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Abstract

During fertilization, a human embryo needs to inherit precisely one copy of each chromosome from
both parents. However, human eggs frequently carry an incorrect number of chromosomes, they are
aneuploid. Aneuploidy is the leading cause of aberrant embryonic development, resulting in
miscarriages and genetic disorders such as Down syndrome. Early cytogenetic studies have shown that
aneuploidy rates during meiosis differ for individual chromosomes. The reasons for variable
aneuploidy rates are unknown. In this thesis, | used live-cell and super-resolution microscopy to
investigate the behaviour of chromosomes with high and low aneuploidy rates in both human and
porcine oocytes. In particular, | tested three different hypotheses for the origin of variable aneuploidy
rates. First, | studied whether the precise architecture of the chromosomes affects their segregation
behaviour. Second, | investigated whether chromosomes differ in how they interact with the
microtubule spindle, the machinery which segregates the chromosomes during both meiosis | and
meiosis Il. Third, | investigated whether differences in chromosome cohesion biases subsets of
chromosomes towards aneuploidy. Together, my results identify several reasons for the high
aneuploidy rates of subsets of chromosomes, and reveal a new factor that contributes to chromosome-

specific aneuploidy in meiosis.
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Introduction

1. Introduction

1.1Sexual reproduction
Life starts with the fusion of an egg and a sperm into a single cell. This cell then undergoes multiple
divisions and eventually gives rise to all the cells of the new organism (Clift & Schuh, 2013). The two
gametes contribute an equal amount of genetic materials. Thus, they both must contain half the
genetic materials compared to all the other cells. This makes gametes a unique type of cell that needs
to undergo a specialized division that leads to the reduction of chromosomes. This division is called

meiosis (Herbert et al., 2015).

1.2Mammalian oogenesis
Meiosis generates haploid gametes from diploid precursor cells. In females, the precursor cells are
called oocytes (Herbert et al., 2015). Oocytes are differentiated from primordial germ cells (PGCs).
PGCs undergo multiple mitotic divisions to produce oogonia, which continue to divide multiple times
without completing cytokinesis (Wang & Pepling, 2021). Thus, the cells remain connected through
intracellular bridges, forming clusters (Syncytia) known as germ cell nests (Gershon & Dekel, 2020;
Pepling & Spradling, 1998). Meiosis in mice starts at 13.5 days post coitum (dpc) (Bullejos & Koopman,
2004). Oogonia advance through prophase | to form the oocytes. During prophase |, the oocytes
undergo the process of recombination and pairing of homologous chromosomes and subsequently
arrest at the diplotene stage of prophase until puberty (Rojas et al., 2015). This prolonged resting phase
is called dictyate arrest (Sanchez & Smitz, 2012). Homologous chromosomes remain physically paired
during this period. Oocytes are surrounded by one layer of somatic cells at this stage, forming the
primordial follicles. The majority of primordial follicles eventually undergo programmed cell death

(Gershon & Dekel, 2020). The remaining follicles are generally thought to constitute the total number



Introduction

of oocytes available to the female throughout the reproductive lifespan (Rojas et al., 2015; Sanchez &

Smitz, 2012; Wang & Pepling, 2021).

Primordial follicles are activated in cohorts to initiate folliculogenesis and eventually develop into
primary follicles. The surrounding somatic cells, called granulosa cells accompany this transition with
morphological changes and become cuboidal (Gershon & Dekel, 2020). Primary follicles have a single
layer of granulosa cells, grow in size, and eventually give rise to secondary follicles (Sanchez & Smitz,
2012). Each secondary follicle contains a growing oocyte and has at least two layers of granulosa cells,
which exhibit an upregulated hormonal receptor expression (Rojas et al., 2015). Follicular development
until the preantral stage is independent of hormonal stimulation and rather driven by intraovarian
factors and bidirectional communication between the oocyte and the somatic cells (Gershon & Dekel,
2020; Rimon-Dahari et al., 2016; Rojas et al., 2015; Sanchez & Smitz, 2012). In preantral stages,
granulosa cells proliferate at high rates and give rise to a multi-layer follicle, followed by an increase in
the follicle size and the appearance of a cavity. The fluid-filled cavities that appear are finally united to

form the antrum (Gershon & Dekel, 2020).

Antral development is initiated and characterized by the differentiation of the granulosa cells into
cumulus and mural cell compartments (Sanchez & Smitz, 2012). The oocyte is now fully competent to
resume meiosis. Progression of the cells through the antral stages is dependent on the pituitary-
secreted gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH). FSH is crucial
for the antral development and induces the expression of LH receptors, which will allow the follicles
to respond to LH hormone. LH is important for initializing ovulation (Rimon-Dahari et al., 2016). Antral
follicles expressing a high concentration of LH receptors react to hormonal signal and transform into
the preovulatory/Graafian follicle (Gershon & Dekel, 2020; Rimon-Dahari et al., 2016; Rojas et al.,

2015). Preovulatory follicles with fully grown oocytes can undergo ovulation and extrude the oocyte
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after the hormonal stimulation (Gershon & Dekel, 2020; Sanchez & Smitz, 2012). The hormonal
stimulation happens once every menstrual cycle and the oocytes turn into fertilizable eggs (Clift &
Schuh, 2013). During the oogenesis period, oocytes synthesize and accumulate all the necessary RNAs
and proteins that are crucial for their growth and the development of preimplantation embryos

(Sanchez & Smitz, 2012).

Gn-independent Gn-responsive Gn-dependent

A A A
4 A4 \'el

Saedilel,
taser,

Primordial Primary Secondary Preantral Antral

Figure 1: Mammalian oogenesis

Schematic representation of the development of the primordial follicles to fully grown oocytes. The image
presents the relative size of the follicle and the Gonadotropin dependence. Adapted from (Orisaka et al., 2009)

1.3 Homologous chromosome pairing
To achieve a reductional division, the homologous chromosomes from the different parental origins
have to pair with each other in gametes (Herbert et al., 2015). Pairing is a consequence of meiotic
recombination which happens during prophase |. Meiotic recombination is initiated by the formation
of double-strand breaks (DSB) and the recruitment of DNA repair proteins to the recombination foci.
DSB repair can result in either the formation of crossovers or noncrossovers (Herbert et al., 2015).
Noncrossovers result only in local gene exchange and do not connect the homologs. In contrast,

crossovers result in the exchange of the chromatid arm region that is distal to the crossover site
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between the two homologs (MacLennan et al., 2015). Crossovers serve two purposes: 1) they increase
genetic diversity and 2) they form a physical linkage between the two parental homologs. The linked
homologs form a structure named bivalent (MacLennan et al., 2015). Bivalents remain connected by
the formation of chiasmata until the completion of meiosis I. They are stabilized by arm cohesion from
the chromosome parts that have not undergone exchange (Herbert et al., 2015; MaclLennan et al.,

2015; Petronczki et al., 2003).

1.4 Meiosis
Meiosis begins with the replication of DNA; as a result, the oocyte contains four chromatids, two of
maternal origin and two of paternal origin. The four chromatids must be distributed in four different
cells in order to obtain a haploid gamete in the end. For that, meiosis is composed of two sequential
divisions, without an intermediate DNA replication. Previously paired homologous chromosomes
separate during the first meiosis (Meiosis 1) (Petronczki et al., 2003). Arm cohesion that maintains the
bivalents together is dissolved during anaphase | and half of the chromosomes are extruded as the first
Polar Body. The second meiosis follows with equatorial segregation of sister chromatids, with half of
them extruded in the second Polar Body (Meiosis Il) (Clift & Schuh, 2013). Meiosis Il is arrested at

metaphase and resume only if fertilization occurs (Clift & Schuh, 2013).

For accurate segregation of chromosomes during meiosis |, it is important that the sister kinetochores
of each homolog are oriented side by side, towards the same pole. Mono-orientation is unique to
meiosis | and is essential for the reductional division. In contrast, in meiosis Il, chromosomes have a
“mitosis-like” configuration with the sister kinetochores biorienting and interacting with microtubules

from different poles (Herbert et al., 2015; Petronczki et al., 2003).

10
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Figure 2: Meiosis in mammalian oocytes

Meiosis is composed of two sequential divisions. In meiosis |, homologous chromosomes pair together to create
the bivalents. Sister chromatids orient towards the same spindle pole and the homologous chromosomes separate
during anaphase. Half of the chromosomes are extruded in the first polar body. The cell subsequently arrests in
meiosis Il. Resumption of the second meiosis will happen only if fertilization occurs. In meiosis Il, the sister
chromatids orient towards the opposite poles and separate from each other during anaphase Il. (Based on an
illustration by Melina Schuh).

At the molecular level, oocytes are maintained in the dictyate arrest by high levels of cyclic AMP
(cAMP). During this arrest, they possess an intact nucleus known as the germinal vesicle (GV) (Rojas et
al., 2015). At the beginning of meiosis, LH induces the breakdown of intracellular junctions between
the granulosa cells and the oocyte. As a consequence, there is a reduction in the levels of cAMP and
the M-phase kinase, Cdk1, is activated. The resumption of meiosis is marked by nuclear envelope
breakdown (Rojas et al., 2015; Sanchez & Smitz, 2012). The meiosis | spindle is assembled and migrates
to the oocyte cortex by an actin-dependent mechanism (Schuh & Ellenberg, 2008). Upon the
completion of meiosis | and polar body extrusion the oocyte immediately enters meiosis Il. In meiosis
II, maturation promoting factor (MPF) is maintained at stable level and the oocyte arrests at
metaphase Il. The arrest is maintained by Emi2, which inhibits the anaphase-promoting
complex/cyclosome (APC/C) (Clift & Schuh, 2013). The inhibition prevents parthenogenetic activation
and the creation of an embryo without contribution of paternal genome (Rojas et al., 2015). While the

11
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oocyte matures the follicle ruptures and the egg is released into the oviduct (Clift & Schuh, 2013). In
the oviduct, the oocyte resumes meiosis Il only if it is fertilized by a sperm. Sperm entry induces an
increase of free Ca?* which activates the calcium-calmodulin Protein Kinase Il (CaMKIl) and release

Emi2 from inhibition after Emi2 phosphorylation (Clift & Schuh, 2013; Rojas et al., 2015).

1.5 Roles of cohesin in meiosis | and Il
In meiosis |, cohesin localizes to the centromeric region of sister chromatids as well as along the
chromosome arms. Apart from mitotic cohesins, there are also meiosis-specific cohesins, like REC8
(Ishiguro, 2019). To complete meiosis |, REC8 has to be cleaved from the chromosome arms to allow
the resolution of chiasmata and separation of homologs. However, it is necessary to be retained in
between kinetochores, so that the sister chromatids remain connected (Ishiguro, 2019; Webster &
Schuh, 2017). Cohesin is removed by separase-mediated cleavage in both meiosis and mitosis (Kudo
et al., 2006). In meiosis phosphorylation of Rec8 makes it more susceptible to cleavage. In mice, this is

mediated by Polo-like kinase (PLK1) (Ishiguro, 2019).

1.5.1 Shugoshin 2 protects centromeric cohesin
Centromeric REC8 has to be intact until meiosis Il. To this end, it is protected from separase-mediated
cleavage during anaphase | and eventually cleaved during anaphase I, in case of fertilization and
resumption of meiosis Il. The guardian of centromeric REC8 is the family of Shugoshin proteins
(Ishiguro, 2019; Kitajima et al., 2004). More specifically, Shugoshin2 (SGO2) forms a complex with PP2A
to protect centromeric REC8 cohesin from separase-mediated cleavage during meiotic anaphase |
(Llano et al., 2008). Loss of SGO2 in mice results in premature release of REC8 from the centromeres

and failure to keep sister chromatids together (Llano et al., 2008).

12
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Apart from maintaining sister chromatids together, accumulating data suggest that REC8-mediated
sister chromatid cohesion plays a crucial role in orienting the sister kinetochores towards the same
pole in meiosis I. The geometric restriction of REC8 helps the sister kinetochores to take the side-by-

side configuration (Ishiguro, 2019).

1.6 Kinetochores drive chromosome segregation
To ensure accurate chromosome segregation the cells need a machinery that fulfills the following
criteria: 1) Recognizes each chromosome separately, 2) physically connects each chromosome to the
segregation machinery 3) generates force to ensure the proper movement of the chromosome in the
cellular space (Cheeseman, 2014). In eukaryotes, all the above functions are mediated through a
macromolecular structure called the kinetochore. More than 100 proteins are part of the kinetochore

structure (Nagpal & Fukagawa, 2016).

Each chromosome has a specific region, which is termed the centromere on which the kinetochore is
assembled. Centromeres are defined by a Histone H3 variant that is called CENP-A. CENP-A remains
associated with chromosomes throughout the cell cycle, even during DNA replication, and new CENP-

A is only placed on sites that CENP-A already exists (Palmer et al., 1987).

1.6.1 Kinetochore structure
The kinetochore structure is composed of three different layers: 1) the inner kinetochore which
connects to the DNA and forms the platform to build the other kinetochore layers 2) the outer
kinetochore which interacts with microtubules and 3) the regulatory part, which is composed of
proteins that monitor kinetochore activity and interactions with microtubules (Cheeseman, 2014).
Many kinetochore proteins are evolutionary conserved and they have a similar assembly pathway in

different species (Maiato et al., 2004). Furthermore, many studies show that kinetochores are not

13
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formed in a linear pathway, but multiple pathways are involved to coordinate their assembly (Nagpal

& Fukagawa, 2016).

The kinetochore is a highly dynamic structure that assembles and disassembles during the cell cycle
(Cheeseman, 2014). In human cells, only a small number of the kinetochore proteins remain connected
to the centromere throughout the cell cycle. This group of proteins are called constitutive centromere-
associated network—CCAN (Cheeseman & Desai, 2008; Nagpal & Fukagawa, 2016). The rest of the
proteins are recruited to the centromere only in late G2 or in prophase and remain there till anaphase.
After anaphase onset, the majority of the proteins dissociate from the kinetochore (Cheeseman &
Desai, 2008; Maiato et al., 2004). One of the important players of the inner kinetochore is the protein
CENP-C, which is involved in the recruitment of a large number of proteins at the kinetochore
(Cheeseman & Desai, 2008; Liu et al., 2006). CENP-C and also Aurora B pathways specify the size and
dimension of the kinetochore plates. CENP-C depletion can lead to small-size kinetochores with an

altered-size outer plate (Liu et al., 2006).

The outer plate of the kinetochore is responsible for the interactions of kinetochore with microtubules.
The key player that directly interacts with microtubules is NDC80, which forms a tetramer and has a
rod-shaped structure (Ciferri et al., 2008). Another important protein that directly interacts with
microtubules is the kinesin CENP-E. CENP-E interacts with microtubules laterally and plays a role in

chromosome congression (Cheeseman, 2014).

14
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Skat
complex

Microtubule

Figure 3: Kinetochore organization in mitosis

The structure of the different layers of the kinetochore is depicted in the image. The kinetochore is composed of
a total of more than a hundred proteins but only some key components are shown in the image. Adapted from
(Cheeseman, 2014).

1.6.2 Types of kinetochore-microtubules interactions
To ensure faithful segregation of chromosomes to the two daughter cells, it is important to establish
stable kinetochore-microtubule attachments. A typical microtubule (composed of 13 protofilaments)
interacts with the kinetochore and generates forces to direct chromosome movement. In a stable
kinetochore-microtubule attachment, the microtubule plus-end is directly embedded in the
kinetochore and the attachment is called “end-on” (Cheeseman, 2014; Cheeseman & Desai, 2008).
Kinetochore can directly influence microtubule dynamics by controlling the polymerization status.
Kinetochore proteins can directly promote or inhibit the polymerization of the microtubules

(Cheeseman, 2014).

Initial interactions of microtubule and kinetochore are mediated by lateral attachments in the
prometaphase rosette (Itoh et al., 2018). They are driven by microtubule motor-dependent forces,

15
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mainly from CENP-E (Craske & Welburn, 2020). The main role of CENP-E is to bring unattached or
mono-oriented chromosomes from the poles to the central region of the spindle (Kapoor et al., 2006).
Thus, lateral attachments are an important intermediate step for chromosome bi-orientation and

alignment (Itoh et al., 2018).

Apart from the aforementioned interactions, a number of incorrect attachments can occur.
Kinetochores can fail in establishing an attachment and remain “unattached” from one or both sides.
Also, kinetochores can interact with microtubules from both spindle poles at the same time and form
a “merotelic attachment”. If unattached kinetochores or incorrect attachments persist during
anaphase onset, this will lead to errors during chromosome segregation. For that, the cells need

mechanisms to detect and correct them (Cheeseman, 2014).

Meiosis | Meiosis Il
Bivalents Chromosomes
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o] *P "
:
i
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5
£
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>
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5
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©
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[
=

Figure 4: Types of kinetochore-microtubule attchments

In meiosis |, homologous chromosomes pair and sister kinetochores orient towards the same spindle pole. In
meiosis Il, chromosomes have a mitosis-like configuration and the sister kinetochores are facing the opposite
poles. The illustration depicts the different ways that kinetochores interact with the microtubules. The desired
attachment for correct chromosome segregation is the end-on attachment. Lateral and merotelic attachments
as well as unattached chromosomes can lead to chromosome segregation errors.
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1.6.3 Regulation of kinetochore-microtubule attachment
One of the key regulatory players of kinetochore-microtubule attachments is the kinase Aurora B.
Aurora B localizes to the inner centromere and eliminates incorrect kinetochore-microtubule
attachments by phosphorylation. This correction is tension-sensitive and is based on phosphorylations
of the outer kinetochore substrates. Aurora B resets the kinetochore as unattached such that new
attachments can form (Cheeseman, 2014; Touati & Wassmann, 2016). The tension-sensitive model
suggests that the force that is created when the chromosome is bioriented separates Aurora B from
the outer kinetochore substrates. This makes the outer parts of the kinetochore less accessible to
Aurora B and decreases the chances of being phosphorylation (Cheeseman, 2014; Lampson &
Cheeseman, 2011; Touati & Wassmann, 2016). The spatial separation explains how the kinase
distinguishes between bioriented chromosomes and chromosomes attached to microtubules from the

same pole (Lampson & Cheeseman, 2011).

1.6.4 Spindle assembly checkpoint (SAC)
Correct chromosome segregation depends on the establishment of correct attachments before
anaphase onset. Thus, the cell needs a mechanism to delay the progression into anaphase until all the
chromosomes are properly attached. This is achieved via a regulatory mechanism at the outer
kinetochore, the Spindle Assembly Checkpoint complex (SAC) (Cheeseman, 2014; Musacchio &
Salmon, 2007). The SAC complex detects incorrectly attached kinetochores and arrests the cell at
metaphase. The SAC is active on kinetochores in prometaphase and becomes inactivated once all the
chromosomes are correctly attached in mitosis (Musacchio & Salmon, 2007). Once SAC is deactivated
separase is free to cleave cohesin and separate the homologous chromosomes (Musacchio & Salmon,

2007).

17
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1.7 The importance of doing it right
As discussed above the cells have many different ways to regulate and monitor the process of division
and correct chromosome segregation. Having the correct number of chromosomes is important for
the health of every cell. Moreover, it is crucial to produce healthy gametes as errors that arise during
meiotic division will be inherited by the whole new organism. Cells that do not contain the correct
number of chromosomes are aneuploid (Webster & Schuh, 2017). Despite the necessity of doing it
right, oocytes are surprisingly error-prone. Aneuploid oocytes will lead to miscarriages or embryos with
severe congenital abnormalities (Hassold & Hunt, 2001). It is currently routine for fertility clinics to
monitor the development of the embryos. From those data, we now know that roughly ~50% of the
human embryos develop until the blastocyst stage, and only ~50% of those implant into the uterus

(Thomas et al., 2021).

1.7.1 Oocytes from young females are error-prone
Oocytes are produced during fetal development and remain in dictyate arrest for many years before
they resume meiosis. This can last from ~12 to ~45 years, meaning from the start of puberty until
menopause. Numerous studies have reported that oocytes from women of older age are more often
to be aneuploid (Nagaoka et al., 2012). However, we now know that even oocytes from younger
women often contain errors. It is estimated that women in their 20s have 25% of eggs being aneuploid,

and this increases to up to 50% with age (Gruhn et al., 2019; Wartosch et al., 2021).

1.8 Types of errors in meiosis |
The aim of meiosis | is to separate the two homologs from each other. The oocyte has 4 chromatids
and after the completion of meiosis |, either the maternal or paternal copy of chromosomes should

remain in the egg, while the other half will be extruded to the Polar Body (outcome 2:2). However, this

18
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is not always happening correctly and 3 different types of errors can occur in meiosis | (Nagaoka et al.,

2012; Wartosch et al., 2021).

1.8.1 MI Non-disjunction (MI-NDJ)

The first type of error happens when the bivalent fails to segregate into two parts after meiosis I. Thus,
both homologs segregate to the same pole— either to the oocyte or to the polar body (outcome 4:0)
(Wartosch et al., 2021). This can be an outcome of chromosome misalignment in the spindle. When
the bivalent is not properly aligned in the equator before anaphase onset, spindle microtubules fail to
separate it into two homologs. Another reason why the homologs may fail to separate is because of

improper chiasmata position (Herbert et al., 2015).

1.8.2 Premature separation of sister chromatids (PSSC)
The second type of missegregation is PSSC, in which the two sister chromatids are prematurely
separated during meiosis |, and the outcome of the segregation is 3:1. The major cause of PSSC is
premature loss of centromeric cohesion in combination with merotelic attachments (Hassold & Hunt,

2001; Wartosch et al., 2021).

1.8.3 Reverse segregation (RS)
The third type of missegregation is the reverse segregation. This happens when one chromatid from
the maternal homolog and one chromatid from the paternal homolog segregate to the same pole
(Ottolini et al., 2015). The outcome of this erroris that 2 chromatids of different parental origins remain

in the same cell (outcome 2:2), which phenotypically maintains the correct number of chromosomes.
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However, the two chromatids are of different parental origins and thus not linked in the centromeric

region, eventually segregate independently at anaphase Il (Gruhn et al., 2019; Wartosch et al., 2021).
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Figure 5: Types of chromosome segregation errors in meiosis |

Correct segregation

Non disjunction

PSEC

Reverse Segregation

For correct segregation in meiosis I, sister kinetochores orient towards the same spindle pole, and each homolog
segregates to a different pole. If the bivalent fails to separate to the correct poles and the 4 chromatids segregate
either to the oocyte or to the polar body, the error is called NDJ. Loss of cohesin in combination with incorrect
attachments can lead to the missegregation of a sister chromatid and give rise to PSSC. Last, if the bivalents orient
in the metaphase plate rotated by 90 degrees and the sister kinetochores are facing opposite poles, then this can
lead to reverse segregation.
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1.9 Types of errors in meiosis Il
Apart from errors in meiosis |, errors can occur in meiosis Il. This will result in the gain or loss of one
chromatid. When the two sister chromatids fail to separate in meiosis Il both will end up at the same
pole. This will lead to MIl non-disjunction (MII-NDJ) (Hassold & Hunt, 2001; Wartosch et al., 2021).
Errors in Ml can either lead to aneuploidy or have a beneficial outcome. The beneficial outcome will
happen only if an error that occurred in Ml, is balanced by a second error in Ml that will bring balance

in the number of chromatids in the cell (Magli et al., 2012).
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Figure 6: Types of chromosome segregation errors in meiosis Il

For correct chromosome segregation in meiosis Il, the sister kinetochores orient towards different spindle poles
and separate one in the oocyte and one in the polar body. Mll non disjunction occurs when the sister chromatids
fail to separate and both of them segregate to the same pole, in the oocyte or the polar body. If reverse
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segregation is happening in meiosis I, then the two non-sister chromatids are not paired in meiosis Il. Because of
that, they interact with the microtubules separately and segregate independently from each other. The
segregation outcome is random and can lead to a segregation error or to a euploid cell.

1.10 Causes of aneuploidy in human eggs
Aneuploidy affects women of all ages. Women in their 20s have around ~25% of aneuploid eggs (Gruhn
et al., 2019). This suggests that human oocytes are intrinsically primed to errors and aneuploidy. In
recent years, the differences of the oocytes to the mitotic cells have been extensively investigated.
Human oocytes are proven to have inherently unstable spindles (Holubcova et al., 2015). Moreover,
they are allowed to progress in anaphase | even if not all chromosomes are correctly attached (Thomas
etal., 2021). Lastly, suboptimal positions of chiasmata can cause weak associations between bivalents

(Webster & Schuh, 2017).

