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DNA DAMAGE RESPONSE AND REPAIR IN MOUSE OOCYTES
By Josie Kate Collins
This thesis investigates the response of mouse oocytes to DNA damage, and their ability to repair
such damage. The effect on the progression through the first meiotic division is examined, using a
variety of agents to induce DNA damage, with a particular focus on germinal vesicle breakdown
and polar body extrusion. It is shown that although oocytes with DNA damage can readily resume
meiosis, there is a mechanism that exists to prevent the formation of a potentially fertilisable egg
with DNA damage, by arresting at metaphase I. The pathways that lead to this arrest are also
explored; specifically the activities of the Spindle Assembly Checkpoint (SAC) and the Anaphase
Promoting Complex (APC). Using pharmacological inhibitors coupled with time-lapse
fluorescence microscopy it is shown that the DNA damage induced arrest is mediated by the SAC,
which in turn inhibits the APC. It is also shown that oocytes are able to detect and signal DNA
damage through the phosphorylation of histone H2AX. The ability of the oocyte to repair DNA
damage is demonstrated using an immunofluorescence based assay. The role of major DNA
damage response proteins, ATM and ATR, is explored using pharmacological inhibitors and
genetically modified mice. These proteins are shown to reduce the signalling of DNA damage in
oocytes but do not appear to function in activating the SAC, to induce an arrest, in response to
DNA damage. These findings highlight an important mechanism that exists to prevent a fertilisable
egg with DNA damage from being produced. Such an egg, if fertilised, could lead to defective
embryo development or miscarriage. More specifically, it has shown that the SAC may also have a
novel and alternative function in oocytes. Altogether this work has implications for the
maintenance of female fertility during the treatment of cancer, but also during the age-related
decline in fertility.
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Chapter 1

Chapter 1: Introduction
This thesis focuses on the DNA damage response and repair of DNA damage in mouse
oocytes. Therefore, the aim of this introduction is to provide an overview of a variety of
topics that are of interest for this project. I will introduce the different types of DNA
damage that can be encountered and the responses that can be elicited in somatic cells, as
well as an overview of different repair mechanisms that can be used to rid the cell of such
damage. I will also give an overview of oocyte development and what is currently known
about their response to DNA damage.

1.1

The DNA Damage Response

DNA damage is common occurrence in the life of a somatic cell and can be dangerous if
not resolved accordingly. Due to this, ways to deal with such insults have evolved over
time. There are several responses to DNA damage which include, but are not limited to, the
arrest of the cell cycle or apoptosis. Checkpoints can occur at several points throughout the
cell cycle such as the G1/S, intra-S and G2/M transitions (Sancar et al. 2004). Whereas
apoptosis is usually induced when damage is severe and cannot be repaired (Roos and
Kaina 2006, Roos and Kaina 2013, Sancar et al. 2004). The majority of our knowledge on
the DNA Damage response (DDR) and the checkpoint arrests involved is based on
extensive investigation in somatic cells. In contrast relatively little is known concerning the
response to, or repair of, DNA damage at the different stages in oocyte development.

1.2

Types of DNA damage

There are a variety of sources that can contribute to damaging the DNA within a cell. The
most common source of DNA damage arises endogenously as a result of replication errors,
spontaneous depurination or deamination of bases, or damaging factors produced as a byproduct of metabolism (Helleday et al. 2014, Kryston et al. 2011). The types of damage
that can be caused as a result of this includes base-pair mismatches, insertions or deletions
(Sancar et al. 2004, Shiloh 2003). Also base alterations, such as the formation of 8-oxoGuanosine, are caused by the generation of reactive oxygen species (ROS) during
metabolic processes (Kryston et al. 2011). Endogenously produced ROS has also been
suggested to be able to generate double strand breaks (DSBs) in DNA (Woodbine et al.
2011).
1
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However, there are also a diverse range of exogenous sources that can induce DNA
damage which includes both chemical and physical agents that are often used for the
treatment of cancer. I will now provide a brief description of some of these agents that are
used throughout this thesis, as well as the types of lesion they induce.
1.2.1

Etoposide

Etoposide became readily available as a commercial chemotherapy agent in the 1960’s.
Despite this it took nearly two decades to discover the target of the drug, Topoisomerase II;
an enzyme needed to maintain and alter the topology of DNA. It is able to introduce or
remove coils from the DNA double helix by introducing a DSB in the backbone of DNA
(Burden and Osheroff 1998).
When used for the treatment of cancer, Etoposide works by causing an increase in the
number of DSB in DNA, inducing an apoptotic response in cancer cells. Etoposide does
not work by inhibiting the catalytic domain of Topoisomerase II; instead it works by
increasing the prevalence of Topoisomerase II-DNA cleavage complexes (Nitiss 2009,
Hande 1998). This becomes an issue when DNA replication machinery and helicases come
into contact with the complex that they need to traverse. As a result of this interaction,
topoisomerase II is removed from the complex, which leaves behind a permanent double
strand break capped with topoisomerase II, a lesion that is highly resistant to repair.
1.2.2

Ionising Radiation

We are exposed to ionising radiation (IR) on a daily basis, however, much higher and more
concentrated exposures occur during medical procedures such as diagnostic imaging and
during the treatment of cancer. IR can be split into two main groups; photon or particle
radiation. Photon radiation such as x-ray and gamma ray is the most common form used in
the treatment of cancer (Baskar et al. 2012).
DNA damage results from either the direct or indirect action of the radiation on DNA
(Desouky et al. 2015). IR can directly alter the molecular structure of DNA but it is the
indirect actions of IR that causes most of the damage in cells exposed to photon radiation.
IR is able to produce a range of reactive ROS, including the OH free radical (Desouky et
al. 2015); a highly reactive molecule which is important in the induction of double strand
breaks (Gates 2009). However, base alterations such as those caused by endogenous ROS
are also likely to be formed as a result of ionising radiation.
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1.2.3

Bleomycin sulphate

Bleomycins are a group of antibiotics from Streptomyces verticillus and are commonly
used to treat a variety of tumours (Hecht 2000). A mix of Bleomycin sulfate salts is used
during cancer therapy, predominantly Bleomycin A2 and Bleomycin B2, in a treatment
called Blenoxane. Bleomycins induce DNA degradation in the presence of metal ions like
Fe2+ or Cu+ and also require oxygen. These antibiotic drugs act as IR mimetics, meaning
they are able to create the free radicals that are important in the process of DSB induction
(Povirk 1996, Hecht 2000, Chen and Stubbe 2004).
1.2.4

Ultraviolet Radiation

Although it is not used for cancer treatment, ultraviolet (UV) radiation is considered one of
the most damaging agents known, and is a key player in the cause of skin cancer (de Gruijl
et al. 2001). The Earth’s only source of protection from solar UV radiation is the ozone
layer, but since its man-made partial degradation there has been a large increase in UV
exposure at the Earth’s surface (Sivasakthivel and Reddy 2011). There are three groups of
UV radiation categorised by their associated wavelengths; 1. UV-A at 315-400nm, 2. UVB at 280-315nm and 3. UV-C at a wavelength less than 280nm (Rastogi et al. 2010).
UV is not deeply penetrating, and so cannot be absorbed further than the skin (de Gruijl et
al. 2001). It is therefore not necessarily a concern for human fertility. However, there are
many species on Earth, particularly amphibian species, who lay their eggs in the
surrounding environment leaving them exposed to damaging agents such as water
pollution or UV radiation. There is some evidence to suggest that amphibian species may
be at risk due to increased UV radiation (Palen et al. 2005). Despite its inability to affect
mammalian reproduction it is still a useful tool for monitoring the effects of different types
of DNA damage on mammalian oocytes due to its efficacy being fairly consistent.
DNA damage induced by UV radiation comes in several forms. Pyrimidine bases are
preferentially damaged to form dimers, as a result of UV being absorbed by a double bond
causing it to react with neighbouring bases. If 2 new covalent bonds form between carbon
5 and carbon 6 of two pyrimdine bases, this forms a cyclobutane pyrimidine dimer (CPD)
(Goodsell 2001). If only a single bond forms between carbon 4 and carbon 6 the two bases
the resulting lesion is called a 6-4-photoproduct (Goodsell 2001). These dimers are able to
distort the DNA helix by disturbing helix curvature and can induce helical bending at the
lesion itself (Rastogi et al. 2010). As well as this, UV can also form protein-DNA
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crosslinks, oxidative damage to bases and single strand breaks in DNA (Sinha and Hader
2002, Rastogi et al. 2010, de Gruijl et al. 2001). UV-B in particular has been suggested to
induce DNA double strand breaks primarily through the formation of ROS but also as a
secondary effect during the repair of UV-induced dimers (Rastogi et al. 2010).

1.3

Major DNA Damage Response components

In order to establish a checkpoint arrest many components are involved in complex
signalling cascades and are often split into the following categories; sensors, mediators,
transducers and effectors. Sensors tend to be shared among the three DNA damage
checkpoints (G1/S, Intra-S and G2/M), as are the transducers (Sancar et al. 2004). It is the
effectors that create the individuality of each checkpoint arrest. The components of the
pathways that are put into action is dependent on several factors including the type of DNA
damage, duration of exposure or extent of the damage, whether it is a meiotic or mitotic
cell, and the stage of the cell cycle when the damage occurs (Bartek and Lukas 2001,
Sancar et al. 2004). Before going into the details of the checkpoint arrests an understanding
of the major players in sensing and signalling DNA damage is important.
1.3.1

ATM Kinase

Ataxia telangiectasia mutated (ATM) is one of the major kinases required for the in vivo
response to DNA DSBs (McKinnon 2012, Shiloh and Ziv 2013). ATM is a large protein, at
350kDa, and is related to the phosphoinositide 3-kinase (PI3K) family (Shiloh and Ziv
2013). Due to it kinase ability it phosphorylates its substrates at serine and threonine
residues (Shiloh and Ziv 2013). This allows it to activate many branches of the DDR.
The involvement of ATM and its importance in the DDR is best demonstrated in patients
suffering from the rare genetic disorder ataxia telangiectasia (A-T) in which ATM is
mutated (McKinnon 2004, McKinnon 2012). Patients suffer from a variety of symptoms,
including infertility, but one of interest to this project is that the appropriate response to
DNA DSBs fails to be initiated leading to radiosensitivity (McKinnon 2004).
In order for ATM to activate downstream substrates such as Checkpoint Kinase 2 (CHK2)
and p53 (Shiloh and Ziv 2013), it first needs to be catalytically activated (summarised in
Figure 1.1). Autophosphorylation and dissociation from inactive dimer to monomer is
required for ATM kinase activation in vivo (Bakkenist and Kastan 2003). Cells exposed to
IR incorporated high levels of radioactive phosphate into both endogenous and exogenous
4
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Figure 1-1 Summary of events during the activation of ATM

Prior to activation ATM is held in an inactive dimer. DNA DSBs are initially sensed,
possibly by the MRN complex, and ATM is activated by autophosphoryation of serine
1981. This causes the inactive dimer to dissociate into the fully active ATM monomer.
Activate ATM is then able to phosphorylate downstream substrates such as H2AX, CHK1
and CHK2.
5
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sources of ATM. Assessment of this phenomenon by gel electrophoresis and
chromatography identified the specific residue that is phosphorylated; Serine 1981. Also
specific antibodies to this residue revealed that it is rapidly phosphorylated to a maximum
within just one hour of IR exposure (Bakkenist and Kastan 2003). The necessity for
dissociation has also been supported by in vitro evidence (Lee and Paull 2005). However,
one study revealed that autophosphorylation of serine 1981 was not needed for
monomerisation in vitro (Dupre et al. 2006). Despite this autophosphorylation is needed to
retain ATM at the site of damage and to mount a proper response to DNA double strand
breaks (So et al. 2009).
ATM activation also requires the MRE11-RAD50-NBS1 (MRN) complex (Lee and Paull
2007, Shiloh and Ziv 2013). Mutations within the complex produce a phenotype similar to
that of A-T patients. Hypomorphic mutation of the Mre11 gene leads to AT-like disease
(AT-LD) and mutation of the Nbs1 gene causes Nijmegen Breakage Syndrome (NBS) (van
den Bosch et al. 2003). NBS is characterised by microcephaly, altered growth and
susceptibility to tumours (Taylor et al. 2004, Digweed and Sperling 2004). Using cell lines
from patients suffering these diseases it was shown that nuclear retention and activation of
ATM after DNA damage was perturbed (Uziel et al. 2003). As well as this the activation of
downstream targets was also negatively affected. By reconstituting defective cells with
exogenous MRN, normal ATM phosphorylation and activation of downstream targets was
rescued (Uziel et al. 2003).
Once activated ATM kinase is responsible for phosphorylating and activating many
branches of the DDR. Its major substrates include CHK2 (Matsuoka et al. 2000),
Checkpoint Kinase 1 (CHK1) (Gatei et al. 2003) and p53 (Banin et al. 1998, Kodama et al.
2010, Saito et al. 2002). These proteins then have the role of activating distinct mediators
which give the DNA damage checkpoint their individuality, the details of which will be
discussed in later sections.
1.3.2

ATR Kinase

Ataxia telangiectasia and Rad3 related (ATR) kinase is not only important for the DDR in
response to various types of DNA damage, but also for eliciting the correct response to
stalled replication forks during S-Phase (Marechal and Zou 2013). Due to its role in DNA
replication it is an essential gene, the loss of which leads to embryonic lethality in mice
(Brown and Baltimore 2000). A splicing mutation of ATR leads to a rare condition called
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Seckel Syndrome in humans, which results in severe perturbations in foetal development
and impaired DNA damage response to UV (O'Driscoll et al. 2003).
The structure that stalled replication forks and the products of DNA repair all have in
common is single stranded DNA (ssDNA) and it is thought to be this that leads to ATR
activation and signalling (summarised in Figure 1.2). ssDNA becomes coated with
Replication Protein A (RPA) (Cimprich and Cortez 2008, Marechal and Zou 2015,
Shiotani and Zou 2009) and RPA-ssDNA is then recognised by the binding partner of
ATR, the ATR interacting protein (ATRIP) (Cimprich and Cortez 2008, Marechal and Zou
2013, Namiki and Zou 2006, Shiotani and Zou 2009) via its N-terminal domain (Ball et al.
2005). Although not essential for the activation of ATR, ATRIP is needed for the correct
localisation of ATR to sites of DNA damage (Ball et al. 2005, Cimprich and Cortez 2008).
In order for ATR to become properly activated several other proteins are also required.
RAD17 recruits a complex known as the 9-1-1 complex, which is made up of RAD9,
RAD1 and HUS1, to the sites of DNA damage (Marechal and Zou 2013, Shiotani and Zou
2009). However, another protein is also needed in mammalian cells; this factor is called
DNA Topoisomerase II Binding Protein I (TOPBP1) (Kumagai et al. 2006, Shiotani and
Zou 2009). Interactions between RAD9 of the 9-1-1 complex and TOPBP1 have been
demonstrated, and this is thought to be one way that the activation of ATR occurs at sites
of damage (Cimprich and Cortez 2008, Shiotani and Zou 2009). RPA-ssDNA is also
integral for the correct localisation of TOPBP1 in Xenopus egg extract (Acevedo et al.
2016). Once activated at stalled replication forks or sites of damage repair, ATR is able to
phosphorylate a range of substrates including its own regulatory elements, but the main
substrate is CHK1 (Shiotani and Zou 2009).
1.3.3

CHK1/CHK2

CHK1 and CHK2 are the downstream substrates of ATR and ATM respectively, although
there is now thought to be a substantial amount of crosstalk between the two pathways.
CHK2 was discovered in 1998 (Matsuoka et al. 1998), and it is a 65kDa serine/threonine
kinase (Zannini et al. 2014). It has 3 domains that are integral to its activation and
signalling; 1. SQ/TQ cluster domain (SCD), 2. Fork-head associated (FHA) domain, and 3.
C-terminal kinase domain. Due to the high concentration of serine and threonine residues
in the SCD domain, this is where most phosphorylation by ATM or ATR takes place
(Zannini et al. 2014). The FHA domain is important for protein interactions and a group of
residues located within the kinase domain form what is known as the activation loop; this
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Figure 1-2 Summary of events during the activation of ATR

In order for ATR to be activated ssDNA bound by RPA is needed to act as a platform to
which other proteins can bind. ATR bound to its binding partner, ATRIP, localise to the
RPA bound ssDNA with the aid of RAD17 and the 9-1-1 complex. However, for full
activation of ATR, TOPBP1 is also required.
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needs to be phosphorylated to activate the catalytic function (Zannini et al. 2014). CHK2
activation is summarised in Figure 1.3.
Inactive CHK2 is present as a monomer within cells, however when DNA damage has
been detected CHK2 monomers form a dimer. Dimerisation is due to ATM
phosphorylating CHK2 (Ahn et al. 2000, Zannini et al. 2014). This modification was
demonstrated using in vitro kinase assays where wild type or kinase-dead ATM was
challenged with wild-type and mutant GST-CHK2 (Ahn et al. 2000). Wild-type ATM was
able to phosphorylate CHK2 whereas the kinase dead ATM did not. Furthermore, by
mutating individual serine or threonine candidates Ahn et al. (2000) revealed that the
residue to be phosphorylated was threonine 68 (T68) and also confirmed this in vivo using
ATM-/- mouse embryonic fibroblasts (MEFs). Phosphorylating CHK2 facilitates the
interaction of its SCD domain with the FHA domain of another CHK2 monomer (Ahn et
al. 2002, Xu et al. 2002, Zannini et al. 2014). This interaction was demonstrated by Ahn et
al. (2002) using HCT15 cell extracts expressing FLAG-tagged wild type or mutant CHK2,
where T68 had been changed to alanine. The extracts were then analysed in vitro using
GST-FHA binding assay. Only wild type CHK2 was able to interact with the GST-FHA.
After dimerisation CHK2 is autophosphorylated within the kinase domain (X. Guo et al.
2010, Lee and Chung 2001, Zannini et al. 2014). Two residues within this domain have
been shown to be important for activating the kinase in humans; threonine 383 and
threonine 387 (Lee and Chung 2001). When these residues were mutated to alanine a
striking reduction in kinase activity was reported. However, in more recent years the
phosphorylation status of additional residues including Ser372, Thr378, Thr389 and
Tyr390, have also been shown to effect CHK2 activity when mutated (X. Guo et al. 2010).
These modifications lead to dissociation of the dimers into fully active monomers (Zannini
et al. 2014).
CHK1 is one of the main substrates of ATR (Shiotani and Zou 2009), however it has been
shown to be activated by ATM as well in response to ionising radiation (Gatei et al. 2003).
Like CHK2, CHK1 is a serine/threonine protein kinase (Tapia-Alveal et al. 2009, Zhang
and Hunter 2014). CHK1 activation is made up of a series of complex events that is quite
different to the activation of CHK2 (Summarised in Figure 1.4). Phosphorylation events
are still very important for the activation of CHK1, which is regulated by its association
with the multi-unit platform of ATR, ATRIP, TOPBP1 and 9-1-1 that forms at stalled
replication forks or sites of DNA repair (Shiotani and Zou 2009, Tapia-Alveal et al. 2009,
Zhang and Hunter 2014) (see 1.3.2). The phosphorylation of several residues, including
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Figure 1-3 Summary of events during the activation of CHK2

The activation of CHK2 requires initial phosphorylation by ATM kinase on threonine 68.
This allows for CHK2 to pair up with another CHK2 monomer, and in turn this causes
autophosphorylation at a variety of residues. Modification of these residues leads to a
conformational change and dissociation of the dimer into fully active monomer.
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Figure 1-4 Summary of events during the activation of CHK1

When CHK1 is not required an in-built mechanism of inactivation is used by holding the
protein in a ‘closed’ conformation. After DNA damage is detected both ATR and Claspin
are required to carry out the phosphorylation of CHK1. These modifications are thought to
disrupt the interactions within the ‘closed’ CHK1 enabling a conformational change to an
‘open’ and active form.
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serine 317 and serine 345, by ATR has been extensively demonstrated (Capasso et al.
2002, Tapia-Alveal et al. 2009, Zhang and Hunter 2014, Zhao and Piwnica-Worms 2001).
Mutating S345 or S317 to alanine residues is known to abrogate checkpoint activation
(Zhang and Hunter 2014, Zhao and Piwnica-Worms 2001), and CHK1 failed to show the
usual mobility shift when analysed by gel electrophoresis (Capasso et al. 2002). An
additional component that is needed for correct CHK1 phosphorylation is Claspin
(Kumagai et al. 2004, Liu et al. 2006, Zhang and Hunter 2014). Using RNA interference
and analysis using phospho-specific antibodies against certain residues within CHK1, Liu
et al. (2006) showed that the phosphorylation of serine 317 and serine 345 was prevented
when TOPBP1 and Claspin were knocked-down. Specifically, they showed that TOPBP1
is needed for the interaction of Claspin and CHK1, as TOPBP1 depletion interrupted this
interaction (Liu et al. 2006).
However, as well as phosphorylation events being important for the activation of this
kinase, CHK1 also has an in-built regulatory mechanism known as auto-inhibition. This
means that when CHK1 is not required, in the absence of DNA damage, it is held in a
closed conformation. This conformation is permitted by interactions between the N- and Cterminal domains (Katsuragi and Sagata 2004, Tapia-Alveal et al. 2009, Zhang and Hunter
2014). It is thought the phosphorylating events can disrupt this interaction, releasing the
kinase domain (Katsuragi and Sagata 2004). As the kinase domain is constitutively active
the disruption between the two domains stimulates CHK1 catalytic activity (Tapia-Alveal
et al. 2009, Zhang and Hunter 2014).

1.4

DNA Damage Checkpoints

As already mentioned there are several points throughout the cell cycle that a DNA
damage checkpoint can be activated, namely at the G1/S transition, during S-phase, or at
the G2/M transition (Figure 1.5). These checkpoints arrest the cell cycle preventing any
further progression, which allows for a cell to initiate repair mechanisms to rid itself of the
damage. Below is a brief description of the signalling pathways that lead to checkpoint
arrest in somatic cells.
1.4.1

G1/S

The role of the G1/S checkpoint is to stop cells with damaged DNA entering S phase, and
so committing to a new round of cell division, by inhibiting the initiation of DNA
replication, and can also induce apoptosis if damage is severe (Sancar et al. 2004).
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Figure 1-5 DNA Damage Checkpoints throughout the mitotic cell cycle

Arrests in the cell cycle can occur at the G1/S transition, during S-phase or at the G2/M
transition.
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A cascade of phosphorylation events is initiated culminating in the inactivation of
CDC25A via its exclusion from the nucleus and degradation by proteolysis (Summarised
in Figure 1.6). In order for the phosphatase to be inactivated it is now clear that the
ubiquitin proteasome pathway is involved (Molinari et al. 2000). As well as this, CHK1/2
phosphorylation of CDC25A at serine123 is required (Bartek and Lukas 2001). In the
absence of CDC25A, CDK2 is inactive. The downstream result of this is that CDC45
cannot be phosphorylated, a signal needed for the initiation of replication (Sancar et al.
2004, Bartek and Lukas 2001).
The maintenance pathway is slow in comparison and takes several hours to become
apparent after damage. Again, ATM and ATR kinases are involved depending on the
damaging agent (Bartek and Lukas 2001). However, unlike the initiation of the arrest the
transcription factor, p53, is required for a prolonged arrest. p53 is highly unstable and is
readily degraded under normal conditions. Its instability is due to a protein called Mouse
double minute 2 homolog (MDM2); a ubiquitin ligase that binds to p53 and targets the
transcription factor for degradation (Bartek and Lukas 2001). The phosphorylation of p53
at serine 15 directly by ATM/ATR aids its activation. Also, serine 20 is phosphorylated by
CHK1/CHK2 which again has activating properties (Sancar et al. 2004) and leads to the
dissociation of p53 and MDM2 in vitro and p53 stabilisation in vivo (Chehab et al. 1999).
Another important phosphorylation event is that of MDM2 on serine 395 which prevents
nuclear export of p53 (Bartek and Lukas 2001). An impact of p53 nuclear retention is the
activation and up-regulation of the p21 gene (Bartek and Lukas 2001), encoding a protein
that inhibits several complexes key to S phase. For instance, the CDK4-cyclin D complex
usually phosphorylates Rb which releases it from E2F, a transcription factor required for
the expression of key S phase genes (Sancar et al. 2004).
1.4.2

Intra-S

The Intra-S checkpoint is caused by DNA damage induced at S-phase or damage that
escaped G1. In order to produce an arrest during S-phase the series of events is very
similar to that of the maintenance of a G1/S checkpoint. When the damage sensed is a DSB
ATM activates CHK2. In turn this leads to the inhibitory phosphorylation of CDC25A
(Houtgraaf et al. 2006, Sancar et al. 2004). As already mentioned in section 1.4.1, in the
absence of CDC25A, CDK2 is inactive. The result is that CDC45 cannot bind to chromatin
and this also prevents the association of DNA polymerase and the formation of the prereplication complex (Houtgraaf et al. 2006, Sancar et al. 2004, Willis and Rhind 2009).
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Figure 1-6 Summary of events during the G1/S Checkpoint

DNA damage leads to the activation of ATM and ATR. These kinases can then activate
downstream substrates such as CHK1 and CHK2. Phosphorylation of CDC25A by CHK1
and CHK2 leads to the degradation of this protein, which is needed to initiate the formation
of the pre-replication complex. Also ATM/ATR and CHK1/CHK2 activate the p53
transcription factor. p53 upregulates p21 which is an inhibitor of CDK complexes needed
for S-phase entry.
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The same result is initiated in response to UV damage or stalled replication forks, however
under these conditions ATR activates CHK1 which in turn inhibits the activity of CDC25A
(Sancar et al. 2004).
1.4.3

G2/M

In order for a cell to enter M-phase the CDK1-Cyclin B1 complex needs to accumulate
(Gavet and Pines 2010, Stark and Taylor 2004). Therefore regulation of this complex is the
last point at which a cell can stop entry into mitosis if conditions are not right. Such
regulatory elements include WEE1 kinase and CDC25C phosphatase. WEE1 is responsible
for inhibitory phosphorylation of CDK1 which prevents the binding of cyclin B1, whereas
CDC25C removes such inhibitory modifications (Stark and Taylor 2004, Timofeev et al.
2010). The G2/M checkpoint is activated when DNA damage is sensed by a cell
(summarised on Figure 1.7); as with the G1/S and Intra-S checkpoints ATM and ATR are
activated and in turn this activates CHK2 and CHK1 (Sancar et al. 2004). The checkpoint
kinases then phosphorylate CDC25C which inhibits its phosphatase activity on CDK1 by
causing it to bind to a protein called 14-3-3; this association sequesters CDC25C in the
cytoplasm (Burgoyne et al. 2007, Donzelli and Draetta 2003, Sancar et al. 2004, Zhang and
Hunter 2014, Zhou and Elledge 2000). The activity of WEE1 is also up-regulated and
CDK1 is phosphorylated on tyrosine 15 preventing the association with cyclin B1
(Burgoyne et al. 2007, Sancar et al. 2004, Stark and Taylor 2004, Zhang and Hunter 2014).
Without a functional CDK1-Cyclin B complex, nuclear envelope break cannot occur and
entry into mitosis is inhibited.

