subunit of cohesin during mammalian meiosis I. J Cell Sci. 
2009;122: 2686–2698.

[A6] Xu Z, CeƟ n B, Anger M, Cho US, Helmhart W, Nasmyth K, et al. Structure and funcƟ on of the 
PP2A-shugoshin interacƟ on. Mol Cell. 2009;35: 426–441.

[A7] Kovacovicova K, Awadova T, Mikel P, Anger M. In Vitro MaturaƟ on of Mouse Oocytes Increases 
the Level of Kif11/Eg5 on Meiosis II Spindles. Biol Reprod. 2016

[A8] Anger M, Stein P, Schultz RM. CDC6 requirement for spindle formaƟ on during maturaƟ on of 
mouse oocytes. Biol Reprod. 2005;72: 188–194. 

[A9] Novakova L, Kovacovicova K, Dang-Nguyen TQ, Sodek M, Skultety M, Anger M. A Balance 
between Nuclear and Cytoplasmic Volumes Controls Spindle Length. PLoS One. 2016;11: 
e0149535.

[A10] McGuinness BE, Anger M, Kouznetsova A, Gil-Bernabé AM, Helmhart W, Kudo NR, et al. 
RegulaƟ on of APC/C acƟ vity in oocytes by a Bub1-dependent spindle assembly checkpoint. 
Curr Biol. 2009;19: 369–380.

[A11] Sebestova J, Danylevska A, Novakova L, Kubelka M, Anger M. Lack of response to unaligned 
chromosomes in mammalian female gametes. Cell Cycle. 2012;11: 3011–3018.

[A12] Sodek M, Kovacovicova K, Anger M. True NondisjuncƟ on of Whole Bivalents in Oocytes with 
AƩ achment and Congression Defects. Cytogenet Genome Res. 2017



23

Danylevska A, Kovacovicova K, Awadova T, Anger M. The frequency of precocious segregaƟ on of 
sister chromaƟ ds in mouse female meiosis I is aff ected by geneƟ c background. Chromosome Res. 
2014;22: 365–373

Impact Factor/QuarƟ le: 2.909/Q2
Times cited (Wos May 2019): 7
Signifi cance: First report showing geneƟ c - based diff erences in frequency of aneuploidy
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



24



25



26



27



28



29



30



31



32



33

Danadova J, MaƟ jescukova N, Danylevska AM, Anger M. Increased frequency of chromosome 
congression defects and aneuploidy in mouse oocytes cultured at lower temperature. Reprod FerƟ l 
Dev. 2016

Impact Factor/QuarƟ le: 2.105/Q1
Times cited (Wos May 2019): 2
Signifi cance: Report showing the impact of culture condiƟ ons on the frequency of aneuploidy – 
important for human IVF.
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



34



35



36



37



38



39



40



41

Hornak M, Jeseta M, Musilova P, Pavlok A, Kubelka M, Motlik J, et al. Frequency of aneuploidy 
related to age in porcine oocytes. PLoS One. 2011;6: e18892.

Impact Factor/QuarƟ le: 4.411/Q1
Times cited (Wos May 2019): 18
Signifi cance: The important discovery showing that not all mammalian species are suff ering from 
maternal – age related aneuploidy.
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



42



43



44



45



46



47

Kudo NR, Wassmann K, Anger M, Schuh M, Wirth KG, Xu H, et al. ResoluƟ on of chiasmata in oocytes 
requires separase-mediated proteolysis. Cell. 2006;126: 135–146.

Impact Factor/QuarƟ le: 34,336/Q1
Times cited (Wos May 2019): 141
Signifi cance: EssenƟ al paper showing that there is no prophase pathway in mammalian female 
meiosis.
ContribuƟ on of the author: MicroinjecƟ on experiments, data interpretaƟ on, data analysis



48



49



50



51



52



53



54



55



56



57



58



59



60

Kudo NR, Anger M, Peters AH, Stemmann O, Theussl HC, Helmhart W, et al. Role of cleavage by 
separase of the Rec8 kleisin subunit of cohesin during mammalian meiosis I. J Cell Sci. 2009;122: 
2686–2698.

Impact Factor/QuarƟ le: 4,401/Q2
Times cited (Wos May 2019): 58
Signifi cance: Important paper poinƟ ng to important diff erences between male and female 
mammalian meiosis. 
ContribuƟ on of the author: MicroinjecƟ on experiments, Ɵ me -lapse imaging



61



62



63



64



65



66



67



68



69



70



71



72



73



74

Xu Z, CeƟ n B, Anger M, Cho US, Helmhart W, Nasmyth K, et al. Structure and funcƟ on of the PP2A-
shugoshin interacƟ on. Mol Cell. 2009;35: 426–441.