1.10.1 Spindle instability
Unlike mitotic cells and mouse oocytes human oocytes lack microtubule-organizing centers and
nucleate microtubules from chromosomes (Holubcova et al., 2015). Nucleated microtubules undergo
reorganization and eventually assembly into a spindle. However, human oocyte spindles are often
multipolar and unstable. They often undergo repeated spindle remodeling, forming transient apolar
or multipolar spindles (Holubcova et al., 2015). Multipolar spindles promote merotelic attachments
and often chromosomes will remain merotelically attached even after pole clustering in a bipolar
spindle (Holubcova et al., 2015; Silkworth et al., 2009). It was recently identified that human oocytes

lack the KIFC1 protein and this results in spindle instability (So et al., 2022).
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1.10.2 Spindle assembly checkpoint
Accurate chromosome segregation relies on correct kinetochore-microtubule attachments. In mice it
has been observed that kinetochores in meiosis | form incorrect kinetochore-microtubule attachments
and undergo multiple error-correction events (Kitajima et al., 2011). The multipolar spindle
intermediates of human oocyte spindles increase the frequency of missegregation and enhance the
probability of creating erroneous attachments (Holubcova et al., 2015). Cells have developed
mechanisms that sense the incorrect attachments and replace them, and they can also delay the
anaphase onset until all the chromosomes are correctly attached. SAC has been proven to recognize
unattached kinetochores in oocytes. However, it is not as efficient as in mitosis, in which it can delay
anaphase onset even if a single kinetochore is unattached (Touati & Wassmann, 2016). Oocytes are
the largest cells in the human body and it has been shown that the large oocyte cytoplasm is
responsible for the poor response of the mechanism to the signal from unattached kinetochores

(Kyogoku & Kitajima, 2017; Lane & Jones, 2017).

1.10.3 Position of chiasmata
Crossovers are important to hold the bivalents together and ensure the reductional segregation in
meiosis |. Each bivalent should have at least one crossover, but more than one is also possible (Herbert
et al., 2015). It has been observed that 10% of the oocytes have at least one achiasmate bivalent
(Nagaoka et al., 2012) and that bivalents with only one chiasma are at higher risk of missegregation
(Lamb et al., 1996). Chiasmata are held together by arm cohesin. Some positions on the chromosome
arm are less optimal for forming chiasmata and this includes positions in the pericentromeric region
and close to the chromosomes edges (Webster & Schuh, 2017). Chiasmata close to the chromosome
edges have little distal cohesin that holds the chromosomes together. Thus, it is easier to be resolved
because of cohesin loss during the prolonged dictyate arrest. This would result in two separate

univalents aligning on the Ml spindle (Lamb et al., 1996). On the other hand chiasmata close to the
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centromeres are associated with MIl non-disjunction, as its formation close to the centromere will
disrupt centromeric cohesin. This will lead to premature separation of sister chromatids, which will be

randomly segregated during anaphase Il (Hassold & Hunt, 2001; Lamb et al., 1996).

1.11 Causes of age-related aneuploidy in human eggs
Many evidence have shown that chromosome architecture is compromised in oocytes from both
mouse and humans with advanced maternal age (Chiang et al., 2010; Patel et al., 2015; Sakakibara et
al., 2015; Zielinska et al., 2015). The two major problems that arise are the separation of sister
kinetochores and the split of bivalents into two univalents. It is well established now that the protein
complex responsible for the compromised chromosome architecture is the cohesin complex (Chiang
et al., 2010; Hodges et al., 2005). Cohesin is loaded on the chromosomes during early stages of
development and remains there for all the protracted period of the dictyate arrest without being
replenished (Burkhardt et al., 2016; Tachibana-Konwalski et al., 2010). On top of that, the amount of
cohesin on chromosomes declines with increasing female age and the same happens for the

pericentromeric protector of cohesion, Sgo2 (Chiang et al., 2010; Lister et al., 2010).

1.11.1 Sister kinetochore separation
Evidence in mouse oocytes shows that with advanced female age, the distance between the two sister
kinetochores increases (Chiang et al., 2010). Surprisingly in human oocytes, the sister kinetochores has
been shown to separate even in younger women (Patel et al., 2015; Zielinska et al., 2015). Sister
kinetochores are expected to function as a single unit in meiosis I, ensuring the separation of
homologous chromosomes. However, loosely associated sister kinetochores can function
independently and interact separately with microtubules. This makes them more susceptible to

merotelic attachments (Zielinska et al., 2015).
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1.11.2 Bivalents split into univalents
Cohesion loss from chromosome arms can also compromise the integrity of the bivalents. Arm
cohesion stabilizes the chiasmata and holds bivalents together (Petronczki et al., 2003). Loss of
cohesion leads to prominent gaps between the two homologous chromosomes in both aged mouse
and human oocytes. In some cases, it can lead to complete separation into two univalents (Sakakibara
etal., 2015; Zielinska et al., 2015). The univalents will be able to act as two independent units and align

on the spindle in a mitotic way (Kouznetsova et al., 2007; Sakakibara et al., 2015; Zielinska et al., 2015).

1.12 Not all chromosomes are equally affected by aneuploidy
As described in the previous paragraphs there are major differences between oocytes and mitotic cells
that prime the female gametes to aneuploidy. The majority of meiotic errors arise during meiosis |
(Handyside et al., 2012). Even though some errors are detected in meiosis Il, they originated from
errors in meiosis | (Handyside et al., 2012). For example, split sister chromatids in meiosis | can
segregate correctly and give rise to a meiosis Il spindle with correct number of chromosomes.
However, the two sister chromatids will behave as two independent units in meiosis Il and can give

rise to an error. Such an example is Reverse Segregation (Gruhn et al., 2019; Ottolini et al., 2015).

Error types have been shown to be age-dependent. Female fertility follows a U-curve, with the very
young and older women at higher risk of aneuploidy (Gruhn et al., 2019). The most common age-
related error is PSSC, which increases linearly with maternal age (Gruhn et al., 2019; Handyside et al.,
2012). Reverse segregation is also elevated in older women. However, a recent study showed that the

most common error type in younger women is NDJ (Gruhn et al., 2019).

Another important observation is that meiotic errors are also chromosome-dependent (Gruhn et al.,
2019; Ottolini et al., 2015). Even though humans have 23 chromosomes, many cytogenetic studies over

the years have shown that not all 23 chromosomes missegregate at the same frequency. More
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specifically, from cytogenetic studies in the oocytes and the two polar bodies chromosomes 15, 16, 21,
and 22 are the chromosomes with the highest missegregation frequency (Fragouli et al., 2011; Fragouli
etal., 2010; Gabriel et al., 2011; Gruhn et al., 2019; Handyside et al., 2012; Hassold et al., 1996; Ottolini
et al., 2015). Embryo biopsies from different embryonic stages have also shown that the same four
chromosomes (15, 16, 21, 22) are the most commonly missegregated in the embryos (Franasiak et al.,
2014; Nakhuda et al., 2018; Shahbazi et al., 2020). Errors in embryos can be of maternal or paternal
origin or they can result from the first embryonic divisions. Some studies in embryos that assigned the
errors to their parental origin, further indicate that chromosomes 15, 16, 21, 22 are missegregated as
whole chromosomes (Franasiak et al., 2014) and are mainly missegregated to the embryo from the

mother (McCoy et al., 2015; Tsuiko et al., 2021).

Humans have a wide variety of different chromosome morphologies, with different sizes and positions
of the kinetochore. Depending on the position of kinetochore on the chromosome arm, chromosomes
are categorized into four groups: 1) metacentric when the kinetochore is in the middle of the
chromosome arm, 2) submetacentric when the two arms are unequal, 3) acrocentric when it is close
to the edge and 4) telocentric when it is exactly at the distal part of the chromosome ("A proposed

standard system of nomenclature of human mitotic chromosomes (Denver, Colorado)," 1960).

Humans have 17 metacentric and 5 acrocentric chromosomes. The acrocentric chromosomes are 13,
14, 15, 21 and 22. As it can also be seen from the data above chromosomes 15, 21, and 22 are the 3
out of 4 most missegregated chromosomes, and they belong in the group of acrocentric. Acrocentric
chromosomes as a group have been reported as the most missegregated chromosome group in human
meiosis (Franasiak et al.,, 2014; Gruhn et al.,, 2019). Even though a lot of studies indicate that

acrocentric chromosomes are often missegregated the mechanism that this happens is not yet clear.
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Figure 7: Aneuploidy in human oocytes follows a U-curve according to the female age

Human oocytes are significantly aneuploid throughout the reproductive life span of a human. However,
aneuploidy rates peak in very young and older women. This creates a U-shaped curve of aneuploidy in humans
during their reproductive life span. Graph taken from (Gruhn et al., 2019).
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2. Objectives

Aim of manuscript 1

Studies of biopsies in human polar bodies and zygotes have shown that aneuploidy rates differ for
different chromosomes during in human oocytes. Humans have a karyotype with a wide variety of
chromosome morphologies, and current data indicate that the most vulnerable chromosome group is
the acrocentric group. The goal of my PhD is to examine the behaviours of different chromosome
subclasses during meiosis |, and to identify if there is a bias that primes one class of chromosomes to
missegregate more than the other. However, human oocytes are only available in limited numbers.

Therefore, | used porcine oocytes as a model to examine the behaviour of chromosome subclasses.

To this end, | collaborated with another PhD student in our lab (Agata Zielinska) in establishing a way
of labelling the two chromosome groups in porcine cells. Moreover, | identified suitable markers for
labelling different chromosomal regions in porcine oocyte. Then | confirmed that porcine oocytes are
an appropriate system and that the chromosome classes interact with microtubules in the same way
as in the human oocytes. Having established those tools, | was able to perform different types of
imaging assays and to examine the behaviour of chromosomes live, during chromosome alignment,
and during anaphase. Once the differences in behaviour were clear, | examined where those
differences stem from and performed a morphological characterization of the bivalent structure. To
address these questions, | used confocal and light-sheet microscopy for live experiments and super-

resolution techniques such as airyscan confocal and 3D STED microscopy for fixed experiments.
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Aim of manuscript 2

Manuscript 2 was an outcome of another collaboration with my colleague Agata Zielinska. The aim of
her project was to identify how aging affects the centromere and kinetochore architecture and how
those changes impact chromosome segregation. My contribution to the manuscript was to prove that
Trim-Away of REC8 efficiently depletes cohesin in young mice by performing chromosome spreads in
mouse oocytes, and to compare the efficiency of progression through meiosis between young and old

mice. My data are shown in Figs. S2B and S3A-S3C of the manuscript.
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Abstract:

Aneuploidy in human oocytes is a leading cause of miscarriages, infertility and genetic disorders such
as Down Syndrome. Aneuploidy rates during meiosis are highly variable between individual
chromosomes. The reason for this variability is unknown. Here, we show that both in human and
porcine oocytes, acrocentric chromosomes are biased towards high aneuploidy due to their unique
architecture during meiosis I. By devising methods to identify acro- and metacentric chromosomes in
live and fixed oocytes, we demonstrate that acrocentric chromosomes often missegregate during
meiosis | because they are incorrectly attached to spindle microtubules. Incorrect attachments are
linked to local shielding of kinetochores by the small arm of acrocentric chromosomes, which does not
recombine, and hence protrudes from the kinetochore region during meiosis I. This shielding hinders
the formation of end-on kinetochore-microtubule attachments, providing an explanation for

particularly high aneuploidy rates of acrocentric chromosomes during both female and male meiosis.
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Introduction

For embryos to develop properly, they have to inherit the correct number of chromosomes from both
parents. Human eggs frequently contain incorrect number of chromosomes, a condition known as
aneuploidy (Herbert et al., 2015). Aneuploidy in human eggs increases with maternal age and follows
a U-shaped curve that elevates from 25% in women in their early twenties to 50% above the age of 33

(Gruhn et al., 2019).

Aneuploidy in eggs frequently arises from chromosome segregation errors during meiosis |, which is
error-prone in humans (Holubcova et al., 2015). In meiosis |, homologous chromosomes pair with each
other to create a unique structure called the bivalent (Herbert et al., 2015; Webster & Schuh, 2017).
Human oocytes often assemble unstable spindles that lead to chromosome missegregation
(Holubcova et al., 2015). Interestingly, different chromosomes are missegregated at different
frequencies (Gruhn et al., 2019; Ottolini et al., 2015). Humans have 23 chromosomes with different
morphologies, including the size and the position of the kinetochore. Based on the kinetochore
position, we separate the chromosomes into four categories: metacentric, submetacentric, acrocentric
and telocentric ("A proposed standard system of nomenclature of human mitotic chromosomes

(Denver, Colorado)," 1960).

Previous studies looking at segregation of individual chromosomes segregation in human eggs show
that the most commonly missegregated chromosomes are chromosomes 15, 16, 21, and 22 (Fragouli
etal., 2011; Fragouli et al., 2010; Gabriel et al., 2011; Gruhn et al., 2019; Handyside et al., 2012; Hassold
et al., 1996; Ottolini et al., 2015). Chromosome 15, 21, and 22 are characterised as acrocentric

chromosomes.

Similarly, data from embryo biopsies show that the same four chromosomes are the most
missegregated in the embryos (Franasiak et al., 2014; Nakhuda et al., 2018; Shahbazi et al., 2020). It is
further suggested, that these four are often missegregated as whole chromosomes (Franasiak et al.,

2014) and are of maternal origin (McCoy et al., 2015; Tsuiko et al., 2021). Acrocentric chromosomes
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are also missegregated at a high frequency in human spermatocytes (Bell et al., 2020; Soares et al.,
2001). Together, these studies indicate that acrocentric chromosomes are the most frequently

missegregated chromosomes in meiosis.

In contrast, chromosomes 1, 2, 3, 9, and X, but not the acrocentric chromosomes, are more often
missegregated in mitosis (Dumont et al., 2020; Tovini & McClelland, 2019; Worrall et al., 2018). This
difference between mitosis and meiosis leads us to the hypothesis that the meiosis-specific bivalent
morphology of acrocentric chromosomes plays a role in chromosome segregation fate during the

meiotic divisions.

Human oocytes are limited in availability. To perform in-depth characterization of chromosomes from
different morphological groups, we utilized the porcine model system. Porcine oocytes have a human-
like karyotype that includes both metacentric and acrocentric chromosomes (Hansen, 1977).
Furthermore, porcine karyotype has a preserved pericentromeric region for all acrocentric
chromosomes and a distinct but preserved pericentromeric region for the majority of metacentric
chromosomes (Rogel-Gaillard et al., 1997). This makes it possible to establish pericentromeric
fluorescent labelling for each chromosome class separately, using TALEs. TALEs fused with a
fluorophore have previously been used successfully for live-cell imaging of chromosomes in other

model systems (Miyanari et al., 2013).

In this study, we found that bivalent morphology influences the interaction between spindle
microtubules and kinetochores. We analysed the behaviour of the acrocentric chromosomes during
meiosis in porcine and human oocytes, and found that acrocentric chromosomes are more often
erroneously attached to microtubules than metacentric chromsomes. Sterical hindrance of the small
arm of the acrocentric chromosomes, which often localizes on top of the kinetochore, obstruct end-
on interaction with the microtubule. As a consequence of incorrect attachments, acrocentic

chromosomes missegregate more often than the metacentric in meiosis | in both porcine and human

eggs.
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Results

Human acrocentric chromosomes are prone to erroneous kinetochore-microtubule attachments

Acrocentric chromosomes have their kinetochores close to the edge of their chromosome arm. Thus,
because the one arm is so short their kinetochores are in proximity to their telomeres (Fig. 1A). This
morphological feature allowed us to separate acrocentric and metacentric chromosomes (Fig 1B) and
investigate how they interact with microtubules. Analysis of attachments in human oocytes was
separated into the 3 following categories: end-on, unattached, and lateral/merotelic (Fig. 1C).
Kinetochores of acrocentric chromosomes formed significantly fewer end-on attachments and more
lateral/merotelic attachments compared to metacentric chromosomes. (Fig. 1D). Together these
data indicate that acrocentric chromosomes are more prone to form erroneous microtubule

attachments than the metacentric chromosomes.

Porcine acrocentric chromosomes are prone to erroneous attachment creation

Studies in human oocytes are limited by sample scarcity. Porcine oocyte meiosis resemble meiosis in
human oocytes (So et al., 2022; Zielinska et al., 2019) and are easily accessible. Furthermore, porcine
oocytes have a human-like karyotype that includes both acrocentric and metacentric chromosomes
(Hansen, 1977). This makes porcine oocytes an ideal model for the characterization of the behavior of

each chromosome group.

Porcine karyotype has a similar pericentromeric sequence repeat for each of the two chromosome
groups (Rogel-Gaillard et al., 1997). This allowed us to selectively label the two chromosome classes
by creating fluorescently labelled Transcription Activator Like Effectors (TALEs) (Fig. 2A) (Miyanari et
al.,, 2013). Injection of the cells with the fluorescent TALE for the acrocentric chromosomes
(Acrocentric-TALE) separates the chromosomes in the two experimental groups: The labelled group of
acrocentric chromosomes and the unlabelled group of metacentric chromosomes. These two groups

will be henceforth referred to as “Acro-labelled” and “Meta” (Fig S2A). A Metacentric-TALE that only
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labels a fraction of the metacentric chromosomes (6/12) was also created. It was used as a control to
verify that the presence of the Acrocentric-TALE is not responsible for the phenotypes observed in the
acrocentric chromosomes (Fig. S2A). This labelled group is referred to as “Meta-labelled”. The
remaining unlabelled chromosomes is a mix of acrocentric and metacentric chromosomes and was not
used for quantifications. Examples of labelled chromosomes with the Acrocentric and Metacentric Tale

are shown for Metaphase | and Il spindles of intact cells (Fig. S2B and C).

Similar to our observations in human oocytes, we found that kinetochores of Acro-labelled
chromosomes formed significantly fewer end-on attachments and significantly higher
lateral/merotelic than that of Meta- and Meta-labelled chromosomes. (Fig.2B and 2D). This suggests
that the two classes of chromosomes behave similarly in humans and in pigs, prompting us to

investigate their behaviors in porcine oocytes further.

Additionally, we performed the same analysis of attachment types in cold-treated metaphase Il
porcine spindles (Fig 2C). No difference is observed between the two morphological groups in
Metaphase Il in porcine oocytes. Furthermore, the vast majority of kinetochores is attached end-on to
the spindle microtubules (Fig 2E). These data confirm our initial hypothesis that specifically the
morphology of the bivalents in meiosis | influences the interaction of the acrocentric chromosomes to

the microtubules.

Acrocentric chromosomes are lagging during anaphase and misalign during late metaphase more

often than the metacentric

To characterize the behavior of the two subclasses during anaphase | we co-expressed the Acrocentric-
TALE or the Metacentric-TALE with the kinetochore marker CENPC and performed live-cell imaging at
late metaphase | stage. In most cases, the cause for misaligned and lagging chromosomes is the
formation of erroneous attachments, specifically lateral/merotelic microtubule attachments (Cimini et
al., 2004; Thompson & Compton, 2011). Of the cells examined, 23% failed to segregate the

chromosomes properly during meiosis I, resulting in an aneuploid egg. The missegregation frequency
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for the Acro-labelled chromosomes was 8% and only 1% of the metacentric chromosomes were
missegregated (Fig 3A and B). Following this, 85% of the missegregated chromosomes had an

acrocentric morphology (Fig. S3A).

As previously described, lagging chromosomes can be an outcome of incorrect microtubule
attachments, but not all lagging chromosomes lead to aneuploidy (Cimini et al., 2004; Mihajlovic et al.,
2021). We found that there were two different types of missegregating chromosomes in porcine
oocytes: the anaphase lagging chromosomes and the severely misaligned chromosomes. The two ways
of missegregation contributed 66% and 33% to aneuploidy, respectively (Fig. 3C). Because the majority
of errors come from lagging chromosomes, we further quantified the status of lagging chromosomes
during anaphase. Examples of the different missegregation types can be seen in Figure 3D. Mildly
misaligned chromosomes were considered chromosomes that were lagging 12 min after anaphase
onset and severely misaligned chromosomes lagging 20 min after anaphase onset. We found that acro-
labelled chromosomes were four times more likely to be mildly lagging, and six times more likely to be
severely lagging when compared to Meta-labelled chromosomes (Fig. 3E and F). Meta-labelled
chromosomes behaved similarly to Meta chromosomes, confirming that the presence of TALE did not

alter chromosome behavior (Fig. 3B, E and F).

To further investigate chromosome behaviour before anaphase | onset, we imaged chromosome
congression at high spatiotemporal resolution using lightsheet microscopy and performed kinetochore
tracking (Fig. 3G) similar to previous studies (Kitajima et al., 2011). From these images, we measured
the angle of the bivalent axis towards the spindle axis by calculating the dot product. The majority of
the correctly attached chromosomes before anaphase are oriented parallel to the spindle axis which
results in a dot product of 1. We observed that acrocentric chromosomes underwent 3 distinct rounds
of rearrangement of their angle towards the spindle axis in the last 2.5 h before anaphase onset (Fig.
3H and I). We further observed that during their alignment to the metaphase plate, the acrocentric

chromosomes occupy positions ~1 um outside of the metaphase plate . In contrast, the metacentric
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chromosomes are located in the center of the spindle axis (Fig. 3J, K and S3B). Together, our data
suggest that acrocentric chromosomes are more likely to be found outside the metaphase plate, to

be tilted during alignment and to lag behind during anaphase compared to metacentric chromosomes.

Acrocentric chromosomes missegregate more often than the metacentric

Next, we examined the aneuploidy and missegregation rates by kinetochore counting in fixed Mll
porcine eggs (Fig. 4A). We found that 26% of the eggs were aneuploid (Fig 4B). Out of all the
chromosomes examined in each group, acrocentric and metacentric chromosomes missegregated at
a frequency of 7% and 1%, respectively (Fig 4C). The results obtained are similar to the live data and

confirm the higher missegregation frequency of the acrocentric chromosomes.

The small arm of acrocentric chromosomes hinders the end-on microtubule attachment creation

We next investigated if there are morphological differences in the acrocentric chromosomes that can
explain the higher rate of erroneous microtubule attachments. Metacentric chromosomes have two
equally sized arms and usually form chiasmata in both. The precence of the chiasmata will link the two
arms together and prevent obstruction of the kinetochore, leaving it easly accessible for the spindle
microtubules, vertical to the spindle axis. Acrocentric chromosomes, however, have the kinetochore
very close to the chromosome edge because of the small (p) arm on which usually no chiasmata form.
The fact that the short arm is not folded backwards, towards bivalent center, could cause differences
in the kinetochore angle. The lack of tention from one side could affect the angle of the kinetochores
towards the spindle axis. To measure the angle of the kinetochores and the spindle axis, we performed
isotropic 3D-STED imaging, followed by automated segmentation of the kinetochore signal (Fig.5A and
B). The angle of each kinetochore was compared by measuring the dot product (Fig. 5C). We found
that kinetochores of acro-labelled chromosomes are more often oriented parallel to the spindle axis,
while those of Meta and the Meta-labelled chromosomes were predominantly oriented horizontally
to it (Fig. 5D). From the distribution of the angles in the different groups, we could observe that the

angles of the acro-labelled chromosomes are distributed across the entire spectrum while the meta
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and the meta-labelled are mostly centered around 0.25 units (Fig. 5E). The orientation of kinetochores
of acrocentric chromosomes might reflect that they are less accessible to microtubules and hence, less

likely to form end-on attachments.

The short arm of acrocentric chromosomes renders the telomeres in close proximity to their
kinetochores. Thus, in addition to the angle of the kinetochore to the spindle axis, another factor that
could interfere with kinetochore-microtubule attachments is the position of the small arm. To test this
possibility, we examined the relative positions of the kinetochores and small arms for acrocentric
chromosomes using the positions of telomeres as a proxy. We found that there are two distinct
orientations of small arms relative to the kinetochores. 20% of the kinetochores had the small arms

on-top and 80% of the kinetochores had the small arms on the side (Fig 5F and Fig S5A).

To investigate the impact of the different orientations of the small arm in the creation of microtubule
attachments, we performed a cold stable assay with labelled telomeres and we quantified the types
of attachments for the two different morphologies of acrocentric chromosomes (Fig 5H). We identified
the acro-labelled chromosomes by the presence of telomeres next to the kinetochores. We found that
the kinetochores with the telomeres on top rarely form correct attachments, with only 7% being
attached end-on. The remaining 93% of those kinetochores were either unattached or attached
laterally/merotelically in equal percentages. This is in contrast to the other group of kinetochores with
telomeres on the side where 60% of kinetochores were able to form end-on attachments (Fig. 5G).
Next, we analzyed if the two types of small arm configurations changes over the course of meiosis. To
this end, we performed the analysis in both early and late metaphase spindles, which were different
in terms of spindle pole morphology and chromosome alignment. We observed that kinetochores with
the on-top configuration were 26% and 13% in early and late metaphase, respectively (Fig. 5I). This
suggests that the small arm can take two different configurations and the position of the arm affects

the creation of end-on attachments.
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The two acrocentric small arm configurations could also be observed in human oocytes (Fig 5J). The
distribution of microtubule attachments to the different configurations was similar to the one in
porcine oocytes. In human acrocentric chromsomes with on-top telomere-kinetochore configuration
30% had end-on attached microtubules and the rest 70% had equal amount of unattached and lateral
/merotelic attachments. On the other hand, the kinetochores with the telomeres on the side were
70% end-on attached and 30% were distributed between unattached and lateral/merotelic
attachments (Fig 5K). Overall, our data suggest that the small arm of the acrocentric chromosomes

could affect the orientation of the kinetochore and hinder correct microtubule interaction.