1.5

DNA Damage Repair

There are many types of repair mechanisms that have evolved to deal with insults to DNA.
Not all mechanisms available to a cell are relevant to this thesis but it is worth noting the
existence of base excision repair (BER), nucleotide excision repair (NER), mismatch repair
(MMR), and double strand break repair (Dexheimer 2013, Sancar et al. 2004). DNA
damage induced by spontaneous reactions or replication errors are commonly repaired by
BER and MMR respectively (Dexheimer 2013) (Dexheimer 2013). DNA damage resulting
from exposure to UV light is repaired by NER (Dexheimer 2013, Nouspikel 2009, Scharer
2013). Finally, DSBs induced by IR or anticancer drugs are repaired by one of two
mechanisms; homologous recombination (HR) or non-homologous end joining (NHEJ)
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Figure 1-7 Signalling events during the G2/M Checkpoint

DNA damage leads to the activation of ATM and ATR. As with the G1/S checkpoint,
these kinases activate CHK1 and CHK2. CHK1/CHK2 is responsible for inhibiting the
action of CDC25 phosphatases. CDC25 normally act to remove inhibitory phosphate
groups from CDK1, which prevent it binding to cyclin B1. The CDK1-cyclin B complex is
essential for M-phase entry.
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(Dexheimer 2013, Sancar et al. 2004). Due to the nature of the drugs used throughout this
thesis the repair of DSBs and UV damage will be the focus of the following section.
1.5.1

DSB Repair: Homologous Recombination

HR is considered an error free method of dealing with DNA DSBs as it uses an undamaged
sister chromatid as a template. Due to the requirement of a sister chromatid, HR is limited
to two phases of the cell cycle; S- and G2-phases (Dexheimer 2013).
The process of HR is often split into three main sections; (1) presynaptic, (2) synaptic and
(3) postsynaptic (Dexheimer 2013, Filippo et al. 2008, Krejci et al. 2012, Sung et al. 2003).
During the presynaptic phase the first step that is taken is the resection of the DNA ends
created by the DSB. The MRN complex, CtIP and Bloom helicase (BLM) work together to
trim the 5’ of the DNA end, and create overhangs of ssDNA (Dexheimer 2013, Filippo et
al. 2008, Lamarche et al. 2010, Sartori et al. 2007). As mentioned in section 1.3.2 ssDNA
is bound by RPA, and so these overhangs become coated in the protein (Dexheimer 2013).
This interaction has multifaceted effects on the presynaptic phase due to its ability to
regulate the binding of RAD51. Firstly, it can eliminate secondary structures from long
lengths of ssDNA allowing RAD51 to bind (Filippo et al. 2008, Krejci et al. 2012, Sung et
al. 2003). However, RPA can also act as a physical barrier preventing such binding, and in
turn ensures RAD51 association with the ssDNA occurs in a timely manner (Filippo et al.
2008, Krejci et al. 2012, Sung et al. 2003). The binding of RAD51 creates the presynaptic
filament; a nucleoprotein filament containing ~6 RAD51 molecules for every ~18
nucleotide bases (Filippo et al. 2008, Krejci et al. 2012, Sung et al. 2003). Due to the
inhibitory effects of RPA on RAD51 binding several HR mediators are needed to form the
presynaptic filament. In mammals, BRCA2 is thought to be one of the main mediators of
RAD51 binding (Chatterjee et al. 2016, Filippo et al. 2008, Forget and Kowalczykowski
2010, Krejci et al. 2012, Liu et al. 2010). However, several other mammalian mediators
have been identified over the years. RAD51 paralogues known to influence the presynaptic
filament include RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 (Dexheimer 2013,
Filippo et al. 2008, Krejci et al. 2012).
Synapsis is characterised by the formation of connections between the DNA of the
presynaptic filament and the DNA of its sister chromatid. The chromatid is held briefly to
test for homology, if unsuccessful it is released and a new part is tested. When homology is
found the filament and the homologous DNA duplex are bound together by Watson-Crick
bonds and become intertwined into a structure known as the D-loop (Filippo et al. 2008,
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Krejci et al. 2012, Sung et al. 2003). Strand invasion and D-loop formation is aided by
RAD45 and RAD54B which function in chromatin remodelling and coiling (Krejci et al.
2012). RAD54 proteins also function in later stages of HR by facilitating the removal of
RAD51 (Filippo et al. 2008, Forget and Kowalczykowski 2010, Krejci et al. 2012, Sung et
al. 2003).
Once the D-loop has formed DNA polymerase is needed to extend the 3’end of the
invading strand in a process called DNA strand exchange or DNA branch migration
(Filippo et al. 2008, Krejci et al. 2012, Sung et al. 2003). This is then ligated by DNA
ligase I to form a structure known as a Holliday Junction (HJ). The HJ is resolved by
crossover or non-crossover methods depending on the circumstances. In somatic cells HR
repair is rarely associated with the formation of crossovers (Heyer et al. 2010). Crossovers
are avoided by dissolving HJs carried out by BLM helicase (Dexheimer 2013, Seki et al.
2006, Swuec and Costa 2014), and is thought to be the favoured way to deal with HJs in
mitosis.
1.5.2

DSB Repair: Non-Homologous End Joining

NHEJ has the ability to function at any stage of the cell cycle, as unlike HR it does not
require the presence of a sister chromatid. Instead NHEJ works by simply ligating DNA
ends together regardless of whether they are from the same chromosome. One of the first
events during this type of repair is the recognition of the DSB and binding of the end by
the KU heterodimer (Britton et al. 2013, Davis and Chen 2013, Dexheimer 2013, Fell and
Schild-Poulter 2015). This dimer is made up of two subunits; KU70 and KU80 (Davis and
Chen 2013, Dexheimer 2013, Fell and Schild-Poulter 2015). The binding of the KU
complex acts as a platform to which other NHEJ proteins can localise. Also KU80 is
suggested to have a role in stabilising the DNA ends, thus preventing their local movement
(Soutoglou et al. 2007). The next component to be recruited to the DSB is the catalytic
subunit of DNA-dependent protein kinase (DNA-PK) (Davis and Chen 2013, Dexheimer
2013, Fell and Schild-Poulter 2015). DNA-PK activity is very important for DNA repair
and MEFs deficient for the kinase are hypersensitive to IR (Taccioli et al. 1998). When
bound it causes the inward movement of the KU complex towards the DNA and also
activates the kinase function of DNA-PK (Davis and Chen 2013, Dexheimer 2013).
In order for the DNA ends to be re-ligated there may be a requirement for DNA end
processing; factors such as Artemis or DNA polymerase are known to be involved in this
(Davis and Chen 2013, Dexheimer 2013, Fell and Schild-Poulter 2015). Artemis is an
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endonuclease known to process overhangs, thus creating blunt ends to ligate (Davis and
Chen 2013). Its activation has been shown to be reliant on the autophosphorylation of
DNA-PK, which is believed to make the DNA accessible to Artemis (Goodarzi et al.
2006).
Also recruited to the site of DNA damage is the XRCC4-DNA ligase IV complex (Britton
et al. 2013, Mari et al. 2006), through its interactions with the KU complex (Costantini et
al. 2007, Fell and Schild-Poulter 2015). XRCC4 has been suggested to act as a tether
between the KU complex and DNA ligase IV (Mari et al. 2006). Another NHEJ factor
important for the localisation and activity of DNA ligase IV is XLF, again through
interactions with KU70/80 (Ahnesorg et al. 2006, Fell and Schild-Poulter 2015, Yano et al.
2008). DNA ligase IV can then ligate the DNA ends thus repairing the DSB (Davis and
Chen 2013, Dexheimer 2013, Fell and Schild-Poulter 2015).
1.5.3

UV Damage Repair: Nucleotide Excision Repair

Nucleotide excision repair (NER) is deployed as a way of ridding a cell of the DNA
damage induced by UV exposure, namely CPDs and 6-4 photoproducts (Dexheimer 2013,
Scharer 2013) (Section 1.2.4). The process of NER is summarised in Figure 1.8. Firstly,
the DNA helix surrounding the lesion needs to be unwound. To begin with a complex of
XPC/HR23B/CEN2 is localised to the site of DNA damage (Dexheimer 2013, Nouspikel
2009, Petruseva et al. 2014, Scharer 2013). The requirement for HR23B was shown in
vitro using cell free extracts (Sugasawa et al. 1996). Extracts were obtained from
Xeroderma pigmentosum group C (XPC) deficient cells and HR23B was depleted. Using
purified human recombinant XPC and HR23B the NER activity within the extract was
rescued. However, recombinant XPC alone was not efficient at restoring NER (Sugasawa
et al. 1996). CEN2 has been shown to enhance NER in vivo using XPC deficient cells that
express wild-type or a mutant version of XPC that cannot bind CEN2 (Nishi et al. 2005).
Using this system Nishi et al. (2005) revealed that although NER could take place in the
absence of CEN2, its presence greatly enhanced the ability of the cell to repair 6-4
photoproducts. This enhancement was suggested to be due to the ability of CEN2 to
increase the efficiency of XPC DNA binding (Nishi et al. 2005). The XPC/HR23B
complex does not have a high affinity to DNA damage that causes more subtle alterations
in the helical structure such as CPDs, therefore another factors known as the UV-damagebinding proteins 1 and 2 (UV-DDB1/2) are required (Fitch et al. 2003, Nouspikel 2009,
Scharer 2013).
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Figure 1-8 Summary of events during NER

To repair damage caused by UV exposure, the lesion in detected and bound by a large
complex of proteins including XPC/CEN2/HR23B as well as UV-DDB1 and 2. TFIIH,
alongside the endonucleases XPF and XPG mediate the opening and cleavage of around 30
nucleotides that carries the lesion. This section of DNA is then re-synthesised by DNA
polymerase and the remaining nick is filled by DNA ligase I.
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This was highlighted using immunofluorescence; the UV-DDB subunit p48 could localise
to CPDs or 6-4 photoproducts whereas very few cells showed a co-localisation of XPC
with CPDs when p48 was absent (Fitch et al. 2003). Overexpression of p48 in these cells
allowed XPC to co-localise with CPDs.
This is then followed by binding of TFIIH, a multi-protein complex crucial for NER
(Dexheimer 2013, Nouspikel 2009, Petruseva et al. 2014, Scharer 2013). Xeroderma
pigmentosum group B (XPB) and Xeroderma pigmentosum group D (XPD) are two
helicases from this complex that are needed for opening up damaged DNA (Coin et al.
2007). However, it is only the ATPase activity of XPB in combination with the helicase
activity of XPD that facilitate this action (Coin et al. 2007). The DNA helix is unwound to
form a bubble of about 30 nucleotides that encompasses the lesion (Dexheimer 2013,
Nouspikel 2009, Petruseva et al. 2014, Scharer 2013).
By opening up the DNA helix, ssDNA is exposed and leads to the recruitment of RPA
(Nouspikel 2009, Dexheimer 2013, Scharer 2013, Petruseva et al. 2014). Using yeast two
hybrid screening, interactions between RPA and Xeroderma pigmentosum group A (XPA)
have been demonstrated (Li et al. 1995, Matsuda et al. 1995). Thus XPA is then recruited
to the RPA coated DNA which has an important role in stabilising the complex needed for
the removal of the nucleotides containing the lesion (Petruseva et al. 2014)
Next the DNA needs to be cleaved in order to remove the damaged area. This involves the
endonucleases Xeroderma pigmentosum group G (XPG), which cleaves 3’ to the DNA
damage, and Xeroderma pigmentosum group F (XPF), that cleaves the 5’ (Nouspikel 2009,
Dexheimer 2013, Scharer 2013, Petruseva et al. 2014). Next the length of DNA that has
just been removed needs to be re-synthesised. DNA polymerase δ or ε use the undamaged
strand as a template for this resynthesis (Nouspikel 2009, Dexheimer 2013, Petruseva et al.
2014), and this is aided by RFC and PCNA complexes (Scharer 2013, Petruseva et al.
2014). The final step in NER is to repair the remaining nick in the DNA strand which is
catalysed by DNA ligase I (Nouspikel 2009, Dexheimer 2013, Scharer 2013, Petruseva et
al. 2014).

1.6

Oocyte Development

Meiosis is a type of cell division in which DNA replication (or S phase) only occurs once
followed by two consecutive cell divisions, generating haploid daughter cells not
genetically identical to the mother cell. In order for meiosis to begin primordial germ cells
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(PGCs) need to migrate to the gonad during foetal development. Once the PGCs have
arrived meiosis is initiated and chromosomes pair and undergo meiotic recombination
which acts to tether the sister chromosomes, creating a bivalent structure, but also to
increase genetic diversity. Once recombination is complete oocytes arrest in prophase I;
this arrest can last for many years in humans (Chiang et al. 2012, Mehlmann 2005).
Oocytes will resume meiosis when exposed to the correct hormonal signals. The oocyte
then undergoes germinal vesicle breakdown (GVBD) where the nuclear membrane breaks
down and chromatin condenses. The spindle apparatus forms during prometaphase and
bivalents begin to attach to the spindle. During meiosis I, which is summarised in Figure
1.9, bivalents align at the metaphase plate. Once anaphase is triggered the homologous
chromosomes are pulled to either pole of the spindle generating the first polar body. The
polar body should contain half the genetic material that was originally held within the
oocyte. In meiosis the spindle migrates towards the cortex of the oocyte producing an
asymmetrical division so that the volume of the polar body is much less than that of the
oocyte (Maro and Verlhac 2002). After the polar body is extruded meiosis II commences
straight away, without an intervening interphase or S-phase, but this time arrests at
metaphase II. The oocyte remains at this stage until activation upon fertilisation by a single
sperm (Jones 2008).
1.6.1

Primordial Germ Cell Selection and Migration

Gametes arise from a pool of founder cells known as PGCs. A small number of epiblast
cells are induced to become PGCs by extraembryonic tissues (Strome and Updike 2015).
At around embryonic day 5.75 (E5.75) in mice WNT3 and BMP4 signalling from
extraembryonic cells cause mesodermal genes to be switched off and germ cell
development genes to be switched on; such genes includes Blimp1/Prdm1, Prdm14, and
Ap2γ (Strome and Updike 2015). One role of these genes is to reset the epiblast cells to
germ line. This is done through the demethylation of DNA and histones. Following this,
these cells move through the embryo from the epiblast to the allantois where further
selection occurs at around E10.5-11-5 in mice (Bowles and Koopman 2007) and week 3-4
in human (De Felici 2013). After this they rapidly divide and migrate through the hindgut
to the genital ridges where the gonads will form (Bowles and Koopman 2007). Once the
PGCs arrive they continue to proliferate from days E11.5-13.5 in mice.
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Figure 1-9 Overview of Oocyte Maturation

The resumption of meiosis is characterised by the breakdown of the nuclear envelope, also
known as germinal vesicle breakdown. During prometaphase the meiotic spindle forms and
bivalents begin to be captured by the spindle apparatus. By metaphase all bivalents should
be aligned along the metaphase plate. Due to the bipolar attachment to the spindle,
bivalents are physically separated during anaphase. The chromosomes reach the spindle
poles by telophase and the first polar body begins to form. Following cytokinesis, the polar
body is extruded and should contain half of the original genetic material. The oocyte
continues to progress through meiosis until it reaches metaphase II, where it remains
arrested until fertilisation.
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1.6.2

Initiation of Meiosis and Recombination

In females, meiosis is initiated at around E13.5 in mice (Bowles and Koopman 2007) and
around week 10 in humans (De Felici 2013). This is in contrast to males where the process
is triggered at puberty. The initiation of meiosis in females is due to the production of
retinoic acid (RA) in combination with the inability to degrade it. In mice the necessity of
RA has been shown to be due to its requirement for the expression of certain genes
(Bowles et al. 2006, Koubova et al. 2006). Koubova et al. (2006) used an antagonist of the
RA receptor to prevent the expression of RA activated genes in E11.5 ovaries. In ovaries
cultured in this drug, the expression of STRA8 (Koubova et al. 2006) and also the cohesin,
REC8 (Koubova et al. 2014) was prevented. STRA8 was shown to be essential for
signalling meiotic prophase condensation, as Stra8 null mice did not display condensed
chromatin despite being in the presence of RA (Koubova et al. 2006). Additionally it has
also been reported that Stra8-/- mice fail to form a synaptonemal complex (SC) or
programmed double strand breaks (Bowles and Koopman 2007). Males possess a
cytochrome encoded by the Cyp26bl gene that allows for RA to be degraded and thus entry
into meiosis I is avoided (Bowles et al. 2006, Koubova et al. 2006, Bowles and Koopman
2007, Koubova et al. 2014).
Once meiosis is initiated, oocytes undergo a series of events prior to arresting during
prophase I. One main event of meiotic prophase I is the pairing of homologous
chromosomes through the formation of the SC (Handel and Schimenti 2010). The other
main event, which is aided by the presence of the SC, is the physical tethering of
homologous chromosomes through meiotic recombination (Baudat et al. 2013, Handel and
Schimenti 2010). This process allows for the crossover of genetic information but is also
crucial for the correct segregation of chromosomes during meiosis. The absence of a single
crossover between homologous chromosomes greatly increases the incidence of
aneuploidy (Ferguson et al. 2007, Handel and Schimenti 2010).
The SC begins to form in leptotene which aligns the homologous chromosomes and at the
same time DSBs are induced by the topoisomerase-like SPO11 (Baudat et al. 2013, Baudat
et al. 2000, Mahadevaiah et al. 2001, Romanienko and Camerini-Otero 2000). Other
proteins involved in the formation of DSBs include MEI4, MEI1 and REC114 (Baudat et
al. 2013, Kumar et al. 2010, Kumar et al. 2015, Libby et al. 2003). By zygotene this
pairing is complete. Synapsis begins at this point and the SC is fully formed by the end of
pachytene. Throughout this time the DSBs induced by SPO11 are identified and signalled
for repair by recombination (the mechanism of which will be discussed in detail in section
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1.8.1). Once recombination is complete at the diplotene stage, desynapsis occurs and
involves the removal of the SC (Handel and Schimenti 2010). The product of this is that
homologous chromosomes are tethered together by at least one crossover, or chiasmata.
Oocytes then remain arrested in prophase I at the diplotene stage until hormonal signalling
during postnatal life (Sánchez and Smitz 2012).
1.6.3

Follicle Development

As already mentioned in section 1.6.1 once PGCs arrive in the gonad they continue to
proliferate mitotically until E13.5 in mice. The cell division that takes place occurs in the
absence of cytokinesis to form clusters of PGCs known as germ cell nests (Sánchez and
Smitz 2012). Meiosis is initiated at E13.5 (in mice) and recombination takes place prior to
the formation of follicles within the ovary. Around the time that the oocytes arrest in
prophase I, germ cell nests begin to breakdown to mark the start of follicle formation
(Pepling and Spradling 2001, Sánchez and Smitz 2012). The regulation of this breakdown
is poorly understood but it is thought to involve a variety of factors including steroid
hormone signalling as well as proteins such as GDF9, BMP19 and FOXL2 (Sánchez and
Smitz 2012). During germ cell nest breakdown there is a large reduction in the number of
oocytes that remain in the ovary, as those oocytes that are not surrounded by somatic cells
undergo apoptosis (Pepling and Spradling 2001, Sánchez and Smitz 2012). By labelling the
germ cells Pepling and Spradling (2001) revealed that during just a two day window the
number of germ cells was reduced from 6000 per ovary to 2000.
All of the oocytes that remain are arrested in prophase and are held within a primordial
follicle. A primordial follicle consists of the oocyte surrounded by just a single layer of
flattened somatic cells called granulosa (Sánchez and Smitz 2012). Primordial follicles are
then recruited to begin folliculogenesis, which is the process of growth and development of
the follicle ready for ovulation, and also coincides with an oocyte obtaining meiotic
competency. The transcription factor FOXO3A expressed in mouse oocytes has been
shown to prevent primordial follicle activation (Castrillon et al. 2003, Sánchez and Smitz
2012) and is negatively regulated by AKT (Hsueh et al. 2015). The necessity for FOXO3
in supressing follicle activation was demonstrated using knockout mice (Castrillon et al.
2003). Foxo3a-/- mice exhibit early depletion of follicles and as a result are sterile by 15
weeks of age, and this was shown to be due to a global activation of primordial follicles
(Castrillon et al. 2003). Thus to allow activation of the follicle to occur FOXO3A downregulation is required. The activity of its regulator, AKT, is controlled by PI3K/PTEN
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signalling (Reddy et al. 2008, Sánchez and Smitz 2012) and in the absence of PTEN, AKT
is activated which inhibits FOXO3 by phosphorylation (Sánchez and Smitz 2012). Similar
to mice lacking FOXO3A, all of the primordial follicles become activated within the
ovaries of Pten-/- mice (Reddy et al. 2008). Reddy et al (2008) showed that in the Pten-/mice AKT was activated further supporting the involvement of the PTEN/PI3K signalling
pathway in follicle activation.
To be able to develop beyond the primordial follicle stage the oocyte expression of the
transcription factors, NOBOX and SOHLH1, is essential (Sánchez and Smitz 2012). These
transcription factors allow the development of the primordial follicle to primary follicle,
where the flattened granulosa become cuboidal in shape. Thus when they are knocked-out
by genetic manipulation in mice progression beyond the primordial stage is prevented
(Pangas et al. 2006, Rajkovic et al. 2004). By the late primary stage in mice ovarian cells
are recruited to form the theca; however, this layer becomes apparent at a later stage in
other mammalian species (Fortune 2003).
Proliferation of the granulosa to produce a secondary follicle does not require hormonal
signalling and instead relies on the factors present in the ovary that are produced by the
oocyte and their surrounding granulosa and theca. These proteins include GDF9 and
BMP15, as well as the transcription factor TBP2 (Sánchez and Smitz 2012).
In order for a follicle to develop from the preantral to antral stage, factors such as GDF9
and BMP15 are still required. However, this developmental transition also requires
hormonal signalling (Sánchez and Smitz 2012). Mice that do not express follicle
stimulating hormone (FSH) or the FSH receptor do not reach the antral stage (Burns et al.
2001, Dierich et al. 1998). The characteristic changes that occur between the preantral and
antral stage is the rapid division of the granulosa cells, which increases follicle size, but
also the formation of the antral cavity and the differentiation of the granulosa into cumulus
and mural cells (Sánchez and Smitz 2012). Being able to respond to FSH is also important
for continued development as it drives the expression of the luteinising hormone (LH)
receptor (Burns et al. 2001), so that ovulation can be induced by the surge of LH.
1.6.4

Prophase Arrest and Resumption

During folliculogenesis the oocyte grows to its full size, from about 20µm to 80µm in mice
and 100µm in humans, it remains arrested in prophase of the first meiotic cycle
(Mehlmann 2005) (Summarised in Figure 1.10). As well as growth, obtaining meiotic
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Figure 1-10 Maintenance of GV arrest in oocytes

cAMP is required for the activation of PKA. In turn PKA is responsible for regulating
WEE1 kinase and the phosphatase CDC25B. Maintaining the GV arrest needs CDC25B to
be inactivate, so that there is no removal of inhibitory phosphates from CDK1. WEE1
provides the inhibitory phosphorylation. This means that active CDK1-Cyclin B1 cannot
form and meiotic resumption does not take place.
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competence is essential for an oocyte; this coincides with factors, such as CDK1, reaching
a threshold level (deVantery et al. 1996). In previous years it had been difficult to study the
mechanisms of arrest and resumption in oocytes due to the effect of the surrounding
cumulus and granulosa cells but methods of microinjection were developed and it has
proven to be indispensable to studies on oocyte maturation. As a result it is well-known
that follicular cells surrounding the oocyte are needed to maintain arrest and that the
resumption of meiosis requires a surge of luteinising hormone (LH).
In order for oocytes to remain arrested several conditions have to be met including the
maintenance of cyclic AMP (cAMP) and cyclic GMP (cGMP) levels. These cyclic
nucleotides enable a cascade of events within the oocyte to ensure the germinal vesicle
(GV – alternative name for the nucleus) is maintained. Adenylyl cyclase is responsible for
the production of cAMP, the activation of which is reliant on a G protein coupled receptor
(GPCR) and its corresponding stimulatory G protein (Gs) (Mehlmann et al. 2002,
Mehlmann et al. 2004). Inhibition of the Gs in mouse oocytes causes precocious GVBD,
whereas inhibiting alternative G proteins have no such effect (Mehlmann et al. 2002). The
corresponding receptor was later identified by the same group. They searched a cDNA
library for GPCRs where GPR3 emerged as a potential candidate due to its ability to
elevate cAMP levels in cultured cells. GPR3 presence was confirmed in oocytes by RTPCR and following this Gpr3-/- mice were generated to study its involvement in oocyte
maturation. Oocytes from Gpr3-/- mice had only metaphase chromosomes when retrieved
from mature follicles in contrast to wild type oocytes that were all prophase arrested
(Mehlmann et al. 2004). cAMP activates protein kinase A (PKA) which leads to the
inhibitory phosphorylation of CDK1, rendering the CDK1-cyclin B1 complex inactive. It
does so by regulating the activity of CDC25, a phosphatase that removes inhibitory
phosphate groups, and WEE1, the kinase that provides these inhibitory modifications
(Jones 2008, Mehlmann 2005).
The involvement of cGMP in maintaining GV arrest is attributed to its ability to aid in
keeping cAMP levels high. In recent years it has been found that granulosa cells express
natriuretic peptide precursor C (NppC) and cumulus cells express NppC receptor 2 (NPR2)
a guanylyl cyclase that produces cGMP (Zhang et al. 2010). Cumulus cell expression of
NPR2 mRNA was coupled with the expression of oocyte factors such as GDF9, BMP15
and FGF8B. Nppc expression allowed levels of cGMP to increase in cumulus cells and
oocytes, keeping cAMP levels up by inhibiting a phosphodiesterase, PDE3A. Oocytes
from NppC and/or NPR2 mutant mice do not maintain prophase arrest (Zhang et al. 2010).
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The movement of cyclic factors like cGMP, is reliant on the presence of gap junction
connexin 43 in the cumulus cells and connexin 37 in the oocyte surface (Richard and Baltz
2014).
The surge of LH at ovulation stimulates a decrease in cAMP and resumption of meiosis
through the activation of PDE3A. Milrinone is a pharmacological inhibitor of PDE3
(Boswell-Smith et al. 2006) and can be added to culture media to prevent oocytes
undergoing GVBD (Jensen et al. 2002). It is a useful tool in oocyte research as it gives the
user control of the starting point of maturation and synchronises the oocytes. Pde3-/female mice are infertile suggesting its involvement in oocyte quality or maturation
(Masciarelli et al. 2004). Oocytes from these mice had high levels of cAMP, and did not
undergo spontaneous GVBD when removed from follicles which was the cause of their
infertility. When studied in vitro LH caused a decrease in cAMP by effecting the two
proteins mentioned above; NppC and NPR2 (Robinson et al. 2011). Within 20 minutes of
LH addition a decrease in guanylyl activity of NPR2 was measurable and this decrease in
activity was not coupled to a reduction in the protein itself. Also, by 2 hours after LH
addition the amount of NppC available to bind to its receptor had significantly dropped
(Robinson et al. 2011). The decreased cAMP signalling prevents PKA from inhibiting
CDC25B, resulting in the activation of the CDK1-cyclin B complex.
1.6.5

Prometaphase: Spindle Formation

The purpose of meiosis I is to physically separate bivalents so that one homolog is held
within the oocyte and the other is expelled into the polar body. To do this a bipolar spindle
is required and bivalents need to be captured and aligned on this apparatus. The spindle
itself is made up of hollow tubular structures formed from the polymerisation of α and β
tubulin (Dumont and Desai 2012, Severson et al. 2016). It is worth noting here that during
mitosis the assembly of the spindle requires centrosomes. At the centre of the centrosomes
is a pair of very stable structures called centrioles. Located within this structure are γtubulin ring complexes that allow for the polymerisation of tubulin to form microtubules
(Severson et al. 2016). In contrast to this, spindle assembly in oocytes progresses without
requirement for centrioles.
Many of the finer details regarding spindle assembly in mouse oocytes is still unknown,
however it is thought to involve a variety of proteins, some of which function in mitotic
spindle assembly. Most of our current knowledge on this topic has come from live imaging
studies on mouse oocytes where it had been shown that multiple microtubule organising
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centres (MTOCs), made up of γ-tubulin, pericentrin and CEP192, are needed for spindle
assembly in mouse oocytes (Clift and Schuh 2015, Schuh and Ellenberg 2007, Severson et
al. 2016). Other proteins including NEDD1 are also localised to the MTOCs and have been
shown to be crucial for correct spindle assembly (Ma et al. 2010). Originally it was thought
that MTOCs formed a ‘ball’ structure and that some MTOCs are ejected from the structure
and coalesces to form a bipolar spindle (Schuh and Ellenberg 2007). However, more
recently using CEP192-GFP live imaging the ball structures were not seen and instead
chromosomes and MTOCs were mixed together after GVBD (Clift and Schuh 2015). Prior
to GVBD the MTOCs have been shown to be stretched, that requires the dynein motor
protein BICD2, and are then fragmented after GVBD, by the kinesin KIFIIB, allowing the
formation of many small MTOC foci that later coalesces (Clift and Schuh 2015). The exact
mechanisms involved in MTOC merging are still unknown. The sorting of MTOCs to
allow for a bipolar spindle to form (Breuer et al. 2010). The large increase in microtubules
from the MTOCs has also been shown to be reliant on Ran-GTPase activity (Schuh and
Ellenberg 2007).
The formation of the spindle allows for bivalents to begin to be captured by the dynamic
microtubule structures. In meiosis, the two sister kinetochores of one chromosome within
the bivalent are captured by a microtubule from one pole, rather than each kinetochore
being captured by microtubules from opposite poles as occurs in mitosis (Watanabe 2012).
Instead the opposite pole captures the pair of kinetochores on the other homolog. This
bipolar attachment allows the homologous chromosomes to be pulled to opposite poles at
the onset of anaphase (Watanabe 2012).
1.6.6

Metaphase I to Metaphase II Transition

Once oocytes have resumed meiosis and the spindle is formed, the next major event is the
metaphase to anaphase transition, as this allows for bivalents to reductionally segregate
into sister chromatid pairs. In both mitosis and meiosis there are several key proteins
needed for this transition including the Anaphase Promoting Complex (APC) and separase
(Homer 2013, Terret and Jallepalli 2006). There are also many other regulatory elements
that help to control the activity of the APC and separase so that anaphase occurs when
bivalents are correctly attached to the spindle. Once this transition is complete, telophase
and cytokinesis follow and can be identified by the extrusion of the polar body.
Bivalents are maintained by a structure called cohesin (Nasmyth and Haering 2009,
Tachibana-Konwalski et al. 2010). To allow the physical separation of bivalents cohesin is
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cleaved by the protease separase (Kudo et al. 2009, Kudo et al. 2006, Terret et al. 2003,
Terret and Jallepalli 2006). Separase activity is controlled by a variety of measures
including CDK1-dependent phosphorylation (Gorr et al. 2006) and the chaperone binding
protein securin (Terret et al. 2003). Securin loss, as well as a decrease in CDK1 activity by
lowering cyclin B1 levels, is essential (Herbert et al. 2003). The reduction of these proteins
is mediated by the Anaphase Promoting Complex (APC) (Homer 2013, Thornton and
Toczyski 2003, Pines 2011). The APC has two activators, CDH1 and CDC20, which allow
it to have several specific roles throughout the cell cycle. In meiosis, APCCDH1 is required
for aiding prophase arrest (Homer 2013, Homer et al. 2009, Reis et al. 2006) however, as
the levels of CDK1-Cyclin B1 increase the activity of APCCDH1 is swapped for that of
APCCDC20 (Reis et al. 2007). Once this complex is active the APCCDC20 degrades cyclin B1,
which decreases the levels of active CDK1. In turn this helps to activate separase. Also,
once active, separase appears to inhibit CDK1 further; when mouse oocytes were
microinjected with antibodies against the CDK1 binding domains of separase, polar body
extrusion (PBE) was dramatically decreased (Gorr et al. 2006).
To ensure only the segregation of homologous chromosomes occurs during meiosis I the
cleavage of cohesin is spatially limited (Brooker and Berkowitz 2014). REC8, a meiotic
cohesin, is cleaved to allow separation both at meiosis I and II; however it is protected
from cleavage at the centromeres during meiosis I. The protection of centromeric REC8 is
carried out by Shugoshin 2 (SGO2) and protein phosphatase PP2A-B (Kitajima et al.
2006). These proteins act to prevent the phosphorylation of cohesin; a modification that
promotes the dissociation of cohesin from chromatin. The phosphorylation is carried out
by cohesin kinase 1 in meiosis (Ishiguro et al. 2010, Katis et al. 2010).
In mitosis the APC is tightly regulated by the spindle assembly checkpoint (SAC)
(Musacchio 2015, Sudakin et al. 2001). Many SAC components were first identified in
yeast, and have since been identified in mammals including MAD1, MAD2, MPS1 and
BUBR1. These proteins assemble at the kinetochores of non-attached chromosomes
(Abrieu et al. 2001, Chen 2002, Waters et al. 1998) and the formation of the mitotic
checkpoint complex (MCC) readily inhibits the APC. This complex is formed of MAD2,
BUB3, and BUBR1, which in turn sequesters the APC co-activator CDC20, rendering the
APC inactive (Foley and Kapoor 2013, Musacchio 2015, Sudakin et al. 2001). During
mitosis MSP1 is one of the most upstream proteins during MCC signalling and localises to
unattached kinetochores (Abrieu et al. 2001, Foley and Kapoor 2013); it is responsible for
phosphorylating the kinetochore which in turn creates docking sites for most of the SAC
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proteins (Foley and Kapoor 2013). More specifically BUB1 is recruited to the sites of
phosphorylation and BUB1 localisation to the kinetochore is needed for BUB3 and
BUBR1 to bind (Yamagishi et al. 2012). MAD1 is particularly important for the formation
of MAD2-CDC20 complexes (De Antoni et al. 2005). It is thought that MAD2 in the
cytosol is converted from an open to closed form that is then bound to CDC20 (De Antoni
et al. 2005, Kulukian et al. 2009). This is catalysed by a complex of closed MAD2 bound
to MAD1 at the kinetochore (De Antoni et al. 2005). The interaction of MAD2 with
kinetochore bound MAD1 has been shown to be aided by MPS1 (Hewitt et al. 2010,
Tipton et al. 2013). The conformational changes in MAD2 enable it to sequester CDC20
and the soluble MAD2-CDC20 complex is then bound by BUBR1 (Kulukian et al. 2009).
BUBR1 also functions by associating with the kinetochores of unattached chromosomes to
aid the localisation of other SAC proteins (Chen 2002).
Similarly, these proteins appear to have a conserved role in meiosis (Sun and Kim 2012)
and readily accumulate at the kinetochore of non-attached bivalents (Hached et al. 2011,
Wassmann et al. 2003, Wei et al. 2010). However, the oocyte SAC is not as effective at
preventing mis-segregation events (Kouznetsova et al. 2007, Gui and Homer 2012, Kolano
et al. 2012, Lane et al. 2012, Sebestova et al. 2012) and this causes oocytes to be
susceptible to aneuploidy (Jones and Lane 2013). Over the years it has been shown that the
oocyte SAC is insufficient at responding to the presence of univalent chromosomes
generated in the XO mouse (LeMaire-Adkins et al. 1997) , Sycp3-/- mice (Kouznetsova et
al. 2007) or during ageing (Sebestova et al. 2012). Despite this oocytes from these studies
retained the ability to respond to spindle depolymerising agent, Nocodazole (Kouznetsova
et al. 2007, Sebestova et al. 2012). It has also been demonstrated in several studies that
oocytes are also unable to initiate a robust SAC response to non-aligned bivalents (Gui and
Homer 2012, Kolano et al. 2012, Lane et al. 2012). In oocytes that have been genetically
modified, so that bivalent attachment occurs but with a decrease in tension, severe
alignment defects are seen (Kolano et al. 2012). Regardless of this misalignment there was
no prevention or delay in the onset of anaphase (Kolano et al. 2012). In wild-type oocytes
the degradation of cyclin-B1 has been shown to begin despite the presence of non-aligned
bivalents, and that the presence of the aberrant bivalents did not affect anaphase onset or
PBE (Lane et al. 2012). Thus, with the SAC being largely ineffective at preventing missegregation bodes the question of whether it has alternative roles in meiosis.
As already mentioned at the beginning of this section, once anaphase is complete oocytes
progress through telophase and cytokinesis and continue into meiosis II, where they arrest
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at metaphase (Madgwick and Jones 2007). Oocytes remain arrested at metaphase II until
fertilisation resumes meiosis (Clift and Schuh 2013).

