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Abstract:

Chromosome segregation in mammalian oocytes and embryos is prone to errors, which might
lead into numerical chromosomal aberrations or aneuploidy. Such conditions are linked with
either termination of development or severe mental and developmental disorders, such as Down
syndrome. Molecular mechanisms responsible for the higher incidence of chromosome segregation
errors in oocytes or embryos, in comparison to the somatic cells, are still not completely understood.
However, it seems that the acentrosomal spindle assembly, location of chiasmata on chromosome
arms, reduction of cohesin related to maternal age, failure of protection of centromeric cohesion
and limited functionality of spindle assembly checkpoint might all contribute to the high incidence
of aneuploidy. And also let’s not forget other remarkable differences between oocytes and almost
any other cell in the body. First is their very special live cycle, oocytes are sometimes decades old
when engaging into reproduction. 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 affecting the aneuploidy as well. We might conclude that several mechanisms, which might,
together or separately, cause chromosome segregation errors and contribute to the frequent failure
of embryonic development, were identified so far. And the objective for our future studies should
be to focus more closely on those, which are more important and perhaps also on possibilities how
to prevent such conditions and preserve healthy gametes and embryos.

Abstrakt:

Déleni chromozom v savCich oocytech a embryich je nachylné k chybam, které mohou vést
k numerickym chromozomalnim aberacim nebo téZ aneuploidii. Tyto stavy jsou ¢asto spojovany
spredcasnym ukoncenim vyvoje nebo s tézkymimentalnimia vyvojovymiporuchami, jako je napfiklad
Downlv syndrom. Molekuldarni mechanismy, odpovédné za vyssi vyskyt aneuploidii v oocytech
a embryich, ve srovnani se somatickymi burikami nejsou dosud Uplné probaddany. Nicméné se zd3, ze
sestavovani déliciho vieténka bez centrozom{, pozice chiazmat na ramenech chromozomu, redukce
kohezinu v zavislosti na véku matky, selhdni ochrany centromerického kohezinu a nedostate¢nd
funkce kontrolniho bodu sestaveni déliciho vieténka mohou pfispivat k vyssi aneuploidii u téchto
bunék. A nezapominejme také na dva dalsi vyznamné rozdily mezi oocyty a témér vSsemi ostatnimi
somatickymi burikami. Jejich specializovany Zivotni cyklus zplsobuje Ze nékdy jsou tyto buriky staré
desitky let v okamziku, kdyz vstupuji do reprodukce. Pak také jejich enormni velikost ve srovndni
s ostatnimi burikami. A obé tyto vlastnosti, kterymi se lisi od ostatnich bunék, hraji roli pfi vzniku
aneuploidie. MGZeme konstatovat, Ze doposud bylo identifikovdno nékolik mechanism, které
mohou spole¢né nebo kazdy zvlast, pFispét ke vzniku aneuploidie. A Ukolem dalSich studii bude
zaméfit se na ty nejdUleZitéjsi z nich a také na moznosti, jak témto porucham predchazet a zachovat
zdravé gamety a embrya.



CONTROL OF CHROMOSOME SEGREGATION IN MAMMALIAN FEMALE MEIOSIS

ABSTRACT:

1. A brief overview of life cycle of mammalian oocyte

Oocytes are highly differentiated 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 fertilization in order to create a genetically
unique individual. Primordial germ cells appear relatively early during embryogenesis and after
series of mitotic divisions they give rise to oogonia, which undergo premeiotic S phase. During
S phase chromosomes are replicated and simultaneously protein complex called cohesin, which
holds together sister chromatids until their separation 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, SMC13 and SA3 (Ishiguro, 2019).
This demonstrates that premeiotic S phase is unique and the germ cells are already committed
to the reductional division during this stage. After completion of chromosome replication, cells
undergo a unique chain of events focused on recognition and pairing of homologous chromosomes
and formation of chiasmata facilitating exchange of genetic material between homologs (Gray
and Cohen, 2016). The processes taking place during leptotene, zygotene and pachytene stages of
prophase | are extremely complex and not yet fully understood. They are however essential and
serve many important functions, such as maintaining genetic variability or providing barrier against
hybridization of genetically diverse individuals during speciation. Our laboratory participated on a
study leading into elucidation of a molecular mechanism behind postzygotic sterility of interspecific
hybrids (Bhattacharyya 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 heterospecific homologous chromosomes. The correct formation of bivalents plays
therefore also an important role in controlling speciation. In the diplotene stage of prophase I, the
progression of meiosis is arrested and the oocytes remain in this stage until puberty, after which the
oocytes with follicular cells are being periodically stimulated 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
initiate meiosis after birth. Although it was repeatedly challenged, the provided arguments were
unconvincing and this theory is still widely accepted (Johnson et al., 2004). Inevitable consequence
for long-living mammals, such as human, is that the prolonged meiotic arrest, which in some species
lasts for decades, leads into increased frequency of chromosome segregation errors and aneuploidy
in eggs (Hassold and Hunt, 2001).

2. Aneuploidy is a leading cause of termination of early development

The goal of chromosome division in mitosis, as well as in meiosis, is to achieve equal distribution
of chromosomes between daughter cells. In case of chromosome segregation errors leading into
unequal chromosome distribution, the resulting cells do not possess a complete set of chromosomes.
Such situation is called aneuploidy and it has usually severe consequences (Santaguida and Amon,
2015; Naylor and van Deursen, 2016; Chunduri and Storchovd, 2019). It needs to be mentioned
there are tissues 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 perspective, aneuploidy has deleterious effects mainly caused by an imbalance of the gene
expression and is often associated with various pathological conditions, such as cancer and aging.
Aneuploidy in mammalian germ cells is far more frequent then in somatic cells and it represents the
most frequent single cause of the termination of development with incidence 2%, 20%, 20% and
35% in sperm, oocytes, embryonic blastomeres and spontaneous abortions respectively (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 affected and the development is terminated
early, with exception of allosomes and trisomies (presence of extra chromosomal copy) of specific
autosomes. Trisomies of chromosomes 13, 18 and 21, known as Patau, Edwards and Down syndrome
respectively and aneuploidy of sex chromosomes (Lee and Kiessling, 2017) are compatible 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 twenties and 18 and 21
in thirties (Nagaoka et al., 2012). Similar pattern of increasing incidence of aneuploidy in correlation
with maternal age was observed also in mouse (Pan et al., 2008). In our laboratory, we were
interested whether there is any strain-specific variability of aneuploidy in meiosis Il mouse oocytes.
In order to analyse this we selected three frequently used mouse laboratory strains, namely inbred
strains C57BL/6 and C3H/He) and outbred CD-1 strain and scored their aneuploidy in meiosis I
eggs after in vitro maturation (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/Hel mice respectively [A1, Figure 2B and C]. However, scoring prematurely separated sister
chromatids (PSSC) in metaphase Il arrested eggs revealed that all three mouse strains had different
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 chromatids to segregate
properly during anaphase are very low, the precociously separated sister chromatids represent a
precondition for aneuploidy after fertilization. Our results demonstrated clearly that the incidence
of PSSC in mouse is affected by genetic background. It is known that various mouse strains show
variability in essential processes linked to cell cycle progression and chromosome segregation, for
example in the level of cyclin B synthesis (Polanski et al., 1998). We have no information about
molecular mechanisms leading into premature loss of cohesion between sister chromatids more
frequently in one strain or another, but we suspect that strain—specific levels of cohesins or factors
involved in protection of cohesion, such as Sgo2, might play a role in this phenomenon.

For many applications in research, human reproduction and applications in biotechnology of
farm animals, it is necessary to culture mammalian oocytes in vitro, sometimes for prolonged time
period. We were interested whether in vitro culture conditions have an effect on frequency of
chromosome segregation errors and aneuploidy in oocytes. In our study we focused on the effect
of suboptimal temperature on the frequency of chromosome segregation errors in mouse oocytes
during their in vitro maturation (Danadova et al., 2016) and [A2]. Our initial experiments showed
that the duration of meiosis | and the timing of anaphase entry were both significantly affected by
the culture temperature [A2, Figure 1 and 2]. Incubating oocytes in temperature only 1.5°C lower
than the optimal culture temperature showed already detectable defects, and the 3°C difference
caused significant increase in misalighed chromosomes and aneuploidy [A2, Figure 4 and 5]. This
illustrates clearly how cell division, particularly in oocytes, is extremely sensitive to the outside
conditions, and that any disturbances of this process might lead into chromosome segregation
errors.

On the contrary, it seems that not all mammals are suffering 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 disruption of meiotic spindle and 3D scanning
of the whole cell volume, for porcine oocytes we had to develop an assay based on comparative
genomic hybridization (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 Il 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



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 affecting some
species more then others and therefore it would be interesting to study other species and their
ability to cope with the aging of the germ cells.

3. The control of chromosome segregation during meiosis

The meiosis, as well as mitosis, is completed by segregation of chromosomes and cell division
(Alberts, 2017). There are however fundamental differences in how this goal is achieved between
mitosis and meiosis. In mitosis, following dissolution of the nuclear membrane a bipolar spindle
assembles and kinetochores of all chromosomes are attached in such manner that the sister
kinetochores are attached to the opposite poles. Then the connection between sister chromatids
is abolished allowing equal segregation of chromosomes to the daughter cells. Main goal of
meiosis, besides increasing genetic variability by exchange of genetic material between arms of
the homologous chromosomes, is to prepare cells that fuse during fertilization, which means that
they have to reduce their number of chromosomes to haploid. In order to achieve this, in meiosis
there are two consecutive divisions with supressed DNA replication in between, which inevitably
leads into reduction of chromosome number. Also, the configuration of the chromosomes in cells
entering division differs between meiosis and mitosis. Mammals are diploid and changes in ploidy
have usually fatal consequences (Otto, 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 chromatids together is removed by two-step mechanism.
The first 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 consisting of two sister chromatids, form bivalents or tetrads
connected via chiasmata and after their resolution by the cohesin complex located distally to the
chiasmata (Petronczki et al., 2003). Homologous chromosomes are segregated during the first
meiotic division and the cohesin on chromosome arms must therefore survive until anaphase
I. Separation of the homologous chromosomes is then achieved by removal of this portion of
cohesin complex, while the cohesin at the kinetochores, holding together sister chromatids, must
survive until meiosis Il. 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 chromatids around the centromeres is then dissolved during anaphase Il. As | mentioned
before, the bulk of cohesin complex from chromosome arms is in vertebrate mitosis removed early
after entry in mitosis in a process called prophase pathway (Waizenegger et al., 2000). This pathway
requires activity of CDK1, PIk1 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; Uhimann et al., 2000;
Waizenegger et al., 2000; Hauf et al., 2001). It was soon recognized that Separase is also required
for segregation of homologous chromosomes in meiosis | (Siomos et al., 2001; Terret et al., 2003).
However, it was not entirely clear, whether together with Separase cleavage a mechanism similar
to the prophase pathway is operating in mammalian meiosis. In order to resolve this question, we
prepared a mouse line with flox sites inserted in both alleles of Separase. The region between flox
sites was then removed by CRE recombinase, and since the Separase is essential, CRE expression
was controlled by ZP3 promoter, limiting the expression of CRE recombinase only to the oocytes
(Kudo et al., 2006) and [A4]. We first confirmed that mouse oocytes without Separase are unable
to extrude the first polar body (A4, Figure 2 and 3). More importantly, our results showed that
the depletion 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



demonstrating that removal of cohesin from chromosome arms during meiosis | in mammalian
oocytes, which leads into separation of homologue chromosomes, requires proteolytic cleavage by
Separase instead of the prophase pathway. The target of Separase cleavage during meiosis in yeast
is the o.—kleisin cohesin subunit called Rec8 (Klein et al., 1999; Watanabe and Nurse, 1999). In order
to find out whether Rec8 is also a Separase target in mouse oocytes, we constructed Rec8 with
mutated Separase cleavage sites and studied the effect 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 essential for chiasmata resolution during meiosis | and also there is a difference
between male and female meiosis in terms of timing of Rec8 cleavage [A5, Figures 3-9].

As mentioned earlier, the cohesin complex is removed from meiotic chromosomes in two
steps, from the arms in meiosis | and from the centromeres during meiosis Il. The preservation of
cohesin around centromeres during anaphase | requires protection. This is mediated by proteins
called shugoshins, which brings trimeric complex of PP2A to the centromeres in order prevent Rec8
phosphorylation and Separase cleavage of centromeric cohesion (Marston, 2015). In order to study
shugoshin — PP2A interaction, 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 differs from Sgo2 in more restrictive interaction with PP2A, allowing the
Sgo2/PP2A to dephosphorylate distinctive substrates. The results obtained by crystallography and
molecular modelling were tested in mammalian oocytes and it was demonstrated clearly that the
interaction between Sgol and PP2A is required to protect chromosome cohesion [A6 — Figure 6].

4. Spindle assembly control mechanisms in mammalian oocytes

Unlike in somatic cells, in which the assembly of the spindle is initiated from centrosomes, in
animal oocytesthe spindleisassembled from Microtubule Organising Centres (MTOCs) and controlled
by the chromosomes themselves (Dumont and Desai, 2012; Clift and Schuh, 2013; Bennabi et al.,
2016; Severson et al., 2016; Gruss, 2018). In mouse embryos, the transition 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 first 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 meiotic chromosomes (Schuh and
Ellenberg, 2007; Bennabi et al., 2018) and the stabilization of the bipolar spindle structure involves
several rounds of MTOC sorting and fragmentation (Clift and Schuh, 2015). There are also studies
indicating that an exposure to in vitro conditions might change certain properties of the spindle
itself. It is known for a relatively long time that the morphology of the spindles of in vitro and in vivo
maturing oocytes is slightly different (Sanfins et al., 2003; Ibafiez et al., 2005; Barrett and Albertini,
2007). In order to study differences between in vivo and in vitro oocytes, we focused on spindle
bipolarization and maintenance of bipolar spindle (Kovacovicova et al., 2016) and [A7]. Our study
was inspired by an effect of drug called monastrol, which is an inhibitor of molecule called Eg5 or
Kif11, and shows different effect on in vivo and in vitro oocytes [A7, Figure 1]. Contrary to our first
assumption, those in vitro oocytes, which were more sensitive to the Eg5 inhibitor, had significantly
more Eg5 localized on the spindle [A7, Figure 2]. Our key experiment revealed that the sensitivity 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
differences in Eg5 spindle localization and increased sensitivity 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 different repertoire of molecules to maintain spindle bipolarity then cells in the
ovary. Given the redundancy of kinesins and their activities (Hancock, 2014) the in vitro and the in
vivo spindles might be functionally similar, although fine differences might be identified by future
studies.



The assembly of the meiotic spindle (or perhaps also mitotic spindle) is somehow connected to
the molecular machinery involved in DNA replication. This connection is not clear, but it was shown
for example that the ORC1 protein, which is essential for assembly of prereplication 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 replication and which is called
CDC6, controls repression of DNA replication between meiosis | and meiosis Il (Lemaitre et al.,
2002; Whitmire et al., 2002). Specifically, the absence of CDC6 is presumably important to prevent
DNA replication. This was interesting and therefore we aimed to analyse whether CDC6 has similar
function 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 condensation and spindle assembly and
caused arrest in meiosis | [A8, Figure 4 and 5]. Our finding was later confirmed in Xenopus oocytes
(Narasimhachar et al., 2012). Moreover, recently it was shown in somatic cells that DNA replication
controls the timing of mitosis by regulating the activity of mitotic kinases CDK1 and Plk1 (Lemmens
et al., 2018). All above demonstrates that the DNA replication, spindle assembly and chromosome
segregation, are linked together and controlled via shared signalling cascades.

Mammalian oocytes are dividing asymmetrically during both meiotic divisions, giving rise to a
large cell, which will be eventually fertilized and to two significantly smaller polar bodies, which are
extruded after 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 meiotic
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 positioned centrally (Almonacid et al.,
2014; Chaigne et al., 2017; Mogessie et al., 2018) and (Figure 1B). Faithful chromosome segregation,
as well as asymmetric position 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 optimal length, it might represent a problem for the polar body extrusion
(Figure 2A).

FIGURE 1

A
Resumption of meiosis Meiosis Il oocyte

Transmission light/tubulin-EGFP/histone H2B-mCherry



Asymmetric division Symmetric division
- mouse oocyte - mouse zygote
TN B

Transmission light/tubulin-EGFP/histone H2B-mCherry

Figure 1: The asymmetric division of mouse oocyte versus symmetric division of zygote

(A): The illustrative image of mouse oocyte during resumption of meiosis (left panel) and arrested in
metaphase Il (right panel). Oocyte was microinjected with cRNAs encoding beta tubulin fused
to EGFP and histone H2B fused to mCherry.

(B): The difference between position of the spindle in oocyte meiosis | (left 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 time-lapse experiments are shown.

In comparison to the mouse oocyte, the spindle in bovine oocyte is significantly smaller (Figure 2B)
demonstrating 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

Prolonged Normal

Tubulin-EGFP/histone H2B-mCherry
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mouse meiosis Il oocyte bovine meiosis |l oocyte

Transmission light/acetylated tubulin/DAPI

Figure 2: Spindle length in oocytes is regulated and varies between species

(A): Examples of cells with a physiological length of the meiotic 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
time-lapse experiments are shown, the duration 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 microinjection of tagged versions of beta tubulin and histone H2B
encoding cRNAs (mouse oocyte) or by primary antibody recognizing acetylated tubulin and
DAPI (bovine oocyte).

The spindle in oocytes, and also in embryos during initial cleavage cycles, is not stretched throughout
the entire 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 (Wihr
et al., 2008). We were interested to find 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 times, the spindle
size is still 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
manipulation of cell volume, nuclear volume or both, revealed that the length of the spindle is
affected by the proportion 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 (Wihr et al., 2015). Only about 17% of total proteins are distributed evenly
in both compartments. It is therefore possible that by altering the proportion between nuclear
and cytoplasmic volumes we shifted a balance between both groups of proteins, which might have
further effect on multiple processes in the cell, including the control over the spindle length.
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5. Regulation of APC/C activity in mammalian oocytes

The assembly of the spindle in mitosis is controlled by the activity of a pathway called Spindle
Assembly Checkpoint (SAC) (London and Biggins, 2014; Musacchio, 2015; Marston and Wassmann,
2017). This pathway postpones activation of a multiunit protein ligase called Anaphase Promoting
Complex (APC/C), until all kinetochores are attached to the spindle and the sister kinetochores face
its opposite poles (Sivakumar and Gorbsky, 2015; Kimata, 2019) (Figure 3A).

Figure 3

A

Anaphase

Meiosis | Meiosis I
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Figure 3: The relationship between SAC and APC/C activity in mouse meiosis |

(A) Schematic view of duration of the activity of Spindle Assembly Checkpoint (SAC) and Anaphase
promoting complex (APC) during mouse meiosis illustrating that only after SAC is inactivated, the
APC activity increases

(B) The prolonged APC/C activity during meiosis is illustrated on the expression curve of Securin
(green), which, upon activation 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 resulting
aneuploidy have severe consequences. There are three main components essential for the correct
function of SAC. The first is the existence of a cohesion between sister chromatids, which is holding
them together from the DNA replication 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 connection between the spindle poles and the kinetochores and pulling sister
kinetochores apart. And finally, SAC requires mechanisms capable to detect and correct improper
connections between kinetochores and the spindle microtubules. The spindle assembly is then
based on establishing microtubule - kinetochore connections, which are dynamically dissolved in
case they are incorrect, and the whole process is not finished until two main conditions are fulfilled
— attachment of all kinetochores to the spindle and the tension between sister kinetochores. We
have significant knowledge concerning the activation of SAC by unattached kinetochores. On
the unattached kinetochores the proteins from Bub (“budding uninhibited by benzimidazole”
- identified in genetic screen using budding yeast (Hoyt et al., 1991)) and Mad (“mitotic arrest
deficient” identified in the same model species (Li and Murray, 1991)) families catalyse a formation
of a complex called mitotic 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 coactivator 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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significantly 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 partially caused by
interconnection of SAC ability to sense the improper connections, which does not cause sufficient
tension, and correcting mechanisms, based on the activity of Aurora B kinase, which are able to
dissolve such connections (Krenn and Musacchio, 2015). Our understanding of how the spindle
pulling forces on kinetochores are being detected is still 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-orientation of the sister
kinetochores.

It was recognized some time ago that SAC function is essential 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 sometimes not so clear. We targeted Bubl
protein, which is essential for the SAC function, and prepared oocytes without this protein by
ZP3/Cre-lox system (McGuinness et al., 2009) and [A10]. Our results showed that targeting 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 activity, 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 activity in live cells undergoing meiotic divisions [A10, Figure 3 and 4]. These experiments
clearly showed that the precocious segregation of homologues was preceded by activation of
APC/C. The results provided therefore a direct evidence that SAC is required to postpone APC/C
activity also in oocytes. However, the results also showed that the duration APC/C activity in oocytes
is remarkably longer, about 2-3 hours (Figure 3B), in comparison to the somatic cells, in which the
destruction of cyclins and securin takes tens of minutes (Hagting et al., 2002).

Above mentioned results from our laboratory, as well as other laboratories, demonstrated
without doubt, that SAC in oocytes is essential for postponing APC/C activity and thus for timely
entry into anaphase. It is less clear however, whether SAC in meiosis poses all the functions known
from somatic cells. For example, it is not uncommon to observe mouse oocytes entering anaphase
with uncongressed chromosomes (Figure 4A and B).

FIGURE 4
A

anaphase - 5 minutes anaphase anaphase + 5 minutes

Tubulin-EGFP/histone H2B-mCherry
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Figure 3: The impact of congression defects on SAC activity

(A) The illustrative 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 detection of positions of chromosomes (red), Mad1 signal on the kinetochores
(yellow) and Securin expression levels (green). (Left) lagging chromosome is indicated by
arrowhead in several time frames, however the Mad1 signal from such chromosome disappears
in similar time interval as form the other chromosomes (left). Oocyte was microinjected with
cRNAs encoding Securin, Histone H2B and Mad1 fused to fluorescent proteins (preliminary
results).

Such situation, as depicted in Figure 3, inevitably leads into chromosome segregation errors and
aneuploidy in meiosis Il. In fact, the inability of SAC to postpone APC/Cin 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 exceptional 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 activity. This experiment
surprisingly revealed that the hybrid oocytes pose normal SAC activity, comparable to control CD1
oocytes [Al11]. Despite this, as well as despite the similar duration of meiosis | between control
and hybrid oocytes, they enter anaphase with severely misaligned chromosomes and multiple
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 unattached kinetochores undergoing
nondisjunction, 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
preventing APC/C activation in case of an unattached or uncongressed kinetochores, although it
was clearly demonstrated that SAC in somatic cells delays APC/C activation, even in case of a single
unattached kinetochore (Rieder et al., 1994).

6. Conclusions and future directions

Cell division, which involves segregation of chromosomes, is a risky affair. Even in somatic cells
it comes with a chance of errors, which can be demonstrated by the correlation between the
frequency of stem cell divisions in given tissue and an incidence of cancer in this tissue (Tomasetti
and Vogelstein, 2015). The incidence of chromosome segregation errors in mammalian oocytes
and embryos is significantly higher with aneuploidy being the leading cause of termination
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
segregation errors, we need to focus on differences between somatic cells and germs cells in the
molecular mechanisms controlling chromosome segregation. One obvious difference 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 fidelity 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. Attempts to verify the relationship 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 difference between the somatic cells and the germ cells and embryos, is in the
regulation of the gene expression, namely the regulatory role of transcription and translation. In
fully-grown oocytes the transcription is repressed (De La Fuente and Eppig, 2001) and resumes
again during the activation of the zygotic genome (ZGA) (Schulz and Harrison, 2018). This means
the regulation of several consecutive cell cycles is accomplished without transcription. According to
our knowledge, the transcription plays an essential 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 transcription is fulfilled by regulated translation (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 specifically recruited for translation, thanks to a specific sequence in its 3'UTR,
and this process takes place during the initiation of meiosis | (Yang et al., 2017). Another example
is @ molecule called Incenp, which is a member of Chromosome Passenger Complex regulating
activity of Aurora B kinase (Leblond et al., 2012). However, since ubiquitination is an essential part
of regulation of the transition between cell cycle stages, it still remains a mystery how oocytes and
early embryonic blastomeres compensate for the loss of many proteins during each cell cycle, when
the transcription is being repressed. And our aim is to explore, whether the fidelity of SAC in oocytes
and embryos is not affected by the absence of transcription. In fact, it is not even clear yet, whether
the chromosome segregation control mechanisms, known from somatic cells, are even operational
during the initial cleavage cycles of the embryo (Radonova et al., 2019).
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Abstract Mammalian female gametes frequently suffer
from nhumerical chromosomal aberrations, the main
cause of miscarriages and severe developmental defects.
The underlying mechanisms responsible for the devel-
opment of aneuploidy in oocytes are still not completely
understood and remain a subject of extensive research.
From studies focused on prevalence of aneuploidy in
mouse oocytes, it has become obvious that reported
rates of aneuploidy are strongly dependent on the meth-
od used for chromosome counting. In addition, it seems
likely that differences between mouse strains could in-
fluence the frequency of aneuploidy as well; however,
up till now, such a comparison has not been available.
Therefore, in our study, we measured the levels of
aneuploidy which has resulted from missegregation in
meiosis I, in oocytes of three commonly used mouse
strains—CD-1, C3H/Hel, and C57BL/6. Our results
revealed that, although the overall chromosomal numer-
ical aberration rates were similar in all three strains, a
different number of oocytes in each strain contained
prematurely segregated sister chromatids (PSSC). This
indicates that a predisposition for this type of
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chromosome segregation error in oocyte meiosis I is
dependent on genetic background.
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Abbreviations

CGH Comparative genomic hybridization

CSF Cytostatic factor

FISH  Fluorescence in situ hybridization

GV Germinal vesicle

GVBD  Germinal vesicle breakdown

PB Polar body

PSSC  Prematurely segregated sister chromatids/
precociously separated sister chromatids

SAC Spindle assembly checkpoint

Introduction

Meiosis is a unique type of cell division, during which
the male and female haploid gametes are generated.
Male germ cells are continuously entering meiosis dur-
ing almost the entire lifespan of the individual. In con-
trast, the onset of meiotic division in oocytes, during the
intrauterine development, is separated in tite from the
resumption of meiosis after reaching puberty. During
this interval, oocytes are arrested in the prophase of the
first meiotic division. In certain species, this might last
for decades and is most likely a cause for high levels of
chromosome segregation errors and subsequent
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aneuploidy. It has been reported that 5-10 % of the
clinically recognized pregnancies in humans are
afflicted by monosomy ot trisomy, which originates in
oocytes (Hassold et al. 2007; Nagacka et al. 2012).
Other mammalian species seem to share this predispo-
sition with humans, with levels reaching up to 12 % in
porcine oocytes (Homak et al. 2011) and 7.1 % in cattle
(Lechniak and Switonski 1998). In confrast, the rate of
chromosomal segregation errors during meiosis in lower
eukaryotes such as Swccharomyces cerevisize is 1 to
10,000 (Sears et al. 1992). The vast majority of human
aneuploid pregnancies terminate without ever being
diagnosed, and thus, the actual level of aneuploidy in
human oocytes and embryos is much higher. Detailed
studies on human oocytes and embryos, which were
meant for [VF, have demonstrated levels of aneuploidy
reaching 2040 % (Martin et al. 1991; Jacobs 1992;
Jamieson et al. 1994; Eichenlaub-Ritter 1998; Hunt
and Hassold 2010; Munne et al. 2007; Fragouli et al.
2011; Fragouli et al. 2013). It has also been shown that
there is a strong correlation between maternal age and
the occurrence of aneuploidy, with up to 30 % of the
eggs of females over 40 years old containing an incor-
rect numbet of chromosomes (Hassold and Jacobs
1984; Hassold and Chiu 1985; Hassold and Hunt
2001; Kuliev et al. 2005; Hassold and Hunt 2009;
Gianaroli et al. 2010; Hunt and Hassold 2010; Kuliev
et al. 2011). In 60 % of cases, aneuploidy in female
gametes results from predivision, the condition in which
sister chromatids are alteady separated during the first
meiotic division (Rosenbusch 2004; Rosenbusch 2006).
Precociously separated sister chromatids are subse-
quently randomly segregated between the oocyte and
the first polar body, creating an egg containing either
one of the sister chromatids (and thus being aneuploid)
or both separated sister chromatids (balanced
predivision), predetermining the oocyte for aneuploidy
after the second meiotic division in 50 % of cases
(Angell 1997; Rosenbusch et al. 2001).

Although the causes of aneuploidy in oocytes have
been studied for a relatively long time, the underlying
mechanisms remain not completely understood
(Eichenlaub-Ritter 2012; Howe and FitzHarris 2013;
Jones and Lane 2013). Numerous studies have demon-
strated that mouse cocytes do not only have a similar
predisposition for aneuploidy as human oocytes
(Golbus 1981; Zackowski and Martin-Deleon 1988;
Zuccotti et al. 1998; Duncan et al. 2009; Sebestova
et al. 2012), but also share patterns of increased

@ Springer

25

aneuploidy levels relative to maternal age (Pan et al.
2008; Duncan et al. 2009; Metriman et al. 2011;
Sebestova et al. 2012). This, together with the possibil-
ity to create animals with a disruption of a particular
gene, makes mice an ideal model for research focused
on the origins of aneuploidy in oocytes.

Based on previously published data, we can as-
sume that the differences in reported rates of aneu-
ploidy in mouse oocytes (Table 1) are predominant-
ly dependent on the technique used for detection.
The genetic background, however, should be taken
info account as well, since, even within mice
strains, differences can be observed (Aldinger
et al. 2009). Moreover, recent studies have revealed
that genetic background can influence the age-
related aneuploidy rise in mice (Shomper et al.
2014; Yun et al. 2014b). The purpose of our study
was to determine aneuploidy levels in in vitro ma-
tured oocytes of commonly used laboratory mouse
strains. For this, we have selected the CD-1 outbred
and the C37BL/6 and C3H/Hel inbred mouse
strains. The latter was chosen based on a compar-
ison of previous studies, in which this strain was
found to have the lowest aneuploidy rates
(Hansmann 1974; Rohrborn and Hansmann 1974).
To measure the levels of aneuploidy, we used a
method which allowed us not only to score num-
bers of chromosomes but also to analyze the mutual
positions of sister chromatids and the distance be-
tween their kinetochores in intact cells. Our results
showed that assessing the configuration of sister
chromatids in oocytes is at least as important as
determining the overall number of chromosomes.

Materials and methods
Mice

The CD-1, C3H/Hel, and C37BL/6 mouse strains
were purchased from AnlLab, Czech Republic, and
the Animal Breeding and Experimental Facility,
Faculty of Medicine, Masaryk University, Czech
Republic. All animal work was conducted in ac-
cordance with Act No 246/1992 Coll,, on the
protection of animals against cruelty under the
supetvision of the Central Commission for Animal
Welfare, approval 1D 018/2010.
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Table 1 Overview of previously published aneuploidy rates in mouse strains

Strain Age of animals Aneuploidy rate Technique Reference

CD-1 4-12 weeks 34 % In vitro (hCG)/monastro/CREST Merriman et al. (2011)
8-12 weeks 13.7 % In vivo (PMSG)/C-banded Mailhes et al. (2002)
820 weeks 41 % In vitro/monastro/CREST Sebestova et al. (2012)

C57BL/6 6-8 weeks 43 % In vivo (PMSG)/spread Cheng et al. (2011)

C3H/HeJ 10-12 weeks 3.6 % Hansmann 1974

Oocyte harvesting and maturation

Adult (12-20 weeks) female mice were sacrificed
and the ovaries were excised. The ovarian tissue
was disaggregated in a drop of M2 medium (Sigma-
Aldrich) with 100 uM 3-isobutyl-1-methylxanthine
(IBMX, Sigma-Aldrich). Germinal vesicle (GV)-
stage oocytes were subsequently incubated in a drop
of M16 medium, (Sigma-Aldrich) containing
100 uM IBMX and covered with a mineral oil
(Sigma-Aldrich), at 37 °C, 5 % CO,, for at least 1 h
prior to further procedures. Maturation was induced
by the removal of the inhibitor from the media, and
1.5 h after the onset of maturation, the oocytes, which
had not undergone germinal vesicle breakdown
(GVBD), were discarded from further use.

Immunofluorescence and kinetochore counting assay

The immunofluorescence protocol and kinetochore
counting assay were adopted from Duncan et al.
(2009) and Sebestova et al. (2012). Twenty hours
after the onset of maturation, MII-stage oocytes
were selected, washed in M16 medium with
100 uM monastrol (Sigma-Aldrich) or 2 uM
dimethylenastron (Sigma-Aldrich), and incubated
at 37 °C, 5 % CO, for 2 h.

The zona pellucida and polar bodies (PBs) were
subsequently removed by a short incubation in
Pronase (Sigma-Aldrich). The oocytes were fixed
with 2 % paraformaldehyde (Sigma-Aldrich) for
20 min and permeabilized with 0.1 % Triton for
15 min. The fixation was followed by immuno-
staining with a human anti-centromere antibody
(HCT-0100, Immunovision, 1:500) and an Alexa
Flour 555 goat anti-human secondary antibody
(A21433, 1:500, Invitrogen, Life Technologies).
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Vectashield with DAPI (H-1200, Vector Laboratories)
was used as a mounting medium. The cells were
scanned using a Leica AF 6000 inverted fluorescence
microscope, equipped with a HCX PL APO x100/1.4—
0.7 oil objective. Leica A filter cube (exCitation filter
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C57BL/6 CSH/HeJ
B
Mouse | Number of | Number of cells with PB
strain oocytes after 20 hrs
C57BL/6 342 246
C3H/HeJ 241 217
CD-1 389 358

Fig. 1 Polar body extrusion during in vitro maturation of oocytes
isolated from C57BL/6, C3H/HelJ, and CD-1 strains. a Qocytes
from the C57BL/6, C3H/HelJ, and CD-1 mouse strains which have
undergone GVBD within 1.5 h after the onset of maturation were
scored for the presence of polar bodies after 20 h of maturation.
Among the oocytes, 71.9 % from C57BL/6 (n=342), 90 % from
C3H/HeJ (n=241), and 92 % from CD-1 (»=389) mice reached
the MlI-stage and extruded PB. The light grey bars indicate a
portion of cells which have not reached the MlI-stage. The dark
grey bars indicate the percentage of oocytes with PB after 20 h of
maturation. b The total numbers of oocytes from each strain used
in the experiments are indicated in the fable
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BP 360/40) and Leica DsRed ET filter cube
(exCitation filter BP 546/11) were used for the
detection of DAPI and an Alexa Fluor 555, re-
spectively. The Z-resolution was automatically op-
timized by LAS AF software. IMARIS software
was used for 3D reconstruction.

Statistical analysis

Data were analyzed using Fisher’s exact test. Statistical
analysis was performed using Prism software, version
5.00 for Mac (GraphPad Software, San Diego, CA,
USA, www.graphpad.com).
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Mouse strain| Number of | Number of aneuploid
cells cells
C57BL/6 236 i
C3H/HeJ 190 i
CD-1 327 10

Fig. 2 Aneuploidy rates are similar in C57BL/6, C3H/HeJ, and
CD-1 mouse strains. a left panel, single asterisk: a euploid MlI-stage
oocyte fixed after monastrol treatment, with 20 pairs of closely
positioned kinetochores; left panel, double asterisks: 20 individual
univalents from the same cell reconstructed from selected z plains.
Right panel, single asterisk: an aneuploid oocyte with an additional
univalent; right panel, double asterisks: 21 individual pairs of
attached sister chromatids. Chromosomes (in red) stained with
DAPI, kinetochores (in green) labeled by CREST antiserum. Scale
bar represents 5 pm. The chromosomes are numbered randomly. b
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The frequency of aneuploidy was scored in mice from inbred
C57BL/6 (n=236) and C3H/HeJ (n=190) strains and the CD-1
outbred strain (2=327). Aneuploidy levels reached 2.97 % in
C57BL/6, 3.68 % in C3H/Hel, and 3.06 % in CD-1 mice. No
significant difference was observed between the represented strains
(p>0.05). The light grey bars represent the rate of euploid oocytes;
the dark grey bars represent the rate of aneuploid cells. ¢ The
numbers of oocytes from each strain, which were analyzed for
aneuploidy, are indicated in the fable
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Results

The ability to complete meiosis in vitro varies
between selected mouse strains

We analyzed the ability of oocytes from adult mice
(12-20 weeks) of all three strains to resume and
complete meiosis in our culture conditions (see
“Materials and methods™). Most of the oocytes re-
sumed meiosis within 1.5 h after the onset of maturation,
and only the oocytes which accomplished GVBD within
this time were selected for further analysis. Twenty
hours after the onset of maturation, oocytes from each
strain were scored for polar body extrusion (PBE). The
lowest maturation rate, 71.9 %, was observed in C57BL/
6 oocytes, in contrast to 90 % in the C3H/HeJ and 92 %
in the CD-1 strains (Fig. 1a, b). Moreover, the ovaries of
C57BL/6 mice contained a lower number of fully grown
GVoocytes compared to those of the other strains in our
study. On average, we were able to obtain 22 fully
grown GV oocytes per mice from the C5S7BL/6 strain
and 35 and 45 in the C3H/Hel and CD-1 strains, respec-
tively (data not shown).

The frequency of aneuploidy in MII-stage oocytes is
similar for CD-1, C57BL/6, and C3H/Hel strains

After PBE and the formation of the second meiotic
spindle, oocytes arrest at the metaphase II due to the
activity of the cytostatic factor (CSF) (Madgwick and
Jones 2007). At this time point, we scored the outcome
of the first meiotic division. To establish the number of
chromosomes in the MII-stage oocytes, we employed
the kinetochore counting assay (Duncan et al. 2009;
Sebestova et al. 2012). Oocytes which contained 40
kinetochores were scored as euploid (Fig. 2a, left panel).
Cells with a different number of kinetochores were
scored as aneuploid (Fig. 2a, right panel). Thanks to
the optimization of cell coverage by z stacks and the
subsequent 3D reconstruction of the entire cell by Imaris
software, we were able to resolve the superimposed or
closely associated kinetochores as well (Fig. S1). Our
results revealed that the frequency of aneuploidy in
oocytes of all three strains is similar, ranging from
2.97 % in C57BL/6 through 3.06 % in CD-1 and up to
3.68 % in C3H/HeJ (Fig. 2b, ¢). According to statistical
analysis, the differences in aneuploidy levels between
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selected strains were statistically not significant. The
aneuploidy rates obtained in our experiments were con-
sistent with previously published results (Hansmann
1974; Duncan et al. 2009; Cheng et al. 2011;
Merriman et al. 2011; Sebestova et al. 2012; Table 1).

The frequency of prematurely separated sister
chromatids varies between selected mouse strains

While examining metaphase II oocytes for aneuploidy,
we detected separated kinetochore signals of sister

A p = 0.0026
p < 0.0001 p = 0.0485
w. T 10 ]
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©
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©
|
— I
C57BL/6 C3H/HedJ CD-1
B
Mouse strain| Number of | Number of cells
cells with PSSC
C57BL/6 215 8
C3H/HeJ 174 33
CD-1 242 28

Fig. 3 Levels of prematurely segregated sister chromatids in
oocytes from C57BL/6, C3H/Hel, and CD-1 mouse strains. a In
3.72 % of the C57BL/6 oocytes (n=215), 18.97 % ofthe C3H/HeJ
(n=174), and 11.57 % of the CD-1 (n=242), PSSC were detected.
There was a significant difference in the number of oocytes with
prematurely segregated sister chromatids between all three strains
(p<0.0001 for C57BL/6 vs. C3H/Hel; p=0.0026 for C57BL/6 vs.
CD-1 strains; p=0.0485 for C3H/HeJ vs. CD-1 strains). The light
grey bars signify oocytes which did not contain PSSC; the dark
grey bars indicate the rate of cells with PSSC. b The number of the
oocytes from selected mouse strains containing PSSC is specified
in the table
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chromatids in some cells. The presence of single chro-
matids in MII-stage oocytes could lead to incorrect
chromosome segregation in the following division and
might impairs the subsequent development of an aneu-
ploid embryo. Therefore, we decided to establish the
number of cells containing prematurely segregated sister
chromatids/precociously separated sister chromatids
(PSSC), by scoring separated sister chromatids in the
cells, which were previously analyzed for aneuploidy.
Our results showed dramatic differences in the number
of oocytes with PSSC between the selected strains
(Fig. 3a, b). As shown in Fig. 4a, 11,57 % of CD-1
oocytes, 18,97 % of C3H/Hel and 3,72 % of C57BL/6

A

oocytes contained at least one separated pair of kineto-
chores or a single kinetochore (Fig. 4a). However, we
realized that cells with PSSC did not always contain a
numerical chromosomal aberration. Therefore, the pro-
portion of euploid versus aneuploid cells in the group of
oocytes containing PSSC was established (Fig. 4b).
Strikingly, the majority of the cells with prematurely
segregated sister chromatids had a correct number of
chromosomes, despite the fact that the actual proportion
was different for each strain. More specifically, 37.5 %
of oocytes from C57BL/6, 78.8 % from C3H/Hel, and
78.6 % from CD-1 strains, which contained PSSC, were
euploid.
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Fig. 4 Proportion of cells with balanced and unbalanced
predivision in oocytes from C57BL/6, C3H/Hel, and CD-1 mouse
strains. a Left panel, single asterisk: predivision in the euploid
oocyte; left panel, double asterisks: 19 univalents and 2 prematurely
segregated sister chromatids. a right panel, single asterisk: oocyte
with aneuploidy caused by predivision; right panel, double aster-
isks: 19 individual dyads and 1 single chromatid. Sister chromatids
(marked by arrows) display one kinetochore signal each.
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DAPI/CREST

CD-1

Chromosome and kinetochore staining is like in Fig. 2a. Scale bar
represents 5 pm. The chromosomes are numbered randomly. b The
numbers of euploid oocytes from the total amount of oocytes with
PSSC for each mouse strain were as follows: 37.5 % of the oocytes
from the C57BL/6 strain (n=8), 78.8 % from the C3H/Hel strain
(n=33), and 78.6 % from the CD-1 (n=28). The light grey bars
represent oocytes with unbalanced predivision: the dark grey bars
represent cells with balanced predivision
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Discussion

In our study, we analyzed the frequency of aneuploidy
in the cocytes of three commonly used mouse strains.
Tharks to the method we used, we were able to not only
determine the number of chromosomes in each oocyte
but also to evaluate the distance between all the sister
chromatids and their relative positions. In comparison,
conventional FISH is usually limited by the number of
probes and routinely only three to six chromosomes per
cell are detected (Nagaoka et al. 2012). Even when
using the newest techniques, such as comparative ge-
nome hybridization (CGH) and array comparative ge-
nome hybridization (array-CGH), it is impossible to
detect all the cells with PSSC since the cells with a
balanced predivision are scored as euploid (Gutietrez-
Mateo et al. 2011; Colls et al. 2012).

Our study revealed that the rates of numerical chro-
mosomal aberrations in in vitro matured MII-stage oo-
cytes were similar between the selected strains. Howev-
er, more frequently than an incorrect number of chro-
mosomes, oocytes harbored prematurely separated sis-
ter chromatids in metaphase II. Our results clearly show
that the frequency of PSSC varies between the strains of
our selection, and therefore, the predisposition for
predivision depends on the genetic background. This
finding is important because the precocious dissolution
of the ties between sister chromatids is a major source of
aneuploidy in oocytes and embryos, constituting more
than half of the aneuploidy cases in humans
(Rosenbusch 2004; Rosenbusch 2006). Moreover,
PSSC is reported to be a main reason for age-related
aneuploidy increase in both humans and mice (Vialard
etal. 2006; Yun et al. 2014a). The precociously separat-
ed sister chromatids exploit a blind spot of the control
mechanism called the spindle assembly checkpoint
(SAC) by establishing a merotelic kinetochore-
microtubule attachment, thus escaping detection by
SAC (O’Connell et al. 2008; Gregan et al. 2011). Un-
detected by the surveillance mechanisms, sister chroma-
tids are then distributed randomly between the polar
body and the oocyte in anaphase I, causing a numetical
abnormality in 50 % of cells (Angell 1997; Rosenbusch
et al. 2001).

Our results are opening new avenues for studying the
mechanisms responsible for predivision in oocytes. A
comparison of mouse strains with different levels of
PSSC might help our understanding of the mechanisms
behind maternal age-related aneuploidy. There is,
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however, a possibility that the premature segregation
of sister chromatids in in vitro cultured oocytes has a
different underlying mechanism from PSSC in oocytes
from animals of advanced age. Indeed, our preliminary
results indicate that the amount of cohesin subunit Rec8
on chromosomes does not vary significantly between
the strains used in this study (data not shown), although
the deterioration of cohesion is most likely behind ma-
temal age-related aneuploidy (Chiang et al. 2010; Lister
et al. 2010; Revenkova et al. 2010; Tachibana-
Konwalski et al. 2010) as well as aneuploidy in cocytes
from young mice (Merriman et al. 2013).

The difterences between mouse strains have been
shown to interfere with the progression of female germ
cells through meiosis (Polanski et al. 1998) or with the
correlation of aneuploidy occurrence with the maternal
age (Shomper et al. 2014; Yun et al. 2014a, b). Our
results emphasize the importance of the careful selection
of mouse strains for experiments, due to the influence,
which the genetic background might have on the out-
come of meiosis.
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Abstract. Optimal culture conditions are essential for successful [IVM of mammalian oocytes and for their further
development into an embryo. In the present study we used live cell imaging microscopy to assess the effects of suboptimal
culture temperature on various aspects of IVM, including duration of meiosis I, dynamies of polar body extrusion,
chromosome congression, anaphase-promoting complex/cyclosome (APC/C) activation and aneuploidy. The data showed
that even a small deviation from the optimal incubation temperature causes marked changes in the duration and
synchronicity of meiosis, APC/C activity and the frequency of chromosome congression and segregation errors. /n vitro
manipulation and maturation of germ cells is widely used in both human and animal artificial reproduction techniques.
Mammalian oocytes are naturally prone to chromosomal segregation errors, which are responsible for severe mental and
developmental disorders. The data presented herein demeonstrate that exposure of mouse oocytes to suboptimal
temperature during manipulation and maturation could further increase the frequency of chromosome segregation defects
in these cells.

Additional keywords: anaphase-promoting complex/cyclosome, chromosome misalignment, culture temperature, IVM.
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Introduction

Mammalian oocytes mature spontaneously after removal from
the follicle (Pincus and Enzmann 1935). Since the first attempts
on IVM of oocytes, efforts have been made to define culture
conditions, which are optimal for supporting their further
development into embryos (Edwards 1965} Understandably,
most studies were focused on culture media and their compo-
nents, including energy sources and biologically active
compounds, such as hormones. However, another important
factor in optimisation of IVM of the gametes is temperature.
Traditionally, this has been selected with regard to the average
core body temperature of each particular species. The effect of
lower temperature on meiotic maturation has been studied and
some effects are already known. Using porcine oocytes, it was
shown that the frequency of first polar body extrusion (PBE) and
the duration of meiosis I change with lower culture media
temperatures (Eng et al. 1986; Abeydeera ef al. 2001; Ye et al
2007). Conversely, exposure to temperatures higher than body
temperature was shown to have a negative effect on porcine
oocytes, resulting in decreased meiotic and developmental
competence, a lower fertilisation rate and fewer cells progres-
sing to the blastocyst stage (Tong er al. 2004; Barati et al. 2008).
Such damage can be introduced relatively rapidly, for example
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during transient exposure of animals to higher temperatures
during slaughtering procedures (hot water treatment and flame
sterilisation before removal of organs).

[t was shown that the subcellular structure that is particularly
sensitive to changes in culture temperature is the meiotic
spindle, and spindle disassembly has been observed upen expo-
sure to lower temperatures in mouse (Pickering and Johnson
1987} and human {Wang ef al. 2001) cocytes. Because an intact
spindle with all kinetochores correctly attached to the micro-
tubules is a prerequisite for faithful chromosome segregation in
all cells studied so far (Foley and Kapoor 2013}, it is conceivable
that a disruption of the spindle microtubules in cells exposed to
lower temperatures may lead to incorrect distribution of
chromosomes and aneuploidy in resulting MII oocytes. Consi-
dering the fact that virtually all procedures used m human and
animal assisted reproduction use manipulation of gametes and
embryos outside the incubator, where temperature control is
limited, these findings are particularly important.

The effect of lower culture temperature on chromosome
segregation has not been studied thus far. Therefore, in the
present study we used time-lapse microscopy to investigate how
suboptimal culture temperature affects important aspects of
chromosome segregation, such as chromosome congression

www.publish.csiro.aw/journals/ifd



B Reproduction, Feriility and Development

and mitiation of anaphase. The results reveal that an increased
frequency of cells with chromosome congression and segregation
defects and lower anaphase-promoting complex/cyclosome
(APC/C) efficiency are consequences of arelatively small devia-
tion from the optimal culture temperature. We believe that these
results will contribute to knowledge of the origin of aneuploidy in
mammalian oocytes cultured in vifro and will be important for
further improvements of IVM and manipulation techniques.

Materials and methods
Animals

Qocytes were collected from CD-1 female mice aged 9-20
weeks (Animal Breeding and Experimental Facility, Faculty of
Medicine, Masaryk University, Brno, Czech Republic). All
animal work was conducted according to Act No. 246/1992
Coll., on the protection of animals against cruelty under super-
vision of the Central Commission for Animal Welfare
(Approval ID 1504/2013, 1566/2014).

