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Résumé

Durant la division cellulaire, la ségrégation des chromosomes et le partage du cytoplasme sont
essentiels pour maintenir l'intégrité génomique. Cependant, les erreurs de ségrégation sont
fréquentes chez I'embryon préimplantatoire de mammifere et entrainent un gain ou une perte
de chromosomes, appelé aneuploidie. L'aneuploidie est préjudiciable au développement et est

la principale cause de pertes de grossesse.

La mitose est coordonnée par cycle cellulaire, notamment la Cycline-B. Comprendre comment la
destruction de la Cycline-B contréle la sortie de la mitose des embryons pourrait expliquer
pourquoi l'aneuploidie est courante en clinique de fertilité. Nous avons étudié la destruction de
la Cycline-B en fonction du stade de développement et de |'aneuploidie. La littérature suggere
gue I'aneuploidie perturbe le cycle cellulaire conduisant les cliniques de fertilité a utiliser la durée
du cycle cellulaire et la morphologie (morphocinétique) pour prédire la santé de I'embryon.
Cependant, la prédiction de la ploidie par morphocinétique reste a démontrer. Notre objectif était

de savoir comment I'aneuploidie affecte le cycle cellulaire et le développement de I'embryon.

Aprés une micro-injection de CyclineB1:GFP (Cycline-B) et H2B:RFP (chromosomes), les embryons
de souris furent imagés par microscopie confocale. Des cellules aneuploides furent générées
chimiquement pour évaluer leurs morphocinétiques. Curieusement, I'apparition de la Cycline-B
aprés nuclear envelope breakdown a été devancée avec la progression du développement
indépendamment de la taille des cellules. De plus, les erreurs de ségrégation ont peu impacté le
développement et la destruction de la Cycline-B. Nous concluons que la morphocinétique est un

outil prédictif peu fiable pour identifier les embryons aneuploides.

Mots-clés : Cycline-B, Cycle cellulaire, Mitose, Aneuploidie, Embryon, Morphocinétique



Abstract

During cell division, it is essential that chromosome segregation during mitosis, and the
partitioning of the cytoplasm at cytokinesis occur in successive timing to maintain genomic
integrity. However, segregation errors are frequently observed in the early mammalian embryo,
causing daughter cells to inherit whole chromosome gains and losses, termed aneuploidy.
Aneuploidy is detrimental to development, being the leading cause of pregnancy loss and

developmental disorders.

The timing of mitosis is coordinated by the cell cycle component, Cyclin B. Understanding how
Cyclin B destruction temporally controls mitotic exit in embryos could help elucidate why
aneuploidy is common in IVF clinics. We investigate how Cyclin B destruction changes in different
developmental stages and the presence of aneuploidy. Literature suggests aneuploidy disrupts
the cell cycle, leading IVF clinics to use cell cycle timings and morphology (morphokinetics) to
predict embryo health. However, whether morphokinetics predicts embryo ploidy is uncertain.

We seek to investigate how aneuploidy affects the cell cycle and embryo development.

We used live-cell confocal imaging and microinjection of CyclinB1:GFP and H2B:RFP mRNA to
visualise Cyclin B and chromosomes during mitosis in the 2-, 4- and 8-cell stage mouse embryo.
Secondly, we pharmacologically-induced aneuploidy to assess aneuploid morphokinetics.
Interestingly, we observe a developmental trend, independent of cell size, where Cyclin B onset
begins progressively sooner after NEBD at the 2-, 4- and 8-cell stage. Additionally, chromosome
segregation errors had little impact on Cyclin B destruction and development. Finally, we find

morphokinetics to be a poor predictive tool in identifying aneuploid embryos.

Keywords: Cyclin B, Cell Cycle, Mitosis, Aneuploidy, Embryo, Morphokinetics
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Introduction

The work presented in this thesis aims to understand the cell cycle mechanisms which dictate the
entry and exit from mitosis in the embryo, as well as the impact of chromosome segregation
errors and aneuploidy on the cell cycle. How the cell cycle controls mitosis at different stages
during development of the preimplantation embryo is not known. However, it is well documented
that the mammalian embryo is frequently subject to segregation errors. Segregation errors cause
chromosomal gains and losses in cells termed aneuploidy, which in somatic cells causes cell cycle
arrest, apoptosis and oncogenesis. Aneuploidy is also detrimental to embryonic development.
Therefore, understanding the fundamental cell cycle mechanisms regulating segregation is an
important basis for understanding why segregation errors are so frequent in the mammalian

embryo.

The second part of this thesis looks to simulate methods used in IVF clinics to observe if cell cycle
timings are a good predictive tool for aneuploidy. Measuring aneuploidy is often used as a
selective tool by IVF clinics to maximise the chances of successful implantation and pregnancy.
Clinics are now using non-invasive measures, such as monitoring cell cycle timings, as a tool to
select embryos with the greatest developmental potential. However, is it possible to predict the
ploidy status of an embryo based on cell cycle alone? There have not been robust studies
generating aneuploidy and assessing cell cycle timings to make this claim. Therefore we also set

out to assess the impact of aneuploidy on the cell cycle timings in preimplantation embryos.

To set a basis for this introduction, | will first discuss cell division followed by the cell cycle control
of M-phase. We will then detail how chromosome segregation errors can go wrong and the
consequences of aneuploidy on cellular health. Because the embryo is a unique system with many
idiosyncrasies, it is also necessary to provide a brief overview of the preimplantation embryo
development, the consequences of aneuploidy in embryos and what is known about the cell cycle

in embryos. Finally reaching how we arrived at the hypotheses that this thesis addresses.
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Cell Division

During division, the cell must segregate its genetic material into two new daughter cells. Cell
division can be distilled into two components; a nuclear division, where the genetic material is
segregated to opposite poles of the cell, and a cytoplasmic division, where the membrane
ingresses to divide the cytoplasm. These two types of division are termed mitosis and cytokinesis,

and they must be tightly coupled to ensure the faithful inheritance of the chromosomes.

The cell cycle can be divided into 4 phases: G1, S, G2, and M-phase. G1, S, and G2 characterise
the interphase, where the cell will grow and duplicate its genetic content. Interphase makes up
most of the cell cycle, which is then followed by a relatively short M-phase, where the cell will

divide to form two new daughter cells (Figure 1).

Growth phases, G1 and G2, allow for the synthesis of protein, organelles, and cellular growth.
During S-phase the cell synthesises a duplicate copy of its DNA, doubling its genetic content, to
become tetraploid. The arms of duplicate chromosomes then become bound together with a
cohesin complex, which ensures that sister chromatids do not drift apart during cell division.
Before entry into mitosis, the duplicated DNA is assessed in a DNA damage checkpoint and upon

checkpoint satisfaction, the cell enters M-phase (Figure 1).
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Figure 1 - Schematic of the eukaryotic cell cycle progression and checkpoints

The cell cycle has 4 main phases G1, S G2 and M-phase which can be subdivided into prophase,
prometaphase, metaphase, anaphase and telophase. G1, S and G2 make up interphase and
contain two major cell cycle checkpoints; the G1/S checkpoint which prevents cells from entering
the S- phase in the presence of DNA damage and the G2/M checkpoint which ensures DNA
synthesis is complete and without damage before mitosis. The Spindle Assembly Checkpoint (SAC)
in M-phase ensures chromosomes are completely attached to the spindle before cell cycle
progression. High CDK1-Cyclin B activity triggers entry into M-phase, APC/C mediated destruction
is inhibited until complete attachment of kinetochore to the spindle before the destruction of

Cyclin B and Securin to allow the cell to exit mitosis (Figure adapted from R. Li and Zhu 2022).

16



Mitosis

The cell cycle promotes entry into mitosis through an increase in activity of Cyclin-dependent
kinase 1 (CDK1) which will induce entry to M-phase upon reaching a certain threshold, as in Figure
1 (Gautier et al. 1990; Gavet and Pines 2010). Mitosis consists of 5 phases: prophase,

prometaphase, metaphase, anaphase and telophase (Figure 2).

Prophase Prometaphase Metaphase Anaphase Telophase

t | T

Error Correction SAC <

Mce
4

K-Fibre Unattached

kinetoch
Amphitelic T nace
attachment
CcPC SAC proteins
Aurora B/C Mad2, BubR1, Mps1

Figure 2 - The 5 phases of mitosis and kinetochore-microtubule attachment

2-cell stage embryo enters mitosis at prophase where chromosomes condense (red) and the
nuclear envelope breaks down. Chromosomes then begin to be aligned to the centre of the cell
(prometaphase) while error-correction mechanisms correct non-disjunction attachments such as
merotelic attachments. Upon complete “error-free” amphitelic attachment (metaphase)
chromosome pairs are bioriented forming a metaphase plate and the SAC is inactivated. SAC
silencing through Mitotic Checkpoint Complex (MCC) release from the kinetochore allows
chromosomes then segregate to opposite poles in anaphase, followed by nuclear envelope
reformation at telophase to form two distinct nuclei. Imaged using live-cell confocal imaging and

microinjection of H2B:RFP mRNA. (Figure adapted from Vidzquez-Diez and FitzHarris 2018)
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Prophase and prometaphase

In prophase, chromatin is condensed and packaged into sister chromatids. Long strands of DNA
supercoil around histones to form densely packed pairs of chromosomes. Previously in S-phase,
the sister chromatids became bound together by a multi-protein complex known as cohesin. This
forms a ring-like structure around the chromosome arms of the paired chromosomes to prevent

the sisters from drifting apart during mitosis (Brooker and Berkowitz 2014).

Concomitantly with chromosome condensation, a bipolar spindle begins to assemble.
Mammalian somatic cells possess two organelles known as centrosomes, which during prophase
migrate toward the poles and begin to nucleate a microtubule network known as the mitotic
spindle. The spindle is a self-organising structure where dynamic growth and depolymerisation of
microtubules leads to eventual capture of the chromosomes. Microtubules attach to a specific
region of each chromosome known as the centromere. This region assembles kinetochores, a
protein complex that transduces forces of the spindle to the chromosome. The kinetochore
bundles microtubules together to form k-fibres which exert the forces needed for the orientation
of the chromosome during prometaphase. Another population of spindle microtubules does not
attach to kinetochores and instead run antiparallel to microtubules emanating from the opposite
pole, forming the spindle midzone, which | will describe in further detail when discussing mitotic
exit. A third population of microtubules, astral microtubules, maintain the spindle in position by

anchoring the spindle to the plasma membrane.

By metaphase, the spindle has adopted a fusiform bipolar shape and the chromosomes
progressively become centred to the middle of this structure, forming a metaphase plate. Correct
kinetochore attachment requires two k-fibres from opposing poles to bind to each sister
chromatid to produce a bioriented pair (amphitelic attachment). Error correction mechanisms in
metaphase exist to ensure the biorientation of all sister chromatids before chromosome
segregation. Inappropriate attachments can be classified as syntelic or merotelic. Syntelic

attachments form when both sister kinetochores are bound to k-fibres emanating from the same
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pole; whereas merotelic attachments occur when a single kinetochore is attached to opposing k-

fibres (Figure 2).

Error-correction mechanisms: two rights can make a wrong

The mechanisms by which k-fibres correct their attachment to microtubules are not fully
understood. One model proposed is a tension-dependent mechanism. Here, microtubules will
continue to detach and reattach until both poles of the spindle exert the required tension on the
sister chromatids, where they become stable. This was first shown by Nicklas in grasshopper
spermatocytes, where mechanically applied tension from the opposite pole of syntelic
attachments stabilised their attachment (Reviewed in Nicklas 1997). Syntelic attachments have a
significant loss in tension, therefore a tension-dependent model is likely to be efficient in
correcting syntelic attachments. However, merotelic attachments may be more susceptible to
evading tension- dependent error correction, as tension is exerted from both poles (Cimini 2008).
When fluorescence ratios of opposing k-fibres are equal to ~1, the merotelic sister chromosomes,
remained aligned because the forces are equal but generate lagging chromosomes. Conversely,
when fluorescence ratios of merotelic opposing k-fibres reach ~3, the disparity in tension is
enough to cause misalignment from the metaphase plate. Despite the force disparity these
chromosomes segregate normally, suggesting a tension-correction mechanism (Cimini, Cameron,
and Salmon 2004). Therefore it requires a threshold of tension loss for destabilisation and

reattachment for proper segregation.

It is thought that other correction mechanisms may play a role in correcting merotelic
attachments. One proposed model is that Aurora B phosphorylates misattached kinetochores to
promote unstable attachment and depolymerisation of k-fibres, as shown in Figure 2 (Kallio et al.
2002; Hauf et al. 2003; Lampson and Grishchuk 2017). To prevent premature segregation of the
chromosomes before complete kinetochore-microtubule errors have been corrected, a critical

cell cycle checkpoint is activated.
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The spindle assembly checkpoint

The spindle assembly checkpoint (SAC) delays anaphase to ensure that microtubule-kinetochore
attachment for each chromatid is established (Figure 2) (Rieder et al. 1994). To activate the SAC,
unattached kinetochores catalyse the formation of the mitotic checkpoint complex (MCC), which
is comprised of Mad2, Bub3, BubR1, and CDC20, as shown in Figure 2. The MCC inhibits the
anaphase-promoting complex/cyclosome (APC/C). The APC/C is required for progression into
anaphase as it targets Cyclin B and Securin for proteolytic destruction (Figure 2). Destruction of
these substrates is necessary for mitotic exit and physical separation of the sister chromatids. The
MCC inhibits the APC/C by sequestering its cofactor, CDC20. Without CDC20 the APC/C remains
in an inactive form, preventing the metaphase-anaphase transition. In addition, other MCC
components have been shown to act directly on the APC/C to reduce APC/C affinity to its

substrates (Lara-Gonzalez, Pines, and Desai 2021).

Previous studies showed that the SAC is an all-or-nothing switch that will be activated in the
presence of a single unattached kinetochore. For example, studies in experiments in Female Rat
Kangaroo Kidney Epithelial Cells (Ptk1) cells identified the SAC to be a very robust checkpoint,
where the presence of one unattached kinetochore delays anaphase until attachment (Rieder et
al. 1994). However, more recent literature points towards the SAC signalling functioning as a
gradient, proportional to the number of attached and unattached kinetochores (Collin et al.
2013). Elegant studies in Hela cells which performed laser ablation to cut kinetochore
microtubule (kMT) attachment to the spindle, found a proportional relationship between the
number of unattached kinetochores and the rate of Securin destruction. This suggests that the
SAC is more efficient in the presence of more unattached chromosomes (Dick and Gerlich 2013).
Importantly, Dick and Gerlich observed a realignment of unattached chromosomes and a
significantly delayed anaphase in the majority of cells, showing Hela cells do possess a functional
SAC. Clute and Pines also illustrated that the SAC remains functional after anaphase has been
initiated. The addition of spindle poison during chromosome segregation reactivated the SAC and
arrested Hela in an anaphase-like state. This further shows that the SAC is not an all-or-nothing

mechanism (Clute and Pines 1999). In most cells, the SAC can delay anaphase onset until
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complete attachment of all kinetochores to the spindle (Lara-Gonzalez, Westhorpe, and Taylor
2012). Once kinetochores have attached to the spindle the MCC is released from the kinetochore,

contributing to the eventual silencing of the SAC.

SAC silencing

After end-on microtubule kinetochore attachments are complete, SAC components Mad1l and
Mad2 are stripped from the kinetochore in a dynein-mediated process (Kuhn and Dumont 2017;
Lara-Gonzalez, Pines, and Desai 2021). Dynein is a minus-end directed motor protein which
transports Mad1 and Mad2 to the spindle poles, preventing further catalysis of the MCC complex
at the attached kinetochore (Lara-Gonzalez, Pines, and Desai 2021). Phosphatase activity is also
essential in silencing the SAC and allowing mitotic exit. Unattached kinetochores recruit the
phosphatase PP2A which is replaced by PP1 upon successful end-on attachment (Dan Liu et al.
2010). Inhibiting phosphatase recruitment to the kinetochore in Hela cells has been shown to
cause a permeant SAC activated phenotype, illustrating that phosphatase activity is also
implicated in SAC silencing (Lara-Gonzalez, Pines, and Desai 2021). Finally, another proposed
model is that the tension created from two end-on attachments increases the interkinetochore
distance. Although this model is not fully understood, Aravmudhan et al. hypothesise that the
increased opposing tension causes kinetochore components Ndc80 and Knl1 to move away from
each other, contributing to SAC silencing (Aravamudhan, Goldfarb, and Joglekar 2015). However,
this tension mechanism requires further study. In summary the SAC is silenced once the mitotic
checkpoint complex, composed of Mad2, Bub3, BubR1, and CDC20 has been displaced from all

kinetochore complexes.