1.7

Oocyte responses to DNA damage

The ethical constraint of using human oocytes for research has meant that animal models
have been the main way to study oocytes. It is well documented that primordial follicle
stage oocytes with DNA damage readily undergo apoptosis (Kerr et al. 2012a, Livera et al.
2008, Roness et al. 2014, Suh et al. 2006). However, the response of fully grown GV
oocytes to DNA damage is still largely unexplored.
1.7.1

TAp63αinOocytes

As discussed in section 1.4.1 the G1/S checkpoint prevents cells committing to a new
round of mitosis with damaged DNA. As well as maintaining a checkpoint arrest, p53 is
also responsible for the initiation of apoptosis in severely damaged cells (Nowsheen and
Yang 2012, Roos and Kaina 2013). Similarly, it is well known that primordial follicle
stage oocytes with damaged DNA readily undergo apoptosis (Kerr et al. 2012a, Livera et
al. 2008, Roness et al. 2014, Suh et al. 2006).
Mice lacking the p53 transcription factor are prone to spontaneous and induced tumours,
showing that p53 acts as the ‘guardian of the genome’ in somatic cells (Donehower et al.
1992). Interestingly, results obtained from p53-/- oocytes suggested that it is not essential
for inducing apoptosis in the female germ line if exposed to DNA damage (Suh et al.
2006). Other candidates from the p53 family include p63 and p73 (Levrero et al. 2000).
The mRNA of p63 and p73 can be differentially spliced providing the opportunity for
numerous functions. Indeed in oocytes one ‘guardian’ is an alternative member of the p53
family, trans-activating p63 (TAp63) (Kerr et al. 2012b, Livera et al. 2008, Suh et al.
2006). TAp63 has 3 forms; α, β and γ. TAp63α is the full length variety of this protein,
whereas β and γ are either truncated or have several exons added or removed (Levrero et
al. 2000). Experiments using PCR and studies on knockout mice revealed that the
prevalent form of this transcription factor in oocytes is TAp63α (Livera et al. 2008).
The expression profile of TAp63 has been mapped throughout oocyte development in
mice. There is virtually no expression at E16.5. Similarly, at E18.5, roughly one day before
birth, only about 20% of oocytes express TAp63. However, by postnatal day 5 (P5)
practically all oocytes express the transcription factor (Kim and Suh 2014, Suh et al. 2006).
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There appears to be a lack of TAp63 expression that allows embryonic oocytes to evade
apoptosis, whereas oocytes retrieved from the ovaries of 5 day old mice die within just a
few days of exposure to IR (Kim and Suh 2014). In agreement with this TAp63-/- oocytes
within primordial follicles are much more resistant to gamma irradiation (Suh et al. 2006).
Following DNA damage TAp63 is activated by a series of phosphorylation events
mediated by proteins including ATM and CHK2 (Bolcun-Filas et al. 2014, Livera et al.
2008, Suh et al. 2006). These phosphorylation events cause a mobility shift of TAp63 seen
on immunoblots after IR exposure when assessed, and phosphatase treatment prevents this
TAp63 mobility shift (Livera et al. 2008, Suh et al. 2006). This shift is only seen from
postnatal day 5 (P5) onwards, compared to no shift seen in new born oocytes (Kim and
Suh 2014), suggesting that the kinases responsible for these modifications are inhibited
prior to P5. ATM kinase has been specifically shown to mediate TAp63 activation;
treatment with pharmacological inhibitors of ATM - KU55933 and Wortmannin prevented apoptosis in damaged follicles (Kim and Suh 2014). CHK2 has also recently
been shown to be involved in oocyte apoptosis after irradiation (Bolcun-Filas et al. 2014).
The absence of CHK2 (Chk2-/-) in the ovaries of mice caused TAp63 to remain unphosphorylated after IR exposure, and allowed oocytes to evade apoptosis.
The downstream signalling of the p53 family once they have been activated has been
extensively studied over the years. In somatic cells, p53 activation leads to the initiation of
apoptosis by increasing the expression of NOXA, PUMA and BAX (Basu and Haldar
1998, Harris and Levine 2005, Roos and Kaina 2013). These pro-apoptotic factors are
members of the BCL2 family that are responsible for activating capase-9, a crucial protein
during apoptosis (Elmore 2007). In the case of the oocyte, TAp63 is essential for the
expression of NOXA and PUMA in 5 day old mice (Kerr et al. 2012b). Puma-/-, Noxa-/and Puma-/-Noxa-/- ovaries have many primordial follicles after ionising radiation
treatment compared to wild-type controls, where follicles are rapidly depleted. This
suggests that PUMA and NOXA expression is what drives primordial follicle apoptosis
after DNA damage. Not only are these follicles protected, the knockout also aided in the
preservation of fertility indicated by the production of multiple litters without gross
abnormalities (Kerr et al. 2012b). This also suggests that these oocytes have the ability to
repair damage to their DNA over time (Kerr et al. 2012b). As well as the preservation of
fertility, NOXA and PUMA knockout mice have no increased susceptibility to cancer, thus
highlighting a potential medical application in reducing the prevalence of oocyte loss in
women undergoing cancer therapy.
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All of the above suggests that, similar to somatic cells, the p53 family, ATM and CHK2
are crucial for the elimination of postnatal oocytes with DNA damage. Also, that
eliminating these components or those downstream of p63 can prevent cell death. Further
study is required to elucidate the finer details of the pathway leading to oocyte apoptosis. It
is also unclear how and whether such preventative measures could be targeted to the
oocyte without interfering with cancer treatment.
1.7.2

DNA Damage Response in Fully Grown GV Oocytes

Primordial and primary follicle expression of TAp63 is high (Section 1.7.1) but this
expression is dramatically lost when recruited for ovulation (Suh et al. 2006). Thus it was
unknown how fully grown and meiotically competent oocytes would respond to DNA
damage and has not been comprehensively studied. However, prior to beginning my PhD
studies, two research groups had begun to explore this. Due to the similarities between the
G2/M checkpoint in somatic cells and the maintenance of prophase arrest in oocytes (Solc
et al. 2010) it was assumed that oocytes would remain GV arrested after exposure to DNA
damaging agents. However, this was shown not to be the case in one study, as fully grown
GV oocytes would readily enter M-phase despite having damaged DNA (Marangos and
Carroll 2012). DNA damage has been suggested to have a negative effect on the rate of
PBE in oocytes (Yuen et al. 2012) and it is possible that there may be an arrest or
checkpoint induced during meiosis I. When oocytes were treated with the IR mimetic,
Neocarzinostatin (NCS), there was a significant inhibition in the completion of meiosis I
and a large decrease in polar body formation from ~80% to just 7% (Yuen et al. 2012).
Therefore, much more work was required to properly characterise the response of fully
grown GV oocytes to DNA damage and the mechanisms that may be involved. This forms
the background on which the bulk of my thesis was based upon as will be reflected in the
thesis aims (Section 1.10).

1.8
1.8.1

DNA Damage Repair in Oocytes
Repair of Programmed DSBs during Early Prophase

As already mentioned in section 1.6.2 it is essential that at least one of the DSBs that are
induced by SPO11 during prophase is repaired as a crossover with the homologous
chromosome. The method of repair for programmed DSBs follows a very similar pathway
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to HR (described in section 1.5.1); however there are some variations and meiosis-specific
proteins involved as will be highlighted below.
Meiotic DSBs are highlighted by the phosphorylation of H2AX that flank the damage site
(Baudat et al. 2013, Mahadevaiah et al. 2001). As with homologous recombination that
takes place in somatic cells with DNA damage, the ends of the DSB need to be processed
(Neale et al. 2005). During meiosis this processing is predicted to involve the MRN
complex, CtlP and BLM (Baudat et al. 2013). RPA binds to the ssDNA which is then
bound by recombinase proteins. In meiosis, RAD51 is one of these proteins, however there
is also a meiosis-specific recombinase recruited as well; DMC1 (Baudat et al. 2013, Youds
and Boulton 2011). Interestingly, Dmc1-/- males and females are sterile due to a lack of
synapsis suggesting that both RAD51 and DMC1 are needed to ensure timely meiotic
recombination (Pittman et al. 1998). The meiosis specific HOP2 and MND1 may promote
recombination through stabilisation of the presynaptic filament, but also by facilitating
strand invasion and D-loop formation, and also stimulating the activity of the recombinases
(Baudat et al. 2013, Krejci et al. 2012, Petukhova et al. 2005, Petukhova et al. 2003, Pezza
et al. 2014). As with HR, mediators are required to enhance the activity of the
recombinases; BRCA2 is needed for the recruitment and activity of RAD51 and DMC1
(Baudat et al. 2013, Thorslund et al. 2007, Youds and Boulton 2011). Using a mouse
model deficient in BRCA2 it has been shown that despite the formation of DSBs via
SPO11, the phosphorylation of H2AX and the recruitment of RPA to chromosomes,
without BRCA2 the formation of RAD51 and DMC1 foci was negligible in spermatocytes
(Sharan et al. 2004).
Similar to HR, strand invasion and D-loop formation follows, and the arrangement of the
other DSB end begins to start the differentiation between the formation of a crossover
(CO) or non-crossover (NCO) product. However, the exact mechanisms leading to
choosing one or the other is still not completely clear. It is also believed that the decision is
made very early on in the recombination process. The promotion of a CO is thought to be
carried out by factors including, but not limited to, MSH4, MSH5, MER3 and RNF212
(Baudat et al. 2013, Youds and Boulton 2011). Genetic knockout of any of these factors
leads to aberrations in crossover formation and they are thought to function in stabilising
recombination intermediates (Baudat et al. 2013, de Vries et al. 1999, Edelmann et al.
1999, Kneitz et al. 2000, Reynolds et al. 2013). RNF212 localises to just a small subset of
recombination sites, suggesting its role in CO formation (Reynolds et al. 2013).
Furthermore, it has been shown to stabilise the MLH1/MLH3 at these sites (Reynolds et al.
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2013). MLH1 and MLH3 (also known as MutLγ) are endonucleases specifically involved
in CO formation during meiosis (Baker et al. 1996, Baudat et al. 2013, Hunter 2015,
Lipkin et al. 2002). Mlh1-/- male and female mice are completely sterile further
implementing their role in meiosis (Baker et al. 1996, Edelmann et al. 1996). Similarly,
Mlh3-/- mice are also sterile (Lipkin et al. 2002). Lipkin et al. (2002) suggested that this
could be due to the necessity of MLH3 for MLH1 localisation to meiotic chromosomes in
spermatocytes.
Resolvases, including MUS81/EME1 and GEN1/SLX1/SLX4, are able to use their
endonuclease activity to resolve holliday junctions into either CO or NCO products during
HR (Chan and West 2015, Matos and West 2014, Wyatt et al. 2013). MUS81 is thought to
only contribute to a small number of CO during meiosis, with a majority induced by
MLH1/MLH3 (Holloway et al. 2008). Holliday junctions can also be dissolved by BLM
helicase to form NCOs (Seki et al. 2006, Swuec and Costa 2014). The involvement of
BLM in NCO formation was highlighted by the fact that a deficiency of this helicase led to
increased numbers of chiasmata (Holloway et al. 2010).
1.8.2

Repair of DNA Damage from Exogenous Sources

As already discussed oocytes carry out the repair of programmed DSBs that are initiated
during prophase (Section 1.8.1). There are also some studies that suggest that oocytes can
repair DNA damage caused by exogenous sources. Many of the early publications that
studied the oocytes’ ability to repair DNA damage, caused by exogenous sources, focused
on the responses of Xenopus oocytes (Sweigert and Carroll 1990, Matsumoto and
Bogenhagen 1991), although some studies did use the mouse model (Masui and Pedersen
1975). In one study Xenopus extracts were shown to be able to repair synthetic DNA
containing damage that is commonly formed during base excision repair (Matsumoto and
Bogenhagen 1991). Xenopus oocytes injected with plasmids that had been irradiated with
X-rays were shown to initiate repair through recombination (Sweigert and Carroll 1990).
Using mouse oocytes it had also been shown that GV oocytes irradiated with UV initiated
unscheduled DNA synthesis and incorporated radioactive thymidine, suggesting repair was
taking place. Interestingly, this study revealed that levels of thymidine incorporation was
highest in GV stage oocytes compared to metaphase I or metaphase II stage oocytes
(Masui and Pedersen 1975), suggesting GV oocytes have a greater ability for repair.
The use of more modern techniques, such as microarrays, on human oocytes has allowed
levels of mRNA expression to be monitored. This revealed that oocytes express most DNA
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repair proteins at medium to high levels. The mRNA expression of NER proteins such as
XPC, and XPA were high in GV (Menezo et al. 2007) and metaphase II oocytes (Jaroudi et
al. 2009). This was also shown for mRNA that encodes proteins involved in homologous
recombination, such as RPA and the RAD proteins (Menezo et al. 2007, Jaroudi et al.
2009).
The ability of metaphase II oocytes to repair DNA damage has also been more extensively
studied in the last decade (Kujjo et al. 2010, Perez et al. 2007). Metaphase II oocytes
obtained from the inbred strain, AKR/J, exhibited high rates of apoptosis (Perez et al.
2007). This was found to be due to genetic instability and by microinjecting these oocytes
with the HR factor, RAD51, levels of DNA damage were decreased and apoptosis was
suppressed. In another strain of mouse, B6C3F1, rates of apoptosis after DNA damage
induction could be increased or decreased by immunodepleting or microinjecting human
RAD51 protein respectively (Kujjo et al. 2010). This highlighted the importance of DNA
repair in oocyte survival. Also, using the comet assay metaphase II oocytes obtained from
young ICR mice were shown to have high levels of spontaneous DNA damage upon
collection, but after 6 hours much of this damage had been repaired (Kujjo et al. 2010).
Taken together this implies that oocytes at many stages in development possess the
machinery to make them capable of carrying out most repair mechanisms. However, to the
best of my knowledge, there have been very few publications to specifically assay and
characterise the repair ability of fully grown GV mouse oocytes. Therefore, there is much
more work to be done on oocytes at this stage.

1.9
1.9.1

DNA Damage Exposure throughout Reproductive Life
Cancer Therapy and Female Fertility

There are a now a wide variety of drugs available used in the treatment of cancer including
Etoposide, Mitomycin C (MMC), Bleomycin sulphate, Neocarzinostatin (NCS) and
Ionising radiation (IR). These agents work by causing a range of lesions to the DNA of
cancer cells leading to apoptosis. However, the pathways activated that culminate in cancer
cell death are also of concern for other cells within the body, including germ line cells.
With the large number of effective anti-cancer treatments available, survival rates among
cancer sufferers has increased (Aziz and Rowland 2003, Dillman and McClure 2014). Due
to this a new problem emerging is the long-term effects of such life-saving treatments,
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including the loss of fertility in men and women alike. These aggressive cancer treatments
cause the lifetime supply of oocytes within the ovary to be killed off resulting in premature
ovarian failure (POF) in women (Maltaris et al. 2007). POF is identified as the lack of
menstruation, oestrogen deficiency and elevated gonadotropin levels under the age of 40
(Shelling 2010). The pathway leading to widespread oocyte death was discussed in section
1.7.1.
One of the more established methods of preserving fertility in women is to cryopreserve
embryos and oocytes (ASRM 2013, Maltaris et al. 2007, Roness et al. 2014, SkaznikWikiel et al. 2015). However, cryopreservation is not an option for all patients. There are
several limitations of this technique including the fact that a partner, or willingness to use a
sperm donor, is needed to produce the embryos. Also cryopreservation methods are only
applicable to post-pubertal women. Therefore, there are currently no well-established
methods for preserving fertility in pre-pubertal girls (Skaznik-Wikiel et al. 2015). One
option, still at the experiment stage, is to cryopreserve ovarian tissue; however, there are a
large number of risks associated with this including the reintroduction of potentially
cancerous tissue (Maltaris et al. 2007, Skaznik-Wikiel et al. 2015). For post-pubertal
women, an alternative to cryopreservation is the hormonal suppression of ovaries during
treatment, but the use of these drugs may interfere with cancer treatment or could lead to
the survival of oocytes with damaged DNA (Roness et al. 2014). By understanding the
mechanisms of oocyte death or resistance to DNA damaging agents I hope to gain insight
into new ways female fertility could be preserved.
1.9.2

Ageing and Female Fertility

Oocytes are unique in the fact that they can remain inert for several decades and it is well
established that fertility declines with age. This decline in fertility is associated with an
increase in the occurrence of aneuploid oocytes produced during the first meiotic division
(Jones 2008, Chiang et al. 2012, Jones and Lane 2012, Jones and Lane 2013). Increases in
the rate of aneuploid meiotic division is thought to be mediated by several factors
including the deterioration of cohesin complexes tethering chromosomes together (Lister et
al. 2010, Chiang et al. 2012, Jones and Lane 2012, Tsutsumi et al. 2014) and a decline in
the efficiency of the SAC to detect errors (Baker et al. 2004, Chiang et al. 2012, Jones and
Lane 2012, Jones and Lane 2013). Using live cell imaging of oocytes obtained from an
aged mouse colony it was shown that a higher proportion of oocytes progressed to
metaphase II but that most of these exhibited severe segregation errors (Lister et al. 2010).
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Using immunofluorescence to detect the cohesin protein REC8 it was shown that these
erroneous divisions were partly due to a reduction in REC8 at chromosome arms and
centromeres (Lister et al. 2010). Also mice with mutations in both alleles of BubR1 display
age-related phenotypes at a much younger age including an accelerated reduction in
fertility (Baker et al. 2004). Barker et al. (2004) also showed that oocytes from naturally
aged mice have much lower levels of BUBR1 compared to young oocytes.
The long prophase arrest also provides an opportunity for the accumulation of DNA
damage from endogenous sources, including metabolic by-products such as ROS (Jones
and Lane 2012). In recent years it has been shown that oocytes may experience a decline in
the ability to repair DNA damage during the ageing process (Kujjo et al. 2010, Oktay et al.
2015, Titus et al. 2013), suggesting that DNA damage could be another factor contributing
to age-related fertility issues. In particular DSBs have been shown to accumulate in
oocytes from primordial follicles with age and that this correlates with a reduction in key
DNA damage repair proteins including BRCA1, MRE11, RAD51 and ATM (Titus et al.
2013). By understanding the ways fully grown oocytes respond to DNA damage it could
allow further advances in maintaining fertility and preventing age-related declines in
pregnancy success.

1.10
1.10.1

Thesis Aims
Does DNA damage affect later stages of Meiosis I

It has been suggested that oocytes do not possess a robust response to DNA damage at the
G2/M checkpoint (Marangos and Carroll 2012) (Section 1.7.2), however, little is known
about how later stages of meiosis I are effected by exogenous sources of DNA damage.
One would assume there is a mechanism to prevent the production of embryos with
damaged DNA. Therefore, it was of interest to characterise the oocyte DNA damage
response. This will be addressed in Chapter 3.
1.10.2

The Role of the Spindle Assembly Checkpoint in the Oocyte DNA Damage
Response

Having established the oocyte response to DNA damage and the discovery that damaged
oocytes arrest, or considerably delay, at metaphase I prompted the questions of what
causes this to happen. The well-known ability of the SAC to inhibit cell cycle progression
at metaphase (Section 1.6.4) made it a likely candidate for the involvement in the oocyte
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DNA damage induced arrest. Therefore, the involvement of the SAC in the arrest was
investigated. This will be addressed in Chapter 4.
1.10.3

Can fully-grown GV oocytes carry out repair of DNA damage?

It is well established that oocytes possess the machinery required to repair DNA damage in
the context of programmed DSB’s that take place during early prophase (Section 1.8.1).
There is also some literature to suggest this ability to repair DSB’s may also translate to
repairing damage caused by exogenous sources (Section 1.8.2). However, there is little on
record with regard to the ability of fully grown GV stage oocytes to repair damage to their
DNA. This will be addressed in Chapter 5.
1.10.4

Key proteins involved in the oocyte DNA Damage Response

Many proteins have been established as key players in the DNA damage response in
somatic cells (Section 1.3). With the large gap in the literature regarding oocyte responses
to DNA damage, it was of interest to begin to elucidate whether well-known DDR
proteins, such as ATM and ATR kinases (Section 1.3.1 and 1.3.2), are also involved in the
DNA damage-induced metaphase arrest in oocytes. This will be addressed in Chapter 6.
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Chapter 2: Materials and Methods
2.1
2.1.1

Mouse Handling and Dissection
Ethics

All mice used were in accordance with the local and UK government regulations on the
use of animals in research.
2.1.2

Mice

3-4 week old C57BL/6 female mice were used in most of the experiments detailed in this
thesis (Charles River and Biomedical Research Facility, Southampton General Hospital).
Some experimental data in Chapter 6 used genetically modified mice, that were conditional
knockouts for ATM kinase and ATR kinase (Atm-/- Atr-/-; gift from Dr James Turner,
MRC National Institute for Medical Research, London). These mice were used at 4-7
weeks of age. All breeding and genotyping of these mice was carried out at the MRC
National Institute for Medical Research, London. The knockouts were produced on a
mixed background of 129, C57BL/6 and MF1. In order to create a knockout specific to the
oocyte the Cre-LoxP system was used; where Cre expression coincided with the expression
of DDX4, a protein specific to germ cells.
2.1.3

Hormonal Priming

To increase the yield of germinal vesicle (GV) stage oocytes and decrease the number of
mice required for each experiment, females were injected with 10IU of Pregnant Mare
Serum Gonadotrophin (PMSG-Intervet®, Centaur Services, UK) 48 hours prior to
collection. Mice were held by the loose skin on the back of their neck and the PMSGIntervet® was injected in to the peritoneal cavity. Mice were checked for general welfare
24 hours later.
2.1.4

Dissection and Ovary Collection

When required mice were culled using the cervical dislocation method. The abdominal
region was rinsed with 75% ethanol prior to dissection. Using large dissection scissors the
abdominal cavity was exposed. As a follow up after cervical dislocation, to confirm the
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cull, the heart was severed several times using the large dissection scissors. Using a small
pair of dissection scissors the ovaries were removed from surrounding adipose tissue and
the oviducts. Ovaries were placed into warm M2 media containing milrinone (0.5mM;
Sigma, UK).

2.2
2.2.1

Oocyte Handling and Collection
Manufacture of Handling Pipettes

Glass pipettes (Corning, UK) used to handle and strip oocytes of cumulus cells were made
by hand. Glass pipettes were heated over the flame of a portable Bunsen burner until
moveable, then removed from the flame and pulled in opposite directions with varying
force to create pipettes with different diameters. Excess glass was broken off so the pipette
could be stored.
2.2.2

GV Oocyte Handling and Collection

All handling and collection procedures were performed on a stereo microscope (SZ40,
Olympus, Japan) with variable zoom. Also, a heated stage (MATS-U4020WF, Tokai Hit,
Japan) set to 37°C was used to mimic in vivo physiological temperature. Ovaries collected
from culled mice were punctured with a hypodermic needle (30 gauge, ½ inch needle)
repeatedly in order to release cumulus oocyte complexes (COCs) into the M2 media. To
strip the cumulus cells from the oocytes, glass handling pipettes were broken to an
appropriate diameter (~85µm). The COCs were drawn into and out of the pipette quickly.
This was repeated 3-4 times to ensure all cumulus cells were removed. Then using a
handling pipette with a larger diameter (~90-100µm) the oocytes were transferred to a
fresh droplet of M2 containing milrinone. This was performed in a dark room, and in as
minimal time as possible; around 30 minutes to process 2 mice.

2.3

Oocyte Culture

In all experiments, unless stated, oocytes were allowed to undergo in vitro maturation
(IVM) for 16 hours after being washed out of milrinone. This corresponds to a total of ~15
hours after germinal vesicle breakdown (GVBD). In some experiments where the spindle
assembly checkpoint was to be inhibited oocytes were cultured in media for 11 hours and
then Reversine (0.1µM, Sigma, UK) was added. Following IVM, oocyte maturation was
scored by the presence or absence of a polar body at the times specified.
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2.3.1

M2 Media

M2 media (Appendix B) was made in-lab fortnightly from individual components and
batch tested for oocyte maturation before experimental use. This media was always used
for oocyte handling and overnight maturation when MEM media was not required. To
prevent evaporation of M2 media during experiments it was always covered with mineral
oil (Sigma, UK). Mineral oil and M2 were always pre-warmed to 37°C.
When oocytes needed to be cultured overnight in the presence of various drugs mineral oil
could not be used due to the possibility of the drugs leaching into the oil. Instead, 1ml of
M2 media was added to 1.5ml Eppendorf tubes and kept on the heated block. No oil was
required as minimal evaporation of media occurred under these conditions. This was used
as an alternative to MEM when there was variation in batch quality (mentioned below).
2.3.2

MEM Media

A small number of experiments were performed using MEM to culture oocytes overnight.
It was brought in commercially as a powder (Amsbio, UK) and made up fortnightly
(Appendix B). Unlike M2, MEM does not contain HEPES, thus had to be kept in the
incubator at 37°C with 5% CO2 to maintain a normal pH. MEM could be used, when
mineral oil could not be added to cover the media, by humidifying the incubator. However,
there was some batch-to-batch variation in MEM; as a result MEM was only used for a
small number of experiments.

2.4
2.4.1

Etoposide
Etoposide Preparation

Powdered Etoposide (Sigma, UK) was dissolved into DMSO (Sigma, UK) to obtain a
stock solution of 25mg/ml. Aliquots of 1µl, 2µl, and 4µl were stored at -20°C. These
aliquots were then used to create a working concentration in M2 media, suitable for the
experiment to be carried out (2.5µg/ml to 100µg/ml; Table 1).
2.4.2

Etoposide Treatment

Depending on the working concentration desired, Etoposide was diluted in 500µl of M2
media in an Eppendorf. A petri dish with a 500µl droplet of M2 media covered in mineral
oil was pre-warmed. Oocytes were added to the droplet and then the 500µl of M2
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containing Etoposide was added to mark the start of the treatment. Oocytes were treated
for 15 minutes.
Table 1. Working concentrations of Etoposide

2.5
2.5.1

Bleomycin sulphate
Bleomycin sulphate Preparation

Powdered Bleomycin (Abcam, UK and Sigma, UK) was dissolved in DMSO to obtain a
stock concentration of 50mM. Aliquots of 1µl were stored at -20°C. These aliquots were
then used to create a working concentration in M2 media suitable for the experiment to be
carried out (0.1µM to 30µM; Table 2). Regardless of the working concentration desired a
single aliquot of Bleomycin sulphate was diluted in M2 media to a concentration of 0.5mM
(1:100).
Table 2. Working concentrations of Bleomycin sulphate

2.5.2

Bleomycin sulphate Treatment

Depending on the working concentration desired 0.5mM Bleomycin sulphate was diluted
in 500µl of M2 media in an Eppendorf. A petri dish with a 500µl droplet of M2 media
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covered in mineral oil was pre-warmed. Oocytes were added to the droplet and then the
500µl of M2 containing Bleomycin sulphate was added to mark the start of the treatment.
Oocytes were treated for 15 minutes.

2.6

UV Irradiation

2.6.1

UV Treatment

Oocytes were placed in a 100µl droplet of M2 media containing milrinone and exposed to
UV-B at 300nm using a UV transilluminator (Macrovue UV20, Hoefer) for specific
periods of time in order to generate a dose-response (1-30 seconds).

2.7
2.7.1

Ionising Radiation
Ionising Radiation Treatment

In order to expose oocytes to ionising radiation, they were placed inside 1.5ml Eppendorf
tubes with 1ml of M2 media and transported to Southampton General Hospital using a
portable incubator set to 37°C. The oocytes were placed into the Gammacell 1000 Elite
(Nordion International Inc., Ontario, Canada) for set periods of time. The source of
radiation in this machine is Caesium137 and on the days these experiments were carried out
a dose of 25Gy required 11 minutes of exposure; therefore the dose rate was calculated to
be 0.038Gy/s. From this dose rate the exposure times required for desired doses of ionising
radiation could be calculated (Table 3) using the following equation:

Table 3. Calculating the exposure time for doses of IR
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2.8

MPS1 Inhibition

To inhibit the spindle assembly checkpoint various components could be targeted. One
component assessed was MPS1. In order to inhibit MPS1, a pharmacological inhibitor,
called Reversine was used. Reversine (Sigma, UK) was stored in DMSO (Sigma,UK) at a
concentration of 0.1mM this was then diluted to 1µM (1:100). 6.6µl of Reversine was then
added to 66µl of M2 to obtain a working concentration of 100nM. Reversine was added to
media at 11 hours after GVBD. Maturation success was assessed by the presence of the
first polar body. Oocytes were monitored every 30 minutes after Reversine had been
added. The structural formula for Reversine can be seen below:

2.9
2.9.1

ATM Inhibition
ATM Inhibitor Preparation

KU55933 (Calbiochem, US), a potent and specific inhibitor of ATM kinase was dissolved
in DMSO (Sigma,UK) to obtain a stock solution of 10mM. Aliquots of 1µl were stored at 20°C. These aliquots were used to create a working concentration in media, suitable for the
experiment to be carried out (10 and 40µM). Several batches were used throughout
experiments. Batches used will be specified in text. The structural formula of KU55933
can be seen below:
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2.9.2

KU55933 Treatment

Depending on the concentration desired stock KU55933 was added to M2 or MEM media.
KU55933 was used throughout the duration of the experiment including, during treatment
with the DNA damaging agent and throughout IVM. During treatments with damaging
agents, the stock KU55933 was added to 500µl of M2 media in an Eppendorf. A petri dish
with a 500µl droplet of M2 media covered in mineral oil was pre-warmed. Oocytes were
added to the droplet and then 500µl of M2 containing the DNA damaging agent and
KU55933 was added to mark the start of the treatment. For the IVM, no mineral oil could
be used due to the lipid soluble nature of the drug. Therefore, KU55933 was added to 1ml
of media held within 1.5ml Eppendorf tubes as described in section 2.3.1.