Qocyte collection, manipulation, microinjection and live
cell imaging

Unless stated otherwise, all reagents were purchased from
Sigma-Aldrich (Czech Republic). Mice were killed and oocytes
were collected by mechanical disruption of ovarian tissue in M2
medium containing 100 uM  3-isobutyl-1-methylxanthine
(IBMX). Cells were cultured in M 16 medium (Merck Millipore,
Czech Republic), supplemented with 100puM IBMX and
covered with mineral oil, at 37°C in the presence of 5% CQO,.
Microinjection was performed in M2 medium supplemented
with 100uM IBMX, covered with mineral oil, using an [-10
microinjector (Narishige, Tokyo, Japan) on a Leica (Wetzlar,
Germany) DMIL inverted microscope. cRNA constructs for
microinjection encoding mouse Histone H2B and Securin
tagged with mCherry and Venus, respectively, were used as
described previously (Sebestova er al 2012). After micro-
injection, oocytes were cultured in M16 medium with 100 uM
IBMX at 37°C under 5% CO, for 2h to allow synthesis of
injected proteins and then matured by removal of IBMX from
the medium. Time-lapse imaging was performed on a Leica AT
6000B mverted fluorescence microscope with an HC PL. APO
20x/0.7 IMM CORR CS objective, or on a Leica SPS laser
scanning microscope with an HCX PL APO 20 x/0.7 IMM
CORR Ag; objective; both objectives were equipped with dif-
ferential interference contrast (DIC). For detection of the tagged
proteins, a Leica Discosoma sp. red fluorescent protein (DsRed)
ET filter cube (excitation filter BP 546/11} and a green
fluorescent protein (GFP) ET filter cube (excitation filter BP
470/40) were used. mages were acquired every Smin for 18h.
Both microscopes were equipped with a European Molecular
Biology Laboratory (EMBL) environmental box allowing
temperature and CO; to be controlled during the experiment.
The temperature i the wvicinity of the culture chamber
was further monitored with an external probe (Pt1000TGR/E,
model SN 105E; Comet System, Roznov pod Radhostem,
Czech Republic). Temperature was recorded during each
experiment and temperature fluctuations were <<1°C over a
period of 24 h.

35

J. Danadova et al.

Immunofluorescence and kinetochore counting assay

The protocols used for immunofluorescence and kinetochore
counting were those described by Duncan ef @/ (2009} and
Sebestova et al. (2012). Oocytes were isolated and cultured for
16h in M16 medium, then washed in M16 medium supple-
mented with 100 uM monastrol and incubated for 2 h at either
35°Cor37°C in the presence of 5% CO,. MII oocytes were fixed
using 2% paraformaldehyde for 25 min, permeabilised with
0.1% Triton X-100 for 20 min and blocked in blocking solution
composed of phosphate-buffered saline (PBS) containing 0.3%
bovine serum albumin (BSA} and 0.01% Tween-20, for 15 min.
Immunestaining was performed with a 1 : 500 dilution of human
anti-centromere primary antibody (HCT-0100; Immunovision,
Springdale, AR, USA) and a 1: 500 dilution of an Alexa Flour
555 goat anti-human secondary antibody (A21433; Invitrogen,
Life Technologies, Prague, Czech Republic). Cells were
mounted in Vectashield with 4',6'-diamidino-2-phenylindole
(DAPI; H-1200; Vector Laboratories, Burlingame, CA, USA}.

Samples were scanned on a Leica AT 6000B inverted
fluorescence microscope, equipped with an HCX PL APO
% 100/1.4- 0.7 oil objective. For detection of DAPI and Alexa
Fluer 555, a Leica A filter cube (excitation filter BP 360/40) and
aLeica DsRed ET filter cube (excitation filter BP 546/11) were
used. The Z-resolution was automatically optimised by LAS AF
software (Leica, Wetzlar, Germany).

Image and statistical analysis

Data analysis was performed using ImageJ (http://rsb.info.nih.
gov/i)/) and Imaris software (http://www bitplane.com), with
statistical analyses performed using Prism version 5.00 for Mac
(GraphPad Software, San Diego, CA, USA). Mean =+ s.d. values
were calculated using MS Excel (Microsoft, Bellevue, WA,
USA). The statistical significance of differences was tested
using Chi-squared tests, one-way analysis of variance
(ANOVA) with post hoc Tukey’s multiple comparison test and
Mann-Whitney U-tests, as appropriate. Two-tailed P <<0.05
was considered significant.

Results

Impact of lower culture temperature on meiosis | duration
and anaphase entry

To analyse the effect of culture temperature on meiosis I
progression, groups of oocytes were matured at 35°C, 36°C,
37°Cand 37.5°C. A temperature of 37°C was used as the control,
because it represents average mouse core body temperature
(Sanchez-Alavezef al. 2011} and is thus conventionally used for
IVM of mouse oocytes (Brinster 1969; Hong ef al. 2014). Prior
to meiotic maturation, germinal vesicle (GV) oocytes were
mjected with cRNA encoding Histone H2B fused to mCherry.
After a period of time sufficient for the translation of injected
cRNA, the resumption of meiosis was induced by removal of
[BMX from the culture medium and oocytes were subsequently
transferred to the microscope stage. Chromosome segregation
and PBE were monitored using time-lapse imaging for 18 h and
stacks of images were acquired in 5-min intervals. The duration
of meiosis [ was analysed in each individual cell by measuring
the time interval between disassembly of the nuclear membrane
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Fig. 1. The duration of meiosis T is dependent on cultare temperature.

Oocytes were microinjected with cRNA of Histone H2B fused with mCherry
fluorescent protein and the time from germinal vesicle breakdown (GVED)
until the onset of anaphase was measared. (o) Representative time-lapse
frames showing chromatin daring GVBD and cluomosomal mass segregation
indicating the onzet of anaphase in oocytes matared at 37°C. Scale bars=
15pum. (A) Scatter dot plot of the length of the interval from GVBD until the
onsel of anaphase in individual oocyles. Oocytes were culiured at 35°C
(n=284), 36°C (r="72), 37°C (n=118) or 37.5°C (p="72). Mean £ s.d.
vaties thorizomtal grey line and black whiskers, respectively) are indicated.
Statistical significance was estimated vsing analysis of variance and Torkey's
post hoe multiple comparizon test (%P < 0.001, *¥P < (L01). Significant
differences were found between all groaps, except those culored at 37°C and
37.5°C. For each temperatore, the experiments were repeated four (35°C, 36°C
and 37.5°C) or six (37°C} times.

{gemminal vesicle breakdown (GVBD)) and anaphase, visible by
separation of chromosomal masses (Fig. 14). The duration of
melosis I in oocytes cultured at 35°C and 36°C was significantly
longer (10.62 £ 1.19 and 9.52 £ 1.15h, respectively) than that
in oocytes cultured at 37°C and 37.5°C (8.91+£0.87 and
8.88£0.79h, respectively; Fig. 15). The increase in the
duration of meiosis T was inversely correlated with culture
temperature, although oocytesmatured at 37°C and 37.5°C spent
a similar time in meiosis I (Fig. 15). These observations support
previously published data (Abeydeera ef al. 2001; Ye ef al.
2007} and confirm that the length of meiosis I is significantly
affected by the temperature of the culture medinm. Compared
with previously published data (Abeydeera ez /. 2001; Ye er al.
2007) the data presented herein show that even a relatively
subtle change in culture ternperature has a smprisingly marked

36

Repraduction, Fertility and Development

100 5

o
5)
1

Polar body extrusion (%)

10 12
Time from GVBD th)

Fig. 2. Dwynamics of polar body extrusion (PBE) after oocyie culture at
different temperamres. Oocytes were microinjecied with cRNA of Histone
H2B fused withmCherry floorescent protein and scored for PBE using time-
lapse microscopy. The curves show the proportion of oocytes that had
extruded the first polar body at particular time points dwing meiosis 1.
Titing of PBE was determined from data obtained in experiments shown n
Fig. 1. The daration of meiosis T s dependent on cultare temperatore.
GVBD, germinal vesicle breakdown.

effect. Decreasing the temperature just 1°C from the standard
culture temperatire prolonged the first meiotic divisionby 0.6h;
2 2°C decrease resulted in meiosisI that was 1.7 h longer. Using
the same set of data, we also analysed the dynamics of PBE
(Fig. 2). Approximately 90% of oocytes cultured at 37°C and
37.5°C entered anaphase within 2 h of the first cell in the group
entering anaphase. Interestingly, in oosytes cultured at 35°Cand
36°C, this time interval was extended to 4-5h (Fig. 2),
demonstrating that the lower temperature emphasised individual
differences between cells and unsynchronised melosis I
progression. In addition, oocytes matured at 35°C started PBE
with an approximate 1h delay compared with all other groups

(Fig. 2).

Effects of fower culture temperature on APC/C activity

In order to monitor APC/C activity in oocytes during meiosis I,
we used its substrate Securin (MeGuinness ef &f. 2009; Sehestova
et af. 2012). The highest Securin fluorescence intensity followed
by its relatively rapid decline coincides with the onset of APC/C
activity in each cell. cRINAs encoding Securin and Histone H2B
fused to fluorescent tags were microinjected into oocvtes and
Securin fluorescence intensity was subsequently detected in each
cell individually throughout meiosis I. For this experiment, we
restricted the culture temperatures to 35°C and 37°C (Fig. 3a).
Although the Securin fluorescence imtensity profiles were similar
in both groups, alignment to the points of maximum fluorescence
intensity demonstrated that the degradation of Securin required a
longertime in cells cultured at 35°C (Fig. 35). To confirm this, we
measured the time interval from the highest Securm fluorescence
intensity to anaphase in individual cells (Fig. 3c); this interval was
significantly longer in the group cultured at 35°C compared with
37°C (2.35£0.36 vs 2.12+£045h, respectively; P < 0.01),
indicating that the degradation of Securin by APC/C is less
efficient in the oocytes cultred at a lower temperature.
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Fig. 3. Anaphase-promoting complex/cyclosome (APC/C) activity is
affected by culture temperature. Cocytes were microinjected with cRNA
of Securin tagged with Venus fluorescent protein to visualise APC/C
activity. (¢) Curves showing mean fluorescence intensity of Securin—Venus
at particular time points during meiosis I in oocytes culturedat 35°C (r = 44)
or 37°C (n=41). The fluorescence intensity of Securin—Venus was
measured as mean grey value and normalised against the time of germinal
vesicle breakdown (GVBD). (b) Curves shown in (a) aligned to the point of
maximum Secuwrin fluorescence intensity. (¢) Scatter dot plot of time
between maximum Securin fluorescence intensity (activation of APC/C)
and onset of anaphase I for individual oocytes. Mean + s.d. values (horizontal
grey line and black whiskers, respectively) are indicated. The difference is
significant (**P < 0.01). Data were obtained from two replicates for each
femperature.
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Impact of lower culture temperature on APC/C activity

It has been demonstrated previously that the frequency of
aneuploidy in mammalian oocytes corresponds to the occur-
rence of misaligned chromosomes shortly before anaphase
(Nagaoka et gl 2011; Sebestova et al. 2012). To determine
whether culture temperature affects the occurrence of this
phenomenon, we analysed chromosome congression defects in
oocytes cultured at different temperatures. Qocytes injected
with ¢cRNA encoding histone H2B fused to mCherry were
matured on the microscope stage. Misaligned chromosomes
were scored individually in each cell using images acquired
during the last time interval before anaphase (Fig. 4a). The
number of cells in each group in which at least one chromosome
was visibly separated from the others clearly demonstrated that
chromosome congression is impaired by lower culture tempe-
rature. Although only 2.5% of oocytes cultured at 37°C and
4.2% of oocytes cultured at 36°C contained misaligned
chromosomes at the given time point, this number was almost
sevenfold higher in oocytes at 35°C, reaching 16.7% (Fig. 4b). In
oocytes cultured at 37.5°C, no congression defects were detec-
ted (Fig. 45). The degree of congression defects in cocytes with
misaligned chromosomes is shown in Fig. 4c. Whereas cells
cultured at 36°C and 37°C that contained misaligned chromo-
somes had mostly a single chromosome separated from the
metaphase plate, chromosome segregation defects in oocytes
cultured at 35°C usually involved multiple chromosomes. These
results demonstrate that culture temperature affects the
alignment of chromosomes and that the extent of this defect is
correlated with the degree of deviation from the normal culture
temperature.

Effects of lower culture temperature on chromosome
segregation errors

In order to test whether more frequent chromosome congression
defects are reflected in chromosome segregation defects, we
scored aneuploidy levels in cells maturing at 37°C and 35°C. GV
oocytes after isolation were divided into two groups and
cultured in the incubator for 20h at either 37°C and 35°C until
they reached the MII stage. Then, using the kinesin S inhibitor
monastrol, bipolar spindles were disrupted, cells were stamed
for kinetochores and DNA and chromosome content was scored
in each intact cell (Duncan af al. 2009). Fig. 5¢ shows an
example of the chromosome content of euploid cell, whereas
Fig. 5b shows an example of hypoploid cell with 19 univalents
after meiosis [. The results showed that aneuploidy is more
frequently detected in cells cultured at 35°C than in cells that
matured at more physiological temperatures (Fig. Sc, d).
However, the absence of aneuploid cells in the group cultured at
37°C was definitely caused by the small number of cells because
we know from previous studies that some basal aneuploidy is
always present even in cells cultured under relatively ideal
culture conditions (Danylevska ef al. 2014).

Discussion

The aim of the present study was to describe the effect of lower
culture temperatures on meiosis I progression and chromosome
segregation in mouse oocytes. The temperatures chosen for the
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was scored in three independent experiments,

present study were, 1n fact, reasonably close to the standard
culture temperature and therefore it is conceivable that such
conditions may be reached during regular oocyte manipulation
or culture. Despite the relatively small temperature differences
between groups, the effects on various aspects of meiosis T
were correlated with the level of deviation from the standard
temperature. From previously published studies, we know that
short-term exposure to a lower temperature causes prolonga-
tion of meionsis I and instability of the spindle microtubules
(Eng eral. 1986; Pickering and Johnson 1987; Abeydeera er af.
2001; Wang et al. 2001; Tong et af. 2004; Ye et al. 2007). The
results of the present study revealed, quite surprisingly, that a
decrease in culture temperature as little as 1°C already
negatively affects meiosis [ completion rates and PBE timing.
However, this effect was much stronger when the lower
temperature (35°C) was used. Thanks to the techniques used in
the present study, we were able to detect other consequences of
the lower culture temperature, some of which have not heen
reported previously, namely effects on the synchronieity of
anaphase entry, deceleration of APC/C substrate degradation
and, importantly, chromosomal congression and segregation
defects.
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During exit from mitosis, APC/C activity is essential for
targeting important regulators of the cell cyele, such as Cyelin B
and Securin, for destruction, which makes the metaphase to
anaphase transition irteversible (Pesin and Orr-Weaver 2008).
The results of the present study indicate that this pathway is less
efficient in cells cultured at the lower temperature, which was
reflected by slower degradation of Securin. However, whether
other important substrates, such as mitotic cyelins, are also
affected needs to be tested. It is conceivable that any change
to the processes required for an exit from meiosis I could also
potentially contribute to oocyte aneuploidy. During meiosis I,
the APC/C is active for approximately 2-3h during the meta-
phase Tto anaphase I transition, which is much longer compared
with the somatic cell cyele. To test whether oocytes are more
sensitive to temperatire changes during APC/C activity could
be important for our understanding of the origin of aneuploidy in
cells cultured in vitro. However, the most important observation
is the increase in errors of both chromosome congression and
segregation with the lower culture temperature. This 1s parti-
cularly important because oocytes are known to be prone to
chromosome segregation errors (Nagaoka ef «f 2011} and
congression defects were shown to worsen this even flrther
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(Nagaokaef al. 2011; Sebestova ef af. 2012). It is clear from the
results of the present study that most chromesome congression
defects caused by the lower culture temperature are only
transient and are not converted into chromosome segregation
defects. However, we have demonstrated here that the lower
temperature also significantly increased chromosome segrega-
tion defects causing aneuploidy, which would be incompatible
with subsequent embryonic development. The number of cells
scored was relatively small and the data presented herein are not
sufficient to reflect overall aneuploidy levels in each group. To
obtain such information, a much larger cohort of cells needs to
be analysed for each culture temperature (Danylevska et al.
2014). However, the numbers shown here clearly demonstrate
the effect of lower culture temperature on the occurrence of
chromosome segregation errors. Because in vitro manipulation
of oocytes and embryos has become a basic method used not
only for scientific research, but also as a routine procedure in
human and animal assisted reproduction, we believe the findings
of the present study are highly relevant. Exposure of cells to the
lower temperature obviously increased chromosome congres-
sion errors and therefore the findings of the present study are
impertant for future improvement of techniques used in human
and animal reproduction. It remains to be determined whether,
for example, shorter exposure of cells to conditions outside the
cubator has similar effects as the long-term exposure to
different temperatures as reported in this paper.
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Abstract

It is generally accepted that mammalian oocytes are frequently suffering from chromosome segregation errors during
meiosis |, which have severe consequences, including pregnancy loss, developmental disorders and mental retardation. In a
search for physiologically more relevant model than rodent oocytes to study this phenomenon, we have employed
comparative genomic hybridization (CGH), combined with whole genome amplification (WGA), to study the frequency of
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methods, such as chromosome spreads or FISH, were used to estimate frequency of aneuploidy, our results presented here
show, that the frequency of this phenomenon was overestimated in porcine oocytes. Surprisingly, despite the results from
human and mouse showing an increase in the frequency of aneuploidy with advanced maternal age, our results obtained
by the most accurate method currently available for scoring the aneuploidy in oocytes indicated no increase in the
frequency of aneuploidy even in oocytes from animals, whose age was close to the life expectancy of the breed.
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Introduction

Development of human embryo is affected by a high frequency
of aneuploidy, which has severe consequences, namely pregnancy
loss, incidence of abortions, developmental disorders and mental
retardation [1]. Search for the potential source of these defects
showed, that the female gametes are more susceptible to the
accumulation of chromosome segregation errors during meiosis 1
division, and therefore the egg is the major contributor to the
embryo aneuploidy [2 4].

Data cbtained from cther mammals show that their cocytes are
also frequently affected by aneuploidy. In mouse, where this
phenomenon was extensively studied, the frequency of aneuploidy
at metaphase II, estimated by chromosome spreads or by counting
CREST signals after monastrol treatment in intact oocytes, varies
from 3% to 8% [5 7]. In cattle, the differences between individual
reports are even greater, with estimated aneuploidy rate in MII
cocytes varying from 7.1% up to 30%, using either chromosome
spreads and counting hyperhaploid oocytes [8] or counting
chromosomes X and 5 detected by FISH [9]. Analysis of percine
oocytes based on the hyperhaploid chromosome spreads showed
aneuploidy in 4.9% of cells [10] or 11.9% cells [11], whereas
counting chromosomes 1 and 10 using FISH led to the estimated
aneuploidy ranging frem 27% up to 57% of cocytes [12,13].

The development of mammalian female gametes is character-
ized by a relatively long interruption, lasting from the formation of
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oocytes during early embryonic development until their recruit-
ment te complete meiosis after puberty. The length of this peried,
during which are the cocytes arrested in the prophase of the first
meiotic division, varies dramatically between species and can last
from months to decades. It seems that the frequency of aneuploidy
increases significantly with declining reproductien, which places
increased maternal age within the potential risk factors of
developing embryo suffering from aneuploidy. Analysis of the
correlation between age of human female donors and cocyte
aneuploidy showed that in young women relatively small fraction,
around 3 10% of oocytes, are aneuploid, whereas in women in
their forties and later, the frequency of aneuploidy exceeds 50%
[14 16]. To our knowledge, the only non-human mammalian
species, in which the correlation between maternal ageing and
cocyte aneuploidy was systematically studied, was mouse. In this
species, the low overall initial aneupleidy 3 8% in animals arcund
age of 8 10 weeks increases to 12% at the age of 32 to 35 weeks
and even further increases to 25% at the age of 70 weeks, these
results were obtained by counting chromosemes on chromosome
spreads [6,7]. The high frequency of aneuploidy in animals
advanced in age was confirmed also by a different methoed, namely
disruption of the metaphase I spindle by menastrel and counting
kinetochores on chromosomes stained by DAPI and CREST [5].
Using this method aunthors showed that the incidence of
aneuploidy in cocytes from animals at the age of 16 19 months
(64 76 weeks) is as high as 35%.
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Due to the differences between varicus techniques used for
scoring aneuploidy in cocytes, the reported frequencies are
sometimes highly heterogenecus [17]. The cbjective of our study
was to obtain the most accurate picture of the incidence of
aneuploidy in porcine cocytes, since the previcusly published data
are rather inhemoegenecus. We were also keen to know, whether in
this species the frequency of aneuploidy in cocytes increases in
correlation te the maternal age. Our alm was to obtain
physiclogically more relevant model system to study maternal
age-related aneuploidy in cccytes, because the melosis in porcine
cocytes resembles much more the situation in human than in
rodent oocytes, generally used for such studies. For scering the
aneuploidy in oocytes in our study, we employed comparative
gencemic hybridization (CGH), which proved to be more accurate
for scoring chromosomal abnormalities than FISH [18].

Our data presented here show that the incidence of aneuploidy
in porcine occytes is lower than the most frequent estimations
reported previcusly. Surprisingly, comparison of the frequency of
aneuploidy in groups of animals of age more than § years apart
showed that this species does not suffer from age-related increase
of aneuploidy in cocytes, knewn in human and mouse.

Results

In vitro maturation of oocytes from various age
categories

Oogcytes isolated from two groups of miniature pigs and a group
of Landrace and Czech Large White crossbreed (LxCLW), were
matured in vitre. First group of miniature pigs consisted of three
young animals at average age arcund 15 months. Animals in the
second group were significantly clder, with average age arcund 92
months. Qocytes in the third greup, ebtained from the LxCLW,
were in average 69 months cld at the time of cocyte isclation. GV
stage cocytes, with Intact cumulus (COCs), were isclated after
prier PMSG stimulation. Within each group, similar number of
COCs per animal was obtained, 14.67 from young miniature pigs,
19.34 from aged miniature pigs and 27 from the group of aged
LxCLW (Table 1). After 44 hours of maturation in vitre, 77.3,
82.8 and 87.7% of cocytes iselated from the young miniature pigs,
aged miniature pigs and IxCLW extruded the first polar body
(PB) (Table 1). The rate of polar body extrusion i comparable to
the data from other groups indicating that our culture conditions
were supporting oocyte maturation in vitro [13]. For subsequent
analysis, the polar bodies were detached from oocytes and frozen
separately.

Comparative genomic hybridization (CGH) of the entire
chromosome content of individual cocytes

CGH method, when DNA template comes from a single cell,
represents a technical challenge, since the amount of template

Aneuploidy in Porcine Qocytes

DNA in the reaction is drastically reduced. To solve this problem,
we used amplification of the whole genome using commercially
available PicoPlex™ WGA kit (Rubicon Genomics). This
technology was succesfully validated for aneuploidy detection in
human blastomeres and polar bodies [19,20]. Our preliminary
results showed that CGH from a single porcine oocyte is feasible
and reproducible. We have observed a strong correlation between
aneuploidy detected in the oocyte and the corresponding polar
body (data not shown). In Figure 1, we summarized representative
results of CGH analysis. Qocyte with normal chromosomal set and
the corresponding pelar bedy is shown on panel A. The yellow
mixed hybridization signal, consisting of green (Green 496-dUTP)
signal from contrel cumulus cell and red (Cyanine 3-dUTP) signal
from the cocyte or the polar body, is uniformly covering each
chromosome (ratio close to 1:1). A result of a segregation error,
when the whole bivalents were not digjoined during meiosis I, is
illustrated on panel B. Chromosomes 7, 8, 11 and 15 are
predominantly labeled in red in the oocyte and entirely green in
the polar body (see corresponding ratio profile), indicating that
those chromosomes remained in the oocyte during the first meiotic
division. Panel C illustrates situation, when sister chromatids
separated prematurely during meiosis I. The red signal of
chromosome 12 is not completely missing, however, the green
signal of competing centrol DNA is more apparent (signal ratic
shifted to green, see ratio profile). Importantly, the color of the
signal frem the same chromosome in the corresponding PB
represents the dominant signal from tested cell (signal ratio shifted
to red, see ratio profile). Presented results demonstrate, that when
using our assay we are able to detect the most frequent sources of
aneuploidy in mammalian oocytes failure to disjoin the whole
bivalent or premature segregation of sister chromatids.

Frequency of aneuploidy related to the donor age

The chromosome content was analyzed in 141 cocytes. From
the final score, three cells from the group of aged LxCLW were
excluded, because of the failure of the sample preparation (more
than half of the chromosomes missing in the cocyte with euploid
PBs), and the result of CGH analysis of 138 ococytes are
summarized in Table 2 and 3. Altegether, we have identified 14
cocytes with incorrect chromosome content. In 9 cases, the
aneuploidy was confirmed by CGH of the correspending pelar
body. In two cases, amplification of DNA from the polar body
failed and in three cases the prefile of the polar body did not
confirm the aneuploidy found in the oocyte. In the cases, where we
were able to confirm the aneupleidy by analyzing the chromosome
content in PBs, the affected chromosomes in the cocyte were
accurately reflected in the corresponding PB. Both major causes of
oocyte aneuploidy were present, 4 cells showed nondisjoined
chromosomes and 10 cells suffered from premature segregation of
sister chromatids (PSSC) (Table 3). When we divided the cocytes

Table 1. In vitro maturation of porcine oocytes isolated from various experimental groups.

Animals Average age Number of Maturation rate
Experimental group per group {months = SD) isolated oocytes number/% of PBs
Miniature pigs young 2 1533+4.16 44 34/77.3
Miniature pigs old 3 92.00+21.66 58 48/82.8
LxCLW old 3 69.06+1.73 81 71/87.7

and Czech Large White pigs.
doi:10.1371/journal.pone.0018892.t001

PLoS ONE | www.plosone.org

The number of animals per group, their average age, total number of isolated oocytes and the maturation rate scored after 44 hours of in vitro culture represented by
absolute number of oocytes with polar bodies and freguency of polar body extrusion per group is indicated for each group. LxCLW stands for crossbred of Landrace
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polar body

Figure 1. Detection of chromosome segregation errors by comparative genomic hybridization (CGH). Panel A: CGH analysis of euploid
oocyte {left panel) and the corresponding polar body {right panel). Panel B: CGH analysis of oocyte {left panel) and the corresponding polar body
(right panel) with non-disjunction of chromosomes 7, 8, 11 and 15. Panel C: CGH analysis of oocyte (left panel) and the corresponding polar body
(right panel) with premature segregation of sister chromatids of chromosome 12.

doi:10.1371/journal.pone.0018392.9001

according to the age of donor animals, the frequency of
aneuploidy was similar in cocytes from young miniature pigs,
{12.1%}, in oocytes from aged miniature pigs (8.7%) and in oocytes
obtained from aged farm animals (LxCLW  10.2%) (Table 2).

Discussion

We show for the first time the CGH analysis of the whole
chromosome content of a. single female germ cell from non-human
species. According to our results the frequency of aneuploidy in
138 analyzed porcine oocytes 15 10.1%. These findings correspond
to the large karyotyping survey of 1,397 human metaphase 11
oocytes, in which the frequency ef aneuploidy was 10.8% [16].
Surprisingly, we were not able to detect increased frequency of
aneuploidy in cocytes isclated from aged animals. In the group of
oocytes isolated from young animals, 12.1% were aneuploid
compared to aneuploidy ranging from 8.7% to 10.2% scored in

Table 2. The frequency of aneuploidy in oocytes from young
donors versus oocytes from aged donors.

Total number

Total number of  of cocytes Frequency of
oocytes analyzed with aneuploidy
Experimental group by CGH aneuploidy (%)
Miniature pigs young 33 4 1174
Miniature pigs old 46 4 87
LxCLW old 59 6 16.2

Table summarizing the frequency of aneuploidy in oocytes isolated from
various age categories. The total number of cocytes analyzed by comparative
genomic hybridization {CGH) together with the number of cocytes with
incorrect chromosemal counts and their frequency per group is indicated.
LxCLW stands for crossbred of Landrace and Czech Large White pigs.
doi:10.1371/journal pone.0018892.t002
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oocytes isolated from twe different breeds of aged animals. The
low level of aneuploidy in oocytes from aged animals was
unexpected and surprising; since in human and in mouse it seems
that the level of aneuploidy increases with maternal age [1,6]. The
simplest explanation ceuld be that the animals, which we used for
our analyses, were still relatively young and therefore the rate of
aneuploidy was still low. Although we cannot exclude this
possibility completely, it is very unlikely. Firstly, the estimated
lifespan of miniature pig breed is between 10 15 years [21] and in
our greup of aged animals of this breed we have individuals 6, 8
and 9.5 years old, which should be close to the end of the expected
lifespan. Secondly, we do not see any increase of the frequency of
aneuploidy between young and aged animals, althcugh in cur
study we are comparing animals separated by, on average, 6.39
years (average age in the group of young miniature pigs was 15.33
+* 416 months and in the group of cold miniature pigs
92.00*24.66 months) with the biggest difference being 8.5 years
(data not shown). It is reasonable to assume that such substantial
age difference would somehow influence the frequency of
aneuploidy, even if our animals were not at the end of their
lifespan yet. We can also exclude a possibility that the data are
reflecting only conditions within a particular breed of animals,
since we are comparing two breeds with different genetic
background - miniature pigs and a crossbreed of Landrace and
Czech Large White and the results in both groups are similar.
The CGH seems to be very reliable tool compared to the highly
variable results produced by traditional methods used for scoring
aneuploidy in oocytes [17]. Although this method was successfully
used before to analyze the level of aneuploidy in porcine embryos
[22], for the analysis of a single oocyte or polar body presented
here, it was necessary to modify several steps, including whole
genomic amplification (WGA) procedure. The major advantage of
CGH over traditional methods is that the chromosomes are not
extracted before cell lysis and WGA, therefore the problem of
loosing the chromosomes during procedure, a major drawback of
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Table 3. The analysis of the chromosomal segregation errors
of porcine oocytes matured in vitro.

Chromosomes
contributing to the
aneuploidy - PBs

Experimental
group

Chromosomes contributing to
the aneuploidy - oocytes

nondisjunction PSSC

Miniature pigs  —2, —8, —15 Euploid
young
+13, +14, +15 Unsuccessful
amplification
+15 =5
0 +9
Miniature pigs  +7,+8,+11+15 -7, —8 —11,—15
old
+5 =5
+12 —12
2 +12
LeCLW —6 Euploid
old
=h =18 Unsuccessful
amplification
—13 Euploid
=i +1
w2 +2
+X —X

Oocytes with incorrect number of chromosomes are shown for each group. The
origin of aneuploidy {chromosome non-disjunction versus premature
segregation of sister chromatids - PSSO), chromosomes contributing to
aneuploidy and the result of analysis of the corresponding polar body are
shown for each cell. LxCLW stands for crossbred of Landrace and Czech Large
White pigs.

doi:10.1371/journal pone.0018892.t003

chromoesome  spreading techniques and SKY karvotyping, is
eliminated here. Also, in contrast to the FISH method, when
only few individual chromosomes could be detected, here we are
able to analyze the entire chromosome set. This for example
means that although we have analyzed chromoseme content of
merely 138 cells in cur study, in fact we have analyzed precisely
the segregation pattern of 2622 chromosomes. Additionally, most
of the cases of aneupleidy detected in cocytes were confirmed alse
by analysis of the DNA in the corresponding pelar body.

Chromosomes have various shapes, which is probably the
reason why contribution of individual chromosomes to the
aneuploidy is not random [23]. Because of the relatively small
set of oocytes in this study, we are not able to provide statistical
results of a contribution of different chromosemes into aneuploidy.
However, we have noticed that chromosome 15 was involved
more frequently in various cases in which aneuploidy was
detected. In three cases the chromosome 15 was not disjoined
and in one case sister chromatids of chromosome 15 segregated
prematurely in meiosis L.

From our study we can conclude that the frequency of
aneuploidy in percine cecytes, measured by CGH, is loewer than
it was previcusly published. We were also unable to detect an
increase in the frequency of aneuploidy in cocytes isclated from
old animals, although it is important to emphasize the importance
of future studies aiming to analyze this situation on larger num-
ber of animals and also different breeds. This might reflect
some fundamental differences between human, mouse and pig
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folliculogenesis and meiosis resulting in low frequency of
aneupleidy in aged pigs. Although human and mouse ooccytes
both show increased frequency of aneuploidy related to donor age,
whether the etiology of aneuploidy in both cases is the same, is not
so cear [24]. The low level of aneuploidy detected in porcine
oocytes might be also a result of the constant pressure and
selectien focused on reproduction and fertility in farm animals,
which ceuld eventually eliminate individuals with potential
problems. The maternal age-related aneuploidy in cocytes is an
important issue in human reproductive medicine, although cur
results presented here indicate, that some mammalian species
might not be affected. In order to find out how widely is this
phenomenon spread amoeng other mammals and also to identify
species which would complement the rodent model systerm for
studying this problem, we need to analyze carefully the incidence
of this phenomencn in other mammals with longer lifespan using
methods allowing for analysis of the whole set of chromosomes,
such as CGH.

Materials and Methods

All animal work was conducted according to Act No 246/1992
Coll., on the protection of animals against cruelty under
supervision of Central Commission for Animal Welfare, approval
1D 018/2010.

Isolation of cumulus oocyte complexes (COCs) and in
vitro maturation

A total of 6 of laboratory miniature pig cycling gilts and 3
Landrace x Czech Large White animals were used as cocyte
doners. Their estrus cycle was synchronized by intramuscular
injection of 750 IU and 1000 IU for miniature pigs and large
animals respectively PMSG on the 15th day of cycle. Ovarles were
collected 62 64 hr after PMSG stimulation. GOCs were isolated
from large precvulatory follicles and washed three times in M-199
(Sevac, Prague, Czech Republic), buffered with 6.25 mM HEPES
and 26 mM sodium bicarbonate and supplemented with 0.91 mM
sodium pyruvate, 1.62 mM calcium lactate, and antibiotics. GOCs
surrounded by cempact multilayered cumulus were cultured in the
above menticned basic culture medium supplemented with 10%
inactivated estrous cow serum (prepared in cur laberatery) and
51U mL genadotrepins PG600 (Intervet, International B.V.
Boxmeer, Holland) in 0.5 ml volume per cne well, in 4-well
culture dishes (Nunclon, Roskilde, Denmark) for 44 hours at
38.5°C, 5% CO; and 7.5% Os.

Preparation of oocytes and polar bodies (PBs) for analysis

Before harvesting, the COGs were treated shortly by 0.1% (w/v)
hyaluronidase (Sigma Aldrich} in cuolture media to remove
cumulus cells. Denuded oocytes were washed five times in 10 pl
droplets of PBS with 0.4% bovine serum albumin (BSA). Only
oocytes with visible PB were used for analysis. Zena pellucida was
removed using 0.1% (w/v) Pronase (3igma Aldrich). During this
step, PBs were separated from ococytes using very narrow-bore
glass pipette and after washing in three 10 ul drops Tris-HClL
(10 mM, pH 8.5), both were transferred inte individual PCR tubes
containing 2 Wl Tris-HCl and stored at —80°C before analysis.
Precautions against DNA contamination were taken when
handling and sampling cocytes and correspending PBs.

Whole genome amplification and comparative genomic
hybridization

Oocytes or polar bodies (PBs) underwent lysis and whole
genome amplification using PicoPlex™ WGA kit (Rubicen
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Genemics) according to the manufacturer’s instructions. Success-
ful amplification of the samples was checked by agarose gel
electrophoresis. A blank sample was included as a negative control
with every amplification batch. Amplified DNA from cocytes and
PBs was labelled by BioPrime® Array CGH Genomic labeling
System (Invitrogen) using Cyanine 3-dUTP (Enze Life Sciences)
flucrescent dye. Reference DNA, prepared from single diploid
cumulus cell, was also amplified and labeled using Green 496-
dUTP (Enze Life Sciences) fluorescent dye. Subsequently,
coemparative gencmic hybridization was performed according to
previcusly published protocol [22). GGH analysis criteria were as
follows: red signal: green signal ratic of >1.25:1 was indicative of
chremesomal material gain, while ratic of <<0.75:1 indicated loss.

References

1. Hassold T, Hunt P (2001) To err (meiotically) is human: the genesis of human
aneuploidy. Nat Rev Genet 2: 280 291.

2. Pacchierotti F, Adler ID, Eichenlaub-Ritter U, Mailhes JB (2007) Gender effects
on the incidence of aneuploidy in mammalian germ cells. Environ Res 104:
46 69.

3. Hunt P, Hassold T (2002) Sex matters in meiosis. Science (New York, NY) 296;

2181 2183

. Pellestor F (1991} Differential distribution of aneuploidy in human gametes
according to their sex. Hum Reprod 6 1252 1258.

5. Duncan FE, Chiang T, Schultz RM, Lampson MA (2009) Evidence that a
defective spindle assembly checkpoint is not the primary cause of maternal age-
associated aneuploidy in mouse eggs. Biol Reprod 81: 768 776.

6. Pan H, Ma P, Zhu W, Schultz R (2008) Age-associated increase in aneuploidy
and changes in gene expression in mouse eggs. Dev Biol 316: 397 407,

7. Zuccotti M, Boiani M, Garagna S, Redi G (1998) Analysis of aneuploidy rate in
antral and ovulated mouse cocytes during fernale aging. Mol Reprod Dev 50:
305 312,

8. Lechniak I, Switonski M (1998) Aneuploidy in bovine oocytes matured in vitro,
Chromosome Res 6: 504 506.

9. Nicodemo I3, Pauciullo A, Cosenza G, Peretti V, Perucatti A, et al (2010}
Frequency of aneuploidy in in vitro-matured MII oocytes and corresponding
first polar bodies in two dairy cattle (Bos taurus) breeds as determined by dual-
calor fluorescent in sitn hybridization. Theriogenclogy 73 523 529,

. Sosnowski J, Waroczyk M, Switenski M (2003) Chromosome abnormalities in
secondary pig cocytes matured in vitre, Theriogenology 60: 571 381.

. Koenig JL, Stormshak F (1993) Cytogenetic evaluation of ova from pubertal and
third-estrous gilts. Biol Reprod 49: 1158 1162.

. Vozdova M, Machatkova M, Kubickova S, Zudova I, Jokesova E, et al. (2001)
Frequency of ancuploidy in pig oocytes matured in vitro and of the
carresponding first polar bodies detected by fluorescent in situ hybridization.
Theriogenology 56: 771 776.

. Lechniak D, Warzych E, Pers-Kameczyce E, Sosnowski J, Antosik P, et al. (2007)
Gilts and sows produce similar rate of diploid oocytes in vitro whereas the
incidence of aneuploidy differs significantly. Theriogenology 68: 755 7632.

. PLoS ONE | www.plosone.org

46

Aneuploidy in Porcine Qocytes

These criteria allow us to detect the nen-disjunction of the whole
bivalents as well as the pre-division of sister chromatids. The
procedure of analysis of digital images was described in [22].
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SUMMARY

In yeast, resolution of chiasmata in meiosis | re-
quires proteolytic cleavage along chromosome
arms of cohesin’s Rec8 subunit by separase.
Since activation of separase by the anaphase-
promoting complex {APC/C) is supposedly
not required for meiosis | in Xenopus oocytes,
it has been suggested that animal cells might
resolve chiasmata by a separase-independent
mechanism related to the so-called “prophase
pathway” that removes cohesin from chromo-
some arms during mitosis. By expressing Cre
recombinase from a zona pellucida promoter,
we have deleted a floxed allele of separase
specifically in mouse oocytes. This prevents re-
moval of Rec8 from chromosome arms and res-
olution of chiasmata. It also hinders extrusion of
the first polar body {PBE) and causes female
sterility. nRNA encoding wild-type but not cata-
lytically inactive separase restores chiasma
resolution. Both types of mRNA restore PBE.
Proteolytic activity of separase is therefore
essential for Rec8’s removal from chromosome
arms and for chiasma resolution but not for PBE.

INTRODUCTION

During the first meictic division, sister centromeres from
homologous chromosomes are held togsther by chias-
mata produced by reciprocal recombination between ma-
ternal and paternal chromatids {Petronczki et al., 2003).

This process is essential for the traction of maternal and
paternal kinetochores toward opposite poles of the meio-
sis | spindles (co-orientation) and hence for their segrega-
tion to opposite poles at the first meiotic division (see
Figure 1). Since physical linkage of homologous centro-
meres due to chiasmata is in fact mediated by sister chro-
matid cohesion distal to the crossover site (marked by
green arrowheads in Figure 1) (Miyazaki and Orr-Weaver,
1994), sister chromatid cohesion along chromosome arms
is essential for meiosis | co-orientation.

Sister chromatid cohesion is mediated during both
mitosis and meiosis by a multisubunit complex called
cohesin (Nasmyth and Haering, 2005). In yeast, resolution
of chiasmata is mediated by cleavage (exclusively along
chromosome arms) of cohesin’s a-kleisin (Rec8) subunit
(Buonomo et al., 2000; Kitajima et al., 2003) by a site-spe-
cific protease called separase (Uhlmann et al., 2000; Wai-
zenegger et al., 2000), whose activity is kept in check by
the binding of an inhibitory chaperone called securin
(Ciosk et al., 1998). Separase is activated at the onset of
anaphase through the sudden destruction of securin
(Cohen-Fix et al., 1996; Funabiki et al., 1996) by a ubiquitin
protein ligase called the anaphase-promoting complex
or cyclosome (APC/C) along with an accessory protein
called Cdc20 (Peters, 2002). In mammalian cells, sepa-
rase is also inhibited by the binding of Cdkl-cyclin B
(Gorr et al., 2005), which is destroyed at the same time
as securin by the APC/C. Kinetochores that have not at-
tached to mitotic spindles delay the destruction of sister
chromatid cohesion by sequestering Cdc20in an inactive
complex with the Mad2 protein, which prevents destruc-
tion of both securin and cyclin B (Nasmyth, 2005).

The finding that both separase (Siomos et al., 2001) and
the APC/C (Furuta et al., 2000) are needed for meiosis |
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Figure 1. Chiasma Resolution Allows Chromosome Segregation in Meiosis |

Schematic diagrams of meiosis | chromosome segregation where only one chiasma is generated between a pair of homelogous chremosomes. Red
and sky-blue objects represent homologous chromoscmes from maternal and paternal origins. Yellow and green objects represent kinetochores and
microtubules, respectively. The meiotic sister chromatid cohesin complex (cohesin) is depicted by black disks. The physical connection between
homologous centromeres due to chiasmata is mediated by cohesin molecules marked by green arrowheads distal (with regard to centromeres) to
the crossover site. See main text for detail. See also Figure 5B forimmunoflucrescence images detecting centremeres and cohesin on chromesome

spreads.

chromosome segregation in Caenorhabdifis elegans sug-
gested that chiasmata might be resolved by a common
mechanism in all eukaryotic organisms. However, the
finding that neither depletion of Cdc20 (Taieb et al.,
2001) nor injection of antibodies against APC/C subunits
(Peter et al., 2001) blocked meiosis | in Xenopus laevis oo-
cytes raised the possibility that chiasmata in vertebrates
might be resolved by a process that is independent of
the APC/C-separase pathway. It has been suggested
that they might instead be resolved by a mechanism
related to the so-called “prophase pathway” (Losada
et al.,, 1998; Sumara et al., 2000) that removes cohesin
from chromosome arms during mitosis, not by kleisin
cleavage but by phosphorylation of cohesin’s Scc3-SA2
subunit {Hauf et al., 2005). This notion is controversial be-
cause microinjection of mMRNA encoding nondegradable
securin hinders both extrusion of the first polar body
{PBE) and chromosome segregation at meiosis | in mouse
oocytes (Herbert et al., 2003). The findings that a Mad2-
dependent mechanism, which presumably inactivates
the APC/C, blocks meiosis | (Wassmann et al.,, 2003)
and that injection of an admittedly poorly characterized
peptide-based separase inhibitor partially hinders chi-
asma resolution (Terret et al., 2003) also point to a role
for the APC/C-separase pathway.

Since the resolution of chiasmata is such a fundamental
process, it is essential to address the role of separase
using a technigue that eliminates the function of separase
and no other protein specifically in oocytes. To do this, we
used a transgene that expresses Cre recombinase from
the Zona peliucida 3 promoter (Lewandoski et al., 1997)
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active during growing oocytes to delete exons that en-
code separase’s protease domain from a floxed allele of
the gene (Wirth et al., 2008). We find that oocytes lacking
active separase neither resolve chiasmata nor extrude
permanently polar bodies. Crucially, mBNA encoding
wild-type but not catalytically inactive separase restores
chiasma resolution. Our data imply that proteolytic cleav-
age by separase is essential for Rec8's removal from
chromosome arms and for chiasma resolution but not
for PBE, which can be promoted by separase via a mech-
anism that does not involve proteclytic cleavage.

RESULTS

Oocytes Lacking Separase Fail to Segregate
Chromosomes or to Extrude Polar Bodies
Permanently in Meiosis |

Since separase is essential for mitosis, its deletion causes
embryonic lethality in mice (Kumada et al., 2008; Wirth
et al., 2008). To investigate separase function specifically
during oocyte maturation, we tested whether Cre recom-
binase expressed during the growing oocyte stage from
the Zona pellucida 3 promoter (Zp3-cre) (Lewandoski
etal., 1997) can cause efficient deletion of a floxed version
of the gene (Separase™) in which exons encoding its pro-
tease domain are flanked by loxP sites (Wirth et al., 2006).
Genotyping of offspring showed that 22 out of 22 Sepa-
rase™ alleles were converted to Separase in the female
germline of Separase”* Zp3-cre mice. Separase™®*
Zp3-cre and Separase™9% famales are fertile, but Sepa-

rase”% 7p3-cre females are sterile (n = 6). This



Figure 2. Oocytes Lacking Separase Fail
to Extrude PBs Permanently in Meiosis |

In vitro maturation of Separase™ ™™ Zp3-cre
oocytes (Sep A) and control Separase™ /X
oocytes (Sep /) was characterized.

{A) Kinetics of germinal vesicle breakdown
(GVBD). GV-stage oocytes were isclated in
M2 medium centaining dbcAMP that inhibits
GVBD and released into inhibitor-free medium
(at time = 0). Oogcytes that had lost GVs were
scored at 10 min intervals following release.
The numbers of cccytes examined are indi-
cated (n).

(B) Kinetics of polar body extrusion (PBE) and
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min after release

suggests that Zp3-cre causes efficient delstion of both
Separase™ alleles and that separass is essential for oo-
cyte maturation. Despite their infertility, the ovaries of
Separase’°% 7p3-cre females contain normal numbers
of fully grown germinal vesicle (GV) stage cocytes sur-
rounded by cumulus cells. Since Separase™ deletion
most likely occurs at the growing stage, when the Zp3 pro-
moter is active (Epifano et al., 1995), much cocyte growth
must occur in the absence of any active separase gene.
When isolated from the follicle, fully grown mouse GV-
stage cocytes resume meiosis when placed in culture me-
dium. They break down germinal vesicles, form meiosis |
spindles, and align bivalent chromosomes using their chi-
asmata (Figure 1, see also below). When all bivalents
come under tension, chiasmata are resolved, and paternal
and maternal centromeres (along with their associated
parental and recombinant chromatids) segregate to oppo-
site poles. One set of chromosomes is retained in the
oocyte, while the other is segregated into the first PB. Oo-
cytes subsequently enter meiosis Il, form meiosis |l spin-
dles, biorient sister centromeres, and arrest at metaphase
Il awaiting fertilization. Separase™*" Zp3-cre (Sep A)
oocytes containing GVs undergo germinal vesicle break-
down (GVYBD) with the same efficiency and kinetics as Sep-
arase” " (Sep t/f) oocytes (n = 87) (Figure 2A), which was
confirmed by time-lapse live confocal microscopy (data
not shown). Together, these results imply that separase is
not required for the resumption of oocyte meiosis. In Sep
f/f oocytes, PBE occurs between 8 and 12 hr after GVBD
under our culture conditions (Figure 2B). Strikingly, only

hr after GVBD

pelar body retraction (PBR). Oocytes that had
undergone GVBD within 1.5 hr after release
into dbcAMP-free M16 medium were selected
(at time = 0) and cultured further. PBE and
PBR were scored at 1 hrintervals. The numbers
of cocytes examined are indicated (n).

(C) Oogytes cultured in Hoechst-containing M2
medium for 15.3 hr after GVBD observed by
time-lapse live microscopy. The DIC image
and the corresponding DNA image of the iden-
tical field are shown. The two cocytes with PBs
distinguished by an arrowhead are control Sep
f/f; the cther ten cocytes are Sep A ococytes.
The images shown are selected from the origi-
nal movie (Movie S1).

20% of Sep A vocytes extruded PBs, and all PBs produced
ware retracted (PBR) within 1 br (n = 122) (Figure 2B). The
efficiency of transient PBE in Sep A oocytes was sensitive
to culture conditions, occurring in only 3% of oocytes
when M2 instead of M16 medium was used.

To visualize meiosis | chromosome segregation, we cul-
tured Sep A and Sep /f cocytes in medium containing
Hoechst. Time-lapse live microscopy showed that chro-
mosomes from Sep f/ oocytes aligned on metaphase
plates 8-9 hr after GVBD and segregated to oocytes and
PBs 9-10 hr after GVBD (see Figure S1 and Movie 31 in
the Supplemental Data available with this article online).
Under these culture conditions, few if any PBs were ex-
truded in Sep A cocytes (n = 17). The chromosomes of
Sep A oocytes failed to segregate and remained in a
single group up to 15 hr after GVBD, by which time control
oocytes would have arrested in metaphase Il (Figure 2C
and Movie 51).

We also used time-lapse confocal microscopy to follow
chromosome movements in live oocytes that had been in-
jected with mRNA encoding histone H2B fused to mono-
meric red fluorescent protein (nRFP). Separase depletion
had little or no effect on the dynamics of formation of the
metaphase plate, which started between 5 and 8 hr, or
on the movement of chromosomes (Figure 3 and Movie
52). Strikingly, Sep A oocytes failed to segregate chromo-
somes and, under these culture conditions, also failed to
extrude the first PB (n = 28). Control Sep f/f oocytes seg-
regated chromosomes into the first PBs between 8 and 10
hr of the culture. Prolonged confocal microscopy showed
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Figure 3. Oocytes Lacking Separase Fail to Segregate Chro-
mosomes in Meiosis |

Chremosome movement and segregaticn of Sep A and Sep f/f cocytes
expressing histone H2B-mRFP were observed by time-lapse live con-
focal microscopy. Upper panels show DIC images merged with im-
ages of the RFP channel pseudocolored in green; lower panels show
magnified images of the RFP channel only in grayscale at higher mag-
nification. Frames at the indicated times after GVBD were selected
from the criginal time series (Movie $2), where images were acquired
every 7 min 46 s with a resolution (xyz) of 160 nm x 160 nm x 5 pm.
Time is shown in hr:min relative to GVBD (time = 0:00). An cil droplet
resulting from the microinjection procedure is visible in the DIC
images (arrowhead at 0:00). Scale bar = 10 um.

that the chromosomes of Sep A cocytes remained in a sin-
gle group up to 17 hr, by which time control oocytes would
have arrested in metaphase Il (data not shown). By the
time Sep f/f cocytes had extruded PBs, chromosomes

138 Cell 726, 135-146, July 14, 2006 ©2006 Elsevier Inc.
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from Sep A oocytes were stretched, which presumably
reflects persistent tractive forces exerted on urnresolved
bivalents (Figure 3, Sep A 11:29).