Pig acrocentric chromosomes have on average less cohesin than metacentric chromosomes

Acrocentric chromosomes are also susceptible to age-related aneuploidy (Gruhn et al., 2019). The
major mechanism involved in age-related aneuploidy is the premature separation of sister chromatids
(PSSC) (Gruhn et al., 2019) and the key player of age-related aneuploidy is pericentromeric cohesion
loss (Chiang et al., 2010; Lister et al., 2010; Tsutsumi et al., 2014). We asked whether the acrocentric
and metacentric chromosomes also differ in the levels of pericentromeric cohesin. We first measured
the interkinetochore distance between the sister chromatids in meiosis Il. We found that the group of
acrocentric chromosomes had on average an interkinetochore distance of 1.09 um, while the Meta
and Meta-labelled had 0.96 um and 0.97 um respectively (Fig 6A and B). From the microtubule
attachment analysis in MIl we know that the there is no difference between acrocentric and
metacentric chromosomes and 95% of kinetochores are end-on attached (Fig 2E). Since the
interkinetochore distance was not due to different attachment types, we reasoned that the difference

is likely a result of a unequal cohesin levels.

During meiosis | the bivalents are held together with the pericentromeric cohesin and the arm
cohesion. The second will be cleaved at anaphase | onset while the centromeric cohesin will remain to
hold the sister chromatids together during meiosis Il (Gomez et al., 2007; Llano et al., 2008). To

investigate whether cohesion is responsible for the difference in the interkinetochore distance we
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measured the centromeric cohesion in intact Mll eggs. Cells were stained with anti-SMC3, a universal
cohesin subunit (Fig. 6C). The intensity of SMC3 was measured between the two sister kinetochores.
Acro-labelled chromosomes had on average 0.8 units of centromeric cohesion while Meta and Meta-
labelled had on average 1.07 units (Fig.6D). To complement the above finding, we also measured the
level of centromeric cohesin of bivalents in Ml by staining with anti-REC8. An identical sphere of 1um
radius was created from the center of each kinetochore (Fig. 6E). The cohesion in the pericentromeric
region of acro-labelled, Meta, and Meta-labelled bivalents was similar to the levels observed in Mll
(Fig. 6F). Thus we conclude that Acro-labelled chromosomes have on average less pericentromeric

cohesion than the Meta both in Ml and in M.

If the acrocentric chromosomes have lower cohesin levels, we would expect these chromosomes to
separate first after acute cohesin depletion. To test this hypothesis, we depleteed REC8 in MIl porcine
eggs in the presence of the acrocentric and the metacentric TALEs. This allows for better identification
and direct comparison of the six labelled chromosomes in each group. We used the TRIM-away method
for acute protein depletion (Clift et al., 2017). The first chromosome that separates after depletion of
REC8 was 9/10 times an acrocentric chromosome (Fig. S6A). We also compared the time of separation
for each of the six acro-labelled and meta-labelled chromosomes. Acro-labelled chromosomes were
usually faster than the metacentric in each separation event. However, the high discrepancy of the
timings indicates differences in the levels of cohesion within each group (Fig. S6B). This suggests that
the acro-labelled chromosomes in porcine oocytes have on average less cohesin than the meta-

labelled, but there are also differences among the individual chromosomes.

Discussion

Our study revealed that, in meiosis I, acrocentric chromosomes formed less end-on microtubule

attachments and were more prone to missegregation than metacentric chromosomes. We observed
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this both in human and porcine oocytes. We propose that the morphology of acrocentric bivalents and
the geometrical constraint imposed by their small arms make this group of chromosomes more likely
to missegregate during the first meiotic division. Furthermore, kinetochores of acrocentric
chromosomes are more often oriented parallel to the spindle axis compared to the metacentric
chromosomes. This, in addition to the small arm sterically obstructing the kinetochore, interferes with
the creation of end-on microtubule attachments. We show, for the first time, that the small arm of
acrocentric chromosomes has two different configurations: either on top of the kinetochore or on the
side. An on-top configuration negatively affects the establishment of the correct microtubule

attchments both in humans and in porcine oocytes.

We further compared the behaviours of acrocentric and metacentric chromosomes in live porcine
oocytes. We demonstrated that acrocentric chromosomes were more often misaligned and lag during
anaphase | and thus more often missegregate in meiosis I. Lagging chromosomes is a common
outcome of improper kinetochore-microtubule attchments as it has been shown previously (Cimini et

al., 2004; Mihajlovic et al., 2021; Thompson & Compton, 2011).

Chromosome specific aneuploidy has been observed both in meiosis (Bell et al., 2020; Fragouli et al.,
2011; Fragouli et al., 2010; Franasiak et al., 2014; Gruhn et al., 2019; Handyside et al., 2012; McCoy et
al., 2015; Nakhuda et al., 2018; Ottolini et al., 2015; Shahbazi et al., 2020; Soares et al., 2001; Tsuiko
et al.,, 2021) and mitosis (Dumont et al., 2020; Tovini & McClelland, 2019; Worrall et al., 2018).
However, the chromosomes affected differ between the two divisions. This difference between
mitosis and meiosis further supports our hypothesis that the meiosis-specific bivalent morphology (of
acrocentric chromosomes) plays a role in chromosome segregation in meiosis. Our data that the
acrocentric chromosomes are highly missegregated in meiosis | are in line with previous work in the
field. However, this is the first time that the bivalent morphology is linked to the error prone nature of

acrocentric chromosomes and the high frequency of incorrect kinetochore-microtubule attachments.
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In mitosis more than one mechanism seem to play a role in chromosome missegregation (Worrall et
al., 2018). Chromosomes with low abundance of DNA-dependent centromeric components like
chromosomes 3, 6, and X, are more prone to missegregate (Dumont et al., 2020) and large
chromosomes are generally more susceptible to missegregation under impaired CENPE function
(Tovini & McClelland, 2019). Missegregation of chromosomes 1 and 2 is particularly increased by
microtubule poisons (Worrall et al., 2018) and that of 1, 9, and 16 by heterochromatin
hypomethylation (Fauth et al., 1998). Aneuploidy is a basic cause of cancer with certain chromosome
aneuploidies being tumor-specific. Generally, solid tumors present a higher loss of small chromosomes
(Duijf et al., 2013) while primary glioblastoma cells present a higher missegregation of large
chromosomes into micronuclei (Bochtler et al., 2019). In contrast to meiosis, acrocentric chromosomes
have not been shown to missegregate in mitosis. In mitosis the sister chromatids biorient to the two
different spindle poles to achieve that chromosomes are vertically aligned to the spindle axis. Thus,
differences in arm length should not affect the orientation of the kinetochore or the exposure of the
kinetochore to the microtubules. For this reason, morphological differences between chromosomes
may not influence chromosome segregation in mitosis. Nevertheless, individual kinetochore
characteristics play a major role in chromosome-specific missegregation in mitosis, yet with lower
aneuploidy rates compared to meiosis. We do not exclude the possibility that apart from the bivalent

morphology, these parameters also contribute in chromosome-specific aneuploidy in meiosis.

Multiple factors contribute to the high aneuploidy rates in human oocytes, including spindle instability
(Holubcova et al., 2015; So et al., 2022) and split kinetochores (Zielinska et al., 2015). In this study, we
add an additional factor, and we show how the bivalent morphology makes some chromosomes more
susceptible to missegregation. Different species have different chromosomes morphologies. Unlike
pigs that have a human-like karyotype, cows do not have metacentric chromosomes. In line with our

hypothesis, cow oocytes present a higher level of aneuploidy compared to pigs (So et al., 2022).
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In human sperm, meiosis lasts 50-70 days, which is a much shorter period compared to the protracted
dicyate arrest of oocytes (Neto et al., 2016). Thus, spermatocytes are not affected in the same way by
age-related aneuploidy. However, even though the total aneuploidy rate is lower, acrocentric
chromosomes are shown to missegregate more than the metacentric chromosomes in human
spermatocytes (Bell et al., 2020; Soares et al., 2001). This further supports our hypothesis that the

bivalent morphology indeed affects the segregation outcome of meiosis I.

The distributiuon of the acrocentric small arm configurations differed between early and late
metaphase, where the number of “on-top” configurations decreased in late compared to early
metaphase |. As the creation of more end-on attachments is correlated with fewer on-top
configurations , we speculate that there might be a competition between the microtubules and the
small chromosome arms for the establishment of end-on attachments.. The length of the small arm
might vary between the acrocentric chromosomes of different species. Thus, there could be species-

specific differences in the amount of interference that it causes.

Acrocentric chromosomes show increased missegregation with aging in humans (Gruhn et al., 2019).
Cohesin loss is the major contributor to age-related aneuploidy (Chiang et al., 2010; Lister et al., 2010;
Tsutsumi et al., 2014). We examined the levels of cohesin in acrocentric chromosomes compared to
metacentric chromosomes in porcine oocytes. Our findings show that in the porcine system,
acrocentric chromosomes have on average less cohesin than the metacentric, which could make them
more vulnerable to age-related cohesin loss. However, differences in the levels of cohesin of individual
chromosomes within each group can further inluence the age-related susceptibility. It remains to be
investigated whether the difference in cohesion levels between chromosomes of different morphology
is the case also in human oocytes. However, it has been shown that acrocentric chromosomes are
contributing to age-related aneuploidy and are particularly prone to reverse segregeation while aging

(Gruhn et al., 2019).
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Fig.1 Human acrocentric chromosomes are prone to erroneous kinetochore-microtubule
attachments. (A) Schematic representation of bivalents with kinetochores with telomeres in proximity
and with kinetochores without telomere in proximity (chromosomes in blue; kinetochores in magenta;
telomeres in cyan). (B) Representative examples of immunofluorescence airy scan images of human
bivalents with kinetochores with telomeres in proximity and kinetochores without telomeres in
proximity. Magenta, kinetochores, (ACA); cyan, telomeres, (TRF-2); blue, chromosome, (pH3); Scale
bar, 0.5 pum. (C) lllustrations and representative immunofluorescent images of kinetochore-
microtubule attachments from cold treated human oocytes in meiosis |. Overview images on the top
row of a z-plane of the full spindle and insets of the attachments at the bottom row. Insets are
magnifications of regions marked by dashed line boxes. Arrowheads indicate the specified attachment
type. Magenta, kinetochores, (ACA); cyan, telomeres, (TRF-2); blue, chromosome, (pH3); green
microtubules (a-tubulin); Scale bar, 1 um for both overview and insets. (D) Quantification of the
proportion of microtubule attachments to kinetochores with telomere in proximity and kinetochores

without telomere in proximity. (Fisher’s exact test) *p < 0.05, **p< 0.01, and ns: non-significant.
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Fig 2. Porcine acrocentric chromosomes are prone to erroneous attachment creation. (A) Schematic
representation of the labelling with the pericentromeric TALE in the porcine cells. The region
recognized by each TALE is indicated for each chromosome type. TALEs are fused with a fluorescent
protein. Labelled chromosomes are called acro-labelled and meta-labelled, respectively. blue,
chromosomes; magenta, kinetochores; yellow, TALE; green, TALE on chromosomes. (B) Illustrations
and representative immunofluorescent images of kinetochore-microtubule attachments from cold
treated porcine oocytes in meiosis I. Overview images on the top row of a z-plane of the full spindle
and insets of the attachments at the bottom row. Insets are magnifications of regions marked by
dashed line boxes. Magenta, kinetochores, (ACA); gray, TALE, (anti-GFP); blue, chromosome,
(Hoechst); green microtubules (a-tubulin);  Scale bar, 1 um for both overview and insets. (C)
[llustrations and representative immunofluorescent images of end-on kinetochore-microtubule
attachments from cold treated porcine oocytes in meiosis Il. Overview images on the top row of a z-
plane of the full spindle and insets of the attachments at the bottom row. Insets are magnifications of
regions marked by dashed line boxes. Magenta, kinetochores, (ACA); gray, TALE, (anti-GFP); blue,
chromosome, (Hoechst); green microtubules (a-tubulin); Scale bar, 1 um for both overview and insets.
(D) Quantification of the proportion of kinetochore-microtubule attachments for acro-labelled, meta,
and meta-labelled chromosomes in meiosis | spindles in porcine oocytes. The number of attachments
quantified per chromosome type is indicated in the brackets. (Fisher’s exact test) *p < 0.05, **p< 0.01,
***p<0.001 and ns: non-significant. (E) Quantification of the proportion of kinetochore-microtubule
attachments for acro-labelled, meta, and meta-labelled chromosomes in meiosis Il spindles in porcine
oocytes. The number of attachments quantified per chromosome type is indicated in the brackets.

(Fisher’s exact test) ns: non-significant.
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Fig. 3 Acrocentric chromosomes are lagging during anaphase and misalign during late metaphase
more often than the metacentric (A) Proportion of euploid and aneuploid cells from the total number
of cells imaged during anaphase. Euploidy status determined from the correct or not correct
segregation outcome of the chromosomes during live imaging. (B) Frequency of missegregation per
chromosome group. (Fisher’s exact test) ***p<0.001 and ****p<0.0001. (C) Proportion of the
different ways of missegregation from the total missegregated chromosomes. (D) Still images from a
time-lapse movie of chromosome segregation from porcine oocytes. Images from metaphase |,
anaphase |, and metaphase Il. Time is indicated in minutes and timepoint 0 is the last frame before
anaphase onset. Arrowheads indicate lagging chromosomes. Magenta, kinetochores (mScarlet-
hCENPC); green, acrocentric label, (Acrocentric-TALE-GFP); blue, chromosomes, (H2B-SNAPf). Scale
bar, 1 um. (E) Frequency of mildly lagging chromosomes 12 min after anaphase onset from the total
chromosomes examined. (Fisher’'s exact test) ****p<0.0001. (F) Frequency of severely lagging
chromosomes 20 min after anaphase onset from total chromosomes examined. (Fisher’s exact test)
**%¥p<0.001 and ****p<0.0001. (G) Still images from porcine chromosomes during alignment in the
metaphase plate (top row) and the corresponding image from imaris with the tracking annotation
(bottom row). Magenta, kinetochores (mScarlet-hCENPC); green, acrocentric label, (Acrocentric-TALE-
GFP); blue, chromosomes, (H2B-SNAPf) top row and magenta, kinetochores; green line, pair of
homologous acro-labelled kinetochores; white line, pair of homologous meta kinetochores. Scale bar,
1 um. (H) Chromosome angle of the acro-labelled and meta bivalents compared to the whole spindle
axis. Angle is defined by the dot product. (I) Schematic illustration of an acro-labelled bivalent that is
tilted to the spindle axis and from vertical meta bivalents. Magenta; kinetochores; green, acrocentric-
TALE; blue, chromosomes; green, spindle; (J) Distance of the acro-labelled and meta bivalents from
the center of the metaphase plate. (K) Schematic that shows the acro-labelled chromosome aligning
higher than the center of the metaphase plate and the meta chromosomes aligning in the middle of

the metaphase plate. Magenta; kinetochores; light green, acrocentric-TALE; blue, chromosomes; dark
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green, spindle; Number of chromosomes analyzed is indicated in brackets under each category and

the number of cells of a graph is indicated with N.
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Fig. 4 Acrocentric chromosomes missegregate more often than the metacentric. (A) Representative
images of a euploid and an aneuploid spindle from intact fixed metaphase Il cells injected with the
acrocentric-TALE at the top row. In the bottom row numbers within the gray illustrations indicate the
total number of chromosomes and numbers next to the green illustrations indicate the total number
of acro-labelled chromosomes in both the euploid and aneuploid spindle. The black arrowheads
indicate the extra chromosome. Scale bar, 1 um. (B) Proportion of aneuploid cells from the fixed
metaphase Il porcine oocytes. Aneuploid cells were identified from the total kinetochore count. (C)
Frequency of missegregation for acro-labelled and meta chromosomes from the total chromosomes
count in fixed metaphase Il porcine spindles. (Fisher’s exact test), ****p<0.0001. (D) Proportion of
each chromosome type in the total missegregated chromosomes. Number of chromosomes analyzed

is indicated in brackets under each category and the number of cells of a graph is indicated with N.

55



Figure 5
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Fig 5. The small arm of acrocentric chromosomes hinders the end-on microtubule attachment
creation. (A) 3D rendering of segmented acro-labelled kinetochores (yellow, TALE-labelled) and non-
labelled kinetochores (magenta) in a meiotic metaphase spindle (MTs in green). The arrow indicates
the spindle direction. Scale bar, 5 um. (B) Magnification of KT showed in A, white square, and the
corresponding confocal, 3D-STED, and segmented KT in a XY, XZ, and YZ views. Each tile is 2x2 um. (C)
KTs alighment to spindle is computed from the absolute value of the scalar product of the KT and
spindle direction vectors. (D) Distribution of the KTs alignment to spindle for KTs labelled with
acrocentric TALE (upper graph), non-labelled kinetochores (middle graph), and KTs labelled with
metacentric TALE (lower graph). (E) Data from D showing the median, interquantile range, and outlier
for the 3 KTs populations. Number above boxplots shows p-value of Wilcoxon two-tailed test. Number
in the x-axis indicates the number of kinetochores from 17 acrocentric-TALE labelled cells, and 15
metacentric-TALE labelled cells. (F) lllustrations and representative airy scan immunofluorescent
images with telomeres on top of the kinetochores (top row) and telomeres at the side of the
kinetochores (bottom row) in porcine cells. Magenta, kinetochores, (ACA); cyan, telomeres, (TRF-2);
blue, chromosomes, (Hoechst); Scale bar, 0.5 um. (G) Quantification of the proportion of kinetochore-
microtubule attachments for the two different telomere configurations in porcine oocytes. (Fisher’s
exact test) **p< 0.01, and ***p<0.001. (H) Illustrations and representative airy scan
immunofluorescent images from the attachment types of kinetochores with telomeres on top and
kinetochores with telomeres at the side in porcine cells. Arrowheads indicate the specified attachment
type. Magenta, kinetochores, (ACA); cyan, telomeres, (TRF-2); blue, chromosomes, (Hoechst); green,
microtubules, (a-tubulin); Scale bar, 1 um. (1) Distribution of the top and side configuration on spindles
with fully aligned chromosomes and spindles that have not yet aligned their chromosomes. (Fisher’s
exact test) **p< 0.01. (J) lllustrations and representative immunofluorescent images with telomeres
on top of the kinetochores (top row) and at the side of the kinetochores (bottom row) from human

cells. Magenta, kinetochores, (ACA); cyan, telomeres, (TRF-2); blue, chromosomes, (Hoechst); Scale
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bar 0.5 um. (K) Quantification of the proportion of kinetochore-microtubule attachments for the two

different telomere configurations in human oocytes. (Fisher’s exact test) **p< 0.01, and ***p<0.001.

Number of chromosomes analyzed is indicated in brackets under each category and the number of

cells of a graph is indicated with N.
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Figure 6
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Fig 6. Pig acrocentric chromosomes have on average less cohesin than metacentric chromosomes.
(A) Representative airyscan immunofluorescent images of the measurements from the sister
chromatids in the three different chromosome groups. Magenta, kinetochores, (ACA); gray, TALE (anti-
GFP); blue, chromosomes, (Hoechst); Dashed circles indicate the sister kinetochores and white line
indicates the distance measured. Scale bar, 1 um. (B) Box plot showing measurements of the
interkinetochore distance of sister chromatids on metaphase Il intact spindles of porcine oocytes.
(Two-sample  t-test) ****p<0.0001, ns: non-significant. (C) Representative airyscan
immunofluorescent images of the SMC3 staining on chromosomes in metaphase Il intact spindles of
porcine eggs. Images from the three different chromosome groups. Magenta, kinetochores, (ACA);
gray, TALE (anti-GFP); blue, chromosomes, (Hoechst); green, cohesion, (SMC3); Scale bar, 1 um. (D)
Box plot showing mean intensity measurements of SMC3 signal on chromosomes from metaphase |
intact spindles of porcine eggs. (Two-sample t-test) ****p<0.0001 and ns: non-significant. (E)
Representative airyscan immunofluorescent images of the REC8 staining on chromosomes from
metaphase | intact spindles of porcine oocytes. Images from the three different chromosome groups.
Dashed circle indicates the area of the measurements. Magenta, kinetochores, (ACA); gray, TALE (anti-
GFP); blue, chromosomes, (Hoechst); green, cohesion, (REC8); Scale bar, 0.5 um. (F) Box plot of mean
intensity measurements of REC8 intensity on chromosomes from metaphase | intact spindles of
porcine oocytes. (Two-sample t-test) ****p<0.0001 and ns: non-significant. Number of chromosomes
analyzed is indicated in brackets under each category and the number of cells of a graph is indicated

with N.
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Material and Methods

Preparation and culture of porcine oocytes

Porcine ovaries from prepubertal animals were obtained from a local slaughterhouse and transported
to the laboratory in a thermo-flask. Oocyte isolation and culture was performed using collection and
maturation media from Cosmobio. In brief, dissection of antral follicles from the surface of porcine
ovaries was performed in homemade M2 medium supplemented with 10 uM RO-3306 (#SML0O569) at
38.5°C. The follicular fluid was transferred to a 50 ml tube. Cumulus oocyte complexes (COCs) were
allowed to sediment and then washed extensively with M2medium. In the final wash, COCs were
transferred to porcine oocyte/embryo collection medium (POE-CM, Cosmobio, #CK020) supplemented
with 10 uM R0O-3306. All handling and manipulations outside the CO2 incubator were performed in
POE-CM medium. Only oocytes with a homogeneous cytoplasm and at least 3-5 complete layers of
compact cumulus cells were selected for experiments. The selected oocytes were transferred to basic
medium for porcine maturation (POM, Cosmobio, #CK021) supplemented with 10 IU/ml equine
chorionic gonadotropin (eCG), 10 IU/ml human chorionic gonadotropin (hCG), and 10uM RO-3306 for
meiotic arrest. COCs were incubated in the media at 38.5°Cin a 5% CO; incubator. After 6 h, COCs were
partially denuded using a EZ-Grip denudation pipettor with a 135 um wide at an EZ-Grip denudation
pipettor. All handlings outside the CO; incubator were performed in the POE-CM apart from live
imaging which was performed in POM. To induce the resumption of meiosis, oocytes were washed in
RO-3306-free medium. Complete denudation of the oocytes was performed before release from the
RO-3306 induced arrest. For complete imaging of meiosis |, oocytes were transferred to the light sheet
sample chamberimmediately after release. For imaging of anaphase |, oocytes were transferred to the
light sheet chamber or the confocal imaging dish 11 h after release. For immunofluorescence of

metaphase | spindles, oocytes were fixed 12 h after release.

60



Manuscript 1

Expression constructs and mRNA synthesis

For the generation of the constructs for mRNA syntesis previously published coding sequences were
fused with mClover3 (Bajar et al., 2016), mScarlet (Bindels et al., 2017). Acrocentric-TALE and
Metacentric-TALE plasmids were generated by fusing the previously published sequences (Rogel-
Gaillard et al., 1997) in pTALYM3 vector, described in more detail below. Acrocentric-TALE was
subsequently inserted in a pGEHME-mclover and a pGEHME-mScarlet using pENTER/D-TOPO Gateway
cloning (Invitrogen). pGEHME-mScarlet-hCENPC (Cavazza et al., 2021), pGEHME-mcherry-TRIM21 (Clift
etal., 2017), pGEHME-H2B-SNAPf and pGEMHE-3xEGFP-TRF1 (gift from Jan Ellenberg) were also used.
All mRNAs in this study were synthesized using HiScribe T7 ARCA mRNA kit (NEB# E2065S) according
to the manufacturer’s protocol and quantified using Qubit RNA HS Assay Kit (Thermo Fisher Scientific

#Q32852).

Creation of fluorescent TALES

Fluorescent TALEs were created according to previously published protocol (Cermak et al., 2015). RVDS
plasmid were obtained from Addgene (Kit #1000000024). TALEs are assembled by Golden Gate cloning
in Top10 competent cells (Thermo Fisher Scientific; C404010). The assembled TALEs were further
subcloned into the destination vectors pGEHME-mclover3-N1 and pGEHME-mScarlet-N1 using the

PENTER/D-TOPO cloning (Invitrogen).