Cyclin destruction

After SAC silencing the APC/C is activated. This E3 ubiquitin ligase polyubiquitinates Securin and
Cyclin B, which is then recognised by the 26S proteasome for destruction (Izawa and Pines 2011).
APC/C specificity to each substrate during progression through mitosis is regulated by two WD-
40 repeat-containing adaptor proteins CDC20 and CDH1 (Li and Zhang 2009). Following SAC

silencing, the APC/C first associates with the activating cofactor CDC20, which primarily targets
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Cyclin B and Securin for destruction (Hagting et al. 2002; Zhang et al. 2016). The destruction of
these substrates is essential for mitotic exit (Chang, Xu, and Luo 2003). Phosphorylation of the
APC/C by Cyclin B/CDK1 has been shown to promote the binding of the APC/C to CDC20 (Zhang
et al. 2016). When bound to CDC20 the E3 ubiquitin ligase (APC/C®9) is now able to specifically
polyubiquitinate Securin and Cyclin B. These substrates are then recognised by the 26S

proteasome for destruction (Izawa and Pines 2011).

During early mitosis the formation of APC/CCDH1 is inhibited through phosphorylation, however
later in mitotic exit the APC/C exchanges CDC20 for CDH1, changing its substrate specificity.

APC/CCDH1 is not essential or mitotic exit but is important for G1/S regulation.

But how does the APC/C target specific substrates for destruction? APC/C substrates possess
conserved specific sequences which are recognised by the APC/C and targeted for destruction.
These sequences are known as the destruction box (D Box), KEN box and the ABBA motif. This
specific motifs allows the recognition of APC/CCDC20 to Cyclin B and Securin, which both possess
destruction box motifs (Yamano et al. 2004; Hagting et al. 2002). These two substrates are tagged
by the ubiquitin ligase with a multi-ubiquitin chain, where the ubiquitin-proteosome system
degrades ubiquitinated proteins (Pines 2006). During an active spindle assembly checkpoint,
APC/C mediated destruction of Cyclin B1 is inhibited, however Cyclin A2 is ubiquitinated and
destroyed throughout active SAC signalling (Zhang, Tischer, and Barford 2019). Recent studies
have suggests that it possesses a newly identified D2 destruction box, which allows destruction
by the APC/C even when bound to the inhibitory MCC (Zhang, Tischer, and Barford 2019). In late
mitosis the APC/C replaces CDC20 with a different cofactor CDH1. APC/CCDH1 can recognise both
the D box as well as KEN box motifs of mitotic substrates, allowing a wider range of substrates to
be destroyed during mitotic exit. The APC/CCDH1 targets different APC/C substrates specific to

late mitosis and plays a functional role in the transition from G1 to S-phase (Li and Zhang 2009).

The degradation of Securin permits a downstream protease, separase, to hydrolyse cohesin

allowing sister chromatids to physically separate. Concomitantly, the APC/C targets Cyclin B for
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destruction. Cyclin B is bound to CDK1 and keeps the kinase in its active form (Figure 3).
Consequently, Cyclin B destruction inactivates CDK1, which is essential for the cell cycle to exit

mitosis (Clute and Pines 1999; Chang, Xu, and Luo 2003).

The degradation of Securin permits another protease, separase, to hydrolyse cohesin allowing
sister chromatids to physically separate. Concomitantly, the APC/C targets Cyclin B for
destruction. Cyclin B is bound to CDK1 and keeps the kinase in its active form (Figure 3).
Consequently, Cyclin B destruction inactivates CDK1, which is essential for the cell cycle to exit

mitosis (Clute and Pines 1999; Chang, Xu, and Luo 2003).

Mitotic exit

Mitotic exit, defined by the metaphase-anaphase transition and cytokinesis, is one of the most
drastic events during the cell cycle where the cell undergoes huge cytoskeletal restructuring.
During mitotic exit two major segregation events, anaphase and cytokinesis, occur in rapid

temporal succession to form two new daughter cells.

Anaphase

Following cohesin destruction, the sister chromatids are separated to opposite poles of the cell
through two mechanistically distinct forces, microtubule depolymerisation and spindle
elongation (Anjur-Dietrich, Kelleher, and Needleman 2021). Chromosome segregation
commences with anaphase A, where the k-fibres depolymerise and shorten to generate a pulling
force on the chromatid (Mitchison et al. 1986). Secondly, spindle elongation in Anaphase B is
generated by the spindle midzone. Microtubule sliding in the midzone generates pushing forces
contributing to spindle elongation and further segregation of the poles. The spindle midzone also

plays an important role in cytokinesis, which is initiated after chromatids are far enough apart.

Cytokinesis and Telophase
The spindle has been shown to dictate where the contractile ring will be assembled on the plasma

membrane. Early experiments showed that micromanipulation of the spindle using glass needles
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would move the plane of cleavage accordingly (Rappaport 1996). Later studies have identified
this as a result of components required for activation of the RhoA GTPase are delivered by the
spindle to the equatorial membrane, which leads to the assembly of an actin-myosin ring around
the equator of the cell (Green, Paluch, and Oegema 2012). After the chromosomes have
separated far enough, the ring will contract, folding the plasma membrane in on itself. The
cytokinetic furrow continues to ingress until forming an intercellular bridge which remains open
until abscission. The intercellular bridge is composed of a network of microtubules and a
cytoskeletal structure known as the midbody. Cytokinesis is fully complete once abscission has
taken place, which closes the intercellular bridge leaving only a remnant of the midbody
(Rappaport 1996). The time of physical separation between sister cells at abscission varies
between species, but in Hela cells was shown to take place acutely in G1, approximately 60 mins
after anaphase onset (Gershony et al. 2014). During cytokinesis, the chromosomes begin to
reform nuclear membranes chromosomes will begin to decondense to form two distinct nuclei,

finalising telophase and mitosis, as shown in Figure 2.

Cell cycle coordination of mitosis

Chromosome segregation and cytokinesis timing must be strictly coordinated by the cell cycle to
prevent premature segregation or cytokinesis, resulting in chromosome missegregation and
aneuploidy. Generally, the cell cycle is controlled by positive and negative feedback loops of
phosphorylation and dephosphorylation. A family of kinases known as Cyclin-dependent kinases
(CDKs) tips the balance toward phosphorylation and promotes the next phase of the cell cycle.
Once CDK activity reaches a threshold it will then be inactivated through proteolysis of the
associated Cyclin. This degradation then allows the balance to return in favour of
dephosphorylation, where phosphatases reverse CDK targets to finalise the transition into the

new cell cycle phase (Figure 3).
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Figure 3 - Schematic of Cyclin B regulation of mitosis

(a) Cyclin B is synthesised during interphase until activation, which induces entry into M-phase.
Upon SAC silencing Cyclin B is destroyed inactivating CDK1 and allowing progression into mitotic
exit, characterised by a schematic of a 2-cell stage embryo entering anaphase and cytokinesis
upon Cyclin B destruction. (b) Cyclin B is regulated by constant phosphorylation and
dephosphorylation. Weel kinase phosphorylates CDK1 to inactivate the CDK1-Cyclin B complex
during interphase, at the point of mitotic entry phosphatase CDC25 removes the Weel inhibitory
phosphorylation activating CDK1 to induce mitotic entry. CDK1 is inactivated by the APC/C

mediated destruction of Cyclin B (Figure 3b adapted from Tsai, Theriot, and Jr 2014)

The cyclins

Cyclins are proteins which act as cofactors for Cyclin dependent kinases (CDKs). These Cyclin/CDK
complexes control the cell cycle through inducting major phosphorylation events, which are then
subsequently removed by antagonistic phosphatases. To ensure a temporal and forward
progression of the cell cycle, Cyclin/CDK complexes are sequentially activated and destroyed, with
each class of Cyclin promoting entry into the following phase. There are many Cyclins involved
throughout the whole cell cycle, however only two classes of Cyclins are involved in cell division:

Cyclin A and Cyclin B.
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A type Cyclins

In mammals, there are also two closely related A type Cyclins, Cyclin A1 (embryonic) and Cyclin
A2 (somatic). The expression of Cyclin Al is limited to the germ cell line and has been shown to
play a major role in male meiosis, with disruption in mouse models leading to a meiotic block in
spermatogenesis. Interestingly, Cyclin Al appears to be redundant in female meiosis, with female
mice displaying no phenotype (Liu et al. 1998). In contrast, Cyclin A2 is present in proliferating
somatic tissues and is essential for embryonic development, with the deletion of Cyclin A2 causing
embryonic lethality at day E5.5 (Murphy et al. 1997). Therefore, | will go on to explore the role of
Cyclin A2 in mitosis. A type Cyclins can form complexes with two classes of CDKs, CDK1 and CDK2.
This produces a dual functionality of A type Cyclins in the control of the cell cycle. After Cyclin A2
binds the corresponding CDK, the complex is activated through phosphorylation on specific
threonine residues by Cyclin activating kinase (CAK) (Vermeulen, Van Bockstaele, and Berneman

2003; Merrick et al. 2008).

The first role of Cyclin A is during S-phase, where Cyclin A2 forms a complex with CDK2 (Cyclin
A/CDK2) which is then activated by CAK. Early evidence for a role of Cyclin A2 in S-phase came
from experiments where microinjection of Cyclin A anti-sense cDNA in human cells blocked DNA
synthesis and G2 entry (Girard et al. 1991). Cyclin A2 was later shown to phosphorylate many
components, such as CDC6, pre-replication complexes and subunits of DNA polymerase (Petersen

et al. 1999; Katsuno et al. 2009; Frouin et al. 2005).

Secondly, Cyclin A has a role in the G2/M-phase transition. Similarly, to S-phase, a study in which
microinjection of Cyclin A antibodies in G2 Hela cells caused a pre-mitotic arrest. Following
microinjection of Cyclin A in these arrested cells they would enter mitosis and resume the cell
cycle. This suggested an essential role for the activity of Cyclin A2 in coordinating entry to M-
phase (Pagano et al. 1992). Furthermore active Cyclin A2-CDK2 has been shown to promote
mitotic entry through activation of CDC25, a phosphatase which removes the inhibitory
phosphorylation of Weel from Cyclin B/CDK1 (Mitra and Enders 2004). This activation of Cyclin
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B/CDK1 is then able to activate substrates required for entry into mitosis. The destruction of Cyclin
A2 is also important for mitotic exit, as it was found to be necessary for the formation of stable

microtubule-kinetochore attachment (Kabeche and Compton 2013).

B type Cyclins

B type Cyclins are essential in the transition into mitotic entry and their destruction is essential
for mitotic exit. There are three main types of Cyclin B: Cyclin B1, B2 and B3. Cyclin B1 and its role
in regulating the temporal events during mitotic entry and exit is well documented, however the
roles of B2 and B3 are less well understood in mammals. Although there are three types of B class
Cyclins, only Cyclin B1 is essential for early embryonic development. Knockout studies found
Cyclin B2 -/- mice to have no phenotype aside from a small litter size, whereas as Cyclin B1
knockout mice will not develop past embryonic day 10 (Brandeis et al. 1998). Cyclin B1 and B2
are closely related but have idiosyncratic properties which result in different regulatory
mechanisms during M-phase. Cyclin B2 localises specifically to the Golgi apparatus, whereas the
B1 localises to microtubules. In addition, Cyclin B1 is imported to the nucleus prior to nuclear
envelope breakdown, whereas B2 remains uniformly distributed and does not undergo
translocation (Jackman, Firth, and Pines 1995). The different localisation of B type Cyclins is
thought to result in specificity of each type of Cyclin B to reorganise different organelles in the

cell during mitosis (Jackman, Firth, and Pines 1995).

Finally, Cyclin B3 is the last B type Cyclin involved in mitosis. This Cyclin has been understudied in
mammalian models, but its function has been well documented in Drosophila. Studies in
Drosophila identified that Cyclins are destroyed sequentially with the first being Cyclin A, followed
by B1, B2 and finally Cyclin B3, which is initiated around the onset of anaphase (Yuan and O’Farrell
2015). Studies using RNAi knockdown and overexpression of Cyclin B3 would delay or advance
the onset of anaphase respectively, suggesting a role in timing of anaphase in early evolutionary
systems (Yuan and O’Farrell 2015). However, in the mammalian cell, Cyclin B3 expression is strictly
limited to the germ line. Cyclin B3 plays an essential role in oogenesis, with female Cyclin B3

knockout mice being sterile and eggs arresting at metaphase of meiosis | (Karasu et al. 2019).
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Moreover studies in human cell lines found Cyclin B3 is readily detected in the germ cells of testis
but not in any other tissue (Nguyen et al. 2002), suggesting in mammals that Cyclin B3 is primarily
a meiotic Cyclin. Therefore, | will go on to further discuss the mammalian B type Cyclins known

to be involved in mitosis.

B type Cyclins specifically bind CDK1, a kinase which promotes entry into mitosis. The pool of
Cyclin B1/CDK1 increases as Cyclin B1 is resynthesised during interphase. To prevent premature
entry into mitosis, kinases Weel and Myt1 donate an inhibitory phosphorylation to the tyrosine
(tyr) 15 and threonine 14 residues of CDK1. Prior to mitotic entry, phosphatases such as CDC25
act to remove inhibitory phosphorylation to activate Cyclin B-CDK1 and promote entry into

mitosis.

Entry into mitosis is controlled by the mitotic Cyclin, Cyclin B. During interphase Cyclin B is
synthesised, which binds Cyclin-dependent kinase 1 (CDK1). The Cyclin B-CDK1 complex becomes
increasingly abundant, but remains inactive due to inhibitory phosphorylation by Wee1, delaying
mitosis so the cell can complete the previous growth phase, G2 (Nurse 1975). At the point of
mitotic entry, the inhibitory phosphorylation is removed by phosphatase CDC25, activating CDK1
(Figure 3b).

High CDK1 activity has been shown to have multiple regulatory effects in controlling entry into
mitosis including coordinating NEBD, chromosome condensation and spindle assembly (Kimura
et al. 1998; de Castro et al. 2017). Once the cell has entered mitosis, CDK1 activity must be
reduced to exit mitosis, which is achieved through APC/C mediated destruction of Cyclin B (Chang,
Xu, and Luo 2003; Izawa and Pines 2011). Cyclin B is ubiquitinylated by the APC/C and targeted
for destruction. The destruction of Cyclin B inactivates CDK1 and allows for counteracting
phosphatases such as PP1 and PP2A to dephosphorylate the targets of CDK1 (Nasa and
Kettenbach 2018). CDK1 inactivation is necessary for the cell to exit mitosis, and is involved in a
complex cascade of cell cycle protein regulation, well reviewed in (Enserink and Kolodner 2010).

Although Securin destruction is necessary for the physical separation of sister chromatids, CDK1
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inactivation plays an important role in the anaphase spindle to properly segregate chromosomes

to spindle poles at anaphase (Wheatley et al. 1997; Potapova et al. 2006; Jones 2010).

Mechanisms preventing dephosphorylation during mitotic entry

The initial dephosphorylation event which occurs during mitosis is the dephosphorylation of
Cyclin B1/CDK1. CDC25 removes the inhibitory phosphorylation’s from pThrl4 and pTyrl5
donated by Weel and Myt1, to produce an active Cyclin B1/CDK1 complex (Moura and Conde
2019). Different isoforms of CDC25 are thought to activate different subcellular localisations of
Cyclin b/CDK1 which is correlated with different events during mitotic entry. CDC25B has been
shown to activate CDK1 at the centrosomes. CyclinB/CDK1 localised to the centrosomes will then
translocate to the nucleus (Lindgvist et al. 2005), which will carry out phosphorylation on multiple
targets to induce NEBD. CDC25A is responsible for CDK1 activation triggering chromosome
condensation (Molinari et al. 2000; Moura and Conde 2019). Finally CDC25B and CDC25C is
activated by Cyclin B/CDK1 in a positive feedback loop, which in turn dephosphorylates Weel and
Myt1, to prevent any further inhibition of Cyclin B/CDK1 and an irreversible transition to m-phase
(O’Farrell 2001; Moura and Conde 2019). This positive feedback loop is further contributed to by
a stabilising phosphorylation which inhibits CDC25 degradation mechanisms allowing a stable

pool of CDC25 (Moura and Conde 2019).