To observe spindle morphology and chromosomes si-
multaneously, we performed immunofluorescence confo-
cal microscopy on cocytes fixed at various time points fol-
lowing GVBD (Figure 4A). Sep A ococytes established
bipolar spindles and aligned most chromosomes on meta-
phase plates with kinetics similar to those of Sep /f co-
cytes. Both reached this stage approximately 8 hr after
GVBD. However, we noticed that Sep A oocytes had
a greater tendency to form astral microtubules emanating
from the bipolar spindle between 2 and 6.5 hr after GVBD
(Figure 4A). The majority of Sep f/f oocytes underwent ana-
phase | between 8 and 10 hr after GVBD and reformed bi-
polar {meiosis |l) spindles 12 hr after GVBD. In contrast, at
12 hrafter GVBD, 7 out of 8 Sep A oocytes that had not ex-
truded PBs did not possess bipolar spindles, while 13 out of
13 did by 17 hr {post-GVBD). This suggests that separase-
deleted oocytes destroy their meiosis | bipolar spindles
around the time that control oocytes would normally ex-
trude PBs but may be slower than wild-type in re-forming
meiosis |l bipolar spindles. Most Sep A cocytes that tran-
siently extruded PBs distributed chromosomal DNA un-
equally between oocytes and their PBs (n = 8; Figure 4B).

To address whether Sep A oocytes can resolve chias-
mata, we examined chromosome spreads prepared at dif-
ferent stages after GVBD (Figures 4C and 4D). Between
GVBD and metaphase |, homologous centromeres of dif-
ferent parental origin are connected by chiasmata that
joinall four homologous chromatids together, forming biva-
lent chromosomes. Resolution of chiasmata at anaphase |
produces univalent chromosomes containing a pair of
homologous chromatids connected solely by cohesion
between sister centromeres (see Figure 1). Oocytes from
Sep f/f mice invariably contained 20 bivalents before PBE
and 20 univalents after PBE (Figure 4C). In contrast, Sep A
oocytes contained only bivalent chromosomes with unre-
solved chiasmata at all stages after GVBD and irrespective
of whether they had extruded PBs (Figures 4C and 4D).
Even when PBs had been extruded, all bivalents remained
in the cocyte in 60% of cases, while some bivalents were
lost— presumably into the PBs—in 40% of cases (Fig-
ure 40). These data imply that separase is necessary for
the resolution of chiasmata as well as for proper PBE.

Separase |s Necessary for Removing Cohesin

from Chromosome Arms at Anaphase |

In yeast, cleavage of cohesin's a-kleisin Rec8 subunit by
saparase is accompanied by and necessary for cohesin's
disappearance from chromosome arms at anaphase |
(Buonomo et al., 2000; Kitajima etal., 2003). Thiseventde-
stroys sister chromatid cohesion along chromosome
arms, which presumably resolves chiasmata. To address
whether a similar process occurs during oogenesis, we
neaded first to investigate whether the meiosis-specific
«-kleisin presumed to be orthologous to yeast Rec8
(also known as Rec8 in mammals) (Xu et al., 2005) is
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Figure 4. Oocytes Lacking Separase Fail
to Segregate Bivalents into Univalents in
Meiosis |

Sep A oocyles were characterized in compari-
son to the Sep #/f cocytes as control.

{A and B) Confocal microscopic images of oo-
oytes fixed at the indicated time after GVBD.
Microtubules were visualized by immuncfluo-
rescence staining with an anti-tubulin antibody
(green), and DNA was counterstained with pro-
pidium icdide (red). Magnified DNA images of
the oocyte (O) and the polar body (P) are shown
in the right panels in (B).

(G) DAPI-stained chromcsome spreads pre-
pared at the indicated time after GVBD.

(D) Frequencies of different classes of chromo-
some features contained in the cocytes. Oo-
cytes were harvested at 14 hr after GVBD, ex-
cept for Sep A cocyles with PBs (Sep A PBE)
because the presence of their PBs is transient.
PBE: cocytes that had extruded and main-
tained PBs, No PBE: ococytes that had not ex-
truded PBs, PBR: oocytes that had extruded
PBs and retracted them. Chromosome fea-
tures were classified into the following different
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associated with chromosome arms at metaphase |. To do
this rigorously, we visualized the distribution of a functional
version of the Rec8 protein containing nine tandem myc
epitopes at its C terminus, expressed at levels compara-
ble to Rec8 protein from endogenous Rec8 genes from
a bacterial artificial chromosome (BAC) transgene
(N.R.K.and K.N., unpublished data). This Rec8-myc trans-
gene (TG Rec8-myc) fully complemented the female steril-
ity caused by a homozygous deletion of the Rec8 locus
(Xu et al., 2005) (see details in Experimental Procedures).
The use of an epitope-tagged protein is the only way of en-
suring that signals are in fact due to the protein being in-
vestigated. This is particularly important in a field where
it has been difficult and frequently impossible to detect
cohesin on chromosomes at metaphase during mitosis
of meiosis using conventional antibodies (Waizenegger
et al., 2000).

We first analyzed the distribution of RecB-myc during
meiotic prophase. To do this, we prepared chromosome
spreads from fetal ovaries of E13.5 embryos heterozygous

for TG Rec8-myc and stained them with anti-Myc, anti-
Smc3, and anti-Sycp3 antibodies. During pachytene,
both Rec8-myc (Figure 5A) and Smc3 (Figure S2A) colo-
calized with Sycp3, a major component of the lateral
slement of the synaptonemal complex. The pattern of
Rec8-myc staining was similar to that obtained using an
anti-Rec8 antibody (Prieto et al., 2004). We next analyzed
Rec8-myc in chromosome spreads prepared from oo-
cytes at metaphase | and metaphase Il. On metaphase |
bivalents prepared 6 hr after GVBD, Rec8-myc localized
to interchromatid axes both proximal and distal (with re-
gard to centromeres) to chiasmata but not at the chias-
mata themselves (Figure 5B}, similar to the localization
of another cohesin subunit, Stag3, at this stage (Hodges
et al.,, 2005). On metaphase Il univalents from oocytes
fixed 18 hr after GVBD, where little is known about cohe-
sin's localization, Rec8-myc was absent from chromo-
some arms but present at small foci between sister cen-
tromeres (Figure 5B). This distribution is similar to those
observed on metaphase | and |l chromosomes from
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mammalian spermatocytes (Eijpe et al., 2003; Lee et al.,
2003). Crucially, no staining was observed on chromo-
somes obtained from mice lacking TG Rec8-myc. Signals
attributable to Smc3 colocalized with Rec8-myc at least
along the interchromatid axes in metaphase | (Figure S2B).
These data are consistent with the notion that RecB-con-
taining cohesin complexes confer not only the sister
chromatid cohesion distal to chiasmata that holds biva-
lents together during metaphase | but also the cohesion
between sister centromerss that holds homologous
chromatids together during metaphase Il. The resolution
of chiasmata that converts bivalents into univalents at
anaphase | is accompanied by the selective loss of
cohesin from chromosome arms in oocytes as well as in
spermatocytes.

To address whether the lack of chiasma resolution in
oocytes lacking separase is accompanied by a failure to
remove cohesin from chromosome arms, we bred Sepa-
rase”#X Zp3 cre females that were heterozygous for
TG Rec8-myc. Localization of Rec8-myc on metaphase |
bivalents was identical to that in oocytes of Separase//*
TG Rec8-myc control mice (Figure 5B). Importantly, we
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hr after GVBD

Figure 5. Separase Is Necessary for Re-
moving Cohesin from Chromosome
Arms at Anaphase |

(A) Localization of Rec8-myc on pachytene nu-
clei of oocytes expressing Rec8-myc. Chromo-
some spreads from fetal ovaries of E13.5
embryos heterozygous for the Rec8-myc
transgene were prepared and stained with
anti-Myc (green) and anti-Sycp3 (red) anti-
bodies. DNA was counterstained with DAPI.
(B) Localization of Rec8-myc on chromosomes
from Separase™®™ oocytes also carrying
a heterozygous Rec8-myc transgene (TG
Rec8-myc) and Separase™ ™™ Zp3-cre with
Rec8-myc (Sep A TG Rec8-myg). Chromo-
some spreads were prepared from oocytes
matured in culture for the indicated time after
GVBD and stained with anti-Myec antibody
(red) and CREST antiserum for marking centro-
meres (green). DNA was counterstained with
DAPI (blue). Note that this spreading method
produces large variations in chromosome mor-
phology; we therefore refrain from drawing any
more conclusions than are described in the
Results.

observed a similar if not identical localization on bivalents
from Separase™ X Zp3-cre TG Rec8-myc mice when
chromosomes were spread from cocytes incubated for
18 hr after GVBD (Figure 5B). At this stage, control oocytes
contain only univalents. This implies that cohesin’s re-
moval from chromosome arms at anaphase | depends on
saparassa. A corollary is that the nondisjunction of homolo-
gous chromosomes observed in oocytes lacking separase
might be caused at least partly by their failure to cleave
Rec8 along chromosome arms.

Oocytes Lacking Separase Are Not Arrested

in Metaphase |

Since PBE is greatly impaired and neither chiasma resolu-
tion nor Rec8's removal from chromosome arms occurs in
Sep A oocyles, it is theoretically possible that their lack of
separase marely triggers a metaphase | arrest, possibly by
activating a Mad2-dependent spindle assembly check-
point (SAC). To investigate this, we examined the localiza-
tion of Mad2 at kinstochores. Mad2 was recruited to the
kinetochores of both Sep A and control Sep f/f cocytes
4 hr after GVBD (Figure 64), as occurs inwild-type cocytes
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Figure 6. QOocytes Lacking Separase Are
Not Arrested in Metaphase |

Sep A oocyles were characterized in compari-
son with control Sep 1/ cocytes.

(A) Confocal microscopic images of immuno-
fluorescence staining visualizing Mad? at ki-
netochores before metaphase |. Oocytes were
fixed at the indicated time in culture after
GVBD. Mad2 was visualized by anti-Mad2 an-
tibody (green), and DNA was counterstained
with propidium icdide (red).

(B) Time-lapse fluorescence measurement of
securin-YFP expressed from mRNA injected
at GV stage. The maximum values of the YFP
fluorescence signal in each oocyte during the
time course were set to 100, and transitions
of relative intensity in a representative cocyte
were ploetted. The ratio of the number of oo-
cyles that showed a fransition pattern similar
to the indicated curve (n) to the number of
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the same time that the cocytes were trans-
ferred to 4 pM nocodazcle-containing medium.
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hr after GVBD

(Wassmann et al., 2003). In Sep f/f oocytes, the amount of
Mad2 at kinetochores declined by 5 hr and was undetect-
able 8.5 hr after GVBD. This decline was modestly delayed
in Sep A oocytes, in which some Mad2 persisted at kinet-
ochores until 5 hr and small amounts even until 6.5 hr; nev-
ertheless, none could be detected by 8 hrafter GVBD. The
modest delay in Mad2’'s departure from kinetochores was
not accompanied by any major delay in activation of the
APC/C because fluorescence dus to injection of mBNA
encoding a securin-yellow fluorescent protein (YFP) fusion
protein declined dramatically 6-9 hr after GVBD in Sep A
as well as Sep f/f cocytes (Figure 6B), as described in
wild-type oocytes (Herbert et al., 2003). PBE accompa-
nied the decline in Sep f/f but not Sep A oocytes. In both
cases, activation of the SAC by the addition of nocodazole
halted the decline (Figure 6B). We also measured histone
H1 kinase activity, which is presumably associated with
Cdk1-cyclin B1 complexes (Kubiak et al., 1992). We ob-
served a decline in histone H1 kinase activity in Sep A oo-
cytes irrespective of whether or not they extruded PBs
(Figure S3). We conclude that many of the events normally
associated with anaphase | (namsly, disappearance of
Mad2 from kinetochores, securin degradation, Cdk1 inac-
tivation, and even early steps of PB formation) can occur in

12 14

oocytes lacking separase. Despite this, chiasmata are
never resolved.

Separase Proteolytic Activity Is Required

for Chiasma Resolution but Not for PBE

To investigate whether removal of cohesin from chromo-
some arms at anaphase | depends on separase’s proteo-
Iytic activity, we tested whether the meiotic defects of
Sep A oocytes can be suppressed by injection (at the
GV stage) of mBNA encoding wild-type or mutant sepa-
rase (Figure 7A). Under the conditions used for these
experiments, few if any Sep A oocytes were observed to
extrude PBs. Neither mock injection nor injection of
mRNA carrying a frameshift mutation at amino acid 212
(separase 1-212) had any effect, but injection of wild-
type separase mRNA restored PBE in 57% (n = 169) of
oocytes (Figure 7B). Strikingly, injection of mBRNA encod-
ing separase with a mutation of its catalytic cysteine resi-
due (C2028S5) (Stemmann st al., 2001; Uhlmann et al.,
2000) caused 44% of oocytes (n = 144) to undergo
PBE—an efficiency only slightly less than that of wild-
type mBNA. Unlike wild-type oocytes and Sep A cocytes
injected with wild-type mRNA, chromosomes were un-
equally distributed between cocytes and their PBs after
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MIT Figure 7. Separase Proteolytic Activity Is
Required for Ghiasma Resolution

{A) Schematic outline of the experimental pro-
cedure. Oocytes lacking separase (Sep A) at
GV stage were injected with mRNA encoding
wild-type or mutant separase. Injected mRNAs
encoded wild-type separase (Sep WT), a mu-
tant carrying a serine amino acid replacement
at its catalytic cysteine residue (Sep C20288),
or a mutant carrying a frameshift mutation at
amino acid residue 212 (Sep 1-212). Water (sol-
vent of MRNA) was injected as a mock con-
trol (Mock). Injected oocytes were cultured for
16 hr after release into inhibitor-free medium,
and PBE was scored. Chromescme spreads
were prepared from occytes that had extruded
PBs and were stained with DAPI to classify
chromosome features.

(B) PBE freguencies of either mRNA- or mock-
injected oocytes. Numbers of oocytes exam-
ined are indicated (n).

(C) Confocal microscopic images of mRNA-
injected Sep A cocytes fixed at 20 hr after re-
lease. Microtubules were visualized by immu-
noflucrescence staining with an anti-tubulin
antibody (green), and DNA was counterstained
with propidium iodide (red). Magnified images
of chromosomes in the cocytes are shown in
the lower panels.

(D) Freguencies of different classes of chromo-
some features contained in the oocytes that
had been injected with the indicated mRNAs
and extruded PBs. Chromoscme features
were classified into the following different cate-
gories: approximately 20 univalents (~20x
Uni), approximately 20 bivalents (~20 x Bi), ap-
parently less than 20 bivalents {<20x Bi), or
other (Others). Numbers of oocytes examined
are indicated (n).

(E) Localization of Rec8-myc on chromosomes from mRNA-injected Separase™ 7 Zp3-cre TG Rec8-myc oocytes that extruded PBs. Chremosome
spreads were prepared at 16 hr after the release and stained with anti-Myc antibody (red) and CREST antiserum for marking centromeres {green).

DNA was counterstained with DAPI (blue).

injection with C20283 mRNA and apparently present as
bivalents rather than univalents (Figure 7C). To ascertain
the state of chromosomes with greater certainty, we pre-
pared chromosome spreads from Sep A ococytes injected
with wild-type and C20283 mRNA. Ninety percent con-
tained (approximately) 20 univalents after PBE when
injected with wild-type mRNA, but none contained appre-
ciable numbers of univalents when injected with C20285
mRNA. Instead, all post-PBE Sep A oocytes injected with
€20285 mRNA contained only bivalent chromosomes,
though usually fewer than 20 (Figure 7D). Importantly,
this failure of chiasma resolution in oocytes stimulated
to undergo PBE with C20283 mRNA was accompanied
by the persistence of Rec8-myc protein along chromo-
some arms when the experiment was repeated with
Separase™" Zp3-cre TG Rec8-myc oocytes (Fig-
ure 7E) (n = 15). We conclude that a catalytically inactive
separase can promote PBE but not the removal of
cohesin from chromosome arms or the resolution of
chiasmata.
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DISCUSSION

We describe here a novel approach for studying the role of
mitotic proteins during meiosis | in mouse cocytes. We
show that expression of Cre recombinase from a zona pal-
lucida promoter (Zp3-cre) causes efficient deletion of both
maternal and paternal floxed alleles of the separase gene
(Separase™"™%) specifically in cocytes. This prevents
their first meiotic division and thereby causes complete fe-
male sterility without interrupting in any way the mitotic
divisions required to produce the germ cells that give
rise to oocytes. Zp3-cre is expressed only after comple-
tion of premeiotic DNA replication and meictic recombina-
tion, which has both advantages and disadvantages. An
important advantage is that it permits analysis of protein
function during chromosome segregation without the po-
tential complication of having interfered with a function
that takes place earlier in the meiotic process, forexample
during recombination. A corollary is that the Zp3-cre sys-
tem cannot be used to study early meiotic functions. As



a consequence, our finding that Separase™ "% Zp3-cre
mice produce normal numbers of oocytes with normal
numbers of chiasmata does not imply that separase is
not required for recombination. Zp3-cre causes inactiva-
tion of the separase gene only after recombination has
already been completed. Another great advantage of the
system is that the defects caused by gene deletion can
be rescued by injection of mMRNA made in vitro into oo-
cytes, which enables analysis of the function of mutant
forms of the protein in question without further strain con-
struction. The Zp3-cre system should be applicable to
many genes that have a function during later stages of
oocyte maturation.

Our study of Ssparase”™"°* Zp3-cre oocytes has en-
abled us to answer in a definitive manner a long-standing
and controversial question, namely whether proteolytic
cleavage mediated by separase is required for resolving
chiasmata at the onset of anaphase | in mammals. The
resolution of chiasmata is one of the most important
events during meiotic chromosome segregation. More-
over, itisa process that in human oocytes is accompanied
by errors that give rise to ansuploidy, which causes
Down’s syndrome, miscarriages, and infertility (Hassold
and Hunt, 2001). In yeast, cleavage by separase of cohe-
sin’s meiosis-specific «-kleisin subunit Rec8 is essential
for destroying sister chromatid cohesion along chromo-
some arms that holds bivalent chromosomes together
from the point at which crossovers are formed during
pachytene until the onset of anaphase | (Buonomo et al.,
2000; Kitajima et al., 2003). It is thought that Rec8 cleav-
age actually triggers meiosis | chromosome segregation.
Therefore, it was somewhat surprising that meiosis | in
Xenopus oocytes was unaffected either by depletion of
the APC/C's activator Cdc20 using antisense RNA (Taieb
et al.,, 2001) or by microinjection of antibodies against
Cdc20 or the APC/C's Cdc27 subunit (Peter et al.,
2001). These observations led to the proposal that chi-
asma resolution in vertebrates does not involve the APC/
C-separase pathway and might instead be mediated by
a process analogous to the prophase pathway that re-
moves cohesin from chromosome arms in a separase-
independent manner during mitosis (Hauf et al.,, 2005).
The subsequent finding that meiosis | in mouse oocytes
is blocked by microinjection of mRNA encoding nonde-
gradable securin was inconsistent with the conclusion
drawn from the Xenopus studies (Herbert et al., 2003).
Nevertheless, the notion that meiosis | in vertebrates is
triggered by a separase-independent process has still
been given serious credence (Yu and Koshland, 2005).

Analysis of Separase™"* Zp3-cre cocytes (Sep A) has
now finally settled this crucial issue. Depletion of separase
using the Zp3-cre system clearly prevents resolution of
chiasmata and the formation of permanent PBs. These ef-
fects cannot be caused by activation of the SAC because
the kinetics of securin proteolysis appears unaffected by
the lack of separase. Importantly, the resolution of chi-
asmata is restored in most cocytes by microinjection of
mRNA encoding wild-type separase but not separase

containing a frameshift mutation. PBE is also restored
{though possibly not completely) by microinjection of
mRNA encoding separase whose catalytic cysteine resi-
due has been replaced by serine (C20288). Crucially, all
chromosomes persist as bivalents containing unresolved
chiasmata and Rec8 along chromosocme arms even
when PBE has been promoted by C20288 mRNA. The
lack of chiasma resolution in cocytes that express
C2028S separase cannot therefore be due to a general
block to meiotic progression and is very likely a direct con-
saquence of separasa failing to cleave proteins associ-
ated with meiosis | bivalents. Our work on cocytes leaves
open the identity of these proteins. However, the finding
that RecB persists on chromosome arms in these cocytes
suggests that cohesin’s a-kleisin subunits are likely tar-
gets of the protease. It is therefore possible (but still not
fully proven) that the disjunction of chromosomes during
anaphase involves the same fundamental chemistry dur-
ing mitosis and meiosis in most eukaryotic organisms,
namely cohesin cleavage.

One of our more surprising findings is the observation
that Sep A oocytes often fail to extrude PBs. As expected,
this defect is suppressed by injection of wild-type sepa-
rase mRNA. More unexpectedly, it is also suppressed,
albeit slightly less well, by mRNA encoding a catalytically
dead protease (C20288). This suggests that separase us-
ing a mechanism that does not rely on proteolytic cleav-
age has arole in triggering the formation of PBs following
chiasma resolution. Since injection of MRNA encoding se-
curin that cannot be degraded by the APC/C also hinders
PBE (Herbert et al., 2003), it is likely that separase canonly
promote PBE once it has been liberated from its inhibitory
chaperone. This implies that activation of separase by the
APC/C, once bivalents have aligned on the meiotic spindle
and the SAC has been turned off, triggers not only disjunc-
tion of bivalents but also the ensuing cell division that se-
questers one half of the genome and extinguishes any
further prospect of inheritance. This dual function of sep-
arase is reminiscent of the situation in budding yeast,
where destruction of securin not only triggers sister chro-
matid separation but also releases the Cdc14 phospha-
tase from the nucleolus in a protease-independent man-
ner (Buonomo et al., 2003; Stegmeier et al., 2002;
Sullivan and Uhlmann, 2003). This event plays a role in
downregulation of Cdk1, resolution of sister rDNAs, asso-
ciation of aurora B kinase with the midzone of anaphase
spindles, and anaphase spindle stabilization (Higuchi
and Uhlmann, 2005). Unlike mouse cocytes, separase is
not essential for cytokinesis in yeast because Cdc14’s re-
lease from the nucleolus is also supported by a separase-
independent process called the mitotic exit network
(Stegmeier et al., 2002). We have little idea at present
how separase promotes PBE in oocytes. The finding
that separase binds cyclin B1 and thereby inhibits Cdk1
(Gorr et al., 2005) suggests that its liberation from se-
curin might help to lower Cdk1 activity, though whether
separase is sufficiently abundant for such a function to
be of physiological relevance is unclear.
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Though it makes biological sense, our finding that PBE
depends on separase is in fact surprising because elimi-
nation of separase function in mouse embryonic fibro-
blasts by inducing deletion of the very same floxed allele
does not prevent cytokinesis despite eliminating sister
chromatid separation (Wirth et al., 2006). Cytokinesis is
likewise unaffected in fruit-fly embryos by mutations in
three rows and pimples that compromise separase func-
tion (Pandey et al., 2005). This implies that, as in yeast,
animal cells possess a separase-independent pathway
capable of promoting cytokinesis following activation of
the APC/C. For some reason, this pathway is insufficient
for the equivalent task in oocytes. We suggest therefore
that studying the process of cytokinesis in oocytes may
be particularly revealing as to its physiology. We suspect
that PBE is dependent on two or more processes, each
of which is individually sufficient in somatic cells. If so, it
may be easier to implicate particular proteins in the pro-
cess of cytokinesis by studying the dependence of PBE
on such proteins.

The recent finding that the sterility of SMC1 p-deficient
female mice is accompanied and very possibly caused
by the precocious loss of chiasmata proves that sister
chromatid cohesion has a key role in holding bivalents
together during meiosis I, which is essential for co-orient-
ing homologous centromeres (Hodges et al., 2005). The
incidence of unpaired univalents and sometimes even
single chromatids before the first meiotic division in
SMC15-deficient oocytes increases progressively with
maternal age, which is reminiscent of human trisomy.
Defects in maintaining sister chromatid cohesion might
therefore contribute to the mistakes during meiosis | in hu-
man oocytes that give rise to trisomy. Such defects might
be caused by a failure to maintain sufficient sister chroma-
tid cohesion during the long arrest of oocytes in prophase.
Cur finding that separase mediates chiasma resolution in
mammalian cocytes raises the possibility that misregula-
tion of this key enzyme, possibly inconjunction with the in-
herent difficulty of maintaining sister chromatid cohesion
for long periods, could also contribute to the mistakes dur-
ing meiosis | that give rise to trisomy.

EXPERIMENTAL PROCEDURES

Mouse Strains and In Vitro Culture of Oocytes

Generation of the Separase™ mice was recently described (Wirth
et al., 2006). A transgenic mouse line that expresses Cre recombinase
from the Zona pellucida 3 promoter (Zp3-cre) (Lewandoski et al., 1997)
was purchased from the Jacksen Laboeratory. A transgenic line that ex-
presses Rec8 from a bacterial artificial chromosome (BAC), with nine
tandem copies of the human c-myc epitope at its C terminus, will be
described in a separate report (N.R.K. and K.N., unpublished data).
Mouse strains used had mixed backgrounds of C57BL/6J, 129/Sv,
and CBA/J. Fully grown mouse GV-stage cocytes surrounded by cu-
mulus cells were isclated by disaggregating ovaries of females older
than 11 weeks in M2 medium (Specialty Media or Sigma) supple-
mented with 100 pg/ml dibutyryl cyclic AMP (dbcAMP) (Sigma) at
37.5°C. Oocytes released from mest cf the surrcuncding cumulus cells
were cultured in drops of medium (~50 ul) covered with mineral oil
{Sigma). Oocytes were matured in M16 medium (Specialty Media or
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Sigma) at 37.5°C in the presence of 5% CO, or in M2 medium at
37.5°C in air. Only oocytes that had undergone GVBD within 90 min fol-
lowing release intc dbcAM P-free medium were selected (time 0 after
GVBD) and cultured further for experiments. Occytes were cultured
in medium centaining nocodazole at different concentrations and for
different lengths of time as indicated in the figure legends.

Examination of Functionality of the Rec8-myc Transgene

To test whether the Rec8-myc transgene is functional, we performed
complementation tests using a Recg null allele (Recg ) that causes
complete sterility in homozygous mice of both sexes (Xu et al,
2005). We bred Rec8 © mice that were heterczygous for TG Rec8-
myc. The average litter size of crosses between TG Rec8-myc
Recg ' females and C57BL/8J males was 9.7 (10 deliveries of 3
females). The average litter size of crosses between TG Rec8-myc
Rec8 ' males and C57BL/6J females was 7.8 (7 deliveries of 2
males). These are comparable to the average litter size of 7.7 cbtained
from breeding C57BL/8J in cur laboratory (28 deliveries of 10 breeding
pairs). In addition, the heterczygous BAC-mediated Rec8-myc trans-
genic allele also suppresses late embryonic sublethality and severe
postnatal growth defects seenin Rec8 * mice (Xu et al,, 2005). These
results demonstrate that Rec8-myc is potentially as functional as
wild-type Rec8 protein.

In Situ Immunofluorescence and Time-Lapse Live Microscopy

For in situ immuncflucrescence studies, oocytes were harvested at the
indicated time after GVBD and fixed following zona pellucidaremoval by
Tyrode’s acidic solution (Kubiak et al., 1992; Wassmann et al., 2003).
For visualization of the spindle and Mad?2, rat anti-a-tubulin antibedy
(clone YL1/2, Serotec) and rabbit anti-Mad2 antibody (Wassmann
etal., 2003) were used as primary antibodies, respectively, and appre-
priate secondary antibodies conjugated with FITC (KPL or Bicsystems)
were used. Chromesemal DNA was counterstained with 2 pg/ml propi-
diumiocdide (Molecular Probes). Confocal micrescopic images were ac-
quired with a Leica TCS4D confocal microscope. Time-lapse live mi-
croscopy was performed with a Leica DM IRBE microscope equipped
with a Micromax 1300 YHS CCD camera (Princeton Instruments). Fluc-
rescence and DIC images were acquired using MetaMorph software
{Universal Imaging) at 20 min intervals. For visualizing DNA, cccytes
were cultured in M2 medium containing 2 ng/ml bisbenzimide H
33342 (Heechst 33342) (Sigma) at 37°C fellowing a 2 hr preculture in
Hoechst-containing M2 medium. For quantification of the YFP signal,
the excitation light of a 100 W mercury lamp was decreased to 10%
by a neutral density filter and an exposure was taken for 300 ms. The
signal intensity was calculated as the sum of pixels in a defined region
against mean background levels using ImageJ 1.32] software (NIH).

Preparation and Staining of Chromosome Spreads

Chromosome spreads of mouse oocytes during prophase | and mei-
otic maturation were prepared using methods previously described
(Hodges and Hunt, 2002; Peters et al., 1997); see Supplemental Data
for further details. The dried chromosome spreads were stained with
1 pg/ml DAPI for DNA counterstaining, following immunofluorescence
staining when required. Mouse anti-human ¢-myc epitope antibody
(clone 4A8, Upstate), rabbit anti-Smec3 antibody (727, gift of J-M.
Peters, Vienna; Sumara et al., 2000), rabbit anti-Sycp3 antibedy
(Knuf, gift of C. Heyting, Wageningen, The Netherlands; Lammers
et al., 1994), mouse anti-Sycp3 antibody (clone 10G11, Abcam), and
CREST serum (gift of A. Kromminga, Hamburg, Germany) for marking
centromeres were used as primary antibedies, and appropriate sec-
ondary antibodies conjugated with Alexa Fluor 488 or 568 (Molecular
Probes) or Cy5 (Jackson ImmnoResearch) were used. Images were
captured with an Axioplan 2 microscope (Carl Zeiss) equipped with
an & Plan-FLUAR 100x/1.45 oil cbjective and a CeolSnap HQ CCD
camera (Photometrics) and analyzed using MetaMorph scftware
{Universal Imaging).



Synthesis and Microinjection of mRNAs

Mouse separase cDNA (GenBank/EMBL/DDBJ accession number
AK129072) was identified by BLAST search using the aminc acid se-
quences of its orthologs from other organisms. A cDNA clone encod-
ing full-length mouse separase cDNA (clone name mKIAAD185) was
kindly provided by the Kazusa DNA Research Institute (Chiba, Japan).
Construction of plasmids for in vitre transcripticn of mRNAs encoding
wild-type separase, a separase mutant with a site-directed mutation at
its catalytic cysteine at amino acid 2028 replaced by serine (separase
C2028%), and a truncated mutant with a frameshift mutation at amino
acid 212 (separase 1-212) is described in the Supplemental Data. Gon-
struction of a plasmid for the mRNA encoding mouse securin (gene
product of Pitg?, MGl ID 1353578) fused with YFP will be described
elsewhere (K.W., unpublished data). Gapped mRNAs were synthe-
sized by in vitro transeription using an mMessage mMachine T3 kit
{Ambion) and purified by RNeasy columns (QIAGEN). mRNAs pre-
pared at a final concentration of 0.1 pg/ul in RNase-free water (Ambion)
were microinjected using a FemtoJet microinjector (Eppendorf) with
constant flow settings into the cytoplasm of GV-stage cocytes in M2
medium containing 100 pg/ml dbcAMP. Oocyte maturation was in-
duced within 1 hr after microinjection. RNase-free water was injected
as a mock conirol.

Time-Lapse Confocal Microscopy of Live Oocytes Expressing
Histone H2B-mRFP

GV-stage cocytes were injected with 10 pl of 0.3 pg/ul MRNA encoding
H2B-mRFP (M.S. and J.E., unpublished data) in M2 medium contain-
ing 250 pM dbcAMP using metheds described elsewhere (Jaffe and
Terasaki, 2004). Control Sep #f oocytes were coinjected with 25 kDa
Alexa 488-labeled dextran (Molecular Prcbes) to distinguish from
Sep A cocytes. Following mMRNA injection, cocytes were cultured for
2-3 hr at 37°C 1o allow H2B-mRFP expressicn and incorporation into
chromesomes. Oocytes were cultured in M16 medium placed in an
EMBL envircnmental microscope incubator (EMBL, GP 1086), allowing
cells to be maintained in a 5% CO, atmosphere at 37°C with humidity
control duringimaging. Time-lapse image acquisitions were performed
using a customized Zeiss LSM510 META confecal microscope equip-
ped with a 532 nm excitaticn laser, a long-pass 545 nm emissicn filter,
a 40x C-Apochromat 1.2 NA water immersion objective lens (Carl
Zeiss), and an in-house-developed 3D tracking macro (Rabut and El-
lenberg, 2004).

Supplemental Data

Supplemental Data include Supplemental Results, Supplemental Ex-
perimental Procedures, Supplemental References, three figures, and
two movies and can be found with this article online at http:/www.
cell.com/cgi/content/Aull/126/1/135/DC1/.
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Summary

Proteolytic activity of separase is required for chiasma
resolution during meiosis I in mouse oocytes. Rec8, the meiosis-
specific o-kleisin subunit of cohesin, is a key target of separase
in yeast. Is the equivalent protein also a target in mammals?
‘We show here that separase cleaves mouse Rec8 at three
positions in vitro but only when the latter is hyper-
phosphorylated. Expression of a Rec8 variant (Rec8-N) that
cannot be cleaved in vitro at these sites causes sterility in male
mice. Their seminiferous tubules lack a normal complement of
2 C secondary spermatocytes and 1 C spermatids and contain
instead a high proportion of cells with enlarged nuclei.
Chromosome spreads reveal that Rec8-N expression has no
effect in primary spermatocytes but produces secondary
spermatocytes and spermatids with a 4 C DNA content,
suggesting that the first and possibly also the second meiotic

division is abolished. Expression of Rec8-N in oocytes causes
chromosome segregation to be asynchronous and delays its
completion by 2-3 hours during anaphase I, probably due to
inefficient proteolysis of Rec8-N by separase. Despite this effect,
chromosome segregation must be quite accurate as Rec8-N does
not greatly reduce female fertility. Our data is consistent with
the notion that Rec8 cleavage is important and probably crucial
for the resolution of chiasmata in males and females.

Supplementary material available online at
http:/jes.biologists.org/egi/content/full/122/1 5/2686/DC1

Key words: Chromosome segregation, Cohesin, Meiosis, Oocyte
maturation, Separase, Spermatogenesis

Introduction

Sister chromatid cohesion is mediated by a multi-subunit complex
called cohesin (Nasmyth, 2005). During mitosis, cohesin resists the
tendency of microtubules to pull sister chromatids apart and thereby
generates the tension necessary to stabilize connections between
the kinetochores and microtubules (Nicklas, 1997; Tanaka et al.,
2005). Destruction of sister chromatid cohesion due to proteolytic
cleavage of the ¢i-kleisin subunit of cohesin Sccl (also known as
Rad21) by separase triggers the disjunction of sister chromatids
(Uhlmann et al., 1999; Uhlmann et al., 2000; Waizenegger et al,
2000). Separase is inhibited through association with securin and
cyelin B, which are destroyed by a ubiquitin protein ligase called
the anaphase-promoting complex (APC/C) only when all
chromosomes have come under tension on the metaphase plate (Gorr
et al., 2005; Yanagida, 2005).

In meiosis, reciprocal recombination between homologous non-
sister chromatids (crossing-over) creates bivalent chromosomes
(bivalents} containing four chromatids that are joined together by
sister chromatid cohesion (Petronczki et al., 2003). The cytological
manifestation of crossovers is referred to as chiasma. The production
of one (or more) chiasma per bivalent ensures that the two
cenfromeres of the maternal chromosome are joined to those of the
paternal homoelog via cohesin distal o the chiasmata. This has a
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crucial consequence, namely that it is now possible to generate the
tension necessary to stabilize the connections between kinetochores
and microtubules by pulling maternal and paternal kinetochores in
opposite directions. In mitotic cells, this tension can only be
produced by pulling sister kinetochores in opposite directions,
known as amphitelic aftachment (Tanaka et al., 2005). In yeast,
amphitelic attachment is actively prevented during the first meiotic
division (meiosis I} by specific ‘monopolin’ proteins (Toth et al.,
2000},

In budding yeast, cohesion of bivalents depends on a variant of
the cohesin complex that contains a meiosis-specific ¢-kleisin
subunit called Rec8 (Klein et al., 1999). Anaphase I is triggered by
activation of separase, which cleaves Rec8 and thereby removes
cohesin from chromosome arms (Buonomo et al, 2000}. This
resolves chiasmata, generating dyad chromosomes (dyads)
containing two chromatids whose centromeres remain tied together
by cohesin that has resisted separase at meiosis I. Cohesion between
sister centromeres left intact facilitates amphitelic attachment of
sister kinetochores on the meiosis Il spindle, a process that largely
resembles that of mitosis, with the key difference that centromeric
cohesion in meiosis II had presumably been generated prior to
meiosis | and not by a fresh round of DNA replication. Expression
of Rec8 variants that cannot be cleaved by separase blocks meiosis
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I chromosome segregation but has little or no effect on meiotic
progression per se (Buenomo et al., 2000; Kitajima et al., 2003).

The discovery that cleavage of the ci-kleisin subunits of cohesin
by separase triggers meiotic as well as mitotic divisions in yeast
suggested that the chemistry of chromosome segregation might be
universal in all eukaryotic cells. However, this has been questioned
by two findings. The first is the discovery that animal cells possess
a second mechanism for removing cohesin from chromosomes
during mitosis, one that involves phosphorylation of its Scc3-like
subunits (SA1 and SA2) and does not require cleavage of ¢t-kleisin
subunits by separase (Hauf et al., 2005). This process precedes
separase activation, commencing during prophase. It removes most
but not all cohesin from chromosome arms by the time they have
aligned on the metaphase plate. Cohesin residing at centromeres is
protected from this ‘prophase pathway’ by Mei-S332-like proteins
(also known as Shugoshins) (Kitajima et al., 2005; McGuinness et
al., 2005). The second finding is the claim that meiosis I in Xenopus
oocytes does not require the APC/C-separase pathway (Peter et al.,
2001; Taieb et al., 2001). It has been suggested that the first meiotic
division in animal cells might be triggered by removal of cohesin
from chromosome arms either by the prophase pathway itself or
by a process analogous to it. To address rigorously the role of
separase during meiosis I, we recently developed a method to deplete
separase specifically from mouse oocytes and to replace it by
mutated versions (Kudo et al., 2006). This proved that the proteolytic
activity of separase is essential for removing cohesin containing
Rec8 from bivalents and for resolving chiasmata; a conclusion that
is consistent with the finding that a non-degradable version of the
separase inhibitor securin blocks chiasmata resolution in oocytes
(Herbert et al., 2003; Terret et al., 2003). The chemistry of chiasma
resolution might after all be similar in fungi and mammals.

The above studies have left unanswered the issue of whether
cohesin containing Sccl or Rec® or both mediates cohesion
between sister chromatids during meiosis I in animal cells and
whether cleavage of either of these a-kleisins is the mechanism
by which separase transforms bivalents into dyads. Mouse Rec8,
like its fungal namesake, is expressed in meiotic cells, decorates
the axial/lateral element (AE/LE) of the synaptonemal complex
(SC} during prophase, localizes at the inter-chromatid regions of
bivalents, disappears from chromosome arms at the onset of
anaphase I in a manner dependent on the protease activity of
separase, and persists at centromeres until metaphase I (Eijpe et
al., 2003; Lee et al., 2003; Kudo et al., 2006). These features are
consistent with the notion that Rec8 confers meiotic sister
chromatid cohesion, but do not prove it. The phenotype of mutant
mice lacking functional Rec® has not settled this question because
their oocytes or spermatocytes only develop to prophase, and their
sister chromatids are at least partially kept in the vicinity of each
other until this point (Bannister et al., 2004; Xu et al, 2005). It
is therefore still possible that Sccl or some hitherto-unidentified
protein mediates cohesion and its cleavage resolves chiasmata.
Such a situation might pertain in Drosophila where the only
meiosis-specific a-kleisin-like protein, called C{2)M, does not
appear to confer sister chromatid cohesion during alignment of
bivalents on meiosis 1 spindles and might function solely in the
double-strand-break repair leading to recombination (Heidmann
et al., 2004). In summary, the evidence that Rec8 confers sister
chromatid cchesion at the time of the first meiotic division is
largely cytological and therefore indirect. There is no direct
evidence that Rec8 actually confers sister chromatid cohesion in
mamimals.
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The identity of the key target of separase is not merely of
academic interest, as deregulated cleavage could contribute to the
chromosome missegregation at meiosis I that causes aneuploidy in
humans (Hassold and Hunt, 2001). We therefore set out to identify
separase cleavage sites in the mouse meiosis-specific oi-kleisin Rec8
and studied in vivo phenotypes caused by the expression of a mutant
version (RecB-N} that cannot be cleaved (af least in vitro).

Results

Identification of separase cleavage sites within Rec8
Fragments of ¢i-kleisins cleaved by separase are highly unstable in
vivo and are best detected in cells that undergo anaphase
synchronously (Uhlmamn et al, 1999; Buonomo et al., 2000;
Tomonaga et al., 2000; Waizenegger et al., 2000; Kitajima et al.,
2003). This largely precludes their detection in mammalian meiotic
cells, because it is not possible to obtain homogenous populations
of oocytes or spermatocytes at an appropriate stage in sufficient
quantities. We therefore used an in vitro system fo investigate
whether Rec8 possesses separase cleavage sites. [*>SMethionine-
labeled human SCCI tagged at its C-terminus with nine Myc
epitopes and mouse Rec8 were synthesized using an in vitro
transcription-translation system (IVT) and incubated with active and
inactive versions of separase. The former could not be
phosphorylated at residues serine 1126 or threcnine 1346 whereas
the latter contained serine in the place of a crucial catalytic cysteine
(Stemmann et al., 2001). Active separase induced Sccl but not Rec8
cleavage (lanes marked A, Fig. 1A). We detected four of the five
SCC1 fragments expected from cleavage at the two known sites
(Hauf et al., 2001}.

Phosphorylation by the Polo-like kinase Cdc5 has been implicated
inregulating Sccl cleavage in yeast (Alexandru et al., 2001; Hornig
and Uhlmann, 2004). Furthermore, yeast Rec8 phosphorylation
depends on Cdc5 in vive (Clyne et al., 2003; Brar et al., 2006). We
therefore investigated whether mouse Rec8 can be phosphorylated
by human PIk] and, if so, whether this alters the susceptibility of
Rec8 to separase. The electrophoretic maobility of RecB in SDS-
PAGE was greatly reduced in the presence of Plkl in a dosage-
dependent manner (lanes marked i, Fig. 1B), presumably due to
extensive phosphorylation (compare lanes marked i). Remarkably,
this was accompanied by the appearance of two prominent cleavage
fragments (red asterisks) in the presence of active separase (lanes
marked A, Fig. 1B). We obtained a similar result with human Rec8
(data not shown). This suggests that phosphorylation by Plkl of
either Rec8 or separase, or both, promotes Rec8 cleavage, at least
in vitro.

Proven separase substrates include Sccl and separase itself in
humans (Haufet al., 2001; Waizenegger ef al., 2002; Zou et al., 2002)
and Sccl, Rec8 and S1k19 in yeast (Uhlmann et al., 1999; Buonomo
et al.,, 2000; Tomonaga et al., 2000; Sullivan ef al., 2001; Kitajima
et al., 2003). The consensus recognition sequence is ExxR (the peptide
bond after the Arg being cleaved) (Fig. 1D) and mutations of the
conserved Arg alone, or both Arg and Glu, greatly reduce cleavage
at that position (Sullivan et al., 2004). To locate the mouse Rec8
cleavage sites, we first tested the effect of mutations M1, M2 and
M3 (Fig. 1C,E), which abalished three of its ten ExxR sites. M1 and
M3 had no effect on the pattern of cleavage fiagments but M2 caused
the disappearance of the original fragments and the appearance of
two new ones. The simplest explanation for this is that Rec8 has at
least two cleavage sites. Separase prefers to cleave at R454, but
mutation of this site (M2} revealed a cryptic secondary site elsewhere
in the protein. Co-migration of aa 1-454 and aa 455-591 polypeptides



2688 Journal of Cell Science 122 (15)

A VT Scel Rec8 B T Recs
e Plk1 (ug) 0 0.13 0.5
s Separase i A i A i A
kD
- (3]
- 19 - luH..H ||
| 91 = - ;..
! ——— AL
- SR,
s ¥
5 51—
toe 35
gg; — 28 =
20 20~
C Position: 1 6 7 542 3
Rec8 [ I T 1 i —
/// // \\591 aa
200 236 257 429 436 449 475 aa
Wr EAEPIRM LEERORG SREEPRA TVEEERA ADEEERR EIEVLRE EDEKSRT
M1 EARPIEM
M2 EIRVLEE
M21 EIEVLEE
M22 EIEVLAE
M3 EDRKSET
M2 /4 ADEREER EIRVLEE
M2/5 TVEEEDA EIRVLEE
M2/4/5 TVEEEDA ADEREER EIRVLEE
M2/5/6 LEERQDG TVEEEDA EIRVLEE
@ M2/5/7 SREEPFDA TVEEEDA EIRVLEE
&)
4 D E
.2 Mm Rec8 257 SREEPRA ElkT(a) 43
C% 429 TVEEERA Rec8B™T WT M1 M2 M3 Myc
449 EIEVLRE Separase i A i A i A i A i A
% Hs Sccl 167 DREIMRE pa i
) 445 TEEPSRL g
Hs Separase 1481 GPEIMRT
G 1501 SFEILRG
o 1530 EWELLRL - " "
© Sc Rec 426 SVERGRK 1§
c 448 SHEYGRK
= Sp Rec8 368 IDDVLRN
= 379 EVEVGRD
Sc sccl 175 SLEVGRR 51=
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consensus ExxR op - — — Fig. 1. Identification of separase cleavage sites within Rec8 in
vitro. S [Methionine-labeled mouse wild-type and mutant Rec8
and human SCC1-Myc were prepared in an in vitro transcription-
Rec8VT __ M2 M21 M22 RecaVT __ WT M2 M2r4 _M2/5 _M2/4/5 : : ——
— — translation system (IVT) and subjected to an in vitro separase
Plki(ug) 0 05 0 05 0 05 Pkiug) 0 05 0 05 0 05 0 05 : : 3
_——— == —_—— - —— = cleavage assay using recombinant active separase (lanes marked
Separase = i A - i A - i A Separase = i A - i A - R f ks
kD 1 A) or its inactive mutant (lanes marked 1) in the presence or
";D_ absence of recombinant polo-like kinase 1 (Plk1) as indicated.
{ i L Autoradiographs of SDS-PAGE gels on which incubated samples
o1 -igy ; were run are shown. Fragments resulting from cleavage at the
- . ] primary, secondary and tertiary sites are indicated by asterisks
and brackets in red, blue and green, respectively. (A) Cleavage
§1-"= assay of mouse Rec8 and C-terminally 9 Myc-tagged human
SCCI1. Arrows indicate full-length proteins. Cleavage fragments
23: = (asterisks) are the bands uniquely seen in A. (B) Cleavage assay
20 in the presence of Plk1. Duplicated samples were run side by
side. The amount (Ug) of purified Plk1 added to each reaction is
Rec8™VT M2 M2/5 M2/5/6 M2/5/7 indicated. Dashed line (right) shows positions of phosphorylated
Plkt (ug) o 0 o 005 Rec8. (C) Identities of mouse Rec® mutants. (D) Alignment of
Separase - i A - i A- i A- A experimentally proven separase target sites (Uhlmann et al.,
1999; Buonomo et al., 2000; Tomonaga et al., 2000; Hauf et al.,
2001; Sullivan et al.,, 2001; Waizenegger et al., 2002; Zouetal.,
2002; Kitajima et al., 2003). The arrowhead indicates positions
of cleavage. Mm, Mus muscutus; Hs, Homo sapiens; Sc,
Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe.
(E) Cleavage assay of wild-type (WT), M1, M2, M3 and C-
- terminally 9% Myc-tagged wild-type Rec8 (Myc). (F) Cleavage
5ol - assay of M2, M21 and M22. (G) Cleavage assay of WT, M2,
gg_" M2/4, M2/5 and M2/4/5. (H) Cleavage assay of M2, M2/5,
e — M2/5/6 and M2/5/7.

63



o}
©
=

@
o

()]

©

o

A
o

=
=
A
=)
(=]

<

Rec8 cleavage in mammalian meiosis | 2689

P7
R262D

| 11

Ph

12 13 14 ||

w
]
o

[ BN
Mo

=
- 4x poly AP~

Genomic _ BAC _ Genomic

|TG Rec8-N-myc
I No TG

I TG Rec8-myc
= I TG Rec8-myc

leoTG
4
*
¥
e

Rec8 Rec8

*
H
.
=

P2
R434D R454E

1719 |

I TG Rec8-myc

¥

©
-myc X

| TG Reca-N

%

*

Fig. 2. Male transgenic mice expressing Rec8-N-Myec fail to
produce haploid cells. (A) A schematic representation of the
mouse Rec8 genomic locus showing the mutagenized loci for
generating BAC-mediated transgene constructs. A DNA
fragment encoding 9 X Myc epitopes (9>< Myc) was inserted at
the termination codon (asterisk) to make the Rec8-Myc
expression construct (for TG Rec8-Mye mice). This construct
was further modified to obtain the Rec8-N-Myc expression
construct (for 7G Rec8-N-Myc mice) by replacing the
following residues: 262nd Arg to Asp (R262D), 434th Argto
Asp (R434D) and 454th Arg to Glu (R454E). For a conditional

3
=<
S

- | TG Rec8-myc

kD kD
170 = o=

|
|
I

TG RecB-myc
TG RecB-N-myc

Rec8
Rec8-myc
No TG

130 = 130 =

-
100 S =
—

2= 2=

_— a-Rec8

55 =

i

construct (for TG Stop/Rec8-N-AMyc mice), a JoxP-flanked stop
cassette was inserted at the intron 1 (4 X polyA). Boxes
represent exons. ATG, initiation codon; S, Sz I site; The P
represents the position of cleavage sites in Fig. 1C.