Microinjection of porcine oocytes

Porcine oocytes were microinjected with 2.5 pl of mRNAs as previously described by (Jaffe & Terasaki,
2004; Schuh & Ellenberg, 2007) in a microinjection chamber created with two layers of double-sided
sticky tape. Oocytes microinjection was performed after the partial denudation. mRNAs were injected
at the following concentrations on the microinjection needle: H2B-SNAPf at 9 ng/ul, mScarlet-hCENPC
at 10 ng/ul, Acrocentric-TALE at 50 ng/ul, Metacentric-TALE at 50 ng/ul, mcherry-TRIM21 at 150 ng/pl.
After injection oocytes were allowed to express the mRNAs in medium supplemented with RO-3306
for 3 h before release.
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TRIM-Away REC8 in Ml porcine oocytes

REC8 antibody used for TRIM-away was generated in the lab using a previously characterized epitope
(Eijpe et al., 2003). Antibodies were concentrated using Ultra 0.5mL Amicon 100kD centrifugal filters
(Merck #UFCS510024). The concentrated antibodies were supplemented before injection with NP40

(Merck #492016) to a final concentration of 0.05% and centrifuged for 14.000 g for 10 min.

Trim-away was performed by injecting the mRNA at a final concentration of 150 ng/pl at the germinal
vesicle (GV) stage with other mRNAs (H2B-SNAPf and the two TALEs). Cells were released after 3 h of
expression and allowed to mature till metaphase Il. Only oocytes with a polar body were selected for
antibody injection. 34 h after release the Ml cells were injected with the REC8 antibody. Only a few
oocytes were injected at a time and immediately transferred to the light-sheet sample chamber for
imaging. Imaging was performed at one-minute intervals until sister chromosome separation occurred

in the cells.

Human oocytes culture and injection

The use of unfertilized human oocytes in this study was approved by the Arztekammer Niedersachsen

(Ethics Committee of Lower Saxony) under the reference 15/2016.

Oocytes were collected from patients who underwent ovarian stimulation for intracytoplasmic

sperm injection (ICSI) as part of their assisted reproduction treatment at Fertility Center Berlin. Only
oocytes that were immature at the time of ICSI and thus unsuitable for the procedure were vitrified
for this study with Cryolock (FUJIFILM Irvine Scientific) using Vit Kit-Freeze (FUJIFILM Irvine Scientific).
All patients gave informed consent for their surplus oocyte(s) to be used in this study. All human
oocytes used in this study were vitrified oocytes collected from women undergoing assisted
reproduction treatments after having obtained fully informed consent. Oocytes were thawed as
previously described (So et al., 2022). Oocytes were injected with 3xEGFP-TRF1 mRNA at 200 ng/pl

immediately after thawing. After that oocytes were cultured in G-MOPS medium (Vitrolife, #10129)
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supplemented with 10% FBS (G $S36817 S36817 S36817IBCO, #16000044) under mineral oil (Nidoil,
Nidacon #NO-400K) at 37°C as described previously (Zielinska et al., 2019). To assess the maturation
stage, the medium was supplemented with 10 nM 5-SiR-Hoechst DNA (Bucevicius et al., 2020) for
chromosome staining (So et al., 2022). When chromosomes were largely aligned, oocytes were cold

treated and fixed as described below.

Immunofluorescence

To obtain porcine oocytes metaphase | and metaphase Il spindles, oocytes were fixedat 12 hand 24 h
after release from RO-3306. Oocytes were matured at 39°C/ 5% CO2 incubator before fixation. To
obtain human metaphase | spindles, thawed human meiosis | oocytes were monitored every 30 min
on the confocal LSM880 microscope at 38,5°C as described above. For human Metaphase Il spindles,

thawed human meiosis |l oocytes were fixed 10 h after thawing.

Both porcine and human oocytes were fixed in 100 mM HEPES (pH 7.0, titrated with KOH), 50 mM
EGTA (pH 7.0, titrated with KOH), 10 mM MgS04, 2% methanol-free formaldehyde and 0.5% triton X-
100 (10% stock; Sigma Aldrich, 93443) at room temperature for 30 min. Fixed oocytes were extracted
in phosphate-buffered saline (PBS) with 0.5% triton X-100 (PBT) overnight at 4°C and then blocked in
PBT with 5% BSA (Fisher Scientific #8P1605) (PBT-BSA) overnight at 4°C. Lipid droplets in porcine
oocytes were cleared before staining with primary antibodies as previously described (So et al., 2019).
All primary antibody incubations were performed overnight at 4°C in PBT-BSA at the concentrations
listed below. Secondary antibodies and Hoechst 33342 incubations were performed in PBT-BSA for 1

h at room temperature.

Primary antibodies used were human anti-centromere antibody (ACA) at 1:50 dilution (Antibodies
Incorporated #15-234), rabbit anti-gfp (#A11122, Invitrogen), rat anti-alpha-tubulin (MCA78G, Bio-
rad), mouse anti-TRF-2 (NB100-56506SS), goat anti-GFP (600-101-215; Rockland Immunochemicals),

mouse anti-alpha-tubulin (#T6199, Merck), rabbit anti-pH3 (#9701, Cell Signaling Technology), rabbit
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anti-REC8 generated in-house based on a published epitope (Eijpe et al., 2003), rabbit anti-SMC3
(#ab128919, abcam) at 1:100 dilution. Secondary antibodies used in this study were Alexa Fluor 405-,
488-, 568- or 647-conjugated anti-human IgG, goat 1gG, mouse IgG, rabbit 1gG, rat IgG all raised in
donkey or goat (Thermo Fisher Scientific; 1:200). Hoechst 33342 was used at 100 uM to stain the DNA
(Molecular Probes; 20mM stock). For STED microscopy the secondaries used were STAR RED, -635, -

580 or -ORANGE — conjugated to anti-human IgG and anti-goat IgG (abberior; 1:200).

Cold stable assay

Porcine metaphase | and Il oocytes were incubated on ice for 9 min, while human metaphase | and
metaphase |l oocytes were incubated on ice for 5.5 min. Subsequently, they were fixed for

immunofluorescence as described above.

Confocal and super-resolution microscopy

For live confocal imaging, oocytes were imaged in 5 pl of M2 medium (for live prorcine oocytes) under
mineral oil (Light mineral oil, Irvine Scientific #9305) in a 35 mm dish with a #1.0 coverslip (#MAT-TEK).
Just before imaging cells injected with H2B-SNAPf were incubated with 2 uM SNAP-cell 637-SiR (NEB,
$9102S) supplemented with 10 pM Verapamil (Spirochrome; #5SC007) for 1 h. Images were acquired
on an LSM 880 confocal laser scanning microscopes (Zeiss) equipped with an environmental incubator
box and a 40x C-Apochromat 1.2 NA water-immersion objective. at 38,5°C. Automatic 3D tracking
was implemented for time-lapse imaging with a temporal resolution of 4 min using MyPiC (Politi et al.,
2018). mClover3 was excited with a 488 nm laser line and detected at 493 - 571 nm. mScarlet was
excited with a 561 nm laser line and detected at 571 - 638 nm. SNAP-cell 647-SiR was excited with a
633 nm laser line and detected at 638 - 700 nm. Images of the control and experimental groups were
acquired under identical imaging conditions on the same microscope. Noise was reduced with a

Gaussian filter in ZEN (Zeiss).
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Fixed samples were imaged in 2 pl of PBS with 10% BSA under paraffin oil in a 35 mm dish with a #1.0
coverslip (#HMAT-TEK). Images were acquired using the Airyscan module on LSM800, LSM880 or
LSM900 confocal laser scanning microscopes (Zeiss) and processed in ZEN (Zeiss). Acquisition was
performed at room temperature with a 40x C-Apochromat 1.2 NA water-immersion objective. Imaging
conditions were carefully selected (laser power, pixel-dwell time and detector gain) to avoid
phototoxicity (for live imaging), photobleaching or saturation. For the analysis of kinetochore-
microtubule attachments and telomere orientations, oocytes were manually rotated with an unbroken

microinjection needle such that the long axis of the spindle was parallel to the imaging plane.

STED microscopy

3D stimulation emission depletion microscopy (3D STED) of fixed porcine oocytes were performed on
a STED Expertline scanning microscope (Abberior Instruments GmbH) equipped with 405, 488, 561,
and 640 nm excitation lasers and a pulsed 775 nm STED laser. Imaging was performed using a 100x oil
immersion objective lens (N.A. 1.4, Olympus). Fixed cells, stained with the abberior STAR secondary
antibodies were mounted in a drop of Slow fade Glass Soft-set Antifade Mountant (Thermo Fisher
Scientific; # S36817). STED Images were acquired with an isotropic 40 nm pixel size isotropically using
the ADAPTIVE ILLUMINATION RESCUE function, to minimize laser exposure and reduce
photobleaching. Two separate, sequential acquisitions have been performed for this experiment. The
first acquisition was performed in fast confocal mode with a pixel size of 40 nm x 40 nm x 320 nm. 4
colour imaging was performed of DNA, kinetohcores, microtubules and the TALE | to define the spindle
axis and detect the acrocentric chromosomes. The second acquisition was performed by imaging the
DNA in confocal mode and the kinetochores in STED mode using the RESCUE function with a pixel size
of 40nm x 40nm x 40nm. The DNA and confocal kinetochores channels from both acquisitions were
used to align the images in order to determine the angle of kinetochores to the spindle axis as

described below in the analysis.
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Light-sheet microscopy

Data used for the kinetochore tracking in figure 4 G, H, and | as well as most of the data for anaphase
imaging in figure 4 A-F were acquired on a LS1 Live light sheet microscope system (Viventis). A
customized script was used to track the sample in order to minimize the field of imaging and reduce

phototoxicity.

Data analysis

Chromosome tracking

Homologous kinetochores were tracked and paired before anaphase using an in-house plugin for
Imaris (Bitplane). Mixed Integer Linear Programming (MILP) is used to find the optimal set of tracks
and pairingsin concert. This produces better results than pairing after the tracks have been determined

(Jagaman et al., 2008). Furthermore, MILP allows constraint introduction in order to avoid mistakes.

Tracked Filament objects in Imaris (Bitplane) are used to represent homologous kinetochores and their

tracks.

The script was written in Matlab R2018b and additionally uses IBM Cplex with an academic license to

improve performance.

Tracks are weighted by the square of the distance traveled between frames. The distance is
determined by the mean distance traveled of both kinetochores. All distances are relative to a

reference frame determined by the center of mass of the chromosome signal.

Pairings are weighted by the chromosome signal on a line connecting the putative homologs.
Furthermore, the angle between the line connecting the sisters and the spindle axis is minimized. The

optimization is run iteratively and the spindle axis is determined by the mean direction of the
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previously determined sister chromosomes. If all sister connecting lines in a frame are close to parallel,

this factor is more important.

Additional weights with little influence, are the variance of the chromosome signal between sister
chromosomes and a combination of the angle to the spindle axis with the interkinetochore distance

to discourage far separated sisters being non-parallel.

Constraints are introduced setting a maximum distance between sisters and a maximum distance
traveled between frames. Line segments connecting sisters must be at least a certain distance apart
and there must be 19 sister pairs identified in each frame. Any missing sister pair is heavily penalized.
There must be at least one kinetochore somewhere near any detected spot. The chromosome signal

is segmented and at least one sister pair must be close to any connected component of this signal.

Depending on the number of spots and length of the time series, the script can take a few minutes to
hours to finish. For this reason time series of more than a 100 frames are solved in smaller batches.
The tracks can be easily stitched in Imaris. Manual corrections of tracks are fixed in Imaris as well.
Corrections of pairings are performed by deleting erroneous ones in Imaris and adding new ones via a

separate script.

Analysis of tracking

An analysis script was written for Imaris in Matlab R2018b to obtain data on tracked kinetochore pairs.
This script exports positions and velocities of pairs and individual kinetochores relative to the

chromosome mass and spindle axis from many Imaris files in one run.

The middle of the chromosome mass is determined from a reference frame that was created before

using the tracking script. The spindle axis is determined by the average direction of the lines connecting
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kinetochore pairs. More specifically, these lines are interpreted as 180-degree rotation vectors of

length 1 and averaged using the Matlab function meanrot.

Positions of kinetochores and pairs are determined vertically, i.e. along the spindle axis and laterally,
i.e. the distance from the spindle axis. Furthermore, the angle of the sister connecting lines with the

spindle axis are exported.

Chromosome count in meiosis Il

Airyscan images were used for chromosome count analysis after airyscan processing with the ZEN
software. Analysis was done in arivis VisiondD software. The kinetochores were detected by
automated thresholding of the kinetochore signal. The euploidy status of the cell was evaluated first
independent of the presence of the TALE. A cell is considered euploid if 38 kinetochores were
detectable and aneuploid if the number of kinetochores was deviating from 38. Subsequently, the two
kinetochores of a pair were manually assigned to each DNA unit and annotated. Subsequently, the
labelled kinetochores were identified from the presence of the TALE in the kinetochore proximity or
not. Acrocentric chromosomes were the ones with the TALE in proximity and Metacentric the ones

without.

Lagging chromosomes in anaphase

Three color imaging datasets of anaphase from either confocal or light sheet microscopy were used.
Images were acquired every 3-4 min. Anaphase onset was defined as the first time point were the
chromosomes started separating in the two anaphase masses. A small gap between the two masses is
already visible at this stage. Chromosomes that are still present in the center of the spindle 12 and 20
min after anaphase onset were classified as lagging chromosomes and were assigned as mildly and

severly lagging respectively. The mildly lagging group is not including the severly lagging chromosomes.
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Analysis of kinetochore — Microtubule attachments

Microtubule-kinetochore attachments were analysed by 3D analysis of high resolution airyscan images
of the whole spindle volume in Imaris software (Bitplane). Only oocytes with the spindle oriented
parallel to the imaging plane were used in this analysis. For all quantificationsof human or porcine
spindles, the kinetochore-microtubule attachments were assessed in the same way. An attachment is
classified as end-on if the k-fibre stopped just in front of the kinetochore surface. An attachment is
classified as lateral if the k-fibre was extending past the kinetochore and as merotelic if two distinct k-
fibres originating from different poles were interacting with the kinetochore. A kinetochore is
considered unattached if there is no interaction with microtubule filaments. All kinetochores were
annotated in Imaris 2D view and then classified in one of the above categories. The data used for this
analysis were two types of 4-color images; oocytes stained for kinetochores, microtubules, TALE and
DNA, and oocytes stained for kinetochores, microtubules, telomeres, and DNA. The quantification was
done blindly for all kinetochores excluding the TALE and telomere channels from the analysis. Thus,
the attachment type was assigned without knowing the chromosome category (acrocentric or

metacentric) or the teleomere configuration.

Analysis of STED microscopy

For the analysis, we use two image stacks acquired sequentially to preserve fluorescence. In stackl,
we imaged, with isotropic sampling, the KTs using STED and confocal, and DAPI in confocal. In stack2,
we imaged the KTs, TALE, MTs and Hoechst in confocal. The analysis has been performed in Fili

(Schindelin et al., 2012) using different publicly available plugins and own code.

KTs in the STED image (stackl) were segmented semantically using CATS, a trainable pixel classifier in
Fiji (Tischer & Pepperkok, 2019) followed by a connected component analysis with Morpholib)

(Legland et al., 2016). With Labkit (https://imagej.net/plugins/labkit/) we manually inspected the label

mask and if necessary corrected the segmentation. Typical segmentation errors were merged
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kinetochores and false positives. In 28/32 oocytes we correctly identified 38 kinetochores, in 4/32 we

could identified 34-37 kinetochores.

To define TALE label masks we used the confocal images of the TALE and Hoescht/DNA channels from
stack2. We wrote an Imagel macro to perform instance segmentation of the bright TALE blobs within
a mask defined by the DNA signal. Manual correction was done by inspecting TALE, kinetochore and
DAPI channels Labkit. Overall we were able to correctly detect 12 TALE labels in 15/32 oocytes. In
17/32 oocytes we identified in median 10 labels (spread 8-13). To pair the KTs and TALE labels we first
registered stackl and stack2 by means of their respective confocal KTs signal using the ImageJ plugin
Correct 3D drift (Parslow et al., 2014). The registration shifts are applied to the TALE label centroids
and used to compute the shortest distance to KTs centroids. KTs centroids further away than 2 um are

considered as non-TALE labelled.

The main axis of each kinetochore label was computed using MorpholibJ and corresponds to the
longest ellipsoid axis. Spindle direction was defined using the MTs signal in stack2 and manually placed
labels at each spindle pole. The absolute value of the scalar product between KT and spindle axis gives

the kinetochore alignment to the spindle.

Analysis of telomere position

The position of telomere in respect to the kinetochore was evaluated by 3D analysis of high-resolution
airyscan images of the whole spindle volume in Imaris software (Bitplane). Only oocytes with the
spindle oriented parallel to the imaging plane were used in this analysis. First, the kinetochores that
had a telomere in their proximity were identified and annotated. Then, using the 3 channels of
kinetochore, telomere and DNA, the relative position was evaluated. A telomere is classified as on top
when it was covering part of the upper surface of the kinetochore. In most cases for porcine oocytes,

the telomeres with an on-top configuration were barely touching the DNA of the long arm. A telomere

70



Manuscript 1

position is classified as side if the upper surface of the kinetochore is free and the telomere is in contact

with the chromosome mass.

Measurements of SMC3 Intensity Ml

We used an in-house script to measure the intensity of SMC3 in the pericentromeric region of sister
chromatids. Sister kinetochores were paired using the measurement points in Imaris 9.3. (Bitplane).
The cohesin signal is measured in a round cylinder in the direction of the connecting filament between

the two sister kinetochores.

All Imaris files within a folder are analyzed and the results are recorded in an excel sheet.

Measurements of REC Intensity Ml

In order to measure the REC8 intensity in the pericentromeric region of Ml bivalents, we wrote an in-
house plugin for Imaris 9.3 (Bitplane) using Matlab R2018b. First the kinetochores were identified using
the spots object. The plugin changes the size of spots. This allows us to use the inbuilt spot function in
Imaris to detect the center of the signal of the kinetochore more easily, but measure the REC8 intenstiy

in a larger radius covering the pericentromeric region that is identical for all the kinetochores analyzed.

Analysis of trim-away

Oocytes were co-labelled with for DNA and the acrocentric- and metacentric-TALE. Analysis was
performed after 3D reconstruction in Imaris 9.3 (Bitplane). The time that two sister chromatids were
separated from one another was noted for all the labelled chromosomes. For all graphstime point zero

marks the time of the first separation event for each cell.
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Statistical analysis

Statistical significance based on unpaired, two-tailed Student’s t-test (for absolute values) was
calculated in OriginPro and two-tailed Fisher’s exact test (for categorical values) in Prism (GraphPad).
All box plots show median (horizontal black line), 25th and 75th percentiles (boxes) and 5th and
95th percentiles (whiskers). All data are from at least three independent experiments apart from the
Cold stable assay in metaphase Il of pig oocytes and the position of telomeres in mouse oocytes which
are from two repetitions. P values are designated as *P< 0.05, **P< 0.01, ***P<0.001 and

***¥*P<0.0001. Non-significant values are indicated as “N.S".
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Figure S2
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Fig S2. Porcine acrocentric chromosomes are prone to erroneous attachment creation (A) Illustration
of the labelling system in the porcine oocytes for the 3 different types of experiments. Labelling with
the acrocentric-TALE, labelling with the metacentric-TALE and labelling with both TALEs
simultaneously. Explanation of what is labelled in each experiment and the respective nomenclature
can be found on the left side of the table. Magenta, kinetochores; gray, acrocentric-TALE; orange,
metacentric-TALE; blue, chromosomes; (B) Single z-planes of labelled chromosomes with the
acrocentric-TALE (top row) and the metacentric TALE (bottom row) from meiosis | intact porcine cell
injected with the respective TALE. Magenta, kinetochores, (ACA); green, TALE (anti-GFP); blue,
chromosomes, (Hoechst); Scale bar, 1 um. (C) Single z-planes of labelled chromosomes with the
acrocentric-TALE (top row) and the metacentric TALE (bottom row) from meiosis Il intact porcine cell
injected with the respective TALE. Magenta, kinetochores, (ACA); green, TALE (anti-GFP); blue,

chromosomes, (Hoechst); Scale bar, 1 um.
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Figure S3
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Fig. S3 Acrocentric chromosomes are lagging during anaphase and misalign during late metaphase
more often than the metacentric (A) Proportion of the type of chromosomes in the total
missegregated chromosomes. The number of missegregated chromosomes is indicated with N. (B) Still
images from porcine chromosomes during alignment in the metaphase plate (left-hand side) and the
corresponding image from imaris with the tracking annotation (right-hand side). White arrowhead
indicates the misaligned acro-labelled chromosome. On the left, magenta, kinetochores (mScarlet-
hCENPC); green, acrocentric label, (Acrocentric-TALE-GFP); blue, chromosomes, (H2B-SNAPf); and on
the right magenta, kinetochores; green line, pair of homologous acro-labelled kinetochores; white line,

pair of homologous meta kinetochores. Scale bar, 1 um.
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Figure S5
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Fig S5. The small arm of acrocentric chromosomes hinders the end-on microtubule attachment
creation. (A) Proportion of the configuration on top and the configuration on the side from the total
kinetochores examined. Number of chromosomes analyzed is indicated in brackets under each

category
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Fig S6. Pig acrocentric chromosomes have on average less cohesin than metacentric chromosomes
(A) Percentage of the first chromosome to separate after trim-away of REC8 in metaphase Il porcine
cells. (B) Time of separation for each of the six acro-labelled and meta-labelled chromosomes after
trim-away of REC8 in porcine eggs. As time point zero in each cell is the time of the first chromosome
separation. (two sample t-test performed between each separation event for acro-labelled and meta-

labelled). *p < 0.05 and ns: non-significant. Number of chromosomes analyzed is indicated in brackets.
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SUMMARY

Chromosome segregation errors during female
meiosis are a leading cause of pregnancy loss and
human infertility. The segregation of chromosomes
is driven by interactions between spindle microtu-
bules and kinetochores. Kinetochores in mammalian
oocytes are subjected to special challenges: they
need to withstand microtubule pulling forces over
multiple hours and are built on centromeric chro-
matin that in humans is decades old. In meiosis |, sis-
ter kinetochores are paired and oriented toward the
same spindle pole. It is well established that they pro-
gressively separate from each other with advancing
female age. However, whether aging also affects
the internal architecture of centromeres and kineto-
chores is currently unclear. Here, we used super-res-
olution microscopy to study meiotic centromere and
kinetochore organization in metaphase-ll-arrested
eggs from three mammalian species, including hu-
mans. We found that centromeric chromatin decom-
pacts with advancing maternal age. Kinetochores
built on decompacted centromeres frequently lost
their integrity and fragmented into multiple lobes.
Fragmentation extended across inner and outer
kinetochore regions and affected over 30% of meta-
phase-ll-arrested (Mll) kinetochores in aged women
and mice, making the lobular architecture a promi-
nent feature of the female meiotic kinetochore. We
demonstrate that a partial cohesin loss, as is known
to occur in oocytes with advancing maternal age, is
sufficient to trigger centromere decompaction and
kinetochore fragmentation. Microtubule pulling
forces further enhanced the fragmentation and
shaped the arrangement of kinetochore lobes. Frag-
mented kinetochores were frequently abnormally
attached to spindle microtubules, suggesting that
kinetochore fragmentation could contribute to the
maternal age effect in mammalian eggs.

INTRODUCTION

Chromosome segregation is driven by interactions between
spindle microtubules and kinetochores, the macromolecular
structures that assemble on centromeric nucleosomes contain-
ing the histone variant CENP-A [1-3]. These interactions allow
the microtubule spindle to direct chromosome movement in
space and time [4-6]. Failure to correctly attach all kinetochores
generates cells with too many or too few chromosomes, a con-
dition known as aneuploidy. Aneuploidy is particularly prominent
in female meiosis: 20%-70% of human eggs carry an incorrect
number of chromosomes, making chromosome segregation er-
rors in oocytes a leading cause of pregnancy loss and human
infertility [7-9].

Given the important role of kinetochores and centromeres in
chromosome segregation, their structure has been studied
extensively in mitosis [2, 10]. By contrast, our understanding
of the internal architecture of centromeres and kinetochores
in mammalian meiosis is still very limited. Studies in mice
and humans have predominantly focused on the spacing
between sister kinetochores during the two meiotic divisions
[8, 9]. These studies revealed that the distance between
sister kinetochores increases both in meiosis | [11-18] and
meiosis Il [17, 19-22] with advancing female age. This in-
crease has been linked to an age-related loss of cohesin
from chromosomes [23], as cohesins play an important role
in sister kinetochore pairing and the cohesion between meta-
phase-I (MIl) chromosomes and metaphase-Il (Mll) chromatids
[11, 24-27]. In particular, centromeric cohesins pair sister ki-
netochores into a single functional unit during meiosis |, and
physically link sister chromatids in meiosis Il [28]. Cohesins
are thought to be exceptionally long lived in oocytes and to
gradually dissociate from chromosomes as females get older
[12, 18, 23, 29, 30]. As cohesin levels decline, the space
between sister kinetochores progressively increases. This
has functional consequences for both meiosis | and meiosis
Il. Split meiosis-| sister kinetochores are more likely to form
incorrect attachments to spindle microtubules [14, 17], and
insufficient centromeric cohesion in meiosis Il results in
chromosomes separating prematurely into single chromatids
[21, 31, 32] and aneuploidy [33-36]. However, although it is
well established that sister kinetochores in oocytes separate
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Figure 1. The Centromeric CENP-A Domain Decompacts as Oocytes Age and MIl Kinetochores Built upon It Fragment into Lobes

(A) Centromeric CENP-A fluorescence intensity (integrated density of the centromeric region of interest [ROI] — mean background fluorescence x ROI) in
42 mouse MIl eggs (3 independent experiments). 100% was assigned to the mean intensity of young groups. Box plots show median (horizontal white lines),
mean (small white squares), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers).