To delay dephosphorylation of CDK1 targets and ensure complete transition into M-phase, PP2A-
B55 phosphatase must also be inhibited. This is because PP2A-B55 specifically dephosphorylates
the sites of CDK1 phosphorylation (Keshri, Rajeevan, and Kotak 2020). To achieve this mitotic
delay, rising CDK1 activity phosphorylates Greatwall (GWL), a serine/threonine kinase. GWL,
which becomes active in late G2, phosphorylates substrates, Arpp19 and ENSA, which in turn
allows Arpp19 and ENSA to bind and inhibit PP2A, protecting CDK1 phosphorylation during late
G2 and early M-phase (Vigneron et al. 2009; Lorca and Castro 2013).
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The control of rapid dephosphorylation during mitotic exit

The cell has committed to mitotic exit after spindle assembly checkpoint satisfaction and CDK1
substrates must be dephosphorylated by phosphatases in a mass dephosphorylation event. The
events in late mitosis, such as chromosome segregation, decondensation and cytokinesis all
require dephosphorylation of CDK1 targets. These dephosphorylations are coordinated by
phosphatases PP1 and PP2A (Moura and Conde 2019). CDK1 prevents formation of microtubule
bundling through phosphorylation of PRC1. PRC1 is an essential protein for microtubule bundling
and midzone formation, which is important for contractile ring formation and cytokinesis. This
inhibitory phosphorylation is removed by PP2A-B55 (Cundell et al. 2013; Zhu et al. 2006). Another
important event in mitotic exit is the reformation of two new nuclei after genome segregation.
Previously during NEBD, nuclear lamins were phosphorylated by Cyclin B1/CDK1 to promote their
depolymerization. Nuclear envelope reformation requires dephosphorylation of nuclear lamins,
which then facilitates the repolymerization of these cytoskeletal structures. PP1 localises to the
nuclear lamina of reforming nuclei which accelerates its reassembly (Thompson, Bollen, and

Fields 1997)

The switch that changes at M-phase from a mass phosphorylation to dephosphorylation event is
triggered by the SAC, which begins Cyclin B destruction to initiate a swing in the scale towards
the direction of dephosphorylation. The decrease in CDK1 activity after Cyclin destruction, causes
a slight increase in PP1 activity, which is then able to remove the GWL induced phosphorylation
of ENSA and Arrp19 (Heim, Konietzny, and Mayer 2015). CDK1 activity continues to fall and fails
to re-establish inhibitory phosphorylation’s of PP2A and PP1, ultimately leading to a cascade of

activation of phosphatase activity (Lorca and Castro 2013).

The cell cycle control of cytokinesis

Cyclin B-CDK1 activity has also been shown to inhibit microtubule bundling proteins and motor
proteins essential for midzone formation (Zhu et al. 2006). Therefore, the destruction of Cyclin B
and CDK1 activity also has functionality in dictating the spatial positioning of furrowing.

Furthermore, mammalian somatic cells have shown that the addition of CDK1 inhibitor to cells
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arrested in metaphase triggers the onset of chromosome segregation and furrow ingression
(Potapova et al. 2006). To ensure faithful chromosome segregation the timing of anaphase and

cytokinesis must be well coordinated.

Contractile ring assembly is dependent upon RhoA, a small GTPase. Studies have shown that
activation of RhoA is sufficient for triggering furrow ingression (Wagner and Glotzer 2016). RhoA
requires the guanine exchange factor Ect2 in order to be activated. Upstream of RhoA activation,
Ect2 is activated by centraspindilin. In mammals, centraspindilin is composed of a kinesin-6 motor
protein (Kif23) dimer and a CYK-4 dimer, and localises to the spindle midzone during M-phase
(Fededa and Gerlich 2012). Therefore, in order to initiate furrow ingression and cytokinesis is

initiated by active RhoA which is activated by Ect2 associated with centraspindilin.

One direct effect of CDK1 upon cytokinesis is the ability of Ect2 to associate with the CYK-4 domain
of centraspindilin. Yiice et al. elegantly display this interaction using Roscovitine, a potent CDK1
inhibitor. Nocodazole arrested cells were released and fixed at 40-, 60-, 90- and 120-minutes post
release. Ect2 was then immunoprecipitated and western blot analysis revealed that in the
presence of CDK1 inhibition, Ect2-CYK-4 association was significantly increased. Using partial
deletion constructs, they later illustrate that this is dependent upon a phosphorylation of Ect2
T342 during metaphase which inhibits Ect2/Centraspindilin association (Ytce, Piekny, and Glotzer
2005). This illustrates that CDK1 has a negative upstream regulation of RhoA activation and

inhibits the timing of cytokinesis onset until dephosphorylation of Ect2.

Genesis of chromosome segregation errors

Segregation errors during mitosis can lead to the daughter cells inheriting gains or losses of
chromosomes termed aneuploidy, which has catastrophic consequences on cellular health.
Chromosome segregation errors can arise from abnormal chromosome and spindle structure as

well as errors in cell cycle regulation of mitosis.
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Abnormal chromosome structure can result in kinetochores being entirely unattached or
incorrectly attached to the spindle at the point of segregation onset, as described earlier.
Unattached chromosomes are likely to be misaligned in the metaphase plate, resulting in the
unilateral inheritance of a chromatid pair when cytokinesis divides the cell in two. In other cases
the chromatid pair can be inappropriately attached to the spindle, resulting in uneven tension
and abnormal separation. In somatic cells, SAC activation is maintained while the spindle is
forming amphitelic attachments (Lara-Gonzalez, Pines, and Desai 2021), however about 1% of the

time chromosomes can be missegregated (Compton 2011).

When the SAC is silenced in the presence of syntelic or merotelic attachment the chromosome is
likely to be missegregated (Cimini et al. 2001). Syntelic attachments are rare, however merotelic
attachments are susceptible to permit SAC silencing as both kinetochores are attached to
opposite spindle poles (Figure 2) (Cimini et al. 2001). Initiation of anaphase when sister
chromatids have merotelic attachments generates opposing forces on the chromatid, causing a
decrease in the velocity of chromosomes moving poleward. This results in the chromosome
lagging behind the main anaphase as shown in Figure 4 (Cimini et al. 2001). When the nuclear
envelope reforms in telophase this laggard is prone to be excluded from the main nucleus and
instead encapsulated in a separate small nucleus known as a micronucleus (Figure 4)(Gomes et
al. 2022; Crasta et al. 2012). The DNA contained within these micronuclei is prone to DNA damage
and chromothripsis, which can lead to oncogenesis (Kwon, Leibowitz, and Lee 2020).
Chromothripsis is a genetic mutation, where the damaged chromosome is broken up and
randomly reassembled (Zhang et al. 2015). Therefore, failure of error correction mechanisms and
the SAC can result in lagging chromosomes, ultimately leading to severe DNA damage (Cimini et

al. 2001)
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Anaphase Interphase

Figure 4 - Chromosome segregation errors leading to aneuploidy

2-cell stage embryo undergoing chromosome segregation in anaphase pane, anaphase direction
indicated by red arrows. Yellow arrows indicate lagging chromosomes, excluded from the main
anaphase. 2-cell stage embryo in the interphase panel with a yellow arrow indicating the
formation of a micronucleus, a separate smaller body of condensed chromatin from the primary
nucleus which is susceptible to DNA damage. Images taken using fluorescent live-cell confocal

images and chromosomes are visible using H2B:RFP mRNA microinjection.

DNA damage leads to a state of chromosomal instability (CIN), exacerbating aneuploidy.
Replication fork stalling during DNA damage repair can cause damaged DNA to persist into
mitosis. The incomplete repair can form ultra-fine DNA bridges between sisters, which can cause
chromosomes to lag in anaphase or even chromosome breakage, generating segmental and
whole chromosome aneuploidy (R. Li and Zhu 2022). DNA damage responses can also further
contribute to the over-stabilisation of kinetochore microtubules, risking stable mis-attachments
and inaccurate segregation. Studies in human RPE1 cells, an immortalised human epithelial cell
line, show DNA damage response proteins to signal through Aurora-A and PLK1 activity increasing
k-MT stability. This generated an increase in lagging chromosomes, which was rescued by

overexpression of kinetochore destabilising protein Kif2b (Bakhoum et al. 2014).
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Premature cytokinesis, before complete segregation of the chromosomes, could lead to
incompletely segregated chromosomes trapped in the furrow ingression. This can lead to furrow
regression, cytokinesis failure and the formation of binucleated tetraploid cells (Shi and King
2005). Complete cytokinesis in the presence of missegregated chromosomes can also cause the
formation of bulky chromosome bridges between daughter cells, again leading to DNA damage,
chromosome breakage and chromothripsis (Maciejowski et al. 2015). Therefore, the cell cycle

control of mitotic exit must be tightly controlled to prevent aneuploidy.

Consequences of aneuploidy in somatic cells

Immediate consequences of aneuploidy

Aneuploidy can lead to chromosomal instability (CIN). Often gains and losses of chromosomes
have been shown to increase DNA damage and the number of missegregations persisting in
following divisions (Passerini et al. 2016; Chunduri and Storchova 2019). After severe
chromosome missegregation forms micronuclei and chromosome bridges, the cell mounts a DNA
damage response (DDR). However, DNA repair mechanisms such as non- homologous end-joining
are highly error-prone, resulting in replication fork stalling, mutations and reorganisation of
damaged DNA. Not only does this cause dramatic reorganisation of the sequence, but also causes
increased reactive oxygen species production (Maciejowski et al. 2015; Santaguida and Amon
2015). Oxidative stress can lead to impaired spindle formation, metabolic dysfunction and

contribute to proteotoxic stress (Wang et al. 2017; R. Li and Zhu 2022).

Inheritance or loss of one or more chromosomes also causes large gene dosage differences from
euploid cells and consequently changes the transcriptome, proteome and epigenome (Torres et
al. 2007; R. Li and Zhu 2022). The imbalance of protein content can overwhelm mechanisms that
regulate proteostasis, such as protein degradation and chaperone proteins, resulting in
proteotoxic stress. Chaperone proteins assist protein folding to allow them to reach their soluble

form, however imbalance in protein synthesis can lead to folding mechanisms becoming
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overwhelmed. Chaperon proteins such as HSP90 have been shown in yeast and human cell lines
to be a limiting factor in

aneuploid cells and overexpression can rescue the proteotoxic stress response exhibited in
aneuploid cells (Donnelly et al. 2014; Ben-David and Amon 2020). Gene dosage imbalances of
mitotic regulators such as FOXM1 have also been found in breast cancer cell lines and it is

proposed these drive increased mitotic errors and genomic instability (Pfister et al. 2018).

Interestingly, aneuploidy can have both oncogenic and anti-proliferative properties, leading to the
“Aneuploidy Paradox”. Single chromosome gains in yeast, mouse and humans lead to slower
development, and detrimental physiology (Williams et al. 2008; Torres et al. 2007; Segal and
McCoy 1974). However, specific trisomies in human embryonic stem cells have also been shown
to be tumour-promoting and increase proliferation (Ben-David et al. 2014). How can aneuploidy
be both anti- and hyper-proliferative? Williams et al. argue that aneuploidy itself is not oncogenic
but the cellular stress responses to aneuploidy might create an environment for aneuploidy to
occur in a small number of cells (Williams et al. 2008). In the majority of cells, tumour suppressing
mechanisms are effective, so | will now detail the antiproliferative mechanisms which are

activated as a consequence of aneuploidy.

Long-term consequences of aneuploidy

Aneuploidy activates cell cycle arrest of apoptosis

The presence of an additional chromosome in yeast, mouse embryonic fibroblasts (MEFs) and
human cells has been found to reduce proliferation (Torres et al. 2007; Williams et al. 2008; Segal
and McCoy 1974). This slowed the rate of proliferation and is thought to be regulated by p53, a
tumour suppressor protein, which limits aneuploidy-induced tumorigenesis. Knockdown of SAC
components in Hela cells to induce aneuploidy caused proteotoxic stress, double-stranded DNA
breaks and cell death. Microarray analysis revealed upregulated expression of p53 and caspase-

3/7, pathways involved in cell cycle suppression and apoptosis (Ohashi et al. 2015). Studies in
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mice also revealed aneuploidy increased ROS to induce ATM-mediated p53 activation, which will

cause the cell to enter an apoptotic or senescent cell pathway (M. Li et al. 2010).

DNA damage response induced by aneuploidy has also been shown to induce cells to enter an
antiproliferative state known as senescence or GO, where the cell exits the cell cycle. Knockdown
experiments of BubR1, a key SAC component, were shown to induce chromosome missegregation
and profound growth inhibition in MEFs. Associated antiproliferative mechanism markers such as
high B-galactosidase activity, p53, p21 and p16 were also shown to be upregulated (Baker et al.
2004). Aneuploidy induced in human fibroblasts was shown to result in telomere replication
stress and cells enter a state of senescence. This study went on to show that overexpression of
telomerase rescued the senescence phenotype observed (Meena et al. 2015). Therefore
aneuploidy also induces a senescent state to prevent immortalisation of cells and potential

tumorigenesis (Baker et al. 2004; Meena et al. 2015; Takahashi et al. 2006).

Effect of aneuploidy on mitosis

Aneuploidy has also been shown to impact the duration of the M-phase itself. Gene dosage
imbalances of oncogenic genes can lead to oncogenic stress pathways which activate a DNA
damage response (DDR) (Haigis and Sweet-Cordero 2011). Zhou et al. showed that DDR proteins
target mitotic exit processes, for example, Mecl kinase inhibits anaphase by stabilizing the yeast
Securin (Clarke et al. 2001; C. Zhou et al. 2016). Human cells also demonstrate DDR to influence
M-phase. DDR protein ATR has been shown to activate Aurora B to aid microtubule error
correction during metaphase (Kabeche et al. 2018). Extension of mitosis can activate a mitotic
clock checkpoint. When M-phase is extended and therefore likely to have been “stressful”,

somatic cells will arrest in G1 (Dalton and Yang 2009)

Preimplantation embryo development

Because chromosome segregation fidelity is essential to cellular health, the first few cell divisions

of the embryo must be faultless to ensure the successful replication of such few cells into an
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entire organism. However, chromosome segregation errors are much more frequent in the
mammalian embryo than in somatic cells (Vazquez-Diez and FitzHarris 2018). There are many
idiosyncrasies of the mechanisms which control early embryonic divisions, which may make the
embryo prone to increased segregation errors. To contextualise the impact of chromosome
segregation errors in the early embryo, | will first detail preimplantation embryo development,

shown in Figure 5, followed by what we know about aneuploidy in embryos.

Embryonic Day
0.0 2.0 2.5 S 3.5 4.0 4.5

ZGA Compaction Cavitation

Lineage Differentiation

Figure 5 - Mouse embryo preimplantation development

After sperm-egg fusion, forming a zygote, the cell cycle of the egg resumes. The first cell cycles
are the longest of preimplantation development with the first cell cycle finishing after 24 hours.
The embryo then undergoes a series of reductive divisions, halving in volume each time. In the
late 2-cell stage embryo the embryonic genome is activated and maternal mRNA products are
degraded so the cell becomes entirely reliant on its own genome for transcription. Compaction
takes place at the 8-cell stage, where tight junctions form between 8-cell stage blastomeres and
are no longer individualised. This forms the apical-basal polarity associated with lineage
differentiation, dictating the inner cell mass (ICM) and trophectoderm (TE). Cavitation occurs
around day 4 of development, where a fluid-filled cavity forms in the centre of the embryo. The
ICM will go on to develop the foetus while the TE will form the placenta. Images taken using Leica

DM IL inverted microscope and schematics adapted from (Vdzquez-Diez and FitzHarris 2018)
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Fertilisation

After a single sperm has penetrated the zona pellucida, a glycoprotein shell protecting the egg
from polyspermy, the sperm-egg membranes fuse. Each gamete contributes one pronucleus (PN),
containing half of the paternal and maternal genome, forming a diploid cell (Georgadaki et al.
2016). Upon fertilisation, the cell is now totipotent and has the complete ability to differentiate
into all cell types of the organism. The zygote is mostly transcriptionally inactive, except for a
small wave of activation in the zygote, until zygotic genome activation (ZGA) which occurs at the
2-cell stage in mice and 4-8 cell transition in humans (Figure 5) (Lee, Bonneau, and Giraldez 2014).
Therefore, until ZGA all protein synthesis is reliant upon residual maternal mRNAs contributed by

the egg.

The first mitosis

The zygote undergoes its first cleavage approximately 24 hours after fertilisation to form a two-
cell embryo. This is the longest of all cell divisions during preimplantation development in many
organisms including Xenopus, mice and humans (Sikora-Polaczek et al. 2006a; Kubiak et al. 2008;
Chavez et al. 2012). Uniquely, the duration is significantly prolonged by a delay in Cyclin B
degradation, which is thought to be extended by Plk1 in the mouse embryo (Ajduk et al. 2017).
The delay in Cyclin B destruction is thought to provide more time for the parental and maternal

pronuclei to combine and form a single metaphase plate.