(B) Southern blot analysis of genomic DNA from transgenic
mice and littermates without transgene (No TG) digested by
Sty I. The BACs encoding Recd or Rec8-Myc were examined
as controls (BAC). The 1089 bp St I fragment was used as a

a-Myc probe. Expected sizes of fragments encoding the C-termini of

Rec8 and Rec8-Myc are 1089 (green arrowhead) and 1478 bp
(red arrowhead), respectively. (C) Western blot analysis testing
the expression of Rec8-Myc and Rec8-N-Myc in total
testicular cell extracts. Genotypes of endogenous RecS are

TG Rec8-myc

"

1C 2C

4C 1C 2C

produced by IVT and Plk1 treatment with the larger and smaller
cleavage fragments produced by separase confirmed that cleavage
had occurred close to or at R454 (see supplementary material Fig.
S1A). This assignment is consistent with the observation that the
mobility of the smaller but not the larger cleavage fragment is reduced
by Myc epitopes added to the C-terminus of Rec8 (Fig. 1E). R454E
mutation (M21) also abolished Rec8 cleavage af this site, but M22
containing R454A was partially cleaved (Fig. 1F).

‘We used a similar approach to map the secondary separase cleavage
site to R434. Thus, the M2/5 and M2/4/5 mutations abolished the
fainter secondary fragments (blue asterisks) produced by M2 Rec8
protein but M2/4 had no effect (Fig. 1G). Co-migration of
phosphorylated aa 1-434 and aa 435-591 polypeptides produced by
IVT with the larger and smaller secondary cleavage fragments
(supplementary material Fig. S1B) confirmed that cleavage had
indeed occurred close to or at R434. We noticed that Rec8 protein
lacking both primary and secondary sites (M2/5) still gave rise to a
cluster of very faint bands (green asterisks and brackets, seen in M2/5
and M?2/4/5) when incubated with active but not with inactive
separase, which suggests that Rec8 contains a third cleavage site (Fig.
1G). The tertiary cleavage products were still detectable when
M2/5/6 but not when M2/5/7 was used as a substrate, suggesting that
separase cleaves Rec8 after R262 when R454 and R434 have been
mutated (Fig. 1H). We conclude that separase cleaves mouse Rec8
at three positions in vitro (Fig. 1C,D). Rec8 protein with R262D,
R434D and R454E mutations will be referred to as Rec8-N.

Generation of transgenic mice expressing Rec8-Myc and
Rec8-N-Myc

In yeast, non-cleavable Rec8 protein blocks chiasma resolution even
when coexpressed with endogenous wild-type Rec8 (Buonomo et
al., 2000). We therefore investigated the effect of expressing Rec8-

TG Rec8-N-myc

64

indicated. One blot was used for three examinations by anti-
Recg, anti-Myc and anti-tubulin (loading control). Green
arrowhead, endogenous Rec§; red arrowhead, Rec8-Myc or
Rec8-N-Myec. (D) FACS analysis of testicular cells for the
DNA content. Histogram peaks indicated as 1C, 2C and 4C
correspond to cells having one, two or four copies of the

4C genome, respectively.

N at physiclogical levels from a transgene containing the entire
Rec8 locus plus neighboring genes on a bacterial artificial
chromosome (BAC). Because it was possible that the Rec8-N
transgene might cause infertility in both sexes, we also created lines
in which expression of Rec8-N from the BAC was prevented by a
transcription-terminator cassette flanked by loxP recombination sites
(conditional stop cassette) inserted into the first intron. Homologous
recombination in Escherichia coli was used first to insert nine Myc
epitopes at the C-terminus of Rec8, then to introduce the R262D,
R434D and R454E mutations, and finally to insert the conditional
stop cassette (Fig. 2A). Transgenes for expression of Rec8-Myc
(TG Rec§-Myic) or for silenced Rec8-N-Myc (TG Stop/RecS-N-Myc)
had no effect on the fertility of males or females. The former fully
suppressed the infertility of offspring homozygous for a Rec§
deletion (Kudo et al., 2006). Surprisingly, the transgene expressing
Rec8-N-Myc (TG Rec8-N-Myc) caused male but not female sterility,
as did TG Sfop/Rec8-N-Myc when combined with a transgene that
expressed Cre recombinase ubiquitously, which caused efficient
deletion of the stop cassette (data not shown). Because Rec&-N-
Myc females were fertile, all subsequent analyses were performed
with mice that expressed Rec8-N unconditionally. Southern blots
using a probe that detects a genomic DNA fragment encoding the
C-terminus of Rec® (whose size is altered by the Myc tags) revealed
that the TG Rec§-Myc and TG RecS-N-Myc transgenes were present
as single or at most two copies per haploid genome (Fig. 2B).

Rec8-N-Myc prevents production of haploid spermatids

Mice heterozygous for 7G RecS-N-Myc developed normally and
had unaltered life spans. However, their testes were approximately
half as large (in weight) as those of non-transgenic littermates or
males heterozygous for TG Rec8-Mye (data not shown). Westem
blots using antibodies specific for Rec8 or the Myc epitope showed
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that RecR-Myc was expressed at a level similar to endogenous Rec8
whereas RecB8-N-Myc was if anything slightly less abundant (Fig.
2C). FACS analysis revealed that the testes of 7G Rec8-N-Myc mice
lacked any cells with a 1 C DNA content, which constituted the
majority of cells in testes of wild-type or TG Rec8-Myc mice (Fig.
2D). About two thirds of the cells in TG Rec8-N-Myec testes had a
4 C DNA content, suggesting that meiotic DNA replication had
occurred but was not followed by the nuclear divisions that usually
reduce chromatid numbers.

The spermatogenic failure caused by Rec8-N was then
histologically studied by comparing cross-sections of seminiferous
tubules within the testes from T'G Rec8-N-Myc mice, TG Rec8-Myc
mice and non-transgenic littermates. Mitotic spermatogonia are
situated at the basal lamina of the tubules. As the germ cells
differentiate, they migrate toward the lumen. Each cross-section
contains a defined combination of cell types at different
spermatogenic stages, which facilitates assessment of the
developmental process (Russell et al, 1990). Spermatogonia were
found at the cortex of TG Rec§-N-Myc tubules af frequencies similar
to those found in tubules of non-transgenic littermates or 7G Rec§-
Myc tubules (Fig. 3A,B), suggesting that mitotic proliferation within
spermatogonia is unaffected by Rec8-N expression. Likewise, no
abnormalities were detected within populations of primary
spermatocytes in meiotic prophase (e.g. pachytene and zygotene in
Fig. 3A,B, respectively, and other stages, not shown). Spermatogenic
development during meiotic prophase appears therefore to be
unaffected by TG Rec8-N-Myc. By contrast, spermatids, either round
or elongating types, which are abundant at the luminal region of
the tubules at all stages of wild-type and TG Rec8-Myc testes, were
absent in 7G Rec8-N-Myc tubules. Instead, large numbers of large
and densely stained nuclei occupied the luminal part of stage V
(Fig. 3A) and other stage tubules (not shown). At the innermost
surface of TG Rec8-N-Myc tubules, densely stained irregularly
shaped nuclei that resemble elongating spermatids with oversized
nuclei and sperm tails were observed (Fig. 3A,B).

In wild-type mice, spermatocytes undergoing the first and second
meiotic divisions are exclusively seen in stage XII tubules (Russell
et al, 1990}. Such tubules from TG Rec§-N-Myc testes contained
metaphase | spermatocytes (Fig. 3B), suggesting that Rec8-N does
not block progression from pachytene to metaphase 1. Wild-type
and TG Rec8-Myc stage XII tubules also contain secondary
spermatocytes at interkinesis (interphase between meiosis [ and II).
TG Rec8-N-Myc tubules at this stage contained spermatocytes whose
nuclei were morphologically similar but notably larger (Fig. 3B).
To determine the identity of these abnormally large interkinesis-
like spermatocytes, we examined stage XII tubule sections using
immunofluorescence to detect Sycp3, a major component of the
AFE/LE. Sycp3 persists in the vicinity of centromeres until the early
stages of round spermatid development but there are sfriking
differences in its distribution before and after meiosis I. Syop3
associated with metaphase I chromosormes is globular and abundant.
It is less abundant and adopts the shape of a short bar in post-meiosis
I inferkinesis nuclei (see Fig. 4). The Sycp3 pattern within the
enlarged irregular nuclei of stage XII sections of 7G Rec§-N-Myc
tubules was similar if not identical to that seen in normal inferkinesis
nuclei. Because step 1 round spermatids (haploid cells immediately
after meiosis II} are not present in stage XII sections (Russell et
al., 1990}, we suggest that the enlarged nregular nuclei (seen in
Fig. 3B} are interkinesis nuclei that are generated by a failure of
the first meiotic division but otherwise normal chromosome
development. These observations suggest that earlier stages of
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: Type-B Spermatogonium

: Pachytene Spermatocyte

: Step5 Round Spermatid ()
: Step 15 Elongating Spermatid P ey
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Fig. 3. Spermatogenic failure of 7G Rec8-N-Myc males. Hematoxylin and
eosin staining of seminiferous tubule sections from transgenic mice (TG) and a
non-transgene littermate (No TG). Representative sections of stage V (A) and
XII (B) are shown. Representative nuclei for each cell type present in the
sections are shown at higher magnification. Scale bars: 20 and 5 pm for low
and high magnification images, respectively.

spermatogenesis up to metaphase I are unaffected in 7'G Rec8-N-
Mye cells and that the first abnormality appears between metaphase
I and the interkinesis stages. The large interkinesis and spermatid
nuclei and the accumulation of cells with a4C DNA content suggest
that Rec8-N-Myc interferes with nuclear division at the first or
possibly both meiotic divisions.

Normal chromosome development until metaphase | in
spermatocytes expressing Rec8-N-Myc

Immunofluorescence staining of Syep3 and Myc-tagged Rec8 in
testicular chromosome spreads revealed that synapsis during
pachytene was unaltered in 7G Rec8-N-Myc spermatocytes. Typical
examples of 19 fully synapsed autosomes together with a pair of
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TG Rec8-N-myc

sex chromosomes synapsed solely at the pseudo-autosomal region
(PAR) from 7G RecS8-Myc and TG Rec§-N-Myc testes are shown
in Fig. SA. Importantly, Rec8-N-Myc and Rec8-Myc colocalized
with Sycp3 along the AFE/LE of pachytene bivalents. The
chromosomal distribution of Sycp3 and Myc-tagged Rec8 also
appeared normal at preleptotene, leptotene, zygotene and diplotene
(data not shown}. This contrasts with the phenotype of Rec§- or
SmelB-deficient spermatocytes that enter apoptosis in pachytene
(Bannister et al., 2004; Revenkova et al., 2004; Xu et al., 2005).
Both Rec8-Myc and Rec8-N-Myc localized to the inter-chromatid
axes of metaphase I bivalents, both proximal and distal to chiasmata
(Fig. 5B). The presence of chiasmata and the lack of precocious
homolog disjunction confirm that crossover formation is normal in
TG Rec8-N-Myc spermatocytes. Finally, we observed that metaphase
1 bivalents contained the normal two sets of doublet foci of
cenfromeres associated with Sycp3 (Fig. 6A). We conclude that
RecB-N has no adverse effect on meiotic chromosome development
up to metaphase 1.

No nuclear division in spermatocytes expressing Rec8-N-Myc

If Rec8-N blocks the first meiotic division without halting meiotic
chromosome development, then it should be possible to detect nuclei
containing four chromatids of each chromosome with morphologies
characteristic of meiosis II chromosomes. To address this, we
examined DNA staining (using DAPI), kinetochores (using a
CREST serum} and the distribution of Sycp3 in chromosome
spreads from TG Rec8-Myc and TG RecS8-N-Myc testes. This
revealed three types of abnormal nuclei in 7G Rec8-N-Myc testes:
those with short bars of Sycp3 and pronounced CREST foci
associated with centromeric heterochromatin  (Fig. 6A,
‘Interkinesis’); nuclei with bar-like Sycp3 at chromocenters but
lacking CREST foci (not shown); and nuclei without either Sycp3
or pronounced CREST foci (not shown). The CREST and Sycp3
signals (compared with those of wild type} suggest that these three
types represent nuclei at interkinesis and at an early and late stage
of round spermatid development, respectively. DAPI staining
revealed that all three types of nuclei [which would have undergone
one (inferkinesis) or two (spermatids) meiotic divisions in wild type]
were abnormally large, being similar in size or even somewhat larger
than those from pachytene or diplotene (see Fig. 6C). Interkinesis
nuclei from wild-type or 7G' Rec8-Myc secondary spermatocytes
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Fig. 4. Morphological change of Sycp3 after meiosis I is unaffected
i TG Rec8-N-Myc spermatocytes. Immunofluorescence images of
stage XII tubule sections stained by DAPI (for DNA) and anti-Sycp3
antibody. Arrowheads and arrows indicate typical patterns of Sycp3
signals in metaphase I and post-metaphase I, respectively. Stages
are: Z, zygotene; M1, metaphase I; Int, interkinesis; 12, step 12
elongating spermatid. Scale bars: 10 um.

contained 20 sets of doublet CREST foci associated with Sycp3
signals, which reflects the fact that they have 20 dyads, each
confaining fwo chromatids (Fig. 6A,B). By striking confrast, the
enlarged interkinesis-like nuclei of 7G Rec8-N-Myc spermatocytes
contained 40 sets of doublet CREST foci, which implies that they
contain 40 dyads. Together, these data suggest that 7G Rec§-N-Myc
prevents the first meiotic division, and thereby generates 4 C instead
of 2 C interkinesis nuclei.

This conclusion was confirmed using chromosome painting to
detect the X and Y sex chromosomes. These synapse partially during
meiotic prophase (Fig. SA, Fig. 6C) and segregate at the first meiotic
division, which produces secondary spermatocytes with either an X
ora Y dyad chromosome. As expected, the interkinesis nuclei from
wild-type or TG Rec8-Myc secondary spermatocytes contained either
X or Y chromosomes and the ratio of nuclei with X chromosomes
tothose with Y chromosomes was 1:1 (Fig. 6C,D). By contrast, almost
all interkinesis-like nuclei from TG RecS8-N-Myc spermatocytes
contained both X and Y chromosomes. We conclude that 7G Rec§-
N-Myc prevents the first meiotic division at which X and Y
chromosomes segregate to ‘sister’ secondary spermatocytes.

The chromosome spreads from wild-type and TG Rec8-Myc
spermatocytes contained three kinds of condensed chromosome sets:
those containing 20 bivalents (metaphase I}, 20 open arm dyads
(metaphase II), and 40 closed arm chromosomes (mitotic
metaphase). 7G Rec8-N-Mye spermatocytes contained nuclei with
mitotic metaphase and metaphase I chromosomes but lacked any
containing the 20 open arm dyads characteristic of metaphase II.
Notably, they contained nuclei with 40 instead of 20 open arm dyads
(Fig. 6A,B). We presume that these abnormal nuclei have entered
metaphase II without having undergone the first meiotic division.
To confirm this, we prepared chromosome spreads fixed with
methanol and acetic acid and measured the fraction of chromosome
spreads with four different categories (Fig. 7A) of condensed
chromosomes: mitotic metaphase, 20 bivalents (metaphase I), 20
dyads (metaphase 11} and 40 dyads (irregular metaphase II). This
revealed that 7G Rec8-N-Myc testes had few if any chromosome
sets containing 20 dyads. However, they contained chromosome
sets with 40 dyads with a frequency similar to that of chromosome
sets with 20 dyads in wild-type or 7G Rec8-Myc testes (Fig. 7B).

QOur data are consistent with the notion that Rec8-N blocks the
first meiotic division. Does it also block the second? To address
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Fig. 5. Normal chromosome development until metaphase I in 7 Rec8-N-Myc spermatocytes. Immunofluorescence images of chromosome spreads stained with
anti-Myc and anti-Sycp3 antibodies. (A) Pachytene nuclei and magnified sex chromosomes synapsed at the PAR (arrow) are shown. (B) Metaphase I chromosomes

and magnified images of representative bivalents are shown.

this, we examined the distribution of sex chromosomes in enlarged
spermatid-like nuclei contained in TG Rec8-N-Myc testes and found
that all of them contained both X and Y chromosomes (Fig. 6C,D}).
Importantly, we frequently observed two separate X or two separate
Y chromatids within the same nucleus and sometimes two separate
X and two separate Y chromatids within the same nucleus. This
suggests that many if not all abnormally large spermatid-like nuclei
have a 4 C DNA content and that 7G Rec§-N-Myc prevents
chromosome segregation during meiosis II as well as meiosis I.

Some but not all Rec8-N-Myc persists on chromatin after
meiosis | and Il

To ascerfain whether Rec8-N-Myc persists on chromosomes after
anaphase [ and II, we compared the distribution of Sycp3 and Mye-
tagged Rec8 proteins in chromosome spreads from TG RecS-Mye
and TG Rec8-N-Myc testes. Rec8-Myc was present (along with
Sycp3) only at centromeres in interkinesis nuclei (Fig. 8A) but was
completely absent from early stage round spermafids that still
possessed Sycp3 signals (Fig. 8B). Very faint amounts of Rec8-
Myc were detected throughout chromafin, and in particular at
chromocenters in later stage round spermatids that lack Sycp3

signals (not shown). By contrast, modest amounts of Rec8-N-Myc
protein were present throughout the chromatids of interkinesis-like
and early stage of round spermatid nuclei (Fig. 8A,B). Theseresults
imply that some but not all Rec8-N-Myc persists on chromatin after
the time by which both meiotic divisions should have taken place.

Rec8-N delays but does not block chiasma resolution at
meiosis | in oocytes

TG Rec8-N-Myc females were fertile with slightly smaller litter size
(average 7.8, 11 deliveries of six females) than TG Rec8-Myc
females (average 9.6, five deliveries of three females). Oocytes from
TG Rec8-N-Myc females extruded the first polar body (PB) with
similar timing and efficiency as those from non-transgenic
littermates in in vitro culture (Fig. 9A). Importantly, by 20 hours
after the germinal vesicle breakdown (GVBD) most oocytes
contained 20 dyads, implying that chiasmata had been resolved by
metaphase II (Fig. 9B). The lack of any obvious block to meiosis
I chromosome segregation or PB formation was not due to a lack
of Rec8-N expression, as it was detected along interchromatid axes,
both proximal and distal to chiasmata, of metaphase I bivalents.
Like Rec8-Myc (Kudo et al., 2006}, Rec8-N-Myc was detected in
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the vicinify of sister centromeres of dyads at metaphase Il (Fig.
9B). This contrasts with the situation in oocytes lacking separase
activity, in which the persistence of Rec8 along inter-chromatid axes
accompanies a complete absence of chiasma resolution (Kudo et
al., 2006).

These data do not, however, exclude a role for Rec8 cleavage in
chiasma resolution. If Rec8-N contained cryptic separase cleavage
sites that permitted its eventual removal from the arms of bivalents,
then it might merely slow down cleavage and chiasma resolution
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Interkinesis

etaphase Il

Fig. 6. No muclear division in spermatocytes
expressing Rec8-N-Myec.

(A) Immunofluorescence images of
chromosome spreads stained with a CREST
serum (for centromeres), anti-Sycp3 antibody
and DAPI (for DNA). Small panels show the
magnified images of boxed areas.

(B) Frequencies of nuclei classified by
number of centromeres: approximately 40
CREST foci (40X Cen) or approximately 80
CREST foci (80X Cen). Numbers of nuclei
examined are indicated (#). (C) Chromosome
paintings detecting X (red) and Y (green)
chromosomes merged on DAPI images or on
anti-Sycp3 images in grayscale. Stages are:
Pa, pachytene; Dip, diplotene; Int,
interkinesis; RS, round spermatid.

(D) Frequencies of nuclei classified by
distribution of sex chromosome painting
signals: one patch of X chromosome alone
(X), one patch of ¥ chromosome alone (Y) or
orne or two patches of both (X and Y).
Numbers of nuclei examined are indicated (z2).

but not actually block either process. To address this, we used live
microscopy to measure the timing of chromosome segregation
relative to other anaphase hallmarks, namely PB extrusion (PBE)
and securin degradation. Germinal vesicle-stage oocytes injected
with mRNAs encoding H2B-mCherry and securin-EGFP were
recorded using a confocal microscope either at 16 minutes
(experiment A; supplementary material Movie 1) or 5-7 minutes
infervals (experiment B, movies not shown). In control oocytes
(females with the TG Rec8-Myc or no transgene), chromosome
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Fig. 7. Double mumber of dyad chromosomes in metaphase II 7G Rec8-N-Ayc
spermatocytes. (A) Condensed chromosomes found in Giemsa-stained spread
preparations; 40 chromosomes with arm closed (Mitotic Metaphase);
approximately 20 bivalents; approximately 20 dyads; approximately 40 dyads.
(B) Frequencies of different classes of condensed chromosomes shown in A.
Numbers of nuclei examined are indicated (7).

segregation occurred soon after PBE (experiment A, 0.31+0.39
hours, n=7; experiment B, 0.20+0.04 hours, n=3) (Fig. 9C-E;
supplementary material Movie 1} (Kudo et al., 2006; McGuinness
et al., 2009). By contrast, chromosomes in 7'G Rec§-N-Myc oocytes
linger for about two hours around the ococyte-PB junction before
eventually segregating in an asynchronous manner to oocytes and
PBs (Fig. 9C; supplementary material Movie 1). The intervals from
PBE to the completion of chromosome segregation were 3.154+0.86
hours (experiment A, n=4) and 1.8120.84 hours (experiment B,
n=13) (Fig. 9D,E}. The difference between T'G RecS8-N-Myc and
control cocytes was highly significant (experiment A, P=0.00003;
experiment B, P=0.006, Student’s #test). The interval between
chromosome segregation and securin destruction, namely the point
by which securin sinks to 5% of its maximum, was also significantly
greater in TG Rec8-N-Myc oocytes than in controls (experiment B:
control, 0.55+0.13 hours, n=3; TG Rec8-N-Myc oocytes, 2.45+1.04
hours, n=13; P=0.011, Student’s r-test) (Fig. 9E,G). These results
are consistent with the notion that Rec8-N-Myc is cleaved more
slowly than wild-type protein in vivo and that this delays chiasma
resolution. The fertility of TG Rec8-N-Myec oocytes suggests that
abscission between the PB and the oocyte is delayed until chiasmata
have been completely resolved.

Discussion

The recent finding that proteolytic activity of separase is essential
for the resolution of chiasmata during meiosis I in mouse oocytes
(Kudo et al., 2006) is consistent with the notion that they are resolved
by cleavage of o-kleisin proteins, as is the case in yeast (Buonomeo
et al., 2000). To test this, we set out to identify separase cleavage
sites in the mouse meiosis-specific o-kleisin Rec8 and then
expressed at physiological levels a version (Rec8-N} that is poorly
if at all cleaved in vitro. The BAC transgene expressing Rec8-N
causes sterility in males, but not in females. Spermatocytes
expressing Rec8-N reach metaphase 1 with bivalents containing a
normal complement of chiasmata, but thereafter fail to produce
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secondary spermatocytes containing the normal complement of 20
dyad chromosomes or to produce haploid gametes. They instead
produce cells with 80 chromatids, suggesting that Rec8-N blocks
chromosome segregation at the first meiotic division and possibly
also at the second. The lack of divisions does not appear to be due
to a block of meiotic development because changes in the
distribution of Sycp3 and kinetochore proteins normally associated
with progression from meiosis I to II appear to take place in the
presence of Rec8-N, despite the lack of nuclear division. These
observations suggest that cleavage of Rec8 by separase is essential
for the first and possibly also for the second meiotic division of
mouse spermatocytes. By contrast, Rec8-N has only a modest
adverse effect on the fertility of females, blocking neither oocyte
divisions. Importantly, chromosome spreads indicate that Rec8-N
does not block chiasma resolution in either males or females.

On their own, these results imply that Rec8 cleavage might not
be necessary for chiasmata resolution. Might the yeast model
therefore apply to mammals? Two key findings indicate otherwise.
First, it is clear that in oocytes the amount of Rec8-N persisting on
chromosomes after separase activation is far less than the amount
of Rec8 persisting on chromosomes in oocytes lacking separase
activity. The implication is that Rec8-N does not in fact abolish
cleavage in vivo. Rec8 must possess additional separase cleavage
sites that we have not been able to defect in vitro. Our detection of
modest amounts of Rec8-N associated with post-meiosis 1
chromosomes suggests that mutation of the three sites cleaved by
separase in vitro does indeed slow down cleavage in vivo; it does
not abolish it. Second, despite the incomplete penetrance of the
Rec8-N phenotype, this allele has nevertheless proved a useful
reagent for evaluating the role of Rec8 cleavage. In oocytes, where
it is possible to film cells undergoing the first meiotic division and
thereby obtain kinetic data, we observed that the chiasma resolution
occurs asynchronously and is delayed by about two hours following
separase activafion (as detected by destruction of securin-EGEFP).
Such data imply that chiasma resclution is normally mediated by
Rec8 cleavage. The data do not address directly the mechanism by
which chiasmata are eventually resclved in oocytes expressing
RecB-N, but the eventual disappearance of RecB-N from
chromosomes suggests that resolution also arises from cleavage,
albeit slower than in wild-type oocytes.

‘We suggest that the asynchrony of chromosome segregation arises
from differences between bivalents in the position of their chiasmata.
Bivalents with chiasmata proximal to centromeres will be held
together by more cohesin than those with more distal chiasmata
and might therefore take longer to be resolved by an inefficient
cleavage process. It seems likely that chiasma resolution is also
slowed by Rec8-N in spermatocytes (though catching this on film
will be a formidable undertaking) and we suggest that this, as
opposed to some other unknown role for cohesin cleavage in cell
division, is the underlying cause of their meiotic division defect.

According to the above scenario, the differential effects of Rec8-
N on male and female gametogenesis (preventing it in males but
not females) arises not so much from more rapid cleavage of Rec8-
N in oocytes than spermatocytes but rather in the manner in which
these two types of cells respond to delayed chiasmata resolution.
It is remarkable that RecB8-N delays chromosome segregation by
about two hours in cocytes without greatly affecting their inheritance
of a complete set of dyads; that is, slower chiasma resolution leads
neither to chromosome gain or loss. There are two explanations for
this: either abscission of cocytes from the first PB normally does
not take place for two or more hours after PBE, providing sufficient
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time to segregate a complete set of dyads to both oocytes and PB;
or the presence of unresolved bivalents in the cleavage furrow
actively delays abscission, possibly by delaying inactivation of
Aurora B (as recently found in Hela cells), a process called the
abscission checkpoint (Steigemann et al., 2009).

‘We suggest that a difference in the way that spermatocytes
respond to the persistence of bivalents at the cleavage furrow is
responsible for the male sterility caused by Rec8-N. It has been
suggested that abscission in the presence of chromosome bridges
induces furrow regression and formation of tetraploid cells in HeLa
cells (Steigemann et al , 2009). Assuming that spermatocytes with
delayed chiasma resolution proceed with furrow formation with
normal kinetics (as clearly occurs in oocytes), they might then
attempt abscission and then regress their furrows in response to
the presence of chromatin or regress their furrows without even
attempting abscission. Either response could account for the
formation of cells with all 80 chromatids and the resulting
sterility.

A key aspect of sister chromatid cohesion during meiosis is its
persistence at cenfromeres after meiosis 1. Recent work in yeast
has shown that recruitment of phosphatase PP2A to centromeres
by proteins of the Mei-S332 family is essential for the resistance
of centromeric Rec8 to separase at meiosis I (Riedel et al., 2006}.
To explain this, it has been suggested that phosphorylation of
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Fig. 8. Persistence of Rec8-N-Myc
on chromatin after meiosis I and
II. Immunofluorescence images of
chromosome spreads stained with
anti-Myc and anti-Sycp3
antibodies. (A) Interkinesis nuclei
and representative areas in higher
magnification that contain
centromeric Rec§ foci are shown.
(B) Spermatid nuclei and
representative chromocenters in
higher magnification that possess
Sycp3 signals are shown.

cohesin or even of separase itself might be essential for Rec8
cleavage and that PP2A reverses such phosphorylation in the
vicinity of centromeres. The finding that Rec8 but not Sccl is
subject to protection by Mei-S332-PP2A in vivo in yeast is most
easily explained if Rec8 were crucial target of PP2A. Hyper-
phosphorylation of yeast Rec8 at multiple serine and threonine
residues during meiosis I has been reported, but their replacement
by alanine appears to have little direct effect on the resolution of
chiasmata (Brar et al., 2006). It is therefore still unclear whether
Recf phosphorylation has a crucial role in promoting its cleavage
by separase either in vivo or in vitro. Our finding that cleavage
of mouse RecB by separase is completely dependent on Plkl in
vitro might be germane to this issue, particularly as Sccl cleavage
is far less dependent on Plkl under the same conditions (Fig. 1).
Plk1 is necessary for hyper-phosphorylation of Rec® in yeast and
has a role in promoting Sccl cleavage during mitotic divisions
(Alexandru et al., 2001; Clyne et al., 2003; Hornig and Uhlmann,
2004; Brar et al., 2006). Our in vitro cleavage data are consistent
with the notion that Rec8 phosphorylation might indeed be
essential for its cleavage and that PP2A protects sister chromatid
cohesion at centromeres by de-phosphorylating RecS8.

In summary, our work suggests that chiasma resolution in
mammals is mediated by Rec8 cleavage, as if is in yeast. Rec8 must
therefore confer much of the sister chromatid cohesion (though we
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Fig. 9. Rec8-N delays but does not block chiasma
resolution at meiosis I in oocytes. (A) Kinetics of the
first polar body extrusion (PBE) of oocytes cultured
in vitro. The numbers of oocytes examined are
indicated (x). (B) Localization of Rec8-N-Myc on
chromosomes in 7'G RecS-N-Myc oocytes.
Chromosome spreads prepared from oocytes in
culture for the indicated time after germinal vesicle
breakdown (GVBD) were stained with anti-Myc
antibody (red), CREST antiserum (green) and DAPI
(blue). (C) Live confocal microscopy of oocytes
expressing H2B-mCherry. DIC images (gray) were

merged with images of the mCherry channel (red).
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cannot conclude all) that holds bivalents together. We propose that
the chemistry of chiasma resolution is fundamentally the same in
fungi and mammals and possibly universal amongst eukaryotes.
Given that precocious loss of sister chromatid cohesion could have
a role in the chromosome non-disjunction at meiosis I (Hodges et
al., 2005), which gives rise to human aneuploidy, it is clearly
important to understand better the mechanisms that confer and
protect sister chromatid cohesion during meiosis. Further scrutiny
of the relative roles of Rec8 and Sccl in conferring meiotic sister
chromatid cohesion as well as the role of their cleavage by separase
will be essential for understanding the potential regulation of this
process by Mei-$332 and PP2A.

Materials and Methods

In vitro Rec8 cleavage assay

cDNAs enceding mouse Rec8 (GenBank/EMBL/DDBT accession number AF262055)
and human Sccl-Mye (Hauf et al,, 2001) were kindly provided by Michael McKay
(Peter MacCallum Cancer Research Centre, Melbourne, Australia) and J.-M. Peters
(Research Institute of Molecular Pathology, Vienna, Austria), respectively.
PS8]Methionine-labeled swild-type or mutant ferms of Rec8 and Scel-Myc proteing
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were produced using rabbit reticulocyte lysate-based in vitro coupled transcription-
translation systems (Promega). The active (PM-2/4 which has S1126A and T13464)
and the inactive (C1129S) separase mutants were coexpressed in 293T cells with
human securin, purified and activated as described (Stemmann et al., 2001). GST-
human PIk1 was expressed in insect cells and purified as described (Sumara et al.,
2002). A pre-incubation mixture composed of 2 pl reticulocyte lysate containing
[8]methionine-labeled protein, 1wl GST-PIk1 at 0.5 or (.13 pg/ul and 6 pl cleavage
buffer (20 mM HEPES/KOH pH 7.7, 100 mM KCI, 11 mM MgCly, 6.1 mM CaCl,,
1 mM DTT, 1 mM ATP, 10 mM NaF, 0.5 uM microcystin-LR, 1 mM PMSF) was
incubated at 37°C for 30 minutes. One microliter of active or inactive separase was
added and the mixture was incubated for an additional 90 minutes at 37°C. The
reactions were separated on gradient (8.5-15%) SDS-polyacrylamide gels and the
radioactive signal was detected by the PhosphotImager system (Melecular Dynamics).

Mutagenesis and BAC modification

Site-directed mutagenesis of Rec8 ¢DNA was perfermed using the QuickChange kit
(Stratagene). A BAC clone 546A10 encoding the Rec8 locus from the CT7 library
(male CI7/1288V genomic fragments on pBeleBACIL) was purchased from
Invitrogen. Medification of BACs was performed as described (Yang et al., 1997).
For each modification, a ~2 kb genomic fragment that works as ~1 kb homology
arms for both sides was first cloned inte pBluescript. For the Myc tagging construct,
restriction sites were created at the termination codon and a nucleotide sequence
encoding $XMyc epitope (GEQKLISEEDLN) was inserted. For amino acid
replacement, site-directed mutagenesis was performed using the QuickChange kit
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Feor conditional constructs, a lexP flanked transcription silencer cassette consisted of
four poly A signal repeats and puroMycin-resistant gene provided by David Tuveson
(Cancer Research UK Cambridge Research Institute, Cambridge, UK) (Tuveson et
al,, 2004), was inserted. After sequencing, the entire insert was cloned into pSV1.Reed
and it was electroperated into bacteria harboring the BAC. Induction of homelogous
recombination and screening of the modified BAC clone was performed according
to a previously deseribed method (Yang et al., 1957). Modifications were confinmed
by sequencing of the mutagenized regions and the integrity of the BACs was confirmed
by restriction enzyme digestions. PCR primer sequences are available upon request.

Mouse strains and generation of transgenic mice

BAC DNA purified by CeCl-EtBr gradient centrifugation and prepared at 1 pg/ml
was microinjected into pronueclei of Mis musculus B6CBAF2 zygotes. Transgenic
founders confirmed by Southern blot and PCR analysis were bred to BECBAF1 mice.
Offspring that inherited the transgene through the germ line were further bred to
B6CBAF1 mice, and 6- to 8-week-old mice were studied. For Southern blots, genomic
DNA preparations were digested by Sfu [, run on an agarose gel, transferred to a
nylon membrane and hybridized with a “P-labeled 1085 bp St [ genomic fagment
enceding the C-terminus of Rec8.

Western blot and FACS analyses

For western blot analysis, a testicular cell suspension was made by physical
disaggregation of seminiferous tubules with ferceps in PBS and precipitated
extracellular matrices were removed. Cells were collected by centrifugation, suspended
in SDS-PAGE sample buffer and beiled. DNA was sheared by senication and passed
through a 27-gauge needle. Total extracts were run on a SDS-PAGE gel and transferred
to a PYDF membrane. For detecting proteins, anti-Rec8 [RoN from rabbit (Eijpe et
al,, 2003)], anti-human ¢-Mye epitope [clone 4A6 from mouse (Upstate)] and anti-
alpha-tubulin [clone YOL1/34 from rat (Serotec, Oxford, UK)] antibodies were used
as primary antibedies, and appropriate secondary antibedies conjugated with HRP
(GE Healthcare) were used. FACS analysis for the DNA content of testicular cells
was performed by a method previously described (Malkow et al., 1998).

Histological analysis

Histolegical preparation of testes and staining for hematoxylin and cosine were as
described (Peters et al., 2001). Testis cryosections were fixed by 4% PFA in PBS and
stained by anti-Sy<p3 antibody [clone 10G11 from mouse (Abcam, Cambridge, MA)]
and anti-mouse [gG conjugated with Alexa Fluor 488 (Molecular Probes). DNA was
counterstained with DAPL Microscopic examination was performed as described
(Kudo et al., 2006).

Preparation and examination of chromosome spreads

Chromosome spreads of testicular cells for immunoflucrescence staining were
prepared as described (Peters et al,, 1997). Antl-human ¢-Mye epitope antibodies
[clone 4A6 and CM-100 from rabbit (Gramsch, Schwabhausen, Germany)], anti-
Syep3 antibodies [clene 10G11 and Knuf from rabbit (Lammers et al,, 1994)] and a
CREST serum (gift of Ame Kremminga, [PM Biotech, Hamburg, Germany) were
used as primary antibodies, and appropriate secondary antibodies conjugated with
AlexaFluor 488 or 568 (Molecular Probes) or Cy5 (Jacksen [mmunoResearch) were
used. DNA was counterstained with DAPL Chromoseme painting of spermatocyte
spreads initially stained for Syop3 was performed with biotin- and Cy3-labelled mouse
Xand Y chremoseme painting probes (Cambio, Cambridge, UK), respectively. Sycp3
and Y chromesome were visualized by Alexa-Fluor-488 cenjugated secondary
antibody and Alexa-Fluor-633 conjugated streptavidin, respectively. The experimental
procedure was described (Xu et al., 2005). Microscopic examination was performed
ag described (Kudo et al, 2006). Preparation and Giemsa staining of Metaphase
spreads of testicular cells were ag described (Peters et al., 2001).

Oocyte studies

Experiments involving oocytes were performed according to our methods described
previously (Kudo et al., 2006; McGuinness et al., 2009). Germinal vesicle-stage
oocytes were micreinjected with mRNAs encoding histone H2ZB-mCherry and
securin-EGFP in M2 media containing IBMX inhibitor. Transferring cocytes to the
media without inhibitor after 1-2 heurs triggered the meiotic maturation. Live confocal
microscopy was performed using a Zeiss LSM3510 META microscope equipped with
C-Apochromat 40 > 1.2 water ehjective (experiment A, supplementary material Movie
1) and Plan-Neofluor 20X 0.5 dry objective (experiment B). PeCon (Erbach,
Gernany) environmental microscepe incubator wag used to maintain 5% CO;
atmosphere, temperature and humidity. Excitation wavelengths were 405, 488, 514
and 561 nm, and LP 420, BP 505-550, BP 530-600 and LP 575 filters were used for
detection of Cascade-Blue dextran and EGFP and mCherry flucrescent proteins.
During experiment A, AutofocusScreen macre [51] was used to track chromosomes
labeled with H2B-mCherry. Five to seven (experiment A) or 20-25 (experiment B)
z-stacks were captured every 16 minutes (experiment A) or 3-7 mitutes {(experiment
B) for ~20 hours. Quantification of the signal was performed with ImageJ software
(http:/frab.info.nih gow/ijf). To measure securin-EGFP signal, individual frames were
defined manually for each cocyte and values were normalized to the value measured
at the time of GVBD.
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SUMMARY

Accurate chromosome segregation during mitosis
and meiosis depends on shugoshin proteins that
prevent precocious dissociation of cohesin from cen-
tromeres. Shugoshins associate with PP2A, which is
thought to dephosphorylate cohesin and thereby
prevent cleavage by separase during meiosis I. A
crystal structure of a complex between a fragment
of human Sgol and an AB'C PP2A holoenzyme
reveals that Sgol forms a homodimeric parallel
coiled coil that docks simultaneously onto PP2A’s
C and B’ subunits. Sgo1 homodimerization is a
prerequisite for PP2A binding. While hSgo1 interacts
only with the AB'C holoenzymes, its relative, Sgo2,
interacts with all PP2A forms and may thus lead to
dephosphorylation of distinct substrates. Mutant
shugoshin proteins defective in the binding of PP2A
cannot protect centromeric cohesin from separase
during meiosis | or support the spindle assembly
checkpoint in yeast. Finally, we provide evidence
that PP2A’s recruitment to chromosomes may be
sufficient to protect cohesin from separase in
mammalian oocytes.

INTRODUCTION

The chromatids of bivalent chromosomes, like their mitotic
counterparts, are held together by a multisubunit complex called
cohesin, whose a-kleisin (Rec8), Smc1, and Smc3 subunits form
a tripartite ring within which sister DNAs are thought to be trap-
ped (Haering et al., 2008; Nasmyth and Haering, 2005). The first
meiotic division is triggered by destruction of sister chromatid
cohesion by a thiol protease called separase, which opens the
cohesin ring by cleaving its «-kleisin subunit (Buonomo et al.,
2000). This splits the bivalent into a pair of dyad chromosomes
that are segregated to opposite poles at the first meiotic division.
Crucially, the two chromatids of each dyad remain associated
with each other both during and after anaphase |, because
cohesin holding sister centromeres together is protected from
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cleavage by separase by a class of proteins called shugoshins
(Goldstein, 1980; Kerrebrock et al., 1995; Kitajima et al., 2004,
Rabitsch et al., 2004). The persistence of centromeric cohesion
is essential to ensure that sister kinetochores and hence indi-
vidual chromatids are pulled to opposite poles at the second
meiotic division. A failure to protect centromeric cohesin from
separase might contribute to the human aneuploidy caused by
chromosome missegregation during meiosis | in ococytes, espe-
cially in older women (Vogt et al., 2008).

How do shugoshins protect sister chromatid cohesion at
centromeres? Recent work indicates that shugoshins protect
centromeric cohesin by interacting with protein phosphatase
2A (PP2A) (Kitajima et al., 2006; Riedel et al., 2006). PP2A holo-
enzymes are composed of a catalytic C subunit, a structural or
scaffold A subunit, and a regulatory B subunit. The A and C
subunits bind directly to each other, forming a core enzyme.
The B subunits, in contrast, are much more varied, and mammals
possess at least 18 types, which belong to four subfamilies:
PR55/B, PR61/B‘, PR72/B”, and PR110/B” (Janssens and
Goris, 2001; Lechward et al., 2001; Sontag, 2001; Yu, 2007).
During meiosis in both fission and budding yeast, a shugoshin,
namely Sgo1, is found stably associated with AB'C PP2A holo-
enzyme (Riedel et al., 20086). This led to the suggestion that phos-
phorylation of cohesin’s Rec8 subunit may be required for its
cleavage by separase (Brar et al., 2006; Riedel et al., 2006), as
is at least partly the case for its Scc1 mitotic counterpart (Alexan-
dru et al., 2001), and that by recruiting PP2A, Sgo1 prevents
cleavage of centromeric Rec8 by inducing its dephosphoryla-
tion. Consistent with this hypothesis, yeast mutants lacking
PP2A’s B’ subunits fail to prevent Rec8’s removal from centro-
meres at the first meiotic division, which is accompanied by their
precocious disjunction soon after the first meiotic division (Rie-
del et al., 2006).

However, inactivation of PP2A causes highly pleiotropic
phenotypes, because the enzyme has a wide variety of functions
and substrates, and the effect on chromosome segregation of
mutating PP2A could conceivably be due to indirect effects. To
address whether recruitment of PP2A really is a crucial part of
the mechanism by which shugoshins protect centromeric cohe-
sin, it is necessary to understand how PP2A actually binds to
shugoshin and to use this information to investigate the pheno-
type of mutant proteins that are defective in their ability to bind
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the phosphatase. This sort of approach is equally important for
disentangling the role of PP2A-shugoshin interactions during
mitotic chromosome segregation in mammals, where hSgo1l
has a crucial role in preventing dissociation of cohesin from
centromeres (Kitajima et al., 2005; McGuinness etal., 2005; Salic
et al,, 2004), and it is unclear whether Sgol1’s role is to recruit
PP2A to centromeres or the converse (Kitajima et al., 2008;
Tang et al., 20086).

PP2A binds to an hSgo1 fragment containing its N-terminal
176 amino acids, and the interaction is abolished by mutation
of a highly conserved asparagine (N611) within aregion predicted
to form a coiled coil (Tang et al., 1998, 2006). The N61| mutation
abolishes persistence of sister centromere cohesion during
meiosis in Drosophila (Kerrebrock et al.,, 1995), but it might
have rather pleiotropic consequences, as it supposedly also
affects the ability of hSgo1/ MEI-S332 to bind chromosomes
(Tang et al., 1998, 2006) and possibly disrupts Sgo1’s putative
coiled coil.

A crystal structure of a complex formed between a fragment of
hSgol and an AxB568yCa PP2A holoenzyme (from now on
referred to as AB’C PP2A or PP2A) reveals that Sgo1 forms a
parallel coiled coil whose N- and C-terminal ends bind to C and
B’ PP2A subunits, respectively. Analysis of phenotypes of shu-
goshin mutants defective in PPZA binding demonstrates that
recruitment of PP2A by Sgo1 is essential for the protection of
sister chromatid cohesion at centromeres at meiosis | and for
the spindle assembly checkpoint (SAC) during mitosis in yeast
and that recruitment of PP2A to chromosome arms may be suffi-
cient to block the resolution of chiasmata in mouse oocytes.
Another important implication of our findings isthat PP2A’s spec-
ificity is not determined solely by its regulatory B subunits.

RESULTS

Shugoshin’s Putative Coiled Coil Is Responsible

foer PP2A Binding

Recombinant hSgo1 fragments containing hSgo1's N-terminal
176 residues (Figure 1A) aggregate, but MBP-Sgoil fusion
proteins are soluble and interact with PP2A. Binding studies
with a variety of MBP-8go1 fusion proteins reveal that the puta-
tive coiled coil (residues 47-105) confers interaction with AB'C
PP2A holoenzyme (Figure 1B). A slightly shorter fragment
(51-96) also confers binding, but with much lower affinity (Fig-
ures 1B and 81).

Two Shugoshin Molecules Interact with a Single PP2A
Holoenzyme in Solution

Because the coiled-coil region is predicted to form a homodimer,
we determined the molecular stoichiometry of the PP2A-Sgol
complex. Both size-exclusion chromatography and dynamic
light scattering indicate that the complex formed between
PP2A and MBP-8gol1(51-105) has a molecular weight of
~250 kDa, while that formed with Sgo1(51-105) after MBP had
been removed by cleavage has a molecular weight of ~148-
160 kDa (Figures 1C and S1). Because the molecular weights
of the AB‘C PP2A holoenzyme, Sgo1(51-105), and MBP are
146 kDa, 6 kDa, and 45 kDa, respectively, the molecular stoichi-
ometry of the PP2A-Sgo1 complex in solution is likely 1:2. This
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molar ratio is consistent with MBP-Sgo1 bands having twice
the intensity of PP2A subunits with an equivalent molecular
weight in Coomassie blue-stained SDS gels of purified PP2A-
Sgol complexes purified using either the GST tag on the PP2A
A subunit or the MBP moiety of MBP-Sgo1 and/or by gel filtration
(Figures 1B, 10, 1E, and S1A). To show that there is only a single
PP2A holoenzyme in the complex, we incubated GST-tagged
PP2A A subunit (GST-A) with excessive untagged A, B, and C
subunits and MBP-Sgo1. If there were two or more PP2A holo-
enzymes, then GST-A should pull down untagged PP2A A
subunits, which we do not observe (Figure 1D). The complexes
contain at least two Sgo1 molecules, because after mixing
Sgo1 fragments with different lengths and tags (one was fused
to MBP and the other to MBP and a FLAG epitope), addition of
PP2A holoenzyme enabled FLAG affinity beads to pull down
both MBP-Sgo1 proteins (Figure 1E). Dimerization of Sgo1 frag-
ments within PP2A complexes is not caused by their fusion to
MBP, because copurification occurs even when the latter is
removed (Figure 1F, Supplemental Data).

Crystal Structure of the PP2A-Sgo1 Complex: Overall
Architecture

We failed to obtain useful crystals with complexes containing
Sgo1(51-105) or longer fragments, but eventually obtained
a crystal structure with Sgo1(51-96), which lacks a complete
coiled-coil region (Figures S1B and S1C). Despite not forming
stable homodimers in solution (data not shown), MBP-
Sgo1(51-96) does pull down PP2A holoenzyme (Figure 1B),
though the complex dissociates partially during gel filtration,
producing a peak fraction containing a mixture of the PP2A-
Sgol complex and unbound PP2A holoenzyme (Figures S1B
and 81C). It is this mixture that forms useful crystals, presumably
because “free” PP2A holoenzymes shield the hydrophobic
surface of Sgo1's coiled coil not covered by the binding of the
first PP2A holoenzyme (see below).

The crystal structure was determined at 2.7 A resolution
(Table 1). Each asymmetric unit within the crystal lattice contains
one human PP2A AB'C holoenzyme, one Sgo1(51-96) peptide,
and one microcystin PP2A inhibitor molecule. The Sgo1(51-96)
peptide forms a single long helix. Two Sgo1 peptides, related
by a two-fold crystallographic symmetry, form a parallel coiled-
coil homodimer and interact with both B and C subunits of two
PP2A holoenzymes (Figure S2). In this way, two symmetry-
related PP2A holoenzymes interact with symmetrical surfaces
of the Sgo1 coiled-coil dimer. Because only a single PP2A holo-
enzyme interacts with the Sgol dimer in solution, the two
surfaces of the Sgo1 coiled-coil homodimer must be slightly
different, though this is not apparent in the crystal structure.
We imagine that the two surfaces of Sgol's coiled coil have
different affinities for PP2A, with the lower affinity surface binding
PP2A only under crystallization conditions, when protein
concentrations are much higher. Structure-based mutagenesis
(see below) confirmed that the PP2A-Sgo1 interface observed
in our crystal structure is physiclogically relevant. For the rest
of this work, we will discuss the interaction of one PP2A AR'C
complex with two Sgo1{51-96) peptides and, for simplicity, refer
to them as Sgola and Sgolb, respectively (Figure 2).
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Figure 1. One AB’C PP2A Holoenzyme Binds with Two Sgo1 Molecules in the Solution
{A) Domain structure of Sgo1. MBP fusions of the indicated fragments tested positive for binding to AB'C PP2A (data not shown except in B).

(B) The coiled-coil domain of Sgo1 is sufficient for binding to AB'C PP2A holoenzyme. Purified AB’'C PP2A holoenzyme was pulled down by corresponding MBP-
Sge1 fragments. The SDS-PAGE gel was silver stained. Be, U, and B represent the MBP-Sgo1 sample before PP2A binding, unbound PP2A, and total proteins

bound to the amyloid beads, respectively.

(C) Size distribution of the PP2A-8go1(51-105) complex measured by dynamigc light scattering.
(D) There is one PP2A holoenzyme in each PP2A-Sgo1 complex. Indicated amounts of GST-A and A subunits were incubated with MBP-Sgo1(51-105), as well

as the B” and C subunits of PP2A, prior to GST affinity pull-down. Bead-bound proteins were eluted in a buffer containing glutathione and resclved on an SDS-

PAGE gel.
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Table 1. § of Crystallographic Analysis of the PP2A-Sgo1
Complex

Data collection

Space group C2221

Cell dimensions: a, b, ¢ (A)
Resolution (4)

104.94, 145.86, 294.15
50.0-2.7 (2.8-2.7)

aRsym 0.1235 (0.494)
I/l 12.2 (1.8)
Completeness (%6) 92.0 (61.3)
Redundancy 8.2(2.8
Refinement

Resolution (4) 50.0-2.7
No. reflections 54,842

PRwork/Riree 22.6%/27.7%
No. atoms
Proteins 10,802
lons. 2
B factor
Proteins 475
lons. 37.2
Rmsd
Bond lengths (&) 0.011
Bond angles (°) 1.52

°Ramachandran plot
(core, disallowed, %)

91.5%, 0%

Values in the parentheses refer to the outer-shell bin.