2.10
2.10.1

ATR Inhibition
ATR Inhibitor Preparation

ATR inhibitor II (ATRi) (Calbiochem, US), a potent and specific inhibitor of ATR kinase
was dissolved in DMSO (Sigma, UK) to obtain a stock solution of 10mM. Aliquots of 1µl
were stored at -20°C. These aliquots were used to create a working concentration of 10µM.
The structural formula of ATR inhibitor II can be seen below:

2.10.2

ATR Inhibitor Treatment

Depending on the concentration desired stock ATR inhibitor II was added to M2 media.
ATR inhibitor II was used throughout the duration of the experiment including, during the
treatment with the DNA damaging agent and throughout IVM. During treatments with
DNA damaging agents, the stock ATR inhibitor II was added to 500µl of M2 media in a
small Eppendorf. A petri dish with a 500µl droplet of M2 media covered in mineral oil was
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pre-warmed. Oocytes were added to the droplet and then the 500µl of M2 containing the
DNA damaging agents and ATR inhibitor II were added to mark the start of the treatment.
For the IVM, no mineral oil could be used due to the lipid soluble nature of the drug.
Therefore, ATRi was added to 1ml of media held within 1.5ml Eppendorf tubes as
described in section 2.3.1.

2.11

Oocyte Fixation

All fixations were performed using a 96 well plate. Oocytes were washed with PHEM
buffer (Appendix B) to remove any traces of M2 media. Oocytes were moved into a well
containing fixing solution (Appendix B) and incubated for 30 minutes at room
temperature. Oocytes were washed three times in PHEM buffer for 5 minutes in each well.
Following this oocytes were permeabilised using a solution containing Triton X-100, a
detergent, and incubated at room temperature for 15 minutes. For oocytes to be stained
with MAD2 antibody, permeabilisation was performed overnight at 4°C. Again, oocytes
were washed three times in PHEM buffer for 5 minutes in each well. Oocytes could then
be stored in 200µl of PBS and kept at 4°C for up to two weeks. For longer term storage of
oocytes Sodium Azide (0.02%) was used to supplement the PBS.

2.12
2.12.1

Immunofluorescence
Immunofluorescence Procedure

All immunofluorescence procedures were performed using a 96 well plate and oocytes
were transferred through the wells containing 200µl of different solutions as required. Prior
to incubation with primary antibody oocytes were kept in blocking solution (Appendix B)
overnight at 4°C. This was to prevent non-specific binding and background staining.
Oocytes were washed from the blocking solution into a specific washing solution used
throughout the immunofluorescence procedure (Appendix B). Oocytes were incubated in
primary antibody diluted in blocking solution at 4ºC. Oocytes stained with the MAD2
antibody had to be incubated at 4°C overnight, followed by CREST antibody staining the
following day (also overnight at 4°C). For all other primary antibodies 1 hour at 37°C was
sufficient. Following three washes for 5 minutes in each well, oocytes were incubated with
secondary antibody for 1 hour at 37ºC or 2 hours at room temperature. This incubation
needed to be maintained in a dark environment by wrapping the 96 well plates in tin foil.
Another three washes were required to remove the secondary antibody. Oocytes were
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counterstained with Hoechst (Sigma, UK; 20µg/ml) or DAPI (Sigma, UK; 20µg/ml)
diluted in PBS for 5-10 minutes. After this a final wash in PBS was performed.
To mount oocytes onto 12 well 5.2mm numbered diagnostic microscope slides (Thermo
Scientific, UK), 1µl of Citifluor (Citifluor Ltd, UK) was placed into the centre of each
well. Oocytes were drawn into a handling pipette in minimal media and then transferred to
the micro drop of Citifluor. Four small pillars were made out of VALAP (Appendix B) in
order to place a glass coverslip on top of the slide. The cover slip was carefully pushed
downwards, spreading the VALAP, until pressing down on the oocytes just enough to
prevent them from moving. This was then fixed in place using nail varnish. Slides were
then stored in the dark at 4ºC.
2.12.2

Antibodies

Microtubules were labelled using a mouse anti α-tubulin (1:400; Life Technologies) and
detected with a goat anti-mouse Alexa-633 or Alexa-488 (1:1000; Life Technologies, UK).
Kinetochores were detected using CREST (1:400; Immunovision, US), antibodies derived
from patients with an auto-immune disorder against the centromere. To detect this
antibody goat anti-human Alexa 555 (Life Technologies, UK) was used.
DNA damage was monitored using an antibody against the popular biomarker,
phosphorylated H2AX (γH2AX). This rabbit anti-γH2AX antibody (1:200; Abcam, UK)
was detected using a goat anti-rabbit Alexa-633 (1:1000; Life Technologies, UK).
Rabbit anti-Xenopus MAD2 antibody (1:400) was a kind gift from Dr R.H. Chen (Taipei,
Taiwan). A goat anti-rabbit Alexa-633 was used to detect this antibody.

2.13
2.13.1

Microinjection
Injection Pipette Manufacture

Microinjection pipettes were pulled from borosilicate glass pipettes (0.84mm inner
diameter, 1.5mm outer diameter) with an internal filament (World Precision Instruments,
UK) using a Flaming-Brown micropipette puller (Model P97; Sutter Instrument Co, USA).
In order to generate a microinjection pipette with a fine tip the parameters on the pipette
puller were altered as required. The tip of the pipette was then gently broken against the
edge of lint free tissue (KimTech, Kimberly Clark Professional, USA). To assess the
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suitability of the pipette it was then examined under a compound microscope. The pipettes
were then stored until required and re-assessed prior to use.
2.13.2

Loading Syringe Preparation

In order to load cRNA into the microinjection pipette loading syringes had to be made by
hand. 1ml plastic syringes (BD Plastipak, UK) were melted over a Bunsen burner flame
until moveable. At this point the syringe was removed from the flame and pulled to create
a long thin tip. The syringe was then held still to allow the plastic to set. The tips of the
syringes were then cut to around 15cm. Prior to use the tips of the syringes were cut again
to about 3-5cm long to ensure a clean even tip remained for loading.
2.13.3

cRNA Manufacture

In order to make cRNA, predesigned and sequenced plasmids had been previously
transformed into bacteria and cultured on agar plates overnight at 37°C. Once colonies had
been confirmed to contain the plasmid and gene of interest the bacteria were then cultured
again overnight. A portion of these cultures were stored in glycerol and kept at -80°C for
future use. The rest of the culture was centrifuged to create a plasmid pellet. This pellet
was re-suspended and DNA was collected using a Promega Miniprep kit. The plasmid
DNA could then be stored at -20°C in nuclease free water. Restriction enzymes are used to
create linear plasmid and DNA was purified by Phenol/Chloroform extraction and
precipitated for in vitro transcription.
cRNA was transcribed in vitro from purified linear dsDNA templates. mMessage T7 RNA
kits (Ambion, Life Technologies, UK) or T3 RNA polymerase kits (Promega, UK) were
used for the in vitro transcription reaction. cRNA was suspended in nuclease-free water
and the concentration of RNA products were determined by photospectroscopy and diluted
accordingly for microinjection. In this thesis there were a variety of cRNA products used
including securin tagged with yellow fluorescent protein (securin-YFP), Histone 2B tagged
with mCherry (Histone 2B-mCherry) and CENP C tagged with green fluorescent protein
(CENPC-GFP).
2.13.4

Microinjection

An imaging chamber was created using a cylinder with a 22mm cover slip sealed to it
using VALAP (Appendix B) in order to create a water tight chamber on a TE300 inverted
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microscope (Nikon, Japan). To this 1ml of M2 media, containing milrinone, was placed
into the chamber and covered with mineral oil. The media and oil was allowed to warm to
37°C within a heating unit (Intracel, UK). The holding pipette was fitted to the
micromanipulator (Narashige, Japan) and manoeuvred into the heated chamber so that it
was resting on the coverslip at the bottom; the 10x objective was focused accordingly.
Denuded oocytes were then placed into the chamber next to the holding pipette. 10-20
oocytes were transferred to allow keep light exposure to a minimum. Once oocytes were in
place the injection pipette was prepared. cRNA was defrosted and diluted to an appropriate
concentration (250-1000ng/µl) using nuclease free water. Using a specially prepared
syringe, about 0.3µl of cRNA was loaded into the pipette. Air bubbles were removed and
cRNA encouraged into the pipette tip by gentle centrifugation or flicking. After larger air
bubbles were dislodged the injection pipette was fitted to the micromanipulator and moved
into focus next to the oocytes and holding pipette. Remaining air bubbles were removed by
increasing the pressure to 60-80psi and applying this pressure for a short period of time.
Pressure was reduced to 20-30psi, and the time pressure was released for was set to 100200ms. Using these settings on the Pneumatic PicoPump (World Precision Instruments,
UK) ensured cRNA microinjections of an adequate and consistent size.
During the injection procedure the 20x objective lens was used. A single oocyte was
positioned on the holding pipette by applying gentle suction and the injection pipette was
positioned just above the oocyte. The injection pipette was lowered, so that the zona
pellucida was broken through and the oocyte was entered, at all times making sure that
contact with the nucleus was avoided. A brief pressure was applied to release the injection;
with a size similar to that of the nucleus. The injection pipette was swiftly removed from
the oocyte.
Once all oocytes from a batch had been injected they were transferred back into a prewarmed droplet of M2 media containing milrinone and allowed to rest for at least 1 hour
before checking the presence or absence of fluorescence.

2.14

Confocal Microscopy: The Fundamentals

Fluorescence is when a sample can absorb light of one wavelength and then emit light of a
different wavelength. This is due to the fact that electrons can be excited to a higher energy
state and if the energy is not absorbed by surrounding molecules it will be emitted as light
of a longer wavelength. This principle is applied in biological research by imaging
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specimens that have been labelled with fluorescent dyes or proteins. As such these dyes
and proteins have specific excitation and emission wavelengths (Table 4). In confocal
microscopy several lasers are used as the light source; throughout this thesis I used four
lasers (Table 5).
Table 4. Maximum absorbance and emission wavelengths of fluorescent dyes and proteins

Table 5. Wavelengths of lasers used to image specific fluorochromes

In order to generate an image using confocal microscopy the laser beams have to rapidly
scan across a sample in a series of lines. Previously dichromatic mirrors were integral to
the imaging process as they reflect higher energy low wavelengths from the laser to allow
light to pass through the objective to the sample. The lower energy higher wavelength light
emitted from the sample can be transmitted through the dichromatic mirrors. The light is
then detected by a photomultiplier (PMT). Prior to reaching the PMT, light is focused onto
a pinhole. The pinhole blocks out of focus light passing through to the PMT to give a
clearer and more detailed image. The detector is attached to a computer to build up the
image pixel by pixel. However, the confocal microscope I have used during the production
of this thesis does not use chromatic mirrors; instead it utilises an alternative method of
beam splitting called Acousto-optical Beam Splitting (AOBS). The beam splitter consists
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of a Tellurium dioxide crystal that can diffract light of different wavelengths depending on
its density. The density of the crystal can be altered by applying a mechanical radiofrequency wave. The idea is that a mechanical wave that would deflect the desired
excitation colour is used so this light is then fed through to the objective lens to the sample.
The emitted light travels through the crystal without any loss to the detector. This is the
better option as there is no mechanical movement of parts or alignment of mirrors required.
Due to AOBS being programmable changes in illumination parameters can be carried out
rapidly.

2.15

Imaging

Fixed samples were imaged using the 60x oil immersion objective on a Leica SP8 confocal
microscope fitted with hybrid detectors. Single stack and z-stack images were taken at
512x512 pixel resolution. To prevent bleed through fluorescence being detected
fluorochromes with similar emission spectra (Figure 2.1) were imaged sequentially when
required.
When quantifying the levels of γH2AX, a ~30µm z-stack (z-slice of 1µm) of the nucleus
was taken and the laser settings were not altered throughout the experiment. These images
were taken using the 60x objectives with a zoom factor of 2 to obtain an overview of the
whole oocyte and a zoom factor of 5 when focusing on just the nucleus.
During time-lapse imaging either the 20x or 40x objectives was used and single stack
images were taken to monitor Securin-YFP fluorescence. Chromosome tracking was used
in experiments where the dynamics of chromosomes were to be investigated after oocytes
had been microinjected with Histone 2B-mCherry and CENPC-GFP.

2.16
2.16.1

Image Analysis
γH2AXQuantification

All images were processed using Image J software (NIH, USA). To determine the nuclear
γH2AX fluorescence both nuclear fluorescence intensity, as well as a cytoplasmic
background reading needed to be recorded for each oocyte and recorded in Microsoft
Excel. Images were opened in Image J and an optical slice where the area of the nucleus
was clear and in focus was selected. Using this slice regions of interest (ROI) were defined
using the circular tool on Image J; one for the area of the nucleus and one of the same size
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Figure 2-1 Excitation and emission spectra for fluorochromes used in this thesis

The spectra for DAPI, Alexa fluor 488 and Alexa fluor 555 have considerable overlap.
These fluorochromes were imaged in a sequential manner to avoid bleed through
fluorescence being detected. This was generated using the Fluorescence SpectraViewer
available online from Thermo Fisher Scientific.
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was placed in the cytoplasm of the oocyte to obtain the background reading (Figure 2.2A).
Once these ROIs had been defined the image was opened as a z-stack of the γH2AX
channel (Figure 2.2B). Using the ‘multi-measure’ tool the area and mean fluorescence for
each ROI were measured and then exported into Excel. This was repeated for each
individual oocyte, by moving and adjusting the size of the ROIs as required.
2.16.2

Securin-YFP Degradation

The images obtained from time lapse imaging were opened in Image J as a stack and then
defined regions were marked where fluorescence was to be measured (Figure 2.3A). One
region was centred on an area that did not contain an injected oocyte and was used to take
a background reading. The average intensity for each region of interest was recorded for all
time points (Figure 2.3B) and the raw data was transferred to an Excel spreadsheet.
Firstly the background reading was subtracted from each oocyte for the corresponding time
point (Figure 2.3C). The traces were normalised so that the maximum fluorescence was set
to 100 (Figure 2.3D). Then the time was adjusted to account for GVBD so that GVBD was
time ‘0’ (Figure 2.3E). For display purposes the period between 10-13 hours after GVBD
were needed; this required the traces to be normalised to the value at 10 hours after GVBD.
Two time periods were of interest with regards to the degradation rate of securin; before
and after Reversine (see section 2.8) had been added to culture media. The rate of securin
degradation prior to Reversine addition was calculated for individual oocytes from the
fluorescence readings taken between 4 and 10 hours after GVBD (Figure 2.3E). Minimum
and maximum fluorescence values and the time these occurred were recorded for each
oocyte. The rate of degradation was calculated using the following equation:

t = time point
The rate of degradation after the addition of Reversine to culture media was also calculated
using the above equation. However, the time period of interest was 11.25 to 12.25 hours
after GVBD (Figure 2.3E) when the Reversine was added; therefore fluorescence readings
were used for this set period for individual oocytes. When all degradation rates had been
calculated mean degradation rates (and standard deviations) could be obtained for both
time periods.
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Figure 2-2 AnalysingγH2AXfluorescenceinoocytes

(A) A single optical selection of an oocyte in which the area of the nucleus is clear and
visible. Regions of interest (ROI) were selected using the circle drawing tool on ImageJ.
(B) A z-stack of the oocyte in ‘A’ showing only the γH2AX channel. The positions of
ROI1 and ROI2 were logged so that these areas could be measured on the z-stack image.
Scale bar, 10µm.
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Figure 2-3 Securin-YFP Analysis

(A) Image shows oocytes microinjected with securin-YFP (green). Regions of interest
(ROI) were assigned to oocytes and background reading (yellow lines). (B) Raw securinYFP fluorescence readings during time-lapse for each ROI. Red line represents
background securin-YFP fluorescence. (C) Securin-YFP fluorescence after background
subtraction. (D) Securin-YFP normalised to the maximum value for each oocyte. (E)
Securin-YFP fluorescence after adjusting for GVBD. The black lines represent the time
periods where securin degradation rate were calculated.
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2.16.3

Chromosome Alignment Analysis

To assess the extent that DNA damage caused the clustering of chromatin at the spindle
poles, oocytes were fixed after IVM, stained with antibody against tubulin and
counterstained with Hoechst/DAPI. Using z-stack images, a fluorescence plot for
Hoechst/DAPI was generated on Image J. The area selected was based on the location of
the spindle. Due to the plot being read from left to right all oocytes needed to be in a
horizontal orientation with one pole on the left and the other on the right (Figure 2.4A, B).
The region to be measured was set using the square tool on Image J. The individual data
points from the plot were normalised to the maximum value for that oocyte (Figure 2.4C).
The peaks on the plot represent areas of high fluorescence, and so the occurrence of
chromatin. On most controls, one peak is seen located in the middle of the spindle, where
the chromosomes should align. However, if chromatin was at the spindle poles, extra peaks
could be seen. Therefore when analysing the normalised fluorescence plot anything with
more than the central peak was scored as having chromatin at the spindle poles.
2.16.4

MAD2 Analysis

Oocytes were fixed at 7 hours after GVBD and stained using the CREST and MAD2
antibodies. The ratio of MAD2/CREST was calculated using a Macro designed for ImageJ.
Macros are a saved sequence of instructions or commands to allow a task to be automated.
The images were opened in ImageJ and using the CREST signal the position of pairs of
kinetochores were logged. The macro marks the image with an open circle and when the
slice is reached where the kinetochore was logged it turns into a solid circle. As well as this
each pair of kinetochores is numbered, ensuring each kinetochore is only logged once. The
macro then calculates the CREST and MAD2 signal intensity along with a background
reading. A background subtraction for both MAD2 and CREST is performed and the ratio
of MAD2/CREST is calculated. This data was then exported to Excel.
2.16.5

Analysis of Spindle Parameters

Spindle length and width were determined using a Macro made for ImageJ. Images that
displayed α-tubulin staining were opened as a z-stack. The area of interest (the spindle)
was defined using the ‘square’ tool and the macro then 3D rendered the image. It then
recorded the maximum length and width of the spindle. This data was then exported into
Excel and analysed using GraphPad Prism.
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Figure 2-4 Analysis of chromatin clustering towards the spindle poles

(A) Representative oocyte displaying tubulin and Hoechst staining. This oocyte is in the
wrong orientation for plotting Hoechst fluorescence. The image needs to be rotated by
about 90º. (B) The image has been rotated so that Hoechst fluorescence can be read from
one spindle pole to the other (left to right). (C) The Hoechst fluorescence plot for the
oocyte shown in ‘B’, read from one end of the spindle to the other. The x-axis matches the
scale bar used in ‘B’.
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2.17

Statistical Analysis

All statistical analysis was performed using Prism software (GraphPad Software, Inc).
Categorical data was analysed using chi squared (Fisher’s Exact test). Continuous data was
first assessed for normality using the ‘Column Statistics’ tool on GraphPad. If all groups of
data passed the normality test it was then analysed using by Analysis of Variance
(ANOVA) with Tukey’s post hoc analysis or t-test. When data did not pass the normality
test it was analysed using either Mann-Whitney or Kruskal-Wallis with Dunn’s post hoc
analysis.
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Chapter 3: The DNA Damage Response in GV Oocytes
3.1

Introduction

Marangos and Carroll (2012) showed that fully grown GV oocytes do not possess a robust
G2/M checkpoint (see Chapter 1.7.2) and can readily re-enter meiosis I. It had also
previously been suggested that DNA double strand breaks (DSBs) may impair the
progression of oocytes through the remainder of meiosis I (Yuen et al. 2012). Therefore, in
this chapter I wanted to characterise the response of fully grown GV oocytes to DNA
damage, as these oocytes are temporally closer to producing an embryo, than those from
primordial follicles. As a starting point, I needed to find a method to score oocyte
maturation success and an in vitro maturation (IVM) protocol that permitted a satisfactory
rate of maturation. I also needed to establish a method of treating oocytes with DNA
damaging agents prior to IVM.
Throughout this chapter I used a variety of DNA damaging agents, both physical and
chemical, including Etoposide, Bleomycin sulphate, UV-B and ionising radiation.
Etoposide is a topoisomerase inhibitor, capable of inducing DNA DSBs (Chapter 1.2.1).
This DNA damaging agent was used by Marangos and Carroll (2012) during their
investigation into the effect of DNA DSBs on meiotic resumption. It was logical to use this
drug in my study to add continuity to our knowledge of oocyte responses to DNA damage.
In order to establish that the responses seen in oocytes were a result of DNA damage in
general and not unique to Etoposide, other damaging agents were also used. Ionising
radiation, is also able to induce DNA DSBs, but through a different mechanism to that of
Etoposide. It is capable of directly altering the structure of DNA, however most damage is
caused by the production of free radicals that attack the DNA structure (Chapter 1.2.2).
Bleomycin sulphate, is an antibiotic drug often used to treat tumours by inducing DNA
DSBs, due to its ability to produce free radicals similar to that of ionising radiation
(Chapter 1.2.3). Finally, UV-B was used as a second physical damaging agent, alongside
ionising radiation. The damage induced by UV exposure can take a variety of forms from
base alterations to DSBs (Chapter 1.2.4).
Once my methods and protocols had been decided I wanted to confirm the findings of
Marangos and Carroll (2013), that oocytes do not possess a robust G2/M checkpoint. This
was done by treating oocytes with Etoposide, Bleomycin or UV-B and then monitoring the
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oocytes under the microscope for the presence or absence of the GV, as this is visual
confirmation of the resumption of meiosis.
Once these preliminary measures were complete I investigated the ability of oocytes to
respond to DNA damage at a later point in meiosis I. Oocytes were treated with DNA
damaging agents, and then allowed to undergo an IVM and the success of this maturation
period was assessed after 16 hours. Also, the timing of DNA damage induction and oocyte
response was observed. This was assessed by treating the oocytes with DNA damaging
agents either whilst they were GV arrested, as in previous experiments, or after meiosis
had been resumed. A final aspect that I looked into was whether extending the IVM period,
far beyond that of my normal protocol, had any effect on the oocyte response to DNA
damage. Therefore, this chapter solely focuses on how DNA damage affects oocyte
maturation rates under a variety of experimental conditions.

3.2
3.2.1

Results
Experimental Designs for investigating the effect of DNA Damage on Meiosis I

To better understand the effect of DNA damage on the progression of an oocyte through
meiosis I several experimental designs were used (Figure 3.1). To establish if DNA
damage has any effect on GVBD, fully grown GV arrested oocytes were treated with DNA
damaging agents. These oocytes were then released from milrinone, a drug that keeps them
arrested at the GV stage by inhibiting PDE3 (Chapter 1.6.4). Oocytes were monitored
every 10 minutes for the disappearance of the GV, visual confirmation of meiotic
resumption; this was carried out for a period of 90 minutes in total (Figure 3.1A).
To monitor the effect of DNA damage on the completion of meiosis I, oocytes were treated
with DNA damaging agents whilst GV arrested and immediately released from milrinone.
This was followed by an IVM of 16 hours (GVBD + 15 hours), in the dark at 37ºC, and
after this polar body extrusion (PBE), visual confirmation of the completion of meiosis I,
was assessed (Figure 3.1B).
To understand whether the timing of DNA damage induction has any effect on the
completion of meiosis I GV arrested oocytes were released from milrinone immediately
after collection. These oocytes underwent GVBD and were then treated with DNA
damaging agents 1 hour later. PBE was assessed after the standard 16 hour IVM (Figure
3.1C).
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Figure 3-1 Experimental designs for examining the effect of DNA damage on oocyte
maturation

(A) DNA damage induced whilst GV arrested, and then oocytes were monitored every 10
minutes for GVBD, for a total of 1.5 hours. (B) DNA damage induced whilst GV arrested,
followed by a standard length IVM of 16h (GVBD+15h). PBE checked at 16h after release
from milrinone. (C) Oocytes washed from milrinone immediately after collection and
DNA damage induced 1h after GVBD. A standard IVM (GVBD+15h) was used for these
oocytes. (D) DNA damage induced whilst GV arrested, followed by standard length IVM
(GVBD+15h). When PBE checked oocytes arrested in meiosis II (MII) removed from
pool. Oocytes arrested in meiosis I (MI) had a further 10h IVM and after a total of 25h
(GVBD+24h) a final PBE count performed. Red line indicates induction of DNA damage.
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Finally, to see if the length of IVM had any effect on maturation success after DNA
damage induction, oocytes were treated whilst GV arrested and released from milrinone.
These oocytes were then cultured in vitro for 16 hours. PBE was checked at this point and
any oocytes with a polar body were removed from the pool. Oocytes without a polar body,
and therefore arrested in meiosis I, had a further 10 hours of IVM. A final PBE assessment
was taken at a total of 24 hours after GVBD (Figure 3.1D).
3.2.2

Spontaneous arrest is seen in undamaged oocytes

Oocyte maturation rates are often reported at between 70-80% (Yuen et al. 2012).
However, this still leaves a large proportion of oocytes that spontaneously arrest in meiosis
I. To monitor maturation rates throughout this thesis oocytes were assessed for the
presence of a polar body, to provide visual confirmation of the completion of meiosis I.
Examples of a mature oocyte and one arrested in meiosis I are shown in Figure 3.2A and B
respectively.
When the maturation data of undamaged oocytes from a series of experiments are
combined, giving a sample size of over 1000 oocytes, ~80% of oocytes reached the
metaphase II stage (Figure 3.2C). To investigate the cause of the spontaneous arrest seen in
~20% of oocytes, I examined the chromatin conformation in individual GV oocytes. Over
90% of fixed oocytes had the surrounded nucleolus (SN) chromatin conformation,
indicative of meiotic competence (Monti et al. 2013) (Figure 3.2D, E). This suggested that
the cause of meiotic arrest after GVBD was not lack of meiotic competence and instead
must be due to some other alternative, possibly endogenous DNA damage.
3.2.3

DNA damage induced in GV oocytes does not block GVBD

As it had already been seen in one study that only high exposure to Etoposide prevents
oocytes from undergoing GVBD (Marangos and Carroll 2012), it was important to show
that such results could be reproduced using the experimental design shown in Figure 3.1A.
GV arrested oocytes were treated with 25 µg/ml Etoposide, 1µM Bleomycin or 15 seconds
of UV-B exposure, released from milrinone and were monitored every 10 minutes for the
disappearance of the GV to highlight the timing of GVBD. For these three DNA damaging
agents normal rates and timings of GVBD were seen (Figure 3.3). By monitoring the
disappearance of the GV, it was found that the mean time that 50% of the oocytes
underwent GVBD by was altered by less than 10 minutes when DNA damage had been
induced. At 50 minutes after release from milrinone the percentage of oocytes with DNA
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Figure 3-2 Maturation rates in undamaged oocytes

(A) Representative metaphase II oocyte. The extruded polar body can be clearly seen,
indicated by the red arrow. (B) Representative oocyte arrested in meiosis I. Note how no
polar body can be seen (C) Maturation rates seen in vehicle treated oocytes after IVM of
16 hours (GVBD+15h). Proportion of oocytes arrested at meiosis I (MI) and meiosis II
(MII) are depicted. (D) Percentage of oocytes with surrounded nucleolus (SN) or nonsurrounded nucleolus (NSN) chromatin conformation. (E) Representative oocytes
displaying either SN or NSN chromatin conformation. White arrow highlights the
nucleolus. Numbers of oocytes used are as stated. Scale bars, 10µm.
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Figure 3-3 Timing of germinal vesicle breakdown was not altered by DNA damage

Timing of GVBD in GV oocytes treated with 0.1% DMSO (n=59); 25µg/ml Etoposide
(n=39); 1µM Bleomycin sulphate (n=23); or 15 seconds of UV-B exposure (n=22). Mean
timing of 50% of oocytes undergoing GVBD shown by black arrows.
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damage that had undergone GVBD was lower than that of undamaged oocytes but this did
not reach statistical significance (Control, 41%, n=59; Etoposide, 28%, n=39, P=0.2819;
Bleomycin, 26%, n=23, P=0.3149; UV-B, 45%, n=22, P=0.8016 compared to ‘Control’,
Fishers exact test; Figure 3.3). Nevertheless, within 90 minutes over 85% of all oocytes,
both un-damaged and damaged, had undergone GVBD. The other DNA damaging agent ionising radiation- used throughout this thesis was not tested due to the feasibility of the
experiment. The Gammacell 1000 Elite (Nordion International Inc., Ontario, Canada), used
to treat oocytes with ionising radiation, was based off-site. This meant that there would not
have been time to have treated the oocytes and begin the monitoring process before GVBD
may have begun. This would have given an incomplete picture of GVBD in ionising
radiation treated oocytes, so this treatment was omitted from this experiment.
3.2.4

DNA damage induced in GV oocytes causes an arrest in meiosis I

The lack of effect on GVBD in DNA damaged oocytes led to an investigation into whether
such lesions to DNA could alter the progression through meiosis I. To determine this, GV
oocytes were handled according to the experimental design in Figure 3.1B. Four different
DNA damaging agents were used during these experiments at a range of exposure times or
concentrations. After a total of 16 hours of IVM, maturation success was calculated by
identifying oocytes with the presence of a polar body (see Figure 3.2A). The absence of a
polar body (see Figure 3.2B) was recorded as arrested in meiosis I (MI).
Treatment of oocytes with 2.5µg/ml of Etoposide did not cause a significant increase in MI
arrest (Control, 22%, n=462; 2.5µg/ml Etoposide, 24%, n=37; P=0.8377, Fishers exact
test; Figure 3.4A). However, in oocytes treated with Etoposide concentrations of 5100µg/ml, whilst GV arrested, the ability to progress to meiosis II was significantly
reduced, marked by an increase in the percentage of oocytes that arrested in MI. The
proportion of oocytes that arrested in MI increased in a dose dependant manner. Of the
oocytes treated with 5µg/ml Etoposide, 43% arrested in MI (n=40, P=0.0064 compared to
‘0’, Fishers exact test), whereas 76% of oocytes were arrested after treatment with 50µg/ml
(n=140, P< 0.001 compared to ‘0’, Fishers Exact test).
Similar results were seen for oocytes treated with Bleomycin (Figure 3.4B). 34% of the
oocytes treated with 0.3µM Bleomycin were found to arrest in MI (n=56, P=0.0134
compared to ‘0’, Fishers exact test). Again the proportion of oocytes to arrest in MI
increased in a dose dependent manner. About 41% of oocytes arrested in MI after
treatment with 1µM Bleomycin (n=751, P<0.001 compared to ‘0’, Fishers exact test) and
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Figure 3-4 DNA damage causes oocytes to arrest in meiosis I