Morphological changes

Approximately every 12 hours from the 2nd mitosis, each blastomere will undergo another
cleavage, doubling the total cell number. In addition, with each cleavage the blastomere will halve
in size as the blastomeres omit a significant growth phase in the embryonic cell cycle, illustrated

in Figure 5 (Tsichlaki and FitzHarris 2016).

After the 3rd mitosis, one of the first major morphological and developmental milestone begins

in the morula embryo. Tight e-cadherin junctions form between neighbouring cells in a process

called compaction. Tight junctions cause round and individualised blastomeres to become

38



flattened and cell boundaries become indistinguishable (Figure 5). This is the beginning of
determining cell fate, as an apical and basal domain is formed (Johnson and Ziomek 1981;
Korotkevich et al. 2017). Tight junctions designate distinct regions of the plasma membrane for
the localisation of cell surface proteins. The apical domain remains on the outer surface of the
morula, while the basal domain is contacting neighbouring cells only. Depending on the plane of
cytokinesis in the next divisions, the daughter blastomeres will inherit different amounts of apical
domain. Inheritance of the apical domain will direct the cell lineage, as the blastomeres begin to
differentiate into inner cell mass (ICM) and trophectoderm (TE). The ICM will further differentiate
into the epiblast and primitive endoderm contributing to the embryo proper. Whereas, the TE,

which surrounds the inner ball of ICM, will form the placental tissues.

Following compaction, the next morphological landmark is cavitation, which begins around the
late morula, shown in Figure 5. At cavitation, the blastocyst embryo will form a central fluid- filled
cavity (blastocoel), formed by hydraulic pressure and the import of water due to an osmotic
gradient generated by TE Na+/K+ ATPase pumps (Fleming et al. 1984; Chan et al. 2019). The
blastocoel continues to expand and the cell number almost triples in size until the blastocyst is
ready for implantation. Blastocyst expansion allows the embryo to hatch from the zona pellucida

and the TE invades the uterine lining, leading to implantation.

Idiosyncrasies of mitosis in the preimplantation embryo

The mammalian embryo has many idiosyncrasies of cell division that somatic cells do not have,
which may shed light on why they are prone to segregation errors. In this section, | will discuss
the difference in the organisation of the spindle, transcription and cell cycle checkpoints of the

embryo.

The embryonic spindle
The developing embryo experiences dramatic changes in cell size with each cleavage halving the

cytoplasmic volume of daughter cells, visible in Figure 5 (Tsichlaki and FitzHarris 2016). This poses

39



challenges to regulating spindle size, to ensure that chromosomes are segregated sufficiently to
opposite poles. In the zygote, the spindle is relatively short in comparison to the cell diameter
and its length is intrinsically regulated. However, from the 2-cell stage onwards the spindle length
becomes extrinsically regulated by the cell boundaries. Cytoplasmic removal experiments showed
that this change in spindle size regulation was independent of cell size and more dependent upon
the developmental stage of the embryo (Courtois et al. 2012). This illustrates that alongside

changing cell size, there is a change in regulatory mechanisms influencing spindle size.

In addition, although the mouse model closely resembles human embryo development there are
some additional differences which must be considered. Somatic cell mitosis requires two
centrosomes for bipolar spindle formation, and the presence of more than two can result in the
formation of multipolar spindles (Silkworth et al. 2009). To prevent multipolar spindle formation
the egg degrades its centrioles and a single centrosome and centriole is donated by the sperm,
to direct spindle assembly for the first mitotic division. Uniquely, the mouse embryo lacks
centrioles until the late blastocyst stage, therefore the spindle poles nucleate from microtubule
organising centres (MTOCs). Centrioles do appear in the mouse at the 64-cell stage, but even then

it is not clear whether they are functional (Howe and FitzHarris 2013).

The zygote is also transcriptionally silent, therefore entirely reliant upon maternal transcripts and
protein. There is an initial burst of transcription during the late zygote cell cycle (Bouniol, Nguyen,
and Debey 1995), however full embryonic genome activation is not triggered until the late 2-cell
stage embryo. It is at this point that maternal mRNA is degraded and the embryo becomes reliant

on its own complement of DNA to transcribe mRNA (Lee, Bonneau, and Giraldez 2014).

The embryonic cell cycle

Somatic cells complete their full cell cycle approximately every 24h. Although comparable with
the length of the zygote and 2-cell stage embryo, which takes 22-24h (Balakier, MacLusky, and
Casper 1993); the duration of the cell cycle in the rest of preimplantation embryo averages

development around 14 hours (Ciemerych and Sicinski 2005). The duration of the 4-cell stage and
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8-cell stage interphase is much shorter than the previous two, taking around 12 hours to

complete, displayed in Figure 5 (Smith and Johnson 1986).

Developmental changes in the embryo have been shown to influence the cell cycle timings.
Macqueen and Johnson found that divisions generating smaller and larger cells during the 8- to
16-cell stage transition would result in larger cells having a shorter cell cycle (~12h) than their

smaller sister cells (~14h) (MacQueen and Johnson 1983; Ciemerych and Sicinski 2005).

Furthermore, at the 8-cell stage, the mouse and human embryo begin to compact and establish
cell polarity. The apical domain has been shown to establish spindle position and orientation,
thereby directing complete or partial inheritance of the apical domain. Depending on the amount
of apical domain inherited will determine the lineage of the daughter cell to form the ICM or
trophectoderm (Korotkevich et al. 2017). Cell lineage and positioning are associated with different
cell cycle dynamics. Cells nearer the ICM such as the mural trophectoderm proliferate faster than
those in the polar trophectoderm (Copp 1978). Rat embryogenesis models also showed the
ectoderm and mesoderm cell cycle duration to be ~7h whereas cells of the primitive streak would

divide every ~3 hours (Auley, Werb, and Mirkes 1993).

The majority of cells possess Cyclin B1 and its knockout causes embryonic lethality (Brandeis et
al. 1998). However, an interesting difference in the early preimplantation embryo is that Cyclin
B1 knockout mice will undergo at least two cell divisions before arresting at the 4-cell stage
embryo. This suggests that either residual Cyclin B protein or mRNA transcripts can maintain
Cyclin B CDK1 activity, or that other Cyclins can compensate for incomplete Cyclin B function

during the first few divisions (Strauss et al. 2018).
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The embryo and its cell cycle checkpoints

Unlike somatic cells, the early embryo appears to lack functionality in many cell cycle checkpoints.
Checkpoints that exist in somatic cells to prevent the propagation of aneuploid cells, such as
tetraploidy-induced arrest and the mitotic clock checkpoint, have been shown to be absent in
embryos (Paim and FitzHarris 2019; Allais and FitzHarris 2022; Bolton et al. 2016). In the mouse
embryo, misaligned chromosomes have been shown to activate the SAC, through the recruitment
of MCC components like Mad1, to misalighed chromosomes but fail to inhibit anaphase onset,
resulting in chromosome segregation errors (Vazquez-Diez, Paim, and FitzHarris 2019). Because
the SAC is essential in coordinating the timing of Cyclin B destruction, investigating the timing of
mitotic exit without the presence of a functional SAC may elucidate other mechanisms dictating
mitosis. Some of these peculiarities in the early embryo may contribute to the drastic increase in
segregation observed in comparison to somatic cells. Aneuploid embryos are thought to have a
poorer developmental potential as aneuploidy may lead to implantation failure, miscarriage and
congenital defects (Hassold and Hunt 2001). Therefore, | will go on to detail the potential

consequences of aneuploidy during preimplantation development.

Consequences of aneuploidy in embryos

Although mitotic missegregations are rare in somatic cells occurring at a rate of 1-6%, mitosis in
human embryos is surprisingly error-prone with errors occurring during the first mitotic division
1/3rd of the time (Compton 2011; Currie et al. 2022). Chromosome segregation errors are
infrequent in somatic cells due to the presence of the robust SAC. However, the mouse embryo
SAC is not functional, resulting in misaligned chromosomes at anaphase (Vazquez-Diez, Paim, and
FitzHarris 2019). The majority of full aneuploidies, which typically arise during meiosis, are fatal
to embryonic development, with a few exceptions in trisomy 21, 18 and 13 (Hassold and Hunt
2001). Mitotic errors occurring during embryo development cause embryos to be made up of
both aneuploid and euploid cells, termed mosaic embryos. Mosaicism is frequently observed in
fertility clinics with as much as 60% of embryos containing chromosome imbalances originating

from mitotic errors (Taylor et al. 2014).
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Unlike most fully aneuploid embryos, mosaicism does have the potential to form healthy live
births, however, studies suggest that the chances of a successful IVF cycle using mosaic embryos
are reduced in comparison to euploid embryos (L. Zhang et al. 2019; Greco, Minasi, and Fiorentino
2015; Bolton et al. 2016). This is also reflected in the incidence of mosaicism found throughout
preimplantation embryo development, with it being highest in early cleavage stage embryos and
declining throughout gestation (Hook 1981). However, it is not clear if this is due to the
elimination of aneuploid cells, altered cell cycle timings causing euploid cells to outcompete

aneuploid, or the failure of mosaic embryos to develop post-implantation.

Bolton et al. 2016 used reversine, a Monopolar spindle 1-like 1 kinase inhibitor, to induce
aneuploidy in early mouse preimplantation embryo. This was carried out at the 4 to 8-cell stage
transition to study the impact of aneuploidy on embryonic development. Live-cell imaging of
embryos cultured in reversine revealed lagging chromosomes and micronuclei formation in 50%
of treated embryos. The aneuploidy generated was then assessed at the blastocyst stage using
FISH for 3 randomly selected chromosomes, and it was found that the treatment increased the
incidence of missegregation of these random chromosomes from 17% to 35%. They concluded
that reversine generated sufficient aneuploidy to be able to assess its impact on embryonic
development. They found reversine had no impact on the number of embryos reaching the
blastocyst stage or the cell number at the early blastocyst stage. However, at the late blastocyst
stage, the cell number was significantly reduced suggesting that aneuploid cells may be
eliminated in late blastocyst development. Although reversine treatment did not impact
morphological development the implantation rate was reduced, suggesting aneuploidy is only
detrimental post-implantation. Next, they generated chimeras, combining reversine-treated and
untreated cells to create a mixed embryo, emulating mosaicism. Cell cycle analysis of the
reversine treated and untreated cells in the chimeric embryos revealed that aneuploid cells tend
to develop slower, which was exacerbated when these aneuploid cells were in the
trophectoderm. This is a possible reason for reduced cell number in late blastocyst aneuploid
embryos. Later experiments suggest that the rate of apoptosis is also increased in these reversine-

treated cells, specifically in the ICM (Bolton et al. 2016). However, the validity of these
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experiments is contested as the level of aneuploidy in the chimeric embryos was never fully
determined. Reversine treatment generated 50% aneuploidy, therefore it becomes difficult to tell
the extent of aneuploidy generated in chimeric embryos. It would be worth repeating this style
of experiment and tracking the development of aneuploid cells using a live- cell imaging

technique and with robust methods of generating known levels of aneuploidy.

Aneuploidy in IVF clinics

Aneuploidy has been shown to have a detrimental impact on embryonic development. Bolton et.
al show that embryos with a high number of aneuploid blastomeres have a lower chance of
survival during post-implantation development (Bolton et al. 2016). Therefore IVF clinics aim to

primarily transfer euploid embryos only, to maximise the chances of a successful pregnancy.

A common procedure clinics use to identify the ploidy status of an embryo is preimplantation
genetic testing for aneuploidy (PGT-A), shown in Figure 6. At the blastocyst stage, a biopsy is taken
from a thin layer of cells surrounding the embryo proper called the trophectoderm (TE). The TE
biopsy uses the ploidy status of the sampled cells as a prediction tool for the ploidy across the
whole embryo. However, the value of PGT-A is debated, as a robust randomised controlled study
has not been performed. Although it has strong predictive value in identifying fully aneuploid
embryos, the outcome of successful pregnancy becomes less clear if PGT-A identifies a mosaic
embryo. In addition, PGT-A is an invasive procedure that requires micromanipulation of the
embryos and cell removal. Finally, this is a complex and expensive process that requires skilled
workers and increased costs to the patient. Therefore, clinics are in search of the “holy grail” of
embryo selection, where it is possible to accurately predict the embryo ploidy status in a non-

invasive and inexpensive procedure.
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Figure 6 - Methods of embryo selection in IVF clinics

(a) The process of Pre-implantation genetic testing, where a small biopsy from the trophectoderm
is taken. These cells are karyotyped for chromosomal gains and losses. This readout is then used
as a prediction for the ploidy status of the whole embryo. (b) Morphokinetic movies, use
brightfield imaging every 10 minutes to measure cell cycle timings such as the duration of the first
cytokinesis as a measure of cellular health, the interval between the 2nd-3rd mitosis as a measure
of interphase length and the interval between the 3rd and 4th mitosis as a measure of
synchronicity. Images taken in (a and b) using Images taken using Leica DM IL inverted

microscope.

One emerging approach IVF clinics use for embryo selection is time-lapse (‘morphokinetic’)
movies, (Figure 6). Morphokinetics uses a brightfield microscope situated within the incubator to

image embryos every 10 minutes, allowing clinicians to observe the morphology, duration of cell
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divisions and timing between cleavages. Algorithms are then able to assist clinicians in selecting
the embryo most likely to result in a successful pregnancy. Recent developments have even
suggested that artificial intelligence software will be able to score and select embryos to transfer
to future patients (Berntsen et al. 2022). However, it is unclear exactly what biological information
is contained within these movies and what it can tell us about embryonic health. It has been
proposed in the literature that atypical cell cycles may provide a means to detect aneuploid cells,
but whether aneuploidy directly affects cell cycle timings is unclear (Reignier et al. 2018). Many
studies retrospectively identify if the cells with atypical cell cycles were aneuploid, therefore it
becomes difficult to disentangle the impact of aneuploidy upon the cell cycle from other
upstream factors which may have led to the aneuploidy or atypical cell cycles (Chavez et al. 2012;
Reignier et al. 2018). We aim to investigate how chromosome segregation errors and aneuploidy

may impact the cell cycle timings of the mouse preimplantation embryo.
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Aims and Objectives

Although well documented in the zygote and 2-cell stage embryo, how Cyclin B destruction
changes throughout preimplantation is not well studied. The embryo undergoes many
morphological and developmental transformations from the zygote to the 8-cell stage embryo,
therefore we want to investigate how Cyclin B destruction corresponds to changing

developmental and morphological milestones.

Secondly, the mammalian embryo is disposed to chromosome segregation error. One of the
mechanisms predisposing embryos to mitotic errors is a non-functional SAC. Therefore we
wanted to investigate how Cyclin B destruction is regulated in the mouse embryo and if it is

dysregulated in the presence of segregation errors.
Finally, whether morphokinetics can predict the ploidy status of the embryo remains unclear. We

seek to generate a robust method of generating aneuploidy followed by long-term live cell

morphokinetic movies to investigate how aneuploidy affects the cell cycle.
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Materials and Methods

Embryo Collection and Treatment

Embryo collection

Young (2-3 months) CD1 female mice were administered pregnant mare’s serum gonadotrophin
(PMSG) hormonal stimulation (5 IU of PMSG/mouse). 44-48 hours later these mice were
administered human chorionic gonadotrophin (hCG) and individually mated with 3 to 12-month-
old BDF1 males. PMSG and hCG were administered via subcutaneous injection in the lower
abdomen. Food and water were available ad libitum and were kept in a 12-hour day/night cycle
from 06:30 to 18:30. All animal experiments were authorized by the Comité Institutional de
Protection des Animaux du CHUM (CIPA). When collecting 2-cell embryos, mouse sacrifice was
performed 40 hours after mating. Collection of zygote required sacrifice 24-28 hours after mating.
Mouse sacrifice was performed by cervical dislocation. The oviducts were dissected in homemade
M2 media and embryos were released. After dissection, embryos were washed through KSOM

media (003-026-XL, Wisent Bioproducts) and cultured in the incubator at 37°C and 5% CO2.

CENP-E inhibitor to induce aneuploidy

Zygotes were collected 24-26 hours post-HCG and immediately washed into pre-equilibrated
500nM GSK923295 (Cayman Chemical Company, 18389) or KSOM (Wisent Bioproducts, 003- 026-
XL) supplemented with 1:1000 DMSO (Sigma Aldrich, D2650) as control and cultured in a 4-well
plate without the presence of oil for 11 hours at 37°C and 5% CO2. To arrest the embryos in
metaphase at the 2-cell stage for chromosome counting, embryos were washed into 100uM
APCin (Tocris, 5747) + 200uM Monastrol (Calbiochem, 475879) and cultured for a further 16
hours. Metaphase-arrested embryos were then fixed and stained for chromosome counting. For
measuring the proportion of treated embryos that developed to blastocyst, embryos were

washed through 9 drops of 20uL KSOM 11 hours after introduction to the drug. Embryos were
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scored for development every 24 hours until 120 hours post mating where they were then fixed

and counted for the number of cells.