Impact Factor/QuarƟ le: 14.902/Q2
Times cited (Wos May 2019): 116
Signifi cance: The fi rst mapping of reacƟ on interface between Sgo I and PP2A
ContribuƟ on of the author: MicroinjecƟ on experiments, tesƟ ng mutants of both molecules in 
oocyte system



75



76



77



78



79



80



81



82



83



84



85



86



87



88



89



90



91

Kovacovicova K, Awadova T, Mikel P, Anger M. In Vitro MaturaƟ on of Mouse Oocytes Increases the 
Level of Kif11/Eg5 on Meiosis II Spindles. Biol Reprod. 2016

Impact Factor/QuarƟ le: 3,184/Q1
Times cited (Wos May 2019): 3
Signifi cance: Report demonstrates important funcƟ onal diff erences between in vitro and in vivo 
cells.
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



92



93



94



95



96



97



98



99



100



101

Anger M, Stein P, Schultz RM. CDC6 requirement for spindle formaƟ on during maturaƟ on of mouse 
oocytes. Biol Reprod. 2005;72: 188–194. 

Impact Factor/QuarƟ le: 4,139/Q1
Times cited (Wos May 2019): 36
Signifi cance: report showing a clear connecƟ on between pre-meioƟ c S phase and mitosis further 
demonstraƟ ng the importance of CDC6 for spindle assembly.
ContribuƟ on of the author: With Paula Stein and Richard Schultz experimental design, interpretaƟ on 
of experiments, manuscript preparaƟ on



102



103



104



105



106



107



108



109

Novakova L, Kovacovicova K, Dang-Nguyen TQ, Sodek M, Skultety M, Anger M. A Balance between 
Nuclear and Cytoplasmic Volumes Controls Spindle Length. PLoS One. 2016;11: e0149535.

Impact Factor/QuarƟ le: 3,540/Q1
Times cited (Wos May 2019): 6
Signifi cance: Report showing for the fi rst Ɵ me in mammals that the length of the spindle increases 
with the cell volume and also that the length of the spindle is controlled by the proporƟ on between 
cytoplasmic and nuclear volumes
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



110



111



112



113



114



115



116



117



118



119



120



121

McGuinness BE, Anger M, Kouznetsova A, Gil-Bernabé AM, Helmhart W, Kudo NR, et al. RegulaƟ on 
of APC/C acƟ vity in oocytes by a Bub1-dependent spindle assembly checkpoint. Curr Biol. 2009;19: 
369–380.

Impact Factor/QuarƟ le: 10,445/Q1
Times cited (Wos May 2019): 123
Signifi cance: EssenƟ al paper showing that SAC is crucial in oocytes by geneƟ c tools
ContribuƟ on of the author: shared fi rst author – microinjecƟ on experiments & Ɵ me lapse imaging, 
data interpretaƟ on, design of some experiments



122



123



124



125



126



127



128



129



130



131



132



133



134

Sebestova J, Danylevska A, Novakova L, Kubelka M, Anger M. Lack of response to unaligned 
chromosomes in mammalian female gametes. Cell Cycle. 2012;11: 3011–3018.

Impact Factor/QuarƟ le: 5,243/Q3
Times cited (Wos May 2019): 48
Signifi cance: Important paper showing that the SAC in mouse oocytes is not able to prevent APC/C 
acƟ vaƟ on during errors of spindle assembly.
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



135



136



137



138



139



140



141



142



143

Sodek M, Kovacovicova K, Anger M. True NondisjuncƟ on of Whole Bivalents in Oocytes with 
AƩ achment and Congression Defects. Cytogenet Genome Res. 2017

Impact Factor/QuarƟ le: 1,587/Q4
Times cited (Wos May 2019): 0
Signifi cance: Report documenƟ ng the aeƟ ology of nondisjuncƟ on and unresponsiveness of SAC to 
unaƩ ached kinetochores.
ContribuƟ on of the author: Experimental design, interpretaƟ on of experiments manuscript 
preparaƟ on, securing funding