All oocytes in this experiment were treated whilst arrested at the GV stage, and then
underwent a standard 16 hour IVM (GVBD+15h). (A) MI arrest rates of GV oocytes
treated with varying concentrations of Etoposide for 15 minutes. (B) MI arrest rates of GV
oocytes treated with varying concentrations of Bleomycin sulphate for 15 minutes. (C) MI
arrest rates of GV oocytes exposed to UV-B (300nm) for specific periods of time. (D) MI
arrest rates of GV oocytes exposed to ionising radiation for specific periods of time to
create the desired dose (Gy). Numbers of oocytes used are indicated.*, p<0.05; **,
p<0.001 compared to the respective control group (Fisher’s Exact test). Error bars are
standard error. Pooled from between 2 and 15 mice per treatment.
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this increased to 98% of oocytes arresting after treatment with 30µM Bleomycin (n=96,
P<0.001 compared to ‘0’, Fishers exact test).
Arrest rates in oocytes exposed to 3 and 10 seconds of UV-B (300nm) did not significantly
differ to those of un-exposed oocytes (0s, 21%, n=219; 3s, 18%, n=11, P= 1.000; 10s,
36%, n=11, P=0.2535, Fishers exact test, Figure 3.4C). However, 15 seconds of UV-B
exposure caused 66% of oocytes to arrest in MI (n=188, P< 0.001 compared to ‘0’, Fishers
exact test, Figure 3.4C). Further increases in MI arrest were seen when longer UV-B
exposure times were used (25s, 85%, n=13, P<0.001 compared to ‘0’; 30s, 81%, n=75,
P<0.001 compared to ‘0’, Fishers exact test, Figure 3.4C).
Exposure of oocytes to 0.4Gy caused 33% to arrest in meiosis I, however this did not reach
significance when compared to un-exposed oocytes (0, 15%, n=40; 0.4Gy, 33%, n=21,
P=0.1127 compared to ‘0’, Fishers exact test, Figure 3.4D). However, 1.2Gy of ionising
radiation caused 39% to arrest in MI (n=31, P=0.0295 compared to ‘0’, Fishers exact test,
Figure 3.4D) and this increased to 66% of oocytes arresting in MI after exposure to 12.3Gy
ionising radiation (n=92, P<0.001 compared to ‘0’, Fishers exact test, Figure 3.4D).
3.2.5

DNA damage induced after GVBD causes an arrest in meiosis I

Having established that damaging the DNA of oocytes whilst at the GV stage caused an
arrest after GVBD, it was also checked whether inducing DNA damage after GVBD had
any effect on the arrest seen using experimental design shown in Figure 3.1C. Only three
of the DNA damaging agents used throughout this thesis was tested (Etoposide, Bleomycin
sulphate, and UV-B). Ionising radiation was not used during these experiments due to the
equipment required for this treatment not being on site, as discussed in Section 3.2.3. In
order to make a comprehensive comparison of the effect of treatment timing experiments
in which oocytes had either been treated before GVBD, or after GVBD, were run side-byside. PBE was assessed after a total of 16 hours IVM. Treating oocytes with these DNA
damaging agents 1 hour after GVBD still led to oocytes arresting in meiosis I (Figure 3.5).
In oocytes treated with 25µg/ml Etoposide at the GV stage 75% were arrested in MI after
16 hours IVM, compared to only 24% of control oocytes (- Etop, n=191; + Etop, n=145,
P<0.001 compared to -Etop, Fishers exact test, Figure 3.5A). The ability to arrest in MI
was still present even when oocytes were treated with 25µg/ml Etoposide 1 hour after
GVBD; 79% of Etoposide treated oocytes were arrested in MI compared to 24% of control
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Figure 3-5 DNA damage induction after GVBD caused an arrest in meiosis I

All oocytes in these experiments were treated either during GV arrest or 1 hour after
GVBD. (A) MI arrest rates of oocytes treated with 25µg/ml Etoposide. (B) MI arrest rates
of oocytes treated with 1µM Bleomycin sulphate. (C) MI arrest rates of oocytes treated
with 30 seconds of UV-B. Numbers of oocytes used are indicated. A and B are compared
against vehicle addition (0.1% DMSO); C is compared against no UV-B exposure. *,
p<0.05; **, p<0.01; ***, p<0.0001 (Fisher’s Exact test). Error bars are standard error.
Pooled from between 2 and 6 mice per treatment.
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oocytes (-Etop, n=21; + Etop, n=19, P=0.0012 compared to -Etop, Fishers exact test,
Figure 3.5A).
A similar result was seen in oocytes treated with bleomycin before and after GVBD
(Figure 3.5B). Oocytes treated with 1µM Bleomycin at the GV stage had an MI arrest rate
of 72% compared to only 22% seen in control oocytes (-Bleo, n=176; +Bleo, n=75,
P<0.001 compared to -Bleo, Fishers exact test). Again, the ability to arrest in MI was
retained in oocytes treated with 1µM Bleomycin 1 hour after GVBD; 56% of Bleomycin
treated oocytes were arrested in MI compared to 26% of control oocytes (-Bleo, n=34;
+Bleo, n=39, P=0.017 compared to -Bleo, Fishers exact test).
Oocytes exposed to 30 seconds of UV-B were also just as sensitive whether the treatment
occurred before or after GVBD (Figure 3.5C). In those oocytes exposed to UV-B prior to
GVBD, 99% arrested in MI after IVM compared to 26% of un-exposed oocytes (-UVB,
n=109; +UVB, n=123, P<0.001 compared to -UVB, Fishers exact test). Similar arrest rates
were seen when oocytes were exposed to UV-B 1 hour after GVBD; 88% of the treated
oocytes were arrested in MI compared to 32% of unexposed oocytes (-UVB, n=57; +UVB,
n=25, P<0.001 compared to -UVB, Fishers exact test).
3.2.6

A prolonged IVM after treatment can have an effect on arrest rates

It was important to investigate whether the response seen after DNA damage was a robust
arrest in the cell cycle, or simply a delay in the transition to MII. To study this the
experimental design as shown in Figure 3.1D was used; oocytes were released from
milrinone after treatment and allowed to undergo IVM for 15 hours after GVBD. Those
oocytes that were arrested in meiosis I were allowed to undergo a further 10 hours of IVM
before a final PBE score was taken.
Indeed, for Etoposide, UV-B and IR treated oocytes the DNA damage appeared to cause a
robust arrest, with a majority of oocytes (60-92%) remaining arrested in meiosis I.
Interestingly, 93% of oocytes treated with Bleomycin that had been arrested at 15h after
GVBD had undergone PBE by 25 hours after GVBD (Figure 3.6).

3.3

Discussion

In this chapter, the induction of DNA damage, both physical and chemical, did not
significantly affect the rate or timing of GVBD in oocytes. Instead oocytes were able to
resume meiosis I as normal. However, the presence of DNA damage, regardless of the
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Figure 3-6 Prolonged MI arrest rates in oocytes with DNA damage

Following DNA damage induction at the GV-stage, oocytes in these experiments were
initially arrested in meiosis I when checked 15 hours after GVBD, and then cultured for a
further 10 hours before being assessed for PBE. Treatments were 25µg/ml Etoposide (15
mins), 1µM Bleomycin sulphate (15 mins), 15 seconds of UV-B exposure or 12.3 Gy of
ionising radiation. Numbers of oocytes used are indicated. Pooled from between 2 and 4
mice per treatment.
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timing of damage induction, led to oocytes arresting during meiosis I and prevented the
formation of polar bodies. The arrest induced by DNA damage appeared to be robust in
most of the damaging agents tested, except Bleomycin where a majority of oocytes had
been able to extrude polar bodies after a total of 25h IVM.
3.3.1

Oocytes do not have a robust G2/M checkpoint

There are several commonalities of the oocyte prophase arrest and the G2/M checkpoint
seen in somatic cells (Solc et al. 2010), and due to this it was assumed that the oocyte may
be able to initiate a G2/M checkpoint when exposed to genotoxic agents and maintain the
GV state. However, the first study that looked into the effect of DNA double strand breaks
in fully grown GV oocytes revealed that in stark contrast to mitotic cells, oocytes do not
induce a robust G2/M checkpoint and can resume meiosis after exposure to Etoposide
(Marangos and Carroll 2012). Only very high concentrations of Etoposide or doxorubicin
delayed M phase entry, but did not prevent it.
The absence of an efficient DNA damage checkpoint in prophase arrested oocytes appears
to be due to a lack of ATM kinase activation, also known to be one of the major
components of the DDR in somatic cells (Chapter 1.3.1). Very high levels of DNA damage
were able to induce ATM activation culminating in the CHK1-dependent inhibitory
phosphorylation of CDC25B, a key player in activating CDK1-Cyclin B1, and prevented
of GVBD (Marangos and Carroll 2012). The lack of ATM activation in oocytes, compared
to somatic cells, was suggested to be due to low levels of ATM expression or the specific
chromatin configuration in oocytes.
Indeed, when GV stage oocytes were exposed to a variety of DNA damaging agents the
process of GVBD was not affected, and only a small delay was seen (Figure 3.3). More
recently published work has also highlighted the lack of a G2/M checkpoint in porcine
oocytes where treatment with Etoposide did not alter the ability to undergo or the kinetics
of GVBD (Wang et al. 2015a), suggesting that the relative insensitivity of oocytes at this
stage may occur in all mammalian species.
However, there are some differences between my results and those reported among other
studies. These differences are most likely due to differences in experimental design, such
as treatment protocols and mouse strain (Table 6). I have shown that over 80% of oocytes
had undergone GVBD within 90 minutes of release from milrinone after treatment with
25µg/ml Etoposide (Figure 3.3). In contrast, less than half of the oocytes had undergone
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GVBD within 2 hours, when treated with the same concentration of Etoposide by
Marangos and Carroll (2012). Here the difference is probably due to the fact I used a 15
minute exposure to the Etoposide, versus 3 hours used by Marangos and Carroll (2012).
Regardless of this though, the overall conclusion, that oocytes do not possess a robust
G2/M checkpoint, is still the same, as even when oocytes are treated with 25µg/ml
Etoposide for 3 hours over 80% undergo GVBD when examined 20 hours after release
from milrinone (Marangos and Carroll 2012).
Table 6. Protocols used to study the G2/M checkpoint in oocytes

One study has even suggested that DNA damaging oocytes can significantly reduce GVBD
when treated with Bleomycin or inducing DSBs using laser beam microdissection (Ma et
al. 2013). Again the difference seen here is probably due to differences in treatment and
monitoring protocols (Table 6). Ma et al. (2013) exposed GV oocytes to much higher
concentrations of Bleomycin and for a longer treatment time; therefore the levels of
damage induced would be far greater. Also, GVBD rates were monitored up to 4 hours
only, rather than the re-examination at 20h carried out by Marangos and Carroll (2012),
where they may have seen a greater number of oocytes had undergone GVBD.
Although the treatment protocol is most likely the cause of the difference seen between my
results (Figure 3.3) and those previously reported, another factor that could have added to
variation is the strain of mouse used (Table 6). The mouse strain used was not reported by
Ma et al. (2013) and the MF1 strain was used by Marangos and Carroll (2012), in contrast
to the C57Bl/6 strain that I used throughout this thesis. In several reports it has been shown
that metaphase II (MII) eggs collected from several strains of mice have varied responses
to DNA damage (Kujjo et al. 2010, Perez et al. 2007). In these studies, MII oocytes from
the AKR mouse strain were much more sensitive to DNA damage and readily underwent
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apoptosis in response to such insults. The susceptibility was thought to be due to a reduced
ability to carry out DNA damage repair. Microinjection of recombinant RAD51, a protein
essential for DNA DSB repair by homologous recombination (see Chapter 1.5.1),
improved survival rates in these oocytes (Kujjo et al. 2010). Therefore, it could be that
sensitivity of different strains to DNA damage may also contribute to variation in results
reported.
Interestingly, a recent study has suggested that the cumulus cells surrounding the oocyte
may give rise to a DNA damage response different to that of denuded oocytes. Oocytes in
COCs do not undergo GVBD as readily as denuded oocytes when treated with DNA
damaging agents. The mechanistic pathway leading to this response is thought to be an
upregulation in cAMP (Sun et al. 2015). As already discussed high levels of cAMP in
oocytes hold the oocyte at prophase until the LH surge at ovulation (Chapter 1.6.4). Thus,
it is possible that a different situation may be seen in oocytes in vivo compared to the in
vitro experiments on denuded oocytes.
3.3.2

Why do undamaged oocytes spontaneously arrest?

Carrying out IVM experiments throughout this thesis has allowed me to show that PBE is
seen in about 80% of undamaged oocytes after 16 hours of in vitro culture (Figure 3.2A).
This percentage agrees with published literature where PBE is often reported as at least
70% (Holt et al. 2012, Marangos et al. 2015, Yuen et al. 2012). Interestingly, this still
leaves about 20% of oocytes that arrest in meiosis I for no apparent reason.
There are many possibilities that could cause oocytes to arrest in meiosis I spontaneously.
Firstly, it could have been that oocytes retrieved during collections were still too immature
and meiotically incompetent. This possibility was addressed by studying the chromatin
configuration of GV oocytes that had been processed for immunofluorescence. The
configuration of chromatin, with regards to the nucleoli, in GV oocytes has been suggested
to be a good marker of meiotic competency and later embryonic development (Zuccotti et
al. 2005). The surrounding nucleolus (SN) formation is where chromatin can be clearly
seen associated with the nucleoli, as shown in Figure 3.2E. It is associated with
competency and embryos will often develop to the blastocyst stage (Zuccotti et al. 2005).
Whereas the non-surrounding nucleolus (NSN), shown in Figure 3.2E, is where chromatin
is much more dispersed within the nucleus. Oocytes with this type of chromatin often
arrest at the embryonic 2-cell stage after fertilisation (Zuccotti et al. 2005). Interestingly, in
an intricate study by Inoue et al. (2008), they found that it was in fact cytoplasmic contents
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of NSN oocytes that impeded meiotic development. On the other hand, embryonic
development was more dependent on the material in the GV.

They found this by

transferring the GVs of NSN and SN oocytes into the enucleated SN and NSN oocytes
respectively (Inoue et al. 2008). Nevertheless, oocytes with the NSN chromatin
configuration still have poor meiotic and developmental outcomes. Of the oocytes stained
with Hoechst and assessed here in my study, around 90% had the SN formation (Figure
3.2B). This means that there are around 10% of oocytes that would likely arrest in meiosis
I despite having the SN configuration, and immaturity is unlikely to be the cause of the
spontaneous arrest that is consistently seen in oocytes.
Another possibility is that DNA damage within oocytes caused by endogenous factors
could contribute towards the spontaneous arrest. One factor known to induce DNA damage
is oxidative stress (Kryston et al. 2011). Oxidative stress that arises endogenously can be
caused by cellular signalling, as a by-product of metabolic processes or during
inflammation (Kryston et al. 2011). As discussed in Chapter 1.2, free radicals, like reactive
oxygen species (ROS) are responsible for oxidative damage to DNA, which can include
base alterations, SSBs and DSBs (Kryston et al. 2011). DSBs have been specifically shown
to arise endogenously in human cell lines and mouse embryonic fibroblasts (MEFs) under
non-replicating conditions (Woodbine et al. 2011), as would be seen in the oocyte. Also
intra-follicular concentrations of 8-hydroxy-2’-deoxyguanosine (8-OHdG), a common base
alteration induced by oxidative stress, have been correlated with an increased number of
degenerate oocytes in human IVF patients (Tamura et al. 2008). In this same study it was
shown that mouse oocytes with induced oxidative stress, using hydrogen peroxide (H2O2)
treatment, have reduced PBE rates and that these rates could also partially rescued using
antioxidant treatment. Oxidative stress may therefore be a contributing factor to oocyte
maturation rates, by inducing DNA damage. Further study would be required to fully
understand why oocytes arrest in meiosis I despite having no prior treatment and appearing
meiotically competent.
3.3.3

Oocytes have a specific checkpoint during M-phase

By evading a G2/M checkpoint, oocytes are able to resume meiosis I with damaged DNA.
Also the fact that oocytes will spontaneously arrest in meiosis I (Figure 3.2), possibly due
to endogenous DNA damage, led me to explore in more detail how oocytes respond to
DNA damage. It is now clear that a mechanism exists to prevent the formation of a
metaphase II egg with DNA damage.
78

Chapter 3

Oocytes were shown to arrest in meiosis I after treatment with many DNA damaging
agents including IR, UV-B, Etoposide and Bleomycin (Figure 3.4). This supports the
findings of Yuen et al. (2012) where Neocarzinostatin (NCS) reduced the percentage of
oocytes extruding polar bodies and Ma et al. (2013) in which PBE was delayed after
treatment with Bleomycin and laser micro-beam dissection. The results reported in Figure
3.4 are also in agreement with very recent studies in which PBE rates in mouse oocytes
were negatively affected by treatment with Etoposide, as well as

Phleomycin and

Doxorubicin (Marangos et al. 2015). An arrest in meiosis I after DNA damage has also
been revealed in other mammalian systems including pigs (Wang et al. 2015a).
The ability of oocytes to arrest in response to DNA damage during the meiotic M phase is
quite surprising due to the fact that mitotic cells are not able to establish a full DDR during
the equivalent M-phase. It has been shown that mitotic cells can induce early signalling
events such as ATM activation, H2AX phosphorylation and the recruitment of MDC1 and
the MRN complex to these sites. However, the recruitment and interactions of repair
factors such as RNF8, RNF168, BRCA1 and 53BP1 does not occur (Giunta et al. 2010,
Heijink et al. 2013, Orthwein et al. 2014). As well as this, the activation of downstream
proteins by ATM kinase, such as CHK2, does not occur during M-phase (Giunta et al.
2010). The ability of oocytes to respond to DNA damage during M phase was specifically
addressed in Figure 3.5, as oocytes treated with damaging agents after GVBD were still
able to arrest in meiosis I. The suppression of a full DDR during M phase in somatic cells
is thought to prevent genomic instability. Instead somatic cells will progress through M
phase and arrest at G1 of the next cell cycle, once a full DDR can be deployed (Giunta et
al. 2010).
The induction of a DDR during the mitotic M-phase has been shown to increase the
occurrence of lagging chromosomes during anaphase, due to the stabilisation of
kinetochore-microtubule association (Bakhoum et al. 2014). Anaphase bridge formation
has been reported to be promoted by DNA repair pathways when cells were treated with
Etoposide (Terasawa et al. 2014). Also, restoring DNA repair during mitosis has been
suggested to increase the occurrence of telomere fusions (Orthwein et al. 2014). Telomeres
are the ends of chromosome arms, and must be distinguished from a double strand break,
to keep these ends from being linked to other chromosomes in repair processes. Telomere
fusions are described as the covalent ligation of these chromosome ends. Therefore, the
DDR is supressed at the telomeres by a complex known as shelterin, with TRF2 being an
important component of this complex (Cesare 2014). Telomeres have three states; (1)
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closed, where the DDR is fully suppressed (2) intermediate, where an ATM dependent
DDR can be activated, but non-homologous end-joining (NHEJ) is suppressed by the
presence of some TRF2 (3) uncapped, without enough TRF2 present telomere fusions
occur by NHEJ. It is not completely understood why allowing DSB repair during mitosis
leads to telomere fusions, but it is thought that intermediate state sister chromatid
telomeres may be fusing during DSB repair that is usually suppressed during M-phase
(Orthwein et al. 2014).
3.3.4

Oocytesmay‘slip’outofthearrestaftertreatmentwithsomeDNAdamaging
agents

To find out whether the response seen in oocytes was a robust arrest or simply a delay in
the cell cycle, oocytes were allowed to mature in vitro for an extended period of time. For
the majority, DNA damage led to a fairly robust arrest in meiosis I. However, many
Bleomycin treated oocytes that had been arrested at 15 hours were able to extrude the first
polar body by 24 hours (Figure 3.6). There are several possible explanations for this
phenomenon. One reason for these oocytes being able to progress through to meiosis II is
that the damage to the DNA was repaired whilst the oocytes were arrested in meiosis I. If
DSBs had been repaired during the arrest period, deactivation of the DDR may have
permitted the progression to meiosis II. As mentioned in Section 3.3.3 somatic cells cannot
initiate a full DDR during M phase. DDR proteins such as ATM are activated and recruited
but repair processes are not to avoid genetic instability (Giunta et al. 2010). However, it
has been suggested that both metaphase I and II oocytes can repair DNA damage (Kujjo et
al. 2010, Mayer et al. 2016). Despite this, it is unlikely to be the cause of PBE rescue in
bleomycin treated oocytes, because if oocytes were able to repair DSBs caused by
Bleomycin one would expect a rescue of PBE in other treatments used in this chapter as
well.
Mitotic cells that are treated with spindle poisons such as Nocodazole, will delay exit from
mitosis by activating the spindle assembly checkpoint (SAC). The SAC’s canonical
function is to inhibit the Anaphase Promoting Complex (APC) under conditions where
chromosomes are not correctly attached to the spindle (Chapter 1.6.6). However, it has
been shown that rat kangaroo and human RPE1 cells can escape the delay and exit mitosis
(Brito and Rieder 2006, Dalton and Yang 2009). This phenomenon is called ‘mitotic
slippage’. The length of the delay until cells exit mitosis is related to the concentration of
the spindle poison used and is caused by a slow degradation of key APC substrates, like
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cyclin B1 (Brito and Rieder 2006). Brito and Rieder (2006) suggested that the cause of this
is that the SAC cannot effectively inhibit all APCs. Also, DNA damage induced by
Doxorubicin or ionising radiation in mitotic cells can often result in defects in maintaining
a checkpoint arrest (Vakifahmetoglu et al. 2008). However, such events usually lead to
apoptosis further downstream (Dalton and Yang 2009, Vakifahmetoglu et al. 2008).
Therefore, one possibility is that the oocytes treated with Bleomycin underwent an initial
period of arrest which was then ‘escaped’ from.
If this was the case the quality of the oocytes formed would be of great concern as
‘slippage’ in mitotic cells is often associated with aneuploidy, cell death and even an
increase in DNA damage (Dalton and Yang 2009). Taking this into account if Bleomycin
treated oocytes slipped out of the DNA damage induced meiotic arrest, it would be highly
unlikely that they would be of good quality.
Regardless of the mechanisms that led to Bleomycin treated oocytes progressing to meiosis
II, an important and unanswered question remains. Would these oocytes be of a good
enough quality to be successfully fertilised after a total of 25 hours IVM? The normal
window for fertilisation is 12-18 hours after GVBD in mice (Jones 1998). Therefore an
additional 7-13 hours of IVM could potentially have negative effects on development.
Indeed it has been shown that post ovulatory ageing has many effects on oocytes, including
increased ROS and a decrease in fertilisation ability, within just 8 hours of postovulatory
aging (Lord and Aitken 2013). Thus, it would be interesting to explore this response
further to find out when exactly PBE takes place during the extended IVM.
Similarly oocytes treated with ionising radiation did not all remain arrested in MI, although
the completion of MI was not seen in as high proportion as in Bleomycin treated oocytes.
This suggests there could be a spectrum of responses seen when other drugs or agents are
used and raises the question of whether this is a response unique to Bleomycin, or if
similar effects would be seen when oocytes were treated with other available drugs such as
doxorubicin.
3.3.5

Conclusions

It will be interesting to find out the specific stage at which oocytes arrest after treatment
with DNA damaging agents as this could begin to highlight the mechanisms involved. One
reason for an arrest in meiosis I could be due to the SAC, as it is a well-established
mediator of a metaphase arrest in somatic cells and oocytes alike (Musacchio 2015, Sun
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and Kim 2012). Activation of such a checkpoint could be due to DNA fragmentation after
exposure to damaging agents, as fragments have previously been reported in NCS treated
oocytes (Yuen et al. 2012). This will be addressed in Chapter 4.
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Chapter 4: The role of the Spindle Assembly
Checkpoint in the Oocyte DNA Damage Response
4.1

Introduction

Having established that oocytes do not initiate a response to DNA damage whilst GV
arrested, but instead arrest during meiosis I (Chapter 3), I wanted to explore the nature of
this arrest. Additionally, it was important to unravel the mechanisms behind the response.
I wanted to establish at which stage in meiosis I oocytes arrested following treatment with
DNA damaging agents used throughout Chapter 3. Therefore, immunofluorescence using
antibodies against α-tubulin and a DNA counterstain allowed me to analyse the
organisation of the chromatin within the oocyte. This also meant I could investigate
whether DNA damage had any effects on spindle formation or structure, as well as some
insight into chromosome alignment. I also assessed whether DNA damage could induce
DNA fragmentation in oocytes. This was carried out using time-lapse confocal imaging on
oocytes microinjected with H2B-mCherry and CENPC-GFP.
As well as chromosome and spindle integrity, I investigated the possible involvement of
the Spindle Assembly Checkpoint (SAC) in the DNA damage induced arrest. This was
done because the SAC is well reported as an inducer of an arrest at the metaphase to
anaphase transition in somatic cells and oocytes alike (Musacchio 2015, Sun and Kim
2012) (Chapter 1.6.6). I did this investigation using a variety of methods; pharmacological
inhibition of MPS1 (Chapter 1.6.6), immunofluorescence using antibodies against MAD2
(Chapter 1.6.6), and monitoring the activity of the Anaphase Promoting Complex (APC)
using live time-lapse confocal imaging. The role of the APC has been discussed in Chapter
1.6.6.
Therefore, this Chapter focuses on where in meiosis I the oocytes arrest after exposure to
DNA damaging agents and whether or not the SAC is involved. As well as this, other
potential triggers of the arrest were investigated, including the formation of an abnormal
spindle, and DNA fragmentation.
Many of the results presented in this chapter have been published (see Appendix A). Any
experimental data from this publication that was not collected by me is stated in Appendix
A and will be referred to in the discussion as ‘Collins et al. 2015’.
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4.2
4.2.1

Results
Experimental designs for investigating the involvement of the SAC in the oocyte
DNA damage induced arrest

To better understand the mechanistic events of the DNA damage induced arrest seen in
Chapter 3, several experimental designs were used (Figure 4.1). To establish the stage in
meiosis I oocytes arrest at after DNA damage induction experimental design 4.1A was
used. Here oocytes were treated with DNA damaging agents, released from milrinone and
this was followed by a 16 hours IVM (GVBD+15 hours). At the end of the culture period
oocytes were fixed and processed for immunofluorescence. An antibody against α-tubulin
was used to show the spindle, and a DNA counterstain to highlight the chromatin, allowing
the stage in meiosis I to be identified in individual oocytes.
Having identified the stage that oocytes arrested after DNA damage, the role of the SAC
and other cell cycle machinery, such as the APC, was investigated in several ways (Figure
4.1B, C, D). Firstly, DNA damage was induced whilst oocytes were GV arrested, followed
by a shortened IVM of 12 hours (GVBD+ 11 hours). PBE was assessed and those oocytes
arrested in meiosis I had Reversine added to the culture media. Reversine is a potent and
selective inhibitor of MPS1 (Santaguida et al. 2010), a SAC component, and so allowed
me to find out whether MPS1 was required for the arrest. After the addition of Reversine,
PBE was monitored every 30 minutes for a total of 2 hours (Figure 4.1B). To further
explore the role of MPS1 in the DNA damage induced arrest GV oocytes were
microinjected with cRNA encoding securin tagged with yellow fluorescent protein (YFP);
these oocytes were then allowed to rest for a minimum of 1 hour. By injecting the
fluorescently tagged securin the activity of the APC could be monitored. DNA damage was
induced whilst oocytes were still GV arrested, followed by a 16 hour IVM. The IVM took
place within a heated chamber on a confocal microscope and oocytes were imaged
throughout the entire maturation period. A shortened IVM of 12 hours was also used, and
Reversine was added to the media at this point, to monitor the effect of MSP1 inhibition of
the activity of the APC.
By microinjecting a combination of H2B-mCherry and CENPC-GFP, according to Figure
4.1C, chromosomes and kinetochores could be monitored throughout the IVM and was
used to see if DNA damage could induce DNA fragmentation in oocytes.
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Figure 4-1Experimental designs for investigating the involvement of the SAC in the oocyte
response to DNA damage

(A) DNA damage induced whilst GV arrested, followed by standard length IVM of 16h
(GVBD+15h). PBE checked at 16h after release from milrinone and arrested oocytes fixed.
(B) DNA damage induced whilst GV arrested, followed by a shortened IVM of 12h
(GVBD+11h). PBE checked at 12h after release from milrinone. Reversine (Rev) was
added to a pool of arrested oocytes and monitored for PBE every 30 minutes for 2h.
Oocytes without Reversine were also monitored for PBE during this period. (C) GV
oocytes were microinjected with desired cRNA and allowed to rest for a minimum of 1h.
DNA damage was induced whilst GV arrested, followed by 16h IVM during which
confocal time-lapse imaging took place. (D) DNA damage was induced whilst GV
arrested, followed by IVM. Oocytes were fixed at 7h into IVM for immunofluorescence
staining. Red line indicates DNA damage induction. Grey symbol indicates microinjection.
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To explore the possibility of the SAC protein, MAD2, being involved in the DNA damage
induced arrest experimental design 4.1D was used. DNA damage was induced whilst
oocytes were GV arrested and then released from milrinone. After 7 hours (GVBD+ 6
hours) of IVM oocytes were fixed and processed for immunofluorescence. These oocytes
were then stained using antibodies against MAD2 and CREST, an antibody used to
highlight the centromere. The ratio of MAD2 and CREST were then calculated in control
and DNA damaged oocytes.
4.2.2

DNA damage causes oocytes to arrest at Metaphase I

With oocytes arresting at some point within meiosis I, it was of interest to find out at which
stage these damaged oocytes were arrested. To look into this, the experimental design
shown in Figure 4.1A was used. Oocytes exposed to DNA damaging agents whilst GVarrested, were allowed to undergo a total of 16 hours IVM. After this period oocytes
arrested in meiosis I were fixed and permeabilised. Immunofluorescence staining using an
α-tubulin antibody and a Hoechst counterstain revealed that both chemical (Etoposide and
Bleomycin) and physical treatments (UV-B) caused oocytes to arrest at metaphase I
(Figure 4.2). This stage was easily identified as it is defined by a morphological
appearance where all chromosomes are aligned along the metaphase plate. Oocytes were
not at prometaphase, as the chromosomes would not have been aligned at the equator of
the spindle and would have instead been more dispersed along the spindle itself. Also,
oocytes appeared to have a normal barrel shaped spindle that had undergone elongation
(Figure 4.2), which would not have been the case if the oocytes had arrested very early in
prometaphase.
4.2.3

Inhibiting MPS1 can overcome the DNA damage induced arrest

The canonical function of the SAC is to prevent the onset of anaphase until all
chromosomes are correctly bi-orientated at the metaphase plate. Under normal
circumstances the oocyte SAC is relatively ineffective at causing an arrest even when some
bivalents are not correctly attached to the spindle (see Chapter 1.6.6). However, here is a
situation where oocytes are substantially arrested at metaphase after DNA damage (Figure
4.2), perhaps suggesting that the SAC may be involved. To observe whether the DNA
damage induced metaphase arrest was mediated by the SAC the experimental design
shown in Figure 4.1B was used. Reversine, a specific and potent inhibitor of MPS1, a key
SAC component, was added to M2 media after 12h IVM (GVBD+11h). Undamaged
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Figure 4-2 DNA damage caused oocytes to arrest at metaphase I of meiosis

All oocytes were fixed for immunofluorescence after a standard length IVM (GVBD+15h).
(A) Representative undamaged oocytes arrested either at metaphase I (n=15) or metaphase
II (n=72). (B) Representative oocyte treated with 25µg/ml Etoposide arrested at metaphase
I (n=42). (C) Representative oocyte treated with 1µM Bleomycin sulphate arrested at
metaphase I (n=12). (D) Representative oocyte exposed to 15 seconds of UV-B (300nm)
arrested at metaphase I (n=9). Scale bar represents 10µm. Green is α-tubulin. Red is
chromatin.
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oocytes usually extrude their polar bodies between 8-10 hours after GVBD (Lane et al.
2010). Therefore, this time point was chosen due to it being 2-3 hours after control oocytes
had extruded their first polar body and it was unlikely that any further extrusion would
occur. Doses and exposure rates used were chosen due to their ability to cause a large
proportion of oocytes to arrest at metaphase I and would allow an adequate sample size.
After 30 minutes of Reversine addition, only 2% of Etoposide treated oocytes had extruded
a polar body. However, within 1 hour of Reversine addition 74% of oocytes had extruded a
polar body, and this increased further to 87% by 2 hours (n= 54; Figure 4.3A, green line).
The polar body was clearly identifiable, as shown in Figure 4.3B. Similar was seen in
Bleomycin treated oocytes; within 1 hour of Reversine addition 70% of oocytes had
extruded a polar body and by 2 hours this increased to 94% (n=50; Figure 4.3A, blue line).
60% of oocytes treated with UV-B had extruded a polar body within 1 hour of reversine
being added to the culture media, and this increased to 87% within 2 hours (n=46; Figure
4.3A, red line). Finally, the same trend was seen in oocytes exposed to ionising radiation
with over 90% extruding a polar body within just 1 hour of Reversine addition (n=65;
Figure 4.3A, yellow line).
To control for the fact that some of the DNA damaged oocytes may have progressed to
metaphase II even without Reversine being added to the culture media vehicle (DMSO)
was added to DNA damaged oocytes and monitored every 30 minutes. None of the oocytes
with DNA damage progressed to metaphase II when Reversine treatment had not been
added (n=26; Figure 4.3A, black line).
4.2.4

The Anaphase Promoting Complex is inhibited by the Spindle Assembly
Checkpoint in Etoposide treated oocytes

As explained in Chapter 1.6.6 the APC is needed for the degradation of proteins, including
securin, to allow the metaphase to anaphase transition to occur. If the SAC is inhibiting the
APC during the DNA damage induced arrest the degradation of such proteins should either
not be seen, or be very low. Therefore, to establish what role the SAC plays in the DNA
damage induced metaphase arrest the experimental design shown in Figure 4.1C was used.
Oocytes were microinjected with securin-YFP, so the activity of the APC could be
monitored, and treated with Etoposide. After microinjection the oocytes were released
from milrinone and imaged on the confocal microscope every 5 minutes throughout
maturation. Reversine was added to the culture media after 12 hours of IVM between
image acquisitions.
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Figure 4-3 Inhibiting MPS1 activity overcame the DNA damage induced metaphase I arrest

(A) Rate of meiosis I completion following the addition of Reversine, at 11h after GVBD.
Oocytes were arrested at metaphase I through various methods of DNA damage; 50µg/ml
Etoposide, 1µM Bleomycin sulphate, UV-B 15 seconds and 4.5Gy ionising radiation.
Numbers of oocytes used are as stated (pooled from 3-4 mice per treatment). As a control,
DMSO was added to DNA damaged oocytes, and all of these remained arrested in meiosis
I. (B) Representative oocyte treated with Etoposide, followed by Reversine at
GVBD+11hours. The polar body had been extruded after 1.5 hours of Reversine addition
in this oocyte, as shown by the red arrow. Scale bar, 10µm.