Embryos were collected at the 2-cell stage and microinjected with H2B:RFP mRNA, they were
then washed through 9 drops of 20uL KSOM and cultured until they reached the 4-cell stage. 4-
cell stage embryos were then washed and remained in 9 drops of 20uL 500nM GSK923295 under
mineral oil. After the 4- to 8-cell transition, embryos were then washed back into KSOM and live-

cell imaging was performed.

Micromanipulation Techniques

mRNA synthesis

pPCMX/CyclinB1-GFP and H2B:RFP mRNA was synthesised in vitro using mMessage mMachine kit
(ThermoFisher T7 and T3 respectively) and poly-adenylated using Poly(A)-tailing kit (Ambion)
according to the manufacturer’s protocol. pCMX/CyclinB1-GFP (27) was a gift from Jonathon
Pines (Addgene plasmid #26061; http://n2t.net/addgene:26061; RRID:Addgene_26061).
H2B:RFP was synthesised from plasmid pRN4 (gift from Alex McDougall, Observatoire
Océanologique de Villefranche-sur-Mer, Villefranche Sur Mer, France). Clover:Geminin was
synthesised PCR  primers (Forward :5'-
GACTATGGATCCAATTAACCCTCACTAAAGGGGCCACCATGGTGAGCAAGGGCGAG GAG-3’; Reverse:
5’- GACTATTCTAGATTACAGCGCCTTTCTCCGTTT -3’ Integrated DNA

Technologies). Clover:Geminin cDNA was then synthesised using a Polymerase Chain Reaction kit
(New England Biolabs M0491S) using plasmid Clover-Geminin (Addgene #83915) as a template
and subsequently mRNA was synthesised using T3 mMessage mMachine kit (ThermoFisher) and

poly-adenylated using Poly(A)-tailing kit (Ambion).

Microinjection of mRNA
Embryos were microinjected at the Zygote, 2-, 4- and 8-cell stage in commercial M2 media (Sigma

Aldrich, M7167) on Leica DM IL inverted microscope mounted with Narishige micromanipulators.
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Holding pipette was used to create a suction to keep the embryo in place. Microinjection pipette
containing dilute mRNA was used to deliver a precise amount of mRNA into the cytoplasm of the
cell using a picopump (World Precision Instruments), as described in (FitzHarris, Carroll, and
Swann 2018). After microinjection, embryos were washed in KSOM and left in the incubator for

at least 2h after microinjection to establish fluorescent protein expression.

Cytoplasmic removal

Both blastomeres of 2-cell stage embryos were microinjected with CyclinB:GFP and H2B:RFP
mMRNA and left for 1 hour for the mRNA to diffuse throughout the cytoplasm. Injected embryos
were then transferred to the Leica DM IL inverted microscope stage and placed in M2 media
(Sigma Aldrich M7167) supplemented with Latrunculin A 5 uM (428021; EMD Millipore).
Narishige micromanipulators were used for hydraulic control of glass pipettes during embryo
micromanipulation. One glass pipette was attached to a piezo-electric drill to perforate the zona
pellucida and aspirate the cytoplasm, while the embryo was held in position by the holding
pipette. Following removal of the cytoplasm, the embryos were washed through 9 20uL drops of

KSOM and placed in the incubator to recover before live-cell imaging.

Immunofluorescence

Fixation

Before fixation, a 96-well plate (TC-Platte 96; Sarstedt 83.3925) was prepared as follows. The
embryos were put in the first drop which contained 20uL of 4% paraformaldehyde (PFA) + 0.25%
Triton-X-100 in PHEM buffer for 30 minutes at room temperature. Next embryos were washed
through 3 drops of 20uL 1% Bovine Serum Albumin (BSA) in PBS and left in the final drop to be
blocked overnight or until staining was performed. All drops were covered in 2 drops of mineral

oil to prevent evaporation.
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Staining

To count chromosomes for assessing the amount of aneuploidy generated in 2-cell stage embryos
after CENP-E inhibition, embryos were incubated in primary antibodies; CENP-C anti-rabbit
(Covance Costum Antisera #PA5758, gift from Ben Black), CREST anti-human (gift from Marvin J.
Fritzler) for 1.5 h at 37°C. Embryos were incubated in secondary antibodies; Alexa Fluor® 488 anti-
rabbit (ThermoFisher A-11008) and 1:1000 Alexa Fluor® 546 anti-human (ThermoFisher A- 21089)
for 1.5 h at 37°C. Finally stained for DNA using Hoescht (Invitrogen H1399) for 0.5 h at 37°C. To
count the cell number for embryos cultured in CENP-E inhibitor which developed to blastocyst.
Embryos were incubated in primary antibodies OCT-4 anti-mouse (Santa Cruz sc- 5279) for 1.5 h

at 37°C. Embryos were incubated in secondary antibodies Alexa 488 Mouse

(ThermoFisher A-11029) and Alexa Phalloidin 555 (ThermoFisher A-34055) for 1.5 h at 37°C.
Finally stained for DNA using Hoescht (Invitrogen H1399) for 0.5 h at 37°C.

Confocal Microscopy

Live-imaging of APC/C substrate destruction

Embryos were live-imaged on Leica SP8 confocal microscope to visualise H2B:RFP (chromosomes)
and CyclinB1:GFP proteolysis during mitosis. Embryos were transferred to pre- equilibrated 2plL
KSOM under oil in a 55mm glass-bottom dish and positioned on a heated confocal chamber (37C,
5% CO2). For all Cyclin B experiments, the following imaging parameters were used. 3-minute
time interval with z-stack consisting of 8 slices, z-step size 1.4um, pinhole

2.16 AU, optical section 3.961um, frame averaging 2, zoom 1.28 (for 8-cell 8 1.9 zoom to adjust
for cell size). All were acquired on 20x air objective with HyD detector (Laser 488 0.5%, Laser 552

0.2%) and PMT detector gain adjusted for appropriate brightfield image.

Live-imaging of aneuploid morula development
8-cell stage GSK923295 and DMSO treated embryos positive for H2B:RFP was transferred pre-

equilibrated 2uL KSOM under oil in a 55mm glass-bottom dish and imaged on Leica SP8 confocal
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microscope with a heated confocal chamber (37C, 5% CO2). Live imaging parameters were as
follows: 5-minute time interval with z-stack consisting of 25 z-slices, z-step size 3.2um, pinhole
1.6 AU, optical section 2.056um, frame average 2, zoom 1.28 with acquired on 20x air objective.

HyD detector (Laser 488 0.1%) and PMT detector gain adjusted for appropriate brightfield image.

Immunofluorescence imaging

Fixed and stained GSK923295 and DMSO-treated embryos were imaged on Leica SP8 confocal
microscope to count chromosomes or cell numbers at the blastocyst. 63x oil objective (1.4 NA)
was used. HyD detector was used with appropriate lasers (Laser 405 (UV), Laser 488 (Red), Laser
553 (Green)). Imaging parameters were as follows: z-step 1.00um, pinhole 1 AU, optical section

2.057 all detected using a HyD detector.

Image Analysis

CyclinB1:GFP destruction

A region of interest (ROI) was taken through the widest z-slice of the cell including the nucleus
and the majority of the cytoplasm. The mean intensity signal was taken from the ROI for each
time frame. The mean intensity of an ROl over an uninjected embryo from the same z-slice was
used as a measure of background variation and was subsequently subtracted from all raw values
on each experimental day. Mean intensity was normalised to the highest and lowest raw value
post nuclear envelope breakdown, to create a scale of CyclinB1:GFP destruction ranging from 0-
100. During analysis, the mitotic cells were synchronised to NEBD and plotted as an average. The
duration of M-phase was determined by the length of time from NEBD, visualised using H2B:RFP,
to when the first frame of furrow ingression was observable. Anaphase was determined by the
first frame in which there was a widening of the metaphase plate, followed by negative space

between the two poleward moving chromosome clusters.
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Calculation of CyclinB1:GFP half-life and destruction rate

Normalised Cyclin B1:GFP destruction curves synchronised to NEBD were individually fit to a
Sigmoid-Boltzmann equation in MATLAB where y = f(x) = (A2+(100-A2))/(1+exp((x-T50)/dx)), an
example shown in Figure 7. The value 100 was set as the upper asymptote, A2 was the lower

asymptote, T50 is the half-life, and dx is the rate constant.
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Figure 7 - Sigmoid-Boltzmann equation fit to CyclinB1:GFP destruction curve

Example of normalised and synchronised to NEBD CyclinB1:GFP destruction curves of individual
cell fit to the equation f(x) = (A2+(100-A2))/(1+exp((x-T50)/dx)), coefficients with 95% confidence
bounds: where A2 = lower asymptote, T50 = CyclinB1:GFP half-life, dx = rate constant Goodness

of fit measured by adjusted R-squared value was always > 0.94.

Chromosome tracking

For tracking cell lineage, ImagelJ plugin TrackMate was used (Ershov et al. 2022). LoG detector
(Laplacian of Gaussian) filter was applied to the image filtered by an estimated objected diameter
of 12 microns and quality threshold of 0.1. A lineage tree was generated and manually checked
to ensure proper tracking of sister cells and interphase lengths of the 16-cell stage embryo were

calculated.
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Chromosome and cell number count
Z-slices analysed using Imagel software, foci positive for both CENP-C and CREST were classified
as a single kinetochore. Cell number count analysed using Hoechst signal displaying a single nuclei

surrounded defined in a region of actin (Phalloidin) to define cell boundaries.

Statistical analysis

All statistical analysis was performed on GraphPad Prism 7 software (GraphPad Software, La Jolla,
CA, USA, www.graphpad.com). Shapiro—Wilk normality tests were used to determine whether an
unpaired two-tailed t-test or two-tailed Mann—-Whitney test should be applied. For multiple
comparisons, one-way ANOVA or Kruskal-Wallis tests were applied followed by Tukey’s or Dunn’s
multiple comparisons test respectively to test statistical significance between groups. Statistical

significance was considered when P < 0.05.
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Results

Section 1 - Cell Cycle Control of Mitotic Exit

Cyclin B, Securin and Geminin are destroyed during M-phase

We explored the kinetics of several different cell cycle substrates destroyed throughout mitosis
including Cyclin B, Securin and Geminin, shown in Figure 8 (Zhou et al. 2016). The aim being to
identify how APC/C constructs were destroyed during mitosis in the early embryo, and if the
constructs generated were viable for future experimentation. We found that these three
substrates are all destroyed after NEBD at varying times and different rates (example of Cyclin B
destruction Figure 8a). We found Securin:GFP mRNA microinjection to unreliably extend the
duration of mitosis, which led us to exclude this construct from our analysis. Secondly, although
the Geminin:Clover construct did not extend M-phase in the majority of injections, we suspect it
is destroyed by an alternative APC/C form, known as APC/C-CDH1(lzawa and Pines 2011). APC/C-
CDH1 becomes activated in late mitosis, hence we observed a slight delay in destruction onset in
comparison with Securin and Cyclin B, which is well documented to be destroyed by the APC/C-
CDC20 (Figure 8b) (Izawa and Pines 2011). Due to the difficulty in optimising Securin and Geminin

probes, we continue the rest of the thesis with Cyclin B alone.
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Figure 8 - Cyclin B, Geminin and Securin are all destroyed throughout mitosis

(a) Representative z-projection of 2-cell embryo microinjected with H2B:RFP (red) and CyclinB:GFP
(vellow) which is destroyed during mitosis. Scale bar = 35um. (b) 2-Cell stage embryos
microinjected with CyclinB1:GFP, Clover:Geminin and Securin:GFP mRNA on 3 separate
experimental days, normalised, synchronised (t0 = NEBD) and averaged destruction curves plotted

together (n=12, 5, 15 respectively)
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Cyclin B destruction dynamics in the 2-, 4- and 8-cell stage embryo

It was previously reported that the duration of M-phase becomes increasingly shorter throughout
preimplantation development (Yamagata and FitzHarris 2013). To further assess the duration of
M-phase in the preimplantation embryo we live-imaged unmanipulated zygote, 2-, 4- and 8-cell
stage mouse embryos undergoing cell division. In this thesis, we define M-phase duration as the
time interval between NEBD to furrow ingression. We found that the duration of M-phase
becomes shorter at each developmental stage (Figure 9c; Zygote: 128min + 3.50, 2-Cell: 54min +
2.80, 4-cell: 48min * 1.10, 8-Cell: 34min + 0.90). The reason for a significantly prolonged
specifically in the zygotic M-phase requires further exploration, however, recent studies have
suggested a role of PIk1 specifically delaying APC/C activation in the 1st mitosis (Ajduk et al. 2017).
We found that the developmental stage of the embryo determines the duration of M-phase
(Figure 9c). To be able to determine how the cell cycle regulates the changing duration of M-

phase, we used live- imaging to observe the key regulator of mitotic entry and exit, Cyclin B.

To observe the relationship between Cyclin B and the duration of M-phase, we microinjected the
mRNA of fluorescently tagged Cyclin B (CyclinB1:GFP) and histone protein (H2B:RFP) in
blastomeres at the zygote, 2-, 4- and 8-cell stage embryo (Figure 9a). This allowed the

visualisation of Cyclin B destruction alongside chromosome segregation.

We first noticed that microinjection of high concentrations of Cyclin B mRNA caused an extension
of mitosis (Figure S 1). Therefore we only injected blastomeres with mRNA concentration of [221]

III

ng/ml and in addition, only included cells with a “normal” duration of M-phase. These criteria
were defined by the M-phase duration of uninjected embryos, shown in Figure 9c. In cells with a
normal duration of M-phase, chromosome organisation revealed the duration of both mitotic
entry and mitotic exit were shorter (Figure S 2). The duration of mitotic entry, from NEBD to
anaphase was reduced by 10 minutes at each mitosis (Figure S 2; 2-Cell: 51 mins + 1.6, 4-Cell: 42

mins = 1.5 8-Cell: 34 mins * 1.3). This was also reflected in the duration of mitotic exit, the time

from anaphase to furrow ingression (Figure S 2; 2-Cell: 16 mins £ 0.7, 4-Cell: 7 mins + 0.4 8-Cell:
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5 mins % 0.6). In all, these data show that the duration of M-phase becomes shorter from the

zygote to 8-cell mitosis.
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Figure 9 - Cyclin B destruction dynamics shortens throughout development

(a) Representative z-projections from live-cell imaging of CyclinB:GFP destruction (green) and
chromosome segregation (red) during the mitosis of the zygote, 2-cell, 4-cell and 8-cell stage
mouse embryo. Both blastomeres of the 2-cell stage embryo were injected, whereas at the 4- and
8-cell stages only one blastomere was injected per embryo. Timepoint 00:00h is the first frame of
NEBD, the montage ends at the point of chromosome segregation for each cell stage, shown in
21- minute intervals. (b) Normalised and synchronised to NEBD CyclinB1:GFP destruction in the
Zygote, 2-, 4- and 8-cell stage embryo. (c) Time measured from NEBD to furrow ingression in
uninjected zygote, 2-cell, 4-cell and 8-cell stage embryos using brightfield channel only (n=6, n=13,
n=49, n=20 respectively). (d) Normalised average CyclinB1:GFP destruction synchronised to NEBD
in 2-, 4- and 8-cell undergoing mitosis (n=18, n=11, n=6 respectively). The highlighted area under
the curve represents the time post-mitotic exit (anaphase onset). (e) CyclinB1:GFP half-life
becomes progressively shorter during preimplantation development (Kruskal-Wallis test
**P<0.005 *P<0.05). (f) Percentage of CyclinB:GFP destroyed at the first timeframe of anaphase.
(g) The rate constant of Cyclin B destruction, dx, remains unchanged. Values from (e and g)
calculated by the Sigmoid-Boltzmann equation fit to individual Cyclin destruction curves. (h)

Timing of Cyclin B destruction onset, calculated as minutes taken for 10% CyclinB:GFP destruction.