144

E-Mail karger@karger.com

 Original Article 

 Cytogenet Genome Res 
 DOI: 10.1159/000458513 

 True Nondisjunction of Whole
Bivalents in Oocytes with Attachment 
and Congression Defects 
 Martin Sodek    a     Kristina Kovacovicova    a, b     Martin Anger    a, b   

  a    Veterinary Research Institute, and  b    Department of Histology and Embryology, Faculty of Medicine, 
Masaryk University,  Brno , Czech Republic

 

onic development, and severe developmental disorders 
[Hassold and Hunt, 2001]. The overall high aneuploidy 
rates are increasing further with maternal age, at least in 
human and mouse oocytes [Eichenlaub-Ritter, 2012; 
Nagaoka et al., 2012; Jones and Lane, 2013; Herbert et al., 
2015], although for example porcine oocytes do not show 
a similar age-related increase in aneuploidy [Hornak et 
al., 2011]. Despite the fact that we can explain the increase 
of aneuploidy coincidently with maternal age by deterio-
ration of cohesion between sister chromatids [Chiang et 
al., 2010; Lister et al., 2010] due to the absence of turnover 
of the cohesin complex during a prolonged prophase ar-
rest [Revenkova et al., 2010; Tachibana-Konwalski et al., 
2010], we are still uncertain why the aneuploidy is so high 
even in oocytes from young individuals in comparison to 
meiosis in yeast and  Drosophila  [Hassold and Hunt, 
2001]. One of the mechanism, which likely contributes to 
this higher aneuploidy rate, is the spindle assembly check-
point (SAC) and specifically changes to its function in 
oocytes compared to somatic cells [Mailhes, 2008; Jones 
and Lane, 2013; Touati and Wassmann, 2015; Collins and 
Jones, 2016].

  In a previous study, we demonstrated that the SAC in 
oocytes is unable to detect extensive chromosome align-
ment and congression defects by using animals generated 
by crossbreeding of 2 different mouse species,  Mus mus-

 Key Words 
 Aneuploidy · Bivalents · Chromosome congression · 
Chromosome segregation · Meiosis · Nondisjunction · 
Oocyte 

 Abstract 
 Chromosome segregation in mammalian oocytes is prone to 
errors causing aneuploidy with consequences such as preco-
cious termination of development or severe developmental 
disorders. Aneuploidy also represents a serious problem in 
procedures utilizing mammalian gametes and early embry-
os in vitro. In our study, we focused on congression defects 
during meiosis I and observed whole nondisjoined bivalents 
in meiosis II as a direct consequence, together with a sub-
stantially delayed first polar body extrusion. We also show 
that the congression defects are accompanied by less stable 
attachments of the kinetochores. Our results describe a pro-
cess by which congression defects directly contribute to an-
euploidy.  © 2017 S. Karger AG, Basel 

 Chromosome segregation in mammalian oocytes, 
more frequently than in somatic cells, is affected by errors 
leading to aneuploidy, premature termination of embry-
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culus  and  M. spretus  [Sebestova et al., 2012]. In this study 
we used the same interspecific hybrids and focused more 
closely on the consequences of these defects. We show 
that the congression defects are accompanied by less sta-
ble kinetochore-to-microtubule attachments. Both to-
gether then lead to nondisjunction and frequent co-seg-
regation of whole bivalents. This situation is probably ex-
acerbated by higher levels of cohesins on meiosis I 
chromosomes in hybrid oocytes. Our data show the pro-
cess by which congression defects and improper kineto-
chore attachment are contributing to the overall oocyte 
aneuploidy.

  Materials and Methods 

 Mice 
 Female CD-1 and C57/BL6 mice were purchased from Anlab 

(Czech Republic) or from the Animal Breeding and Experimental 
Facility, Faculty of Medicine, Masaryk University, Czech Republic. 
CD-1×B6D2F1 female mice were obtained from a cross between 
CD-1 female and B6D2F1 male (Anlab).  M. spretus  mice (SPRET) 
were obtained from the Jackson Laboratory, USA, and the hybrids 
were produced by crossing C57/BL6 females and SPRET males.

  Oocytes Collection and Maturation 
 Female mice were sacrificed by cervical dislocation, and ovarian 

tissue was excised. The germinal vesicle stage (GV) oocytes were 
collected from ovaries in M2 medium (Sigma Aldrich) supplement-
ed with 100 μ M  3-isobutyl-1methylxantine (IBMX, Sigma Aldrich). 
Prior to maturation, cells were transferred into M16 medium (Sig-
ma Aldrich) with IBMX and covered with mineral oil (Sigma Al-
drich). Maturation at 37   °   C in the presence of 5% CO 2  was initiated 
by removing the IBMX. Oocytes which did not undergo germinal 
vesicle breakdown (GVBD) within 1.5 h were discarded.