#Rsym = Zyl(hG) — 1)/ 1), where I() is the intensity of the i-th observa-
tion of reflection j. 1) is the weighted mean of all measurements of j.

PR = Zj||Fops(i)| — |Foaici)] /S| Fobs()] - Rwork and Ryee were calculated with
the working and test reflection sets, respectively.

°As defined in PROCHECK.

The structure of PP2A holoenzyme in the complex is similar to
the lower-resolution structures containing PP2A alone (Cho and
Xu, 2007; Xu et al., 2008). Briefly, the 15 HEAT repeats of the A
subunit form a horseshoe-shaped scaffold that holds B and C
subunits using the ridge formed by intrarepeat loops. The only
significant structural difference concerns the C-terminal region
of the B’ subunit’s conserved domain, which was mostly invisible
in previous PP2A structures. It forms a long helix and interacts
with the A subunit's most N-terminal HEAT repeat. This suggests
that the divergent C-terminal domain of B subunits resides
“below™ or inside the horseshoe scaffold and has a role in
PP2A localization (Figure S3).

Both Sgola and Sgo1b interact with both B’ and C subunits of
PP2A. The N- and C-terminal ends of Sgo1’s coiled coil form
discrete interfaces with C and B’ subunits, respectively. Each
binding interface contains a hydrophobic core as well as periph-
eral hydrogen bonds and salt bridges. The contact area between

the C subunit and the N-terminal half of the Sgo1 homodimer
(1328 ,5\2) is larger than that between the B’ subunit and its
C-terminal half (1046 AZ) Several highly conserved hydrophobic
Sgol residues (L64, L68, V75, 181, 182, L85, and L92) as well as
two other residues (L53 and L54) found in Sgoi1 but not Sgo2
appear to stabilize the Sgo1a-Sgol1b dimerization (Figure S4).

The PP2A-Sgo1 Interface: Hydrophobic Interactions
Buttressed by Hydrophilic Interactions

The N-terminal region of Sgo1’s coiled coil interacts directly with
residues in two loops (between «9 and «10 and between 6 and
a8) of the PP2A C subunit. Hydrophobic interactions involve
Sgoia’s L64 and Sgo1b’s L68, which stack on each other and
are surrounded by the aliphatic parts of P172, W209, 1211, and
Y218 of the C subunit (Figure 3A). Hydrogen bonds involve Y57
and N60 from Sgola and E69 and K62 from Sgolb (Figures
3A, 3C, and S5). The hydroxyl group of the conserved Sgola
Y57 side chain interacts with the carbonyl of G207 on the longer
of the two loops and D223 on «10. The side chain of Sgoia’s
conserved N60 is nestled in a surface groove and forms multiple
hydrogen bonds with C subunit residues 206-209. O3 from N60Q
forms a hydrogen bond with Ne and Nn of R206, while N of N60
interacts with the carbonyls of R206 and W209. On Sgo1b, N{ of
K62 forms a hydrogen bond with the carbonyl of P172 and a salt
bridge with D175, residues situated on the shorter loop. In addi-
tion, Sgo1b E69 docks into a surface groove and thereby inter-
acts with the main-chain amide nitrogen of G193 and with On
of Y218, which is also on the longer loop. Surprisingly, Sgol
residue N61, previously found to be critical for interaction with
PP2A, does not participate directly in the PP2A-Sgo1 interface.
N61 residues from Sgola and Sgoib instead form a pair of
strong hydrogen bonds (2.48 .Z\) in the middle of the coiled-coil
interface (Figure 54).

The PP2A holoenzyme contains 1 of 4 types of B subunit
(PR55/B, PR61/B’, PR72/B”, and PR110/B™). Importantly, only
PR&1/B" was found associated with Sgo1 from meictic yeast
cells (Riedel et al., 2006) or mitotic mammalian cells (Kitajima
et al., 20086; Riedel et al., 2006). The crystal structure reveals
that the C-terminal end of Sgo1’s coiled-coil region (residues
80-94) interacts with the last pseudo HEAT repeat of the
conserved domain of PP2A’s B subunit (Figures 3B, 3C, and
85). The hydrophobic parts of the side chains from Sgolb's
L83, K87, Y90, and C94 interact with Y365, H377, Y381, L384,
and M388 on the last pair of pseudo-HEAT repeats of PP2A’s
B’ subunit. This interaction is strengthened by two salt bridges
between K374 and K385, which are conserved within the B
subfamily, and Sgolb’s D80 and Sgola’s E88, respectively.
Structural superposition of the AB'C-Sgol complex and the
ABC family PP2A holoenzyme (Xu et al.,, 2008) indicates that
Sgo1 cannot interact with both the C subunit and the PP2A B
subunit, which explains why Sgo1 does not interact with the
ABC family PP2A holoenzymes (Figure S6).

(E and F) There are atleast two Sgo1 molecules in each PP2A-8go1 complex. MBP-Sgo1(51-105) was incubated either with equal amounts of (lanes 1, 2, and 3)
or without (lanes 4, 5, and 6) MBP-FLAG-Sgo1(51-105) and with PP2A GST-A, -B', and -C subunits pricr to GST affinity pull-dewn. Bead-bound proteins were
eluted in a buffer containing glutathione. Eluted proteins were incubated with FLAG affinity beads before elutionin a buffer containing FLAG peptide. Eluates and
unbound fractions were resolved on an SDS-PAGE gel (E). This expetiment was repeated using Sgo1(51-105) and FLAG-Sgo1(51-105) peptides instead of MBP

fusicns of these peptides (F).
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Figure 2. Overall Structure of PP2A-Sgo1 Complex
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A, B, and G subunits of PP2A, Sgela, and Sgo1b are shown and labeled in yellow, cyan, green, orange, and purple, respectively. The PP2A inhibitor microcys-
teine is represented by stick mode, and two manganese atoms binding with PP2A are shown in pink and sphere mode. The orthogonal view of PP2A-Sgo1
complex is shown cn the right. All structural images were prepared using the PyMOL Molecular Graphics System (DelLano Scientific; Palo Alto, CA).

The Effect of Mutations on PP2A Binding and Sgo1
Dimerization

To assess the contribution of key residues to Sgo1 dimerization
and its interaction with PP2A, we measured the effects of mu-
tating them, mainly to alanine. Substitution of Sgo1's N&1 by
either alanine or isoleucine, which causes precocious loss of
sister centromere cohesion in Drosophila (Tang et al., 1998),
abolishes binding to PP2A (Figure 3D and data not shown).
Substitutions at L64 and L68, which participate in dimer forma-
tion as well as hydrophobic interactions with PP2A’s C subunit,
have a similar effect. L64A reduces PP2A binding while L68A
abolishes it (Figure 3D). Substitution by alanine of a conserved
leucine within the Sgo1 dimer interface (L85) has a moderate
effect. Mutations of individual residues specifically involved in
PP2A binding, including YS7A, NGOA, and K62A, have little effect
on PP2A binding, though Y57A causes a modest reduction. In
contrast, several double substitutions, namely Y57A/NGOA,
YS7TA/EB9A, and NBOA/KB2A, greatly reduce PP2A binding
under our experimental conditions (Figure 3D).

To test the effects on Sgo1 dimerization, we purified mutant
proteins with or without a FLAG tag. To distinguish them in
SDS-PAGE gels, the tagged and untagged proteins contained
different amounts of Sgo1 sequence, namely 47-105 and 51—
105, respectively. Equal amounts of tagged and untagged
proteins containing the same mutation were mixed, the tagged
protein was pulled down using anti-FLAG beads, and the abun-
dance of tagged and untagged protein was compared using
SDS-PAGE. The Y57A/N60A, Y57TA/K62A, and NBOA/KE2A
double mutations, which should only affect interaction with
PP2A, have no effect on dimer formation using this assay.
According to the crystal structure, L68 is involved in Sgola-
Sgo1b interaction and has little direct involvement in PP2A inter-
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action. Its substitution by alanine (L68A) abolishes dimer forma-
tion as well as interaction with PP2A. This result, together with
our observation that both Sgol helices interact extensively
withthe same PP2A complex, imply that Sgo1 homodimerization
is a prerequisite for binding to PP2A. Surprisingly, N611 forms
dimers as efficiently as wild-type. N61 side chains pack tightly
at the center of the coiled-coil interface, and introduction of
a larger side chain (as occurs after substitution by isoleucine)
might have been expected to disrupt dimer formation. Remain-
ing interactions between the Sgola and Sgolb helices must
therefore be sufficient for dimerization. Why, if N61 side chains
are not required for dimer formation and make no direct contacts
with PP2A, does N&1l disrupt binding of PP2A and cause
a dramatic phenotype in flies? Introduction of a larger side chain
{as in substitution by isoleucine) or simply loss of key hydrogen
bonds (as in substitution by alanine) presumably disrupts the
coiled coil's conformation, affecting the interaction with PP2A
of neighboring residues such as Y57, N60, and K62. In summary,
our mutagenesis is consistent with the crystal structure and with
amino acid conservation. Crucially, we realized one of our
primary goals, namely to design mutant shugoshins defective
in PP2A interaction without changing other properties of the
protein (that we know about).

Sgo2 Interacts as a Dimer with All PP2A Forms

Mammalian cells express two major types of shugoshin, called
Sgo1 and SgoZ. The finding that mice lacking Sgo2 are viable
{Llano et al., 2008) is inconsistent with the claims that this protein
has an important role during mitosis (Huang et al., 2007; Kitajima
et al.,, 2006), and it is likely that Sgo1 alone is necessary to
protect centromere cohesion during mitosis (McGuinness
et al, 2005; Salic et al., 2004). What about meiosis? RNA
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Figure 3. The Specific Interactions between PP2A and Sge1 and the Effect of Sgo1 Mutations on the Interaction

(A) Stereo views of hydrophobic interactions between PP2A-C and 8go1. Theresidues involved inthe hydrophobic core are indicated and represented in the stick

moede.
(B) Stereo views of hydrophobic interactions between PP2A-B’ and Sgol.

(C) Hydrophilic interacticns between PP2A and Sgo1. The residues (Y57, N60, K62, E69, D80, and E88, as indicated) from both Sgo1 molecules form hydrogen

bonds or salt bridges with PP2A B' and C subunits, as indicated by dashed lines.

(D) The binding assay of PP2A with varicus Sgo1 mutants. Wild-type (WT) and various single cr double mutant Sgo1s, asindicated, were tested to bind with PP2A.
(E) Dimerization assay of several selected mutant Sgo1s. The mutant Sgo1s that cannot bind with PP2A were selected to test the dimerization. The mutant Sgo1
(MBP-tagged) was pulled down by the same mutant Sgo 1 (FLAG-tagged), followed by elution (100 ng/ml FLAG peptide solution), and detected by SDS-PAGE analysis.
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Figure 4. Comparison and Characterization of Sgo1 and Sgo2 Binding with PP2A

{A) PP2A C subunit is sufficient for Sgo2 but not for Sgo1 binding. PP2A A, B, and C individual subunits, the AC core enzyme, and the AB’C holoenzyme were
incubated with MBP-FLAG-Sgo1(51-105) or MBP-FLAG-8go2(45-117) for 1 hrfollowed by FLAG affinity pull-down. Bead-bound proteins were eluted in a buffer
containing FLAG peptide and were resclved on an SDS-PAGE gel.

(B) Interaction of Sgo1 or Sgo2 with PP2A holoenzyme containing different B-type regulatory subunits. MBP-FLAG-8go1(51-105) or MBP-FLAG-Sgo2(45-107)
was incubated with ABC, AB'C, or AB”C for 1 hr followed by FLAG affinity pull-down. Bead-bound proteins were eluted and resolved on an SDS-PAGE gel. Sgol
interacts specifically with the AB'C PP2A only, whereas Sgo2 can interact with all PP2A isoforms.
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interference studies have come to conflicting conclusions as to
Sgol's role (Lee et al., 2008; Yin et al., 2008). What is clear is
that sgo2A/sgo2A mice are infertile and defective in retaining
cohesin at centromeres after meiosis | (Llano et al., 2008). This
suggests that mammalian Sgo2 and possibly not Sgo1 fulfills
the function performed by proteins called Sgo1 or MEI-5332 in
yeast and flies, respectively. Does hSgo2 also bind PP2A? Like
hSgo1, it contains an N-terminal coiled-coil region (residues
31-130), which we found to be sufficient for PP2A interaction.
In contrast to hSgo1, which interacts with the AB'C holoenzyme
in vivo (Kitajima et al., 2008; Riedel et al., 20086; Tang et al., 2008)
and in vitro (Figure 1) but not with individual PP2A A, B, and C
subunits or the AC core complex, mouse Sgo2 forms a stable
complex with the PP2A’s C subunit (Figure 4A). It interacts with
all three types of PP2A holoenzyme as well as with core PP2A
AC complex. This demonstrates that mammalian Sgo1 and
Sgo?2 form distinct shugoshin-PP2A complexes and may there-
fore have distinct substrate specificities at centromeres.

In the presence of PP2A, FLAG-tagged Sgo2 pulls down
untagged Sgo2, implying that PP2A-Sgo2 complexes contain
two Sgo2 molecules and a single PP2A (Figure 4C). Sgo2’s
dimerization differs, howsever, from that of Sgo1. Thus, FLAG-
Sgo2(31-130) pulls down Sgo2(45-117), but not Sgo2(45-90)
(Figure 4E). Indeed, a failure to form dimers explains why
MBP-Sgo1(51-96) pulls down PP2A (Figure 1B) while the corre-
sponding fragment of Sgo2 (residues 45-90) cannot do so (data
not shown). Sequence alignments show that L53, L54, 181, and
182 of Sgo1, which are involved in dimer formation, are replaced
by small or hydrophilic residues in Sgo2, which would explain
why Sgo2 dimer formation requires a longer coiled coil. Indeed,
Sgo2's predicted coiled coil containing periodic L/l residues
extends further in a C-terminal direction than that of Sgol.
Sgo2's tight interaction with PP2A’s C subunit might neverthe-
less involve only the N-terminal part of this extended coiled
coil. Finally, we found that MBP-Sgo1 forms a stable hetero-
dimer with MBP-Sgo2 (data not shown) that binds PP2A, albeit
less efficiently than homodimers (Figure 4D).

Sgo1 Does Not Alter PP2A’s Catalytic Activity

We measured phosphatase activities of wild-type and catalyti-
cally inactive (0088N) PP2A in the presence and absence of puri-
fied MBP-Sgo1 or MBP-Sgo2 proteins. While the PP2A-C(D88N)
mutation abolishes activity, neither Sgo1 nor Sgo2 has an effect
on the dephosphorylation of peptide substrate (Figure 4F), which

fits with the finding that Sgo1 does not induce a change in the
conformation of PP2A’s active site. Shugoshins might neverthe-
less affect substrate recruitment in vivo.

The Shugoshin-PP2A Interaction Protects Centromeric
Cohesin in Yeast

To address the physiological significance of shugoshin’s interac-
tion with PP2A, we turned to the budding yeast 8. cerevisiae,
whose sole shugoshin, scSgo1, is essential for protecting
centromeric cohesin from separase at meiosis | (Katis et al.,
2004; Marston et al., 2004). scSgo1 possesses the conserved
N-terminal coiled coil within which scN51 corresponds to hN&1
(Figure S8). Mutation to alanine of three surface residues ex-
pected to contact PP2A, namely Y47, Q50, and S52 (equivalent
to Y57, N60, and K62 in h8gol), abolishes colocalization of
PP2A’s B’ subunit Rts1 with centromeric Ndc10 in chromosome
spreads from pachytene cells (Figure 5A). Replacement of N51
to isoleucine (N51I) has a similar effect (data not shown). Impor-
tantly, these mutations have no effect either on Sgo1's steady-
state levels (i.e., stability; data not shown) or on its recruitment
to centromeres (Figures 5B and 89). These findings both validate
the Sgo1:PP2A crystal structure and demonstrate that interac-
tion between PP2A and shugoshin is essential for the PP2A's
centromere localization, at least during yeast meiosis.

Like sgoTA (Katis et al., 2004), sgot N51/ and sgoiY47A/
QA0A/E52A (sgoT-3A) diploids produce inviable haploid spores,
while Y47A/S852A, Y47A, S52A, and Q50A diploids produce
spores whose viability is 8.3%, 15.8%, 90.8%, and 91.3%, re-
spectively (Figure $10). To address whether the mutations cause
nondisjunction of sister centromeres at meiosis |l, we scored
segregation within tetrads of a single chromosome V marked
by Tet repressor fused to GFP bound to a tandem array of oper-
ators at the URA3 locus 35 kb away from the centromere
(Michaelis et al., 1997). Y47A, N51I, Y47A/S52A, and Y4TA/
Q50A/S52A mutations cause high rates of sister centromere
(URA3) nondisjunction (Figure 5C), which presumably arise
from precocious loss of sister centromere cohesion, because
Y47A/Q50A/852A causes 70% of sister URA3 sequences to
disjoin by the end of anaphase | (Figure 5D}, unlike wild-type,
where they only disjoin at anaphase Il. None of the mutations
alter the Kinetics of meiosis | (data not shown) or cosegregation
of sister URA3 sequences to the same pole at anaphase |
(Figure 5D), implying that interaction between PP2A and scSgol
is not required for meiosis | mono-orientation of sister

(C) At least two Sgo2 melecules bind to the same PP2A complex simultaneously. MBP-Sgo2(45-117) was incubated either with equal amounts of (lanes 1, 2,
and 3) or without (lanes 4, 5, and 6) MBP-FLAG-Sgo2(45-117) and PP2A GST-A, -B, and -C subunits prior to GST affinity pull-down. Bead-bound proteins
were eluted in a buffer containing glutathione. Eluted proteins were incubated with FLAG affinity beads before elution in a buffer containing FLAG peptide. Eluates
and unbound fractions were resolved cn an SDS-PAGE gel.

(D) Sgo1 and Sgo2 peptides can form stable heterodimers (data not shown), but they cannot bind to PP2A as stably as the homodimers. MBP-Sgo1(51-105) was
incubated either with equal amounts of (lanes 1, 2, and 3) or without (lanes 4, 5, and 6) MBP-FLAG-Sgo2(45-117) and PP2A GST-A, -B, and -C subunits pricr to
GST affinity pull-down. Bead-bound proteins were eluted in a buffer containing glutathione. Eluted proteins were incubated with FLAG affinity beads before
elution in a buffer containing FLAG peptide. Eluates and unbound fractions were resolved on an SDS-PAGE gel.

(E) Sgo2 requires a coiled-coil regiocn longer than that of Sgo1 for dimer formation and PP2A binding. MBP-Sgo2(45-20) and MBP-8go2(45-117) were tested for
binding to PP2A as described in (B) (lanes 1 and 2). Dimerization abilities of these fragments were determined by testing their binding to the lenger MBP-FLAG-
8go2(31-130). After FLAG affinity pull-down, bead-bound proteins were eluted in a buffer containing FLAG peptide, and the eluates were resclved on the SDS-
PAGE gel (lanes 3 and 4). Individual MBP-8go2(45-117) and MBP-8go02(45-90) samples were loaded on lanes 5 and 8, respectively.

(F) Sgo1 binding does not change PP2A enzymatic activity. Phosphatase activities of wild-type PP2A, PP2A-Sgol, PP2A-Sgo2, PP2A(DESN)-Sgo1, and
PP2A(D88N)-Sgo2 were analyzed by a standard Ser/Thr Phosphatase Assay Kit. The reaction without PP2A was used as a negative control.
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Figure 5. Sgo1-PP2A Interaction Is Necessary for Protecting Gentromeric Gohesin

{A) Colccalization of 9% MYG epitope-tagged PP2A-B’ subunit Ris1 with 6 x HA epitope-tagged kinetochore protein Nde10 on pachytene-stage nuclear spreads
of wild-type (WT; K16140) or sgo?-3A (3A; K16139) cells. Pachytene stage was identified by the Zip1 staining that lines the axis of synapsed chromosomes. At
least 30 pachytene nuclei were scored for both strains.

(B) Colocalization of 9% MYC epitope-tagged wild-type (WT; K12113) or Y47A/Q50A/S52A mutant form (3A; K16235) of scSgo1 with 6x HA epitope-tagged
kinetochore protein Ndc10 on pachytene-stage nuclear spreads. At least 30 pachytene nuclei were scored for both strains.

(C) Diploid wild-type (WT; K18213) or mutant strains carrying the scSgo1 mutations sgo?A (A; K18214), Y47A (K16226), Qb0A (K16259), N51| (K16218), S52A
(K16227), Y47A/S52A (K16228), Y47A/Q50A/852A (K16215), and heterozygous GFP-marked chromesome V at URA3 locus (URA3-GFP) were sporulated on
plates, and 100 tetrads produced from each strain were scored for the segregation of URA3-GFP te asci using flucrescence microscopy with brightfield illumi-
naticn (upper panel). Wild-type (WT; K16213) and sgo 1-3A (3A; K16215) cells were alsc scored after sporulation in liguid culture, formaldehyde fixation, sphere-
plasting, and DAPI staining (lower panel).

(D) Diploid wild-type (WT; K16213) and sgo 1-3A (3A; K16215) cells containing heterozygous URA3-GFP as well as Pds1-myc18 and Rec8-HA3 epitope-tagged
proteins were sporulated in synchrenous liguid cultures, and samples were taken for in situ staining. For each strain, 100 anaphase |-stage cells, identified by two
DNA masses connected with elongated spindles and low levels of Pds1 {data not shown), were scored for the reductional and equational {(never observed) segre-
gation of URA3-GFP dots. Reductional segregation was further scored for precocious sister splitting.

(E) Immunostaining of anaphase |-stage nuclear spreads from wild-type (WT; K16213) and sgoi-3A (3A; K16215) cells expressing Rec8-HA3 epitope-tagged
protein. Tub4 staining marks the spindle pole bedies. Bilobed DNA mass around two Tub4 foci is an indication for anaphase |. At least 20 anaphase | spreads
were scored for both strains.
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kinetochores (Téth et al., 2000). To address whether the interac-
tionis required to protect centromeric cohesin, we compared the
distribution of cohesin's Rec8 protein in chromosome spreads
from wild-type and triple mutant (sgo7-3A) cells. Rec8’s associ-
ation with pachytene chromosomes (Figure 811) was unaffected
by the mutation, but its persistence at centromeres between
meiotic divisions was abolished by the sgo7-3A triple mutation
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(Figure 5E). We conclude that protection of centromeric cohesin
from separase at meiosis | depends on Sgol’s ability to bind
PP2A, a function that is possibly conserved in animal cells given
the precocious loss of sister chromatid cohesion in Drosophila
caused by N61l (Tang et al., 1998). Our findings extend in an
important way the previous demonstration that PP2A’s Rts1 B
subunit is required for centromeric cohesin protection (Riedsl
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et al.,, 2008). PP2A has many functions during mitosis and
meiosis, and the effect of Rts1 inactivation on cohesin protection
may have been indirect. The cumrent data demonstrate that it is
only the small pool of PP2A molecules associated with Sgo1
that is essential for cohesin protection.

Recruitment of PP2A to Chromatin by Sgo1 Blocks
Cohesin Cleavage in Oocytes
If recruitment of PP2A to centromeres were the mechanism by
which shugoshins protect cohesin, then deposition of PP2A onto
the arms of meiosis | bivalents should prevent their conversion
to dyads. To address this, we investigated the effects of overex-
pressing Sgol in mouse oocytes. m3gol1-GFP fusion protein
concentrates at centromeres after injection of modest amounts
of MRNA into oocytes at the GV stage (data not shown), but dec-
orates the arms of bivalent chromosomes after injection of larger
amounts (Figure 6A). This is accompanied by a similar redistribu-
tion of PP2A (Figure 8A), which is normally found only at centro-
meres (data not shown). PP2A’s artificial recruitment to the arms
of bivalents is largely abolished by N&1I (Figure 6A) and reduced
by Y57A/N60A/R62A mutations (data not shown). Remarkably,
the redistribution of PP2A caused by mSgo1 overexpression is
accompanied by a block to meiosis | chromosome segregation.
The failure to segregate chromosomes is not caused by a failure
to activate separase, because destruction of securin-GFP protein
(produced by an mRNA injected along with that of untagged
mSgo1) (Figures 6B and 6C) takes place on schedule. Oocytes
overexpressing m3gol also extrude polar bodies with normal
kinetics, but these are subsequently retracted (Figures 6B and 6C).
Chromosome spreads from metaphase Il oocytes reveal that
Sgo1 overexpression blocks resolution of chiasmata and re-
moval of cohesin’s Rec8 subunit from chromosome arms (Fig-
ures 8D and 6E). Crucially, N61| and Y57A/NS0A/RE2A muta-
tions largely abolish mSgo1’s ability to block the chiasmata
resolution (Figures 6E and 6F). These data suggest that recruit-
ment of PP2A to chromosome arms may be sufficient to block
Rec8 cleavage. It is likely that centromeric Rec8 in mouse
oocytes is normally protected from separase not by mSgol,
but by m8go2 (Llano et al., 2008). We suggest that mS8go2
performs this function, like scSgo1, by recruiting PP2A. If this
proves to be case, then our experiments imply that PP2A recruit-
ment would be sufficient to protect centromeric cohesin. No
other function might be required.

The Spindle Assembly Checkpoint in Yeast Requires
Binding of PP2A to Shugoshin

In budding yeast, which expresses only a single shugoshin,
scSgol also has important functions in mitotic cells, one of
which is to delay activation of the anaphase-promoting com-
plex/cyclosome (APC/C) when there is a lack of tension at
the interconnection between microtubules and kinetochores
{Indjeian et al., 2005). When cells with a temperature-sensitive
cdc15-2 mutation are released from G1 arrest at the restrictive
temperature, they undergo DNA replication, securin (Pds1)
destruction, and chromosome segregation, but fail to exit
mitosis due to a defect in the mitotic exit network (MEN) (Bardin
et al., 2003). Securin destruction and stable spindle elongation
do not take place in scc?-73 cdc 75-2 double mutant cells, which
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cannot form sister chromatid cohesion (Figures 7A-7C) (Severin
et al., 2001). Both phenotypes are presumably due to a spindle
assembly checkpoint (SAC)-induced APC/C activation block,
as they are suppressed by delsting MAD2 (Figures TA-7C).
Importantly, sgo7-3A, as well as sgo?4 (Figures 7A-7C), also
suppresses the spindle instability and the lack of securin
destruction in sce7-73 cde15-2 cells. Binding of PP2A to Sgoi
is therefore required for inhibition of the APC/C by the SAC in
response to a lack of cohesion. Consistent with this finding,
sgo1-3A and RTS7 deletion cells are hypersensitive to the micro-
tubule-destabilizing drug benomy! (Figure 7D).

DISCUSSION

The myriad functions performed by PP2A, or any other phospha-
tase, for that matter, pose a major problem: how to regulate its
activity against particular substrates? Protein phosphorylation
is determined by a delicate balance between kinases and phos-
phatases, and changes in substrate phosphorylation cannot be
regulated merely by raising or lowering activity of kinases and
phosphatases throughout the cell. A capacity to regulate differ-
entially specific phosphatase subpopulations that target specific
substrates in specific locations would therefore be a desirable
property. It was hitherto thought that this sort of specificity
was conferred largely by PP2A’s regulatory B subunits, of which
there are several types (B, BY, B”, B”'). However, the finding that
afraction of AB'C PP2A holoenzymes associate with Shugoshin/
Mei-S332-type proteins that are concentrated mainly at centro-
meres (and centrosomes) raises the prospect of far greater spec-
ificity. Our structural and biochemical data show that shugoshin
is an adaptor protein, which does not affect PP2A enzymatic
activity, but instead determines the specific PP2A form(s) to be
recruited and thus determines the PP2A substrate specificity at
centromeres. In contrast to the conventional view that the target-
ing/regulatory B subunit is responsible for PP2A localization, the
catalytic C subunit of PP2A is the primary docking site for shu-
goshin. Our work therefore provides a paradigm according to
which PP2A targets substrates via an adaptor protein that
concentrates the enzyme at a particular location in the cell.

Structural Basis of the PP2A-Shugoshin Interaction:

The Importance of Sgo Dimerization

A key feature of the Sgo1-PP2A interaction is that the both
strands of Sgo1’s coiled coil interact with both catalytic C and
regulatory B subunits of the same PP2A holoenzyme. This
means that formation of Sgo1’s coiled-coil homodimer is essen-
tial for its interaction with PP2A, a conclusion confirmed by the
effects of the L6BA mutation, which disrupts formation of the
coiled-coil dimer and abolishes the PP2A-Sgo1 interaction (Fig-
ures 3A, 30, and 3E). Indeed, the dramatic difference between
the PP2A binding affinities of hSgo1(51-96) and hSgo1{(51-103)
(Figure 31) can be explained not by differences in the number
of their contacts with PP2A, but rather by the fact that the latter
is predicted to form two extra helical turns, thereby creating
a more stable Sgo1 homodimer. Likewise, mSgo2(45-107)
forms a stable homodimer that interacts with PP2A, while
m8go2(45-90), which shares the identical N-terminal half that is
most likely responsible for interacting with PP2A’s C subunit,
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Figure 6. PP2A Recruitment to Bivalent Arms Blocks Chiasmata Resolution in Mouse Oocytes

(A) GV-stage CD1 oocytes were injected with wild-type Sgo1-EGFP and N611Sgo1-EGFP mRNAs and matured for approximately 6 hr. Chromosome spreads
were prepared from individual cocytes and stained with DAPI (blue), PP2A was detected with PP19 antibody (red), and mSgo 1 was detested with EGFP (green).
(B) Images from movies with GD1-strain occytes injected with H2B-mCherry, securin-EGFP, and wild-type Sgo1 mRNAs as indicated. The merged DIG/H2B-
mCherry (left) and securin-EGFP (right) channels are shown. Bar = 10 um.

(C) Securin-EGFP levels in cooytes injected with H2B-mCherry and securin-EGFP (green) or with H2B-mCherry and securin-EGFP together with wild-type Sgot
{red) were measured at each time point. Values were normalized relative to that at GVBD (0 hr) and plotted, in arbitrary units (AU), against time. The timing of polar
body extrusion (PBE, green or red triangles) or retraction (PBR, blue triangles) is indicated.

436 Molecular Cell 35, 426-441, August 28, 2009 ©20089 Elsevier Inc.

00

5



Molecular Cell
Structure and Function of the PP2A-Sgo Complex

cannot form a homodimer and does not, therefore, interact with
PP2A.

mSgo2 Forms Complexes with Multiple Types

of PP2A Holoenzyme

mSgo2 also interacts with PP2A using its coiled-coil domain.
That it does so in a manner similar to hSgo1 is suggested by
sequence conservation and the finding that hSgo1 and mSgo2
form heterodimers capable of interacting with PP2A, at least
in vitro. In contrast to hSgo1, which only interacts with the
AB'C family trimeric holoenzymes, hSgo2 can form stable
complexes with PP2A’s catalytic C subunit in the absence of A
and B subunits. As a consequence, hSgo2 interacts with AC
core complexes and with trimeric holoenzymes containing
a variety of B subunits. Indeed, h8go2's coiled coil appears to
bind more tightly with ABC and AB"C holoenzymes than with
the AB’C holoenzymes. Because regulatory B subunits have an
important role in substrate specificity (Cho and Xu, 2007; Jans-
sens and Goris, 2001; Lechward et al., 2001; Sontag, 2001; Xu
et al., 2006; Yu, 2007), it is therefore conceivable that PP2A
recruited to centromeres by hSgo2 might regulate phosphoryla-
tion of a different set of substrates from those regulated by
hSgo1. This could explain how different types of shugoshin
have different functions despite having similar cellular locations.
In mitotic mammalian cells, for example, Sgo1 and Sgo2 are
both concentrated at centromeres, but only the former is neces-
sary to protect cohesin from the prophase dissociation pathway
{Llano et al., 2008; McGuinness et al., 2005). Likewise, in fission
yeast, both spSgol1 and spSgo2 are associated with centro-
meres during meiosis |, but only the former is required to protect
cohesin from separase at the onset of anaphase | (Rabitschet al.,
2004; Riedel et al., 2006; Vanocosthuyse et al., 2007; Vaur et al.,
2005). Thus, the finding that PP2A is still present at centromeres
after depletion of hSgo1 in Hela cells (Lee st al., 2008) does not
necessarily imply thathSgo1 does not protect centromeric cohe-
sin by recruiting PP2A, because the PP2A remaining at centro-
meres in the depleted cells may have different properties to
PP2A putatively associated with hSgo1. Whether or not binding
of PP2A to hSgo1 is necessary to protect centromeric cohesin
from the prophase pathway thersfore remains an open question.
Importantly, our crystal structure enables this to be addressed in
a rigorous manner by testing the phenotype of mutations that
abolish, specifically, PP2A binding. The sequences flanking the
coiled-coil regions of hSgo1 and hSgo2 are predicted to be
unstructured (Figure S7). This potentially flexible region is con-
siderably larger in hSgo2, which might therefore bind to a

different set of centromeric proteins, further differentiating its
activity from that of hSgol.

Recruitment of PP2A to Centromeres by Shugoshin
Protects Cohesin from Separase

A key finding made possible by the crystal structure of the
hSgo1-PP2A complex is that mutation (within yeast Sgol) of
key residues involved in PP2A binding abolishes recruitment of
the Rts1 AB'C holoenzyme to centromeres and causes the
precocious loss of cohesin from this location at the onset of
anaphase | and massive nondisjunction at meiosis |I. Mutation
of the highly conserved asparagine (equivalent to N61 in hu-
mans) has a similar phenotype in yeast and in flies (Tang et al.,
1998). In this case, however, the mutation may affect more
than just PP2ZA binding, as it probably alters the coiled coil’s
conformation. Our observations extend the previous finding
that inactivation of Rts1 causes precocious loss of sister centro-
mere cohesion (Riedel et al., 2006). Crucially, we now know that
it is the small population of PP2A recruited to centromeres by
scSgol that is responsible for protecting centromeric cohesin
and not merely global AB'C holoenzyme activity.

How might PP2A associated with scSgo1 protect centromeric
cohesin? More specifically, what is the process whose deregula-
tion causes precocious centromeric cohesin loss when Sgol
cannot bind PP2A? There are two possibilities: cleavage of
Rec8 by separase or cleavage-independent dissociation. The
finding that noncleavable Rec8 blocks both meiotic divisions
(Buonomo et al., 2000; Kitajima et al., 2003) suggests that
cleavage-independent mechanisms analogous to the mitotic
prophase pathway are not capable of destroying cohesion.
PP2A must therefore regulate Rec8 cleavage. It could do this
by regulating either separase or its target, Rec8. The finding
that cleavage of Rec8's mitotic counterpart Scc1 cannot be pro-
tected by Sgo1 when expressed in meiotic cells (Téth et al.,
2000), the recent identification of Rec8 phosphorylation sites
essential for its cleavage along chromosome arms at meiosis |,
and the finding that phosphomimicking Rec8 mutants cause
precocious loss of sister centromere cohesion (V. Katis, J. Lipp,
K. Mechtler, B. Novak, W. Zachariae, and K.N., unpublished
data) suggest that PP2A targets Rec8 and not separase. We
suggest that PP2A’s preferential accumulation at centromeres
leads to dephosphorylation of centromeric Rec8, which there-
fore cannot be cleaved by separase. Our finding that overex-
pression of hSgol induces the recruitment of PP2A to the
arms of bivalent chromosomes in oocytes and that this is

(D) Oocytes carrying Rec8-myc transgene were injected with wild-type Sgo1-EGFP mRNA (WTSgo1) or uninjected (NoSgo1). Live imaging was used to monitor
a meictic progression for approximately 18 hr, and only cocytes, which extruded the polar body, were processed for DNA spreads. Chromosome spreads were
stained with DAPI iblue) to visualize DNA and with anti-myc antibody (red) to detect Rec8.

(E) GV-stage CD1 cocytes were injected with H2B-mCherry and with wild-type Sgo1 and N611Sge1 mRNAs and monitored by live imaging for 18 hr. Chromesome
spreads were prepared only from cocytes, which extruded polar body. Spreads were stained with DAPI and CREST or PP2A and scored for the presence of
bivalent chromosomes. Blue columns represent a percentage of cells containing at least one bivalent chremosome; red columns represent a percentage of cells
containing only univalent chromesomes. Data were obtained from four independent experiments; numbers of cells in each group are indicated.

(F) GD1 ococytes were injected with H2B-mCherry mRNA and also with wild-type Sgo1-EGFP, N611Sgo1-EGFP, and Y57A/NB0A/RG2ASgo1-EGFP mRNAs.
Meiotic maturation and chromosome segregation were monitored by live imaging, and after 18 hr, oocytes, which extruded polar bodies, were assayed by
Z stacks covering the entire cell volume. After 3D reconstruction, cells were scored for presence of bivalent chromosomes. Blue columns represent a percentage
of cells containing at least cne bivalent chromosome; red columns represent a percentage of cells containing only univalent chromosomes. Data were collected

from six experiments, and the numbers cf cells are indicated.
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Figure 7. Sgo1-PP2A Interaction Is Required for Spindle Assembly Checkpoint Activation in Yeast

(A-C) Haploid MATa strains carrying mutations cdc15-2, scc1-73 (wild-type; K16260), cdc15-2, sce1-73, sgo1-3A (sgo1-3A; K16261), cdc15-2, sce1-73, mad2A
(mad2A; K16262), cdc15-2, scel-73, sgoiA (sgoih; K16315) were synchrenized at G1 stage by « factor arrest at 24°C and released from the arrest at nonper-
missive temperature, 35.5°C. Samples of the cultures were taken at indicated time peints and analyzed by FACS for cellular DNA content {Figure $12) and by
in situ immunostaining of «-tubulin and 18xMYC epitope-tagged Pds1. Shown are: fraction of Pds1-myc18-pesitive cells (A) and fraction of binucleates that
are Pds1 positive (gray bar) or Pds1 negative (crange bar) (B). In (C), representative images for (B) are shown.

(D) Wild-type (K15785), sgoTA (K15784), risTA (K14165), and sgo 7-3A (K15789) cells were tested for growth at indicated concentrations of bencmyl at 30°C.

accompanied by a block to chiasmata resolution indicate that
the above model applies to meiosis in mammals as well as yeast.

Role of PP2A in the SAC

Our finding that sgo7-3A mutants are defective in blocking APC/
C activation in cells lacking sister chromatid cohesion suggests
that binding of PP2A to Sgo1 has a crucial role in the “tension-
dependent” SAC. Previous work has implicated PP2A’s B regu-
latory subunit (Cde55) in the SAC (Wang and Burke, 1997; Tang
and Wang, 2008). However, cdcb5 mutants in yeast have rather
pleiotropic effects on the cell cycle, and it has never been clear
how direct a role PP2A has in the SAC. Our finding that both
sgo1-3A and rts71 (PP2A BY) mutants are similarly sensitive to
benomyl, together with the observation that Sgo1 has hitherto
been copurified only with its B’ (Rts1) regulatory subunit (albeit
so far only in meiotic yeast cells), indicates that Sgol1’s SAC
function is mediated by AB‘C PP2A and not the ABC form.
Nevertheless, it is conceivable that Sgo1 might also bind ABC
PP2A in vivo in mitotic cells, a possibility strengthened by our
finding that human Sgo2 binds the ABC as well as the AB'C
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form. PP2A’s mechanistic role in the SAC remains enigmatic;
that is, what are its substrates? Interestingly, orderly homolog
disjunction during meiosis |, which is dependent on Mad2 (Shonn
et al., 2003), is not affected by the sgo 7-3A mutation. This implies
that the SAC's mechanism differs between mitosis, where
Sgol’'s association with PP2A may be important, and meiosis
I, where it is probably not.

Implications of the Structure for Shugoshin

and PP2A Localization

Shugoshins recruit PP2A to chromosomes, both in yeast and in
mouse ococytes. Might PP2A, in turn, facilitate the chromo-
somal association of shugoshins? We find no evidence that
this is the case during yeast meiosis, where mutations that
abolish PP2A binding have little or no effect on scSgo1’s accu-
mulation at centromeres. However, the finding that N6é1l abol-
ishes hSgo1’s accumulation at centromeres in Hela cells rai-
ses the possibility that PP2A bound to Sgol might facilitate
Sgol’'s association with centromeres in mitotic cells (Tang
et al., 2006). Discovering whether this is indeed the case will
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require analysis of mutations that affect residues specifically
involved in PP2A interaction. It is certainly not inconceivable,
because at least two different mitotic kinases have been impli-
cated in reducing hSgol1's association with chromatin. Phos-
phorylation of Mei-S332 by Polo kinase has been implicated
in dissociation from centromeres during anaphase (Clarke
et al,, 2005), while inhibition of Aurora B leads to increased
association of hSgol with chromosome arms (Kueng et al.,
20086; Lipp et al, 2007). In Drosophila, the chromosome
passenger complex and Aurora B phosphorylation are needed
for proper localization of MEI-8332 to the centromere as
opposed to the chromosome arms (Resnick et al., 2006). If
phosphorylation of shugoshins does indeed reduce its affinity
for chromatin, then hSgo1's interaction with PP2A would plau-
sibly counteract this process, and if the dephosphorylation of
hSgo1 were largely mediated by PP2A associated with a sepa-
rate hSgo1 molecule, then the interaction between hSgo1 and
PP2A would tend to “sharpen” differences between arms and
centromeres in the concentration of hSgo1. Cur discovery that
shugoshins only bind to PP2A as dimers might contribute to
such a sharpening process, because as hSgol levels drop
along chromosome arms, dimer formation might decreass,
leading to less PP2A binding and thereby to yet less hSgo1.
In addition, if the two tails of shugoshin dimers bind to different
but neighboring chromatin domains, then it is conceivable that
stretching, sither within or between chromatids, could lead to
disruption of the coiled coil and thereby to dissociation of
PP2A. Whether or not dynamical and mechanical processes
of this nature contribute to the formation of shugoshin and
PP2A concentration, gradients along chromosomes can now
be tested using insights into the mechanism by which shugosh-
ins bind PP2A.

Our work demonstrates that shugoshin's most conserved
domain forms a coiled coil that is both necessary and sufficient
for PP2A binding. Because disruption of this coiled-coil structure
abolishes PP2A binding, it is conceivable that it might be used to
convert mechanical tension on chromosomes (Indjeian et al.,
2005) into a change in the local concentration of PP2A, thereby
changing the susceptibility of cohesin to cleavage by separase
and also turning off the SAC. Learning whether this is indeed
the case, and if so, how, await future experiments.

EXPERIMENTAL PROCEDURES

Data Collection and Structure Determination

Details of protein preparaticn, crystallization, and the phosphatase assay are
described in the Supplemental Data. There was cne complex per asymmetric
unit with a sclvent content of approximately 65%. A 2.7 A data set was
collected at ALS beamline 5.0.2. These data sets were integrated and scaled
using HKL2000 {Otwinowski and Minor, 1997). Statistics for the collected data
are summarized in Table 1. The structure was solved by molecular replace-
ment using a molecule of PP2A holecenzyme (PDB 1D code 2IAE) (Cho and
Xu, 2007) as a search model. After rigid-body refinement, model building
and refinement were performed using COOT (Emsley and Cowtan, 2004)
and Refmac-restrained refinement in CCP4 package (Murshudov et al.,
1997), respectively. The electron density maps from 2F, — F. and F, — F,
calculations were used for model building. The final model contained residues
7-589 of the PP2A A subunit, 26-426 of the PP2A B’ subunit, 2-309 of the
PP2A C subunit, and 51-96 of Sgo1, with a working R factor of 22.8% and
a free R factor of 27.7%. In the Ramachandran plot, 91.5%, 8.5%, and 0%
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of all residues in PP2A-8go1 complex fall within most favored, allowed, and
disallowed regions, respectively.

PP2A-Shugoshin In Vitro Binding Assay

In all in vitro binding experiments, highly purified PP2A and shugoshin proteins
were used. To test the binding of PP2A to varicus Sgo1 mutants, 2 pg of GST-
tagged PP2A A was incubated with extra amount of PP2A B’ and C subunits
and MBP-Sge1 fusion protein for 1 hr on ice. Following the incubation, GST
affinity beads were added to the mixture for GST-A pull-down. Washed beads
were boiled and subjected tc SDS-PAGE analysis using Coomassie blue
staining. To investigate whether more than cne Sgo1 molecule binds to the
same PP2A complex, GST-tagged PP2A-A was incubated with excess of
PP2A B and C subunits and Sgo1 or Sgo2 peptides or MBP fusions with or with-
out aFLAG tag. The protein mixture wasincubated with GST affinity beads for 1 hr
at 4°C. After washing three times with binding buffer (150 mM NaCl, 20 mM Tris
[pH = 7.5]), proteins were eluted with the binding buffer containing 20 mM gluta-
thione. Eluates were thenincubated with FLAG affinity beads for 1 hrat4°C. After-
ward, bead-bound proteins were eluted using FLAG peptide (Sigma) and sub-
jected to SDS-PAGE analysis using Coomassie blue staining. Other FLAG- or
GST-tagged pull-down experiments were done using the same strategy.

Yeast Strains, Growth, and Sporulation Conditions

The yeast strains used in this study are listed in Table $1. Sgo1 mutant strains
were generated byintegrating PCR-based mutagenized SGOT ORFs cloned in
PAG32 plasmids (Goldstein and McCusker, 1999) into endogenous SGO7 loci
insgo1A strains that have been published previously (Katis et al., 2004). Spor-
ulation was performed at 30°C as described before (Bucnome et al., 2000).

Immunofluorescence Staining of Yeast Cells and Nuclear Spreads

In situ immunofluorescence staining of whole cells and surface-spread nuclei
was performed as described in Katis et al., 2004. DNA was visualized using
4’ 6-diamidino-2-phenylindcle (DAPI). Images were taken using the Zeiss
Axio fluorescent microscope with appropriate filter sets that is attached to
a CoolSNAP HQ2 CCD camera and analyzed using MetaMorph Software
(Molecular Devices; Sunnyvale, CA).

Mouse Strains

GV oocytes used in this study were isolated frem CD1 strain (Harlan; Bicester,
UK). A transgenic line (C57BL/6J) that expresses Rec8 from a bacterial artifi-
cial chromosome (BAC), with nine tandem copies of the human c-myc epitope
at its C terminus, was described previously (Kude et al., 2006). Mice were
housed in animal facilities at the University of Oxford, and all procedures
were approved by local Ethical Review Committees and licensed by the
Home Office under the Animal (Scientific Procedures) Act 1986.

Oocyte Culture, Microinjection, and Live Imaging

Technigues used for cocyte culture, micromanipulation, and microinjection
were described previocusly (Kudo et al., 2008; McGuinness et al., 2009). Zeiss
LSM510 META confocal microscope equipped with incubator, maintaining
stable temperature and CO,, and with Plan-Neofluor 20 x /0.5, C-Apochromat
40 x /1.2 NAW Corr, and C-Apochromat 63 x /1.2 NAW Corr lenses was used
for live imaging. For detestion of Cascade Blue dextran, EGFP, and mCherry
signal, we used 405 nm, 488 nm, and 561 nm excitation and LP 420, BP 505—
550, and LP 575 filters. Chromosomes were tracked using H2B-mCherry signal
and EMBL-developed tracking software (Rabut and Ellenberg, 2004) adapted
to our microscope by Annelie Wuensche (EMBL Heidelberg). Image stacks
were captured every 5-15 minfor 18-20 hr. Quantification was performed using
ImageJ software (http://rsb.info.nih.gov/ij/). The area for measuring securin-
EGFP signal was defined manually in each frame, and the mean flucrescence
intensity of the signal was normalized tc the value at the time of GVBD.

ACCESSION NUMBERS
Coordinates and structure factors have been deposited in the Protein Data
Bank (http://wwwy.rosb.org/pdb) under ID code 3FGA.
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ABSTRACT

Although in vitro maturation (IVM) of oocytes has been used
for a relatively long time, during which the culture conditions
have improved remarkably, the resulting germ cells are still not
fully comparable to the cells obtained from the ovary in many
important aspects, namely in fertilization rate and subsequent
embryonic development. Some of the differences between IVM
and in vivo maturation (IVV) oocytes were already discovered,
including variability in spindle assembly and morphology. In this
study we focused on a role of molecular motor Kif11 (hereafter
referred to as Eg5) in maintaining bipolar spindle structure in
IVM and IVV oocytes. Qur experiments revealed that in IVM
oocytes, Eg5 is abundant on meiosis Il spindle, which makes
these cells more sensitive to Eg5 inhibition than IVV oocytes. We
further demonstrate that this sensitivity is acquired gradually
with exposure to the in vitro conditions. This is a remarkable
difference in function of spindle apparatus between IVM and
IVV oocytes, and we believe our results are important not only
for understanding of the chromosome segregation in mammalian
oocyles but also because they indicate cells are using alternative
pathways to achieve the same function when exposed to
different conditions.

Eg5, germ cells, in vitro maturation, Kif1i, meiosis, oocyte
maturation, spindle

INTRODUCTION

Fully grown, mitotically competent mammalian oocytes are
capable of resuming and completing both meiotic divisions in
vitro [1]. However, the data from several species demonstrate
that the fertilization rate and the developmental capacity of in
vitro maturation (IVM) oocytes are lower than those of in vivo
maturation (IVV) oocytes [2-5]. It seems that the impact of
IVM on the quality of female gametes is quite complex,
affecting multiple processes and events, including gene
expression and epigenetic profile [5-8], distribution of cortical
granules [9], size of the polar body [10, 11], structure of the
zona pellucida [12], polarity of granulosa cells [13], and
position of the spindle [14]. A typical example of the
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subcellular structure that seems to be particularly sensitive to
the TVM conditions is the spindle. Thanks to the effort of
several laboratories, we already know that the morphological
parameters of the spindle, including its dimensions and
volume, are affected in IVM oocytes [10, 11, 15-18].
Moreover, from the same experiments, we also know that the
important molecular characteristics, including level of acety-
lation of the microtubules, distribution of y-tubulin, and the
number of microtubule organizing centers are also changed in
IVM oocytes in comparison to those in cells obtained from the
ovary.

In our study, we focused on functional characterization of
meiosis IT (MIT) spindles in IVM and IVV oocytes. Our data
uncovered functional changes introduced by IVM, namely the
higher demand for Eg5 in maintaining bipolar spindles in IVM
oocytes, which are not only very important for our under-
standing of chromosome segregation in mammalian female
germ cells but have crucial implications for in vitro
manipulation of germ cells used in human and animal
reproduction.