Cyclin B destruction shortens throughout preimplantation development

We questioned how the cell cycle was regulating the observed changes in M-phase duration.
Unsurprisingly, we found that there was a significant delay in the onset destruction of Cyclin B
destruction in the zygote in comparison with the 2-, 4- and 8-cell stages, shown in Figure 9b (Ajduk
et al. 2017). However, we also noticed a variation of Cyclin B destruction dynamics in the 2-, 4-
and 8-cell. Therefore | wanted to investigate these less well-documented stages. Following
previous studies, we also found the majority of Cyclin B to be destroyed within M-phase, from
NEBD to furrow ingression (2-Cell: 67.8% + 1.82 SEM), and continued to be destroyed after
cytokinesis onset (Evans et al. 1983; Clute and Pines 1999; Ajduk et al. 2017; Afonso et al. 2019).
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By fitting Cyclin B destruction curves to a Sigmoid-Boltzmann equation (described in Methods
Figure 7), we were able to determine the half-life and rate of destruction in CyclinB:GFP positive
cells. Concordant with the duration of M-phase, the half-life of Cyclin B became progressively
shorter from the 2-cell to 8-cell stage (Figure 9e). We next explored what property of Cyclin B
destruction dynamics changes in development to set a shorter half-life. We hypothesised three
factors could be influencing Cyclin B dynamics to shorten M-phase; a faster rate of destruction, a
change in the threshold of CDK1 activity for anaphase, or an earlier onset of Cyclin B destruction.
We found Cyclin B to be destroyed at the same rate in all developmental stages (Figure 9g),
suggesting that the APC/C reaches a maximal rate of destruction irrespective of cell stage. In
addition, the proportion of Cyclin B destroyed before anaphase was consistently at 50% in all
stages of preimplantation development (Figure 9f). This contributes to an existing hypothesis in
somatic cells which suggests a certain threshold is met during destruction to initiate chromosome
segregation (Potapova et al. 2006; Wolf, Sigl, and Geley 2007; Gavet and Pines 2010). Finally, we
measured the timing of Cyclin B destruction onset, set by the time taken to reach 10%
destruction. Destruction onset arrived progressively earlier after NEBD from the 2-cell, 4-cell and
8-cell stage embryo (Figure 9h), suggesting destruction onset is contributing to a shorter duration

of M-phase.

The changing schedule of Cyclin B destruction is not governed by changes in cell size

In somatic cells the timing of cyclin B destruction onset is regulated by the SAC silencing. However,
studies have shown that this checkpoint is not fully functional in the mouse embryo (Vazquez-
Diez, Paim, and FitzHarris 2019), and chromosome segregation will occur in the presence of
misaligned chromosomes. Interestingly the spindle assembly checkpoint does serve to extend
mitosis as experiments have shown the use of a SAC inhibitor, AZ3146 which inhibits Mps1 kinase,
and knockdown of SAC checkpoint protein Mad2 both shorten the length of mitosis. This
shortened M-phase was also associated with a significant increase in the number of misaligned
chromosomes at anaphase. However, SAC signalling in normally cultured embryos still failed to

prevent anaphase onset in the presence of misaligned chromosomes. Suggesting the presence of

61



a SAC, but a lack of response to the presence of misaligned chromosomes. Therefore due to
potential lack of a fully functional SAC, we hypothesised a different mechanism is dictating the
onset of Cyclin B destruction. One idea we hypothesised was that changing cell size may have an
influence on the timing of cyclin destruction. During preimplantation development the early
embryo omits cellular growth between divisions, resulting in a series of reductive divisions where
the cells halve in volume (Aiken et al. 2004; O’Farrell, Stumpff, and Su 2004; Tsichlaki and
FitzHarris 2016). Therefore, we wanted to investigate whether cell size influences the timing of

destruction onset.

To do this we used a cytoplasmic removal technique to aspirate 40% of the cytoplasm from a 2-
cell embryo (Figure 10a and 10b). Thus creating an embryo that remains developmentally 2- cell
but is the size of a 4-cell embryo. The duration of M-phase remained the unaffected in cytoplasm-
reduced cells (sham controls: 64 mins + 3; cytoplasm-removed: 60 * 1). This was also reflected in
the Cyclin B destruction curve which was indistinguishable between cytoplasm-reduced and
unmanipulated controls (Figure 10c). The timing of destruction onset did not change significantly
in cytoplasm-removed cells (sham controls: 28 mins # 3; cytoplasm-removed: 33 mins + 5), hence
the timing of Cyclin B destruction is independent of cell size. Instead, the timing of Cyclin B
destruction onset may be based on differences in transcription between developmental stages or

remnant cytoplasmic content from the egg.
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Figure 10 - The changing schedule of Cyclin B destruction is not governed by changes in cell size

(ai) Cytoplasmic removal technique, using a glass needle to aspirate cytoplasm from a single
blastomere, while the nucleus remains unperturbed. Cytoplasm removed from a single
blastomere in a 2-cell stage embryo. (b) Amount of cytoplasm removed approximated by
measuring the cell perimeter of the widest slice and calculating volume using equation: Volume
(pL)=4/3 rt[Perimeter/2m]"3 (n=4 sham control cells; n=4 cytoplasm-removed). (c) Cytoplasm-
removed CyclinB1:GFP destruction profile (n=4 sham control cells, black; n=4 cytoplasm-
removed, blue). Error bars represent SEM. NEBD=nuclear envelope breakdown. * P<0.05 two-

tailed Mann- Whitney test. Scale Bar = 35 um.

Cyclin B destruction occurs in the presence of mis-segregating chromosomes

In somatic cells, the SAC delays the onset of Cyclin B destruction in the presence of misaligned
chromosomes and improper kMT attachment. Recent studies have shown the spindle assembly
checkpoint is not functional in the early mouse embryo, showing that anaphase progresses in the
presence of Mad1l-positive kinetochores (Vazquez-Diez, Paim, and FitzHarris 2019). In this study,
it was not shown how Cyclin B destruction is influenced by the presence of mis-segregating
chromosomes. We therefore compared Cyclin B destruction in 2-cell where we observed

missegregated chromosomes (Figure 11a).
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We found the rate of Cyclin B destruction (Figure 11b), and the proportion of Cyclin B destroyed
before chromosome segregation was unaffected in erroneous divisions. Vazquez-Diez et al.
showed that slowing the rate of Cyclin B destruction using APC inhibitors reduced the number of
misaligned chromosomes at anaphase. However, we show the cell does not inherently possess

such a rescue mechanism to slow the progression.

The types of erroneous chromosome segregations observed all resulted in lagging chromosomes
(Figure 11b). Due to the resolution of the images, lack of kinetochore staining and orientation of
the spindle it was difficult to visualise whether these chromosomes where misaligned along the
metaphase plate. Importantly, we observed no change in the timing of destruction onset in
erroneous divisions (Figure 11c). This suggests that either the SAC was satisfied and allowed
progression into anaphase or that is not fully functional in detecting improperly attached
microtubules in the preimplantation mouse embryo (Maciejewska et al. 2009; Vazquez- Diez,
Paim, and FitzHarris 2019). This allows us to infer possibility of two models causing
missegregation. Firstly, that the cell lacks a fully functional SAC, resulting in improper attachment
to the spindle before anaphase onset and the missegregation of chromosomes. Secondly, the
presence of undestroyed cyclin B at anaphase onset, as described in Figure 9, could be inducing
lagging chromosomes. This is a possibility as previous studies in Drosophila have found that
overexpression of cyclin B changes kinetochore behaviour during anaphase (Parry, Hickson &

O’Farrell, 2003). This will be discussed further in the discussion.
Importantly, we observed no change in the timing of destruction onset in erroneous divisions
(Figure 11c). Further suggesting that the SAC is not fully functional in the preimplantation mouse

embryo (Maciejewska et al. 2009; Vazquez- Diez, Paim, and FitzHarris 2019).

Unchanged Cyclin B destruction onset in the presence of mis-segregating chromosomes also

corresponds to our finding that erroneous divisions have a similar duration of M-phase (Figure
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11d). Therefore, the duration of M-phase is not predictive of missegregations and morphokinetic
movies would not be able to exclude these embryos for patient transfer.
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Figure 11 - Chromosome missegregations and Cyclin B destruction
(a) Normalised average CyclinB:GFP destruction in cells undergoing segregation errors shown in
(n=4, red), compared to those with healthy divisions (n=12, black). (b) Images of chromosome

(magenta) movements at the metaphase plate and during anaphase in all four examples of
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missegregations. Each example shows snapshots before and after anaphase from single
blastomeres where lagging chromosomes where observed. Cyclin B was measured in these
examples (Fig 11B) and represented in Figures 11A, C, D and E. (c) Comparison of segregation
error destruction rates using sigmoid-Boltzmann destruction rate constant (dx) (n=12 healthy; n=4
errors). (d) Time taken for 10% of CyclinB1:GFP destruction was classified as the timing of Cyclin
B destruction onset (n=12 healthy; n=4 errors). (e) Duration of M-phase in 2-cell stage embryos
undergoing segregation errors (n=12 healthy; n=4 errors). Two-tailed Mann- Whitney test ns =

P>0.05. Error bars represent SEM. NEBD=nuclear envelope breakdown.
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Section 2 - Impact of Aneuploidy on the Preimplantation Embryo

Aneuploidy does not alter the duration of mitosis or interphase in the morula

CENP-E is a motor protein localised to the kinetochore responsible for chromosome movement
along the spindle (Bennett et al. 2015). CENP-E inhibition produces whole chromosome
segregation errors during mitosis. To investigate how chromosome gains and losses may impact
cell cycle timings we induced aneuploidy using a reversible CENP-E inhibitor (GSK923925). To be
able to identify the impact of aneuploidy - we collected a homogenous group of embryos and

induced aneuploidy by incubating 4-cell stage embryos in 500nM GSK923925 (Figure 12a).

This method, optimized in the lab by Dr. Lia Gomes Paim, generates heavily-aneuploid 8-cell stage
embryos. Dr. Paim found this method to generate aneuploidy in 75% of all treated cells in the
morula, in comparison to 13% in controls (Figure 12b). Treatment was also found to generate
drastic gains and losses of chromosomes ranging from 1 to over 10. | used this same technique in
my own experiments to understand if aneuploidy has an impact on the cell cycle and

development.

Aneuploid embryos develop to blastocysts grossly normally

GSK923925 treated “aneuploid embryos” were live-imaged alongside DMSO-treated controls and
to track chromosome movements during development (Figure 12c). Firstly, we found that
aneuploid embryos, continued to undergo multiple rounds of divisions similarly to controls
(Figure 12c). The lineage tree, shown in Figure 12d, illustrates a representative example of an
aneuploid morula continuing to divide to at least the 32-cell stage. This shows aneuploid 8-cell
developed to form blastocysts, illustrating that even when almost all the cells are aneuploid, the
embryo divides and develops grossly normally. This is unlike most somatic cells, which have strict
mechanisms to prevent the replication of aneuploid cells, through mechanisms like apoptosis or

enter cell cycle arrest (M. Li et al. 2010; Santaguida and Amon 2015).
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Figure 12 - Aneuploidy does not alter the duration of mitosis or interphase in the morula

(a) Schematic illustrating the experimental design for generating aneuploid morula, CENP-E
inhibitor used GSK923925. (b) Data and analysis carried out by Dr. Lia Paim, treatment in (a)
generates heavily-aneuploid 8-cell stage embryos with 75% of GSK923925 (n=9 aneuploid out of
12) treated cells to be aneuploid in comparison to 13% in DMSO controls (n=2 out of 15). (c)
Representative z-projection of euploid and aneuploid embryo developing to blastocyst in
morphokinetic movie, t0 = start of imaging. 2-cell embryos were microinjected with H2B:RFP to
observe chromosomes (red) and aneuploidy was generated at the 8-cell stage. (d) Lineage tree
generated through manual sister cell tracking illustrating each cell in a GSK923925 treated 8-cell
embryo undergoing 2 rounds of cell division, accompanied by representative z-projection
of H2B:RFP and single z slice of brightfield illustrating development to blastocyst. Cell cycle timings
of morula remain unchanged in the presence of aneuploidy (e and f); (e) M-phase duration (DMSO
n=40; GSK923925 n=63) and (f) interphase length (DMSO n=46; GSK923925 n=49). Two-tailed
unpaired t-test ns=P>0.05. Error bars represent SEM. NEBD=nuclear envelope breakdown. Scale

Bar = 35 microns.

Impact of aneuploidy on the cell cycle

In clinics, morphokinetics typically measure the duration of interphase, as a determinant of
embryonic health, but it is unclear whether cell cycle timings are predictive of aneuploidy
(Bamford et al. 2022; Campbell et al. 2013; Patel et al. 2016; Chavez et al. 2012). Here we found
that aneuploidy alone had no impact on the duration of interphase in 16-cell stage embryos
(Figure 12f). Therefore, this suggests that the mechanisms which detect aneuploidy and delay the
cell cycle or induce hyperproliferation in somatic cells - appear not to be functional in the early
embryo. Interestingly, other examples of known checkpoints preventing proliferation and slowing
the cell cycle have been shown to not be in effect in the preimplantation embryo for example,
the presence of tetraploidy, micronuclei and a long extension of m-phase known as the M-phase
checkpoint (Paim and FitzHarris 2019; Vazquez-Diez et al. 2016; Allais and FitzHarris 2022).

However, the data in this thesis data does not resolve whether other checkpoint mechanisms
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which delay the cell cycle such as DNA damage may not be effective in the embryo and requires
further investigation. Therefore, the mechanisms which respond to aneuploid to delay the cell

cycle orinduce hyperproliferation in somatic cells appear not to be functional in the early embryo.

Secondly, we questioned whether the presence of chromosome gains and losses would extend
the duration of M-phase. However, we found the duration of an aneuploid M-phase at the 8-cell
stage to be comparable with euploid cells (Figure 12e). These results together suggest that at this

point in embryonic development morphokinetics is not a useful measure of detecting aneuploidy.

Impact of aneuploidy on the early embryo

The timings typically extracted from morphokinetic movies are timings between early cell
divisions, such as the 2nd and 3rd mitosis. In addition, the 1st mitotic division in human zygotes
is highly error-prone, frequently establishing an entirely aneuploid 2-cell stage embryo (Currie et
al. 2022). Therefore, we decided to also investigate the impact of early aneuploidy. Zygotes were
cultured in 500nM GSK923925 during the 1st mitosis to generate aneuploid 2-cell stage embryos
(Figure 13a). During this experimental redesign, we also began culturing in GSK923925 without
oil as we suspected that GSK923925 may be less effective under oil (see discussion and Figure S
3). To confirm we had generated aneuploidy, the treated 2-cell stage embryos were arrested in
metaphase, fixed and stained for centromeres. Chromosome counts revealed 75% of blastomeres
to have chromosomal gains and losses (Figure 13bii). Interestingly, this was only limited to single
gains or losses of chromosomes (Figure 13c), unlike the diverse and heavy aneuploidy observed
when 4-cell stage embryos were exposed to CENP-E inhibition. Importantly, creating aneuploidy
at the 2-cell stage produces an entirely aneuploid embryo, with one daughter cell being
hyperploid and one being hypoploid, eliminating the opportunity for euploid blastomeres to

compensate for reduced aneuploid cell development.
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Figure 13 - Impact of aneuploidy induced early in embryonic development

(a) Schematic illustrating the experimental design for generating aneuploid 2-cell stage embryo
CENP-E inhibitor GSK923925. (b) Treated zygotes in GSK923925 as illustrated in (a) were fixed
and co-stained for CENP-C, CREST and Hoechst to identify chromosome number representative z-
projection shown in (b i). Treatment generated 75% of cells at the 2-cell stage to be aneuploid (b
ii) (DMSO euploid n= 14, aneuploid n=0; GSK923925 euploid n=4, aneuploid n=12). (c) The extent
of chromosome gains and losses were limited to gains of 1 chromosome only (Number of
kinetochores per cell in DMSO 80 n=14. GSK923925; 78 n = 6, 80 n=4, 82 n=6). Kinetochore
number 80 represents the error-free segregation of 80 kinetochores which was halved to 40
during segregation and then duplicated to 80 during the 2-cell stage S-phase. (d) The proportion
of treated zygotes which developed to blastocyst (n=4 different experimental days), confirmed
by presence of the blastocoel under the dissection microscope. (e ii) GSK923925 treated embryos
that made blastocyst were fixed and stained with Hoechst (Blue), OCT-4 (Green), Phalloidin
(Red), representative z-projection shown. (e iii) shows a brightfield image of blastocyst and
presence of blastocoel. Cell number counted manually and shown in (e i) (DMSO Mean: n=6,
GSK923925 Mean: n=8). Two-tailed Mann-Whitney test **P<0.005, *P<0.05. Error bars

represent SEM. NEBD=nuclear envelope breakdown.