89

Chapter 4

Once the images had been processed (see Materials and Methods 2.16.2) the degradation
profile was plotted for individual oocytes, as well as the mean degradation profile (Figure
4.4A). The securin degradation profiles of 35 oocytes are displayed in total, and it can be
seen that either no, or relatively little, securin degradation could be seen between 4 and 10
hours after GVBD. However, shortly after Reversine was added to the culture media a
sharp decrease was seen (Figure 4.4A).
Indeed, when the degradation rate was calculated for the period between 4 and10 hours
after GVBD (see Materials and Methods 2.16.2) prior to Reversine addition the mean
degradation rate was low (6±4 %/h, n =35, Figure 4.4B; red dots). Whereas, in the hour
following the addition of Reversine (11.25-12.25 hours after GVBD) there was a dramatic
increase in the mean securin degradation (47±23 %/h, n=35, Figure 4.4B; green dots).
These results suggest that the arrest is mediated by low APC activity, which is likely to be
due to an active SAC.
4.2.5

MAD2 staining at the kinetochores is elevated in Bleomycin treated oocytes

The SAC is made up from several components, one of them being the kinetochore
associated MAD2. It was possible that the metaphase arrest induced by DNA damage was
also related to an increased level of MAD2 recruitment at the kinetochore. To investigate
this possibility the experimental design shown in Figure 4.1D was used. As a positive
control, Nocodazole (400nM) was added to the culture media 15 minutes before fixing,
due to its ability to destabilise kinetochore-microtubule attachments leading to the
recruitment of SAC proteins to the kinetochore (Waters et al. 1998, Wei et al. 2010, Yin et
al. 2006). To identify the kinetochores oocytes were also stained with the anti-centromeric
antibody, CREST. Using Image J the fluorescence level of CREST and MAD2 was
measured; the ratio of these two proteins was then calculated in Excel (see Materials and
Methods 2.16.4).
In vehicle treated controls the MAD2/CREST ratio was 0.15±0.17, n=236, Figure 4.5B;
white bar). This ratio was increased by the addition of 400nM Nocodazole (0.24±0.16,
n=144, P<0.001 compared to ‘Veh’, Figure 4.5B; black bar) and when oocytes had been
treated with 1µM Bleomycin when GV arrested (0.24±0.16, n=296, P<0.001 compared to
‘Veh’, Figure 4.5B; yellow bar). This supports the notion that at least two SAC proteins
(MPS1 and MAD2) are likely to be crucial mediators of the arrest in meiosis I after DNA
damage.
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Figure 4-4 The DNA damage induced metaphase arrest involves inhibition of the APC via the
SAC

Oocytes were microinjected with securin RNA tagged with YFP and then treated with
Etoposide. Fluorescence levels were then monitored throughout the IVM period. 35
oocytes were analysed in total. (A) The securin degradation profile of oocytes treated with
25µg/ml Etoposide after the addition of Reversine. Grey lines depict the profiles of
individual oocytes. Black line is the mean securin fluorescence. The time indicated is after
GVBD. (B) Calculated degradation rate of securin-YFP in oocytes treated with 25µg/ml
Etoposide before (4-10 hours after GVBD) and after Reversine addition (11.25-12.5 hours
after GVBD). Each dot represents one oocyte; 35 in total.
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Figure 4-5 Kinetochore MAD2 levels are elevated after treatment with Bleomycin

(A) MAD2 and CREST immunofluorescence, showed co-localisation of the two proteins.
MAD2 could also be observed at the spindle poles. (B) MAD2 was quantified at the
kinetochore, and expressed as a ratio of against the CREST signal. Number of kinetochores
analysed are indicated (pooled from 3 mice per treatment). ***, p<0.001(ANOVA); error
bars are standard error. Scale bar is 10µm.
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4.2.6

DNA damage can cause alterations in spindle parameters

It was next important to investigate why the SAC had been activated after the induction of
DNA damage. Spindle parameters, including width and length, were measured to ensure
that a normal spindle was formed (see Materials and Methods 2.16.5). There were some
differences in spindle length and width when oocytes were treated with Etoposide, UV or
Bleomycin.
In oocytes treated with 15µg/ml Etoposide there were no significant alterations to the mean
spindle width (0, 12.1±1.9µm, n=14; 15µg/ml, 12.2±2.1µm, n=14, P>0.05 compared to
‘0’; Figure 4.6A) or length (0, 23.3±3.5µm, n=14; 15µg/ml, 22.1±5.2µm, n=14 , P>0.05
compared to ‘0’, ANOVA with Tukey’s post hoc analysis; Figure 4.6B). Small but
significant increases in the mean spindle width were seen when oocytes were treated with
25-100µg/ml Etoposide (25µg/ml, 14.8±1.4µm, n=43, P<0.001; 50µg/ml, 14.4±1.8µm,
n=34, P<0.001; 100µg/ml, 14.4±1.5µm, n=44, P<0.001 compared to ‘0’, ANOVA with
Tukeys post hoc analysis; Figure 4.6A). The mean length of the spindle was only increased
significantly by 50-100µg/ml Etoposide (50µg/ml, 27.7±4µm, n=34, P<0.01; 100µg/ml,
26.5±2.1µm, n=44, P<0.05 compared to ‘0’, ANOVA with Tukeys post hoc analysis;
Figure 4.6B).
1-3µM Bleomycin caused an increase in mean spindle width (0, 12.1±1.9µm, n=14; 1µM,
14.9±1.2µm, n=12, P<0.001; 3µM, 16±0.8µm, n=10, P<0.001 compared to ‘0’, ANOVA
with Tukeys post hoc analysis; Figure 4.7A) and length (0, 23.3±3.5µm, n=14; 1µM,
26.8±1.8µm, n=12, P<0.01; 3µM, 26±1.4µm, n=10, P<0.05 compared to ‘0’, ANOVA
with Tukeys post hoc analysis; Figure 4.7B). However, in oocytes treated with 10µM no
such differences in mean width (10µM, 13.4±0.7µm, n=9, P>0.05 compared to ‘0’,
ANOVA with Tukeys post hoc analysis; Figure 4.7A) or length (10µM, 24.6±2.6µm,
n=10, P>0.05 compared to ‘0’, ANOVA with Tukeys post hoc analysis; Figure 4.7B) were
seen.
Finally, 25 seconds of UV-B was the only exposure dose to cause a significant increase in
the mean width of the spindle (0, 12.1±1.9µm, n=14; 25s, 15.1±1.5µm, n=9, P=0.001
compared to ‘0’, ANOVA with Tukeys post hoc analysis; Figure 4.8A). The length of the
spindle was far more sensitive to UVB exposure; as little as 15 seconds of exposure caused
a significant increase in the mean spindle length (15s, 30±2.7µm, n=9, P<0.001 compared
to ‘0’, ANOVA with Tukeys post hoc analysis; Figure 4.8B). No decreases in spindle
length or width were seen for any of the treatments used here in this thesis.
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Figure 4-6 Meiotic spindle measurements taken on fixed oocytes treated with Etoposide

(A) Spindle width of oocytes treated with varying concentrations of Etoposide (15100µg/ml) for 15 minutes whilst GV arrested. (B) Spindle length of oocytes treated with
varying concentrations of Etoposide (15-100µg/ml) for 15 minutes whilst GV arrested.
Between 14 and 44 oocytes were analysed per dose. Oocytes pooled from between 2 and 6
mice. *, P<0.05, **, P<0.01, ***, P<0.001, ANOVA (with Tukey’s post hoc analysis)
compared to ‘control’.
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Figure 4-7 Meiotic spindle measurements taken on fixed oocytes treated with Bleomycin

(A) Spindle width of oocytes treated with varying concentrations of Bleomycin (1-10µM)
for 15 minutes whilst GV arrested. (B) Spindle length of oocytes treated with varying
concentrations of Bleomycin (1-10µM) for 15 minutes whilst GV arrested. Between 9 and
14 oocytes were analysed per dose. Oocytes pooled from between 1 and 2 mice per
treatment. *, P<0.05, **, P<0.01, ***, P<0.001 ANOVA (with Tukey’s post hoc analysis)
compared to ‘control’.
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Figure 4-8 Meiotic spindle measurements taken on fixed oocytes exposed to ultraviolet
radiation

(A) Spindle width of oocytes exposed to varying periods of UV-B (15-25 seconds) whilst
GV arrested. (B) Spindle length of oocytes treated with varying concentrations of UV-B
(15-25 seconds) whilst GV arrested. Between 9 and 14 oocytes were analysed per dose.
Oocytes pooled from between 1 and 2 mice per treatment. ** P<0.01, ***, P<0.001
ANOVA (with Tukey’s post hoc analysis) compared to ‘control’.
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4.2.7

Chromosome alignment in oocytes damaged with Etoposide or Bleomycin

Fixed samples obtained using experimental design in Figure 4.1A, were used to assess
chromosome alignment. Images were analysed to assess whether DNA damage caused
chromatin to cluster towards the spindle poles. This was done by using Image J to produce
a Hoechst fluorescence plot along the length of the spindle, from pole to pole (see
Materials and Methods 2.16.3). Peaks on the fluorescence plots corresponded to high
intensities of Hoechst staining, thus allowing me to see where chromatin was aligned along
the spindle.
In vehicle treated or un-exposed oocytes the occurrence of this was very low (0, 14%,
n=14; Figure 4.9, 4.10 and 4.11). In all concentrations of Etoposide and Bleomycin
analysed, the percentage of oocytes with chromatin clustered towards the spindle poles was
not significantly different, but did occur in 20-40% of oocytes (Figure 4.9 and 4.10). Also
worth noting is that there appears to be a downwards trend in chromosome clustering as
the concentration of Etoposide concentration increases, this could be due to increased
aggregation of chromatin (described in section 4.2.9).
4.2.8

Chromosome alignment in oocytes damaged with UV-B

DNA damage caused by chemical agents appeared to have only a small effect on
chromosome alignment in fixed samples. However, in oocytes exposed to UV-B clustering
of chromatin towards either pole was much more pronounced, and appeared to be far more
severe (Figure 4.11) than in either Etoposide or Bleomycin treated oocytes (Figure 4.9 and
4.10). Nearly all oocytes exposed to UV-B were shown to have chromatin clustered
towards the spindle poles (Figure 4.11C).
4.2.9

Etoposide and UV-B exposure can create fragmented DNA

In order to further study chromosome alignment and the possibility of DNA damage
creating fragmented DNA, oocytes were microinjected with H2B-mCherry and CENPCGFP, according to the experimental design shown in Figure 4.1C. Following
microinjection, oocytes were treated with either 15 seconds of UV-B (300nm) or 15
minutes of 25µg/ml Etoposide and then using time lapse imaging were monitored
throughout IVM. The time lapse data was then analysed for the presence or absence of
DNA fragments. Fragments were found in 40-50% of oocytes examined (Figure 4.12 A, B,
C). These fragments often only possessed a single kinetochore (Figure 4.12A) and could be
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Figure 4-9 Clustering of chromatin at spindle poles in oocytes treated with Etoposide

(A) Percentage of oocytes with chromatin clustered towards the spindle poles after
treatment with Etoposide. (B) Oocyte showing no clustering of chromatin after 25µg/ml
Etoposide treatment. Sizes shown on x-axis. (C) Representative oocyte showing some
clustering of chromatin to the spindle pole after 25µg/ml Etoposide treatment. Sizes shown
on x-axis. (D) The fluorescence plot of Hoechst from the oocyte shown in B. The x-axis
corresponds to the scale on ‘B’. (E) The fluorescence plot of Hoechst from the oocyte
shown in C. The x-axis corresponds to the scale on ‘C’. Numbers of oocytes used are as
indicated (pooled from between 2-6 mice per treatment). ns, p>0.05 compared to ‘0’
(Fisher’s Exact test. Error bars are standard error.
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Figure 4-10 Clustering of chromatin at spindle poles in oocytes treated with Bleomycin

(A) Percentage of oocytes with chromatin clustered towards the spindle poles after
Bleomycin sulphate treatment. (B) Representative oocyte showing no clustering of
chromatin after 1µM Bleomycin. Sizes shown on x-axis. (C) Representative oocyte
displaying some clustering of chromatin to the spindle pole after treatment with 1µM
Bleomycin. Sizes shown on x-axis. (D) The fluorescence plot of Hoechst from the oocyte
shown in B. The x-axis corresponds to the scale on ‘B’. (E) The fluorescence plot of
Hoechst from the oocyte shown in C. The x-axis corresponds to the scale on ‘C’. Numbers
of oocytes used are as indicated (pooled from between 2-6 mice per treatment). ns, p>0.05
compared to ‘0’ (Fisher’s Exact test. Error bars are standard error.
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Figure 4-11 Clustering of chromatin to spindle poles in oocytes with physically induced DNA
damage

(A) Percentage of oocytes with chromatin clustered towards the spindle poles after
exposure to UV-B (300nm). (B) Representative oocyte showing no clustering of chromatin
after UV-B exposure (15 seconds). Sizes shown on x-axis. (C) Representative oocyte
showing clustering of chromatin towards both spindle poles after UV-B exposure (15
seconds). Sizes shown on x-axis. (D) The fluorescence plot of Hoechst from the oocyte
shown in B. The x-axis corresponds to the scale on ‘B’. (E) The fluorescence plot of
Hoechst from the oocyte shown in C. The x-axis corresponds to the scale on ‘C’. Numbers
of oocytes used are as indicated. *, p<0.05, **p<0.001 compared to ‘0’ (Fisher’s Exact
test). Error bars are standard error.
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Figure 4-12 DNA Damage causes DNA fragmentation

(A) A chromosome fragment (Fr) generated by 25µg/ml Etoposide. The fragment only
possessed a single kinetochore when Z-stack was examined (z-slices numbered 1-8). For a
comparison two sister kinetochore pairs on a bivalent are highlighted (Bv). The blue circle
highlights an area of ‘clumped’ DNA. (B) Percentage of oocytes expressing CENP-C and
H2B found to have fragmented DNA during time-lapse imaging. Images were taken every
10mins over a 15 hour period. Numbers of oocytes used are as indicated (data pooled from
2 mice for each condition). *, p<0.05, Fisher’s exact test. (C) Time-lapse of an oocyte
expressing CENP-C and H2B, with a fragment possessing a single kinetochore (*). It has
erratic movement around the spindle equator. Scale bar is 5µm.
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seen to make frantic oscillations across the spindle equator (Figure 4.12C) As well as
visible fragments, it was apparent that in Etoposide treated oocytes the chromatin was
often ‘clumped’ or ‘tangled’ and it was on occasion hard to decipher individual
chromosomes (Figure 4.12 A).

4.3

Discussion

In this chapter, oocytes were shown to arrest at metaphase I after treatment with DNA
damaging agent whilst held at the GV stage. The DNA damage protocols used here did not
affect the formation of the spindle itself, but did cause some alterations in spindle size
under some conditions. It was also clear that inducing DNA damage caused some instances
of chromosome mis-alignment and DNA fragmentation but these were unlikely to be the
sole cause of the arrest as it did not occur in all oocytes with DNA damage. The metaphase
arrest induced by DNA damaged appeared to be dependent on the spindle assembly
checkpoint (SAC), but further investigation is required as to how DNA damage causes the
activation of the SAC.
4.3.1

Oocytes with DNA damage arrest at Metaphase I

Throughout Chapter 3 it was established that oocytes are not able to initiate any form of
G2/M checkpoint using my treatment protocol and that instead oocytes are able to arrest
during the first meiotic M phase (Figure 3.4). This has now been shown by other groups in
mice (Ma et al. 2013, Marangos et al. 2015, Yuen et al. 2012) and even porcine oocytes
(Wang et al. 2015a, Zhang et al. 2014); many of which have been published since my
study began.
The next step in understanding this phenomenon was to find out when during meiosis I the
oocytes with DNA damage arrest. The discovery of this was important to show what
mechanisms may lead to such an arrest and how it could be overcome therapeutically.
Oocytes exposed to DNA damaging agents were fixed after IVM (GVBD+ 15h). These
were then stained using antibodies against α-tubulin and counterstained using Hoechst.
This revealed that oocytes that arrested during meiosis I, after being treated with DNA
damaging agents, were halted at metaphase I (Figure 4.2). Metaphase I is easily identified
by its morphological appearance where all chromosomes are aligned along the metaphase
place. If oocytes had been arrested at prometaphase or anaphase the appearance of the
spindle, and organisation of the chromatin, would have been very different. If oocytes had
arrested at prometaphase, the chromatin would be condensed but the chromosomes would
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have been dispersed along the spindle as all the correct attachments or alignment wouldn’t
have occurred yet. If the oocytes had been at anaphase when they were fixed two easily
identifiable groups of chromatin would have been seen, and these would be being pulled
towards either pole of the spindle.
One hypothesis was that the SAC could be responding to a variety of stimuli within the
oocytes with damaged DNA. It is well documented that the SAC can mediate an arrest in
the cell cycle, at the metaphase to anaphase transition, in both somatic cells and oocytes
alike (Musacchio 2015, Sun and Kim 2012). The SAC in mitotic cells is extremely
sensitive to non-attachment or mis-alignment of chromosomes (Khodjakov and Pines
2010) as discussed in Chapter 1.6.6. However, it is extensively reported that the oocyte
SAC is not as sensitive to such aberrations (Gui and Homer 2012, Kitajima et al. 2011,
Kolano et al. 2012, Lane et al. 2012, Nagaoka et al. 2011, Sebestova et al. 2012). With the
oocyte SAC being relatively insensitive to chromosome attachment errors, one possibility
is that there is a second novel role of the SAC in detecting DNA damage in oocytes.
4.3.2

The metaphase arrest induced by DNA damage is SAC-dependent

The block in meiosis I seen after treatment with Etoposide, UV-B and bleomycin occurs
prior to the metaphase to anaphase transition (Figure 4.2). Using a variety of experimental
protocols I found that this arrest was dependent upon the SAC. Indeed the dependence on
the SAC for the DNA damage induced arrest in oocytes has also recently been shown by
another group using the mouse model (Marangos et al. 2015). From my experiments I have
shown that several components of the SAC are required for the DNA damage induced
arrest including MPS1 (Figure 4.3, 4.4) and MAD2 (Figure 4.5).
To highlight the dependence of the response on MPS1, a pharmacological inhibitor,
Reversine, was used to inhibit its activity. MPS1 is a kinase that associates with the
kinetochore (Abrieu et al. 2001) and known to function in both the meiotic and mitotic cell
cycle (Abrieu et al. 2001, Hached et al. 2011). It has been shown to be essential for spindle
checkpoint activation and maintenance; this is due to the fact that it is required to recruit
and retain CENPE at the kinetochore (Abrieu et al. 2001, Hewitt et al. 2010). In turn this
allows for the recruitment of MAD1 and MAD2 (Abrieu et al. 2001, Hewitt et al. 2010).
Both are integral members of the mitotic checkpoint complex (MCC) that sequesters the
APC co-activator, CDC20 (Sudakin et al. 2001) (see Chapter 1.6.6). When MPS1 is
depleted chromosome alignment and segregation is severely impaired in both mitosis and
meiosis I (Hached et al. 2011, Hewitt et al. 2010). By pharmacologically inhibiting MPS1
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at 11 hours after GVBD the arrest could be overcome and PBE was rescued (Figure 4.3,
4.4). This time point was chosen as it is several hours after control oocytes normally
extrude the first polar body. This allowed me to be sure that the oocytes being treated with
Reversine were arrested in meiosis I.
However, there are some possible limitations of using pharmacological inhibition
including off-target effects. Also, there may be variability in the effectiveness of the drug
over time or sets of experiments. Despite this, Reversine is reported as a potent and
selective inhibitor (Santaguida et al. 2010) giving confidence in the results reported here.
The discovery that MPS1 is necessary for the arrest is supported by the findings of
Marangos and Carroll (2015). Using the specific MPS1 inhibitor AZ3146 they were also
able to prevent the arrest of oocytes at metaphase when treated with 100µg/ml

of

Etoposide (Marangos et al. 2015).
With MPS1 being integral for the SAC-dependent response to DNA damage it was of
interest to highlight whether or not other SAC components were also needed. MAD2 has
been shown to be an integral member of the SAC over the years. In meiosis, MAD2 is
required for the correct timing of APC activation (Homer et al. 2005b) as well as
responding to non-attachment (Homer et al. 2005a). It has been shown to localise at the
kinetochores of non-attached bivalents in meiosis I (Wassmann et al. 2003, Zhang et al.
2004). In mitosis, MAD2 is a key component of the MCC, where it is required to sequester
CDC20 (Sudakin et al. 2001). With MAD2 overexpression leading to a metaphase arrest in
oocytes (Wassmann et al. 2003, Homer et al. 2005b, Niault et al. 2007) it made sense to
investigate its involvement in the DNA damage induced arrest. Indeed, levels of MAD2 at
the kinetochore were elevated after treatment with bleomycin when compared to controls
(Figure 4.5). This suggests that, like MPS1, it may also be crucial for the arrest to take
place. In support of this, MAD2 dependence has also been shown by microinjecting
oocytes with a validated morpholino against MAD2 (Collins et al. 2015). In the case of
Etoposide, Bleomycin and UV-B treated oocytes, knocking down MAD2 enabled a
significant rescue of PBE. Rescue of PBE by MAD2 depletion has also been shown in
oocytes treated with 100µg/ml Etoposide for 1 hour (Marangos et al. 2015), however the
progression of these oocytes through to metaphase II was significantly delayed compared
to non-Etoposide-treated oocytes with MAD2 depletion. Un-damaged oocytes with MAD2
depletion generally complete meiosis I at a faster rate than non-injected controls, due to the
lack of an intact SAC (Homer et al. 2005b, Marangos et al. 2015). This could mean that
something else, alongside the SAC, may be contributing towards the M-phase response in
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oocytes after DNA damage. Therefore, it would be interesting to observe the kinetics of
PBE in oocytes treated with other agents such as Bleomycin and UV-B after MAD2
depletion.
In the future it would be interesting to explore the involvement of other SAC proteins. It
has now been observed that BUB1 is required for the oocyte response to DNA damage
(Marangos et al. 2015). BUB1 is known to function in oocytes and its knockdown causes
premature activation of the APC and accelerated exit from meiosis I, alongside this it also
prevents proper biorientation and increases aneuploidy rates (McGuinness et al. 2009, Yin
et al. 2006). Similar to MAD2, BUB1 was also found to be strongly localised to the
kinetochore in oocytes treated with Etoposide at a time when it is no longer at the
kinetochores in control oocytes (Marangos et al. 2015). By microinjecting dominantnegative BUB1 Marangos et al. (2015) were able to rescue PBE in oocytes treated with
100µg/ml Etoposide. They also found that the dominant-negative BUB1 reduced BUBR1
localisation to the kinetochore significantly, which suggests that BUBR1 may also be
necessary for the DNA damage induced arrest. There has been some discrepancy between
studies that have researched the role of BUBR1 during meiosis I. One study suggested that
the depletion of BUBR1 causes oocytes to arrest at metaphase I (Homer et al. 2009),
whereas more recently published work implied depletion accelerated progression of
meiosis I (Touati et al. 2015, Wei et al. 2010). These discrepancies are likely to be due to
differences in the extent of BUBR1 depletion. Regardless of this it is shown to exist and
function in oocytes (Homer et al. 2009, Wei et al. 2010, Touati et al. 2015). The complete
depletion of BUBR1 by conditional knock-out leads to an acceleration in PBE and causes
perturbations in the alignment of chromosomes (Touati et al. 2015). Therefore, it is likely
that other SAC components like BUBR1 function in the SAC mediated arrest after DNA
damage.
The works presented here and the study by Marangos et al. (2015) directly implements the
SAC in the oocytes response to DNA damage. However, I wanted to distinguish what the
SAC was responding to in oocytes with DNA damage; whether it was the physical damage
to the DNA itself or stimuli that the SAC would canonically respond to such as nonattachment.
4.3.3

Spindle alterations induced by DNA damage

One possible explanation for the DNA damage-induced metaphase arrest in oocytes could
have been that the SAC is activated due to severe spindle abnormalities. The spindle is a
105

Chapter 4

microtubule structure that forms in both mitosis and meiosis (Duro and Marston 2015)
(Chapter 1.6.5). It allows for chromosomes to be physically separated at anaphase. Without
a functional spindle chromosomes would not be able to attach via their kinetochores and
this would lead to canonical SAC activation. Indeed it is well known that treating oocytes
with high doses of spindle poisons such as Nocodazole, a microtubule depolymerising
agent, has negative effects on maturation rate (Holt et al. 2012, Lane et al. 2010,
Wassmann et al. 2003).
Some types of DNA damaging agents have been reported to cause spindle abnormalities in
porcine oocytes (Wang et al. 2015a) which may lead to a lack of chromosome attachment
to the spindle and consequently activate the SAC. UV damage has been shown to affect the
microtubule structure upon irradiation (Zaremba et al. 1984). Also spindle alterations have
been reported in oocytes from female mice exposed to oxidative environments, known to
cause DNA damage, such as cigarette smoke (Camlin et al. 2016, Jennings et al. 2011) and
hydrogen peroxide (Choi et al. 2007). Thus a possible explanation for the arrest at
metaphase I was that the short exposure to DNA damaging agents, whilst GV arrested,
could perturb spindle formation having an impact on chromosome alignment and
segregation. However, the images in Figure 4.2 show that a spindle did form with the
normal barrel shape. When these spindles were observed in more detail, by examining
width and length measurements, some changes could be seen (Figures 4.6, 4.7, 4.8).
However, no such changes were reported in mouse oocytes treated with 100µg/ml
Etoposide, when fixed and examined at 8 hours after GVBD (Marangos et al. 2015),
compared to after 16 hours of IVM in my study. Thus the timing of fixation could
contribute to the differences in the occurrence of spindle alterations.
Alterations in spindle size alone were unlikely to be the cause of the arrest after DNA
damage induction as, regardless of its size, spindle formation did appear relatively normal.
Further details on chromosome dynamics were required to elucidate whether this would be
the cause of SAC activation.
4.3.4