MATERIALS AND METHODS

Animals

CD-1 mice were purchased from Animal Breeding and Experimental
Facility, Faculty of Medicine, Masaryk University, Czech Republic. Bl/6 and
MF1 mice were purchased from Anlab (Czech Republic). CD-1/BDF1 female
mice were obtained from crossing CD1 females and BDF1 males (Anlab,
Czech Republic). All animal work was conducted according to Act number
246/1992 Coll, under the protection of animals against cruelty under
supervision of Central Commission for Animal Welfare, approval IDs 1285/
2011, 1504/2013, and 1566/2014.

Mouse Stimufation, Qocyte Collection, and Maturation

All experiments were performed using 9- to 20-wk-old animals. Germinal
vesicle (GV) stage oocytes were collected from ovaries in M2 medium (Sigma-
Aldrich) containing 100 pM 3-isobutyl-Imethylxantine (IBMX; Sigma-
Aldrich). Cells were cultured in M16 medium (Sigma-Aldrich) supplemented
with IBMX and covered with mineral oil (Sigma-Aldrich) for 1 hat 37°C in the
presence of 5% CO,. Only oocytes, which achieved GV breakdown (GVED)
within 90 min after removal of IBMX from the medium, were used for
experiments. All experiments were performed using MI and MII stage oocytes,
which were obtained from mice previously stimulated with 5 TU of
gonadotropin from equine chorionic gonadotropin (eCG; Sigma-Aldrich),
followed 44—48 h later by stimulation with 5 TU of human chorionic
gonadotropin  (hCG, Sigma-Aldrich). Oocytes were collected by manual
rupturing, of Graafian follicles in M2 medium at 6 h (MI stage) or from the
ampulla at 12, 14, 16, or 18 h post-hCG administration (MII stage). The
cumulus cells were removed by gentle pipefting in M2 medium with
hyaluronidase (150 TU/ml; Sigma-Aldrich). Cells were subsequently cultured
in M16 medium and covered with mineral oil under the standard conditions.

Microinfjection

GV stage and MII stage oocytes were culfured in M16 medium (Merck
Millipore) prior to microinjection. Microinjection was performed in M2
medium supplemented with IBMX (GV stage) or without inhibitors (MII stage)
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FIG. 1. The effect of monastrol on IVM and IVV oocytes. A) Spindles of IVM (upper panel) and IVV (lower panel) oocytes stained for DNA (blue [DAPI}),
microtubules (green [a-tubulin-specific antibody]) and kinetochores (red [CREST]). Left and right panels show meiosis Il spindles of IVM and IVV oocytes
before and after exposure, respectively, to 100 pM monastrol for 2 h. The scale represents 5 um. B) Quantification of spindle defects (from three
independent experiments) in control IVM oocytes (n=62), in IVM oocytes exposed for 2 h to 100 pM monastrol (n=286), in control IVV oocytes (n=63),
and in IVV oocytes exposed for 2 h to 100 pM monastrol (n =79). Spindles were scored as full length (green bars), shortened (orange bars), or collapsed
(red bars). Differences between the number of collapsed spindles between IVM and IVV oocytes exposed to monastrol are statistically significant (***P <
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by using an I10 microinjector (Narishige) on a model DM IL inverted
microscope (Leica). Complementary RNAs for microinjection encoding open
reading frames (ORF) of mouse kinesin 5, f-fubulin, and H2B fused with the
fluorescent proteins CFP, Venus, and mCherry were prepared by in vitro
transcription and polyadenylation, using an mMESSAGE mMACHINE T3
transcription kit and poly(A) tailing kit (Life Technologies). After microinjec-
tion, oocytes were cultured at 37°C in the presence of 5% CO,. In the rescue
experiments, cells were microinjected in the presence of 100 pM monastrol
(Sigma-Aldrich).

Live-Cell Imaging

Two hours after microinjection, oocytes were transferred to an SPS
confocal microscope (Leica), equipped with an incubator (EMBL), allowing
time-lapse documentation of experiments in the presence of 5% CO, at 37°C.
Settings of excitation wavelengths 415, 488, and 561 nm; an HCX plan
apochromat X40/1.1 water, numerical aperture 1.1 objective; and hybrid
detectors were used for detection of CFP, Venus, and mCherry signals.
Typically, the pixel size of acquired images was 191.3 um, and the z-resolution
was 2.01 pm. For all live-cell imaging experiments, 200 uM monastrol was
used.

Kinetochore-Counting Assay and Immunofluorescence
Staining

The immunofluorescence protocol and kinetochore-counting assay were
modified from Duncan et al. [19] and Sebestova et al. [20]. At 20 h after
GVBD, MII stage oocytes were selected and incubated in M16 medium with
100 pM menastrol (Sigma-Aldrich) for 2 h at 37°C and 5% CO,,. For analysis
of cold-stable microtubules, the protocol from Lane ef al. [21] was adopted. In
certain experiments, 100 pM nocodazole (Sigma-Aldrich) was used to disrupt
spindles for 30 min.

For immunostaining, cells were fixed with 2% paraformaldehyde (Sigma-
Aldrich) in phosphate-buffered saline (PBS; 0.140 M NaCl, 0.005 M KCIl,
0.010 M Na.zHPOA, and 0.002 M KHZPOA) for 20 min; permeabilized with
0.5% Triton X-100 (Sigma-Aldrich) in PBS for 20 min; and blocked for 30 min
af room temperature. The following antibodies were used: human anticen-
tromere anfibody (1:500 dilufion; ImmunoVision), mouse antiacetylated o-
tubulin (1:500 dilution; Sigma-Aldrich), rabbit anti-Eg5 (1:250 dilufion; Novus
Biologicals), Alexa Fluor 488 or 568 goat anfi-mouse secondary antibody
(1:500 dilution; Invitrogen, Life Technologies), Alexa Fluor 488 goat anfi-
rabbit secondary antibody (1:500 dilution; Invitrogen Life Technologies), and
Alexa Flour 555 or 647 goat anti-human secondary antibody (1:500 dilution;
Invitrogen Life Technologies). Vectashield with 4’ 6-diamidino-2-phenylindole
(DAPI; Vector Laboratories) was used for mounting. The oocytes were scanned
using an AF6000 inverted fluorescence microscope with HCX plan apochromat
X100 14-0.7 oil objective with numerical aperture of 1.4 and Microsystems
camera model DFC365FX (Leica). Filter cubes A (excitation filter BP 360/40),
green fluorescent protein (GEP; excitation filter BP 470/40), and dsRed ET
(excitation filter BP 546/11) were used for detection of DAPI, Alexa Fluor 488,
and Alexa Fluor 555. The x—y resolution of images was 92 nm, and LAS AF
software was used fo achieve opfimal z-resolution. For measurement of
interkinetochore distances, the chromosomes were stained by DAPI in PBS,
and cells were scanmed using an SP35 confocal microscope equipped with HCX
plan apochromat X40/1.1 water objective with numerical aperture of 1.1
(Leica), in drops of PBS covered with mineral oil. For detection of DAPI and
antibodies labeled with Alexa Fluore 488, 555, 568, or 647 excifation,
wavelengths of 405, 488, 561, and 631 nm were used. The pixel size ranged
from 50.3 to 113.3 nm, and the z-resolution was set to 0.2 pm to obtain proper
resolution for three-dimensional (3D) reconstruction. For this measurement,
only the cells with spindle axis parallel to the scanning plane were scanned fo
avoid the changes introduced by rotation of the spindle and chromosomes.

Image Analysis
Data analysis was performed using ImageJ (Imagel, U.S. National Institutes

of Health, http://imagejnih.gov/ij), LAS AF (hitp://www leica-microsystems.
com), and Imaris software (www.bitplane.com). The interkinetochore distance

<

was measured in 3D as the distance befween the cenfral mass of two sister
kinetochores signals. For counfing of kinetochores, measurement of spindle
length and quanfification of tubulin density, the same soffware tools were used.

Isofation of RNA and mRNA Quantification

Total RNA was extracted from 50 oocytes per group using Trizol (Life
Technologies) and standard protocol. Prior to RNA isolation, in vitro
transcribed BGFP cRNA was added (0.25 ng) to each group, which was later
used as an external control for RNA recovery and normalization of the
quantitative PCR (qPCR) data. Complementary DNA (cDNA) synthesis was
performed using random hexamers and Supescript III first-strand synthesis
SuperMix (Life Technologies). gPCR was performed using Kapa SYBR Fast
MasterMix (Kapa Biosystems) in a LightCycler model 480 unit (Roche). Each
reaction was performed in triplicate and repeated twice. The following primers
were used for detection of EGFP, TTCAAGATCCGCCACAACATCG and
GACTGGGTGCTCAGGTAGTGG; and EgS was defected using primers
ACCTCCAAGAAAACATACACGTT and CGAAGATGGTGCAATTA
TAGCCC.

Statistical Analysis

Stafistical analysis was performed using Prism version 5.00 software
(GraphPad Software) for Macintosh (Apple). The stafistical significance of the
difference between control and experimental group was fested using Mann-
‘Whitney U-test, one-way ANOVA, and chi-square test for categorical data,
respectively.

RESULTS

Different Effect of Eg5 Inhibition on MII Spindles in IVM
and IVV Oocytes

In order to study the effect of IVM on the MII spindle, IVM
and IVV oocytes were exposed to monastrol, an inhibitor of the
molecular motor Bg5, which is essential for bipolar spindle
maintenance in oocytes [22]. Monastrol was frequently used
for the purpose of disruption of bipolar spindles in oocytes [19,
23, 24]. For this experiment, we used IVM cells matured for 20
h in the incubator, whereas the IVV oocytes were isolated for
18 h after hCG stimulation from the oviduct. The reason for
this time difference is the accelerated MI in IVV oocytes
(Supplemental Fig. S1A; all supplemental data are available
online at www.biolreprod.org). Scoring GVBD in oocytes in
the ovary following hCG stimulation showed that the
resumption of meiosis starts between 2 and 3 h after hormonal
stimulation, and most cells extrude their polar bodies (PBE)
between 9.5 and 11.5 h after hCG stimulation. A majority of
IVM oocytes resumed meiosis within 90 min after IBMX
removal from the medium and achieved PBE between 8 and 11
h. Aligning IVM and IVV oocytes to the time of GVBD
showed that PBE in IVV oocytes is accelerated in comparison
to that in IVM oocytes by 2-3 h, and therefore, for our
experiments we used 20-h IVM oocytes and 18-h IVV oocytes.
Both groups of cells were exposed to 100 pM monastrol for 2
h. To our surprise, we noticed that the sensitivity to monastrol
depended on whether oocytes matured in vitro or in vivo (Fig.
1, A-D, Supplemental Movies S1 and S2). Upon exposure to
the same levels of the inhibifor in the maturation media,
spindles in 83.15% of the IVM oocytes collapsed and remained
bipolar in 16.85% of oocytes, although their length was clearly
shorter (Fig. 1, A, upper panel, and B). In contrast, 93.42% of
the spindles in IVV oocytes were shorter than the confrols, and

<+

0.6001). €) Movie frames represent IVM {upper panels) and IVV ({lower panels) cocytes after exposure to monastrol. Frames show times from 20 to 100
min after exposare to the inhibitor. Oocytes were injected with cRNAs encoding histone H2B (red} and tubulin {green) fused to fluorescent proteins prior
to live-cell-imaging assay. D) Chart summarizing results from three independent experiments shows dynamics of the spindle collapse in VM (red line [n=
21]) and IVV {green line [n = 24]) cocytes after exposure to 200 pM monastrol {time in h).
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FIG. 2. The accumulation of Eg5 on meiosis Il spindles in IVM oocytes. A) Representative images of IVM (upper panel) and IVV (lower panel) oocytes.
Cells were fixed after 20 h of IVM or 18 h after hCG administration. The a-acetylated tubulin (green), Eg5 (red/gray [arrows in IVM oocyte]) and DNA
(cyan) were stained. B) Relative level of Eg5 fluorescence signal in the area of the spindle in IVM (n=30) and IVV (n = 30) oocytes. Differences between
groups are significant (***P << 0.0001); data were collected from three independent experiments. C) The average profiles of tubulin (bright red) and Eg5
(dark red) in IVM meiosis Il (n = 26) oocytes are shown. Lines represent average curves. Signal was measured in the middle slice of each spindle, which
was parallel to the plane of observation. D) The average profiles of tubulin (bright green) and Eg5 (dark green) in IVV meiosis Il oocytes (n = 19) were
measured as in C. Experiments in C and D were repeated three times.

only 6.58% collapsed (Fig. 1, A, lower panel, and B). IVM oocytes were injected with cRNAs encoding histone H2B
Importantly, in both groups, no cells whose spindle lengths and tubulin fused to fluorescent proteins [20]. Cells were
were similar to those of control (full length spindles) were subsequently exposed to monastrol, and time-lapse images
observed after the exposure to monastrol. In order to analyze were recorded (Fig. 1C and Supplemental Movies S1 and S2).
the dynamics of the spindle collapse, metaphase II IVV and Stacks of images were acquired every 5 min, and image
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FIG. 3.

In vitro maturation conditions and Eg5 overexpression affect the interkinetochore distances in oocytes. A) IVM (left panel) and IVV (right panel)

oocytes were stained for DNA (blue [DAPI]), microtubules (green [o-tubulin-specific antibodyl), and kinetochores (red [CREST]). Magnification of a typical
pair of sister kinetochores in IVM and IVV oocytes (lower panel) is shown. B) Distances between sister kinetochores in IVM (1.83 pm [n =300]) and IVV
(1.57 pm In = 300]) oocytes are plotted. Measurements represent distances between the centers of maximal density of kinetochore signals, and the
differences between groups are significant (P < 0.0001). Data were collected from three independent experiments. C) The effect of Eg5 overexpression on
the distances between sister kinetochores in IVM oocytes (2.023 =+ 0.3848 pm [n = 240}) and in IVM oocytes microinjected with Eg5 cRNA (IVM+Eg5)
(2.371 % 0.4577 pm [n =220]) are shown. Data were obtained from three independent experiments, and the differences between groups are significant

(***P < 0.0001).

analysis showed a quite rapid effect on the spindle (Fig. 1, C
and D). The differences between IVV and IVM oocytes were
significant (P < 0.0001), and, although the effect of monastrol
was visible almost instantly in some cells, the proportion
between shortened and collapsed spindles in IVM oocytes
stabilized within the first 2 h (Fig. 1D). To exclude the

possibility that the resistance to monastrol in IVV oocytes was
due to the hormonal stimulation, we compared the dynamics of
the response to monastrol in IVM oocytes with and without
eCG stimulation and found no effect (data not shown). We also
tested earlier time intervals, 12, 14, and 16 h, in order to
determine whether the sensitivity to monastrol in IVM oocytes
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FIG. 4. Sensitivity to monastrol depends on duration of IVM and decreases with its duration. A) The following groups of IVM oocytes were processed for
DNA a-acetylated tubulin and CREST staining and were subsequently scored for spindle defects: IVM oocytes for 20 h in maturation (n=51); IVM oocytes
for 20 h in maturation plus 2 h in 100 pM monastrol (n=53); IVM oocytes 28 h in maturation (n=57); and IVM oocytes for 28 h in maturation plus 2 h in
100 pM monastrol (n = 59). Full-length (green bars), shortened (orange bars), and collapsed (red bars) spindles were counted. The proportion of cells with
collapsed spindles is significantly different between the eggs matured for 20 h and those matured for 28 h prior to monastrol exposure (P =0.0004) in all
three independent experiments. B) The following groups of IVM and IVV oocytes were processed for DNA, tubulin, and CREST staining and scored for
spindle defects: IVM oocytes 20 h in maturation (n = 98); IVM oocytes for 20 h in maturation plus 2 h in 100 pM monastrol (n = 103); MI IVV oocytes
isolated 6 h after hCG and then cultured for 12 h in vitro (n =109); MI IVV oocytes isolated 6 h after hCG and cultured for 12 hin vitro and then for 2 h in
100 pM monastrol (n = 98); IVV oocytes isolated for 20 h after hCG (n=101); and IVV oocytes isolated for 20 h after hCG and cultured for 2 h in 100 pM
monastrol (n=110). Full-length (green bars), shortened (orange bars), and collapsed (red bars) spindles were scored, results showed significant differences
between groups (P < 0.0001), and data were collected from four independent experiments. C) The scoring of spindle defects in following groups: IVV
control oocytes (n = 55); IVV oocytes exposed to 100 pM monastrol (n = 56); IVV oocytes treated with 100 pM nocodazole (n = 45); IVV oocytes treated
with nocodazole for 30 min and then washed into M16 medium for 2 h (n=44); and IVV oocytes treated with nocodazole, washed into clean medium for
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at 20 h post-hCG was not a consequence of in vifro aging
(Supplemental Fig. S1B). Our data also showed that, in these
earlier intervals, the difference in sensitivity to monastrol
between IVM and IVV oocytes was significant. Likewise, we
tested two other mouse laboratory strains, MF1 and B16, and
the results showed that the differences in sensitivity to
monastrol between IVM and IVV oocytes was not restricted
to CD-1 strain (Supplemental Fig. SIC).

Fg5 Accumulates on IVM Spindles

We aimed to defermine whether the variability in sensitivity
to monastrol between IVM and IVV oocytes was caused by
different amounts of Eg5 on their spindles. IVM (20-h) and
IVV (18-h) oocytes were obtained as described previously, and
Eg5 was detected with specific anfibody. The quantification of
the total amount of the protein in the whole area of the spindle
showed significantly higher levels of Eg5 in IVM oocytes than
in IVV oocytes (Fig. 2, A and B) with distribution to the
spindle poles in IVM oocytes (Fig. 2, C and D). We also
analyzed the accumulation of the Eg5 protein on the spindle in
oocytes in earlier time intervals, 12, 14, and 16 h (Supple-
mental Fig. SID). The results were consistent with our
previous results showing significant difference in Eg5
accumulation on MIT spindles between IVM and IVV oocytes.
To analyze whether the accumulation of Eg3 protein on
spindles in IVM oocytes is caused by recruitment of this
molecule from cytoplasm or whether the total level of this
molecule is higher in IVM oocyte, we used qPCR and
measured the level of Eg5 mRNA in both groups. Our results
showed that the relative expression of Eg5 was similar between
IVM and IVV oocytes at 12 h. Later, at 18 h, the level of Eg5
transcript was significantly higher in IVM oocytes than in IVV
oocytes (Supplemental Fig. S1E).

Sister Kinetochores Are Farther Apart in IVM Oocytes

In order to capture subtle differences in morphology of the
spindle, which might escape detection using standard proce-
dures, we used modified immunofluorescence protocol and
oocytes were scanned in drops of PBS without mounting and
compressing them between glass slides. This allowed preser-
vation of the unperturbed 3D structure of the spindle. For
measurenient, we used only cells in which the longitudinal
spindle axis was parallel with the focal plane. Data obtained
using this technique revealed that, although the length of the
IVM and IVV MII spindles was similar (data not shown), the
distances between sister kinetochores were extended in IVM
cocytes (1.85 * 0.37 um) compared to those in IVV oocytes
(1.64 = 034 pm) (Fig. 3, A and B). In theory, forces pulling
more strongly on spindle microtubules, conveyed to the
kinetochore via kinetochore fibers [25], may generate this
extension, and because the Eg5 is responsible for elongation of
the spindle, we tested the effect of ifs overexpression on
interkinetochore distances. IVM oocytes were matured for 18
h, and then half of them were injected with ¢cRNA encoding
Bg5. After 2 h of culture, cells were immunostained and
scanned using confocal microscopy. The distances between
sister kinetochores were measured as before. Our results
showed that the overexpression of Eg3 increases distances

<

between sister kinetochores (2.37 = 0.46 um) (Fig. 3C), which
is consistent with the increased interkinetochore distances
observed in IVM oocytes in our previous experiments, as these
also have more Eg5 on the spindle than IVV oocytes do. It is,
however, important to mention that the overexpression of Eg5
also increased the total length of the spindle (Supplemental Fig.
S1F).

Sensitivity to Monastrol in IVM Qocytes Is Acquired
Cradually and Decreases With Prolonged Cuilture

In order to establish whether the sensitivity to monastrol is
changing with time of in vitro culture, TVM oocytes were
exposed to monastrol at 20 and 28 h. At 20 h, 81.13% of IVM
cells showed collapsed spindles, but 8 h later, this number was
reduced to 49.15% (Fig. 4A). This demonstrated that, during
prolonged in vitro culture, molecular composition of the MIT
spindle is changing and that the spindles became more resistant
to monastrol. Next we aimed to determine when during meiosis
the sensitivity to monastrol is acquired. We therefore compared
usual groups of IVM and IVV oocytes with oocytes isolated
from the ovaries 6 h after hCG administration at MI stage (IVV
MI group). These oocytes were subsequently cultured in vitro
for 12 h. All three groups were exposed to monastrol and
scored for spindle phenotypes (Fig. 4B). Oocytes initially
matured in vivo, and then isolated and cultured in vitro had
spindles collapsed in 37.75% of cells, whereas 92.23% of IVM
and 1.81% of IVV oocytes had spindles collapsed. The
phenotype of IVV MI group was between IVV and IVM
groups, indicating that the degree of monastrol sensitivity is
dependent on duration of the exposure to the IVM conditions.

Forced Reassembly of the Meiosis It Spindle Renders IVV
Qacytes Sensitive to Monastrol

To test whether a higher concentration of Eg5 protein on the
spindle and increased sensitivity to monastrol is a direct
consequence of assembly of the spindle in vitro, we used IVV
oocytes isolated as described previously and forced them to
rebuild the spindle in vitto by transiently depolymerizing
spindle microtubules. In preliminary experiments, we defer-
mined that exposure of cells to 100 pM nocodazole for 30 min
was sufficient to destabilize spindle microtubules {data not
shown). After removal of the nocodazole from the medium,
almost all oocytes reestablished their spindles within 2 h {data
not shown). Oocytes with reassembled spindles were then
exposed to 100 pM monastrol for 2 h and then fixed for scoring
spindle defects. Some cells with reassembled spindles were
used for the analysis of Eg3 protein levels without prior
exposure to monastrol. Our results showed that IVV oocytes,
which were forced to reassemble their spindles in vitro, are not
only more sensitive to monastrol (Fig. 4C) but they also
accumulate more Eg5 on their spindles, with levels similar to
those of IVM oocytes (Fig. 4D).

DISCUSSION

Our results revealed an important difference in the
molecular composition of the spindle between mouse oocytes
matured in vitro and those which underwent first meiotic

<

2 h and subsequently exposed to 100 pv monastrol. Full-length igreen), shortened (orange), collapsed (red), and not-present {blue) spindles were scored.
The frequency of collapsed spindles in [VV cocytes and IVV oocytes after reestablishing the spindle in vitro conditions after monastrol treatment was
significantly different (P <2 6.0001); data were collected from three independent experiments. D) Relative quantification of Eg5 in the spindle area in IVM
{n=22) and IVV (n=27) cocytes and in IVV cocytes after reestablishing the spindle {(n=28). Results were obtained from three independent experiments;
the differences between groups {arrows) are statistically significant (***P < 0.0001).
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division in the ovary. This difference, together with the data
published by other laboratories, which demonstrated the
differences in number and distribution of microtubule organiz-
ing centers between IVM and IVV oocytes [11, 15],
emphasizes the profound changes in spindle assembly and
maintenance caused by the exposure of oocytes to in vifro
conditions. The currently accepted model describes the bipolar
spindle as a result of equilibrium of various forces, including
those produced by molecular motors [25, 26]. In respect to the
formation of the bipolar spindle, the central role belongs to Bg5
molecular motor, which is capable of crosslinking and sliding
antiparallel microtubules, thereby pushing the spindle poles
outward [27]. Eg5 is an essential gene, and its disruption
causes perturbation of the development with early embryonic
lethality [28, 29]. It seems that in most model systems the role
of Eg3 in the assembly of the spindle was firmly established;
however, its further participation in the maintenance of the
bipolar spindle appears to be more controversial [30-33]. In
contrast, in mammalian oocytes, it was clearly shown that the
Bg35 activity is required not only for assembling the spindle [23,
34, 35] but also for maintaining its bipolar character and
poleward tubulin flux [22] and for spindle elongation during
anaphase [22, 36]. The importance of Eg5 declines with the
progression of the embryonic development, and cells in
blastocysts are only partially sensitive to Eg5 inhibitors [22].
All this demonstrates that Eg5 plays a particalarly important
role in oocytes and early embryos. Our finding demonstrated
that the spindles of IVM oocytes contain significantly more
Eg5 and that they are also more sensitive to Eg5-specific
hibitor monastrol. Both of these results indicate that the IVM
conditions are affecting an essential functional characteristic of
the spindle and also that the bipolarity of the spindle in IVV
oocytes must be achieved by a molecular mechanism less
dependent on Eg5. However, the molecular components of this
pathway remain to be elucidated. Quantification of Eg5 mRNA
showed elevated expression of Eg5 mRNA in IVM oocytes at
18 h. This might be responsible for the differences in Eg3
protein levels on IVM and IVV spindles. However, we also
showed that IVV oocytes forced by nocodazole to reassemble
their spindles in vifro showed both characteristics of spindles
assembled in IVM oocytes, namely elevated levels of Eg5 on
the spindle and increased sensitivity to monastrol. Also, the
EBg5 is accumulated at the spindle in IVM oocytes significantly
more in 12 h, when, according to our gqPCR results, the
expression of mRNA is similar in both groups. Therefore, it
needs to be determined whether the elevated Eg5 transcription
or some other factors are responsible for the changes of
pathways confrolling spindle bipolarity in IVM oocytes. In
conclusion, we revealed an important difference between IVM
and IVV oocytes. The spindle apparatus controls the final
distribution of the chromosomes between the egg and the polar
body. Because the chromosome division in oocytes is
frequently incorrect [37], it is also important to consider that
the spindle assembly and maintenance in cells cultured in vitro
are altered in comparison to in vivo cells. Major changes to the
important pathways, such as the maintenance of spindle
bipolarity, are likely to have an effect on the genetic integrity
of gametes. It remains to be addressed whether similar
differences between IVM and IVV oocytes could be also
observed in other species, namely in human and other large
mammals. It is quite important since in human assisted
reproductive technologies (ART) as well as in techniques used
in assisted animal reproduction IVM of gametes is frequently
used.
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ABSTRACT

A master regulator of DNA replication, CDCb also functions
in the DNA-replication checkpoint by preventing DNA rerepli-
cation. Cyclin-dependent kinases (CDKs) regulate the amount
and localization of CDC6 throughout the cell cycle; CDC6 phos-
phorylation after DNA replication initiation leads to its prote-
olysis in yeast or translocation to the cytoplasm in mammals.
Overexpression of CDC6 during the late S phase prevents entry
into the M phase by activating CHEK1 kinase that then inacti-
vates CDK1/cyclin B, which is essential for the G,/M-phase tran-
sition. We analyzed the role of CDC6 during resumption of mei-
osis in mouse oocytes, which are arrested in the first meiotic
prophase with low CDK1/cyclin B activity; this is similar to so-
matic cells at the G,/M-phase border. Overexpression of CDC6
in mouse oocytes does not prevent resumption of meiosis. The
RNA interference-mediated knockdown of CDC6, however, re-
veals a new and unexpected function for CDC6; namely, it is
essential for spindle formation in mouse cocytes.

gamete biology, kinases, meiosis, oocyte development

INTRODUCTION

During the relatively long period of oocyte growth and
maturation, unscheduled DNA replication is prevented by
repressing CDC6 (cell division cycle-6 homologue) func-
tion [1]. CDC6 plays an essential role in DINA replication,
because it is required for loading prereplication complexes
(pre-RC) during licensing of DNA for replication [2]. As-
sembly of pre-RCs on DNA during late mitosis and the
early G, phase is initiated by loading origin-recognition
complex (ORC) proteins followed by CDC6 and Cdtl,
which are essential for recruiting minichromosome main-
tenance (MCM) proteins into the complex [3—-5]. Once
DNA replication is initiated, CDC6 is no longer required
and is removed from pre-RCs. This step involves cyclin-
dependent kinases (CDKs) phosphorylating consensus sites
located in the amino terminal portion of CDC6 and results
in changing its stability or localization. The nuclear con-
centration of CDC6 is highest during the G; phase, when
CDK activity is low, whereas during the G, and early M
phases, when CDK activity is high, CDC6 is inactivated by
proteolysis in yeast or by franslocation into the cytoplasm
in mammals [6, 7]. This suggests that different strategies
regulate the activity of pre-RCs in yeast and mammals [8—
11].
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Overexpression of CDC6 during the late S phase acti-
vates CHEK1 kinase. This prevents cyclin B/CDK1 acti-
vation and leads to cell-cycle arrest at the G,/M-phase tran-
sition [12]. Detailed analysis of this phenomenon in Xen-
opus laevis has demonstrated that CDC6 activates CHEK1
directly and that MCM proteins as well as binding of CDC6
to chromatin are not required [13].

The difference in how the amount of CDC6 protein is
regulated after the initiation of DNA replication in different
cukaryotes raises the possibility that CDC6 has other func-
tions during the late S phase and mitosis in mammals. To
investigate this possibility in mammalian somatic cells,
however, is difficult, both because a CDC6-specific inhib-
itor is lacking and because a Cdc6 knockout or an RNA
interference (RINAi)-mediated knockdown would be lethal.
Mouse oocytes are a potentially suitable system to explore
this possibility. Mouse oocytes are arrested in the first mei-
otic prophase after DNA replication; this is similar to being
arrested at the Go/M-phase transition. Cyclin B/CDKI1 (i.e.,
M-phase promoting factor [MPF]) activity is low in these
oocytes, which is similar to somatic cells at the G,/M-phase
transition. Resumption of meiosis entails an abrupt activa-
tion of MPF that leads to dissolution of the nuclear mem-
brane (i.e., germinal vesicle breakdown [GVBD]), two
rounds of chromosome segregation with no intervening
DNA replication, and arrest at metaphase II [14].

We first analyzed whether overexpression of CDC6 in-
hibits GVBD. We found that in contrast to somatic cells,
oocytes tolerate high levels of CDCG6; that is, the cocytes
mature normally and arrest at metaphase II. Reducing
CDC6 by RNAi demonstrated that although GVBD oc-
curred and chromosomes condensed, a spindle failed to
form, suggesting a new function for CDC6 that is not re-
lated to DNA replication.

MATERIALS AND METHODS
Qocyte Collection, Culture, and Microinjection

Fully grown, germinal vesicle (GV)-intact oocytes were obtained from
eCG-primed, 6-wk-old, female CF-1 mice (Harlan) and freed of attached
cumulus cells as previously described [15]. The collection medium was
bicarbonate-free minimal essential medium (Earle salt) supplemented with
3 mg/ml of polyvinylpyrrolidone (PVP) and 25 mM Hepes (pH 7.3). Ger-
minal vesicle breakdown was inhibited by adding 0.2 mM 3-isobutyl-1-
methyl-xanthine (IBMX) to the isolation or culture media. Oocytes were
cultured in CZB medium [16] containing 0.2 mM IBMX and cultured in
an atmosphere of 5% CQO, in air at 37°C. Oocytes were microinjected in
bicarbonate-free Whitten medium [17] supplemented with 10 mM Hepes
(pH 7.3) and 0.2 mM IBMX with 5 pl of the RNA solution; the injections
were performed as previously described [18]. Typically, greater than 70%
of oocytes injected with either Egfp or Cdct double-stranded (ds) RNA
survived, and virtually all the surviving oocytes underwent GVBD. The
dsRNA was diluted to 1-2 pg/pl and mRNAs to 0.5 pg/pl for injections.
After microinjection, oocytes were cultured in CZB plus IBMX for 2 h
when mRNA was injected and 24 h when dsRNA was injected. When
required, the injected oocytes were matured by washing and culturing them
in IBMX-free CZB medium for 18 h.

All animal experiments were approved by the Institutional Animal Use
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and Care Commitiee and were consistent with National Institutes of Health
guidelines.

RNA Isolation and Quantification

Total RNA from 5 to 50 oocytes or eggs was isolated using the Ab-
solutely RNA Microprep Kit (Stratagene, La Jolla, CA). The reverse tran-
seription (RT) reaction, primed with random hexamers, was performed
using Superscript I reverse transcriptase (Invitrogen, Carlsbad, CA) fol-
lowing the manufacturer’s instructions. Total RNA isolated from 5 to 50
oocytes was reverse franscribed in 20-pl reactions. The resulting cDNA
was quantified by real-time polymerase chain reaction (PCR) using
SybrGreen and detecting the threshold cycle with an ABI Prism 7000
(Applied Biosystems, Foster City, CA). Histone Hl;, was used as an
internal standard. The following primers were used: histone Hl _, 5'-G
CGAAACCGAAAGAGGTCAGAA-3" and 5'-TGGAGGAGGTCTTGG
GAAGTAA-3,’; and CDC6, 5 -GTGCTGCGATCCAGTTCTGT-3' and
5"-CTGCAAGTGCCATGAGTAAGA-3'.

Mutagenesis of Phosphorylation Sites

The QuikChange Multisite-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) was used to produce mouse CDC6 with serine residues 55, 75,
and 108 mutated to alanine or aspartic acid residues. The template for
reaction was a pCMV-SPORT6 vector containing a mouse full-length
Cdc6 ¢cDNA (clone 4946685, GenBank accession no. BG919477) that was
purchased from Invitrogen. The mutated cDNA was completely sequenced
and used as a template for in vitro transcription.

In Vitro Synthesis of dsRNA and Capped RNA

Two dsRNAs were used to target mouse Cdeé mRNA. The pT7T3D-
Pacl vector containing a full-length mouse Cdco6 ¢cDNA was purchased
from Invitrogen (clone 477516, GenBank accession no. AI510027). The
BglIUNorl fragment was excised from the plasmid to obtain a 1160-base
pair (bp) fragment that was used as a template for in vitro transcription.
The plasmid was linearized using Xhol and HindlIll, purified by agarose
gel electrophoresis, and used as the template for SP6 and T7 RNA poly-
merases (Promega, Madison, WI) to obtain sense and antisense RNAs. In
vitro transcription and annealing were performed as described previously
[19]. The second Cde6 dsRNA was obtained using MEGAscript® RNA|
Kit (Ambion, Austin, TX). A PCR strategy in which the T7 sites were
added on both sides of the template was used to generate template for in
vitro transcription. The Egfp dsRNA also was prepared as a confrol ds-
RNA for injections. Primers for Cdc6 were 5'-AGGAT CCTAATACGAC
TCACTATAGGGAGAGCGATGACAACCTGTGCAA-3" and 5'-ACTC
GAGTAATACGACTCACTATAGGGAGACTGTCCGTGAGATCTAG
GGTA-3". Primers for Egfp were 5'-AGGATCCTAATACGACTAACTA
TAGGGAGAATGGTGAGCAAGGGCGAGGA-3" and 5'-ACTCGAGT
AATACGACTCACTATAGGGAGAGCGGCCGCTTTACTTGTACA-3'.
The length of the dsRNA fragment was 780 bp for Cdco and 712 bp for
Egfp.

Polyadenylated capped mRNA for injections was obtained using
MMESSAGE mMACHINE T7 Kit and Poly(A) Tailing Kit (Ambion). T he
template for in vitro transcription was a pCMV-SPORT6 plasmid contain-
ing full-length mouse Cdc6 ¢DNA or point-mutated Cdc6 ¢DNA, each
digested with Banll. The RNA was purified using RNeasy Mini Kit (Qia-
gen, Inc., Valencia, CA).

Antibodies

The CDC6 was detecied using monoclonal antibody sc-9964 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); a dilution of 1:100 was used
for Western blot analysis and 1:50 for immunofiuorescence. B-Tubulin was
detected with monoclonal antibody T4024 (Sigma-Aldrich, 8t Louis, MO}
at a 1:500 dilution for immunofluorescence. Phosphosering 10 in histone
H3 was detected with 06-570 antibody from Upstate Biotechnology, Inc.
(Lake Placid, NY) using a working dilution of 1:500 for immunofluores-
cence. Lamin A was detected with rabbit polyclonal antibody 2032 (Cell
Signaling Technology, Inc., Beverly, MA) at a 1:100 dilution for immu-
nofluorescence. Secondary antibodies (Jackson ImmunoResearch, West
Grove, PA) were Cy5-conjugated anti-mouse or anti-rabbit immunoglob-
ulin (Ig) G for immunofluorescence and an alkaline phosphatase-conju-
gated anti-mouse IgG for immunoblotting,

Immunocytochemistry

Zona pellucida-free oocytes, generated by a brief treatment with acid
Tyrode solution, were washed in PBS containing 3 mg/ml of PVYP (PBS/
PVP) and fixed in 2% paraformaldehyde in PBS for 30 min at room tem-
perature. All subsequent steps were carried out at room temperature in a
humidified chamber. Oocytes were permeabilized in 0.1% Triton X-100 in
PBS for 15 min, washed through three drops of PBS/PVE and then
blocked in PBS containing 0.1% BSA and 0.01% Tween-20 for 15 min.
The oocytes were then incubated for 1 h in the presence of the primary
antibody diluted in blocking solution. The cells were washed through three
drops of blocking solution for 15 min each and then incubated for 60 min
in the dark with a conjugated secondary antibody. The DNA was stained
with 1 pM SYTOX Green (Molecular Probes, Eugene, OR). The cells
were then washed and mounted under a coverslip with gentle compression
in VectaShield antibleaching solution (Vector Labs). Fluorescence was de-
tected on a Leica TCS SP laser-scanning confocal microscope.

Immunoblotting

Samples were separated in a 10% SDS-PAGE gel and transferred to a
polyvinylidene fluoride (PYDF) membrane using semidry transfer. Mem-
branes were blocked with 5% fetal calf serum or 5% teleostein gelatin
(Sigma-Aldrich) dissolved in Tris-buffered saline containing 0.1% Tween
20 (TTBS) for 1 h at room temperature. Primary and secondary antibodies
were diluted in TTBS, and the membrane was washed after each incuba-
tion. The signal was developed using ECF Western Blotting System
(Amersham Biosciences, Piscataway, NY) and detected using a Storm 860
Phosphorlmager and ImageQuant software (Molecular Dynamics, Sun-
nyvale, CA).

Kinase Assays

The activities of mitogen-activated protein Kinase (MAPK) and MPF
in single eggs were determined as previously described [19].

Statistical Analysis

One-way ANOVA or Student ¢-test was used to evaluate the difference
between groups, and differences at # < 0.05 were considered to be sig-
nificant. Prism software (Graph Pad Software Inc., San Diego, CA) was
used to perform statistical analyses.

RESULTS
CDC6 protein and mRNA Expression During Maturation

Previous reports have shown that in various species, in-
cluding mouse, CDC6 is not present in growing oocytes
and is detected after resumption of meiosis [1, 20, 21]. We
quantified the amount of Cde6 mRNA before meiotic mat-
uration in GV-intact oocytes and after maturation in meta-
phase TT-arrested eggs using real-time RT-PCR. We found
that the amount of Cdc6 mRNA decreases by approximate-
ly 50% following maturation (Fig. 1A). Immunoblot anal-
ysis revealed that CDC6 protein was not detected in GV-
intact oocytes but was detected after GVBD (Fig. 1B). This
maturation-associated increase was confirmed by immuno-
cytochemistry. No detectable signal was observed in GV-
intact oocytes, but a clear signal was localized to chromo-
somes of the metaphase Il-arrested egg (Fig. 1C). Thus,
degradation of Cde6 mRNA was apparently coupled with
its translation.

CDC6 Qverexpression During Resumption of Mejosis

Overexpression of CDC6 in somatic cells blocks the cell
cycle at the G,/M-phase transition by activating CHEK1
kinase, which in turn prevents activation of cyclin B/CDKI1
complex that permits this transition [12]. As mentioned
above, CDK1 activity is low in vertebrate oocytes arrested
at the G,/M-phase transition and in somatic cells at the G,
phase. Activation of CDKI1 is required for GVBD. We were
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FIG. 1. Expression of Cded mENA and protein in mouse oocytes and
eges. A) Real-time RT-PCR was used to quantify the level of Cdcé mRNA
In CW-intact oocytes (CGV) and metaphase ll-arrested eggs (Wl 1), The ex-
periment was performed three times, and the data are expressed as the
mean = SEM. The decrease in the amourt of Cdcé mRMNA is significant
(7 = 0.05). B) Immunoblotting was used to detect CDC6 protein in GW-
intact oocytes (CV) and metaphase 1l eggs (M I1}. The position ofthe CDC6
protein on the gel is indicated by the arrowhead. C) Immunocytochemical
detection and localization of CDCE in CW-intact {left)y and metaphase -
arrested eggs (right). Original magnification x300.

interested in establishing if the overexpression of CDC6 in
oocytes inhibits GVBD by inhibiting CDK1 activation.
Full-length Cdet mRNA without the 3 -untranslated region
(UTR) regulatory sequences was prepared in vitro and mi-
croinjected into oocytes blocked at the GV stage with
IBMX [18]. A control group was injected with 1n vitro-
transcribed Egfp mRNA. Both groups of oocytes were ar-
rested at the GV stage for additional 2 h after microinjec-
tion to allow expression and then matured for 18 h. Ac-
cumulation of the newly synthesized proteins was detected
within 2 h following microinjection of the mRNAs (data
not shown). Results of three independent experiments in-
dicated no difference in the extent of resumption of meiosis
following injection with either Egfp or Cde6 mRNA (Fig
2A), and no difference was found in the kinetics of GVBD
in both groups (data not shown). Thus, overexpression of
CDCé presumably did not inhibit CDKI1 activation.
Immunolocalization of CDC6 in microinjected oocytes
showed that ectopically expressed CDC6 was localized on
chromatin and the spindle, which was similar to that of
endogenous CDC6 (Figs. 1C and 2B). The higher level of
fluorescence in the cocytes injected with Cdet mRNA com-
pared with that in controls was confirmed by immunoblot
analysis (Fig. 2C). In summary, the results of these exper-
iments indicate that overexpression of CDCé by at least
30-fold (as determined by quantifying the signal intensity

A 1004

Egfp Cdcé
CDC6

B DNA
.. o
.. .

C ES

_

FIG. 2. Overexpression of Cdcé mRMA in mouse oocytes. A) Overex-
pression of COCE in GV-intact oocytes. Similar numbers of GV-irtact
o0cytes weare injected with Fgfp or Cdoé mRMA, The results are expressed
as the mean + SEM of three independent experiments showing the per-
centage of oocytes resuming meiosis in each group. None of the differ-
ences is significant. B) Immunolocalization of CDC6 in injected oocytes.
Mouse eggs injected with Fgfp or Cofcé mRMNA were stained with a mono-
clonal antibody that recognizes CDCE (right) or SYTCK Green {left). The
top represents COCE, whereas the bottom, where the fluorescence inten-
sity is much greater, demonstrates that overexpression was achieved. C)
Representative immunoblot showing detection of COCE in approximately
50000 mouse embryonic stern cells (ES), 100 uninjected eggs (control),
or 10 oocytes injected with Cdcé mRMNA (Cdeg). The position of CDCE
on the gel is indicated by the arrow. Original magnification x 500

Control Cdc6

in Fig. 2C) when compared to the endogenous amount of
CDCe does not inhibit CDK]1 activation.

Overexpression of Selected CDCE Mutants

Previous work has shown that selected mutants of
CDCé, including S74 converted to alanine and deletion of
the Cy motif, are less efficient in arresting the cell cycle,
whereas mutation of other serine sites (S34 and S107)
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FIC. 3. Overexpression of selected mutated forms of mouse CDC6. A)
A mutation (A muf) represents COCE with serines 55, 75, and 108
changed to alanine; D mutation (D mut) represents COC6 with serines
55, 75, and 108 changsd to aspartic acid, Fgfp indicates cocytes injected
with £gfp mRMA. The experiment was conducted twice, and the data are
expressed as the percentage of ococytes that underwent CWBD. B) Eggs
with overexpressed CDCE were stained with anti-CDCé monoclonal an-
tibody (right} and with SYTOX Creen {left). Because of the high abun-
dance of the protein with the A mutation, different voltage settings at the
confocal microscope were used to obtain images; therefore, the images
cannot be compared directly. C) Immunoblotting with eggs (n = 10 per
lane) injected with A mut and D mut showing the increased abundance
of unphasphorylatable form (A mut). Original magnification x475.

showed the same efficiency as wild-type CDCo [12] To
analyze whether the phosphorylation state of CDCé is im-
portant for blocking meiotic progression, we generated
Cdett mRNAs with serines 55, 75, and 108 mutated into
alanines (A mutation) or into aspartic acid (D mutation),
and we injected mENAs encoding these mutant forms into
oocytes. Results of two independent experiments showed
that both mutations did not increase the ability of CDC6 to
prevent resumption of meiosis (Fig. 3A).

In mammals, CDCé phosphorylation is responsible for

A 100,

75

Relative amount of Cdc6 mRNA

Cdcé
dsRNA

Egfp
dsRNA

Egfp dsRNA

Cdc6 dsRNA

FIG. 4. RMAi knockdown of CDCE in mouse oocytes. A) Targeting Cdcé
mMRNA in mouse oocytes, Oocytes injected with Cdcé dsRNA or with
Fgip daRMNA a3 a control were cultured for 24 h in IBMK-containing me-
dium. Total RMNA was then isolated and used for real-time FCR. The ex-
periment was conducted three times, and the data are expressed as the
mean * SEh. The decrease in the amourt of Cdcd mRMNA s significant
(F <= 0.05). B} Representative images showing localization of CDC6 in
control eggs injected with Fgip dsRHA (lefth and eggs injected with Cacé
dsRMNA (right). Note the absence of CDCE staining on the chromosomes
in the Cdeé dsRMNA-injected cells, Original magnification x400,

its translocation to the cytoplasm; the unphosphorylated
form is retained in the nucleus [22-24]. When we analyzed
the localization of CDC6 mutants in oocytes before GVBD,
we found that the A mutation was almost exclusively lo-
calized in the nucleus, which is consistent with previous
results obtained in somatic cells (data not shown). Both
immunolocalization (Fig. 3B) and immunoblotting (Fig.
3C) of eggs after maturation revealed a higher level of ex-
pression of the A form compared to the D form, even
though similar amounts of the corresponding mRNAs were
injected. The low level of expression of the D form pre-
cluded its localization in GV-intact cocytes.

CDC6 s Essential for Spindle Formation During Oocyte
Maturation

We used RNAI to assess the function of CDCé in re-
sumption of meiosis (i.e., to test whether CDC6 has addi-
tional functions beyond DNA replication). Two different
dsRNAs (length, 1160 and 780 bp) were prepared to target
Cdet mRNA in GV-intact oocytes. After 24 h in culture
medium containing IBMX to inhibit maturation, the amount
of Cde6 mRNA was assayed by real-time PCR. As antici-
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Egfp dsRNA

FIG. 5. Phenotype of CDC6 knockdown
in mouse oocytes during meiotic matura-
tion. Following injection, the oocytes were
cultured for 24 h in IBMX-containing me-
dium and then matured for 18 h in IBMX-
free medium. Next, the cells were stained
for DNA (green) and either B-tubulin (red,
top) or histone H3 phosphorylated on $10
(red, bottom). A and C) Oocytes injected
with Fgfp dsRNA. B and D) Oocytes in-
jected with Cdcé dsRNA. Of the 129
Cdc6 dsRNA-injected oocytes, 89 (69%)
displayed the shown phenotype. Original
magnification X600.

pated, the amount of Cdc6 mRNA was dramatically re-
duced (Fig. 4A). When the oocytes were allowed to resume
meiosis by transferring them to inhibitor-free medium, the
maturation-associated increase in CDC6 protein was not
observed, as evidenced by a decrease in the intensity of the
fluorescent signal (Fig. 4B).

When these injected and matured oocytes were analyzed
morphologically, it became apparent that although they un-
derwent GVBD, they failed to reach metaphase I (MI); this
effect was consistently observed in several experiments us-
ing long (1160-bp) or short (780-bp) dsRNA. Morpholog-
ical analysis of the injected oocytes showed that the first
polar body was not extruded and that DNA formed a hol-
low sphere, as revealed by optical sectioning, instead of a
metaphase plate (Fig. 5B). We did not detect a spindle in
oocytes injected with Cdc6 dsRNA using a B-tubulin an-
tibody; in contrast, a spindle was detected in oocytes in-
jected with Egfp dsRNA (Fig. 5A). Although the chromo-
somes were condensed (a hallmark of cells undergoing mi-
tosis/meiosis, because they stained for histone H3 phos-
phorylated on S10), they did not form visible bivalents
(Fig. 5, C and D). In addition, the oocytes had undergone
nuclear envelope breakdown, because lamin A was not de-
tected (data not shown). Time-course studies revealed that
the spindle never formed (data not shown).

In yeast and in mammals, CDC6 directly interacts with

FIG. 6. Histone H1 and MAPK activities

Egfp dsRNA

Cdc6 dsRNA

B-tubulin

pS10-H3

cyclin/CDK complexes, but the physiological importance
of this interaction in mammals is not known [23, 25]. Ac-
tivities of MPF and MAPK were measured in Cdc6 ds-
RNA-injected oocytes to establish that the inhibitory effect
on progression to MI was not because of the failure of these
kinases to become fully activated. No apparent difference
was noted in the activities of these kinases following mat-
uration of oocytes injected with either Cdc6 or Egfp dsRNA
(Fig. 6).

DISCUSSION

We report that CDC6 protein is not detected in GV-intact
oocytes and that the appearance and accumulation of CDC6
protein is coupled with a maturation-associated decrease in
Cdc6 mRNA. Recent results from mouse and other species
indicate that this probably is a common mechanism to pre-
vent unwanted DNA replication throughout oocyte growth
and maturation [1]. This expression pattern (i.e., a matu-
ration-associated increase in protein but decrease in
mRNA) is reminiscent of that observed for dormant ma-
ternal mRNAs that are recruited during maturation. For ex-
ample, Mos and cyclin B mRNAs contain a cytoplasmic
polyadenylation element (CPE) located in their 3'-UTR,
and recruitment of the mRNA leads to its translation and
degradation [26]. Consistent with this proposal is that a

Cdc6 dsRNA no eggs

in single eggs injected with either Cdc6 or
Egfp dsRNA. The HT and MAPK were
measured by phosphorylation of histone
H1 and myelin basic protein (MBP), re-
spectively. The experiment was performed
three times, and similar results were ob-
tained in each case. A representative gel is
shown.
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CPE of the same sequence present in Mos and cyclin B1
mRNA also is present in the 3'-UTR of the mouse Cdc6
mRNA. The appearance of CDC6 in the metaphase IT-ar-
rested egg aptly positions it to initiate DNA replication fol-
lowing egg activation.