(B) Representative metaphase-ll chromosomes from a young and an old mouse egg (8- and 62-week-old females, respectively) visualized with Airyscan mi-
croscopy (z projections of 14-16 sections, acquired every 0.18 um). Centromeres (green, CENP-A) and DNA (blue, Hoechst) are shown. Scale bars represent
2 pm in overviews, and 0.5 um in insets.

(C) Quantification of MIl centromere circularity across the two age groups. A circularity value of 1.0 indicates a perfect circle. 1,776 measurements from 14 young
and 17 aged MIl eggs, imaged as in (B).

(D) Age-related increase in centromere distortion (circularity < 0.80) in MIl eggs from young and old mice, imaged as in (B).

(E) Representative chromosome spread of a young MIl mouse egg. DNA signal (blue, Picogreen, confocal mode), outer kinetochore region (white, Hec1, confocal
mode), and the centromeric signal (green, CENP-A, STED mode) are shown. Right: one centromere in each panel (STED microscopy, grayscale; A and B, sister
centromeres).

(legend continued on next page)
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from each other as females age, we still know very little about
the internal architecture of centromeres and kinetochores in
aging mammalian oocytes.

Given the importance of the kinetochore in chromosome
segregation, it is conceivable that changes in the internal archi-
tecture of centromeres and kinetochores could contribute to
aneuploidy in aging oocytes. This seems plausible because
oocyte kinetochores are built on a centromeric chromatin scaf-
fold that can be several decades old at the time of chromosome
segregation [37]. If and how centromeric chromatin changes with
age, and whether this affects the architecture of the kinetochores
that are built upon it, are currently unclear.

We therefore analyzed whether the internal organization of the
meiotic centromere and kinetochore change as females age. In
particular, we used quantitative super-resolution microscopy
to analyze the architecture and function of 35,700 meiotic kinet-
ochores in three mammalian species, including humans. In most
experiments, we studied the internal architecture of kineto-
chores during metaphase of meiosis |l, as sister kinetochores
are spatially separated from each other during this stage, which
greatly facilitates the analysis of individual kinetochores. By
contrast, sister kinetochores are predominantly fused during
metaphase | [38], which impedes the assessment of individual ki-
netochores and makes this stage less suitable for studies of in-
ternal kinetochore architecture.

Our analysis suggests that the centromeric CENP-A
domain, on which the kinetochore is assembled, becomes de-
compacted with advancing female age. This was accompa-
nied by fragmentation of inner and outer kinetochore regions
into multiple lobes in over 30% of metaphase-Il kinetochores
of women and aged mice. An acutely induced loss of cohesin
in eggs from young mice was sufficient to trigger the decom-
paction of CENP-A-containing chromatin, as well as kineto-
chore fragmentation, causing changes to the morphology of
centromeres and kinetochores that closely resembled those
in eggs from naturally aged females. Microtubule pulling
further enhanced kinetochore fragmentation and shaped
the pattern of the kinetochore lobules. Based on these data,
we propose a model whereby the age-related cohesin loss
not only favors aneuploidy by inducing a premature loss of
cohesion within meiosis-I bivalents and meiosis-Il chromo-
somes but also disrupts the organization of centromeric chro-
matin and thereby destabilizes the meiotic kinetochore in
females.

RESULTS

The Centromeric CENP-A Domain Decompacts as
Oocytes Age

To investigate whether aging affects the organization of centro-
meres, we used immunofluorescence microscopy to assess
metaphase-ll-arrested (MIl) eggs from mice of different ages.
In particular, we compared 8-week-old and 60- to 64-week-old
FVB-N mice, which correspond to reproductively young and
old females, as evident from a strong increase in aneuploidy in
the aged group (Figure S1A).

MIl centromeres in the aged group had strongly decreased
levels of the centromere-specific histone variant CENP-A (Fig-
ure 1A), consistent with observations in prophase-arrested
oocytes [39]. Strikingly, the centromeres also differed in their ar-
chitecture. Whereas young centromeres had a compact CENP-A
signal when visualized with Airyscan microscopy (Figure 1B, left
panel), aged centromeres were often organized into multiple
CENP-A subunits (Figure 1B, right panel) and frequently ap-
peared decompacted (Figures 1C and 1D).

Stimulated emission depletion (STED) microscopy, which has
greater resolving power [40], revealed multiple clustered CENP-A
foci within the aged centromeric domain (Figures 1F and S1B).
This was in contrast to the compact appearance of centromeres
in young eggs (Figures 1E and S1B). Consistent with age-related
decompaction, the CENP-A domain was distributed over a larger
surface area in eggs from older mice (Figure 1G). Decompaction
of individual centromeres into multiple subunits was also evident
in meiosis-| bivalents (Figure S1C, yellow arrowheads), suggest-
ing that it is a general feature of aged meiotic centromeres. Alto-
gether, these results establish that centromeric chromatin in
oocytes and eggs decompacts as females age.

Kinetochores Built on Decompacted Centromeres
Fragment into Lobes

Next, we asked whether kinetochores, which assemble upon
centromeres, also show age-related changes in mammalian
eggs. We first examined the outer kinetochore components on
chromosome spreads. The outer kinetochore Hec1 domain
that directly interacts with spindle microtubules appeared dis-
torted in aged mouse eggs, and was frequently fragmented
into two prominent lobes (Figures 1H, 1l, and S1D). In 75% of
cases, the centromeric CENP-A region and the Hec1 kineto-
chore domain were concordant, with both appearing either

(F) Representative chromosome spread of an MIl egg from an old mouse (63 weeks), labeled as in (E).

(G) Surface area of CENP-A centromeric domains in MIl eggs from young and aged mice, acquired as in (E) and (F). Distortion of the centromeric domain was
measured as the surface area of the smallest circle encompassing the CENP-A signal (119 young and 221 aged centromeres analyzed). Mean and SD are shown.
(H) Representative Airyscan-imaged metaphase-Il chromosome from an aged mouse egg (61-week-old female). Outer kinetochores (white, Hec1), centromeres
(green, CENP-A), and DNA (blue, Hoechst) are shown. Scale bars represent 1 um in overview, and 0.5 um in insets.

() Quantification of kinetochore configurations visualized with Airyscan microscopy, based on the outer Hec1 signal in 37 MIl mouse eggs (3 experiments), labeled
as in (H).

(J) Quantification of how frequently the MIl outer kinetochore pattern follows changes in the underlying centromeric domain. Concordant indicates centromere/
outer kinetochore pairs where the CENP-A/Hec1 signals were both either compact or fragmented. 740 centromeres and their corresponding kinetochores from
19 old MIl mouse eggs (3 experiments), labeled as in (B) and (H).

Young Mll eggs: 8-week-old females; aged eggs (12 animals): 60- to 64-week-old females. Scale bars represent 4 um in overviews, and 0.5 pmininsets in (E) and (F).
p values are designated as *p < 0.05 and ****p < 0.0001. p values were calculated with Student’s t test (I) and Fisher’s exact test (D). In (A), mean fluorescence
measurements per egg were compared by one-way ANOVA followed by Tukey’s test. Error bars show SEM. White arrows point to compact kinetochores, and
yellow arrows point to lobes within a fragmented MII kinetochore.

See also Figure S1.
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(legend continued on next page)
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compact or fragmented (Figure 1J). Centromere decompaction
hence correlates with the fragmentation of the outer kinetochore
domain, and both are increased in aged mouse eggs.

We then tested whether the age-related changes in centro-
mere and kinetochore architecture are also evident in intact
eggs, in which the three-dimensional arrangement of chromo-
somes on the spindle is preserved. Because the majority of su-
per-resolution techniques are not compatible with the size of
mammalian oocytes, we employed Airyscan microscopy to
establish whether the bilobed appearance is evident across
the kinetochore complex. We labeled inner kinetochore plates
(Figure S2A) with CREST antisera (Figure 2A), which mark pre-
dominantly CENP-B [41]. Consistent with the observations for
Hec1, CREST-labeled inner kinetochore plates appeared as
fragmented foci in 6% and 21% of MIl eggs from mice aged
8 weeks and 34-36 weeks, respectively (Figure 2B, left and
middle panels). The frequency of kinetochore fragmentation
further increased to over 33% in eggs from mice older than
60 weeks (Figure 2B, right panel). The changes in Mll kinetochore
architecture between young and aged eggs could not be
attributed to differences in the time required for the oocytes to
progress through meiosis | (Figure S2B). They were also not an
artifact of the imaging conditions that we used, because mitotic
kinetochores under identical conditions appeared as single
compact structures (Figures S2C and S2D). Together, these
data suggest that inner and outer kinetochore regions fragment
into lobes in aged mouse eggs.

Kinetochore Fragmentation Is Conserved across
Various Mammalian Species

To establish whether fragmented kinetochores are also present in
other species, we examined eggs from humans and pigs (Figures

2C and 2D). Around 25% of kinetochores were fragmented in Ml
eggs from pre-pubertal pigs and young women (Figures 2E, 2F,
and S2E-S2H). The kinetochore inner plates here also predomi-
nantly reorganized into two lobes (Figure 2G). Consistent with
our findings in aged mice, kinetochore fragmentation in human
MIl eggs became more apparent with advancing age, affecting
39% of meiotic kinetochores in women over 34 years (Figure 2F).
Furthermore, in human kinetochores that appeared bilobular, the
fragmentation similarly affected multiple layers of the kinetochore
complex, as evident from the bilobular appearance of outer plates
marked with Hec1 and CENP-F and the fibrous corona labeled
with BubR1 (Figure S2l). Together, these data suggest that frag-
mentation is a prominent and widely conserved feature of the
meiotic kinetochore that is already present in young women but
becomes more pronounced with advancing age.

Cohesin Loss Causes Decompaction of Centromeric
Chromatin and Fragmentation of Meiotic Kinetochores
We next investigated the mechanism underlying the age-related
decompaction of centromeric chromatin and kinetochore frag-
mentation. We wondered whether the architectural changes
that we observed might be linked to the loss of cohesin from
chromosomes, which is well established to occur with advancing
maternal age [12, 13, 30, 42]. Cohesin might be required to
arrange CENP-A-containing chromatin into a compact platform
that is suitable for the assembly of stable kinetochores in
mammalian oocytes. This model predicts that a loss of cohesin
would be sufficient to trigger CENP-A domain decompaction
and kinetochore fragmentation.

To test this hypothesis, we used the Trim-Away approach to
remove cohesin acutely in metaphase of meiosis Il (Figure 3A).
Trim-Away utilizes antibodies to target unmodified, native

(B) Immunolabeled young TRIM21 overexpressing metaphase-Il mouse eggs, microinjected with either a control IgG antibody (top) or an anti-Rec8 antibody
provided in excess (bottom), as in (A). Images are z projections of 63-69 sections, acquired every 0.19 um. Microtubules (green, a-tubulin) and chromosomes
(blue, Hoechst). The scale bar represents 5 um.

(C) Representative chromosome spreads from young metaphase-Il mouse eggs depleted of Smc3. Insets: a chromosome (control, left panel) or individual single
chromatids (all other panels). Outer kinetochores (white, Hec1), centromeres (green, CENP-A), and chromosomes (blue, Hoechst) are shown.

(D) Normalized diameter of the CENP-A centromeric domain in control and young mouse MIl eggs depleted for Smc3, as in (C). CENP-A domains were divided
into three groups, based on the fragmentation status of the overlying Hec1 kinetochore. 723 centromeres from 20 MIl eggs were evaluated (2 experiments).
(E) Occurrence of different kinetochore architectures based on outer kinetochore Hec1 signal in cells treated as in (C). Data are from 35 MIl eggs (young mice;
2 experiments).

(F) Normalized diameter of the Hec1 kinetochore domain in control and young mouse eggs depleted for Smc3. Both the fragmentation status and the diameter
measurements were based on Hec1 labeling. 755 kinetochores from 20 MIl eggs were evaluated (2 experiments).

(G) The diameter of the CENP-A centromeric domain (a.u.) plotted against the Hec1 outer kinetochore diameter (a.u.) for each of the 565 MIl kinetochores
following a full depletion of Smc3/control Ml eggs as in (C). Pearson’s correlation coefficients: r = 0.402 (controls) and r = 0.495 (experimental group).

(H) Inner plates of MIl kinetochores in metaphase-arrested eggs from young mice in a control chromosome (left panel; two sister kinetochores) and in single
chromatids induced by a full depletion of Rec8 (other panels), achieved as in (B). Chromosomes (blue, Hoechst) and kinetochore inner plates (magenta, CREST)
are shown.

(I) Occurrence of Mll kinetochore configurations in young eggs following the targeting of distinct cohesin subunits (Rec8, Smc3) by Trim-Away (full depletion) and
in control eggs. Data are from 79 MIl eggs from young mice (3 experiments).

(J) Young metaphase-Il eggs labeled with the inner kinetochore protein CENP-C. Images show a control chromosome (left panel; two sister kinetochores) and single
chromatids induced by a full depletion of Rec8 (other panels), obtained as in (A). Chromosomes (blue, Hoechst) and kinetochore inner plates (yellow, CENP-C) are
shown.

(K) Occurrence of different kinetochore architectures based on the inner kinetochore CENP-C signal in cells treated as in (J). Data from 36 MIl eggs (young mice;
2 experiments).

Scale bars represent 2 um in overviews, and 0.5 um in insets in (C), (H), and (J).

p values are designated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. p values were calculated with Student’s t test in (I) and Fisher’s exact test in (E)
and (K); in (D) and (F), mean measurements per egg were compared by one-way ANOVA followed by Tukey’s test. Error bars show SEM. Box plots show median
(horizontal lines), mean (small squares), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers). Arrows: white point to compact kinetochores,
and yellow point to lobes within a fragmented MII kinetochore.

See also Figures S3-S5 and Videos S1 and S2.
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Figure 4. The Extent of Kinetochore Fragmentation Correlates with the Degree of Cohesion Loss

(A) Scheme of the partial Trim-Away method in metaphase-Il eggs. The degree of cohesin loss is fine-tuned by varying the amount of microinjected antibody.
(B) Representative live spindles from TRIM21-overexpressing young MIl eggs microinjected with either a control IgG antibody or various concentrations of the
anti-Smc3 antibody. Chromosomes (red, H2B-mRFP) and microtubules (blue, MAP4-MTBD-Snap647). The scale bar represents 10 pm.

(C) Representative examples of the three chromosome categories aligned at the equator of the same metaphase-Il spindle following partial depletion of Smc3 by
Trim-Away, as in Figure S5E.

(D) Occurrence of different MIl kinetochore architectures based on CREST signal in the three chromosome categories defined by Hoechst signal, as in (C),
following partial depletion of Smc3 (41 young MIl eggs, 4 experiments).

(legend continued on next page)
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proteins for proteasome-mediated degradation via the antibody
receptor/E3 ubiquitin ligase TRIM21 [43]. In particular, we used
two independent approaches to target the meiotic cohesin com-
plex in eggs, using antibodies against the cohesin subunit Smc3
[44] and the meiosis-specific a-kleisin variant Rec8 [24, 45-47].
Quantitative immunofluorescence of Rec8 (Figures S3A-S3C)
and Smc3 (Figures S3D and S3E) on chromosome spreads
confirmed that Trim-Away of either subunit resulted in removal
of cohesin complexes from the centromeric regions of Mll chro-
mosomes. Consistent with centromeric cohesin removal, all
chromosomes separated into single chromatids within minutes
of Rec8 or Smc3 antibody microinjection (Figures 3B, S3F, and
S3G; Video S1). Thus, Trim-Away with antibodies against either
Rec8 or Smc3 is consistent, and efficiently depletes centromeric
cohesins in metaphase-ll-arrested eggs from young mice.

We then assessed whether acute removal of cohesin was suffi-
cient to reproduce the changes in centromeric chromatin and
kinetochore architecture that we had observed in aged mice.
Indeed, degradation of Smc3 caused a prominent decompaction
of centromeric chromatin (Figures 3C, 3D, and S4A) and fragmen-
tation of the Hec1 domain into two lobes (Figures 3C, 3E, 3F, S4B,
and S4C). Importantly, the increased diameter of the Hec1 domain
positively correlated with the size of the underlying CENP-A
centromeric domain (Figure 3G), further supporting our model
that the age-related changes in centromere and kinetochore archi-
tecture are coupled. Moreover, the inner kinetochore plates
(marked by CREST and CENP-C; Figures 3H-3K, S4D, and S5A;
Video S2), as well as the fibrous corona (marked by BubR1; Fig-
ures S5B and S5C), also frequently fragmented into two lobes
upon cohesin removal. Together, these data establish that a loss
of cohesin is sufficient to trigger the decompaction of centromeric
chromatin and the fragmentation of inner and outer kinetochore
regions, closely resembling the changes in centromere and kinet-
ochore architecture that we observed in aged eggs.

The Extent of Kinetochore Fragmentation Correlates
with the Degree of Cohesion Loss

Chromosomes in aged MIl eggs are affected by loss of cohesin
to different degrees [31]. Metaphase-Il chromosomes in which
cohesin is depleted to a lesser degree remain intact, with both
chromatids still linked, and only the distance between their sister
kinetochores increases. By contrast, chromosomes with more
severe cohesin depletion separate completely into single chro-
matids (Figure S5D). To reproduce these different chromosome
architectures in eggs from young females, we modified the Trim-
Away approach to enable a partial depletion of cohesin by using
lower amounts of the Smc3 antibody (Figures 4A and S5E-S5G).
Under these conditions, only a subset of metaphase-Il chromo-
somes separated into single chromatids (Figure 4B, middle

panel and Figure S5E), although the proportion of disjointed
chromosomes was still higher than following natural aging (Fig-
ure S5D). We then used young mouse eggs partially depleted
of cohesins, as well as eggs from aged mice, to determine
whether the extent of cohesion loss correlates with the extent
of kinetochore fragmentation.

In young eggs with partially reduced cohesin, 67% of CREST-
labeled kinetochores on single chromatids were fragmented, in
comparison to only 28% on intact chromosomes (Figures 4C
and 4D, left and right panels). Also within the intact chromosome
class, the degree of cohesion between sister chromatids
differed: some sister chromatids remained tightly associated,
indicative of high cohesion levels, whereas others were still con-
nected but separated by prominent gaps, indicative of reduced
cohesion (Figure 4C, “tightly linked” and “with gaps”). Interest-
ingly, closely associated chromatids (Figure 4D, left panel) were
less likely to show kinetochore fragmentation than chromatids
with gaps (Figure 4D, middle panel). This correlation between
kinetochore fragmentation and the degree of cohesion loss
was also apparent in naturally aged Mll eggs from mice and hu-
mans (Figures 4E-4G; Video S3). Together, these data establish
that the degree of cohesion loss correlates with the degree of
kinetochore fragmentation.

Kinetochore Fragmentation Is Also Evident during
Meiosis |

Our data established that MIl kinetochores frequently fragment
into multiple lobes in eggs of various mammalian species (Fig-
ure 2). However, the oocyte segregates its chromosomes twice.
Because cohesion in aged oocytes is already reduced in meiosis
1 [8, 23], kinetochore fragmentation could in principle affect both
divisions of the mammalian oocyte.

In line with this idea, fragmented kinetochores could also be
detected in meiosis | in both naturally aged human and mouse
oocytes (Figures S6A and S6B). To establish whether cohesin
loss is also sufficient to trigger kinetochore fragmentation during
meiosis |, we modified our Trim-Away approach to partially
deplete cohesins at metaphase | (Figure 5A). In particular, we
determined conditions that maintained homologous chromo-
some pairing in mouse oocytes (Figures 5B, 5C, and S6C) but
caused an increase in sister kinetochore distance to a degree
that we have previously reported in naturally aged human
oocytes from women in their mid-thirties (Figure 5D) [17], indica-
tive of reduced cohesion in the centromeric region.

The separation of sister kinetochores upon partial cohesin
depletion (Figures 5D and 5E) was indeed coupled to changes
in kinetochore architecture (Figures 5E-5G, S6D, and S6E).
Despite the high proximity of sister kinetochores in meiosis |,
a significant fraction of MI kinetochores became Vvisibly

(E) Representative kinetochores in chromosomes (left panels) and single chromatids (all other panels) in MIl eggs from aged mice (>60 weeks) or women of

all ages.

(F) Kinetochore architectures shown in (E) and their occurrence on intact chromosomes and single chromatids (50 metaphase-Il eggs from aged mice,

5 experiments).

(G) Kinetochore architectures shown in (E) and their occurrence on intact chromosomes and single chromatids in 29 human MIl eggs.
Scale bars, 2 um in overview, and 0.5 um in insets. Chromosomes (blue, Hoechst) and kinetochores (magenta, CREST) are shown in (C) and (E). In (C),

microtubules are additionally labeled (green, a-tubulin).

p values are designated as *p < 0.05 and ***p < 0.0001. p values were calculated with Fisher’s exact test. Error bars show SEM. Arrows: white point to compact

kinetochores, and yellow point to lobes within a fragmented MII kinetochore.
See also Figure S5 and Video S3.
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Figure 5. Kinetochore Fragmentation Is Also Evident during Meiosis |

(A) Scheme of the partial Trim-Away method in metaphase |, where cohesin levels are reduced by microinjecting an anti-Smc3 antibody at a limiting
concentration.

(B) Representative Trim-Away spindles at late metaphase |, in young mouse oocytes microinjected with a control antibody (left panel) or with an anti-Smc3
antibody at a limiting concentration (right panel). Images are z projections of 82 sections acquired every 0.18 um. The scale bar represents 5 um.

(C) Occurrence of different chromosome architectures assessed based on the Hoechst signal in Ml oocytes treated as in (B). Data are from 42 young Ml oocytes
(2 experiments).

(D) Distance between the two sister kinetochores of a bivalent in metaphase-l oocytes from young mice treated as in (B). Data are from 42 young MI oocytes
(2 experiments). Box plots show median (horizontal white lines), mean (small white squares), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers).

(legend continued on next page)
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fragmented (Figures 5F, 5G, and S6E). Thus, as cohesins are
lost, sister kinetochores not only uncouple but individual MI ki-
netochores also fragment into lobes.

Fragmented Kinetochores Are More Likely to Be
Abnormally Attached to Spindle Microtubules

Next, we investigated how fragmented kinetochores interact
with microtubules. We first examined whether fragmented kinet-
ochores are still able to attach to the spindle. To achieve this, we
selectively visualized kinetochore-bound microtubules (called k-
fibers) by briefly exposing mouse eggs to cold [48]. This revealed
that fragmented kinetochores are predominantly still functional:
the number of unattached kinetochores in intact chromosomes
did not differ significantly between the compact and fragmented
kinetochore groups (Figure S7A). However, whereas over 90% of
intact kinetochores attached as expected to one k-fiber only,
49% of fragmented kinetochores were attached to two distinct
k-fiber bundles (Figure 6A).

Because kinetochores become compartmentalized into two
lobes with age and each fragment frequently interacts with an in-
dependent k-fiber bundle, we wondered whether fragmented
kinetochores are also more likely to be merotelically attached
(Figure 6B). Chromosome segregation errors often result from
merotelic attachments, where a single kinetochore is simulta-
neously bound to microtubules from opposite spindle poles
[14, 49-51]. These merotelically attached kinetochores will lag
at anaphase onset, increasing the chances of mis-segregation
[49]. Our analysis revealed that over 31% of fragmented kineto-
chores were merotelically attached, compared to only 7% of
intact kinetochores (Figure 6C). Frequently, only one fragment in-
teracted with each spindle pole (“bilobular merotelic,” Figures
6D and 6E). This observation may also explain why single chro-
matids were often able to align in the center of the meiotic
spindle (Figures 6D and S7B) [50], despite having a single kinet-
ochore only. Although chromosome alignment is generally
thought to rely on two distinct kinetochores that attach to spindle
microtubules originating from opposite spindle poles, these data
suggest that single meiotic kinetochores can also promote align-
ment of single chromatids, by splitting into two lobes, which both
attach to k-fibers from opposite spindle poles (Figure 6D).
Together, these data establish that kinetochore fragmentation
correlates with abnormal kinetochore-microtubule attachments.