DNA damage in oocytes can cause fragmentation and aggregation of DNA

Any agent that causes DNA double strand breaks has the potential to cause fragmentation
of DNA. The issue that would arise with fragmented DNA is that it could lead to a loss of
one or more kinetochores, which in turn would have an effect on chromosome attachment
to the spindle.
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Initially the occurrence of DNA fragmentation was assessed using oocytes fixed after
IVM. The evidence that would suggest that DNA fragmentation had occurred is the
presence of chromatin towards the spindle poles. The clustering of chromatin towards one
pole would imply that only one kinetochore was present and functional, as there would not
be equal forces from each spindle pole to align the chromosome at the equator. Indeed this
phenomenon was seen, but in only ~20-40% of oocytes treated with either Etoposide or
Bleomycin (Figure 4.9, 4.10). However, in oocytes treated with as little as 15 seconds of
UV-B most oocytes had more severe misalignment and clustering of chromatin at the poles
(Figure 4.11). This discrepancy in DNA fragmentation between chemically and physically
induced damage could be due to the fact that using fixed samples may be under
representative, as only one time point is analysed. Therefore, live time-lapse imaging of
oocytes, that had been microinjected with fluorescently tagged histone 2B and CENPC,
was used to monitor chromosome dynamics in more detail. Using this method allowed me
to identify fragments of chromosomes throughout the whole in vitro maturation. Fragments
were easily identifiable by their erratic oscillations across the spindle equator. Between,
40-50% of oocytes treated with either UV-B or Etoposide contained fragments (Figure
4.12). Analysing fragments through time lapse imaging was likely to be more accurate as
the whole maturation could be analysed rather just one time point at which the oocytes
would have been arrested at metaphase for a long period, which could have allowed for
additional time for fragmentation.
The ability of DNA damaging agents to cause chromosome fragmentation has been
reported by several groups investigating the oocyte response to DNA damage.
Neocarzinostatin (NCS) was the first drug reported to induce DNA fragmentation in a
dose-dependent manner (Yuen et al. 2012). Severe DNA damage induced using high
concentrations of Bleomycin (up to 40µM) caused extensive fragmentation and the
dispersal of these fragments amongst the ooplasm (Ma et al. 2013). Kinetochore free
fragments have also been identified in about 30% of oocytes treated with 100µg/ml
Etoposide (Marangos et al. 2015). In addition to this they also reported reduced
chromosome alignment at the metaphase plate, which agrees with the findings presented
(Figure 4.9, 4.10, 4.11). The same dose of Etoposide also caused similar aberrations in
porcine oocytes (Wang et al. 2015a), suggesting that oocyte DNA will readily fragment
after treatment with DNA damaging agents.
The results presented here in combination with the studies mentioned above could mean
that oocytes with DNA damage are simply responding to the presence of DNA fragments
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that do not properly attach to, or align along, the spindle. However, there are two pieces of
evidence that led me to believe DNA fragmentation alone could not be the cause of SAC
activation. Firstly, my results show that fragmentation of chromosomes only occurred in
40-50% of oocytes examined in the live imaging, meaning that 50-60% of oocytes treated
with DNA damaging agent did not possess such DNA aberrations, yet still arrested at
metaphase I. Secondly, it has been thoroughly shown that the oocyte SAC is not as
sensitive to non-attachment as in somatic cells (Abrieu et al. 2001, Gui and Homer 2012,
Kolano et al. 2012, Kouznetsova et al. 2007, Lane et al. 2012, Sebestova et al. 2012).
Indeed up to 8 bivalents not properly biorientated, or under tension, does not prevent the
metaphase to anaphase transition in oocytes treated with Nocodazole (Collins et al. 2015).
Also, parameters associated with chromosome biorientation, such as bivalent tension,
displacement from the metaphase plate and the angle that forms between the bivalent and
spindle equator have been analysed. Bivalent stretch, displacement and alignment were
consistently better in DNA-damaged oocytes that were arrested compared to nocodazoletreated oocytes that went on to extrude a polar body (Collins et al. 2015). One parameter
that was found to be altered in UV-B treated oocytes was bivalent stretch which was
thought to be due to UV-B altering the chromatin configuration. Such stretching has also
been reported in oocytes treated with very low concentrations of NCS (Mayer et al. 2016).
As well as visible fragments, from live imaging of Etoposide treated oocytes it was
apparent that the chromatin was often ‘clumped’, forming aggregations where individual
bivalents were not easily made out (Figure 4.12). This finding is supported by the work of
Marangos et al. (2015), where they also found that 100µg/ml Etoposide caused the
aggregation of DNA to be visible at just 1 hour after GVBD. This phenotype is likely due
to the effects of topoisomerase II inhibition, as this enzyme participates in condensation
and decatenation of DNA (Cortes et al. 2003, Li et al. 2013, Ramamoorthy et al. 2012).
However, aggregations of DNA are unlikely to be the cause of the arrest as oocytes have
been shown not to possess a decatenation checkpoint (Li et al. 2013).
4.3.5

Conclusions

The findings presented in this chapter directly implement the Spindle Assembly
Checkpoint in the DNA damage induced metaphase arrest. My work, in combination with
that of other groups, suggests that the SAC may be activated by the DNA damage itself,
rather than the side effects of such aberrations, like misalignment or DNA fragmentation.
As a result it will be important to explore the type of damage that is induced by these
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agents, and whether oocytes have the ability to detect and repair these insults. If repair
occurs, then it could be that the SAC is not activated and maturation is rescued after repair
has taken place. This will be the focus of Chapter 5. Having found that the SAC is integral
to the arrest induced by DNA damage, it will be interesting to explore what signalling
cascades lead to SAC activation and whether any canonical DNA damage response
proteins, such as ATM or ATR, are involved. This will be addressed in later Chapter 6.
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Chapter 5: Repair of DNA damage in fully-grown GV
oocytes
5.1

Introduction

Having found that oocytes are able to arrest in meiosis I (Chapter 3) in a SAC-dependent
manner (Chapter 4) in response to DNA damage, in this chapter I wanted to show that
oocytes are able to detect and signal the damage in a similar manner to somatic cells. This
would also allow further insight into any particular pathways that may be involved in the
oocyte response to DNA damage.
Therefore, I needed a method to be able to quantify DNA damage; to do so I utilised an
antibody against phosphorylated histone 2AX (γH2AX), a popular biomarker of DNA
DSBs. I used this antibody due to the fact that H2AX phosphorylation at serine 139 is one
of the most upstream signalling events that takes place after the induction of DNA DSBs
(Podhorecka et al. 2010). Oocytes were treated with the four agents used in previous
chapters – Etoposide, Bleomycin, ionising radiation and UV-B- whilst they were GV
arrested. These oocytes were then fixed, processed for immunofluorescence and stained
using the γH2AX antibody. Levels of γH2AX fluorescence within the nucleus were
calculated for individual oocytes.
I also wanted to investigate the ability of oocytes to repair DNA DSBs caused by
exogenous factors, as it is well known that oocytes can repair programmed DSBs during
development (see Chapter 1.8.1). To do this oocytes were treated with DNA damaging
agents and held at the GV stage. They were then fixed for immunofluorescence at different
time points after DNA damage induction, and stained using the γH2AX antibody. γH2AX
fluorescence within the nucleus was calculated for each oocyte allowing me to follow
changes to the level of histone phosphorylation over time. I used oocytes damaged both
chemically with Etoposide and physically using UV-B to investigate this.
Having analysed the self-repair capability of oocytes it was important to find out if such a
repair period after the induction of DNA damage, would rescue oocyte maturation rates.
To study this possibility, oocytes were treated with Etoposide at the GV stage and held for
10 hours following treatment. These oocytes were then released from milrinone and

111

Chapter 5

allowed to undergo an in vitro maturation. Maturation success was scored by the presence
or absence of the first polar body as in previous chapters.
Therefore, this Chapter focuses on the ability of oocytes to detect and signal the damage
induced by a range of agents and whether they have the ability to repair such damage.
Also, the effect of a resting period for repair on oocyte maturation rates was assessed.

5.2
5.2.1

Results
Experimental designs for investigating oocyte DNA damage repair ability

In order to study the oocytes ability to both recognise and repair DNA damage a variety of
protocols were used (Figure 5.1). To simply highlight the fact that oocytes are able to
recognise DNA damage, method 5.1A was used, which was to fix GV oocytes immediately
after treatment with DNA damaging agent and stained with the γH2AX antibody. Due to
slight differences in DNA damage signalling in UV-B treated oocytes, they had to be
treated and then held GV arrested for 1 hour prior to fixing (Figure 5.1B). To monitor
DNA repair in GV oocytes, groups of oocytes were fixed at set time points over a 10 hour
period after treatment with either UV-B or Etoposide. These oocytes were also stained with
γH2AX antibody (Figure 5.1C). To see whether the 10 hour recovery period after DNA
damage induction would have a positive effect on PBE in DNA damaged oocytes method
5.1D was used. Oocytes were treated whilst GV arrested, held at the GV stage for the set
time period using milrinone and maturation success was scored after 12-16hours of IVM.
5.2.2

Quantifying levels of DNA damage

Having found that DNA damage causes an arrest in meiosis I, this suggested that fully
grown GV oocytes may have the ability to detect insults to their DNA. One of the most
upstream events after DNA damage has taken place is the phosphorylation of histone 2A
variant X on serine 139 (γH2AX) and so it is often used as a marker for DNA damage.
Thus to study whether oocytes can detect damage to their DNA, GV oocytes were treated
with either Etoposide, Bleomycin or ionising radiation and then fixed ready for
immunostaining for γH2AX and DNA according to experimental design as shown in
Figure 5.1A. Nuclear γH2AX fluorescence was then calculated for each oocyte (see
Materials & Methods 2.16.1).
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Figure 5-1 Experimental designs for investigating the ability of oocytes to repair DNA
damage

(A) DNA damage induced whilst GV arrested and oocytes fixed as soon as possible
afterwards (~15mins). (B) DNA damage induced whilst GV arrested and held in milrinone
for 1 hour before fixing. (C) DNA damage induced whilst GV arrested and held at the GV
stage in milrinone. Pools of oocytes fixed at set time points after treatment (0.3, 1, 3 and 10
hours after treatment). (D) DNA damage induced at the GV stage and held in milrinone for
10 hours, followed by an IVM of 12h-16h.
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GV oocytes that were not exposed to Etoposide, Bleomycin or ionising radiation had little
or no γH2AX within the nucleus, but when small foci were visible they co-localised with
the chromatin (Figure 5.2A, 5.3A, 5.4A). However, numerous γH2AX foci could be seen
in the nucleus of oocytes treated with all of the DNA damaging agents mentioned above,
and these foci also co-localised with chromatin (Figure 5.2A, 5.3A, 5.4A).
When the mean nuclear γH2AX fluorescence was quantified there were significant
increases in GV oocytes fixed immediately after treatment with 25µg/ml Etoposide
(Control, 0.2±0.05 Arb. Units, n=10; Etoposide, 1.5±0.7 Arb. Units, n=9, P<0.001
compared to control, unpaired t-test, Figure 5.2B), 1µM Bleomycin (Control, 0.2±0.05
Arb. Units, n=10; Bleomycin, 0.6±0.6 Arb.Units, n=24, P<0.001 compared to control,
Mann-Whitney test, Figure 5.3B) and 4.5y of ionising radiation (Control, 0.2±0.1, n=13;
IR, 2.5±0.7 Arb.Units, n=15, P<0,001, unpaired t-test, Figure 5.4B).
5.2.3

UV induces H2AX phosphorylation in a delayed manner in GV oocytes

Interestingly, when nuclear γH2AX fluorescence was examined in UV-B exposed oocytes
immediately after treatment, there was no visible difference between the staining pattern of
UV-B treated oocytes and those that were un-exposed (Figure 5.5A). When mean nuclear
γH2AX fluorescence was quantified it confirmed that there was not a significant difference
between the exposed and un-exposed at this time point (0.3h control, 6990±2595
Arb.Units, n=36; 0.3h UVB, 7491±2972 Arb.Units, n=41, P>0.05 compared to 0h control,
ANOVA with Tukeys post hoc analysis, Figure 5.5B).
I thought it may be possible that there is a delay in the phosphorylation of H2AX after UVB exposure and the experimental design as shown in Figure 5.1B was used. Indeed, by
holding UV-B exposed oocytes at the GV stage for 1 hour after treatment and then fixing,
led to a visible increase in the γH2AX foci (Figure 5.5A). When quantified there was a
significant increase in mean nuclear γH2AX fluorescence (1h control, 6514±2033
Arb.Units, n=46; 1h UVB, 12531±3377 Arb.Units, n=43, P<0.001 compared to 1h control,
ANOVA with Tukeys post hoc analysis, Figure 5.5B).
5.2.4

Oocytes treated with Etoposide can self-repair

As discussed in Chapter 1.6.2 oocytes undergo programmed double strand breaks during
early prophase and these have to be repaired. This suggests that oocytes may possess the
ability to repair damage caused by exogenous factors as well. In order to examine this
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Figure 5-2 Etoposide induces the phosphorylation of H2AX in GV oocytes

(A) Representative γH2AX in a GV oocyte following either no treatment or 25µg/ml
Etoposide. Scale bar, 10µm. (B) Nuclear γH2AX fluorescence levels in individual oocytes
following treatment with 25µg/ml Etoposide. Data are pooled from 2 mice for each
condition. Each data point represents a single oocyte; means and s.d are represented by the
horizontal lines. *** P<0.001, compared to control (unpaired t-test).
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Figure 5-3 Bleomycin induces the phosphorylation of H2AX in GV oocytes

(A) Nuclear γH2AX fluorescence levels in individual oocytes following treatment with
1µM Bleomycin. Data are pooled from 2-3 mice for each condition. Each data point
represents a single oocyte; means and s.d are represented by the horizontal lines. ***
P<0.001, compared to control (Mann-Whitney test). (B) Representative γH2AX in a GV
oocyte following either no treatment or 1µM Bleomycin. Scale bar, 10µm.
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Figure 5-4 Ionising radiation induces the phosphorylation of H2AX in GV oocytes

(A) Nuclear γH2AX fluorescence levels in individual oocytes following treatment with
4.5y IR. Data are pooled from 2-3 mice for each condition. Each data point represents a
single oocyte; means and s.d are represented by the horizontal lines. *** P<0.001,
compared to control (unpaired t-test). (B) Representative γH2AX in a GV oocyte following
either no treatment or 4.5y IR. Scale bar, 10µm.
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Figure 5-5 UV-B exposure induces the phosphorylation of H2AX in a delayed manner in GV
oocytes

(A) Representative γH2AX immunofluorescence in GV oocytes following either no
exposure or 30 seconds of UV-B (300nm). UV-B treated oocytes shown here immediately
after treatment and 1 hour after treatment. (B) Nuclear γH2AX fluorescence levels in
individual oocytes following either none or 30 seconds of UV-B exposure. Oocytes
maintained at the GV for times indicated. Oocytes pooled from 5 mice. Each data point
represents a single oocyte; means and s.d are represented by the horizontal lines. ***
P<0.001, compared to control (ANOVA, Tukey’s post hoc test). Scale bar, 10µm.
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possibility the experimental design as shown in Figure 5.1C was used. GV oocytes were
treated with 25µg/ml Etoposide for 15 minutes as in previous chapters. The oocytes were
kept in milrinone to maintain GV arrest and groups of oocytes were taken from this pool at
different time points after treatment (~20mins, 1h, 3h, 10h) and prepared for
immunofluorescence utilising the γH2AX antibody.
The staining pattern for Etoposide treated GV oocytes altered over the 10 hour time period.
At ~20mins and 1h after treatment there were a huge number of small foci, of which there
was some overlap making individual foci difficult to see (Figure 5.6A). These foci also colocalised with the chromatin. However, by 10 hours after Etoposide treatment the number
of foci had been greatly resolved. Also, the remaining foci appeared to be larger and much
more distinct than at the earlier time points (Figure 5.6A).
When the mean nuclear γH2AX fluorescence was quantified in undamaged oocytes it was
low and remained fairly consistent at the time points studied (0.3h control, 1.2±0.3
Arb.Units, n=16; 1h control, 0.9±0.3 Arb.Units, n=15; 3h control, 0.8±0.2 Arb.Units,
n=18; 10h control, 0.8±0.2 Arb.Units, n=13; Figure 5.6B, green dots). Oocytes treated with
Etoposide initially had much higher mean nuclear γH2AX fluorescence, which slowly
declined over time, but still remained significantly higher than levels in control oocytes for
3 hours after treatment (0.3h Etoposide, 3.9±2.4 Arb.Units, n=18, P<0.001 compared to
0.3h control, ANOVA with Tukeys post hoc analysis; 1h Etoposide, 3.1±1.1 Arb.Units,
n=19, P<0.001 compared to 1h control; 3h Etoposide, 2.0±0.8 Arb.Units, n=18, P<0.05
compared to 3h control; Figure 5.6B, green dots). By 10 hours after treatment the mean
nuclear γH2AX fluorescence in control and treated oocytes was not significantly different
(10h control, 0.8±0.2 Arb.Units, n=13; 10h Etoposide 0.7±0.2 Arb.Units, n=16, P>0.05
compared to 10h control, ANOVA with Tukeys post hoc analysis; Figure 5.6B),
suggesting repair was taking place.
5.2.5

Repair of UV-B associated damage in GV oocytes

Having discovered the delayed induction of γH2AX in UV-B treated oocytes displayed in
Figure 5.5, nuclear γH2AX fluorescence was also followed over a 10 hour period. As with
the Etoposide treated oocytes, after UV-B exposure groups of oocytes were taken from the
main pool at different time points (~20mins, 1h, 3h, 10h) and processed for
immunofluorescence.
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Figure 5-6 GV oocytes initiate repair of DNA damage induced by Etoposide

(A) Representative γH2AX immunofluorescence in GV oocytes following either control or
25µg/ml Etoposide. Etoposide treated oocytes shown here immediately after, 3 hours or 10
hours after treatment. (B) Nuclear γH2AX fluorescence levels in individual oocytes
following either control or 25µg/ml Etoposide. Oocytes maintained at the GV stage for
times indicated. Oocytes pooled from 4 mice. Each data point represents a single oocyte;
means and s.d are represented by the horizontal lines. *, P<0.05, ***, P<0.001 compared to
control (ANOVA, Tukey’s post hoc test). Scale bar, 10µm.
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The staining pattern for UV-B exposed GV oocytes altered over the 10 hour time period.
As already highlighted in Figure 5.5 at ~20mins after exposure very little γH2AX could be
seen; only a few small foci could be seen and these were also apparent in controls when
examined at all stages (Figure 5.7A; only control at 10h is displayed as oocytes were
similar from all time points examined). γH2AX foci were much more abundant at 1, 3 and
10 hours after UV-B exposure and there was no obvious visible change in the size of the
foci either (Figure 5.7A).
When nuclear γH2AX was quantified, it showed that in contrast to Etoposide treated
oocytes (Figure 5.6) UV-B exposed oocytes do not reach a peak in γH2AX fluorescence
until 3 hours after treatment (3h UV-B, 39774±6568 Arb.Units, n=23; Figure 5.7B). By 10
hours after UV-B exposure γH2AX levels had begun to decrease, but were still much
higher than that of controls from the same time point (10h control, 10355±2634 Arb.Units,
n=24; 10h UV-B, 25509±9814 Arb.Units, n=23, P<0.001 compared to 10h control,
ANOVA with Tukeys post hoc analysis; Figure 5.7B).
5.2.6

Self-repair can cause small increases in PBE in DNA damaged oocytes

Having found that oocytes treated with Etoposide are able to repair a significant amount of
DNA damage within a 10 hour period, visualised by the reduction in γH2AX fluorescence
(Figure 5.6), it was of interest to see if this translated into a rescue of PBE. To assess this
the experimental design as shown in Figure 5.1D was used. Holding undamaged oocytes at
the GV stage had no effect on maturation when compared to those that did not have the
holding period; rates in both cases were at least 60% (Figure 5.8, green bars). As already
established, treatment with Etoposide significantly reduced maturation rates in oocytes.
However, by including a 10 hour holding period at the GV stage after treatment, allowed
for a small but significant increase in polar body extrusion (Etoposide -10h hold, 7%,
n=367; Etoposide +10hold, 19%, n=280, P<0.001 compared to Etoposide -10h hold,
Fishers exact test; Figure 5.8, blue bars).

5.3

Discussion

In this chapter GV oocytes were shown to be able to detect and signal DNA damage
induced by Etoposide, Bleomycin and ionising radiation, through the phosphorylation of
H2AX. However, the phosphorylation of H2AX in UV-B treated oocytes was shown to be
induced in a delayed manner. Using the γH2AX antibody it was also clear that oocytes
treated with Etoposide could resolve these foci over a 10 hour holding period, suggesting
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Figure 5-7 GV oocytes do not initiate efficient repair of UV-B associated damage

(A) Representative γH2AX immunofluorescence in GV oocytes following either control or
30 seconds of UV-B. UV-B treated oocytes shown here immediately after, 1 hour, 3 hours,
or 10 hours after treatment. (B) Nuclear γH2AX fluorescence levels in individual oocytes
following either control or 30 seconds of UV-B. Oocytes maintained at the GV for times
indicated. Oocytes pooled from 5 mice. Each data point represents a single oocyte; means
and s.d are represented by the horizontal lines. *** P<0.001, compared to control
(ANOVA, Tukey’s post hoc test). Scale bar, 10µm.

122

Chapter 5

Figure 5-8 A 10h hold period can improve the maturation rates in DNA damaged oocytes

Oocyte maturation rates in oocytes treated with control or 25 µg/ml Etoposide that were
either immediately released for IVM, or held for 10h at the GV stage prior to release. PBE
was assessed after 12-16h after IVM. Pooled from 5 mice per treatment. ***, P<0.001
compared to Etoposide -10h hold period (Fishers Exact test).
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that repair had taken place. However, oocytes exposed to UV-B could not. In fact these
oocytes did not reach a peak in fluorescence until 3 hours after treatment, perhaps
highlighting a different method of DSB induction after exposure to UV-B. The effect of
DNA repair on maturation success was also investigated using Etoposide treated oocytes;
this revealed that a repair period whilst GV arrested could translate into a mild rescue of
PBE.
5.3.1

Oocytes can detect and signal DNA damage induced by exogenous sources

The phosphorylation of H2AX is one of the most upstream signalling events after DNA
double strand breaks have been formed in somatic cells (Podhorecka et al. 2010). This
modification allows for the accumulation of other DDR proteins required to initiate a cell
cycle arrest and DNA damage repair (Kinner et al. 2008, Podhorecka et al. 2010).
As discussed in detail in Chapter 1.6.2, during early prophase the oocyte undergoes a series
of programmed DSBs in order for meiotic recombination and crossover formation to occur.
It is also known that these DSBs are detected and signalled for repair (Mahadevaiah et al.
2001). If these breaks are not formed and repaired by homologous recombination, as
occurs in Spo11-/- mice, (Baudat et al. 2000, Romanienko and Camerini-Otero 2000),
chromosomes do not get tethered together which would lead to aneuploidy (Burgoyne et al.
2009). To prevent this oocytes undergo apoptosis (Di Giacomo et al. 2005). Therefore,
programmed DSBs are signalled by the phosphorylation of H2AX (Mahadevaiah et al.
2001) and require other DDR proteins, such as ATM, RAD51 and DMC1, to be activated
in order to be repaired (Baudat et al. 2013). If repair of programmed DSBs is aberrant, as
in DMC1-/- and ATM-/- mice, a checkpoint exists to eliminate these oocytes through
apoptosis (Di Giacomo et al. 2005).
Having this ability to deal with programmed DSBs made it reasonable to assume that
oocytes are likely to be able to signal DNA DSBs induced by exogenous factors as well.
Indeed it had been shown that GV stage oocytes could detect and signal DNA damage
through the phosphorylation of H2AX. Oocytes treated with as little as 5µg/ml Etoposide
for 3 hours had a significant increase in γH2AX (Marangos and Carroll 2012). Also the
percentage of oocytes positive for γH2AX signal, when examined by immunofluorescence,
was increased when treated with NCS for 1 hour (Yuen et al. 2012).
The extensive investigation into γH2AX signalling I have presented here supports the
previously published work mentioned above. Here 25µg/ml Etoposide for 15 minutes,
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1µM Bleomycin for 15 minutes and exposure to 4.5Gy all significantly increased the mean
nuclear γH2AX fluorescence (Figure 5.2, 5.3 and 5.4). I chose to measure γH2AX by
calculating the mean nuclear fluorescence due to the huge number of foci present in the
oocytes which often overlapped. Counting individual foci was far too ambiguous as
overlapping foci could lead to an underrepresentation of γH2AX.
Since I began my studies several other groups have also reported that GV oocytes can
detect and signal DNA damage by phosphorylating H2AX. Increases in γH2AX have been
reported in mouse oocytes treated with Bleomycin (Ma et al. 2013), NCS (Mayer et al.
2016) and laser beam microdissection (UV-A) (Ma et al. 2013). This response to DNA
damage is not limited to the mouse model and has been shown in porcine oocytes treated
with Bleomycin (Zhang et al. 2014) or Etoposide (Wang et al. 2015a). Therefore it is now
well established that oocytes can detect and signal DNA damage caused by exogenous
sources. It will be interesting to find out whether DDR proteins that carry out H2AX
phosphorylation in somatic cells, such as ATM or ATR, also function in oocytes.
5.3.2

Signalling of UV-induced DNA damage is delayed in GV oocytes

Ultraviolet radiation is well known for its ability to cause cyclobutane pyrimidine dimers
(CPDs) and 6-4 photoproducts (Chapter 1.2.4) (Goodsell 2001, Budden and Bowden
2013). It has also been extensively shown that UV-A, UV-B and UV-C can induce the
phosphorylation of H2AX in somatic cells (Halicka et al. 2005, Marti et al. 2006,
Hanasoge and Ljungman 2007, Oh et al. 2011, Greinert et al. 2012), a modification
associated with DNA DSBs. However, whether γH2AX is signalling the induction of
DSBs in UV damaged cells has been under much debate over the last decade.
The data presented here shows that UV-B exposure can initiate the phosphorylation of
H2AX in oocytes, like in somatic cells. Significant increases in nuclear γH2AX were seen,
but only 1 hour after UV-B exposure had occurred (Figure 5.5) implying that the
mechanism that leads to this histone modification in oocytes after UV exposure is slow or
delayed. Indeed, similar kinetics of H2AX phosphorylation have been reported in a variety
of human cell lines. Marti et al. (2006) showed that γH2AX could be detected 1 hour after
UV irradiation of human fibroblasts, but that it did not reach its maximum until 2 hours
after exposure. In this study it was suggested that individual γH2AX foci were not formed
by UV and rather a pan-nuclear pattern was seen (Marti et al. 2006). However, many
studies published since have shown the formation of distinct foci (Hanasoge and Ljungman
2007, Oh et al. 2011, Greinert et al. 2012), agreeing with my work presented here.
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There are several possibilities that could have caused H2AX to be phosphorylated in UV-B
treated oocytes, including the formation of DSBs or the production of repair intermediates
during nucleotide excision repair (NER) (Chapter 1.5.3). It has been suggested that the
phosphorylation of H2AX after UV-C exposure in human fibroblasts was not due to the
formation of DSBs as no NBS1, a protein involved in signalling and repairing DNA DSBs,
co-localised with the γH2AX staining (Marti et al. 2006). Instead H2AX was found to
associate with CPD staining and was reduced or eliminated in cells that were deficient in
XPC or XPA, proteins involved in NER. Therefore one possibility is that H2AX
phosphorylation in UV treated oocytes may not be signalling a DSB. Instead the γH2AX
could be signalling the formation of DNA repair intermediates.
However, in an interesting study by Oh et al. (2011) it was shown that H2AX was
phosphorylated after UV exposure even in the absence of NER using cells deficient in
XPB, another NER factor. This study also revealed that DSBs could be formed after UV
treatment using the neutral comet assay, which revealed a tail consistent with DSB
formation. However, the increase in tail moment was not apparent 1 hour after UV
exposure, and was instead seen at the later time point tested (6 hours after UV exposure).
Therefore, another possibility that delayed the phosphorylation of H2AX in UV treated
oocytes could have been that DSBs were in fact formed, but that these breaks are not
created directly by the UV. In somatic cells, the production of ROS has been suggested to
induce DSBs after UV exposure (Greinert et al. 2012). UV-A was found to induce the
phosphorylation of H2AX in skin fibroblasts, which was found to correlate with an
increased production of ROS. Human skin fibroblasts pre-treated with an antioxidant
called Naringin, had reduced γH2AX induction, consistent with ROS being the cause of
the damage (Greinert et al. 2012). Comet assays were also used to analyse DNA
fragmentation in these cells. In both the neutral (to detect DSBs) and the alkaline (detects
SSBs and DSBs) assays the tail length was increased; suggesting that breaks in DNA had
in fact been caused.
A different profile of DNA damage induction may have been seen if the formation of
thymine dimers had been monitored instead of the phosphorylation of H2AX. It would be
interesting to further investigate the cause of the delayed phosphorylation of H2AX and
whether it simply signals slow forming DSBs caused by ROS, or if it represents the repair
intermediates created during the repair of CPD and 6-4 photoproducts.
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5.3.3

GV stage oocytes are capable of initiating DNA repair

There are many mechanisms that can be initiated to repair different types of DNA damage.
For this thesis the main mechanisms of concern included the repair of DSBs that were
induced by Etoposide, and potentially UV-B, by homologous recombination (HR) (Chapter
1.5.1). The second was the repair of UV-B induced damage by NER (Chapter 1.5.3).
As already mentioned, oocytes are able to repair programmed DSBs that are initiated
during prophase (Chapter 1.8.1). There are some studies that have suggested that oocytes
can repair DNA damage caused by exogenous sources as well (Chapter 1.8.2). Therefore, I
wanted to examine whether fully grown GV oocytes were able to rid themselves of such
lesions. The γH2AX assay has been used to successfully monitor the repair of ionising
radiation induced DSBs in human (Mariotti et al. 2013) and swine cell lines (Moroni et al.
2013). In both studies somatic cells were shown to resolve a substantial number γH2AX
foci within 10 hours of IR treatment (Mariotti et al. 2013, Moroni et al. 2013). Thus, using
γH2AX to assay the repair of DSBs I have shown here that oocytes treated with Etoposide
are able to initiate the repair of lesions in their DNA (Figure 5.6). A majority of the
γH2AX foci disappear within 10 hours of treatment with Etoposide, suggesting that GV
oocytes initiate similar repair mechanisms as somatic cells.
In support of the finding that fully grown oocytes carry out DSB repair, a very recent study
has suggested that oocytes treated with NCS can resolve DNA damage throughout
maturation (Mayer et al. 2016). In this study low levels of DNA damage were induced so
that the progression to metaphase II was not inhibited. By examining H2AX
phosphorylation throughout meiosis I, they showed a reduction in both endogenously and
exogenously induced γH2AX foci between the GV and metaphase II stage, and suggested
this was due to repair taking place.
Interestingly, a very different γH2AX profile was seen for UV-B treated oocytes. After the
initial finding that significant increases in γH2AX fluorescence were not seen until 1 hour
after treatment (Figure 5.5), extending the time that γH2AX was examined over revealed
that peak γH2AX fluorescence was not reached until 3 hours post irradiation (Figure 5.7).
As already discussed in 5.3.2 phosphorylation of H2AX is readily reported after UV
exposure and is thought to be due to either DSBs induced by ROS, or that γH2AX is not
marking DSBs, but instead marking repair intermediates created whilst cells are resolving
dimers and photoproducts. Therefore the results presented here can be interpreted in two
different ways. Firstly, if γH2AX represents DSBs they are not initiated immediately after
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UV treatment, which supports the findings in somatic cells (Greinert et al. 2012, Oh et al.
2011). It also supports the theory that ROS could be inducing such damage (Greinert et al.
2012), and that as a result this slower induction of DSBs, repair (and decrease in γH2AX
fluorescence) does not begin until 10 hours after UV exposure. If the experiment was
extended and γH2AX fluorescence was assessed 24 hours after exposure I would predict
that γH2AX would continue to decrease during this time.
However, several studies have suggested that γH2AX in UV treated cells may be marking
repair intermediates rather than DSBs (Hanasoge and Ljungman 2007, Marti et al. 2006). If
this is also the case in oocytes, the γH2AX profile suggests that high levels of repair were
taking place by 3 hours after UV exposure. Similar profiles have been seen in human
fibroblasts treated with UV; where peaks in γH2AX foci have been reported between 2-6h
followed by a reduction between 8-12h and complete absence of γH2AX by 24 hours after
exposure (Hanasoge and Ljungman 2007, Marti et al. 2006). This was studied further by
Hanasoge and Ljungman (2007) where they increased the number of repair intermediates
by inhibiting DNA polymerase enzymes, which are required for NER, using aphidocolin.
This treatment caused further increases in H2AX phosphorylation, and their persistence
after UV-C exposure. Why γH2AX marks these repair intermediates is unknown but it has
been suggested to maintain cell cycle arrest during repair, as the kinetics mirror the
removal of 6-4 photoproducts (Marti et al. 2006).
Without further investigation it cannot be said what γH2AX is signalling in UV-B treated
oocytes. Future work could include monitoring CPD formation and its repair using
established antibodies. It would also be important to find out if proteins involved in DSB
repair, such as RPA or RAD51, co-localise with γH2AX in UV treated oocytes as this
would suggest DSBs are being signalled in these oocytes.
Despite being a well-established biomarker of DNA DSBs there may be some limitations
of using the γH2AX assay to monitor the formation and repair of DSBs (Löbrich et al.
2010). Firstly, as I have demonstrated with the UV exposed oocytes, there is the potential
that γH2AX may not only represent DSBs. It has also been shown to have other roles
within the cell including normal progression of the cell cycle as γH2AX is present in nondamaged cells to different extents throughout mitosis (Turinetto and Giachino 2015).
Nevertheless, with the damaging agents used in this thesis it is well established that they
cause DSBs that are signalled by γH2AX in somatic cells (Burma et al. 2001, Redon et al.
2009, Scarpato et al. 2013), thus I am confident that DSBs are being signalled here,
excluding the results seen in UV treated oocytes. Secondly, it has also been suggested that
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the timing of the loss of foci does not fully correlate with repair (Löbrich et al. 2010).
Regardless of this, the assay still demonstrates that oocytes can repair DSBs over time.
Other assays that can be used to monitor DNA damage include the Comet Assay and
Pulse-field gel electrophoresis (PFGE). However, these methods require costly equipment
and intricate protocols for use on oocytes. PFGE in particular requires 105–106 cells for
analysis (Löbrich et al. 2010) a number that is not feasible when studying oocytes.
Therefore, I used the γH2AX assay due to the protocol for using this antibody being wellestablished and known to work on oocytes, but kept in mind its possible limitations.
5.3.4