As mentioned in Results, overexpression of CDC6 in
somatic cells blocks the cell cycle at the Go/M-phase tran-
sition via CHEK1 kinase [12]. Our results show that in
contrast to somatic cells, resumption of meiosis (i.e., the
G,/M-phase transition) is not prevented by overexpression
of CDC6. This difference could be explained by the re-
quirements of different CDC25 isoforms for cyclin B/
CDK1 activation in somatic cells and in mouse oocytes.
CDC25B, which is essential for meiotic resumption in
mouse oocytes, is dispensable in the somatic cell cycle [27].
In somatic cells, an activated DNA-replication checkpoint
inhibits CDC25A and CDC25B, with MAPK being re-
quired for CDC25B inhibition [28, 29]. In mouse oocytes,
however, MAPK is activated after MPF because of the re-
cruitment of Mos mRNA after GVBD [30]. Thus, overex-
pression of CDC6 may not inhibit GVBD (i.e., the Gy/M-
phase transition), because CDC25B is not inhibited by the
low level of MAPK activity before GVBD.

We also observed that CDC6 with N-terminal serines
mutated to aspartic acid is less stable in oocytes. This is
reminiscent of yeast, in which CDC6 phosphorylation tar-
gets its destruction [31-34], and differs from mammals, in
which phosphorylation promotes nuclear export of CDC6
[22-24]. However, the amount of CDC6 is relatively con-
stant throughout cell cycle [9, 11]. Even so, it should be
noted that data regarding the stability of exogenous CDC6
in mammalian cells are conflicting. For example, both mu-
tations (CDK consensus serines into alanines or aspartic
acid) are stably expressed from plasmids in HeLa cells [35],
whereas using cell extracts, exogenous CDC6 is degraded
in CDK-dependent fashion during the S phase [8].

In mammals, CDC6 is not destroyed after the initiation
of DNA replication; rather, it persists bound to chromatin
throughout the cell cycle, suggesting that it may have other
functions during the late S phase or mitosis [35]. In support
of this hypothesis, the present results show that CDC6 is
critical for meiotic progression of mouse oocytes, because
oocytes with a reduced amount of CDC6 fail to form a
spindle.

An inactive form of CDC6 also can arrest yeast in mi-
tosis [36]. Deleting both Cdc6 alleles in yeast results in
incomplete mitosis, with randomly distributed chromo-
somes and cells with a DNA content less than 1C. Mutation
in the Walker A motif, which is essential for ATP binding
and hydrolysis [36], results in expression of a nonfunctional
CDC6, and the cells arrest in anaphase before chromosome
segregation and have elongated spindles. This block, which
is independent of a DNA-replication checkpoint and re-
quires both an intact Cy box (mediating the binding of pro-
teins to CDK cycling in eukaryotes [36]) and CDK phos-
phorylation consensus sites, is overcome by increased CDK
activity. Of interest is that in mouse oocytes with decreased
CDC6 protein, CDK1 activity displays its normal matura-
tion-associated increase in activity, yet the oocytes do not
form a spindle and enter MI.

Other DNA replication proteins also are involved in
chromosome condensation and distribution during mitosis.
The ORC subunits 2, 5, and 6 and MCM10, which are all
involved during the initial steps of DNA replication, also
are required during mitosis, because decreasing the amount
of these proteins leads to incorrect chromosome conden-

sation and distribution or defects in cytokinesis [37-41]. In
this regard, CDC6 also appears to be involved in chromo-
some condensation, because decreasing the amount of oo-
cyte CDC6 results in abnormal chromosome condensation
and failure to form bivalents.

The present results have unmasked a new function for
CDC6 that apparently is unrelated to DNA replication—
namely, that CDC6 is critical for meiotic progression of
mouse oocytes, particularly formation of a meiotic spindle.
The molecular mechanism underlying this new function
and why the chromosomes are found condensed on the sur-
face of a hollow sphere are the subject of future investi-
gations.
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Abstract

Proper assembly of the spindle apparatus is crucially important for faithful chromosome
segregation during anaphase. Thanks to the effort over the last decades, we have very
detailed information about many events leading to spindle assembly and chromosome seg-
regation, however we still do not understand certain aspects, including, for example, spindle
length control. When tight regulation of spindle size is lost, chromosome segregation errors
emerge. Currently, there are several hypotheses trying to explain the molecular mechanism
of spindle length control. The number of kinetochores, activity of molecular rulers, intracellu-
lar gradients, cell size, limiting spindle components, and the balance of the spindle forces
seem to contribute to spindle size regulation, however some of these mechanisms are likely
specific to a particular cell type. In search for a general regulatory mechanism, in our study
we focused on the role of cell size and nuclear to cytoplasmic ratio in this process. To this
end, we used relatively large cells isolated from 2-cell mouse embryos. Our results showed
that the spindle size upper limit is not reached in these cells and suggest that accurate con-
trol of spindle length requires balanced ratio between nuclear and cytoplasmic volumes.

Introduction

Faithful chromosome segregation is vital for transfer of intact genetic information into the
daughter cells. A central role in this process is played by the spindle microtubule apparatus,
which is involved in all crucial steps of chromosome division [1,2]. From engagement of the
chromosomes into division by capturing kinetochores during the early stages of mitosis,
through their alignment at the metaphase plate, up to the distribution of sister chromatids into
daughter cells during the final stages of mitosis, all these functions are mechanistically carried
out by the spindle. Although proper assembly of the spindle is required for accurate chromo-
some segregation, our understanding of the molecular mechanisms controlling this process is
still incomplete. A clear example is the regulation of spindle length, which is important for
faithful chromosome segregation [3], as well as for asymmetric cell division [4]. Although it
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seems that in general spindle length is predetermined by the cell size, in certain cells, such as
early mammalian embryos, it seems that the length of the spindle is regulated, to some extent,
independent of cell size [5-8]. Similarly, in Xenopus embryos during initial cleavage cycles, the
reduction in spindle size is not proportional to the decrease in cell size [9]. In these gigantic
cells, spindle size is not proportional to the cell diameter and it is regulated by an upper limit,
whereas when cells become smaller later in development, spindle size is more and more con-
trolled by cell size [9-11]. Various mechanisms were shown to contribute to the regulation of
spindle length. These include molecular gradients [12-14], density of kinetochore-microtubule
attachments [15], a balance of the spindle forming forces [1], and limited availability of spindle
building blocks in the cytoplasm [10,11]. In this study, we focused on a role of cell volume and
nuclear to cytoplasmic ratio in the regulation of spindle length in mammalian blastomeres
from 2-cell stage mouse embryos. By manipulating cell volume and nuclear to cytoplasmic
ratio in combination with live cell imaging we discovered that cell size as well as the nuclear to
cytoplasmic ratio have significant effect on spindle length. This indicates that the blastomeres
of early cleavage cycles of mouse embryos regulate their spindle size by cell volume and by bal-
anced equilibrium between nuclear and cytoplasmic volumes.

Materials and Methods
Animals

All animal work was conducted according to Act No 246/1992 Coll., on the protection of ani-
mals against cruelty and was approved by the Central Commission for Animal Welfare,
approval ID 1505/2013 and 1566/2014 and supervised by the local institutional Expert com-
mittee for ensuring welfare of experimental animals of Veterinary Research Institute in Brno
(Odbornd komise pro zajistovini dobrych Zivotnich podminek pokusnych zvitat). All experi-
ments were carried out following the rules of reduction of numbers of animals and minimizing
their suffering during the experiments. BDF1 male mice were purchased from Anlab, Czech
Republic. ICR/BDF1 female mice were obtained from crossing between ICR female (Animal
Breeding and Experimental Facility, Faculty of Medicine, Masaryk University, Czech Republic)
and BDF1 male (Anlab, Czech Republic). Experiments were performed using adult, 10-18
week old, animals.

Mouse stimulation, embryo handling

ICR/BDF1 mice were stimulated with pregnant mares serum gonadotropin (PMSG, 5 IU,
Sigma Aldrich, Czech Republic) and human chorionic gonadotropin (hCG, 5 IU, Sigma
Aldrich, Czech Republic) at a 44-48 hour interval. To collect embryos, mice were mated at the
time of hCG administration. MII oocytes were collected 14-16 h after hCG administration
from non-mated mice, 2-cell embryos were collected 40-44 h after hCG administration. MII
oocytes and embryos were collect by manual rupturing of the ampulla. The cumulus cells were
removed from MII oocytes by pipetting in M2 medium supplemented with hyaluronidase (150
[U/ml, Sigma Aldrich, Czech Republic). Cells were subsequently cultured in KSOM AA
medium (Caisson, USA), covered with mineral oil at 37°C, 5% CO,.

Microinjection and micromanipulations

Microinjection was performed in M2 medium (Sigma Aldrich, Czech Republic) with 1-10
microinjector (Narishige) on a Leica DM IL inverted microscope. Complementary RNAs for
microinjection were prepared by in vitro transcription (NMESSAGE mMACHINE and Poly
(A) Tailing kit, Lifetechnologies, Czech Republic) of plasmids containing ORFs of mouse -
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tubulin, TPX2, and H2B as transcription fusion with the sequence encoding fluorescent pro-
teins EGFP, Venus, and mCherry, respectively. Enucleation was performed on a Leica
DMI3000 B inverted microscope equipped with Eppendorf InjectMan® NI 2 Micromanipula-
tor (Eppendorf, Czech Republic). 2-cell embryos were transferred into M2 medium supple-
mented by cytochalasin B (Sigma Aldrich, Czech Republic) for at least 15 minutes prior to
micromanipulation. The nucleus was removed from one blastomere of the 2-cell embryo using
a piezo drill-assisted micromanipulation system with a 12-um-diameter pipette. The zona pel-
lucida was removed from 2-cell embryos by treatment with 1% pronase (Sigma Aldrich, Czech
Republic) dissolved in M2 medium. Blastomeres of 2-cell embryo were separated manually in
M2 medium. 2-cell embryos or 3 separated blastomeres from 2-cell embryo were transferred
into 0.3 mg/ml phytohemagglutinin (Sigma Aldrich, Czech Republic) in M2 medium for 30
minutes prior to fusion. The fusion of agglutinated cells was performed in 1mm fusion cham-
ber with two direct current pulses of 75V for 50 usec (2-cell embryo) or with 2 single pulse of
50V for 40 psec (3 blastomeres) using Multiporator (Eppendorf, Czech Republic).

Parthenogenetic activation

MII oocytes were parthenogenetically activated by 4.5 min cultivation in 7% ethanol in M2
medium. After activation cells were transferred into KSOM AA medium (Caisson, USA), cov-
ered with mineral oil and cultured at 37°C, 5% CO, for 6-7 hours, after which cells were scored
for pronuclei and microinjected. Embryos were transferred to microscope for live imaging at
the 2-cell stage, approx. 47 hours after activation.

Live cell imaging

Embryos were transferred to a Leica SP5 confocal microscope, equipped with an EMBL incuba-
tor allowing time-lapse experiments in 5% CO2 at 37°C. 488, 514, and 561 nm excitation wave-
lengths, HCX PL APO 40 x /1.1 water objective, and hybrid detectors were used for detection
of EGFP, Venus and mCherry fluorescent proteins. Z-stacks of 31 or 41, depending on the cell
size, images were taken every 10 minutes.

Image analysis

Image analysis, spindle measurement, and nucleus and cytoplasm volume measurements were
performed using Imaris software 7.6.5 (Bitplane AG, Switzerland, www.bitplane.com). Statisti-
cal analysis was performed using Prism software, version 5.00 for Mac (GraphPad Software,
San Diego California USA, www.graphpad.com). Mean and SD values were calculated using
MS Excel (Microsoft). The statistical significance of the difference between control and experi-
mental group was tested using t-test or ANOVA.

Results
Spindle length scales with cell volume

In order to study the relationship between cell volume and spindle length, we employed a chal-
lenging procedure, during which two or three blastomeres from 2-cell embryos were electro-
fused, giving rise to cells with double or triple volume compared to an intact blastomere. The
following cells were created and used in our experiments: intact blastomeres from 2-cell
embryos (Intact), two fused blastomeres from 2-cell embryos (2 fused), and three fused blasto-
meres from 2-cell embryos (3 fused) (Fig 1A, left panel). Prior to the fusion, all cells were
microinjected with cRNAs encoding Histone H2B and Tubulin tagged with fluorescent pro-
teins; this was important for monitoring chromosome division and for measuring spindle size
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Fig 1. Spindle length increases proportionally with cell volume. (A) Left panel: Blastomeres of mouse 2-cell embryos were microinjected with cRNAs
encoding Histone-H2B fused to mCherry and Tubulin fused to EGFP. The following cells were used for experiments: intact two cell embryos (Intact), cells
with double volume obtained by fusion of two blastomeres (2 fused), and cells with triple volume obtained by fusion of three blastomeres (3 fused). Right
panel shows representative movie frames from time lapse imaging of each cell type in interphase and in mitosis; chromosomes are in red, spindle is in green,
scale bar represents 10 pym. (B) The length of the spindle in 2 fused cells (35.26 + 5.52 ym, n = 14) was not significantly increased (p = 0.1236) in comparison
to the length of the spindle in Intact cells (32.38 + 5.63 um, n = 28). (C) The length of the spindle in 3 fused cells (40.71 £ 3.57 ym, n = 14) was significantly
increased (p < 0.0001) in comparison to the length of the spindle in Intact cells (34.68 + 3.99 um, n = 23).

doi:10.1371/journal pone.0149535.9001

during the subsequent mitosis. It was shown previously that the duration of the second mitosis
in mouse embryos is approximately 70 minutes [16]. We decided to avoid pharmacological
synchronization in order to obtain spindles with unperturbed structure and function. However,
under these conditions, the time interval during which cells are in metaphase is relatively nar-
row. To circumvent this, we used confocal live cell imaging and recorded the entire cell divi-
sion. Cells were cultured on a confocal microscope equipped with temperature and CO,
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control and z-stacks of 31 or 41 images were taken every 10 minutes (Fig 1A, right panel). Our
settings allowed good coverage of the whole cell volume and therefore morphological parame-
ters of the spindles were possible to measure for each cell. The size of the spindle and the cell
was measured using image stacks acquired during the last time interval before anaphase. Our
results (Fig 1B) showed that the average spindle length in Intact cells was 32.38 £ 5.63 um. The
spindle size in 2 fused cells was increased, although not significantly, in comparison to the
intact cells, on average it was 35.26 + 5.52 um. However, the spindles in 3 cells fused were sig-
nificantly longer, measuring 40.71 + 3.57 um (Fig 1C). Although the spindle size difference
between intact and 2 fused cells exists, only in 3 fused cells the difference in cell volume was
sufficiently big to detect the variations in spindle size within a relatively narrow cohort of cells.
In 3 fused cells the spindles were not only longer, but they were also significantly wider, which
was probably due to a larger number of chromosomes occupying the equatorial plane (S1 Fig).

Metaphase spindle length is regulated by a balanced ratio between
nuclear and cytoplasmic volumes

It was suggested that the number of chromosomes or kinetochores affects spindle length
[15,17]. To test this, we compared spindle size in intact cells with 40 chromosomes (Intact)
with spindle size in 2 fused cells with 80 chromosomes and two fused cells in which one of
them was enucleated before fusion (2 fused enucleated) and therefore carried 40 chromosomes
(Fig 2A). As in previous experiments, all cells were microinjected with cRNAs encoding His-
tone and Tubulin fusion proteins in order to follow chromosomes and spindles during cell
division. The difference in spindle length between intact (32.83 + 2.95 um) and 2 fused cells
(34.96 £ 3.37 um) was not statistically significant, similarly to our previous experiments. How-
ever, the difference between these two groups and 2 fused enucleated cells was dramatic, with
spindles measuring on average 42.91 + 3.35 um, in the latter group (Fig 2B). We also measured
the width of the spindle in all three groups (S2 Fig). The spindle was wider in 2 fused than in
intact cells or 2 fused enucleated cells. Since Intact and 2 fused enucleated cells harbor the same
number of chromosomes, it seems that spindle width in this cell type is controlled by the num-
ber of chromosomes. Our results indicated that the number of chromosomes/kinetochores
does not control spindle length since the Intact and 2 fused enucleated cells contain the same
number of chromosomes/kinetochores although their spindle size differs significantly. To con-
firm this, we employed a different method for reducing chromosome numbers and prepared
2-cell blastomeres from parthenogenetically activated metaphase IT eggs (Unfertilized) and
compared them to intact blastomeres of 2-cell embryos (Fertilized) (Fig 2C). Spindle length in
unfertilized haploid embryos was significantly increased (38.04 + 4.06 um) in comparison to
intact control cells (31.18 + 3.32 um) (Fig 2D), whereas spindle width was greater in fertilized
cells, which contained more chromosomes (S3 Fig). Therefore both cell types in which the
number of chromosomes was reduced, namely 2 fused enucleated and Unfertilized cells,
showed significant increase of mitotic spindle length. We were however puzzled by other cell
types, which we created and in which the changes in chromosome numbers did not show this
effect. Intact diploid blastomeres carrying 40 chromosomes with spindle length

32.65 + 4.20 um (average from all experiments), 2 fused cells carrying 80 chromosomes with
spindle length 37.62 + 6.49 um, 3 fused cells with 120 chromosomes and spindle length

40.15 £ 2.61 pm, 2 fused enucleated cells with 40 chromosomes and spindles 41.54 + 3.15 long,
and finally parthenogenetically activated cells with 20 chromosomes and spindle length

38.04 + 4.06 um. From this comparison, it seems very likely, that the number of chromosomes
may not be a major factor controlling spindle length. In order to search for other potential dif-
ferences between these cells, we measured the nuclear to cytoplasmic (N:C) ratio in the last
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Fig 2. Changes in nuclear to cytoplasmic ratio have impact on spindle length. (A) Left panel: Blastomeres of mouse 2-cell embryos were microinjected
with cRNAs encoding Histone-H2B fused to mCherry and Tubulin fused to EGFP. The following cells were used for experiments: intact two cell embryos
(Intact), cells with double volume obtained by fusion of two blastomeres (2 fused), and cells with double volume of the cytoplasm and impaired nuclear to
cytoplasmic ratio resulting from enucleation (2 fused enucleated). Right panel shows representative movie frames from time lapse imaging of each cell type
ininterphase and in mitosis; chromosomes are in red, spindle is in green, scale bar represents 10 um. (B) The length of the spindle in 2 fused enucleated
cells (42.91 £ 3.35 ym, n = 12) was significantly increased (p <0.0001) in comparison to the length of the spindle in intact cells (32.83+2.95 ym, n =22) or 2
fused cells (34.96 + 3.37 um, n = 14). (C) Left panel: haploid embryos were produced by parthenogenetic activation of metaphase Il eggs. Following
activation, cells were microinjected with cRNAs encoding Histone-H2B fused to mCherry and Tubulin fused to EGFP together with blastomeres of 2-cell
embryos. Right panel shows representative movie frames from time lapse imaging of each cell type in interphase and in mitosis; chromosomes are in red,
spindle is in green, scale bar is 10 um. (D) The length of the spindle in Unfertilized haploid cells (38.04 + 4.06 um, n = 37) was significantly increased

(p < 0.0001) in comparison to the length of the spindle in intact cells (Fertilized) (31.18 + 3.32 um, n = 26).

doi:10.1371fjournal pone.0149535.g002

frame before NEBD (Fig 3A). It revealed that the two groups with significantly lower N:C ratio
in comparison to intact cells are 2 fused enucleated and unfertilized cells. Further comparison
of N:C ratio and spindle length showed that cells with significantly lower N:C ratio had longer
spindles (Fig 3B). This correlation was specifically apparent in 2 fused enucleated cells, which
had the lowest N:C ratio and also the longest spindles. We concluded that maintenance of a
balanced ratio between cytoplasm and nucleus is important for accurate regulation of spindle
length, whereas the number of chromosomes is important for spindle width. We believe that
the simplest explanation of our experiments would envisage unknown component or compo-
nents are lower in cells in which the nuclei are smaller compared to the cell volume. Several
recent studies showed that the activity of spindle assembly factor TPX2 is important for the
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doi:10.1371/journal pone.0149535.g003

regulation of spindle length [18-20]. Because of its exclusive nuclear localization before cell
division, this was a good candidate as the decreased component caused by the relatively smaller
nucleus vs. the volume of the cytoplasm. We tested the effect of TPX2 overexpression on spin-
dle length using 2 fused enucleated cells, which displayed the longest spindles. Cells were
microinjected with cRNAs encoding Histone and Tubulin fused to fluorescent proteins and
half of the cells also with cRNA encoding TPX2 (Fig 4A). In some experiments the TPX2 was
also fused to fluorescent protein in order to assess its localization during interphase and in
mitosis. The localization of TPX2 in 2 fused enucleated cells was exclusively nuclear in inter-
phase with transition to the whole cell volume as cells entered mitosis (Fig 4B).The overexpres-
sion of TPX2 in concentrations preserving intact spindles did not significantly affected spindle
size (Fig 4C) and therefore we concluded that this factor is not crucial for the regulation of
spindle length in this cell type.

Discussion

One set of fundamental questions in cell biology, which still remains to be elucidated, is how
the size of organelles and intracellular structures is regulated [21]. Such regulation must be able
to flexibly respond to dramatic changes, emerging for example during embryonic development,
which is characterized by rapid sequential cell cycles with substantial decrease of the cell vol-
ume during every cleavage. In our study, we focused on general rules regulating spindle size,
namely the role of cell size, nuclear to cytoplasmic ratio, and number of chromosomes in this
process. We employed large cells of mouse 2-cell embryos because due to their size the changes
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of the cell volume or nuclear to cytoplasmic ratio can be achieved. Our cell fusion experiments
showed that the size of the spindle in early mammalian embryos is controlled by the cell size.
This is in contrast with data obtained using Xenopus embryos, where the spindle size in ini-
tially extremely large embryonic cells has a maximum size limit [9]. Our cell fusion experi-
ments suggested that the upper limit of the spindle is either not active in size regime of mouse
embryo or was not reached in our experiments. It was shown that during mouse early embry-
onic cell cleavages spindle size decreases more slowly than cell size [5,8]. Also, removal of a
substantial amount of the cytoplasm did not cause shortening of the spindle [5], suggesting
that spindle size during this developmental period is at its lower limit. It was shown that the
size of the organelles and subcellular structures is controlled by the pool of the available cyto-
plasmic components (reviewed in [22]). In C. elegans embryo for example, spindle length is
regulated by centrosome size [13] and centrosome size is in turn regulated by limited amount
of centrosome material in the cytoplasm [23]. Recently published work using Xenopus cell
free extracts showed that in this system spindle size is controlled by the amount of cytoplasm
[10,11]. To test this hypothesis using our model system, we compared cells which resulted
from fusion of two equal 2-cell embryo blastomeres or one intact and one enucleated blasto-
mere, therefore we obtained cells with different N:C ratio. If the size of the spindle is con-
trolled by the availability of cytoplasmic components, in both groups the spindle should be
equally increased. However, the spindles in 2 fused enucleated cells were significantly longer
indicating that the cytoplasmic components are not limiting for the spindle size in these cells.
Those results, in our opinion indicate that rather than by the amount of cytoplasm, spindle
size is controlled by N:C ratio (Fig 3). The N:C ratio was shown to participate in regulation of
zygotic gene activation at the midblastula transition in Xenopus [24]. The changes in this ratio
influence a variety of cell behaviors [25,26] and it is conceivable that they could also have an
effect on the regulation of spindle length. However, we need to keep in mind that our experi-
mental procedure is not directly comparable to N:C changes during early development and
the changes may not be limited to the N:C ratio. Indeed, it was recently shown that in Xeno-
pus oocytes many proteins are exclusively located either in the nucleus or in the cytoplasm
[27]. Therefore, during enucleation, proteins within nucleus are specifically depleted, which
might change the stoichiometry of the system. In conclusion, our study brings some new
insight into regulation of spindle length in early mouse embryo, namely the role of the nuclear
to cytoplasmic ratio in this process. However, the molecular basis of this regulation needs to
be revealed by future work. Obtaining more information about mechanisms controlling chro-
mosome segregation, such as for example regulation of spindle length, is vital since mamma-
lian early embryos are highly aneuploid [28] and it is conceivable that failure of the
mechanisms controlling spindle size might contribute to the increased frequency of chromo-
some segregation errors.

Supporting Information

$1 Fig. The spindle of 3 fused embryos (21.27 + 1.32 um, n = 13) is significantly
(p < 0,0001) wider in comparison to spindle of Intact cell (13.14 + 0.72 um, n = 21).
(TIFE)

$2 Fig. The spindle of 2 fused embryos (17.29 + 1.01 um, n = 14) is significantly wider
(p < 0.0001) than the spindle of 2 fused embryos (15.28 + 1.17 um, n = 12) and intact
embryos (13.17 + 1.04 pm, n = 22).

(TIFEF)
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$3 Fig. The spindle of fertilized embryos (13.21 + 1.14 pm, n = 26) is significantly wider
(p < 0,0001) compared to the spindle of unfertilized embryos (9.42 + 1.47 um, n = 37).
(TIFF)
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Summary

Background: Missegregation of chromosomes during meiosis
in human females causes aneuploidy, including trisomy 21,
and is thought also to be the major cause of age-related infer-
tility [1]. Most errors are thought to occur at the first meiotic
division. The high frequency of errors raises guestions as to
whether the surveillance mechanism known as the spindle
assembly checkpoint (SAC) that controls the anaphase-
promoting complex or cyclosome (APC/C) operates effectively
in oocytes. Experimental approaches hitherto used to inacti-
vate the SAC in oocytes suffer from a number of drawbacks.

Results: Bub1 protein was depleted specifically in oocytes
with a Zp3-Cre transgene to delete exons 7 and 8 from a floxed
BUBT" allele. Loss of Bub1 greatly accelerates resolution
of chiasmata and extrusion of polar bodies. It also causes
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defective biorientation of bivalents, massive chromosome mis-
segregation at meiosis |, and precocious loss of cohesion
between sister centromerss. By using a quantitative assay for-
APC/C-mediated securin destruction, we show that the APC/C
is activated in an exponential fashion, with activity peaking
12-13 hr after GVBD, and that this process is advanced by
5 hr in oocytes lacking Bubi1. Importantly, premature chias-
mata resolution does not occur in Bubl-deficient oocytes
also lacking either the APC/C’s Apc2 subunit or separase.
Finally, we show that Bub1’s kinase domain is not required to
delay APC/C activation.

Conclusions: We conclude that far from being absent or inef-
fective, the SAC largely determines the timing of APC/C and
hence separase activation in oocytes, delayingit for about 5 hr.

Introduction

Chromosome segregation in eukaryotic cells depends on
attachment of sister kinetochores to microtubules emanating
from opposite poles of the cell, a process known as amphitelic
attachment or biorientation [2]. This is achieved at least
partly because of a system that corrects errors. Connections
between kinetochores and microtubules are selectively stabi-
lized, orrather become refractory to the disrupting effect of the
Aurora B kinase, by tension created when bioriented sister
chromatids [3] are pulled in opposite directions while being
held together by the cohesin complex [4]. Disjunction of sister
chromatids at the onset of anaphase is eventually triggered by
cleavage of cohesin’s kleisin subunit at the hands of a highly
regulated protease called separase [5, 6], which is kept inac-
tive for most of the cell cycle through the binding of an inhibi-
tory chaperone called securin and phosphorylation by cyclin
B/Cdk1 kinase [7]. Separase is activated only through destruc-
tion of securin and cyclin B at the hands of an ubiquitin protein
ligase called the anaphase-promoting complex or cyclosome
(APC/C) when all chromosomes have bioriented [8].

Because it triggers the removal from centromeres of the
Aurora B kinase [9] as well as the loss of sister-chromatid
cohesion, the APC/C must not be activated until chromosome
biorientation has been completed. The regulatory mechanism
responsible for delaying anaphase in this manner, known as
the spindle assembly checkpoint (SAC) [10], requires, among
others, the Mad1, Mad2, Bub1, and BubR1 proteins. With the
help of Bub1, Mad1 binds to unattached, mono-oriented, or
syntelically attached kinetochores and catalyzes sequestra-
tion of the APC/C’s Cdc20 activator protein by a protein called
Mad2. The Cdc20/Mad2 complex, together with yet another
SAC protein called BubR1, binds to the APC/C and blocks
its ability to ubiquitinylate either securin or cyclin B. Produc-
tion of inhibitory Cdc20/Mad2/BubR1 complexes only ceases
when all chromosomes have bioriented, which triggers the
ubiquitinylation and subsequent destruction of securin and
cyclin B by the APC/C, which in tum activates separase and
triggers sister-chromatid disjunction. In the cells of some
organisms, such as yeast [11] and flies [12], the SAC is not
essential for mitosis, though it greatly reduces rare missegre-
gation events. Loss of the SAC in mammalian cells, on the
other hand, causes premature sister-chromatid disjunction
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and as a consequence massive chromosome missegration
and lethality [13, 14]. Presumably because of the SAC, a single
misaligned chromosome delays the onset of anaphase in
tissue-culture cells [15].

During the first meiotic division, biorientation of sister kinet-
ochores is explicitly blocked and the tension necessary to
ensure that kinetochores attach stably to microtubules is
instead created by traction toward opposite poles of matemal
and paternal kinetochores, whose disjunction is prevented by
the chiasmata holding bivalent {tetrad) chromosomes together
[16]. The first meiotic divisionis eventually triggered by destruc-
tion of sister-chromatid cohesion by separase along chromo-
some arms but not at centromeres. This resolves chiasmata,
splitting the bivalent into two meiosis Il ({dyad) chromosomes,
each containing a parental and a recombinant chromatid.

A suggestion that the SAC might be missing in vertebrate
oocytes and that this could explain the highincidence of human
aneuploidy comes from studies of XO mice, which carry only
a single X chromosome but are phenotypically female. Despite
not having a homologous X chromosome available for recom-
bination, such females are fertile, albeit at a reduced level. In
one-third of oocytes, sister chromatids disjoin precociously
at anaphase |, producing eggs with individual X chromatids,
but in the remaining two-thirds of cocytes, univalent X chromo-
somes segregate, without any major delay in the onset of
anaphase, either to the egg or to the first polar body [17, 18].
If the SAC were effective in oocytes, it should surely detect
mono-oriented univalent X chromosomes and block the first
meiotic division, so the argument goes.

Thenotion that the SAC isineffective in oocytes has been chal-
lenged by the finding that inhibitors such as nocodazole, which
interfere with microtubule dynamics, clearly block polar body
extrusion (PBE) [19, 20] and the onset of securin proteclysis
[21-23]. Depletion of Mad2 through injection of morpholino anti-
sense oligonucleotides alleviates, albeit only partially, the inhibi-
tion of securin destruction and permits a minor fraction of
oocytes to undergo polar body extrusion (PBE) in the presence
of nocodazole. It also induces modest chromosome missegre-
gation at meiosis | in untreated oocytes, possibly by advancing
the onset of securin destruction by about 60 min [21]. Mean-
while, injection into GV mouse oocytes of mRNAs that overex-
press an N-terminal fragment of Bub1 (Bub1 dn, aa1-331), which
binds to kinetochores and is thought to block activity of the
endogenous protein, advances PBE by 3 hr [24]. However, the
experimental approaches hitherto used to address the role of
the SAC in oocytes suffer from a number of drawbacks. These
include the likelihood of incomplete knockdown RNA interfer-
ence, the certainty that at least half the Mad2 protein persists
in the Mad2+'~ oocytes [25], and the possibility that overex-
pressed Bub1 dn [24] and Mad2 dn [20] have unknown or unfore-
seen effects. To overcome these limitations, we created mice in
which the BUBT gene is deleted specifically in oocytes.

Results

Deletion of BUB? in Oocytes Causes Sterility

and Advances Polar Body Extrusion

To inactive Bub1 in oocytes, female mice with exons 7 and 8 of
the BUBT gene flanked with LoxP sites (BUBT") [14] were
crossed to males that express Cre recombinase under the
control of the Zona peliucida 3 promoter (Zp3-Cre) [26], which
is expressed exclusively during the early stages of growing
oocytes [27]. Genotyping of offspring from crosses of BUBT™*+
Zp3-Cre females to wild-type males showed that 64 out of
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Figure 1. PBE Timing Is Advanced in bub744 Oocytes

{A) Kinetics of polar body extrusion (PBE). BUBT™" and bub7* cocytes
were harvested in M2 medium containing IBMX, which inhibits GVBD.
Occytes were released into inhibitor-free M16 medium. 90 min after release,
those oocytes that had completed GVBD were selected for further analysis.
This was set as time = 0 hr. Occytes were monitored every hour and scored
for completion of PBE.

(B) bub?¥? cocytes can escape a nocodazole-induced arrest. Oocytes
were harvested and cultured as in (A) except nocodazole was added to
the M16 medium at 5 pM from time = 0 hr until the end of the experiment.

64 BUBT alleles were converted to bub 74 in the female germline.
BUB717*Zp3-Cre and BUBT™" females are fertile. In contrast, not
a single pregnancy was observed after 10 weeks in any one of
six BUBT Zp3-Cre females crossed to wild-type males. The
ovaries of BUB1™" Zp3-Cre females contained normal numbers
of germinal vesicle (GV)-stage oocytes surrounded by cumulus
cells (40-60 oocytes per female; data not shown).

To investigate Bub1’s function during cocyte maturation,
fully grown GV-stage mouse oocytes were harvested in the
presence of IBMX from BUB1™ females and BUBT™F Zp3-
Cre females (bub7%). The two sets of cocytes underwent
germinal vesicle breakdown (GVBD) with similar kinetics and
efficiency upon removal of IBMX (data not shown). In contrast,
the interval between GVBD and PBE was reduced from 08:30 =
01:12 (n = 48) to 05:23 % 01:04 hr (n = 57) by Bub1 depletion
(Figure 1A). The fraction of cells that extruded a second polar
body when cultured for 24 hr was equally low in BUBT™ and
bub1%4 oocytes (data not shown), which is consistent with
the previous finding that CSF arrest was unaffected by a puta-
tively dominant-negative Bub1 protein [24]. Strikingly, 76%
of bub1%4 oocytes (n = 24) extruded the first polar body
07:20 = 01:42 hr after GVBD (n = 18) in the presence of 5 UM
nocodazole, a treatment that complstely blocks PBE in
BUBT™F oocytes (n = 14) (Figure 1B).
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Figure 2. Chromosome Segregation in bub?#4 Qocytes Is Initiated prior to Congression to a Metaphase Plate

(A) Chromosome movements and microtubule spindle dynamics in BUB77F and bub 74’4 cocytes expressing histone H2B-mCherry and p-Tubulin-EGFP
were visualized by time-lapse confocal microscopy. Still images from a representative movie of each genctype are shown. The upper panels show DIC
images merged with the H2B-mCherry channel pseudccolored in red. The lower panels show the HZB-mCherry and p-Tubulin-EGFP pseudocclored in
red and green, respectively. The asterisks indicate the frame where chromosome segregation was first observed. Scale bars represent 10 pm.

(B) The extent of chromosome congressionin maovies similar tothat shown in (A) was measured (see Figure S1) for the five frames priorto chromcsome segregation
and plotted against time. The cocytes were aligned relative to time of chromosome segregation. The solid lines show the mean values for each group of oocytes.
{C) bub144 MIl cocytes were harvested 20 hr after hormonal stimulation. Chromosome spreads were prepared. An example of a chromosome spread
stained with DAPI (left) and after hybridization with SKY probe {right) is shown. Chromosomes 7 (red arrows), 8 {blue arrows), and 11 (green arrows) with

two single chromatids are indicated.

(D) Asymmetric distribution of chromosomes during meiosis | in bub7%4 cocytes. Frequency of segregation errors calculated for each chromosome. See

text for details.

Chromosome Missegregation and Defective Congression
in bub1*/* Oocytes

To investigate the effect of Bub1 ablation on chromosome
segregation, we imaged oocytes that had been microinjected

with mRNA for histone H2B-Cherry and (B-Tubulin-EGFP
{Figure 2A and Movie §2 available online). In BUBT™F aocytes,
chiasmata were only resolved and dyads segregated to the
egg and first polar body after all bivalents had congressed,
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forming a compact metaphase plate. Dyad chromosomes
within the egg subsequently congressed to form metaphase
plates on meiosis Il spindles. In bub144 oocytes, chromo-
some segregation commenced before all chromosomes had
congressed. Chromosome segregation was also invariably
asymmetric in bub7%? oocytes and often accompanied by
the appearance of individual chromatids (monads). Meiosis Il
bipolar spindles formed (albeit longer than normal) despite
the highly abnormal meiosis | chromosome segregation, but
many of the egg’s chromosomes failed to congress to the
center of these spindles and instead moved back and forth
between the poles in a highly dynamic fashion.

To measure the chromosome congression defects in bub 1474
oocytes, the chromosome segregation axis was determined for
each individual cell (Figure §1). This was not always possible in
bub144 oocytes and we therefore analyzed only oocytes
whose axes could be determined unambiguously and were
parallel to the imaging plane. A rectangular box (with a defined
size) perpendicular to the segregation axis was positioned in
each of the five frames prior to that in which chromosome
segregation was first observed. This was done in a manner
that maximized the amount of chromosomal DNA contained
within the rectangular box. In BUB 7™ oocytes, the maximum
amount of DNA contained within the box varied very little
between 60 min (81.1% =+ 12.4%, n=8) and 12 min (83. 4% *
6.9%) prior to anaphase | (Figure 2B). This figure is therefore
a measure of maximum chromosome density, which is clearly
enhanced by the process of chromosome congression. In
bub1%4 aocytes, the equivalent maxima were merely 51.3% +
13.9% (n = 8) at 60 min and 42.0% = 10.1% at 12 min prior to
anaphase (p < 0.001 at all time points).

To document chromosome missegregation in bub
oocytes, we prepared chromosome spreads from BUBT™
and bub142 oocytes before and after their first meiotic division.
Qocytes used for preparing meiosis | spreads were matured
in vitro for 2-3 hr after GVBD whereas Ml oocytes were obtained
directly from hormonally stimulated females. Spreads obtained
from BUBT™ (n = 20) and bub 1%/ oocytes (n = 23) inmeiosis |
invariably contained 20 bivalent chromosomes. The abnormal
chromosome missegregation within bub7%™ oocytes cannot
therefore be caused by a lack of chiasmata before maturation.
As expected, chromosome spreads from MIl BUB T oocytes
{n=28)invariably contained 20 dyad chromosomes. In contrast,
spreads from MIl bub7%“ cocytes (n = 36) revealed extensive
aneuploidy, which was documented with spectral karyotyping
(SKY) (Figures 2C and 2D; Table S1). We observed two types
of numerical abnormality: cosegregation to the oocyte of both
dyads produced by chiasmata resolution and the presence of
single chromatids, indicating precocious loss of sister-chro-
matid cohesion at centromerss. The frequency with which
dyads cosegregated varied between chromosomes, ranging
from 5% to 30%, as did the fraction of chromatids present as
single chromatids. Most of the latter were present as pairs,
either two or four copies. These data imply that loss of Bubi
causes two independent types of aberration: first, nondisjunc-
tion of whole chromosomes at meiosis |, and second, a failure
to hold sister centromeres together after the first meiotic divi-
sion, which would cause missegregation at meiosis Il but not
at meiosis |. The finding that MIl bub1%* cocytes sometimes
contain all four chromatids implies that individual chromo-
somes can simultaneously suffer both types of aberration. We
conclude that Bub1 is important for congression of bivalents
on the meiosis | spindle, disjunction of dyads at meiosis |, and
persistence of sister-centromere cohesion until meiosis Il.

1A/A
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APC/C Is Required for Meiosis |

To address whether the precocious PBE in bub oocytes is
due to premature activation of the APC/C, we used mice in
which exons 2 to 4 of the gene encoding the APC/C’s Apc2
subunit were flanked by LoxP sites (APC2F ). Zp3-Cre con-
verted ten out of ten APC2” alleles to apc2? in the female
germline. Moreover, three out of three APC2™" Zp3-Cre
females failed to become pregnant when kept with wild-type
males for 3 months or more. APC/C activity within oocytes
is therefore essential. We observed in some but not all
crosses that APC2*F Zp3-Cre females possessed many
fewer GV oocytes than did their APC2™F littermates. The
reason for this is that most oocytes had clearly already under-
gone GVBD in vivo. Ovary dissection revealed 9 GV and
28 GVBD oocytes from a APC2™ Zp3-Cre female and
12 GV and 22 GVBD oocytes from a BUBT™" APC2™F Zp3-
Cre female, even when dissection was performed in 5 times
the normal concentration of IBMX. In contrast, a BUBT™"
APC2™F littermate produced 41 GV and no GVBD oocytes.
Importantly, of those apc2‘"" GV oocytes that underwent
GVBD only upon removal of IBMX, none underwent PBE
(Figure 3A). The APC/C is therefore essential for the first
meiotic division, as previously suggested [28]. It is very
possibly also important for holding oocytes in prophase prior
to GVBD [29].

TA/A

A Quantitative Assay for APC/C Activity in Oocytes

One of the APC/C’s key substrates is securin, whose destruc-
tion can be visualized in oocytes by injecting moderate
amounts of mMRNA encoding fluorescently tagged securin
(securin-EGFP) [23, 30-32]. To test whether destruction is
mediated by the APC/C, we used confocal microscopy to
measure securin-EGFP fluorescence after injection of apc24/4
or APC2™F GV oocytes. Neither the first meiotic division nor
the rapid drop of securin-EGFP levels (Figure 3B) that
precedes PBE in APC2™F ococytes (Figure 3D) took place in
apc2? oocytes. Instead, levels increased continuously for
24 hr, eventually approaching a plateau as the rate of increase
gradually declined (Figure 3C). Bivalent chromosomes
{marked with histone H2B-cherry) congressed to a metaphase
plate but were not converted to dyads and no polar bodies
were extruded (Figure 3B).

Because injection of securin-EGFP mRNA had no effect on
the timing of PBE in wild-type oocytes, even at the highest
levels (Figure S2), its destruction can be used as a marker for
the proteoclysis of endogenous securin. The rate of APC/C-
dependent securin-EGFP proteolysis should be derivable
from the first differential (slopes) of EGFP accumulation
curves. The rate of change of securin mRNA (M) and protein
(S) can be described by two differential equations (DE):

daM
= kM
as
— =ks'M — (K, +ks-APC)-S

Degradation of securin mRNA (M) is assumed to be first
order, with rate constant k™ (time™"). Securin synthesis (i.e.,
translation) is described by the first term in the securin DE
(ks -M) whereas its degradation is described by APC/C-inde-
pendent (k;") and APC/C-dependent (ky - APC) terms. APC
refers to active APC/C concentration and k, to its specific
activity or turnover rate. Because these cannot be estimated
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Figure 3. Calculation of APC/C Activity from Securin Level Changes in APC2F and apc24/4 Oocytes

{A) Kinetics of polar body extrusion (PBE) in APC27F and apc2¥'4 oocytes. APC2™ and apc2?' cocytes were harvasted in M2 madium containing IBMX,
which inhibits GVBD. Qocytes were released into inhibitor-free M16 medium. 90 min after release those oocytes that had completed GVBD were selected for
further analysis. This was set as time = 0 hr. Oocytes were monitored every hour and scored for completion of PBE.

(B) Images from movies with APC27F and apc24 cocytes expressing H2B-mCherry and securin-EGFP. Observe that securin dees not get degraded in the
absence of Apc2.

{C and D) Securin-EGFP levels in apc24’4 (C) and in APC2"'F (D) oocytes were measured at each time point and background levels were subtracted. Values
were normalized relative to that at GVED (0 hr), and plotted, in arbitrary units (AU), against time.

(E) The first derivative (dS/dt) of the Securin level curve (Figure 2C) in APC2™ oocytes.

{F) Changes in APC/C activity during meictic maturation in APC2™ oocytes. See details in the text.

separately, we simply refer to k, - APC as APC/C activity. The

key point is that this is not constant during oocyte maturation, ky-APC =
with a large rise being responsible for the rapid drop in securin )
levels shortly before PBE. Importantly, k; - APC can be calcu-

lated at each time point from the temporal pattern of its where M, is the level of injected securin mRNA and kg-M; is
substrate (securin-EGFP) levels. Thus: the maximal rate of securin mRNA translation. Calculation of

M, -e kqt_ds
ks MO ol dt_k/
d
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APC/C activity requires values for kinetic rate constants
ks-My, ko', and kg™, the securin-EGFP level (S), and its rate
of change (dS/dt, which is the slope of the securin curve).

The securin accumulation data in apc2/? cocytes do not
provide any information about the stability of securin mRNA
kg™, but it turns out that this can be estimated from changes
in securin-EGFP levels in APC2"™" oocytes, where the time
derivative of securin levels (dS/dt) becomes positive again
(because of mRNA translation) after APC/C-dependent
securin degradation during anaphase of MI (Figure 3E). Impor-
tantly, the maximal value of dS/dt is greater than 80% of its
value at GVBD (15 hr previously), implying that the rate of
mRNA degradation is negligible. We therefore assumed that
kg™ = 0.

The kinetic parameters, ks-Mg = 1.05 h™" and kg’ = 6.1 h’1,
were estimated (see Figure S3) from the securin-EGFP data
of ape2?’? oocytes (Figure 3C), where ky -APC is zero. With
these kinetic parameters in hand, we can use values of S
(Figure 3D) and dS/dt (Figure 3E) to calculate APC/C activity
during meiotic progression (Figure 3F). Because the domi-
nating terms are the securin levels (S) and its time derivative
(dS/dt), the activities calculated are in fact quite insensitive
to the precise kinetic parameter values. APC/C activity was
also calculated assuming Michaelis-Menten rather than first-
order degradation kinetics for securin (Figure 54).

These calculations reveal that APC/C activity relaxes rapidly
to zero after GVBD, remains at this low level until about 10 hr
after GVBD, increases dramatically shortly before the first
meiotic division, and then drops back to a low but nonzero
value (Figure 3F). Unlike peak levels during M|, resting APC/C
activity during CSF arrest is sensitive to the value of k;™: the
higher the rate of mRNA degradation, the lower the implied
APC/C activity. Importantly, kinetic parameter combinations
consistent with zero APC/C activity in MIl are unrealistic
because they predict negative APC/C activity during meiotic
progression. We are therefore confident that APC/C activity
against securin is not completely tumed off during MIl CSF
arrest. Incomplete inhibition by Emi2 could be responsible for
the gradual turn-over of cell cycle regulators at this stage of
the meiotic process [33].

Premature APC/C Activation in bub14 Qocytes

To test whether APC/C activation precedes precocious chro-
mosome segregation in oocytes lacking Bub1, we imaged
oocytes from BUBT™F Zp3-Cre and BUB1™" females after
their injection with securin-EGFP and histone H2B-cherry
mRNAs (Figures 4A and 4B; Movie 51). In BUBT aocytes,
APC/C activity reaches a maximum at the time of chromosome
segregation (Figure 4C, green amrowheads), about 12 hr after
GVBD. The kinstics of the rise and fall of APC/C activity was
similar in bub7%"® oocytes, but strikingly the burst of APC/C
activity occurred 4-5 hr earlier. The implication is that Bub1
is necessary to inhibit APC/C activity for a large fraction of
the period between GVBD and PBE. To our surprise, we found
that Bub1 causes a similar delay in APC/C activity toward
cyclin A-GFP (Figure S5).

Individual activity curves were aligned and an average activity
curve calculated (Figure 4D). This reveals that there is little or no
significant difference in maximal APC/C activity between
BUBT™ and bubi%'“ oocytes, the only difference being the
timing of the meiosis | burst of activity. It also shows that APC/C
activity rises in an exponential fashion for 3-4 hrin BUBT™ and
bub 142 oocytes (Figure 4E). There was a small difference in
their exponents (—0.66 in the mutant versus —0.84 in the wild-
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type), implying a slightly more “explosive” activation in
BUBT™ than in bubi¥4 oocytes. Interestingly, the period of
exponential increase lasted nearly 4 hrin both sets of oocytes.

Premature Chiasmata Resolution in bub?* Oocytes
Depends on APC/C and Separase

Many events are advanced by 4-5hrin bub oocytes. Some
are normally associated with the first meiotic division, namely
securin destruction, chiasmata resolution, and PBE, whereas
others such as loss of centromeric cohesion nomally only
take place at the second meiotic division. Temporal disloca-
tion on this scale has hitherto not been documented in SAC
mutants and it was therefore important to address whether
premature activation of the APC/C (and thereby separase)
was responsible. Because the tripeptide proteasome inhibitor
MG132 was found to depress securin-EGFP synthesis
(Figure S6), we addressed the APC/C’s role by analyzing
oocytes from Bubh 17 % Apcoo19% 7n3.Cre females, in
which both Apc2 and Bub1 are depleted. The phenotype of
such oocytes was similar, though not identical to those from
Apc2™ X 7p3.Cre females. They did not extrude polar
bodies and, after injection of securin-EGFP mRNAs, accumu-
lated EGFP fluorescence in an asymptotic fashion over a 20 hr
period (Figure 5A and data not shown). Congression of biva-
lents was, however, inefficient and they did not form compact
metaphase plates (Figure 5B). Despite this, many if not most
bivalents clearly came under tension, indicating biorientation
of matemal and patemal kinetochores (Figure 5C). Impor-
tantly, chiasmata were not resolved (Figure 5C). Precocious
APC/C activity must therefore be responsible for many of the
phenotypes caused by Bub1 depletion. It is difficult to know
whether the defective congression of bivalents in apc2™4
bub1%? oocytes was exclusively due to depletion of Bub1
because congression also appeared somewhat abnormal in
apc2”'4 oocytes (Figure 5B).

Toaddresswhether the precocious resolution of chiasmatain
bub144 oocytes is due to premature activation of separase as
opposed to other activities capable of destroying sister-chro-
matid cohesion [34], we analyzed oocytes from Bub17¥%x
separase’®Px Zp3-Cre females, in which both Bub1 and sep-
arase are depleted. Inactivation of separase did not alter preco-
cious APC/C activation (Figure SE) but it did hinder PBE
{Figure 5D). 92.3% of bub 144 oocytes (n = 36) extruded a polar
body at an average time of 05:34 = 01:53 hr post GVBD (n = 36)
but only 14.9% of sep¥4 bub7%4 oocytes did so, with an
average time of 07:00 + 04:44 hr (n = 46). Live imaging of
sep?’? bub 1% oocytesinjected with securin-EGFP and histone
H2B-cherry showed that many bivalents came under tension,
even after securin had been fully destroyed, presumably
because chiasmata had not been resolved (data not shown).
To confirm this, we prepared chromosome spreads from
bub1%4 and sep”” bub1%/* oocytes at various times after
GVBD, starting from when at least 90% of bub7%"? oocytes
had completed PBE. All bivalents had been converted to dyads
or single chromatids in 100% {n = 66) of bub7%? cocytes but
never (n = 79) in sep?? bub 1 oocytes (Figure 5F), even long
after APC/C activation.