Microtubule Pulling Enhances and Shapes Kinetochore
Fragmentation

Why are kinetochore fragmentation and merotelic attachments
correlated? The age-related decompaction of centromeric chro-
matin and its associated kinetochore could broaden and distort

the microtubule-interacting surface, which could hinder the
establishment of correct microtubule attachments. Kinetochores
with lateral or end-on merotelic attachments would experience
pulling from opposite directions, which could further enhance
their fragmentation. Centromeric chromatin decompaction and
microtubule pulling could thereby generate a positive feedback
loop, which would manifest in merotelic attachments and prime
eggs for chromosome segregation errors. The strain on meiotic
kinetochores could be further enhanced by the dynamics of
spindle assembly in meiosis: kinetochores in oocytes are
exposed to prolonged pulling, because meiotic spindles in
both female mice and women take multiple hours to assemble
fully [52-55], in a process which in humans involves several hours
of spindle reorganization [54].

To test directly whether microtubule pulling enhances kineto-
chore fragmentation, we decreased microtubule-dependent
pulling by treating eggs with the microtubule-depolymerizing
drug nocodazole. We opted for a concentration of the drug at
which the pulling experienced by kinetochores is reduced but
the general bipolar organization of the spindle is maintained
and thus chromosomes are sufficiently individualized for kineto-
chore analysis. We then induced kinetochore fragmentation by
Trim-Away of Smc3. We found that kinetochore fragmentation
was reduced from 52% in DMSO-treated control eggs to 35%
in eggs treated with low doses of nocodazole (Figure 6F). This
suggests that microtubule pulling enhances fragmentation.

Our analysis also revealed that meiotic kinetochores preferen-
tially reorganize their fragments into two distinct lobes (Fig-
ure 2G). We wondered whether the bilobular appearance of the
fragmented meiotic kinetochore reflects an inherent structural
feature of kinetochores in meiosis, or whether it could result
from clustering of multiple kinetochore fragments into two large
groups by bidirectional pulling from the two spindle poles. To
discriminate between these possibilities, we treated control
and partially Smc3-depleted oocytes from young mice with
monastrol at the onset of meiosis |, to completely eliminate the
exposure of meiotic kinetochores to bidirectional pulling (Fig-
ure S7C). Monastrol treatment leads to the formation of a micro-
tubule ball that contains multiple microtubule-organizing centers
(MTOCs) and carries the chromosomes on its surface [56, 57].
Kinetochores were still fragmented in monastrol-treated oocytes
(Figures 6G and 6H, monastrol groups). However, instead of al-
ways forming two domains, some kinetochores fragmented into
multiple lobes (Figures 6G and S7D). Interestingly, monastrol
treatment enhanced kinetochore fragmentation even in young
control mouse oocytes, without depletion of cohesin (Figure 6G,
right top panel; and Figure 6H, second column). This might be
due to altered pulling forces exerted on kinetochores by the

(E) Representative Trim-Away spindles treated as in (B). Insets: chromosome and kinetochore architectures in Ml bivalents under these conditions. Scale bars

represent 10 um in overview, and 2 um or 0.5 um in insets.

(F) Kinetochore architectures shown in (E) and their occurrence in Ml oocytes treated as in (B). Data are from 55 metaphase-| oocytes (2 experiments). Error bars

show SEM.

(G) Representative two sister kinetochores of a bivalent in control oocytes (left panel) or anti-Smc3 microinjected Trim-Away oocytes (other panels). Scale bars

represent 0.5 um.

Chromosomes (blue, Hoechst) and kinetochores (magenta, CREST) are shown in (B), (E), and (G). In (B) and (E), microtubules are additionally labeled (green, a-tubulin).
p values are designated as **p < 0.01 and ****p < 0.0001. p values were calculated with one-way ANOVA followed by Tukey’s test in (D) and Student’s t test in (F).
Arrows: white point to compact kinetochores, and yellow point to lobes within a fragmented Ml kinetochore. Numbers in insets refer to sister kinetochores shown

(as in the E schematic).
See also Figure S6.
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(legend continued on next page)
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MTOC aggregate. Importantly, significantly more kinetochores
became fragmented under conditions of monastrol treatment
in anti-Smc3-injected oocytes, as compared to control monas-
trol-treated cells with intact cohesin (Figure 6H, second and
fourth columns), which further supports our model that cohesin
loss primes kinetochores for fragmentation. Together, these
findings suggest that although meiotic kinetochores may have
inherent structural properties that bias them toward a bilobular
appearance, the emergence of two lobes is promoted by bidirec-
tional pulling and grouping of kinetochore fragments by spindle
microtubules.

DISCUSSION

Our study reveals that the internal architecture of centromeres
and kinetochores in mammalian eggs changes as females age:
centromeric chromatin decompacts and kinetochores fragment,
which is linked to an increase in incorrect microtubule attach-
ments. Acute removal of cohesin from centromeric regions is
sufficient to reproduce these age-related changes in centromere
and kinetochore architecture (Figure 7A). We therefore favor a
model whereby kinetochore distortion starts at the level of
centromeric chromatin: cohesin is gradually lost from centro-
meric regions as females age. This loss of cohesin leads to a
broadening of centromeric chromatin and an expansion of asso-
ciated kinetochores (Figure 7B). The expanded kinetochores are
more likely to interact with multiple microtubule bundles and, if
the bundles originate from distinct spindle poles (merotely), bidi-
rectional pulling can have a further negative impact on kineto-
chore integrity. Age-related cohesin loss could thereby prime
centromeres and the associated kinetochores to be attacked
and altered by spindle microtubules.

Kinetochore fragmentation could contribute to the multifacto-
rial [7-9, 23] age-related increase in aneuploidy in eggs. In sup-
port of this possibility, we detected significantly more abnormal
lateral and merotelic spindle attachments in fragmented than in
compact kinetochores in eggs from aged mice. Due to limited
resolution in live-oocyte microscopy, we cannot currently follow
how fragmented kinetochores segregate. However, merotelic at-
tachments are well established to contribute to aneuploidy in
mitosis [49]. Chromosomes with merotelically attached frag-
mented meiotic kinetochores could therefore mis-segregate in
eggs as well. Cohesin loss may hence cause aneuploidy in

oocytes not only by leading to the premature dissociation of ho-
mologous chromosomes, sister chromatids, or sister kineto-
chores but also by priming kinetochores for fragmentation. We
would still like to highlight that although cohesin loss was suffi-
cient to induce changes to centromere and kinetochore
morphology in eggs from young mice, multiple oocyte proteins
deteriorate as females age [58] and may hence contribute to
meiotic kinetochore fragmentation and the associated increase
in abnormal kinetochore-microtubule attachments.

Assessing a woman’s egg for kinetochore fragmentation may
also help to assess the cohesin status of her oocyte pool in early
stages of reproduction, because kinetochore fragmentation pre-
cedes the dissociation of chromosomes: we could already
detect fragmented kinetochores in eggs from 34- to 36-week-
old mice (Figure 2B), whereas dissociation of chromosomes
into single chromatids only became prominent from 60 weeks
onward (Figure S1A). Also in meiosis |, kinetochore fragmenta-
tion (Figure 5F) preceded the premature separation of the two
homologous chromosomes within the bivalent (Figure 5C).
These data therefore suggest that a loss of cohesin is first
detectable at the level of the kinetochore before changes to
the overall chromosome structure become evident, making
kinetochore fragmentation an early readout of cohesin deteriora-
tion in aging oocytes.

Outer fibrous coronal regions of mitotic kinetochores were
demonstrated to temporarily expand into a crescent before
becoming stably bound by spindle microtubules [59-61]. How-
ever, these changes did not affect the centromere or inner kinet-
ochore layers [59, 60], which is in contrast to meiotic kinetochore
fragmentation that spans across multiple layers of the kineto-
chore complex and also affects stably bound chromosomes at
the spindle equator. It will be interesting to investigate in future
studies whether cohesin depletion also causes kinetochore frag-
mentation in mitotic cells. Following hypotonic treatment, mitotic
kinetochores unravel into more than 80 distinct subunits [62],
suggesting that they also have the potential to fragment.
Although kinetochore stretching was previously artificially
induced in maize meiocytes and mitotic cells [63-65], clear
distortion is a rare event under wild-type conditions in unper-
turbed cells [49]. In contrast, our study demonstrates that a third
of kinetochores exist in a clearly fragmented state in eggs from
older females, making the bilobular appearance a prominent
feature of the female meiotic kinetochore. Not only are cohesin

(D) Representative merotelically attached single chromatid and its respective kinetochore, aligned at the equator of a metaphase-Il spindle in an aged mouse egg.
Scale bars represent 5 um in overview, and 1 um in insets.

(E) Quantification of the subtypes of merotelic attachments on fragmented kinetochores, relative to the chromosome architecture and the site of microtubule
attachment.

(F) Occurrence of kinetochore architectures following Trim-Away of Smc3 in mouse MIl eggs subjected to either DMSO or low-dose nocodazole (62 young MII
eggs, 3 experiments).

(G) Representative chromosome spreads of control and Smc3 partially depleted Ml oocytes from young mice subjected to monastrol/control DMSO drug
treatments. Each inset shows two sister kinetochores/centromeres only. Outer kinetochores (white, Hec1), centromeres (green, CENP-A), and chromosomes
(blue, Hoechst) are shown. Scale bars represent 5 um in overview, and 1 um in insets.

(H) Occurrence of kinetochore architectures in MI oocytes from young mice treated as in (G). Quantifications are based on Hec1 labeling in 80 MI oocytes
(2 experiments).

DNA (blue, Hoechst), microtubules (green, a-tubulin), and kinetochores (magenta, CREST) are shown in (B) and (D).

p values are designated as *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001. p values in (F) were calculated with Student’s t test and in (A), (C), and (E) with
Fisher’s exact test. In (H), mean measurements per oocyte were compared by one-way ANOVA followed by Tukey’s test. Error bars show SEM. Arrows: white
point to compact kinetochores, and yellow/blue to lobes within fragmented kinetochores/centromeres, respectively.

See also Figure S7.
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levels high but also spindle assembly in mitotic cells is much
more rapid than in mammalian eggs [66], which could further
explain why fragmentation is a rare event in mitosis. However,
microtubule pulling could also play a role here, as some kineto-
chores lagging at anaphase onset also appeared bilobular when
merotelic attachments were artificially increased [49].

Oocyte-specific spindle dynamics could contribute to
fragmentation not only through direct pulling but also by influ-
encing chromosome cohesion. Mammalian eggs only complete
anaphase |l upon fertilization [8, 67]. Thus, eggs frequently
remain arrested in metaphase Il for over 12 h, a phenomenon
termed post-ovulatory aging [68]. Mitotic cells artificially halted
at the metaphase stage undergo cohesion fatigue: cohesion
becomes gradually insufficient and sister chromatids prema-
turely separate [69, 70]. Importantly, cohesion fatigue occurs
only in the presence of microtubule pulling [69, 71]. Although it
is clear that the major cohesin decline in mammalian oocytes
occurs during prophase arrest [23], the physiological meta-
phase-ll arrest that is unique to female meiosis could further
reduce cohesion levels and thereby contribute to kinetochore
fragmentation and sister chromatid splitting. In line with this
idea, chromosome cohesion in MIl eggs becomes occasionally
insufficient to keep all chromatids together as the metaphase-Il
arrest endures [21, 72].

Several experiments in this study were based on a modified
Trim-Away assay, which allowed us to partially deplete cohesins
in oocytes and eggs from young mice. Using this assay, we were
able to cause a partial dissociation of sister chromatids in young
eggs, splitting of meiosis-| sister kinetochore pairs, as well as
fragmentation of meiotic kinetochores, thus closely resembling
the changes in chromosome and kinetochore architecture that
occur during aging and have been attributed to a gradual loss
of cohesin. Western blotting confirmed protein depletion from
eggs, and immunofluorescence microscopy verified that our
approach indeed removes cohesin from chromosomes. Due to
technical limitations, as well as limited availability of antibodies
to target Smc3 and Rec8 in oocytes, we only used one antibody
against each cohesin complex subunit. However, the fact
that the changes induced by targeting either Smc3 or Rec8
are consistent indicates that this approach is suitable to investi-
gate the consequences of cohesin loss in mammalian oocytes
and eggs.

The partial Trim-Away assay complements the previously
developed mouse models heterozygous for cohesin genes
[32], which induced low cohesin levels from the time the oocytes
are first formed and allowed investigations into the effects of
decreased cohesin levels on the early meiotic events that
precede the protracted prophase arrest. The partial Trim-Away
assay allows us to deplete cohesins in oocytes that were able
to progress through the early stages of meiosis with normal
cohesin levels, and is therefore suitable to study the effects of
a late cohesin loss, similar to that occurring in oocytes from
aged females, on meiotic chromosome and kinetochore
architecture.

Notably, young mice used for the Trim-Away assays have
considerably larger numbers of oocytes than aged females
[19]. Thus, fewer animals are required to investigate the conse-
quences of a partial loss of cohesin for meiosis, in comparison
to the natural aging mouse model. In addition, these animals
only need to be maintained for short periods of time, which re-
duces the number of cages that have to be kept. Importantly,
the partial Trim-Away approach could also be applied to other
proteins that only partially deteriorate during aging, and thus
further contribute to our understanding of the maternal age effect
in mammals.
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Figure 7. Age-Related Cohesin Loss Alters Chromosome Architecture and Fragments Mammalian Meiotic Kinetochores into Distinct Lobes
Scheme summarizing how cohesin loss affects not only sister kinetochore pairing but also the internal kinetochore architecture in meiosis-l oocytes and
meiosis-Il eggs (A), and a model proposing how cohesin-dependent changes in centromeric architecture may promote the fragmentation of a meiotic kinetochore
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-Rec8
Rat anti-o-Tubulin
CREST serum

CREST serum
Rabbit anti-Smc3
Rabbit anti-Smc3
Mouse anti-Hec1
Mouse anti-Hec1
Rabbit anti-CENP-A
Rabbit anti-CENP-F
Mouse anti-CENP-C
Sheep anti-BubR1
Rabbit anti-Smc3

Produced in-house
Bio-Rad

Antibodies Incorporated

Europa Bioproducts
Abcam

Abcam

Santa Cruz

Abcam

Cell Signaling
Abcam

Abcam

Abcam

Bethyl Laboratories

Epitope based on [47]
MCAT78G; RRID:AB_325005

15-234-0001; RRID:
AB_2687472

FZ90C- CS1058

ab9263; RRID:AB_307122
EPR7984; RRID:AB_11150430
sc-135934; RRID:AB_2149754
ab3613; RRID:AB_303949
2048; RRID:AB_1147629

ab5; RRID:AB_304721
ab50974; RRID:AB_869095
ab28192; RRID:AB_725785
A300-060A; RRID:AB_67579

Normal Rabbit IgG Millipore 12-370; RRID:AB_145841

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa ThermoFisher A11034; RRID:AB_2576217

Fluor 488

Goat anti-Human IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488  ThermoFisher A11013; RRID:AB_2534080

Chicken anti-Rat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647  ThermoFisher A21472; RRID:AB_2535875

Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 546 ~ ThermoFisher A11003; RRID:AB_2534071

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa  ThermoFisher A31573; RRID:AB_2536183

Fluor 647

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, HRP ThermoFisher 31462; RRID:AB_228338

Goat anti-Rat IgG Secondary Antibody, HRP Santa Cruz sc-2032; RRID:AB_631755

Goat anti-Rabbit STAR RED Abberior 2-0012-011-9; RRID:
AB_2620152

Goat anti-Mouse Alexa594-conjugated ThermoFisher R37121; RRID:AB_2556549

Chemicals, Peptides, and Recombinant Proteins

Hoechst 33342 ThermoFisher H3570; RRID:AB_2651133

PicoGreen ThermoFisher P11496

SiR-tubulin Spirochrome CHF420.00

5-TMR-Hoechst N/A Gift from Grazvydas
LukinaviCius (see also [73])

dbcAMP (N6,2’-O-Dibutyryladenosine 3’,5'-cyclic monophosphate sodium salt) Sigma D0627

Nocodazole Sigma M1404

Monastrol Sigma M8515

Hyaluronidase Sigma H4272

NP-40 Alternative Merck 492016

Critical Commercial Assays

mMMESSAGE mMACHINE T7 Transcription Kit ThermoFisher AM1334

SuperSignal West Femto Maximum Sensitivity Substrate ThermoFisher 34095

SNAP-Cell Starter Kit New England Biolabs E9100S

Lambda Protein Phosphatase (Lambda PP) New England Biolabs P0753S
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: FVB/N

Charles River Janvier

RRID:IMSR_CRL:207

Human oocytes IVF clinics N/A

Pig ovaries (Sus scrofa domesticus) Local slaughterhouse N/S

NIH 3T3 ATCC CRL-1658
HEK293T ATCC CRL-3216
Recombinant DNA

pGEMHE Jan Ellenberg [74]
pPGEMHE-H2B-mRFP Jan Ellenberg [52]
pGEMHE-EGFP-Map4 Jan Ellenberg [52]
pGEMHE-SNAP-MAP4-MTBD Melina Schuh [75]
pPGEMHE-CENPB-mEmerald This paper N/A
pGEMHE-TRIM21 Melina Schuh [43]
CENPB-mEmerald Addgene 54037
Software and Algorithms

OriginPro 2016G OriginLab N/A
ImageJ N/A N/A
Imaris BITPLANE N/A
AiryScan Processing Algorithm Zeiss N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

All unique/stable reagents generated in this study are available from the Lead Contact (Melina Schuh, melina.schuh@mpibpc.mpg.
de) with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary mouse oocytes

Female FVB/N mice (6-8 weeks) were obtained directly from Janvier or from an in-house breeding colony that was generated using
mice purchased from Charles River. For aging studies, 35-120 week old mice were used. All mice were maintained in a specific path-
ogen-free environment, according to the guidelines of the MPI-bpc animal facility. The experiments involving mice have been per-
formed in compliance with the German Law on Animal Welfare.

Oocytes were collected from ovaries of 6-8 or 35-120 week old FVB/N mice and cultured at 37°C under mineral oil in homemade
M2 medium supplemented with 250 uM dbcAMP (Sigma; D0627) to maintain the prophase arrest. To trigger resumption of meiosis,
oocytes were release into dbcAMP-free medium. Oocytes from the FVB/N strain require the following amounts of time after release
from prophase arrest (NEBD, nuclear envelope breakdown) to complete key meiotic events: 6 h 30 min to stably align all chromo-
somes at the metaphase plate of meiosis | and 8 h 30 min to undergo anaphase | (Figure S2B). Therefore, to study chromosome
and kinetochore architecture in steady-state Mll eggs that have reached final metaphase-Il arrest, we fixed the oocytes 16 h after
release into dbcAMP-free medium. In the few experiments where we investigated meiosis | chromosome and kinetochore architec-
tures, we preserved the oocytes 7 h 15 min — 8 hours after release from prophase arrest.

Primary human oocytes

All human oocytes used in this study were sourced from women undergoing assisted reproduction treatments after having obtained
fully informed consent. The use of immature unfertilized human oocytes has been approved by the UK’s National Research Ethics
Service under the REC reference 11/EE/0346 (IRAS Project ID 84952), the Ethics Committee of Lower Saxony (Artzekammer Nieder-
sachsen) under the reference 15/2016 and the Danish Capital Region’s Ethics Committee (H-16044731). The unfertilized oocytes
were donated by patients at Bourn Hall Clinic (Cambridge, UK) between January 2016 and March 2018, at Kinderwunschzentrum
(Gottingen, Germany) between September 2016 and March 2018, at the Laboratory for Reproductive Biology, Capital Region H hos-
pitals (Copenhagen, Denmark) and INVICTA Fertility Clinic (Gdansk, Poland) between January 2016 and April 2018. 48 meiosis Il eggs
from 34 donors were included in the analysis. The donors were aged between 19 and 45 years and underwent ovarian stimulation for
intracytoplasmic sperm injection (ICSI). Only oocytes that were immature and hence unsuitable for the ICSI procedure were desig-
nated to the study. None of the oocytes used in this study were freeze-thawed. Oocytes were cultured as previously described [76].
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In brief, following retrieval, oocytes were transported to the research lab and cultured in G-MOPS medium (Vitrolife, #10129) supple-
mented with 10% FBS (GIBCO, #16000044) under mineral oil (Merck, #8012-95-1) at 37°C. Only oocytes that appeared morpholog-
ically healthy and underwent NEBD within 24 hours from retrieval were included in the study. The developmental stage of the oocyte
was assessed either manually by scoring for the presence of the germinal vesicle at 60 minute intervals or using a Primo Vision Evo+
timelapse camera installed inside the incubator. To analyze chromosome and kinetochore morphology at metaphase-lIl, the oocytes
were fixed 4-9 hours after polar body extrusion.

Primary pig oocytes

Porcine ovaries were obtained from a local slaughterhouse and transported to the laboratory within 45 minutes of retrieval in a
portable 37°C incubator in M2 medium supplemented with 1 mM dbcAMP. In brief, the oocytes were retrieved by aspiration of
the large antral follicles with an 18-gauge needle affixed to a 1 mL disposable syringe. The fluid aspirated was then transferred to
dishes containing 1 mL of M2 medium supplemented with dbcAMP and the cumulus-oocyte complexes (COC) were collected
from the sediment. The COCs were then washed extensively to remove the cellular debris and transferred to droplets of M2+dbcAMP
under mineral oil. Only large oocytes with homogeneous cytoplasm and surrounded by several layers of compact cumulus cells were
selected for experiments. Oocytes dedicated to immunolabelling at the metaphase-Il stage were released into dbcAMP-free medium
and cultured for 30 hours in a 37.5°C incubator prior to fixation.

Cell culture
NIH 3T3 and HEK293T cells (ATCC) were cultured in DMEM (GIBCO; 31966021) supplemented with 10% Calf Serum (Sigma; C8056)
and penicillin-streptomycin at 37°C in a 5% CO2 humidified atmosphere and regularly checked to be mycoplasma-free.

METHOD DETAILS

Expression constructs and mRNA synthesis

Capped mRNA was synthesized with T7 RNA polymerase (mMessage mMachine Kit Ambion), precipitated with isopropanol, and
dissolved in 6 pL of RNase-free water. The following constructs were used: pGEMHE-EGFP-MAP4 and pGEMHE-SNAP-MAP4-
MTBD (aa659-1125 of the microtubule binding domain of MAP4) to label microtubules, pPGEMHE-H2B-mRFP to label the chromo-
somes, pGEMHE-CENPB-mEmerald to label kinetochores and pGEMHE-TRIM21 [43] to overexpress the mouse variant of the
TRIM21 protein in the oocytes. To generate the kinetochore labeling construct, CENPB-mEmerald (Addgene, 54037) was subcloned
into pGEMHE vector using the Nhel and Notl restrictions sites, while other expression constructs were previously described. Quan-
titative microinjection was performed as outlined previously [77]. After injection of mMRNAs into oocytes, the oocytes were incubated
for 3 hours at 37°C to express the protein.

Antibody microinjection

The anti-Smc3 antibody used was rabbit anti-Smc3 (Abcam ab9263). The anti-Rec8 antibody was generated in-house using a pre-
viously characterized epitope [47]. The control IgG used was a normal rabbit IgG (Millipore 12-370). With the exception of anti-Smc3,
all antibodies were concentrated using Amicon Ultra-0.5 100 kDa centrifugal filter devices (Millipore) to remove traces of azide and
replace the buffer with PBS. Following concentrations of antibodies were used: anti-Smc3 (1 mg/ml), anti-Rec8 (2 mg/ml) and control
IgG (2 mg/ml). Prior to microinjection into eggs, the antibodies were spun at 10,000 rpm (4°C) for 10 minutes and supplemented
with NP-40 at a final concentration of 0.05%. Antibody microinjection into eggs was performed as described previously for mRNA
microinjection [52]. For full depletion experiments in the metaphase of meiosis Il, a bolus of 6 pl of anti-Smc3 or anti-Rec8 was micro-
injected into the eggs, whereas for partial depletion experiments 2 pl of the anti-Smc3 antibody were microinjected. For partial deple-
tion of cohesins in meiosis |, a bolus of 4 pl of the anti-Smc3 antibody was microinjected 4.5-5.5 hours after the oocytes were released
from prophase arrest. The oocytes were then fixed 7 h 15 min — 8 hours after the release.

Drug addition experiments

To assess the acute effects of drugs on chromosome and kinetochore morphologies, oocytes were matured in M2 medium until they
reached meiosis Il and were washed into drug containing medium immediately before imaging. To partially depolymerize microtu-
bules, TRIM-expressing eggs were treated with 50 nM nocodazole (Sigma) before the introduction of anti-cohesin antibodies. No
more than 5 eggs were microinjected with the antibody at a time, to minimize the interval between cohesin degradation and exposure
to the drug-free medium. The changes in microtubule dynamics were assessed live on the microscope.