Although we observed a slight detrimental impact on development, strikingly the majority of
embryos continued developing to blastocyst (Figure 13d). In addition, of those aneuploid
embryos which did reach blastocyst, we still observed cell numbers ranging from 33-66 cells per
blastocyst (Figure 13e). This illustrates that entirely aneuploid 2-cell embryos still have the
potential to undergo multiple rounds of cell division while evading cell cycle arrest and apoptotic
mechanisms. We found that generating aneuploidy in the earlier cell stage of development still
does not impact most cellular divisions occurring in the embryo (Figure 13). In summary, data
from Figure 12 and Figure 13, show that aneuploid cells are still able to undergo multiple rounds

of cell division at a similar rate that euploid ones do. Therefore, morphokinetic movies will have
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trouble distinguishing an aneuploid from euploid embryo. However, this relies on the assumption
that human embryos would behave the same as mouse embryos.

The mouse is commonly used as a model for mammalian embryonic development as it is a cheap
and easily genetically manipulated mammalian model. In addition, both the human and mouse
preimplantation embryo follow a similar pattern of events during development. They both
undergo a series of reductive divisions after fertilisation which goes on to cavitate, form a
blastocyst consisting of an epiblast, primitive endoderm and trophectoderm. This differentiation
from totipotent to pluripotent stem cells utilises similar signalling pathways to those found in the
human embryo. This blastocyst will then hatch from the zona pellucida to implant into the uterine
lining (Taft 2008). In all, these similarities make using the mouse a useful model for inferring

fundamental biological mechanisms to the human.

Other studies in mouse embryos have found little correlation between the duration of cell cycle
and aneuploidy (Bolton et al. 2016; Vazquez-Diez et al. 2016; reviewed in Milewski and Ajduk
2017). Human studies also dispute the use of morphokinetics are a measure of predicting the
ploidy status of the embryo. Several algorithms have been developed, all concluding different
parameters as the most useful cell cycle timings for predicating ploidy, suggesting a lack of
obvious measurements influenced by aneuploidy (Chavez et al. 2012; Basile et al. 2014; Del
Carmen Nogales et al. 2017). Due to the discrepancies shown between clinics, international
multicentre randomised trials are required to be able to improve conclusions about the influence

of aneuploidy upon cell cycle timings (Milewski and Ajduk 2017).

One problem with the mouse model is that the cell cycle timings between divisions is much faster
than that of the human embryo. However, one strong piece of evidence suggesting that human
embryos also lack the cell cycle response to aneuploidy is that human mosaic and trisomic

blastocysts are commonly found in IVF clinics (Su et al. 2016; Lin et al. 2020).

Another study supporting my suggestion that human embryos would continue to divide in the

presence of aneuploidy used chemical induction of aneuploidy. Here, Human embryos exposed
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to nocodazole a strong spindle poison to induce aneuploidy. They found that aneuploidy induced
by Nocodazole was not able to activate apoptotic mechanisms until day 5 of development. When
incubated before day 5, the human embryos were able to progress through the spindle assembly
checkpoint and continue into a polyploid cell cycle. Further implying that these cell cycle arrest
mechanisms may not be active in the first few divisions of the human embryo (Jacobs et al. 2017).
This evidence suggests that human embryos are also able to continue to undergo several rounds
of cell division, cavitate and form a blastocyst at a similar rate to those of their euploid
counterparts. | think that this is strong evidence to support my findings that aneuploidy may also

fail to mount a cell cycle arrest or delay response as detailed in somatic cells.
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Discussion

This thesis set out to study the cell cycle control of mitotic exit in the preimplantation embryo
and how mitotic exit may be influenced by atypical chromosome segregation. | then went on to
assess the impact of aneuploidy on the embryo cell cycle and development. In Section 1, |
demonstrate changing Cyclin B dynamics correlate with the duration of M-phase in a cell-size
independent mechanism. Furthermore, we illustrate that the SAC, usually responsible for
ensuring chromosome segregation fidelity, fails to inhibit Cyclin B destruction and anaphase in
the presence of misaligned chromosomes. Section 2, demonstrates that after pharmacologically-
inducing aneuploidy, embryos continue to undergo multiple rounds of cell division - developing
grossly normally to euploid embryos. This suggests that cell cycle checkpoints maintaining
genomic integrity in somatic cells, such as the SAC, senescence and apoptosis are not fully

functional in the early embryo.

This discussion will explore the possible biological mechanisms that dictate developmentally
changing Cyclin B dynamics, and | will propose some future directions of investigation to continue
the work in this thesis. Secondly, | will discuss the clinical significance, caveats and future

directions of our results that suggest embryos lack sufficient cell cycle responses to aneuploidy.

A role of Cyclin B destruction onset on mitotic errors

| chose to study Cyclin B and how its destruction changes throughout M-phase because it is well-
documented to regulate CDK1 activity. The temporal regulation of M-phase is important as it
encompasses the time available for chromosomes to correctly align before segregation (Therman
et al. 1984). My first observation was that the duration of M-phase becomes shorter at each

developmental stage, (Figure 9c).
It has been previously shown that micronucleus formation is rare in the early embryo, with 5% of

cells at the 2-cell and 4-cell stage possessing micronuclei. Interestingly, the number of micronuclei

per cell at the 8- and 16-cell stage rises to 13% and 25% respectively (Vazquez-Diez et al. 2016).
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This suggests that during development the M-phase becomes increasingly less efficient in
ensuring proper chromosome segregation. Vazquez-Diez et al. later showed that
pharmacologically slowing the rate of Cyclin B destruction, thereby lengthening the duration of
M-phase by ~10 minutes, significantly reduced the amount of misaligned chromosomes at
anaphase and micronuclei formation (Vazquez-Diez, Paim, and FitzHarris 2019). They propose
that the pharmacologically- induced longer M-phase allowed more time for the proper alignment
of chromosomes. Perhaps one mechanism causing increased micronuclei during preimplantation
development is related to Cyclin B destruction onset becoming earlier at the 2-, 4- and 8-cell stage

(Figure 9h), generating a shorter M-phase and less time for proper alignment.

But why does Cyclin B destruction onset arrive earlier in an 8-cell stage embryo than in a 4-cell?
Chromosomes align faster at each developmental stage (Tsichlaki and FitzHarris 2016), so
intuitively one would assume that this results in earlier SAC silencing and subsequent Cyclin B
destruction. However, | have shown that Cyclin B destruction is initiated in the presence of
missegregating chromsomes, suggesting the potential of improper attachment and a weak SAC
(Figure 11). Vazquez-Diez et al. also investigated the lack of a strong SAC in later stages of mouse
preimplantation development, finding the SAC continues to be weak from the 4-cell stage
embryo until the blastocyst (Vazquez-Diez, Paim, and FitzHarris 2019). Therefore, | do not expect
the earlier onset of cyclin B destruction observed between the 4- and 8-cell stage embryo to be
dependent on waiting for complete SAC satisfaction (Vazquez-Diez, Paim, and FitzHarris 2019).
This study showed that SAC inhibitor, AZ3146, would shorten the duration of M-phase,
suggesting partial functionality, so perhaps cyclin B destruction is held until the majority of

connections to be made before initiating anaphase onset.

As the onset of Cyclin destruction is unlikely to be set by SAC satisfaction, | investigated other
developmental idiosyncrasies during development. One being the possibility that cell size may
change the timing of Cyclin B destruction onset. However, | found no difference between Cyclin B
destruction between large and small cells of the same developmental stage (Figure 10), leaving
the possibility that destruction onset could be a developmentally-regulated mechanism, although

how this is regulated is unknown.
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A meiotic hangover?

If Cyclin B destruction onset is SAC and cell-size independent; | hypothesise that remnant
cytostatic factor (CSF) of the egg may influence Cyclin B destruction onset post-fertilisation. Emi2,
a critical component of CSF, stabilises the Cyclin B-CDK1 complex to arrest eggs in metaphase
(Masui and Markert 1971). As a result, Emi2 delays Cyclin B destruction and anaphase until
fertilisation, where it is then targeted for degradation by ubiquitin ligase BTrCP (Tunquist and
Maller 2003; Shoji et al. 2006). One possibility is that remnant CSF may be at a lower but
functional concentration in the zygote, which becomes less abundant with each cleavage. This
could result in a gradual reduction in its ability to stabilise Cyclin B-CDK1, leading to a shorter time
to destruction onset with each subsequent mitosis. It was previously suggested that Emi2 is
unlikely to be involved in prolonging the first mitosis (Ajduk et al. 2017). However, this study only
used mRNA-based (morpholino and siRNA) approaches to knockdown Emi2, without measuring
protein content. These approaches do not exclude the possibility of Emi2 mRNA resynthesis and
translation in the early zygote - or the possibility of incomplete destruction of Emi2 after egg
activation (Madgwick et al. 2006). In summary, it remains to be fully addressed what dictates

Cyclin B destruction onset.

My hypothesis is that although Emi2 is no longer translated in the embryo, residual protein from
the oocyte could still remain in the cytosol. As the embryo develops from the zygote to morula,
the concentration of residual Emi2 would gradually dimmish over time due to degradation or
proteolysis. This would then fit the observed trend that cyclin B destruction becomes earlier and
earlier from the zygote, 2-cell, 4-cell and 8-cell stage embryo — as the reduced residual pool of

Emi2 become less effective in delaying cyclin B destruction.

To identify if residual Emi2 protein is the causative factor behind the observed shortening in the
time from nuclear envelope breakdown to cyclin B destruction, future experiments could utilise
Trim-Away. Trim-Away is a method using antibodies and TRIM21. TRIM21 is a naturally occurring
human E3 ubiquitin ligase which recognises antibody bound pathogens in the cytoplasm (Clift et

al. 2017). To employ this method, | would microinject mRNA of TRIM21 and the antibody specific
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to Emi2 for complete proteolytic destruction of Emi2 in the zygote. Following this
micromanipulation, | would then carry out CyclinB1:GFP destruction analysis to observe if cyclin
B is still degraded sooner after nuclear envelop breakdown at each cell stage. If it is observed that
at the 2-, 4- and 8-cell stage cyclin B destruction onset is now consistent at each cell stage, then |
could conclude that residual Emi2 is playing a role in dictating the duration of cyclin B destruction
onset in the early embryo. If no change in cyclin B destruction onset is observed, then | would
begin to investigate other potential mechanisms dictating the onset of cyclin B destruction. One
potential avenue would be to investigate the accumulation of spindle assembly checkpoint
proteins on kinetochores and what threshold of SAC components is stripped from kinetochores

for cyclin B destruction onset.

It is important to investigate the mechanisms which control the timing of destruction onset to
understand why a greater frequency of micronuclei is observed during preimplantation
development (Vazquez-Diez et al. 2016). It would be interesting for future study to investigate
Cyclin B destruction onset beyond the 8-cell stage. Firstly, to identify if there is a limiting period
of time that Cyclin B remains stable before destruction onset. Secondly, to identify when the SAC
strength is re-instated and able to pause Cyclin B destruction in the presence of misaligned

chromosomes.

Future experiments could also investigate how the embryonic developmental stage effects Cyclin
destruction, by exploiting nuclear transfer techniques (Craven et al. 2010). This method would
divorce the influence of the nucleus from its cytoplasmic content. Successfully transferring a 4-
cell stage nucleus to an enucleated 2-cell stage embryo microinjected with CyclinB:GFP, could
determine whether cytoplasm in a 2-cell stage embryo is contributing to delayed Cyclin

destruction.

Cyclin B destruction: A job half-done
Another interesting observation made was that in all cell stages, anaphase seems to consistently

take place at approximately 50% of CyclinB1:GFP destruction see Figure 9d. Although this is an
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exogenous and GFP-tagged protein, which could impact destruction dynamics from endogenous
cyclin B, our measurements show that certain threshold of cyclin B destruction is correlated with
the metaphase-anaphase transition. Although we have found a correlation of anaphase to 50%
of cyclin B destruction, we do not have the experiments to say that this is enough for required, as
the decision to commit to anaphase could have happened at any point during the window from
cyclin B destruction onset to anaphase. To identify if 50% of cyclin B destruction is required for
anaphase, experiments utilising a stable cyclin B1 construct should be employed, such as those
carried out in Drosophila and Hela cells (Wolf, Sigl, and Geley 2007; Chang, Xu, and Luo 2003;
Parry, Hickson, and O’Farrell 2003). After finding the concentration of stable cyclin B at which the
metaphase-anaphase transition is inhibited, | would then use this at the 4-cell and 8-cell stage to

observe if anaphase inhibition remains consistent with this concentration.

Many studies in somatic cells also point towards a threshold model of Cyclin B destruction during
mitotic exit (Wolf et al. 2006; Xu and Chang 2007; Gavet and Pines 2010). A simple and elegant
study of this idea by Wolf et al. shows stable Cyclin B1 construct produced a dosage-dependent
response in the progression through mitosis. The highest levels of stable cyclin B expression
produced a “pseudo-metaphase” like arrest phenotype where sister chromatids would separate
and undergo anaphase but regressed to the metaphase plate in a prometaphase state. This was
likely due to the kinetochore behaving in a prometaphase state, attempting to reform end-on
attachments as they do when the anaphase wait signal is present in the spindle assembly
checkpoint. Studies in Drosophila found that these sister chromatids would then form merotelic
attachments (Parry, Hickson, and O’Farrell 2003). Moderate levels of expression would induce a
“metaphase” arrest, where sister chromatids would separate and oscillate in and out of the
metaphase plate. Finally, low levels of expression would generate a “telophase” like arrest, where
a full anaphase occurs, but chromosomes remain condensed at the spindle poles and cytokinesis
is initiated but incomplete (Wolf et al. 2006). However, we find that the potential Cyclin B

destruction threshold leading to anaphase onset in embryos is much less than in somatic cells.
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There is mixed literature suggesting how much Cyclin B is destroyed at anaphase. The majority of
studies in somatic cells show anaphase to take place after the vast majority of Cyclin B has been
destroyed (Clute and Pines 1999; Chang, Xu, and Luo 2003; Kamenz et al. 2015). Expression of
non-degradable Cyclin B in Hela cells found that at levels 30% of endogenous Cyclin B, stable
Cyclin B was able to block the metaphase-anaphase transition, implying at least 70% of Cyclin B
is degraded before anaphase onset (Chang, Xu, and Luo 2003). This is contrasting to our findings
which show that in embryos, anaphase is taking place when only ~50% of Cyclin B destruction. In
concordance with my findings, a recent study of Cyclin B dynamics in Drosophila S2 cells, Hela
cells and mouse oocytes also find a similar proportion of Cyclin B destruction at anaphase (Afonso

et al. 2019).

Limitations of exogenous Cyclin B

One concern in this study was that we are introducing and exogenous cyclin B1 construct into
the cell, introducing an increased abundance of cyclin B. Published studies suggest that the M/A
transition is sensitive to levels of cyclin B1 (Sarafan-Vasseur et al. 2002), therefore we introduced
criteria to carefully controlled for overexpression. The time from nuclear envelope breakdown to
furrow ingression was recorded for all cells, uninjected and injected, visualised using brightfield

III

microscopy. This created a range of “normal” duration of M-phase to then exclude any injected
cells whose M-phase duration lay outside of this range. While optimising the concentration of
CyclinB:GFP mRNA for microinjection, we did observe that when injecting at a concentration of
[443]ng/mL 100% of blastomeres (n=10) were outside the M-phase duration range of control
embryos. Suggesting that overexpression of cyclin B would have an impact on the cell cycle.
However, after halving this concentration to [221]ng/mL, 80% of blastomeres (n=10) fell in the
range of uninjected embryos. Confirming we were now using a concentration with a reduced
impact on the cell cycle timing, making the assumption that we are not heavily impacting the cell
cycle machinery valid. For all following experiments | used this concentration and strictly

excluded any cells which had an M-phase extended beyond those of control uninjected embryos

imaged simultaneously. Ideally, the use of an endogenously tagged CyclinB1:GFP mouse would
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remove this limitation to our study, however this mouse model has not yet been developed for

scientific use.

Anaphase onset in the presence of high Cyclin B could be one contributing factor to the increased
frequency of chromosome missegregation in the mammalian embryo in comparison to somatic
cells. Studies in the Drosophila embryo have shown that Cyclin B destruction causes changes in
the kinetochore and spindle behaviour at anaphase which are required for appropriate
segregation (Parry, Hickson, and O’Farrell 2003). Perhaps a higher CDK1 activity present at
anaphase onset in mouse embryos is perturbing normal kinetochore and anaphase behaviour,
increasing the frequency of missegregation. For this to be formally examined, utilising a CDK1
activity biosensor, using FRET dynamics, instead of Cyclin B as a secondary readout of CDK1

activity is essential (as used in Gavet and Pines 2010).