1A/A

The Oocyte SAC Does Not Require the Bub1

Kinase Domain

Injection of bub oocytes with wild-type Bub1 but not with
a frame-shifted (NS-Bub1) mRNA delayed both APC/C activa-
tion {compare Figure 6A with Figure 4D) and PBE, causing
both events to occur with a timing similar to that of BUBT™F

1A/A
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Figure 4. Premature Activation of the APC/C in bub7% Oocytes

Chromesome movements and securin levels in BUBT™F and bub 144 cocytes expressing H2B-mCherry and securin-EGFP were observed by time-lapse
confocal micrescopy.

{A) Still images from a representative movie of each genotype are shown. The upper panels show DIC images merged with the H2B-mCherry channel pseu-
docolored in red. The lower panels show the securin-EGFP channel pseudocolored in green. The asterisks indicate the frame where chromosome segre-
gatioh was first observed. Scale bars represent 10 um.

{B) Securin-EGFP levels in movies similar to those shown in (A) were measured at each time point and background levels were subtracted. Values were
normalized relative to that at GVBD (0 hr), and plotted, in arbitrary units (AU), against time. Movies were aligned relative to time of GVBD.

{C) The securin-EGFP curves in (B) were transformed to produce a measure of APC/C activity over the course of the experiment {see text) and plotted
against time.

(D) The APC/C-activity curves in (C) were aligned relative to the average time tc peak APC/C activity for each genctype, and the average APC/C activity at
each time point was calculated and plotted against time.

{E) The exponentially rising pertions of the average APC/C-activity curves shown in (D) were plotted on a semilog plet, and a line of best fit was projected
onto the data. The slopes of the lines are indicated on the graph.

oocytes (data not shown). To address the function of Bub1’s together with either wild-type Bub1 mRNA, NS-Bub1 mRNA,
conserved kinase domain, GV-stage bub74“ oocytes were in-  or an mRNA encoding a version of Bub1 lacking its C-terminal
jected with mRNAs encoding H2B-cherry and securin-EGFP  kinase domain (Bub1-KinA). Time-lapse confocal movies (data
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Figure 5. Separase and Apc2 Are Required for Precocicus Chromosome Segregation and PBE in bub 144 Oocytes

(A) Chromosome movements and securin levels in bub 7% and apc2?4 bub 1% cocytes expressing H2B-mCherry and securin-EGFP were observed by
time-lapse confocal microscopy. Securin-EGFP |evels were measured at each time point and plotted against time as previously. Movies were aligned
relative to time of GVBD. Note the bub 74 curve is the average of five individual cocytes.

(B) Chromosome movements and microtubule spindle dynamics were visualized by time-lapse confocal microscopy in three types of cocytes expressing
histene H2B-mCherry and B-Tubulin-EGFP: (@) APC27F BUBTF, (b) apc24'4, and (c) apc2?’? bubi4/4, Still images from a representative movie of each
genotype are shown. The merged H2B-mCheny and B-Tubulin-EGFP channels are shown pseudocolored in red and green, respectively. Scale bars repre-
sents 10 pm.

(C) Representative still images, taken at 11.87 hrand 21.54 hr after GVBD, from the chromatin (H2B-mCherry) channel shows highly stretched bivalents from
an apc2AM bub144 oocyte.

(D) Kinetics of polar body extrusion (PBE). bub 144 and bub14/4 separase’4 oocytes were harvested in M2 medium containing IBMX, which inhibits GVBD.
Oocytes were released into inhibiter-free M16 medium. 90 min after release, those cocytes that had completed GVBD were selected for further analysis. This
was set as time = 0 hr. Oocytes were monitored every hour and scored for completion of PBE.

(E) Chromosome movements and securin levels in bub 144 {n=11)and bub14M4 separase"d (n =12) cccytes expressing H2B-mCherry and securin-EGFP
were observed by time-lapse confocal microscopy. Securin-EGFP levels were measured at each time point and plotted against time as previously. Movies
were aligned relative to time of GVBD.

(F) bub 144 and bub 74 separase®'4 cocytes were harvested at GV stage and matured in vitro for up to 22 hr. Chromosome spreads were prepared when at
least 90% of bub 1?4 cocytes had completed MI, but not MIl, as judged by extrusion of the first polar body. Only those bub 74 cocytes that had completed
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Figure 6. Bub1 Kinase Domain Is Largely Dispensable for the Spindle
Assembly Checkpoint in Qccytes

{A) Chromosome movements and securin levels in bub oocytes
expressing H2B-mCherry and securin-EGFP were cbserved by time-lapse
cenfocal micrescopy. A subset of the cocytes was also microinjected with
Bub1 mRNA, a further subset was microinjected with NS-Bub1 mRNA,
and the remainder were not microinjected with Bub1 mRNA. Securin-
EGFP |evels were measured at each time point and average APC/C activity
curves for each group of cocytes were calculated and plotted against time
as previously.

(B) As in {A) except the third group was also micreinjected with mRNA for
a Bub1 kinase-deletion mutant (Bub1-Ka).

{C) The cocytes described in (A) and (B) were analyzed as in Figure 2B to
measure the extent of chromoscme congression.

4414

not shown) demonstrated that the (average) interval between
GVBD and PBE with wild-type Bubl mRNA was 11:07 =
01:08 hr (n = 10). It was 07:15 = 00:38 hr {n = 9} with NS-Bub1

mRNA and 10:07 = 01:02 hr (n = 14) with Bub1-KinA mRNA.
The difference between NS-Bub1 and wild-type was statisti-
cally significant (p < 0.001) as was that between NS-Bubi
and Bub1-KinA (p < 0.001). Though the error bars overap
considerably, the small difference in timing between oocytes
injected with wild-type and Bub1-KinA mRNA appears to be
real, with p = 0.041.

Securin-EGFP levels were quantified and transformed into
APC/C activity curves that were then aligned and averaged
(Figure 6B). The average interval from GVBD to peak APC/C
activity was 07:20 = 00:43 hr with NS-Bub1 mRNA, 11:02 +
01:03 hr with wild-type Bub1 mRNA, and 10:04 =+ 01:04 hr
with Bub1-KinA mRNA. The differences between Bub1-KinA
and NS-Bub1 mRNA was highly significant (p < 0.001) whereas
the difference between wild-type and Bub1-KinA was less so
{p = 0.039). These data suggest that much of the delay in
APC/C activation resulting from Bub1 can also be performed
by a version completely lacking its kinase domain. Indeed,
the shape of the APC/C activation curves is very similar with
and without Bub1’s kinase domain (Figure 6B). This domain
is nevertheless highly conserved and appears from our data
to enhance Bub1’s ability to regulate (delay) APC/C activation
and anaphase onset.

Wild-type Bub1 and Bub1-KinA but not NS-Bub1 mRNA (p <
0.001) restored chromosome congression in bub74/“ oocytes
to wild-type levels (compare Figure 6C with Figure 2B). There
was, however, a small statistically significant difference
between wild-type and KinA mRNAs at the final time point,
14 min prior to segregation. The kinase activity of Bub1 can
only have a minor function, if any, in regulating chromosome
congression.

Discussion

The notion that the SAC may be unimportant or ineffective in
oocytes still persists [35] despite evidence to the contrary
[19, 21, 24, 25, 36]. We describe here the consequences of
depleting a key SAC component, namely Bub1, by oocyte-
specific deletion of a floxed allele of the BUBT gene. This
adversely affects chromosome congression, advances chias-
mataresolution and polar body extrusion by 4-5 hr, and causes
precocious separation of sister centromeres. By using a quan-
titative assay for APC/C activity and analyzing the phenotypes
of double mutants, we show that the precocious chiasmata
resolution and PBE caused by loss of Bub1 is accompanied
by and depends on premature activation of the APC/C and sep-
arase. Our data prove that the SAC has a fundamental role in
regulating anaphase in oocytes and that it largely performs
this function independently of Bub1’s kinase domain.

Our measurements show that APC/C’s activity toward
securin remains very low from GVBD until 3 hr before PBE, at
which point it rises at an exponential rate, peaking shortly
betfore PBE, before decliningto alow but significantlevel during
CSF arrest. There are two possible explanations for the expo-
nential APC/C activation (suggestive of an autocatalytic
process). Given that the SAC depresses APC/C activity during
the process of exponential activation in wild-type oocytes, itis

the first PBE were spread whereas all bub7%'? separase”® cocytes were spread. Chromosome spreads were stained with DAPI to visualize DNA and reso-

lution of chiasmata was scered as (a) positive or {b) negative. (a) shows a spread from abub
separase”’” oocyte. Note, chromosomes from bub

{indicated by arrowheads). (b) shows a spread from a bub 1%/4

AT oocyte. Again, separated sister chromatids were cbserved

144 oocytes were generally too widely

dispersed con the slide to capture all chromosomes in a single image. The visible chromosomes from a single spread were photographed in a number of
separate images at the same magnification; these images were subsequently arranged in proximity to one another to produce the images shown above.

Scale bars represent 10 pm.
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conceivable that APC/C activity inactivates a SAC component,
such as Mad2 [37, 38] or Mps1 [39] and/or Aurora B [9] kinases.
Altemnatively, the exponential rise in the rate of securin
destruction could come about because of competition with
a competing APC/C substrate whose destruction must
precede that of securin. Cyclin A might be such a protein.
However, we found no major difference in the kinetics of
securin and cyclin A destruction (see Figure S5).

If inactivation of the SAC drives APC/C activation in wild-
type oocytes, what process does so in oocytes lacking
Bub1? More precisely, what changes occurin bub 744 aocytes
during the 7 hr interval between GVBD, when cyclin B/Cdk1
is presumably activated, and the complete activation of the
APC/C fully 7 hr later? Phosphorylation of several APC/C
subunits accompanies its activation in mitotic cells [40, 41],
though the physiological significance of this phosphorylation
has not been addressed. It is conceivable that a battle
between mitotic kinases and phosphatases takes place during
this period, with the former finally triumphing. Our finding that
the process of APC/C activation is exponential in bub?4/
oocytes potentially adds a new player, namely the APC/C
itself, which might activate itself via a positive feedback
loop. We note that the variation in time between GVBD and
full APC/C activation in bub7%™® oocytes (38 min) was half
that in wild-type ones (74 min). Presumably, the process acti-
vating the APC/C without a SAC is not subject to the vagaries
of the stochastic process of kinetochore capture and biorien-
tation. How might the APC/C promote its own activation? It
has been suggested that inhibition of APC/C mediated ubiqui-
tinylation of securin because its phosphorylation by Cdk1
makes the process more switch-like in yeast [42]. This model
cannot account for the switch-like nature of securin destruc-
tion in oocytes because separase, a key part of the yeast
autoactivation process, is not required for the exponential
rise in APC/C activity in oocytes lacking both Bub1 and sepa-
rase (data not shown).

Another function of the APC/C revealed by this work stems
from our finding that oocytes whose Apc2 subunit has been
depleted during their growing phase appear to re-enter the
meiotic program precociously, apparently undergoing GVBD
en masse within the ovary. This raises the possibility that the
APC/C is at least partially active during the long prophase
arrest in oocytes and that without it oocytes are more likely to
re-enter the first meiotic division, possibly in the absence of
the luteinizing hormone surge that normally induces this event.
A related phenomenon, though one whose physiological
significance is less clear, is the recent finding that antisense
morpholinos directed against Cdh1 mRNA permit a fraction
of GV oocytes to undergo GVBD in vitro in the presence of
phosphodiesterase inhibitors that normally block this process
[29]. The importance of molecular mechanisms controlling
prophase | arrest in oocytes during folliculogenesis was
recently demonstrated by disruption of PTEN, a regulator of
phosphatidylinositol 3-kinase, which caused a reduction of
the oocyte pool at an early age leading to premature ovarian
failure (POF) [43].In ape24/4 oocytes we have observed asimilar
effect and it is therefore conceivable that disruption of normal
APC/C activity in growing oocytes might contribute to POF.

Our data suggest that Bub1 may have at least two other
functions within oocytes besides delaying APC/C activation,
namely to facilitate congression of bivalents on meiosis | spin-
dles and prevent premature destruction of sister-centromere
cohesion. It is important to point out that we cannot at this
stage be certain that the congression and cohesion defects
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are not at least partly caused by the premature APC/C activa-
tion. It is easy to imagine that by giving cells less time to bio-
rient bivalents, premature APC/C activation would by itself
hinder their congression. It is less easy to imagine why it would
hinder the mechanism that normally protects sister-chromatid
cohesion at centromeres from separase during meiosis |. The
precocious separation of sister centromeres in bubi¥~
oocytes is reminiscent of the situation during meiosis | in yeast
where Bub1 is necessary for the recruitment to centromeres of
shugoshin proteins (e.g., Sgo1) that protect cohesin from sep-
arase [44-46]. Bub1 might act in a similar fashion in oocytes,
helping to recruit Sgo1 or Sgo2 to centromeres. Because the
precocious loss of sister-chromatid cohesion at centromeres
in bub744 oocytes is not fully penetrant, afflicting less than
one-third of all chromosomes, there must also exist a mecha-
nism conferring protection that is Bub1 independent.

In the light of our finding that the SAC delays APC/C activa-
tion by 4 to 5 hr, the massive missegregation in aging human
females cannot be attributed to an inherently ineffective SAC
in oocytes. It is nevertheless conceivable that the SAC might
work less effectively as oocytes ages and that this facilitates
production of aneuploid gametes. It is also important to point
out that our work does not address whether the delayin APC/C
activation caused by Bub1 involves signaling from kineto-
chores that have not yet attached to microtubules. Indeed, it
remains mysterious why univalent X chromosomes fail to
block meiosis | in mouse oocytes. It seems implausible that
oocytes would possess a SAC that cannot monitor the correct
attachment of individual chromosomes and yet univalent
X chromosomes apparently do not greatly delay APC/C activa-
tion. A recent study has shown that the sister kinetochores of
univalent chromosomes in meiosis | oocytes can become bio-
riented on the meiosis | spindle, apparently satisfying the
requirements of the SAC and contributing to chromosome
missegregation [36]. Further insight into this process could
be gained by monitoring activity of the APC/C and the actual
movement of univalent chromosomes during meiosis | using
the sort of techniques described in this paper.

Experimental Procedures

Mouse Strains

Generation of BUBT7F [14], SEPARASE"T [47], and APC27T [48] mice has
been described previcusly. A transgenic mouse line that expresses Cre
recombinase from the Zona pellucida 3 promoter (Zp3-cre) [26] was
purchased from the Jacksen Laboratery. Mouse strains used were of mixed
C57BL/6J and 129/Sv backgrounds.

Oocyte Culture and Microinjection

Fully grown mouse GV-stage cocytes surrounded by cumulus cells were
isclated by disaggregating cvaries in M2 medium {Specialty Media, Milli-
pore, Watford, UK, or Sigma-Aldrich) supplemented with 200 mM 3-iscbu-
tyl-1-methylxanthine {IBMX, Sigma-Aldrich) at 37°C. Oocytes released
from most of the surrounding cumulus cells were cultured in drops of
medium (~50 pl) covered with mineral cil (Sigma-Aldrich). Oocytes were
matured in M16 medium (Specialty Media) at 37°C in the presence of 5%
CO,. Only cocytes that had undergone GVBD (germinal vesicle breakdown)
within 90 min after release intc IBMX-free medium were selected {time 0 hr
after GVBD) and cultured further for experiments. In experiments where
oocytes were cultured in medium centaining nocodazole at 5 pM or
MG132 at 10 uM, controls were treated with an equivalent amount of ethanol
or DMSQO solvent, respectively. Mil-arrested cocytes were obtained from
females supercvulated by intraperitoneal (i.p.) injection of PMSG (5 IU) fol-
lowed 48 hr later by i.p. injection of human chericnic gonadotropin (WCG;
5 IU). Occytes were isclated from oviducts approximately 16 hr after hCG
and freed from cumulus cells by hyaluronidase (200 IU/ml, Sigma-Aldrich).
GV oocytes were microinjected in M2 media supplemented with IBMX
with a FemtoJet microinjector (Eppendorf) with 5-10 pl of mRNAs at a final
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concentration of 0.1 ug/ml in RNase-free water (Ambion) into the cytoplasm.
Up to two different mRNAs were mixed together pricr to injection. Control
and experimental oocytes for a single experiment were imaged simulta-
necusly, distinguished by ccinjection of 10 kDa Cascade-Blue-labeled
dextran into one group. After approximately 1-2 hr to allow for protein
expression, oocytes were matured.

Chromosome Spreads
Chromosome spreads from mouse cocytes were prepared as previously
described [49, 50]. See Supplemental Data for further details.

SKY Analysis

BUBT and BUBT%* mice were primed with 51U PMSG, then 48 hr later
with 5lU hCG, and oviducts were isclated 16-18 hr after hCG. The
cumulus-enclosed oocytes at the second meictic division (MIl) were
released into M2 medium with 1% hyaluronidaze for 5-10 min. Cumulus-
free oocytes were fixed in methancl-acetic acid solution (3:1). Slides were
aged for 2-3 days at the room temperature and then hybridized with the
SKY probe (Applied Spectral Imaging) according to the manufacturer’s
instructions. 8KY image acquisition and analysis was performed on a Zeiss
Axioscope 2 microscope equipped with SpectraCubeTM at 600x with
Spectral Imaging Expo 2.6 software.

Live Imaging and Quantitative Analysis of Data

Occytes were cultured in a PeCon (Erbach, Germany) environmental
microscope incubator allowing the maintenance of a 5% CO, atmosphere
with humidity at 37°C during time-lapse expetiments. A customized
Zeiss LSM510 META confocal micrescope equipped with Plan-Neofluor
20x/0.5, C-Apochromat 40x/1.2 NA water immersion or C-Apochromat
40x/1.2 NA water immersion objective lenses was used for image acquisi-
tion. For detection of Cascade-Blue dextran, EGFP, YFP, and mCheery, we
used 405 nm, 488 nm, 514 nm, and 561 nm excitaticn wavelengths and
LP 420, BP 505-550, BP 530-600, and LP 575 filters. Chromosomes
labeled with H2B-mCherry were tracked with an EMBL-developed tracking
macto [51] adapted te our microscope. Image stacks were captured every
12-15 min for 16-20 hr. Quantitative analysis of the density of the flucres-
cence was performed with ImageJ software (http://rsh.info.nih.gov/ij/). To
measure secutin-EGFP signal, the area occupied by the cocyte in each indi-
vidual frame was defined manually and the mean fluorescence intensity
{MFI) of the signal within this area was measured. Values were corrected
for background fluorescence by subtracting the MFI of the area surrounding
the cocyte at each time point. Te control for the apparent differences in MFI
levels between individual cocytes caused by discrepancies in the amount of
injected mRNA, background-corrected MFI values were normalized to the
value measured at the time of GVBD. The changes in APC/C activity
{kd.APC) during meicsis were calculated from the securin-EGFP signal
with MS Excel. The time derivative of the Securin curve (dS/dt) was approx-
imated by the ratio of differences (AS/At) of subsequent time points. In order
to reduce noise in the ratio of differences, the securin data were smoothed
by calculating the average of three subsequent points (a three-pcint running
mean).

DNA Constructs, Primers, mRNA Synthesis, and Statistical Analysis
See Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures, six
figures, cne table, and twe movies and can be found with this article online
at http:/Awww.current-biology.com/supplemental/S0960-9822(09)00685-X.
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Lack of response to unaligned chromosomes
in mammalian female gametes
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Chromosome segregation errors are highly frequent in mammalianfemale meiosis, and theirincidence graduallyincreases
with maternal age. The fate of aneuploid eggs is obviously dependent on the stringency of mechanisms for detecting
unattached or repairing incorrectly attached kinetochores. In case of their failure, the newly formed embryo will inherit
the impaired set of chromosomes, which will have severe consequences for its further development. Whether spindle
assembly checkpoint (SAC) in oocytes is capable of arresting cell cycle progression in response to unaligned kinetochores
was discussed for a long time. It is known that abolishing SAC increases frequency of chromosome segregation errors
and causes precocious entry into anaphase; SAC, therefore, seems to be essential for normal chromosome segregation
in meiosis |. However, it was also reported that for anaphase-promoting complex (APC) activation, which is a prerequisite
for entering anaphase; alignment of only a critical mass of kinetochores on equatorial plane is sufficient. This indicates
that thefunction of SAC and of cooperating chromosome attachment correction mechanisms in oocytesis different from
somatic cells. To analyze this phenomenon, we used live cell confocal microscopy to monitor chromosome movements,
spindle formation, APC activation and polar body extrusion (PBE) simultaneously in individual oocytes at various time
points during first meiotic division. Qur results, using cocytes from aged animals and interspecific crosses, demonstrate
that multiple unaligned kinetochores and severe congression defects are tolerated at the metaphase to anaphase
transition, although such cells retain sensitivity to nocodazole. This indicates that checkpoint mechanisms, operating in
oocytes at this point, are essential for accurate timing of APC activation in meiosis |, but they are insufficient in detection

or correction of unaligned chromosomes, preparing thus con

Introduction

Chromosome segregation errors during mammalian female
meiosis frequently create gametes with aberrant number of chro-
mosomes. After fertilization of such an egg, the incomplete chro-
mosomal set is transferred to the newly formed embryo, which has
devastating consequences for its further development, including
embryonic lethality and severe developmental disorders.! The inci-
dence of aneuploidy is usually higher in egg than in sperm, and a
factor contributing highly to human and mouse oocyte aneuploidy
is advanced maternal age.” It is, however, important to mention
that not all mammalian species are suffering from the maternal
age-related aneuploidy; for example, in porcine oocytes, this phe-
nomenon was not established, which might reflect species specific
differences in chromosome segregation mechanisms.?> One of the
factors contributing to such high occurrence of aneuploidy in aged

% arising due to the

egg is a weakening of centromeric cohesion,
inability of the oocyte to replace cohesins during prolonged pro-
phase arrest.”” Reduced connection between sister chromarids is
subsequently causing their precocious segregation in meiosis I. The
propagation of meiosis I segregation defects to the embryo would,
however, require also a failure of SAC controlling chromosome
segregation in meiosis I1. Although the function of SAC in oocytes

*Correspondence to: Martin Anger; Email: anger@iapg.cas.cz
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ditions for propagation of the aneuploidy to the embryo.

810 it is still unresolved whether it

was studied for quite some time,
is similar to somatic cells. So far we have clear evidence that SAC
is required for precise timing of APC activity in meiosis I since
depletion of its component Bubl causes premature chromosome
segregation, accompanied by extensive aneuploidy.'' Also in mito-
sis, SAC components ensure proper timing of anaphase;'? there-
fore, this function seems to be preserved. However, in contrast to
mitosis, where the anaphase onset is blocked until last kinetochore
is aligned on the metaphase plate,'*"” it secems that oocytes are
unable to respond to unaligned kinetochores by prolonging SAC
activity.'* To analyze this phenomenon more quantitatively, we
used oocytes with extraordinarily high rate of aneuploidy, in which
chromosome segregation errors are expected to be more frequent,
and we monitored chromosome movements, spindle assembly,
APC activity and polar body extrusion simultaneously in individ-
ual cells using confocal live imaging. Our data demonstrate that
oocytes are not able to respond to multiple unaligned kinetochores
and massive congression defects by delaying anaphase.

Results

The duration of meiosis I is not affected by presence of uni-
valent chromosomes. For our study, we used oocytes isolated

Cell Cycle 1
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Figure 1. The duration of meiosis | is not affected by high frequency
of aneuploidy. (A) Aneuploidy frequency in Young CD1 (green,n=
73),0ld CD1 (red, n = 47) and Hybrid (gray, n = 33) was scored after
monastrol treatment in meiosis Il. Image represents typical staining of
chromosomes with DAPI (blue), and kinetochores (red). (B) The length
of meiosis | - oocytes were microinjected with fluorescently labeled
histone H2B (red) and B-tubulin 2A (green) and analyzed by live imag-
ing. Movie frames showing intervals from GVBD until DNA separation,
time is indicated for each frame. Lower chart - the average length (hrs)
of meiosis | in Young CD1 (green, n = 50), Old CD1 (red, n = 46) and
Hybrid (green, n = 21) oocytes, error bars showing SD. (C) Dynamics of
securin degradation during meiosis I. Average securin expression levels
in Young CD1 (blue, n = 18), Old CD1 (red, n = 21) and Hybrid oocytes
(n = 8) are shown, expression levels were normalized to the first frame.
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from naturally aged CD1 outbred mice at age 19-25 mo (“old
CD1”) and oocytes isolated from Mus musculus x Mus spretus F1
hybrids (“hybrids”). These groups were selected based on pre-

1819 which would also

viously reported high level of aneuploidy,
increase probability of detecting chromosome segregation defects
in vivo. Both groups were compared with the oocytes from CDI
animals 2-5 mo old (“young CD1”). To assess aneuploidy lev-

els in all three groups, the oocytes were matured in vitro for 18

2 Cell Cycle

h, and subsequently the frequency of aneuploidy was measured
by kinetochore-counting assay in monastrol-treated oocytes'
(Fig. 1A). Our results showed that 4.1% of young CD1 (n = 73),
42.5% of old CD1 (n = 47) and 72.7% of hybrid oocytes (n =
33) had numerical chromosomal aberrations. Values obtained for
both CDI1 groups were similar to previously published ﬁgures,19
and small variations were likely caused by age or strain differ-
ences. The aneuploidy observed in hybrid oocytes was, however,
significantly higher compared with the previously published
report.!® Possible explanation for such high aneuploidy levels is
the origin of mice. Whereas Mus spretus animals used for our
interbreeding were derived from natural population, mice used
in previous study were inbred. To address the question whether
configuration of chromosomes in meiosis I is similar in all three
groups, chromosome spreads were prepared from oocytes in
meiosis I, matured for 7.5 h after IBMX removal. At this time,
oocytes were still in meiosis I, verified by the absence of po|ar
bodies. Chromosome spreads revealed that young CD1 (n = 46)
and hybrids (n = 18) contained no univalents, whereas 19.2% of
the old CD1 oocytes (n = 26) contained closely positioned uni-
valents without visible chiasmata (data not shown). Single chro-
matids were not detected in any of the groups. Based on multiple
evidence, inc]uding nocodazole treatment and measurement of
meiosis I length, it was previously shown that SAC is intact in
old oocytes.”” Sixteen hour exposure of oocytes to a low level
(0.04 pg/ml) of nocodazole, which was added to the media 4.5
h after germinal vesicle break down (GVBD), showed that 75%
of young CD1 (n = 68), 71% of Old CDI (n = 17) and 86% of
hybrid oocytes (n = 21) remained arrested in meiosis I, indicating
that in all three groups, the SAC was intact (data not shown). To
analyze whether the presence of univalents in old CDI group is
affecting metaphase plate formation and timing of anaphase I, we
used live-cell imaging. Oocytes were microinjected with mRNAs
encoding histone H2B, B-tubulin 2a and securin fused to dif-
ferent fluorescent proteins and then matured on microscope.
Images were taken every 10 to 15 min for period of 18 h. Such
conditions allowed to simultaneously monitor various processes,
including GVBD, chromosome movements, assembly of the mei-
otic spindle, polar body extrusion (PBE) and activity of APC in
individual cells, representative movie frames are shown in Figure
2. Our results showed that the length of meiosis I, measured from
GVBD to DNA masses segregation, was not significantly differ-
ent in young CDI oocytes (8.75 h + 0.94, n = 50) and hybrid
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oocytes (9.20 h £ 1.88, n = 21). It was slightly shorter in old CD1
(8.22 + 0.78, n = 46) compared with young CDI (p = 0.037) and
hybrids (p = 0.035) (Fig. 1B), although the difference was minor.
This indicates that the presence of univalent chromosomes in
oocytes is not causing meiosis I extension by prolonging SAC
activity, which might be consistent with the idea that univalent
chromosomes are escaping SAC detection by bipolar attach-
ment.?** Securin levels measured during time-lapse experiments
showed that APC was activated in all three groups with similar
timing relative to GVBD (Fig. 1C).

Metaphase plate formation is compromised in oocytes with
high aneuploidy. Analysis of the time-lapse movies also revealed
thatsignificant fraction of old CDI oocytes and even more hybrid
oocytes, contained unaligned chromosomes at the time of APC
activation, assessed by measuring securin degradation (Fig. 2).
In mitosis, alignment of all kinetochores on equatorial plane of
the spindle is required for satisfying SAC, which, in turn, leads
to activation of APC and subsequent destruction of muldple

www.landesbioscience.com
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substrates, including securin and cyclin B.®? Securin stabil-
ity is therefore an excellent marker of initiation of metaphase to
anaphase transition also in oocytes.!! Quantification of securin
levels and simultaneous detection of fluorescently labeled chro-
mosomes in individual cells allowed to correlate dynamics of the
metaphase plate formation with APC activation, which should
coincide with SAC switching off (Fig. 3). We were interested in
whether the metaphase plate formation, when all chromosomes
congress on equatorial plane without a single chromosome vis-
ibly separated, is achieved in oocytes before initiation of securin
destruction. For each cell, two time intervals were identified;
the frame with the highest level of securin and then the frame
with all chromosomes aligned on metaphase plate (Fig. 3A). Our
results showed that 89% of young CD1 (n = 19) are able to form
a metaphase plate before initiation of securin destruction; how-
ever, only 15% of old CD1 (n = 20) and 0% of hybrids (n = 13)
achieved this. Following the same cells further as they were head-

ing toward anaphase, showed that 55% of old CD1 and 92%
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of hybrid oocytes were unable to form metaphase plate at any
time interval before anaphase in contrast to young CDI group,
in which 100% formed the metaphase plate before reaching ana-
phase (Fig. 3B).

SAC inactivation in oocytes is independent on chromosome
alignment. To study more quantitatively the correlation between
chromosome alignment and APC activity, we used again oocytes
injected with B-tubulin 2a, histone H2B and securin, all labeled
with fluorescent proteins. Misaligned chromosomes, visibly sep-
arated from the metaphase plate, were scored in seven selected
intervals: at 120 (-7), 90 (-6), 60 (-5) and 30 min (-4) before peak
of securin, at highest securin level (-3), at half of the securin level
after initiation of its destruction (-2) and finally at the last frame
before anaphase (-1) (Fig. 4A). These intervals were selected to
cover part of meiosis I with full SAC activity, APC activation
during metaphase to anaphase transition and also time when
cells were entering anaphase. Nineteen young CD1, 20 old CD1
and 13 hybrid oocytes in which the chromosomes were visible
in each interval were used for this study. Our results (Fig. 4B)
showed that all three groups contained unaligned chromosomes
during two hours prior to the highest securin level, and therefore
our observation is consistent with recently published data show-
ing that SAC is turned off in the presence of unaligned chromo-

16,17

somes. Tt is, however, important to mention that while young
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CD1 eventually organized their chromosomes on the metaphase
plate before reaching anaphase, 50% of old CD1 and 85% of
hybrid oocytes were entering anaphase with chromosomes sepa-
rated from the metaphase plate. Further, we tested formation of
metaphase II plate in all three groups of oocytes. In this analy-
sis, the misa]igned chromosomes were scored in 15 consecutive
intervals throughout first 150 min after anaphase I (Fig. 4C) and
also at 18 h after IBMX removal (Fig. 4D). Our results showed
that 90% of young CD1 (n = 30) reached the stage, with all
chromosomes aligned on metaphase plate within 150 min after
anaphase L. In contrast to this, almost all old CD1 and hybrid
oocytes, perhaps due to the aneuploidy resulting from separase
activation in anaphase I, were unable to form metaphase plate
within selected interval. This was confirmed by analysis of the
chromosome alignment at 18 h (Fig. 4C and D), which indicated
that the alignment defect in those cells might be permanent.

Severe alignment and congression defects are not preventing
SAC inactivation in oocytes. Scoring cells with unaligned chro-
mosomes does not fully reveal the severity of alignment defects in
individual cells. To analyze this more quantitatively, we adapted
method previously used to score congression defects.! In this
experiment, we measured amount of DNA located inside a rect-
angle, which represented 25% of the spindle length (Fig. 5A). For
this analysis we used only oocytes, in which the spindle axis was
parallel with the focus plane. Cells were analyzed in five frames:
at 90-96, 70-75, 45-50, 30-36 and 10-15 min prior to anaphase
(Fig. 5B). Except for the last interval just before anaphase, young
CD1 (n = 10) oocytes had significantly more (p < 0.05) DNA
inside the rectangle compared with old CDI oocytes (n = 6).
In contrast to both CDI groups, hybrid oocytes (n = 5) showed
extensive chromosome alignment and congression defects, and
except for the last frame before anaphase, less than 50% of the
DNA were localized at the equatorial plane. This demonstrates
that the oocytes were unable to detect or respond to unaligned
chromosomes resulting in chromosomes scattered all over the
spindle, when oocytes were entering anaphase.

Discussion

The data presented here are showing that mammalian oocytes
are unable to respond to multiple unaligned kinetochores and to
severe congression defects by prolonging SAC activity. Crucially,
the anaphase in such oocytes is timely executed, despite the defects
in chromosome alignment. Recent reports showed that a criti-
Cﬂ.l mass ()f Clll'()mDSDmCS COngCSSCd on m(),taphﬂs(‘ Pla[c bCfOl‘C
anaphase onset is required.'® At the time of APC activation,
oocytes isolated from F1 hybrids of Mus musculus and Mus spretus
have more than 50% of DNA positioned outside of the central
quarter of the spindle, demonstrating that the required critical
mass is either very low, or the alignment of the chromosomes
is not prerequisite for APC activation. Importantly, in old and
hybrid oocytes, which are both showing extensive spindle defects
with no impact on timing of anaphase onset, their response to
nocodazole depolymerizing the spindle microtubules is pre-
served, demonstrating that SAC is intact. Our data contribute to
the recent discussion about the function of SAC in mammalian
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highest securin, -2 = half of the securin level, -1 = one frame before

oocytes and its role in etiology of maternal age-related aneuploidy
(reviewed in refs. 9, 16, 24 and 25). In mitosis, SAC was shown
to be extremely efficient, delaying anaphase until all kinetochores
are aligned on metaphase plate, and even one single unattached
kinetochore is able to block the cell cycle progression.”® Although
it seems that the attachment of chromosomes to spindle microtu-
bules is sufficient for switching SAC off and the kinetochore ten-
sion is sensed by attachment correcting mechanisms, it is likely
that both mechanisms are linked by several key players partici-
pating in both processes.15>2(”27 From previous studies, we have
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strong evidence that SAC in mouse oocytes is essential for faith-
ful chromosome segregation and its abolition, by depleting Bubl,
has catastrophic consequences, including precocious APC activa-
tion and chromosome missegregation and resulting in extensive
aneuploidy.11 But we also know that unaligned chromosomes,
both univalents and bivalents, in meiosis I are well tolerated (see
refs. 16, 17, 28 and 29 and Fig. 4B ). These data, together with
our results, strongly suggest that attachment of the chromosomes
to the spindle microtubules is sufficient for entering anaphase in
mammalian oocytes. This is consistent with the hypothesis that
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SAC is fully functional in mammalian oocytes, even in the situa-
tion when oocytes are isolated from aged animals or interspecific
hybrids. We can specu|ate that in those cells, the high frequency
of aneuploidy is due to the absence or failure of mechanisms cor-
recting chromosome attachment errors, which are in somatic
cells closely cooperating with SAC activity.

Materials and Methods

Mice strains. CD1 mice were purchased from Velaz, Czech
Republic at the age of 6 weeks and then aged naturally.
Mus spretus were obtained from Jaroslav Pialek, Institute of
Vertebrate Biology, AS CR. F| hybrids resulted from mating
Mus musculus C57BL/6 females (purchased from Anlab) and
Mus spretus males. All animal work was conducted accord-
ing to Act No 246/1992 Coll., on the protection of animals
against cruelty under supervision of Central Commission for
Animal Welfare, approval ID 018/2010.

Oocyte culture and microinjection. GV-stage oocytes were
harvested from ovaries in M2 medium (Sigma-Aldrich) con-
taining 200 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-
Aldrich). After releasing from surrounding cumulus cells, oocytes
were cultured in drops of M16 medium (Millipore) supplemented
with IBMX and covered with mineral oil (Sigma-Aldrich) at
37°C in the presence of 5% CO,. Microinjection was performed
in M2 with IBMX. mRNAs for microinjection were prepared by
in vitro transcription of plasmids containing ORFs of mouse his-
tone H2B, B-tubulin 2a and securin. Oocytes were microinjected
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with I-10 microinjector (Narishige) with mixture of up to three
different mRNAs into the cytoplasm. Microinjection was per-
formed on Leica DM IL inverted microscope equipped with N
PLAN 5 x /0.12 and HI PLAN 120 x /0.3 objectives‘ Oocytes
were matured in M16 medium without IBMX at 37°C in the
presence of 5% CO,. In some experiments, oocytes were cultured
in the presence of 0.04 pg/ml nocodazole (Sigma-Aldrich) in the
culture media.

Kinetochore counting assay. This method was adapted
from reference 19. After 18 h of maturation, MII-stage oocytes
were incubated in M16 containing 100 WM monastrol (Sigma-
Aldrich) at 37°C and 5% CO,. Zona pelucida and polar body
were removed in Tyrode’s solution (Sigma-Aldrich), fixation was
performed using 2% paraformaldehyde (Sigma-Aldrich) for 20
min and cells were stained with human anti-centromere antibody
(HCT-0100, 1:500, Immunovision) and Alexa Fluor 488 goat
anti human secondary antibody (A11013, 1:500, Invitrogen, Life
Technologies). Cells were mounted into Vectashield with Dapi
(H-1200, Vector Laboratories) and finally scanned by Leica SP5
confocal microscope equipped with HCX PL APO 40 x /1.3 OIL
CS objective. For detection of DAPI and Alexa Fluor 488 we
used excitation wavelengths 405 nm and 488 nm and AOBS and
AOTFE filter system. By choosing appropriate Z resolution the
optimal coverage of the whole cell volume was achieved.

Chromosome spreads. Chromosome spreads from MI-stage
oocytes were prepared as described previously.!'** Oocytes were
matured for 7.5 h. Only oocytes that achieved GVBD within 1.5
h after IBMX removal were used and matured subsequently for
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additional 6 h. Spreads were stained with antibody against cen-
tromere (HCT-0100, 1:500, Immunovision). Primary antibod-
ies were detected by Alexa Fluor 594 goat anti human (A11014,
1:500, Invitrogen, Life technologies). Slides were mounted into
Vectashield containing DAPI (H-1200, Vector Laboratories)
and scanned with Leica SP5 confocal microscope with AOBS
equipped with HCX PL APO 40 x /1.3 OIL CS objective. For
detection of DAPI and Alexa Fluor 594 excitation wavelengths
405 nmand 561 nm were used. Some of the spreads were scanned
using Leica AF6000 inverted fluorescence microscope equipped
with HC PL APO 20x/0.7 IMM CORR CS and HCX PL APO
100 x /1.4-0.7 OIL objectives.

Live imaging. 1-2 h after microinjection oocytes were trans-
ferred to Leica SP5 confocal microscope equipped with EMBL
stage incubator and HCX PL APO 20 x /0.7 IMM CORR .
and HCX PL APO 40 x /1.3 OIL CS objectives. For excitation
405, 488, 514 and 561 nm wavelengths were used. Fluorescently
tagged proteins were detected with internal PMTs or HyDs.
9-13 Z-stacks were captured every 10-15 min for 18 h. Labeled
chromosomes were tracked with Leica High Content Screening
Automation software.

Analysis of data. Mean and standard deviation values were cal-
culated using MS Excel, statistical significance of the differences

between groups were tested using paired and unpaired Student’s
t-test (GraphPad Prism software for Macintosh). Time-lapse
experiments were analyzed using Image] (http://rsbweb.nih.gov/
ij), Imaris (www.bitplane.com) or Huygens (www.svi.nl/tiki-
index.php?page=HomePage) software.
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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 | and observed whole nondisjoined bivalents
in meiosis Il 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-

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, Musmus-
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culusand M. retus[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.

Materialsand 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-1xB6D2F1 female mice were obtained from a cross between
CD-1 female and B6D2F1 male (Anlab). M. soreusmice (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 puM 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, 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
IBMLX, 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,
B-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, for 2-3 h
prior to live cell imaging.

Live Cel Imaging

Oocytes were transferred to a Leica SP5 confocal microscope
equipped with an EMBL incubator, allowing time-lapse experi-
ments in 5% CO, at 37°C [Sebestova et al., 2012]. Excitation wave-
lengths 458, 514 and 561 nm, HCX PL APO 40x/1.1 water objec-
tive (NA 1.10), and hybrid detectors were used for the detection of
CFP, Venus, and mCherry fluorescently tagged proteins.

2 Cytogenet Genome Res
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Chromosomal Spreadsand Immunofiuorescence

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 3mM 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 x 100/1.4 0.7 oil objective, Leica Microsystems DFC365FX
camera, Leica A, GFP, and dsRed filter cubes.

Cold-Sable Microtubules

If not stated otherwise, all chemicals were derived from Sigma
Aldrich, and protocols from Lane et al. [2012], Kovacovicova et al.
[2016], and Chmatal 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 a-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 63x/1.4 oil objective, ex-
citation wavelengths 405, 488, and 561 nm and hybrid detectors
were used.

ImageAnalysisand Satigical Analyss

Data analysis was performed using Image] (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 ¢ test or Mann Whitney test for quantitative data and x*
test for categorical data.

Results

Congresson Defectsin Meioss| Are Transormed

into a Srugde to Segregate Chromosomesduring

Anaphase

We previously reported that oocytes from M. muscu-
lusand M. pretushybrids 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 B-tubulin fused to different fluorescent pro-
teins. Oocytes were then matured, and the combination
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Fig. 1. Congression defects causing delays in polar body extrusion.
A Pictures from the time-lapse experiment showing the first mei-
otic division in CD-1 and hybrid oocytes. Histone H2B is visual-
ized by mCherry fluorescent tag and is presented in red, 3-tubulin
fused with Venus fluorescent tag is shown in green. Scale bars, 10
pm. B The separation of the chromosomal mass is delayed in hy-

of fusion proteins allowed a simultaneous monitoring of
chromosome movement, assembly, and movement of the
spindle and activation of anaphase promoting complex
(APC/C) in each cell individually. We confirmed our pre-
vious results [Sebestova et al., 2012] showing that the con-
gression is significantly affected in hybrid oocytes
(Fig. 1A). From the time-lapse imaging it was obvious
that the actual chromosome segregation during anaphase
and also the formation of the first polar body takes longer
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brids. Time point zero represents the first frame in which the vis-
ible separation of chromosomal masses was observed. Histone
H2B was visualized as in A. Scale bars, 10 um. CThe total time from
anaphase to extrusion of the first polar body (PBE) is significantly
(p < 0.0001) different in hybrids (n = 19) compared to CD-1 (n =
23) oocytes.

in hybrid oocytes compared to CD-1 oocytes (Fig. 1B).
Whereas the control oocytes separate chromosomes into
2 resolved DNA masses with the spindle still located al-
most entirely inside the cell and extruding the polar body
(PB), the hybrid oocytes struggle to complete division of
their chromosomes. Subsequently, PB extrusion takes
significantly longer, while chromosomes are being en-
trapped between the oocyte and the PB. Measuring the
time interval between the initiation of chromosomal
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Fig. 2. Unattached kinetochores in hybrid oocytes. A Example of
permanently attached and unattached kinetochores in CD-1 and
hybrid oocytes 6.5 h post germinal vesicle breakdown (GVBD),
when oocytes are in metaphase I and have fully developed a bipo-
lar meiosis I spindle. DNA is shown in blue, a-tubulin in green,
and kinetochores in red. Scale bars, 10 um. B Scoring of attached
(dark gray) and unattached (light gray) kinetochores in CD-1 (n=
160) and hybrid (n = 200) oocytes. Data are from 2 independent
experiments, differences are significant (p< 0.0001). CDuration of
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the first meiotic division, measured as time from GVBD to ana-
phase onset in CD-1 (n = 23) and hybrid (n = 19) oocytes. Both
intervals are similar (p = 0.1291). D The progression of meiosis I
divided into 2 intervals - before and after APC/C activation. The
onset of APC/C activity is marked by initiation of securin destruc-
tion, therefore we consider the interval with the highest securin
signal (Sec max) as the time point when the APC/C becomes acti-
vated. The cells are the same as in C. The APC/C is activated sig-
nificantly earlier in hybrids (p < 0.0001).
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Fig. 3. Occurrence of closely positioned bivalents in meiosis II
spreads in hybrid oocytes. A Chromosomal spreads from CD-1
(upper panel) and hybrid (lower panel) MII oocytes. DNA (red) is
visualized by DAPI and kinetochores (green) by antibody staining
against centromeres (CREST). Scale bars, 10 um. BScoring of pres-
ence of closely attached univalents in CD-1 (n = 92) and hybrid
(n=120) oocytes. Both groups contain univalents, and 30% of hy-

DNA separation and PB extrusion (Fig. 1C) showed that
in CD-1 oocytes this process takes on average 24.35 min
in contrast to hybrid oocytes where the same event takes
significantly longer, on average 95.56 min.

Congresson Defectsin Hybrid OocytesAre

Accompanied with Unattached Kinetochores

Congression of chromosomes on the equatorial meta-
phase plate requires bipolar attachment of microtubule
bundles to the sister kinetochores [Simunié and Toli¢,
2016]. To analyze whether the kinetochores in hybrid oo-
cytes that are characterized by congression defects are
correctly attached to the spindle microtubules, we cul-
tured oocytes for 6.5 h after GVBD and then used cold
shock treatment for destabilizing microtubules, which
are only temporarily attached. After cold shock, cells were
fixed and subsequently chromosomes, kinetochores, and
the spindle apparatus were labeled (Fig. 2A). Scanning of
fixed cells using a confocal microscope allowed assessing
which kinetochores are still attached to the microtubules.
Our scoring showed that in control oocytes, which were
in these experiments isolated from CD-1xB2D6F1 hybrid
animals, virtually all kinetochores at 6.5 h were already
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brid MII oocytes contain also at least 2 univalents positioned as
bivalents. C Scoring of chromosomal spreads obtained from MII
oocytes (cells are identical as in A) from young (n = 120) and old
(n=81) hybrids. The frequency of closely positioned univalents is
significantly lower in eggs from elder animals than from young
mice (***p=0.035).

permanently attached to the spindle microtubules. In oo-
cytes from hybrid animals on the other hand, 18.5% of
kinetochores lacked connection to the microtubules at
the same interval (Fig. 2B). It is, however, important to
mention that the vast majority of the bivalents lost the
connection only unilaterally, and their attachment to the
spindle by the remaining kinetochore pair was still pre-
served. The interval 6.5 h post GVBD was selected be-
cause we anticipated that at this time all kinetochores al-
ready acquired their permanent attachment and the SAC
is silenced [Sebestova et al., 2012]. The APC/C activation
could be monitored by measuring the destruction of its
substrates. Since in these experiments we co-injected se-
curin as an APC/C substrate, we were able to detect
whether the interval we used for scoring attachment was
after APC/C activation and therefore after silencing the
SAC. Similarly to our previous results [Sebestova et al.,
2012], the length of meiosis I between CD-1 and control
oocytes was not different (Fig. 2C), and although we
found that the activation of APC/C in hybrid oocytes was
significantly advanced compared to CD-1 oocytes
(Fig. 2D), the APC/C in both cases at 6.5 h was already
active, indicating that the SAC was also silenced.
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Fig. 4. SMC3 levels are higher on chromosomes from hybrid oo-
cytes. A Chromosomal spreads from CD-1 and hybrid oocytes
(both 12-22 weeks old) prepared 6 h post germinal vesicle break-
down stained for DNA (DAPI, gray) kinetochores (CREST, red),
and cohesin (SMC3, green). Scale bars, 10 pum. BQuantification of
SMC3 levels on chromosomal arms in CD-1 (n = 27) and hybrids
(n = 33). The SMC3 level is significantly higher in hybrid MI oo-

Hybrid Oocytes Frequently Harbor Nondigoined

Bivalentsin Meiogsl!|

During anaphase I, activated separase destroys cohes-
ins distal to chiasmata causing separation of homologous
chromosomes which are then segregated between the oo-
cyte and the first PB [Kudo et al., 2006]. In case of non-
disjunction, both univalents co-segregate to the same cell;
in most cases, however, the connection between homolo-
gous chromosomes is lost during anaphase. To our sur-
prise, in hybrid oocytes we frequently observed closely
positioned univalents resembling bivalents in meiosis I
(Fig. 3A). Although we were unable to detect a SMC3 co-
hesin subunit on the arms of such chromosomes (data not
shown), it seemed unlikely that their position was ran-
dom. The spreads prepared from CD-1 oocytes did not
contain such chromosomes whereas in hybrid oocytes

6 Cytogenet Genome Res
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cytes (p < 0.0001). Data are collected from 2 independent experi-
ments; each value is normalized to the background. C Representa-
tive chromosomal spreads from young (6-10 months) and old
(14-20 months) hybrid mice. The staining is the same as in A. Scale
bars, 10 um. D The SMC3 level is reduced (p < 0.0001) in oocytes
obtained from older animals (n = 34) in comparison to young hy-
brids (n = 33).

30% of cells had one or more univalent pair arranged as
bivalents (Fig. 3B).

It is generally accepted that the frequency of chromo-
some segregation errors and aneuploidy in oocytes in-
creases with maternal age [Eichenlaub-Ritter, 2012;
Nagaoka et al., 2012; Jones and Lane, 2013; Herbert et al.,
2015]. To test whether the occurrence of true nondis-
joined chromosomes is dependent on maternal age, we
compared hybrid oocytes from Figure 3B, obtained from
3- to 4.5-months-old animals, with hybrid oocytes iso-
lated from 15- to 22-months-old animals (Fig. 3C). This
comparison revealed that the true nondisjunction de-
scribed here shows an opposite trend; the frequency of
this phenomenon is reduced with maternal age (30%
in oocytes from young animals versus 12% in oocytes
from aged animals). We were not able to detect a SMC3
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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. 4A) showed that oocytes from hy-
brids had significantly higher levels of this protein during
meiosis I (Fig. 4B). 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. 4C) showed
that the levels of SMC3 are reduced during maternal aging
to the levels similar to young CD-1 ( Fig. 4D).

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. musculusand M. gorefusto 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 [Chmatal 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-
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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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