  Microinjection 
 Microinjection of GV oocytes was performed in M2 with 

IBMX, after which oocytes were cultured in colorless M16 (Merck 
Millipore) supplemented with IBMX. Microinjection was done us-
ing an IM-300 microinjector (Narishige) on a Leica DM IL invert-
ed microscope as described previously [Kovacovicova et al., 2016]. 
cRNAs for microinjection were prepared by in vitro transcription 
(mMESSAGE mMACHINE T3 in vitro transcription kit, Life 
Technologies) of plasmids containing ORFs of mouse securin, 
β-tubulin, and histone 2B (H2B) in the transcription fusion with 
fluorescent proteins CFP, Venus, and mCherry, respectively. Oo-
cytes were culture at 37   °   C in the presence of 5%CO 2  for 2–3 h 
prior to live cell imaging.

  Live Cell Imaging 
 Oocytes were transferred to a Leica SP5 confocal microscope 

equipped with an EMBL incubator, allowing time-lapse experi-
ments in 5% CO 2  at 37   °   C [Sebestova et al., 2012]. Excitation wave-
lengths 458, 514 and 561 nm, HCX PL APO 40×/1.1 water objec-
tive (NA 1.10), and hybrid detectors were used for the detection of 
CFP, Venus, and mCherry fluorescently tagged proteins.

  Chromosomal Spreads and Immunofluorescence 
 If not stated otherwise, all chemicals were derived from Sigma 

Aldrich. For chromosomal spreads the oocytes were harvested at 
6 or 18 h after GVBD. The zona pellucida was dissolved using pro-
nase, and cells were lysed overnight in PBS containing 1.0% PFA, 
0.15% Triton-X100, and 3m M  DTT (pH 9.2). The chromosome 
spreads were immunostained with primary antibodies CREST 
(ImmunoVision) and Anti-Smc3 Antibody (Abcam) and with sec-
ondary antibodies Alexa Fluor 488 Goat anti-Rabbit IgG (Life 
Technologies) and Alexa Fluor 555 Goat anti-Human IgG (Life 
Technologies). Spreads were mounted inVectashield with DAPI 
(Vector Laboratories). Images were captured using a Leica AF 
6000 inverted fluorescence microscope equipped with a HCX PL 
APO × 100/1.4 0.7 oil objective, Leica Microsystems DFC365FX 
camera, Leica A, GFP, and dsRed filter cubes.

  Cold-Stable Microtubules 
 If not stated otherwise, all chemicals were derived from Sigma 

Aldrich, and protocols from Lane et al. [2012], Kovacovicova et al. 
[2016], and Chmátal et al. [2015] were adopted. Briefly, the oocytes 
were incubated in pre-cooled M2 medium (4–8   °   C) for 7 min be-
fore fixation with 2% paraformaldehyde. Cell were permeabilized 
by 0.5% Triton in PBS and then blocked in PBS. The following an-
tibodies were used for immunostaining: human autoantibody 
against centromere (CREST, ImmunoVision), mouse anti acety-
lated α-tubulin, Alexa Fluor 488 Goat anti-Mouse IgG (Life Tech-
nologies), and Alexa Fluor 555 conjugate Goat anti-Human IgG 
(Life Technologies). For image acquisition, a Leica SP5 confocal 
microscope equipped with HCX PL APO 63×/1.4 oil objective, ex-
citation wavelengths 405, 488, and 561 nm and hybrid detectors 
were used.

  Image Analysis and Statistical Analysis 
 Data analysis was performed using ImageJ (http://rsb.info.nih.

gov/ij/) and Leica LAS AF (http://www.leica-microsystems.com). 
Statistical analysis was performed using Prism software, version 
5.00 for Mac (GraphPad Software, San Diego, CA, USA; www.
graphpad.com). The statistical significance of the difference be-
tween the control and the experimental group was tested using 
unpaired t test or Mann Whitney test for quantitative data and χ 2  
test for categorical data.