In order to prevent spindle bipolarization, TRIM21-overexpressing oocytes were released from the dbcAMP-induced arrest into M2
medium containing 150 uM of monastrol (Sigma). The oocytes were incubated in the drug-containing medium from release until the
chromosome spreading procedure. 5 hours after the release, the Ml oocytes were microinjected with a bolus of 4 pl of an anti-Smc3
antibody (1 mg/ml in PBS) or control IgG. Subsequently, they were placed on a microscope to assess chromosome organization.
After additional 3 hours, chromosome spreading procedure was performed.

All drug experiments included appropriate DMSO control groups.
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Chromosome spreads

Oocytes were transferred through droplets of acidic Tyrode’s solution (pH 2.5) at 37°C to remove the zona pellucidae. After subse-
quent 14 min incubation in 1:1 FBS:water at 37°C, oocytes were fixed on a glass slide in a drop of 1% paraformaldehyde, supple-
mented with 0.15% Triton X-100 and 3 mM DTT [78]. For human oocyte spreads, as bursting of human Ml oocytes is more variable,
the oocytes were allowed to swell in a drop of 0.9% sodium citrate (w/v) prior to transfer to the formaldehyde solution. Glass slides
were stored in a humidified chamber at room temperature overnight. In experiments where kinetochore architecture was assessed,
following air-drying the oocytes were incubated the next morning with primary antibodies (mouse anti-Hec1, Santa Cruz sc-135934,
1:100; rabbit anti-CENP-A, Cell Signaling C51A7 1, 1:100; human ACA centromere CREST autoantibody, Antibodies Incorporated
15-234-0001, 1:100; mouse anti-CENP-C, ab50974, 1:20; sheep anti-BubR1, ab28192, 1:20) for 1 h at 37°C or overnight at RT.
For AiryScan microscopy, appropriate Alexa488/546 conjugated secondary antibodies raised in goat (ThermoFisher, 1:200) were
used for visualization. 1 pg/ml Hoechst was applied for DNA counterstaining. Samples for STED microscopy were counterstained
with PicoGreen (ThermoFisher, 1:100) for 2h at room temperature to visualize the DNA, prior to incubation with the following second-
ary antibodies: STAR RED goat anti-rabbit (Abberior, 1:400) and Alexa594-conjugated goat anti-mouse (ThermoFisher, 1:200). In
cases where anti-CENP-A antibody was used to visualize the centromeres, oocytes were treated for 30 min with Lambda Protein
Phosphatase at 30°C prior to antibody incubation, as described previously [39].

In experiments where the fluorescence signal intensity of the centromeric pool of cohesin complexes was compared between
control and Trim-Away eggs, slides were air-dried and subsequently incubated at 4°C with human CREST serum (1:250, Europa
Bioproducts, FZ90C- CS1058) and an in-house anti-Rec8 antibody (1:100, epitope based on Eijpe et al., 2003 [47]) or an anti-
Smc3 antibody (rabbit anti-Smc3, Bethyl Laboratories, A300-060A) overnight. Next morning, the slides were incubated for 1h at
RT with the following secondary antibodies: donkey anti-rabbit 488 and goat anti-human 546/647 (ThermoFischer, 1:200). Addition-
ally, the DNA was visualized with 40 uM Hoechst.

Cold-mediated microtubule depolymerization assays

To determine k-fiber stability and kinetochore-microtubule attachment modes, non-kinetochore-bound microtubules were selec-
tively depolymerized by exposing the eggs to 4°C. The durations of the cold-treatments to obtain an optimal microtubule density
were adapted as follows: 6 minutes for human eggs, 10 minutes for pig eggs and 14 minutes for mouse eggs. Following the cold-
treatment, the dish was removed from ice and the cells were immediately fixed and processed for immunofluorescence microscopy.
K-fiber attachments were quantified from three-dimensional volume reconstructions of spindles using Imaris (Bitplane) or maximum
intensity projections of selected z sections using Fiji (ScidJava).

Oocyte immunofluorescence

Before fixation, the oocyte were pre-permeabilized by a brief 10 s exposure to 0.25% Triton X-100. Oocytes were then fixed (30 min
for mouse oocytes; 60 min for pig or human oocytes) at 37°C in 100 mM HEPES (pH 7; titrated with KOH), 50 mM EGTA (pH 7; titrated
with KOH), 2% formaldehyde (methanol free) and 0.2% Triton X-100. Afterward, oocytes were extracted overnight at 4°C in PBS sup-
plemented with 0.1% Triton X-100. All antibody incubations were performed in PBS, 3% BSA and 0.1% Triton X-100, either overnight
at 4°C (primary antibodies) or for 3h at room temperature (secondary antibodies). Primary antibodies used were human ACA centro-
mere CREST autoantibody (FZ90C-CS1058, Europa Bioproducts; 1:500 and 15-234-0001, Antibodies Incorporated; 1:50), rabbit
anti-CENP-F (ab5, Abcam; 1:100), sheep anti-BubR1 (Abcam, ab28192; 1:50), mouse anti-Hec1 (ab3613, Abcam; 1:100) and rat
anti-e-tubulin (MCA78G, Serotec; 1:1000). As secondary antibodies, Alexa Fluor488/564/647 labeled anti-mouse/anti-rabbit/anti-
human/anti-sheep/anti-rat (Thermo Fisher; 1:400) were used. DNA was stained with 5 mg/ml Hoechst 33342 (Molecular Probes).

Immunofluorescence of tissue culture cells

NIH 3T3 and HEK293T cells were seeded in 35mm glass-bottom imaging dishes (MatTEK). Cells were then pre-permeabilized with
0.25% of Triton X-100 for 60 s and fixed for 10 min in 100 mM HEPES (pH 7; titrated with KOH), 50 mM EGTA (pH 7; titrated with KOH),
2% formaldehyde (methanol free) and 0.2% Triton X-100. Primary antibody was diluted in PBS, 3% BSA and 0.1% Triton X-100 and
the cells were incubated for 1.5h at room temperature (ACA centromere CREST autoantibody, FZ90C-CS1058, Europa Bioproducts;
1:500). Alexa Fluor488 anti-human (Thermo Fisher; 1:500) was used as a secondary antibody and DNA was counterstained with
5 mg/ml Hoechst 33342 (Molecular Probes).

Super-resolution immunofluorescence microscopy

Super-resolution images were acquired using the AiryScan module on Zeiss LSM800 and LSM880 microscopes equipped with 40x
C-Apochromat 1.2 NA water-immersion objectives and processed post-acquisition using ZEN2. Images were acquired at a spatial
resolution of 0.19 um optical sections, covering the entire spindle. In experiments used for quantitative assessment of the fragmen-
tation status of kinetochores, the spindles were manually rotated once the imaging dish was placed on the microscope, so that the
long axis of the spindle was in parallel to the plane of the imaging dish. To achieve this, a single oocyte at a time was placed in
the imaging dish and prior to image acquisition the oocyte was manually rotated with a tip of an unbroken microinjection needle until
the desired orientation of the spindle was achieved. Because the resolution in the z-direction is inferior to that in the xy plane in the
imaging techniques that we have used, rotating the oocytes to achieve a comparable orientation of the spindle relative to the imaging
plane allowed us to make reliable assessments of kinetochore morphologies across different oocytes. Images depicted in the figure
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panels were recorded within the dynamic, non-saturated intensity range. The image intensities were then adjusted post-acquisition in
a linear way to improve clarity of the displayed structures.

Structured illumination microscopy (SIM) of human eggs was performed on a Zeiss ELYRA S1 (SR-SIM) system equipped with a
63x C-Apochromat 1.2 NA water-immersion objective. Images were acquired at an optical slice thickness of 0.12 um confocal sec-
tions, covering ~20 pm.

Stimulated emission depletion microscopy (STED) was performed on a two-color Abberior STED 775 QUAD scanning microscope
(Abberior Instruments GmbH) equipped with 488 nm, 561 nm, and 640 nm pulsed excitation lasers, a pulsed 775 nm STED laser and a
100x oil immersion objective lens (N.A. 1.4). Pixel size was 20 nm for all of the images. Laser powers and dwell times were kept con-
stant between samples.

Confocal microscopy in fixed cells

To establish the effect of Trim-Away on the centromeric cohesin pool, we imaged chromosome spreads of metaphase-Il mouse eggs
using confocal microscopy. Trim-Away experiments in MIl eggs were performed as described above. To compare the fluorescence
of the centromeric pool of cohesin complexes between Trim-Away expressing MIl eggs microinjected with either a control or an anti-
cohesin antibody, both groups across all experimental repetition were imaged on the same microscope (Zeiss LSM880 equipped
with a Plan-Apochromat 63x/1.4 Oil immersion objective for the anti-Rec8 experiments and Zeiss LSM800 equipped with a Plan-
Apochromat 63x/1.4 Oil immersion objective for the anti-Smc3 experiments) using identical imaging settings. The z-intervals used
were 0.45 pm and 0.36 um, respectively, and the same number of z sections covering the entire chromosomal signal was used
for the control and the experimental groups.

Confocal microscopy in live cells expressing fluorescent reporters or incubated with fluorescent dyes

Confocal images of live oocytes were acquired using Zeiss LSM800 and LSM880 microscopes at 37.5°C. Oocytes were imaged in
M2 medium under oil using a 40x C-Apochromat 1.2 NA water-immersion objective. For chromosome behavior analysis following
cohesin depletion the oocytes were typically imaged at a temporal resolution of 4-10 minutes and optical slice thickness of
1.5 um, covering the entire spindle. To assess spindle dynamics following drug treatments the oocytes were imaged for 7 hours
at a temporal resolution of every 15-20 minutes and optical slice thickness of 2.5 um. Prior to any experiment aiming to perturb kinet-
ochore organization, the general oocyte health was assessed using fluorescently labeled chromosomes and microtubules in live
oocytes.

In order to compare the timing of progression through meiosis between oocytes from old and young mice, fluorescent dyes
compatible with live imaging were used to follow chromosome (SiR-tubulin, Spirochrome, 1: 10,000) and microtubule (DNA
5-TMR-Hoechst, gift from G. Lukinavicius, 1: 10,000) dynamics. In brief, isolated oocytes were transferred into M2 medium supple-
mented with dbcAMP and the above-mentioned dyes for 2h hours. To promote release from meiotic arrest, oocytes were washed
through droplets of M2 medium lacking dbcAMP and transferred into imaging dishes containing M2 medium and the dyes only. For
each experimental repetition, both old and young oocytes were imaged in the same imaging dish placed on the microscope for
22 hours (Zeiss LSM800 or LSM880). Images were acquired every 15 minutes at an optical slice thickness of 2 um confocal sections
covering 66 pm.

Immunoblotting

Oocytes were injected with mRNA coding for TRIM21 and fluorescently labeled chromosome and microtubule markers. Once the
oocytes have reached the metaphase-Il stage the following day, they were microinjected with anti-cohesin antibody or correspond-
ing IgG control. After 2 hours, the chromosome morphology of each egg was scored by assessing the fluorescence signal on the
microscope. Only eggs with roughly half of the chromosomes disintegrated into single chromatids at the time of assessment
were selected for the “partial depletion of Smc3” group. The selected eggs were then washed in PBS, transferred in minimal volume
of PBS into Eppendorf tubes and snap frozen in liquid nitrogen (20 oocytes per group). On the day of Western Blotting, the eggs were
thawed and resuspended in NUPAGE LDS Sample Buffer (Thermo Fisher). The mix was then heated at 95°C for 5 mins. Samples were
run at 4°C on NuPAGE 4%-12% Bis-Tris gels (Thermo Fisher) and transferred onto nitrocellulose membrane. Antibody incubations
were performed in TBS with 5% skim milk powder (w/v) and 0.05% Tween-20. Primary antibodies used were rabbit anti-Smc3 (Ab-
cam, EPR7984) and anti-a-tubulin (rat, AbD Serotec). HRP-coupled secondary anti-rabbit (Invitrogen, 31462) and anti-rat (Santa
Cruz, sc-2032) antibodies were detected by enhanced chemiluminescence (SuperSingal West Femto Maximum Sensitivity Sub-
strate, Thermo Fisher, 34095).

QUANTIFICATION AND STATISTICAL ANALYSIS

Chromosome counting and assessment of kinetochore configuration
All kinetochore fragmentation analysis in chromosome spreads and fixed eggs was performed on images that were acquired using
super-resolution microscopy techniques (STED, SIM or AiryScan). Prior to analysis, the AiryScan images were processed post-
acquisition using ZEN2.

First, the total chromosome count of an egg was determined by assigning a number to each DNA unit (1-23 in humans, 1-20 in mice
and 1-19 in pigs). To achieve this, sister chromatids that form a chromosome were annotated and individual single chromatids were
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marked in Imaged. Subsequently, the kinetochore foci belonging to the same chromosome were identified by comparing CREST/
Hec1/CENP-A and Hoechst staining in consecutive z-planes spanning the entire chromosome. The two sister kinetochores of
each chromosome were then marked with “A” and “B,” corresponding to the appropriate chromosome number.

All detection of kinetochore fragments on chromosome spreads was performed using automated spot detection function based on
local maxima in Imaris (Bitplane; expected foci diameter: 200-250 nm). All automated spot detections were confirmed by visual in-
spection with minimal manual correction. The fragmentation status of a kinetochore was then additionally scored qualitatively by
comparing the appearance of each kinetochore in single z sections in Imaged. In Figure 1J, the “concordant” group includes all kinet-
ochore/centromere pairs, where the automated spot detection function in Imaris detected multiple foci both in the CENPA signal and
the Hec1 signal, or both the kinetochore and centromere were compact (single signal focus detected). All surface area, Feret’s diam-
eter (the maximum caliper) and circularity (circularity = 4pi x (area/perimeter~2, where circularity value of 1.0 indicates a perfect circle)
measurements were performed in Imaged on maximum intensity projections of appropriate z sections covering the entire kineto-
chore/centromere region. In Figure 1G, the dispersal of the centromeric domain was measured by comparing the surface area of
the smallest circle encompassing the CENP-A signal. In Figure 1A, the fluorescence intensity of the centromere-associated
CENP-A pool was quantified per centromere basis by selecting a region of interest (ROl) encompassing that centromere. Subse-
quently, the integrated density for that region was calculated (computed in Imaged as Area of the ROl x Mean Grey Value) and finally
the mean fluorescence of the background in that region multiplied by the area of the ROl was subtracted. The procedure was then
repeated for all the centromeres in a given cell to obtain the egg’s total centromeric CENP-A fluorescence. For quantifications in fixed
eggs, kinetochore configurations were scored as follows: compact — a single CREST spot visible by inspection of the brightest
z-plane, with a uniform single focus in the 3D projection, and fragmented- two or more discrete CREST foci, the outlines of which
could be resolved. For fragmented kinetochores, the number of domains that could be resolved with confidence was further anno-
tated. Because in aged mice and in the Trim-Away experiments targeting cohesins in young mice the CENP-A centromeric domain
was observed to fragment into numerous foci of a diameter too small for a reliable evaluation of the exact number of foci by auto-
mated spot detection, we did not count the number of CENP-A foci and instead measured CENP-A fragmentation by evaluating Fer-
et’s diameter, surface area of the domain or its circularity.

Assessment of the effects of Trim-Away mediated cohesin loss on chromosome architecture in the metaphase of
meiosis |

The separation between sister kinetochores within the same pair (also known as iKT, intrakinetochore distance) and the distance be-
tween the two sister kinetochore pairs (bivalent’s long axis or interkinetochore distance) was determined by an assessment of 3D
reconstructions of meiosis | spindles fixed at the metaphase stage (Imaris, Bitplane). iKT depends on the amount of centromeric
cohesion, while bivalent’s long axis is a readout of the physical linkage between the homologous chromosomes of a bivalent and
depends on arm cohesion. CREST and Hoechst signals were used to identify the four kinetochores of any given bivalent. The center
of each kinetochore was detected with subpixel accuracy using the automated spot detection function based on local maxima in
Imaris (Bitplane). The iKT and bivalent long axis length were then computed in Microsoft Excel using the Pythagorean Theorem
on xyz coordinates of kinetochore centers defined by the automated spot detection function. In instances were the two sister kinet-
ochores were too tightly linked to be resolved as two independent spots by AiryScan microscopy, the iKT was set to 0 pm.

Modes of kinetochore-microtubule attachment

All eggs that were included in the analysis were recorded using super-resolution microscopy techniques and single eggs were
rotated on the microscope prior to image acquisition, as described in detail in the microscopy section above. Microtubule-kineto-
chore attachments were determined by 3D analysis of appropriate z sections. For quantification of k-fibers involved in an interaction,
first the number of discrete k-fibers attaching to a kinetochore was determined. Then, the fragmentation status of the kinetochore
was linked to its attachment mode, based on number assigned to the chromosome/chromatid (as described above). For k-fiber
attachment modes, only kinetochores with end-on attachments originating from opposite spindle poles were included in the mero-
telic group, whereas k-fibers which were in a direct contact with a kinetochore, but were extending beyond the kinetochore, were
scored as lateral.

Quantification of fluorescence intensity of the centromeric cohesin pool

The quantification of the efficiency of Trim-Away mediated depletion of the centromeric Rec8 and Smc3 cohesin pools was per-
formed on MIl chromosome spreads imaged with Zeiss confocal microscopes, as described above. All repetitions for each of the
two experiments were performed on the same microscope using identical imaging conditions. The number of z sections recorded
was the same for the control and the experimental group. Subsequently, a Sum Intensity Projection of all z sections was performed
and the signal intensities were compared in Imaged. In brief, first the centromeric region in each chromosome was identified in the
control group using the CREST channel and an ROI (Region of Interest) was marked using a free drawing tool. Thus, the ROl included
the two sister kinetochores of a chromosome and the centromeric regions located medially to the kinetochores. The ROl was then
copied to the Rec8/Smc3 channel by using the ctrl+shift+E command and the Mean Intensity of the Rec8 signal in that region was
computed. This procedure was performed for all remaining chromosomes in any given cell, with the area of ROI being kept constant.
In our experimental group, the Trim-Away targeting of Smc3 or Rec8 resulted in the complete separation of chromosomes into sister
chromatids, which was in line with our prediction. Analogous to the control cells, a ROl encompassing a kinetochore and its
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centromere was selected for each chromatid. The area ROl was kept constant for all measurements and as predicted from the sep-
aration of all chromosomes into single chromatids in our assays, the area occupied by the kinetochore and its centromere in the Trim-
Away experimental group was roughly half of that in control cells, in which the two sister chromatids were still linked. To determine the
value for background in our images, we calculated in each control/experimental cell the mean background intensity across five
randomly selected regions on distal chromosome arms, which in meiosis Il are cohesin-free. Subsequently, we computed the Final
Fluorescence Intensity as Mean Fluorescence Intensity of ROl - Mean Background Intensity. In the few instances where the Mean
Background Intensity was higher than the measured Mean Fluorescence Intensity in the centromeric region (0.78% for the control
measurements, n =510 and 9.75% for the Trim-Away experimental group, n = 800), likely indicative of centromeric cohesin depletion
to a level that is lower than non-specific background signal, the negative values were assigned as zero. The values in each experiment
were subsequently normalized to the mean Final Fluorescence Intensity of the control group, and all Final Fluorescence Intensity
measurements were plotted in the form of boxplots.

Quantification of western blot mean band intensity

To assess the specificity and efficiency of protein depletion using the Trim-Away approach, the mean band intensities of the Smc3
signal were normalized to the intensity of the loading control standard (a-tubulin signal). Gel analysis plugin in ImageJ was used to
quantify the band intensity and mean across three experimental replicates was calculated. All control and experimental groups for
each experiment were blotted on the same membrane and exposed uniformly to the ECL solutions.

Statistical analysis

Average (mean), standard error of the mean and standard deviation were calculated in Microsoft Excel or OriginPro (OriginLab). Un-
less specified otherwise, significance analyses were based on Student’s t test (always two-tailed) and were calculated using
OriginPro. For comparison of absolute values, significance analysis was performed with the Fisher’s Exact test using the XLSTAT
add-on to Excel. In instances where the absolute values were coming from multiple experimental repetitions, an extension to Fisher’s
Exact test was applied (Cochran-Mantel-Haenszel test, CMH). Three to six independent experimental replicates were performed for
each experiment, with the following exceptions, where two experimental replicates were quantified: Hec1/CENP-C morphology
assessment in MIl eggs after full Trim-Away, CREST morphology evaluation in partial depletion of Smc3 in meiosis | and upon
DMSO/Monastrol treatments, and Smc3 immunofluorescence intensity following Trim-Away. The data describing these experiments
is presented in a form of boxplots, with the exception of Figures 3E, 3K, 5F, and 6H, where the average fragmentation rate across all
samples is plotted. For quantitative analysis of these experiments, the average value of all measurements per oocyte (80 kineto-
chores in meiosis | and 40 kinetochores in meiosis Il, in at least 20 oocytes microinjected twice) was compared by one-way
ANOVA followed by Turkey’s test to compare the experimental groups. In Figure 1A, the Integrated Density of 42 eggs coming
from three independent experimental replicates was normalized and compared as above, with the total centromeric CENP-A inten-
sity per egg compared across the two groups. The STED measurements in Figure 1G were performed on 1776 kinetochores from
young/aged mice and 46 independent images were acquired. P values are designated as *p < 0.05, **p < 0.01, **p < 0.001 and
****p < 0.0001. Non-significant values are indicated as “N.S.” All diagrams were generated using Origin 8 Pro. All box plots show
median (horizontal lines), mean (small squares), 25th and 75th percentiles (boxes), and 5th and 95th percentiles (whiskers).

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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Figure S1| The centromeric CENP-A domain decompacts in aged MI oocytes

and MIl eggs, related to Figure 1



(A) Fraction of metaphase-Il eggs from mice of different ages that contained single
chromatids, indicative of pronounced weakening of centromeric cohesion. Data from
186 MII eggs (8 experiments).

(B) Representative images of CENP-A positive centromeric domains in metaphase-l|
eggs from mice aged either 8 weeks (young) or 60-64 weeks (old). Top panel shows
an overlay of DNA signal (blue, Picogreen, confocal mode), outer kinetochore region
(white, Hecl, confocal mode) and the centromeric signal (green, CENP-A, STED
mode). Below each panel, the corresponding centromeric CENP-A signal is
additionally shown in greyscale (STED mode). Scale bar: 0.5 pm.

(C) Representative images of the centromeric CENP-A domain in young (8 week old
females) and old (65-67 week old females) oocytes preserved at metaphase of
meiosis | and visualized with AiryScan microscopy. Numbers in insets refer to sister
kinetochores shown (as in the schematic on the left).

(D) Representative metaphase-Il chromosome spreads in eggs from aged mice (>60
weeks old) visualized with AiryScan microscopy. Centromeres are labelled in green
(top, CENP-A), outer kinetochores in white (bottom, Hecl) and chromosomes in blue
(Hoechst).

(C and D) Scale bars represent 2 um in overviews and 0.5 pm in insets. White arrows
point to compact kinetochores/centromeres and yellow arrows point to lobes within

fragmented kinetochores/centromeres.
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(A) Schematic diagram showing the spatial arrangement of the centromere (green),
the inner kinetochore (magenta) and the microtubule-interacting outer kinetochore

(white) in a metaphase-Il chromosome.

(B) Time required for oocytes from young mice (8 weeks) and old mice (45-62 weeks,
15 females) to complete the key meiotic events. Metaphase-I timepoint refers to full
chromosome alignment on the MI spindle. Chromosome (DNA 5-TMR-Hoechst) and
spindle (SiR-tubulin) dynamics were followed live using fluorescent dyes (4
experimental repetitions). Timings were compared using Student’s t-test (p = 0.085,

N.S.). Error bars show SEM.

(C) Representative immunofluorescence images of kinetochores in mouse and

human mitotic cells imaged with AiryScan microscopy.

(D) Quantifications of kinetochore configurations in mitotic cells as in (C). Data from

67 NIH-3T3 and 68 HEK293T cells (3 experiments each). Error bars show SEM.

(E) Representative images of compact (top panel) and fragmented (bottom panel)

kinetochores in human MIl eggs imaged with AiryScan microscopy.

(F) Representative SIM microscopy images of human MII chromosomes with both
kinetochores compact (left) or both fragmented (right). Both chromosomes were
captured on the same metaphase-Il spindle. Scale bars: 1 pm in overviews and 0.5

pMm in insets.

(G) Representative SIM microscopy examples of fragmented MIl kinetochores in

human eggs.

(H) Representative images of fragmented MII kinetochores in pigs, imaged with

AiryScan.



(I) Representative images of fragmented human MII kinetochores labelled with outer
kinetochore markers (Hecl, white and CENP-F, red), and stained for the fibrous

corona component BubR1 (green). DNA is labelled with Hoechst (blue).

(C, E-H) Kinetochores are labelled with CREST (magenta) and the DNA is labelled

with Hoechst (blue).
(C, F) Scale bars: 2 um in overviews and 0.5 pym in insets.