The other side of the balance: phosphatases

It is also important to remember the important role phosphatases play during mitotic exit.
Phosphatases PP1 and PP2A also regulate major dephosphorylation events (Nasa and Kettenbach
2018), the timing of which would also be an important addition to determine the timing of

chromosome segregation.

It is also important to remember the important role phosphatases play during mitotic exit.
Phosphatases PP1 and PP2A also regulate major dephosphorylation events (Nasa and Kettenbach
2018). In particular, PP2A-B55 is a key player in removing the phosphorylation of cyclin B/Cdk1
substrates. Therefore, the timing of PP2A activation or the expression level of PP2A would also
be important in determining the timing of mitotic exit. Analysing PP2A-B55 activity may reveal a
different threshold of cell cycle component phosphorylation status which is required for the cell
to commit to anaphase. One potential explanation for observing cyclin B destruction onset taking
place sooner after metaphase in the 2-, 4- and 8-cell stage could be due to PP2A activity. If PP2A-

B55 expression is greater by the time the cell reaches the 8-cell stage than the 2-cell stage, this

81



could explain why anaphase takes place sooner after NEBD, as CDK1 phosphorylation is reversed

at a faster rate, facilitating chromosome segregation and mitotic exit to initiate earlier.

One way to investigate phosphatase activity in the live cell is to utilise fluorescent DiFMU, a small
molecule which becomes fluorescent upon removal of its phosphate group (Welte et al. 2005).
Although non-specific to PP2A, this could indicate a general idea of how much dephosphorylation
occurs prior to anaphase onset. This may begin to identify a threshold of phosphatase activity is

reached prior to the commitment to the metaphase/anaphase transition.

The embryo lacks functional cell cycle checkpoints

Somatic cells which undergo chromosome missegregations have three fates; continue the cell
cycle, cell cycle arrest, or cell death. After becoming aneuploid, somatic cells typically activate
tumour-suppressor mechanisms to prevent continued cell cycle (Ohashi et al. 2015; Thompson
and Compton 2010; M. Li et al. 2010), and the cell will enter a senescence or apoptotic pathway.
In Section 2 of this thesis, | performed experiments to investigate how aneuploidy impacts the

cell cycle and development of the early embryo.

We found that the SAC failed to delay Cyclin B destruction in the presence of mis-segregating
chromosomes (Figure 11). Vazquez-Diez et al. found 25% of cells at the morula stage, progress
into anaphase in the presence of misaligned chromosomes. These misaligned chromosomes were
able to recruit SAC components but failed to prolong M-phase and inhibit anaphase (Vazquez-
Diez, Paim, and FitzHarris 2019). Interestingly, they found SAC inhibitor would shorten the SAC,

suggesting partial functionality.

Vazquez-Diez et al. also found a strong SAC response, resulting in M-phase arrest, was only
mounted in the presence of spindle challenge. In my thesis, examples of mis-segregating
chromosomes (n=4), had no significant difference in the timing of Cyclin B destruction onset.
However, in one example (n=1, not included in Figure 11), a prolongation of M-phase was

observed when in the presence of extreme spindle defects and chaotic anaphase identified by a
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distorted C-shaped direction of anaphase movement, which was rare and unrepresentative of
most misaligned chromosomes observed. This was excluded from analysis to only observe the
impact of misattachment to the spindle, without spindle defects. The fact that Vazquez-Diez et al.
find spindle poison, nocodazole, to mount a strong SAC response potentially explains why spindle
defects observed in this anomaly, lead to a prolonged M-phase and slowed Cyclin destruction. In
all, these data still show that in the presence of mis-segregating chromosomes, the embryo fails
to inhibit Cyclin B destruction and a failure of the first safety net in preventing the genesis of

aneuploidy.

But why are these chromosomes missegregating? There are two, non-mutually exclusive models
to explain the observed chromosome missegregations. Firstly, one explanation for cyclin B
destruction and the observation of mis-segregating chromosomes is the presence of a weak SAC,
which allows anaphase to progress in the presence of incompletely attached sister chromatids.
Improperly attached kinetochores can result in the formation of lagging chromosomes, like those
observed in Figure 11, due to opposing forces pulling from each pole of the spindle resulting in
reduced chromatid velocity and a laggard. There is already evidence to suggest that the mouse
embryo lacks a fully functional SAC, as Mad1 positive kinetochore still failed to prevent anaphase
onset in the presence of misaligned chromosomes (Vazquez-Diez, Paim, and FitzHarris 2019).
Secondly, incomplete destruction of cyclin B could be the causative factor to chromosome
missegregations observed. Previous studies have shown that overexpression of cyclin B causes to
stable kinetochore-microtubule attachments and chromosome missegregations (Wolf, Sigl, and
Geley 2007; Parry, Hickson, and O’Farrell 2003). This would correlate with the observation in
some of the missegregations in Figure 11, do not show severe chromosomes misalignment but
chromosomes continue to lag during the anaphase. However, it is important to clarify that
misalignment data was not able to be fully evaluated, due to a lack of kinetochore staining,
resolution of images and orientation of the spindle. Therefore, a necessary future experiment to
address whether the presence of the weak SAC is causing missegregations would be to also inject
a live probe for Mad1 or kinetochore components e.g., CENP-C, to assess the alignment status

and SAC activity prior to cyclin B destruction onset.
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Another approach to distinguish these two potential models for chromosome missegregation
could utilise the APC inhibitor, APCin, to slow rate of cyclin destruction. APCin is a specific inhibitor
of the APC/C, blocking its interaction with Cdc20 (Gao et al. 2018). Slowing the rate of cyclin B
destruction using mild APCin concentrations has been shown to previously rescue missegregation
in the mouse embryo (Vazquez-Diez, Paim, and FitzHarris 2019). This study hypothesises that
APC/C inhibition allows more time for chromosomes to correctly attach to the spindle before
anaphase. APCin in conjunction with the microinjection of CyclinB1:GFP and H2B:RFP mRNA
could be utilised to observe a slowed cyclin B1 destruction. If chromosomes continue to segregate
when cyclin B1 destruction reaches 50% of destruction, this suggests that it is the presence of
undestroyed cyclin B that may be inducing chromosome missegregations. However, if
chromosomes segregate at a similar temporal time, instead of waiting for cyclin B1 reaching a
certain threshold of destruction, this suggests that the missegregations observed in this study

were as a result of a weak spindle assembly checkpoint.

The embryo lacks a functional response to aneuploidy

In this section, | will discuss how after we generate aneuploidy, the embryo continues to divide
similarly to that of euploid embryos. This suggests a lack of cell cycle checkpoints that are present

in somatic cells to prevent tumorigenesis.

GSK inactivation of oil

Firstly, | will discuss one caveat to our experimental design when generating aneuploidy. During
our experimental redesign, we changed methodology from using GSK923925 drops of mineral oil
to use without oil. This is due to the fact that | noticed a lack of aneuploidy when optimising the
technique for use in zygotes. However | managed to generate aneuploidy when using 500nM
GSK923925 without oil (see Figure 12bi). Figure S3, illustrates that GSK923925 is less effective
when incubated in oil for different periods of time, suggesting that unexpectedly GSK923925

diffuses into the oil. Importantly, we do not expect this to change the results of experiments
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where we did use oil (Figure 12), as dishes were set up exactly the same as Dr. Paim, who found
that this still generated 75% aneuploidy (Figure 12b). However, we can no longer state that
embryos were cultured in 500nM in this set of experiments, as we expect some but not all of the
drug to diffuse into the oil. Although the use of culture media and drugs under oil is commonplace
in the field, in the future we will avoid the use of drugs under oil, as our findings highlight that

during incubation drugs can diffuse to oil.

G1 checkpoint failure

Here | demonstrate that after SAC failure, induced by CENP-E inhibition, aneuploid embryos
continue to undergo multiple rounds of cell division and reach blastocyst, suggesting the failure
of arrest and apoptosis pathways (Figure 12 and Figure 13). In addition to the SAC, somatic cells
also possess G1 checkpoints, to block replication of aneuploid cells. In response to tetraploidy,
tumour suppressor mechanisms will activate p53 via hippo pathway activation. Activation of p53
will promote the tetraploid cell to arrest in G1 which eventually transitions to a senescent
phenotype (Ganem et al. 2014; Stukenberg 2004). Although we did not formally investigate DNA
damage, the proportion of cells arresting in G1 or apoptotic markers, we can extrapolate that
aneuploidy is unlikely to activate these pathways as we observe similar cell numbers in aneuploid
and euploid controls (Figure 13, p58). This is not a surprise, as studies in the mouse embryo have
directly shown the G1 tetraploidy checkpoint to be absent (Paim and FitzHarris 2019). Binucleated
4-cell stage embryos would develop to morula, indicating successful passage through the cell
cycle and its checkpoints. Induced-tetraploidy failed to prevent anaphase in the presence of

misaligned chromosomes but also caused extensive SAC-dependent M-phase lengthening.

Extensive M-phase can also activate G1 arrest mechanisms, through a mitotic clock mechanism.
When undergoing a “stressful M-phase” somatic cells have a mitotic clock checkpoint (Dalton and
Yang 2009; Lambrus and Holland 2017). Extension of the mitosis of RPE1 cells by over a threshold
of 1.5 hours would activate a p38-p53 dependent G1 arrest (Uetake and Sluder 2010). The mitotic
clock checkpoint was previously shown to induce widespread apoptosis in mouse embryos, but

only after day E9.0 (Bazzi and Anderson 2014). Allais and FitzHarris show that in the
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preimplantation embryo, a prolongation of M-phase of up to 6 hours in the 2nd mitosis was not
able to initiate arrest (Allais and FitzHarris 2022). Although G2 arrest would occur when M-phases
were prolonged for 14+ hours, within 6 hours of arrest mitotic errors such as premature sister
chromatid separation were observed. In my own experiments, GSK923925 treatment during the
1st mitosis also significantly extended M-phase by 1.5 hours (Figure S3). However, zygotes were
still able to develop to blastocyst, suggesting the mitotic clock checkpoint is not as effective as in

somatic cells.

Bolton et al. generated chimeric mosaic embryos by combinining reversine-treated “aneuploid”
blastomeres with euploid blastomeres. They found mosaic embryos develop almost identically to
euploid controls, but with slightly different timings. Interestingly, they find that aneuploid cells
become eliminated from the embryo only after the implantation stage (Bolton et al. 2016).
Therefore, we conclude from our findings and current literature that both the SAC and interphase
cell cycle checkpoints fail to prevent the genesis of aneuploidy and the continued replication of
aneuploid cells in the preimplantation embryo (summarised below in Figure 14 - Failure of

checkpoints in the preimplantation embryo facilitates mosaicism).
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Somatic cells Checkpoints;

- senescence,
SAC Failure apoptosis

The preimplantation embryo

SAC Failure

Figure 14 - Failure of checkpoints in the preimplantation embryo facilitates mosaicism

In the rare occurrence where somatic cells fail to segregate chromosomes faithfully leading to
aneuploid cells. Functional checkpoints such as the mitotic clock checkpoint, tetraploidy
checkpoint and DNA damage responses will lead to p53-activated senescence and apoptosis.
However, neither of these exist in the mammalian embryo. We show that the SAC fails to inhibit
anaphase in the presence of misaligned chromosomes, and the later cell cycle checkpoints fail to

prevent continued replication of these aneuploid cells.

Morphokinetics may not be a viable tool to assess aneuploidy

We successfully generated aneuploid 2-cell stage embryos, the majority of which were able to
develop to blastocyst (Figure 13). Analysis of cell cycle timings from aneuploidy generated at the
8-cell stage revealed similar cell cycle timings to euploid embryos (Figure 12). Although we were
not able to determine if the live-imaged embryos were unquestionably aneuploid. Fixation of
treated 2-cell stage embryos revealed 75% of blastomeres to have chromosome gains or losses.
This is more robust than other studies which observed only a small increase in the incidence of

aneuploidy after pharmacologically-induced aneuploidy (Bolton et al. 2016). From this we can
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infer that the majority of embryos which made blastocyst were also aneuploid. Future
experiments could utilise a live centromeric marker such as TALE- MajSat::Clover (Macaulay,
Allais, and FitzHarris 2020) to count chromosomes in live cells and track their development to

blastocyst.

We find that the duration of M-phase and interphase in aneuploid embryos was neither extended
nor shortened, see Figure 12. This suggests that aneuploid embryos do not establish a hyper-
proliferative or arrested state — as they continue development with similar cell cycle timings to
euploid cells. Vazquez-Diez et al. confirm that micronucleus formation failed to prevent cells from
dividing and did not affect cell cycle timings (Vazquez-Diez et al. 2016). DNA contained within
these micronuclei displayed extreme DNA damage and loss of kinetochores entirely. Highlighting
that DNA damage response mechanisms are also unable to detect micronuclei and aneuploidy to
slow the cell cycle or arrest cells in interphase. We find embryos continue to divide with the same
intervals (duration of interphase, Figure 12e) and speed (duration of M-phase, Figure 12d).
Therefore, aneuploidy is unlikely to be identifiable via measurements of cell cycle timings. This
study was not able to determine the impact on all phases of the cell cycle such as the length of
G1, S and G2 which may highlight slight cell cycle differences in the G1 or S-phase in aneuploid
cells. But regardless, brightfield movies used in morphokinetics would also be devoid of this

ability.

One of the problems in human studies identifying cell cycle differences between aneuploid
embryos is that embryos in IVF clinics are highly heterogenous, coming from a range of patient
ages, exposures and types of infertility. Therefore, it is impossible to disentangle the cause and
consequences of aneuploidy on embryo health. In this study, we were able to separate the sole

impact of aneuploidy on cell cycle timings and found little distinguishable differences.

In summary, morphokinetics remains a controversial tool with mixed literature on its efficiency in

predicting aneuploidy (Bamford et al. 2022; Campbell et al. 2013; Patel et al. 2016; Chavez et al.

2012). Predicting aneuploidy based on nuanced changes in cell cycle timings is likely to be
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ineffective in identifying aneuploid cells or those undergoing erroneous chromosome
segregation. However, morphokinetics may still serve a purpose in identifying extreme
differences in cell cycle timing or cytokinesis failure. In addition, although cell cycle timings aren’t
affected by aneuploidy, this does not exclude other detrimental factors such as insufficient ATP

production that may produce an observable phenotype in morphokinetic movies.
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Figure S 1 - Overexpression of CyclinB:GFP extends M-phase.

(a) Microinjection of high concentrations of CyclinB1:GFP mRNA causes extension of M-phase.
CyclinB1:GFP was injected at several different titrations to find the injection concentration at
which M-phase was not pertrubed. Microinjection with H20 generally had no impact on the
duration of M-phase in comparison to completely uninjected controls (CTL). For all future
experiments we only used the concentration (221ng/mL) and only analysed cells which fell in same

M-phase duration range as uninjected cells.
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Figure S 2 - Mitotic entry and exit duration at different cell stages.

Time from NEBD to anaphase (mitotic entry) and anaphase to furrow ingression (mitotic exit) was
measured using H2B:RFP signal in the 2-cell 4-cell and 8-cell stage mouse embryo. Imaged using
live-cell confocal imaging with 3 minute intervals. (Kruskal-Wallis test *P<0.05, ****P<0.0001;

n=18, n=11, n=6 respectively)
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Figure S 3 - GSK923925 extends M-phase duration in zygotes and is less effective under oil.

(a) Zygotes treated in GSK923925 have a significantly prolonged M-phase. M-phase duration
measured from time from NEBD to furrow ingression in 500nM GSK923925 (500nM GSK) or
1:1000 DMSO as a control. Zygotes manually checked for NEBD and furrow ingression every 30
minutes. Embryos which took >4h were observed to have undergone NEBD 4 hours before
experiment stopped without undergoing furrow ingression. Experiment stopped after 4.5 hours of
observation, however the next day all zygotes were 2-cell stage (n=1 DMSO; n=3 GSK 923925).
This suggests GSK923925 is working and extended M-phase through inhibiting metaphase. (b)
GSK923925 is less effective under oil. GSK923925 was equilibrated under oil, for 12 hours, 2 hours
and under no oil at all. 2-cell stage embryos were introduced to the respective media at the same
time and the duration of M-phase was measured. GSK923925 had a slight extension of M- phase
suggesting CENP-E was not fully inhibited, however an extended M-phase response became more
pronounced with reduced amount of time spent under oil. M-phase was most extended in GSK
without the presence of oil. 2-cell stage embryos which took >5h were observed to have
undergone NEBD 5 hours before experiment stopped without undergoing furrow ingression (n=3
GSK923925 no oil). Experiment stopped after 5 hours of observation, however the next day all 2-

cell embryos were 4-cell stage
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