  Results 

 Congression Defects in Meiosis I Are Transformed 
into a Struggle to Segregate Chromosomes during 
Anaphase 
 We previously reported that oocytes from  M. muscu-

lus  and  M. spretus  hybrids suffer from extensive congres-
sion defects and aneuploidy [Sebestova et al., 2012]. In 
this study we wanted to address the effect of congression 
defects on chromosome segregation in anaphase I. Hy-
brid GV oocytes, together with control CD-1 oocytes, 
were microinjected with cRNAs encoding histone 2B, se-
curin, and β-tubulin fused to different fluorescent pro-
teins. Oocytes were then matured, and the combination 
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cohesin subunit on the arms of the true nondisjoined 
chromosomes in meiosis II (data not shown). Therefore, 
we measured cohesin on chromosomes prepared from 
meiosis I. Staining of SMC3 cohesin on spreads prepared 
at 6 h after GVBD ( Fig. 4 A) showed that oocytes from hy-
brids had significantly higher levels of this protein during 
meiosis I ( Fig. 4 B). The average SMC3 levels were about 
11% higher in hybrid oocytes than on chromosomes in the 
CD-1 strain. During maternal aging, the increase of oo-
cyte aneuploidy is accompanied with a general decrease of 
cohesin during meiosis I [Chiang et al., 2010; Lister et al., 
2010; Tsutsumi et al., 2014]. The comparison of SMC3 
levels on chromosomes in young (3–4.5 months old) and 
aged (15–22 months old) hybrid oocytes ( Fig. 4 C) showed 
that the levels of SMC3 are reduced during maternal aging 
to the levels similar to young CD-1 ( Fig. 4 D).

  Discussion 

 Congression defects in oocytes play an important role 
in the etiology of oocyte aneuploidy [Holt et al., 2012; Sebe-
stova et al., 2012; Danadova et al., 2016]. In this study, we 
used oocytes isolated from hybrids between the 2 mouse 
species  M. musculus  and  M. spretus  to explore the causes 
and consequences of chromosome congression defects. 
Our results showed that the congression defects are trans-
lated into a struggle to resolve chromosomes during ana-
phase. We also showed that kinetochores with less stable 
attachment to the spindle microtubule apparatus are
accompanying congression defects in hybrid oocytes. 
However, we were unable to distinguish whether the con-
gression defects were caused by the lack of permanent at-
tachment or vice versa. Since we used oocytes from inter-
specific hybrids, it is conceivable that the kinetochore pairs 
of bivalents are unbalanced in the strength of their connec-
tion to the spindle poles [Chmátal et al., 2014] and that a 
correction mechanisms involving Aurora A might be re-
sponsible for the lack of permanent attachments. However, 
it is important to emphasize that neither congression de-
fects nor the lack of cold-stable microtubules in hybrid oo-
cytes were able to prevent APC/C activation and anaphase.

  Chromosome segregation during meiosis is a highly 
orchestrated process that requires precise coordination of 
various events. The first meiotic division is characterized 
by separation of homologous chromosomes, which are or-
ganized as bivalents when oocytes are resuming meiosis 
after prolonged arrest in prophase of the first meiotic divi-
sion. The success of this division largely depends on coor-
dination between the removal of the cohesin protein com-

plex from chromosome arms and its preservation at the 
centromere [Petronczki et al., 2003]. Removal of cohesins 
prematurely from both sites already during meiosis I leads 
to a precocious segregation of sister chromatids. We can 
only speculate that the opposite situation, when cohesin 
links between homologue chromosomes are preserved be-
yond anaphase I, might lead into true whole chromosome 
nondisjunction. The observed struggle to separate chro-
mosomes in hybrid oocytes resembled the situation when 
non-cleavable Rec8 caused delays during polar body ex-
trusion in oocytes [Kudo et al., 2009]. It was shown previ-
ously in both budding and fission yeast that incomplete 
removal of cohesin in meiosis I led to nondisjunction 
[Ishiguro et al., 2010; Katis et al., 2010; Rumpf et al., 2010; 
Phadnis et al., 2015]. We hypothesize that the occurrence 
of nondisjoined chromosomes in our system resulted 
from the defects in congression, since the distant position 
of the chromosome on the meiotic spindle further from 
the metaphase plate was shown to be linked to co-segre-
gation of both univalents [Holt et al., 2012]. Moreover, the 
elevated levels of cohesin proteins on hybrid oocytes 
might exacerbate this situation. In conclusion, our exper-
iments showed that congression defects, together with the 
lack of cold resistant microtubule attachment, cause true 
chromosome nondisjunction. Despite that this situation 
almost certainly would lead to aneuploidy and embryo 
loss, the SAC is unable to properly respond to such errors 
and prevent propagation of aneuploidy in the embryo.
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