(E, G, Hand I) Scale bars: 0.5 pm.
White arrows point to compact kinetochores and yellow arrows point to lobes within a

fragmented MII kinetochore.



A Confocal microscopy
Overlay CREST + Rec8 Rec8 Overlay CREST + Rec8 Rec8

o 3
K= £
— = O
5| 2 ot
3| 8 ws
g + S
£
> 12
<18 g
Elx g9
= *é = g
: 2
£
2]
EMChromosomes M Inner plate (CREST) M Rec8 cohesin
B O Control IgG c D
W Anti-Rec8
= = 2 = = =
3 5 n =694 3 . n =694 T 4 . n=616
£ = £ 4 . £ 5 3
283 R 8 Qe :
s 2353 ES?2 »
e E 2 : ! eE, o E i
52 1 1 1 gg L 32’ L
g 0 - 1 é g 1 g 0 -
s § o0 e
(&) &) (&)
Exp 1 Exp 2 Exp 3 Control IgG Anti-Rec8 Control IgG Anti-Smc3
Trim-Away in MIl eggs Trim-Away in MIl eggs Trim-Away in MIl eggs
E . F
Overview CREST+Smc3 Smc3 O All chromosomes linked
o B Disjointed chromatids
k=) e ok n =282
E 2 | s
E’ g %100 -
s =
- & S 80
gl o < 60
- g
gl & 40
=€ E
o 2 20
o |
M Chromosomes B Inner plate (CREST) @ Smc3 cohesin 0 \ & )
W e '\
o S 3D
¢ e e
G Full loss of cohesin in MIl eggs from young mice
Q
[$]
(5]
o
o .
B 00h: 04min
g =
>
e
[o]
2
N
<| g
@
E

B Chromosomes (H2B) E Kinetochores (CENP-B) B Microtubules (MAP4)

Figure S3| Trim-away efficiently depletes the centromeric cohesin pool in

young eggs arrested at metaphase Il, related to Figure 3



(A) Representative confocal images of metaphase-ll chromosome spreads from
young mice following the full Trim-Away assay as in Figure 3A, where TRIM21
overexpressing MIl eggs were microinjected with either a control IgG antibody (top)
or an anti-Rec8 antibody provided in excess (bottom). Images are maximum intensity
z-projections of 19 z-sections acquired every 0.45 um. The anti-Rec8 signal in both
the control and the experimental groups is shown using identical brightness and

contrast settings. Scale bars: 10 um in overview and 2 pm in insets.

(B) Quantification of the centromeric Rec8 signal in MIl eggs treated as in (A).
Measurements obtained for each experimental repetition are shown and these were
normalized to the mean intensity of the young group. 29 MIl eggs from 3 independent

experimental repetitions were analyzed.

(C) Summary of all measurements obtained as in (B)

(D) Quantification of the centromeric Smc3 signal in MIl eggs treated as in (E). The
measurements were normalized to the mean intensity of the young group. 22 Ml

eggs from 2 independent experimental repetitions were analysed.

(E) Representative confocal images of metaphase-ll chromosome spreads from
young mice following the full Trim-Away assay (as in Figure 3A), where TRIM21
overexpressing MIl eggs were microinjected with either a control IgG antibody (top)
or an anti-Smc3 antibody provided in excess (bottom). Images are maximum intensity
z-projections of 12 z-sections acquired every 0.36 um. The anti-Smc3 signal in both
the control and the experimental groups is shown using identical brightness and

contrast settings. Scale bars: 5 um in overview and 1 um in insets.



(F) Evaluation of the efficiency of the Trim-Away approach to induce loss of
chromosome integrity, as in (G). Data from 282 live MIl eggs (young mice) from 19

experiments.

(G) Frames from time-lapse movies of live TRIM21 overexpressing MIl eggs from
young mice, microinjected with either an excess of anti-Rec8 or anti-Smc3.
Chromosomes are labelled in red (H2B-mRFP), kinetochores in green (CENP-B-
mEmerald) and microtubules in blue (MAP4-MTBD-Snap647). Time shows minutes

(min) from antibody microinjection. Scale bar: 5 um.

(A and E) Kinetochores are labelled with CREST (magenta), DNA is labelled with
Hoechst (blue) and cohesins (green) are labelled in (A) with anti-Rec8 and in (E) with
anti-Smc3.

P values are designated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. P
values in (F) were calculated with Student’s t-test and in (B-D) the two groups were
compared by one-way ANOVA followed by Turkey’s test. Error bars show SEM. Box
plots show median (horizontal lines), mean (small squares), 25th and 75th

percentiles (boxes) and 5th and 95th percentiles (whiskers).
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(A) Assessment of the circularity (circularity of a perfect circle = 1.0) of the CENP-A
domain in control eggs and young MIl eggs depleted for Smc3. Centromere
circularity and fragmentation status were assessed based on the CENP-A signal. 702

kinetochores from 20 MIl eggs were evaluated (2 experiments).



(B) Representative chromosome spread images of single chromatids in Smc3-
depleted MII eggs from young mice. Outer kinetochores are labelled in white (Hecl),
centromeres in green (CENP-A) and chromosomes in blue (Hoechst). Scale bars: 2

pm in overviews and 1 pm in insets.

(C) Assessment of the circularity (circularity of a perfect circle = 1.0) of the Hecl
domain in control eggs and young MIl eggs depleted for Smc3. Both the
fragmentation status of a kinetochore and the circularity measurements were based
on Hecl labelling. 725 kinetochores from 20 MIlI eggs were evaluated (2

experiments).

(D) Representative examples of all 40 kinetochores of 20 chromosomes from a
control MIl egg (top) and all 40 kinetochores of 40 single chromatids following Trim-
Away of Smc3 (bottom). Scale bars: 5 pm for spindle overviews, 2 um for
chromosome overviews and 0.5 pm for kinetochore insets. A projection through z-
sections of the same Trim-Away MIl egg microinjected with anti-Smc3 is shown in

Video S2.

P values are designated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. P
values were compared by one-way ANOVA followed by Turkey’s test. Box plots show
median (horizontal lines), mean (small squares), 25th and 75th percentiles (boxes)
and 5th and 95th percentiles (whiskers). White arrows point to compact kinetochores

and yellow arrows point to lobes within a fragmented MII kinetochore.
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(A) MIl kinetochores labelled with inner plate protein CENP-C in metaphase-I|
arrested eggs from young mice. Images show control chromosomes (left panels; two
sister kinetochores) and single chromatids (other panels) induced by a full depletion
of Rec8. Chromosomes are labelled in blue (Hoechst) and kinetochore inner plates in

yellow (CENP-C). Scale bars: 2 um in overviews and 0.5 pm in insets.

(B) MII kinetochores in young eggs treated as in (A) and co-labelled with anti-CENP-

C (yellow) and anti-BubR-1 (red). Scale bars: 5 um in overviews and 0.5 pm in insets.

(C) MII kinetochores in young eggs treated as in (A) and labelled with anti-BubR-1

(red). Scale bars: 2 um in overviews and 0.5 pm in insets.

(D) Chromosome configurations as in Figure 4C and their occurrence in MIl eggs
from naturally aged mice. Kinetochores were labelled with CREST and the DNA was
labelled with Hoechst. “With gaps” refers to no detectable Hoechst signal between
sister chromatids that are still linked. n refers to the number of chromosomes

analyzed. Data from 67 MIl eggs.

(E) Chromosome configurations as in Figure 4C and their occurrence in MIl eggs
from young mice with reduced cohesin following partial Trim-Away. Kinetochores
were labelled with CREST and the DNA was labelled with Hoechst. “With gaps”
refers to no detectable Hoechst signal between sister chromatids that are still linked.
Data from 41 MII eggs (4 experiments). n refers to the total number of chromosomes

analyzed.

(F) Representative anti-Smc3 immunoblot of whole MIl egg lysates following
microinjection of either a control IgG or an anti-Smc3 antibody (provided in excess or

at a rate-limiting concentration) to TRIM21 overexpressing Mll eggs from young mice.



(G) Quantification of the relative Smc3 protein levels in (F) across 3 experimental
repetitions following Smc3 depletion. P values are designated as *p < 0.05, **p <
0.01, **p < 0.001 and ****p < 0.0001 and were calculated with Student’s t-test. Error

bars show SEM.

White arrows point to compact kinetochores and yellow arrows point to lobes within a

fragmented MII kinetochore. DNA is labelled in all panels with Hoechst (blue).
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(A) Representative image of a human metaphase-l chromosome spread from a 25
year old donor. The four kinetochores of two representative bivalents are shown in

insets. Scale bars: 10 pm in overview and 1 pm in insets.

(B) Representative images of inner plates of fragmented MI kinetochores in meiosis |

oocytes from old mice. Scale bar: 0.5 um.

(C) Distance between the two sister kinetochore pairs of a meiosis | bivalent in
metaphase | (bivalent’s long axis). Oocytes have been treated as in Figure 5B. Data
from 42 MI oocytes from young mice (2 experiments). Box plots show median
(horizontal lines), mean (small squares), 25th and 75th percentiles (boxes) and 5th
and 95th percentiles (whiskers). P values are designated as *p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001. P value was calculated with one-way ANOVA

followed by Turkey’s test (N.S.).

(D) Representative images of Trim-Away meiotic spindles treated as in Figure 5B.
Insets demonstrate chromosome and kinetochore architectures in Ml bivalents under

these conditions. Scale bars: 5 pm in overview, and 2 um or 0.5 pum in insets.

(E) Representative immunofluorescence images of two sister kinetochores of a
bivalent in control oocytes (left panels) or anti-Smc3 microinjected oocytes in Trim-

Away experiments (other panels). Scale bar: 0.5 um

(A, B, D, E) Chromosomes are labelled in blue (Hoechst) and kinetochores in
magenta (CREST). In (B and D), microtubules are additionally labelled in green (a-
tubulin). White arrows point to compact kinetochores and yellow arrows point to lobes
within a fragmented MI kinetochore. Numbers in insets refer to sister kinetochores

shown (as in the schematic in (E)).
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(A) Occurrence of unattached kinetochores, in relationship to their fragmentation
status in MII cold-treated eggs from aged mice.

(B) Distribution of single chromatids on the metaphase-Il spindle of aged mice. Zone
definitions as in the scheme. The location of 311 single chromatids relative to spindle
poles was evaluated.

(C) Schematic diagram of Trim-Away experiments to degrade cohesins during
meiosis | in control DMSO or monastrol-treated oocytes. Monastrol prevents spindle
bipolarization.

(D) Representative examples of chromosome spreads showing all 20 bivalents from
a control MI oocyte (top) and a monastrol treated oocyte with cohesion weakened by
partial Trim-Away with anti-Smc3 (bottom). Each inset shows a sister kinetochore
pair (a, b: one pair and c, d: the other kinetochore pair of the same bivalent). Outer
kinetochores are labelled in white (Hecl), centromeres are labelled in green (CENP-
A) and chromosomes are labelled in blue (Hoechst). Scale bars: 5 pm in overview
and 1 pum in insets. Yellow/blue arrows point to lobes within fragmented Ml
kinetochores/centromeres, respectively.

(A and B) Data from 28 aged MIl eggs (3 experiments).

P values are designated as *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. P

values were calculated with Fisher’'s exact test. Error bars show SEM.
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5. Discussion

5.1 New factors contributing to human oocyte aneuploidy
The work performed in this PhD thesis identifies a new factor that increases the aneuploidy probability
for certain chromosomes in mammalian oocytes. | identified that the morphology of acrocentric
bivalents in meiosis | correlates with an increased missegregation frequency of those chromosomes.
More specifically, the group of acrocentric chromosomes is less likely to form end-on microtubule
attachments in meiosis | and more likely to interact with microtubules in a lateral/merotelic way. The
small achiasmatic arm of the acrocentric chromosomes appears to sterically hinder the formation of
correct attachments. This is the first time that the bivalent morphology is linked to chromosome

segregation errors in meiosis I.

In the second manuscript, my colleague Agata Zielinska demonstrated that aging affects the
architecture of the centromeres and the kinetochores in mammalian eggs. Cohesin loss causes
centromeres to decompact and kinetochores to fragment into multiple lobes. This allows kinetochores
to interact simultaneously with more than one microtubules, with interactions often arising from
opposite spindle poles. This increase in merotelic kinetochore-microtubule attachments is one of the

factors that accounts for higher aneuploidy rates upon aging.

5.2 Porcine oocytes are a suitable model for studying human meiosis
Research in human oocytes is limited by sample availability. As a consequence, it is important to find
alternative models for human oocyte meiosis. Previously, the mouse has been extensively used as a
model to study meiosis. However, mouse has a karyotype with only telocentric chromosomes, in which
the kinetochores are located at the very end of the chromosomes. This makes it different from the
human karyotype which has both, acrocentric and metacentric chromosomes. Together the above

data shows that mouse chromosome and kinetochore morphology differ from human and are
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suboptimal for comparing different chromosome classes in one system. Further differences in the
spindle assembly between mouse and human indicate that an alternative model might be more
suitable for understanding the meiotic process in human (Holubcova et al., 2015; Schuh & Ellenberg,

2007; So et al., 2022).

In addition to a recent study that showed how the morphology of the porcine meiotic spindle is more
similar to that in humans (So et al., 2022), my work shows that porcine oocytes better mimic the
chromosome and kinetochore morphology of human oocytes. Furthermore, porcine oocytes are

available in large numbers from local slaughterhouses and at low cost.

One more reason that made porcine oocytes the ideal model for this study is the conserved
pericentromeric region for each chromosome group (Rogel-Gaillard et al., 1997). This was key for
labeling each chromosome class and allowed us to study different groups without the need of labelling

individual chromosomes.

5.3 Bivalent morphology is associated with missegregation
Studies performed in other model systems help us to better understand meiosis and its error-prone
nature. However, still little is known about the mechanisms that play a role in human oocytes. Spindle
instability (Holubcova et al., 2015) and kinetochore splitting (Zielinska et al., 2015) are two factors that
have been shown to contribute to the error-prone nature of human oocytes even in younger women.
Other factors that have been confirmed to play a role in oocytes of other mammalian species, like the
less efficient SAC activity, should also be verified in the future and it needs to be investigated if at all

or to what extent they play a role in human oocytes.

Bivalent morphology is a new factor that explains why some chromosomes are more vulnerable to
missegregation than others. Aneuploidy in human oocytes ranges from 25% to 50% in a U-shaped

curve (Gruhn et al., 2019). A baseline aneuploidy of 25% is present in all women independently of their

122



Discussion

age and an increment of aneuploidy is shown in very young and also in older women (Gruhn et al.,
2019). The error-prone bivalent morphology of acrocentric chromosomes is a potential risk factor for

all women independent of their age.

One of the most common viable trisomies is trisomy 21, which causes Down syndrome (Nagaoka et
al., 2012). Chromosome 21 is a small acrocentric chromosome. This is an example that depicts the
importance of understanding why and how the acrocentric chromosomes missegregate so often.
Understanding the reason for missegregation may give us insights that might allow us to potentially

reduce aneuploidy in the future.

For deeper understanding of chromosome-specific aneuploidy in humans, the next step will be to
combine live-cell imaging of human meiosis with cytogenetic studies. For that, it is important to use
oocytes of women of different ages, image them live, and subsequently perform a biopsy of the two
polar bodies and the corresponding activated oocyte. This will help us to delve deeper inside the
chromosome groups and look into missegregation of individual chromosomes. The cytogenetic studies
will help to identify the identity and the parental origin of the missegregated chromosomes, while the

live imaging can indicate the mechanism that caused chromosomes to missegregate.

5.4 Chromosome labelling with TALEs
TALEs are a very robust system for labelling chromosomes (Miyanari et al., 2013). However, finding
the correct target-sequence for the TALEs has been reported to be difficult. Existing literature and
online tools provide recommendations for efficient design of the target (Cermak et al., 2011).
However, they do not always make correct predictions and it is often unclear why TALEs bind one

target but not the other.

In this study, acrocentric chromosomes in humans were identified by the presence of the telomere in

the proximity of the kinetochore. An alternative way to identify the acrocentric chromosomes would
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be to use TALEs and label the group of acrocentric or metacentric chromosomes as done in porcine
oocytes. In the scope of this study, endeavours to create a TALE labelling for human chromosome
groups have been performed. Previously published TALE plasmid (Ren et al., 2017) and also new
targets that were identified bioinformatically were tested but unfortunately did not achieve successful

labelling.

5.5 Two different configurations of the small arm of acrocentric
chromosomes

In this thesis, | identified for the first time that the small arm of acrocentric chromosomes can have
two different configurations: on top or at the side of kinetochores. The small arm of acrocentric
bivalents in human and porcine oocytes is very small and condensed, making it challenging to be
visualized by DNA labelling. Thus, | used telomeres as a proxy to indicate the relative position of the

small arm respective to the kinetochores.

From the experiments, | found that kinetochores with telomeres on top fail to form end-on
attachments, while kinetochores with the configuration at the side do not. Also, | observed a decrease
in in the percentage of the configuration on top in spindles from early to late metaphase I. However,
it is not clear how the mechanism functions. There are two different possibilities: 1) the microtubules
first establish an end-on attachment and this causes the small arm to change from the configuration
on-top to the configuration at the side or 2) the small arm randomly switches from one to the other
configuration, and once it is at the side, allows the microtubules to establish end-on attachments. Live-
cell imaging with high spatio-temporal resolution will be required to distinguish these two scenarios in

the future.

The length of the small arm can potentially determine the level of interference of the end-on
attachment creation. The size of the small arm in human cell is known (Nurk et al., 2021). However,

sequencing of the porcine genome is limited so far. Thus, we do not exactly know the length of the

124



Discussion

small arm in porcine cells. Once the full genome is sequenced in other species, it will be interesting to
investigate how the length of the small arm is correlated with the level of interference in different

species.

5.6 Kinetochores of acrocentric chromosomes
Acrocentric kinetochores are often aligned in the spindle parallel to the spindle axis. Together with the
fact that the kinetochores of acrocentric chromosomes struggle to create end-on attachments, this
suggests that the parallel angle might not favour end-on attachment creation. It would be interesting
to distinguish how the angle is changing during meiotic progression and end-on attachment creation.
More specifically, it would be interesting to know if the attachment creation turns the kinetochore in
a vertical position or the kinetochore changes the angle before the establishment of a correct
attachment. Combination of live-cell imaging with highspatio-temporal resolution would allow us to

delve deeper into this question in the future.

In this study, the kinetochores were labelled with human CREST serum, which is a mix of antibodies
against proteins of the inner kinetochore layer (Ford et al., 1998). Observation of the small arm
together with outer kinetochore layers might give us more insight into its relative position. The ideal
candidate for labelling the outer kinetochore layer would be the Ndc80 complex, which is the key
player in the end-on attachment creation (Ciferri et al., 2008). However, after extensive tests of

different antibodies | was not able to identify one that gave a good signal for porcine kinetochores.

5.7 Spermatocytes and aneuploidy
Key contributors that have been identified to play a role in the error-prone mouse female meiosis are
the protracted dictyate arrest (Burkhardt et al., 2016; Tachibana-Konwalski et al., 2010) and the large

volume of the oocyte cytoplasm that affects the efficient communication of the SAC pathway (Kyogoku
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& Kitajima, 2017; Lane & Jones, 2017). However, these factors are not expected to play a role in male
meiosis. Spermatocytes are produced throughout the male life span. Male meiosis is completed within
50-70 days and produces 4 equal gametes with a very small cytoplasm (Neto et al., 2016). As expected
spermatocytes have in total a lower aneuploidy rate (Hassold & Hunt, 2001) and are not affected by
age-related aneuploidy in the same way as oocytes. However, also in spermatocyte meiosis,
homologous chromosomes pair with each other and create bivalents with the same morphology as in
oocytes. Thus, bivalent geometry is expected to play a similar role as in female meiosis. Studies have
shown that despite the lower aneuploidy rates in spermatocytes compared to oocytes, acrocentric
chromosomes are still the ones that missegregate the most (Bell et al., 2020; Soares et al., 2001). This
indicates that acrocentric chromosomes are missegregating even in the absence of other known
aneuploidy factors. Thus, these data further support our hypothesis that the bivalent morphology
affects the interactions with the microtubules and that it contributes to missegregation in an age-

independent manner.

5.8 Differences between meiosis and mitosis in missegregation
In mitosis, sister chromatids are segregated to the daughter cells, and the sister kinetochores orient
towards different spindle poles. The chromosome arms are all vertically oriented to the spindle axis
and the kinetochores are also vertically exposed to face the spindle poles. Thus, it is easy to envision
that chromosome arms do not block the kinetochore surface. Thus, differences in the size of arms

should not have an impact on chromosome segregation.

Studies on chromosome-specific aneuploidy in mitotic cells suggest that larger chromosomes are
mainly affected by aneuploidy (Dumont et al., 2020; Tovini & McClelland, 2019; Worrall et al., 2018)
and acrocentric chromosomes do not missegregate in the same way as shown here for meiosis. Thus,

factors other than chromosome morphology seem to have a more important role in mitosis.
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5.9 Other factors that have been suggested to affect chromosome
aneuploidy

As discussed above chromosome morphology does not seem to play a role in chromosome
missegregation in mitosis. However other factors have been reported to prime specific chromosomes
to aneuploidy in mitosis. Kinetochore size has been suggested to play a role in the types of attachments
created in Indian muntjac. More specifically, large kinetochores are more prone to create merotelic
attachments (Drpic et al., 2018). In human chromosomes, kinetochore sizes differ by 2-fold (Drpic et
al., 2018). It can be envisioned that kinetochore size plays a role in attachment creation in both human
meiotic and mitotic cells. We do not exclude the possibility that this plays a role and affects individual
chromosome segregation in meiosis. It can potentially contribute in a lower degree compared to other
factors because | did not measure any differences in the kinetochore size of acrocentric chromosomes

in the porcine system.

A further factor that has been proposed to affect the segregation outcome in meiosis is the position
of chiasmata (Nagaoka et al., 2012). Chiasmata formed close to the telomere or the centromere are
more prone to affect cohesion, which holds the chromosomes together and create errors either in
meiosis | or in meiosis Il (Lamb et al., 1996). Thus, suboptimal positioning of chiasmata on the
chromosome arms can increase the likelihood of specific chromosomes to missegregate. A study has
shown that aneuploid cells in general tend to have lower recombination rates and reports that
recombination rates differ among people and among individual chromosomes (Ottolini et al., 2015).
Smaller chromosomes, including the small acrocentric chromosome 21 and 22 have a maximum of one
crossover (Ottolini et al., 2015). Thus, the position and the amount of crossovers is another factor that

affects chromosome specific anuploidy.
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5.10 Aging and aneuploidy
Cohesin loss is among the main causes of age-related aneuploidy in oocytes (Chiang et al., 2010; Lister
et al., 2010; Tsutsumi et al., 2014). Studies in human oocytes show that acrocentric chromosomes
missegregateat higher frequencies upon aging (Gruhn et al., 2019). In this study, | examined the levels
of cohesin in each chromosome group in porcine oocytes and found that in general acrocentric
chromosomes have less cohesin than metacentric chromosomes. Thus, it is tempting to speculate that
age-related cohesin loss has a larger impact on chromosomes that initially possess a lower amount of

cohesin.

When | trimmed-away REC8 in porcine oocytes, | noticed that acrocentric chromosomes always
separate first. However, not all acrocentric chromosomes separate before the metacentric ones. This
indicates that even though on average acrocentric chromosomes have less cohesin than metacentric
chromosomes, there are also differences in the cohesin level among individual chromosomes of the

same group in porcine oocytes.

Human acrocentric chromosomes have been shown to be particularly prone to age-related aneuploidy
(Gruhn et al., 2019). Thus, it is tempting to envision that human acrocentric chromosomes might on
average have less cohesin than metacentric chromosomes. However, whether this is true still remains
unclear. In the scope of this study, endeavours to label the cohesin with different antibodies in intact
human metaphase | oocytes have been performed. However, the antibody specificity did not allow us
to perform any measurments. Developing an antibody that will allow us to measure cohesion on
individual chromosomes or in chromosome spreads, will be useful for examining cohesin levels on

individual chromosomes in human oocytes in the future.

128



Discussion

5.11 Conclusion
Accurate chromosome segregation is crucial for the creation of a healthy embryo. In this PhD thesis, |
identified a new factor that influences aneuploidy levels of certain chromosomes during female
meiosis. | demonstrate that acrocentric chromosomes fail to establish end-on attachments and are
more prone to interact with spindle microtubules in an erroneous way. This leads to lagging
chromosomes and missegregations during anaphase. | identified for the first time that the small arm
of acrocentric chromosomes has two different configurations, and that the configuration “on top” is
correlated with the establishment of incorrect attachments to spindle microtubules. These data
provide an explanation for the high missegregation frequency of acrocentric chromosomes in meiosis
as observed in biopsies of human polar bodies, and sheds light on why this chromosome group is so

likely to be affected by aneuploidy during both female and male meiosis.
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