Repairing DNA DSBs subtly increases PBE in oocytes

The de-phosphorylation of γH2AX is associated with the switching off of the DNA
damage response and is involved in recovery of the G2/M checkpoint (Peng 2013, Wang et
al. 2015b). The recovery from DNA damage checkpoints is not yet fully understood but the
de-phosphorylation of many DDR proteins by protein phosphatases is known to be
important. WIP1 expression is enhanced several hours after DNA damage induction where
it then facilitates the de-phosphorylation of ATM kinase, γH2AX, CHK1 and CHK2 (Peng
2013, Wang et al. 2015b). Also PP2A is required for inactivating ATM kinase and also for
de-phosphorylating γH2AX (Chowdhury et al. 2005, Wang et al. 2015b). PP2A has also
been found to be involved in the inactivation of CHK1 (Wang et al. 2015b). Although it is
known that these proteins are required for checkpoint recovery, the timing of their
activation after DNA damage is still not clear.
Due to the known involvement of γH2AX de-phosphorylation in checkpoint recovery, it
was logical to predict that the reduction in γH2AX in Etoposide treated oocytes over a 10
hour period, may have allowed the oocyte to recover from the DNA damage. Therefore,
oocytes were allowed to undergo a recovery period and released for maturation to see if
rates of PBE could be improved. Indeed rates of PBE were subtly increased in DNA
damaged oocytes when a recovery period had been permitted (Figure 5.8).
In agreement with this finding, it has been shown very recently that oocytes treated with
low doses of NCS (ng/ml concentrations), to induce relatively few H2AX foci, do progress
to metaphase II (Mayer et al. 2016). However, here I have only seen a small increase in
PBE. These differences could be due to the levels of damage originally induced between
the two studies; here I induce extensive amounts of damage that could also differ in
complexity compared to the low levels of damage induced by Mayer et al. (2016).
Therefore, the oocytes that remained arrested in my study could have been due to residual
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DNA damage that could not be repaired. In support of this the γH2AX foci in oocytes
became noticeably larger in size 10 hours after Etoposide treatment (Figure 5.6). It is wellknown that the γH2AX signal spreads across DNA to flank the DSB (Kinner et al. 2008,
Rogakou et al. 1998), so perhaps these larger foci represent complex double strand breaks
that cannot be repaired, and therefore require more signalling. This could have possibly
led to persistence in the DDR signalling and continued cell cycle arrest. If oocytes were
held for 24 hours after Etoposide treatment, all DSBs may be resolved and could lead to
further increases in PBE, as IR and UV-B damage continues to be repaired when examined
for up to 24 hours in somatic cells (Mariotti et al. 2013, Marti et al. 2006, Moroni et al.
2013).
Even though only small increases in PBE are seen here (Figure 5.8) it would be interesting
to know whether the accuracy of the first meiotic division is improved after a repair period.
The work produced by Mayer et al. (2016) suggests that improvements could be seen.
They showed that in oocytes treated with 10ng/ml and 100ng/ml NCS, the percentage of
oocytes with segregation errors was ~25% and ~90% respectively (Mayer et al. 2016). This
could be interpreted to show that if oocytes can reduce the number of DSBs, as I have
shown here, the accuracy of the first meiotic division could be improved. Future work
could focus on the rates of aneuploidy in DNA damaged oocytes that have either had a
repair period or released from milrinone immediately after treatment. I would predict that
DNA damage would lead to high levels of aneuploidy and allowing oocytes to repair DNA
damage would decrease this incidence.
5.3.5

Conclusions

The findings presented in this chapter clearly demonstrate the ability of the fully grown
GV oocyte to detect and signal DNA DSBs, and damage associated with UV-B irradiation.
My work suggests that oocytes have the ability to repair Etoposide induced DSBs with
kinetics similar to, or slightly better than, that of somatic cells treated with IR. I have also
shown that maturation rates of DNA damaged oocytes can be subtly improved when
oocytes are kept arrested at GV for 10 hours, to allow DNA repair to take place. It will be
important to establish if the proteins required for H2AX phosphorylation in somatic cells,
such as ATM and ATR, also function in the oocyte response to DNA damage. This will be
addressed in Chapter 6.
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Chapter 6: The role of DNA Damage Response proteins
in the Oocyte DNA Damage Response
6.1

Introduction

Having established that oocytes can detect and signal DNA damage (Chapter 5), it was
important to understand what proteins are required for such signalling to take place. In
somatic cells ATM and ATR are critical components for DDR signalling (Chapter 1.3.1
and 1.3.2); therefore it was of interest to see whether these proteins also function in the
oocyte response to DNA damage.
To examine the involvement of the kinases in oocytes with and without DNA damage,
pharmacological inhibitors were used to knock down the proteins. I was interested to see if
H2AX phosphorylation, and so DNA damage signalling, was affected when these kinases
were inhibited. This is due to the fact that both ATM and ATR are known to carry out this
histone modification after DNA damage induction (Burma et al. 2001, Hanasoge and
Ljungman 2007, Ward and Chen 2001). To do this oocytes were treated with DNA
damaging agent either in the presence/absence of the inhibitor, were fixed after treatment
and processed for immunofluorescence. Using antibodies against γH2AX (used in Chapter
5) to quantify nuclear fluorescence levels, the relative activity of ATM and ATR signalling
was inferred. As well as this, the impact on oocyte maturation was assessed for each kinase
individually by adding inhibitor to the incubation media and also when using a
combination of the two inhibitors. The kinase inhibitors were also added to the media
during treatment. After a standard IVM oocytes were assessed for polar body extrusion.
To complement the experiments that used pharmacological inhibition, oocytes from
genetically modified mice in which the Atm and Atr genes had been knocked-out were
used. Mutations in ATM or complete loss of the kinase results in infertility, but can also
lead to embryonic lethality in mice (Barlow et al. 1996, Barlow et al. 1998, Daniel et al.
2012). The loss of ATR function is always embryonic lethal (Brown and Baltimore 2000,
de Klein et al. 2000). The production of these mice was possible due to them being
conditional knockouts, specific to the oocyte, using the Cre-LoxP system. With the
expression of Cre recombinase linked to that of DDX4, which is needed for meiotic
activation. In these experiments fully grown GV oocytes obtained from knockout mice
were treated with Etoposide and the effect on oocyte maturation was assessed.
131

Chapter 6

6.2
6.2.1

Results
Experimental designs for investigating the role of common DNA Damage response
proteins in the oocyte DNA Damage Response

Having established that oocytes appear to have a unique SAC-dependent DNA damage
response it was of interest to begin to work out the signalling pathways that lead to SAC
activation. To check that ATM and ATR function was inhibited when the inhibitors were
added to media oocytes were processed using the experimental design as shown in Figure
6.1A and 6.1B. GV oocytes were treated with Bleomycin, UV-B or Etoposide, in the
presence or absence of the inhibitors, and then immediately processed for
immunofluorescence. Following staining with antibodies against γH2AX, nuclear
fluorescence could be calculated for individual oocytes.
To examine the effect of inhibiting ATM and ATR on oocyte maturation, either ATM or
ATR inhibitor was added to the culture media during treatment and throughout IVM,
according to the experimental design as shown in Figure 6.1C and 6.1D. The standard 16
hour IVM was used and maturation success was scored by the presence or absence of the
first polar body. The combined effect of inhibiting both ATM and ATR was studied using
experimental design 6.1E and 6.1F. To monitor the effect of inhibiting both kinases on
DNA damage signalling GV oocytes were treated with Etoposide in the presence of both
inhibitors, and immediately fixed for immunofluorescence. Following staining with
antibodies against γH2AX, nuclear fluorescence could be calculated for individual oocytes
(Figure 6.1E). To examine the effect on oocyte maturation both ATM and ATR inhibitor
was added to the culture media during treatment and IVM. Following a 16 hour IVM
maturation success was scored (Figure 6.1F).
Finally, oocytes were collected from Atm-/- Atr-/- mice and treated as shown in
experimental design as shown in Figure 6.1G. GV oocytes were treated with Etoposide and
immediately released from milrinone. Following the standard 16 hour IVM maturation
success was scored.
6.2.2

ATM kinase and the oocyte DNA Damage Response

KU55933 is one of a handful of commercially available pharmacological inhibitors of
ATM kinase. It is well established as a potent and specific inhibitor that is used to study
the role of ATM in somatic cells (Velic et al. 2015). Therefore I wanted to
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KU55933

KU55933

KU55933

KU55933

KU55933

KU55933

Figure 6-1 Experimental designs to study the involvement of DDR proteins in the oocyte
specific DNA damage checkpoint

(A) DNA damage induced in GV arrested oocytes either in the presence or absence of
KU55933. GV oocytes were fixed after treatment. (B) Same protocol as in ‘A’ except the
inhibitor used was specific to ATR kinase. (C) DNA damage induced whilst GV arrested
followed by standard 16h IVM (GVBD+15h). Media used for treatment or IVM was either
supplemented with KU55933 or not. (D) Same protocol as in ‘C’ except the inhibitor was
specific to ATR kinase. (E) Same protocol as in ‘A’ and ‘B’ except inhibitors against both
ATM and ATR kinase were used. (F) Same protocol as in ‘C’ or ‘D’ except inhibitors
against both ATM and ATR kinase were used. (G) GV oocytes collected from Atm-/- Atr-/mice. DNA damage induced at the GV stage, followed by standard IVM (GVBD+15h).
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use this inhibitor to assess the involvement of ATM in the oocyte DDR. However, some
oocyte researchers anecdotally have suggested this inhibitor is problematic (personal
communication – Dr Petros Marangos, Dr Elias Elinati). As a result, three different batches
of KU55933 were tested in this thesis and it was indeed found that there was batch-tobatch variation in the effect of this inhibitor on oocytes both with and without DNA
damage. The batches of KU55933 tested in this thesis will be described separately and will
be specified to distinguish experimental findings.
6.2.3

Pharmacological inhibition of ATM kinase has variable effects on oocyte
maturation

In order to use this inhibitor a suitable dose needed to be found. The dose and timing of
KU55933 treatment is highly variable among oocyte studies. Marangos and Carroll used
KU55933 to study the effect of DSBs on GVBD and meiotic progression in oocytes; for
their experiments they used a dose of ~25µM and in a more recent publication used 40µM
(Marangos and Carroll 2012, Marangos et al. 2015). In one study looking at primordial
follicle apoptosis after DNA damage induction, doses of up 300µM were used (Kim and
Suh 2014). Therefore, I needed to establish a dose of KU55933 that would not have a
negative impact on the maturation of undamaged oocytes. Using Batch 1 I tested a variety
of doses (4-100µM) on undamaged oocytes. Interestingly, none of the doses tested had a
negative impact on PBE (Figure 6.2). In fact 40µM KU55933 (Batch 1) caused a
significant increase in the maturation of oocytes (0µM, 73%, n=30; 40µM, 97%, n=31,
P=0.0125 compared to ‘0’, Fishers Exact test; Figure 6.2). As, a result of this 40µM was
the dose of inhibitor used for the experiments involving Batch 1.
Having found that 40µM KU55933 (Batch 1) caused an increase in maturation rates in
undamaged oocytes I next wanted to establish whether maturation rates could be improved
by ATM inhibition in oocytes with DNA damage. This was investigated using the
experimental design shown in Figure 6.1C. KU55933 (Batch 1) was added to the media
during treatment and IVM; PBE was assessed after 16 hours. When 40µM KU55933 added
to the media of oocytes treated with Etoposide a small increase in PBE was seen, however
this did not reach a level of statistical significance (Etoposide, 48%, n=40;
Etoposide+KU55933, 53%, n=40, P=0.6590 compared to Etoposide only, Fishers exact
test, Figure 6.3A, blue bars). Treating oocytes with Bleomycin in the presence of KU55933
allowed for a significant increase in PBE (Bleo, 49%, n=112; Bleo+KU55933, 62%,
n=119, P=0.0481 compared to
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KU55933 (µM)
Figure 6-2 The effect of ATM kinase inhibition of PBE rates in undamaged oocytes

Maturation rates in oocytes without exposure to DNA damaging agents in the presence or
absence of varying concentrations of KU55933 (Batch 1). Number of oocytes used stated.
Oocytes pooled from 2 mice per treatment. *, P<0.05 compared to ‘0’ (Fishers Exact test).
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KU55933

KU55933

KU55933
Figure 6-3 The effect of ATM kinase inhibition on PBE in DNA damaged oocytes

40µM KU55933 (Batch 1) was added to M2 media during treatment and throughout IVM.
(A) Maturation rates in oocytes treated with control or 25µg/ml Etoposide, in the presence
or absence of the ATM inhibitor. (B) Maturation rates in oocytes treated with 1µM
Bleomycin, in the presence or absence of the ATM inhibitor.(C) Maturation rates in unexposed or UV-B treated oocytes, in the presence or absence of the ATM inhibitor.
Number of oocytes used stated. Oocytes pooled from 3-4 mice per treatment. *, P<0.05
compared to ‘-KU55933’ control or treatment (Fishers Exact test).
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Bleo only, Fishers exact test, Figure 6.3B, blue bars). A similar increase was also seen in
oocytes exposed to UV-B when KU55933 was added to the media during treatment and
IVM (UV-B, 48%, n=141; UV-B+KU55933, 61%, n=151, P=0.03 compared to UVB only,
Fishers exact test; Figure 6.3B, blue bars).
To determine if the results were consistent between batches of drug, a second batch of
KU55933, was tested (Batch 2). Based on the results in Figure 6.2, I used 40µM KU55933
(Batch 2) during the treatment and maturation of oocytes. In contrast to the results in
Figure 6.2, the new batch of KU55933, when used at a concentration of 40µM, had a
negative impact on the maturation rates of un-damaged oocytes (Control-KU55933, 85%,
n=34; Control+KU55933, 50%, n=42, P=0.0015 compared to control-KU55933, Fishers
exact test; Figure 6.4A, green bars). This was also seen in Etoposide treated oocytes where
maturation rate was reduced to less than 10% (n =36, P<0.001 compared to EtoposideKU55933, Fishers exact test, Figure 6.4A; blue bars). As a result of this batch-to-batch
variation, I used a lower concentration of 10µM. The lower dose of KU55933 (Batch 2)
only had a small effect on maturation rates (85% in –KU55933 to 82% in +KU55933,
Figure 6.4B, green bars; 92% in –KU55933 to 74% in +KU55933; Figure 6.4C, green
bars). However, rather than the small rescue observed in experiments using Batch 1,
maturation rates in Etoposide treated oocytes were reduced further by the presence of the
KU55933 (Batch 2) (Etoposide-KU55933, 52%, n=58; Etoposide+KU55933, 19%, n=59,
P<0.001 compared to Etoposide-KU55933, Fishers exact test, Figure 6.4B; blue bars).
KU55933 (Batch 2) was also tested on oocytes exposed to UV-B. As with Etoposide,
maturation rates in UV-B exposed oocytes were further reduced by the presence of
KU55933 (Batch 2) (UVB-KU55933, 38%, n= 66; UVB+KU55933, 7%, n=69, P<0.001
compared to UVB-KU55933, Fishers exact test; Figure 6.4C, blue bars).
Due to the opposite effects seen in oocytes treated with Batch 1 and 2 KU55933, a third
batch of the inhibitor was tested. I tested the effects of both 10µM and 40µM KU55933
(Batch 3) on un-damaged oocyte maturation to ensure the dose selected did not inhibit
PBE. Neither of these doses had a negative impact on the maturation rates of un-damaged
oocytes (Figure 6.5). In fact both 10µM and 40µM KU55933 (Batch 3) caused small
increases in oocyte maturation, but this increase did not reach statistical significance (0µM,
77%, n=56; 10µM, 80%, n=56, P=0.8183; 40µM, 81%, n=59, P=0.6479 compared to ‘0’,
Fishers exact test; Figure 6.5). As a result both 10µM and 40µM was tested on DNA
damaged oocytes.
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KU55933 (40µM)

KU55933 (10µM)

KU55933 (10µM)

Figure 6-4 The effect of ATM kinase inhibition on PBE in DNA damaged oocytes

A second batch of KU55933 (Batch 2) was used to test for variation between lots.
KU55933 was added to M2 media during treatment and IVM as in Figure 6.2 and 6.3. (A)
Maturation rates in oocytes treated with vehicle or Etoposide, in the presence or absence of
the 40µM ATM inhibitor. (B) Maturation rates in oocytes treated with control or 25µg/ml
Etoposide, in the presence or absence of the 10µM ATM inhibitor. (C) Maturation rates in
oocytes exposed to 30 seconds of UV-B, in the presence or absence of 10µM KU55933.
Number of oocytes used stated. Oocytes pooled from 2-4 mice per treatment. *, P<0.05,
**, P<0.01; ***, P<0.001 compared to ‘-KU55933’ control or Etoposide (Fishers Exact
test).
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KU55933 (10µM)
Figure 6-5 The effect of ATM kinase inhibitor on the PBE rates of undamaged oocytes

Maturation rates in oocytes without treatment with DNA damaging agents in the presence
or absence of varying concentrations of KU55933 (Batch 3). Number of oocytes used
stated. Oocytes pooled from 3 mice per treatment.
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In agreement with the results seen using Batch 2, when 10µM KU55933 (Batch 3) was
added to the media of oocytes that had been DNA damaged with Etoposide there were
further decreases in maturation rates were seen (Figure 6.6). However, this decrease only
reached statistical significance when 40µM KU55933 (Batch 3) was used (EtoposideKU55933, 33%, n=80; Etoposide+ 40µM KU55933, 15%, n=54, P=0.0259 compared to
‘Etoposide-KU55933’, Fishers exact test; Figure 6.6, blue bars).
In summary, large variation was seen in the maturation rates when three different batches
of KU55933 were used, from small amounts of rescue after DNA damage induction in
Figure 6.2 and 6.3, to further decreases in PBE seen in Figure 6.4 and Figure 6.6.
Therefore, the effect of ATM kinase on maturation rates in oocytes could not be properly
assessed using this pharmacological inhibitor but the results suggest that ATM is not
essential for the DNA damage induced arrest.
6.2.4

ATM kinase inhibition reduced the signalling of DNA damage

Despite the variable effects of KU55933 on oocyte maturation I wanted to show that the
inhibitor was working and investigated whether inhibition of this kinase had any effect on
the signalling of DNA damage in oocytes. In Chapter 5, it was thoroughly shown that
oocytes can detect and signal DNA damage induced by a variety of agents, through the
phosphorylation of H2AX. This post-translational modification is often attributed to ATM
kinase, so it could be used to look into ATM activity. To examine the effect of ATM
inhibition on H2AX phosphorylation the experimental design shown in Figure 6.1A was
used. GV oocytes were fixed after Bleomycin, Etoposide, or UV-B treatment in the
presence or absence of KU55933 (batches will be specified). Regardless of the batch used,
albeit being used at different doses, KU55933 reduced the level of H2AX phosphorylation
after DNA damage had been induced.
Using Batch 1 the effect of ATM inhibition on the phosphorylation of H2AX after
Bleomycin treatment was assessed. In control oocytes there was very little visible γH2AX
staining, whereas treating oocytes with 1µM Bleomycin led to a visible increase in the
presence of γH2AX foci (Figure 6.7A). By adding 40µM KU55933 to the media during
treatment caused the γH2AX staining pattern to be similar to that of controls and very few
distinguishable foci could be seen (Figure 6.7A). When the mean nuclear γH2AX
fluorescence was quantified it was relatively low in control treated oocytes (1750±498
Arb. Units, n=17; Figure 6.7B, green dots), whereas treatment with Bleomycin caused a
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Figure 6-6 The effect of ATM kinase inhibition on PBE in DNA damaged oocytes

A third batch of KU55933 (Batch 3) was used to test for variation between lots. KU55933
(10µM or 40µM) was added to M2 media during treatment and IVM as in Figure 6.2, 6.3,
6.4 and 6.5. Maturation rates in oocytes treated with control or Etoposide, in the presence
or absence of 10µM or 40µM ATM inhibitor. Number of oocytes used stated. Oocytes
pooled from 4-6 mice per treatment. * P<0.05, compared to ‘-KU55933’ control or
Etoposide (Fishers Exact test).
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Figure 6-7 The effect of KU55933 (Batch 1) on H2AX levels in Bleomycin treated oocytes

(A) Representative γH2AX immunofluorescence in GV oocytes following control or 1µM
Bleomycin in the presence or absence of 40µM KU55933. Oocytes shown here were fixed
immediately after treatment. (B) Nuclear γH2AX levels in individual oocytes following
either control or 1µM Bleomycin in the presence or absence of 40µM KU55933. Oocytes
pooled from 3 mice. Each data point represents a single oocyte; means and s.d are
represented by the horizontal lines. *** P<0.001, Kruskal-Wallis with Dunn’s post hoc
analysis. Scale bar, 5µm.
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large increase in the mean nuclear γH2AX fluorescence (7407±8410 Arb.Units, n=33,
P<0.001 compared to control, Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.7B,
blue dots). By adding 40µM KU55933 to the media during the treatment with Bleomycin
the mean nuclear γH2AX fluorescence was greatly reduced, however this did not reach
significance (2748±782 Arb.Units, n=8, P>0.05 compared to Bleomycin only, KruskalWallis with Dunn’s post hoc analysis; Figure 6.7B, orange dots).
KU55933 (Batch 2) was used on oocytes treated with Etoposide or exposed to UV-B. In
vehicle treated oocytes there was very little visible γH2AX staining, whereas treating
oocytes with 25µg/ml Etoposide led to a visible increase in the presence of γH2AX foci
(Figure 6.8). Interestingly, by adding KU55933 to the media during treatment caused the
γH2AX staining pattern to be similar to that of controls and very few distinguishable foci
could be seen (Figure 6.8A). When the mean nuclear γH2AX fluorescence was quantified
it was relatively low in control oocytes (2676±917 Arb.Units, n=31; Figure 6.8B, green
dots), whereas treatment with Etoposide caused a dramatic increase in mean nuclear
γH2AX fluorescence (7745±2950 Arb.Units, n=32, P<0.001 compared to control, KruskalWallis with Dunn’s post hoc analysis; Figure 6.8B, blue dots). By adding KU55933 to the
media during the treatment with Etoposide greatly reduced mean nuclear γH2AX
fluorescence (3977±1206 Arb.Units, n=29, P<0.001 compared to Etoposide only, KruskalWallis with Dunn’s post hoc analysis; Figure 6.8B, orange dots).
In order to test whether KU55933 affected the level of H2AX phosphorylation in oocytes
exposed to UV-B, oocytes were exposed and then kept arrested at the GV stage for 1 hour
prior to fixing. This was due to the delayed H2AX phosphorylation that takes place in UVB exposed oocytes (Chapter 5.2.3). In oocytes that had not been exposed to UV-B there
was very little visible γH2AX. However, oocytes exposed to UV-B had a visible increase
in γH2AX foci (Figure 6.9A). Adding KU55933 to the media during UV-B exposure and
for the 1 hour hold period, caused an alteration in the γH2AX staining pattern; fewer
distinguishable foci could be seen (Figure 6.9A). When the mean nuclear γH2AX
fluorescence was quantified it was relatively low in unexposed oocytes (3472±1030
Arb.Units, n=40; Figure 6.9B, green dots), whereas exposure to UV-B caused a dramatic
increase in mean nuclear γH2AX fluorescence (12856±4382 Arb.Units, n=49, P<0.001
compared to unexposed, Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.9B, blue
dots). By adding KU55933 to the media during exposure to UV-B greatly reduced mean
nuclear γH2AX fluorescence (8231±2096 Arb.Units, n=48, P<0.001 compared to UV-B
only, Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.9B, orange dots).
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Figure 6-8 The effect of KU55933 (Batch 2) on H2AX levels in Etoposide treated GV oocytes

(A) Representative γH2AX immunofluorescence in GV oocytes following control or
25µg/ml Etoposide in the presence or absence of 10µM KU55933. Oocytes shown here
were fixed immediately after treatment. (B) Nuclear γH2AX levels in individual oocytes
following either control or 25µg/ml Etoposide in the presence or absence of 10µM
KU55933. Oocytes pooled from 4 mice per treatment. Each data point represents a single
oocyte; means and s.d are represented by the horizontal lines. *** P<0.001, Kruskal-Wallis
with Dunn’s post hoc analysis. Scale bar, 5µm.
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Figure 6-9 The effect of KU55933 (Batch 2) on H2AX levels in GV oocytes exposed to UV-B

(A) Representative γH2AX immunofluorescence in unexposed GV oocytes or those
exposed to UV-B (30s) in the presence or absence of 10µM KU55933. Oocytes shown
here were fixed 1 hour after treatment. (B) Nuclear γH2AX levels in individual unexposed
oocytes or those that were exposed to UV-B in the presence or absence of 10µM
KU55933. Oocytes pooled from 4 mice per treatment. Each data point represents a single
oocyte; means and s.d are represented by the horizontal lines. *** P<0.001, Kruskal-Wallis
with Dunn’s post hoc analysis. Scale bar, 5µm.
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KU55933 (Batch 3) was used on oocytes treated with Etoposide. To confirm that the
inhibitor was working and whether this batch also had an effect on the signalling of DNA
damage the γH2AX profile was examined. In un-damaged oocytes there was very little
visible γH2AX staining, whereas treating oocytes with 25µg/ml Etoposide led to a visible
increase in the presence of γH2AX foci (Figure 6.10A). By adding 10µM or 40µM
KU55933 to the media during treatment there was a visible reduction in γH2AX staining
(Figure 6.10A). When the mean nuclear γH2AX fluorescence was quantified it was
relatively low in control treated oocytes (4083±440 Arb.Units, n=18; Figure 6.10B, green
dots), whereas treatment with Etoposide caused a dramatic increase in mean nuclear
γH2AX fluorescence (12770±1178 Arb.Units, n=22, P<0.001 compared to control,
Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.10B, blue dots). By adding 10µM
KU55933 to the media during the treatment with Etoposide greatly reduced mean nuclear
γH2AX fluorescence (6365±453 Arb.Units, n=22, P<0.01 compared to Etoposide only,
Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.10B, orange dots). By increasing
the concentration of KU55933 used during treatment with Etoposide to 40µM, the mean
nuclear γH2AX fluorescence was reduced further (5408±417 Arb.Units, n=18, P<0.001
compared to Etoposide only, Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.10B,
orange dots).
6.2.5

Pharmacological ATM inhibition causes cytoplasmic abnormalities in oocytes

One effect of treatment with KU55933, regardless of whether DNA damage had been
induced or not, was the striking abnormalities it caused within the cytoplasm of the oocytes
(Figure 6.11). This effect was also seen regardless of KU55933 batch that was used.
Oocytes that had been incubated in the presence of KU55933, that had arrested at
metaphase I or II, had developed circular structures that resembled, by size, nucleoli. To
investigate what these structures were, oocytes were incubated with Hoechst (1:1000) for 5
minutes and then imaged using the confocal microscope. Interestingly, little or no
chromatin was associated with these circular structures suggesting they were not multiple
nucleoli. Further study is required to work out what exactly these structures are. The
Hoechst staining also revealed that even in the presence of the ATM inhibitor oocytes had
segregated their chromosomes, causing chromatin to be present in the polar body and the
metaphase II egg (Figure 6.11). Polar bodies produced in the presence of the inhibitor
looked similar to those produced in its absence. However, little can be said about the
accuracy and fidelity of the first meiotic division in KU55933 treated oocytes. Additional
experiments using time-lapse confocal microscopy would be required to do so.
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Figure 6-10 The effect of KU55933 (Batch 3) on H2AX levels in Etoposide treated GV oocytes

(A) Representative γH2AX immunofluorescence in GV oocytes following control or
25µg/ml Etoposide in the presence or absence of 10µM/40µM KU55933. Oocytes shown
here were fixed immediately after treatment. (B) Nuclear γH2AX levels in individual
oocytes following either control or 25µg/ml Etoposide in the presence or absence of
10µM/40µM KU55933. Oocytes pooled from 4 mice per treatment. Each data point
represents a single oocyte; means and s.d are represented by the horizontal lines. ***
P<0.01, *** P<0.001, Kruskal-Wallis with Dunn’s post hoc analysis. Scale bar, 5µm.
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Figure 6-11 Formation of abnormal structures within the cytoplasm of mature oocytes after
ATM inhibition

Images of oocytes after a variety of treatments and IVM. Example of metaphase I and II
arrested oocytes are shown. Oocytes that had KU55933 in the treatment and IVM media
have multiple circular structures within the oocyte cytoplasm. These structures did not
appear in oocytes incubated in media without KU55933. Scale bar, 50µm.
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6.2.6

ATR kinase inhibition and the oocyte DNA damage response

ATR is another kinase that is important for the DDR in somatic cells and is most
commonly associated with the response to UV or replication stress (Chapter 1.3.2).
Therefore, to investigate its involvement in the oocyte DNA damage response, a
pharmacological inhibitor of ATR, ATR Kinase inhibitor II (ATRi), was added to media
during treatment and IVM. To the best of my knowledge this inhibitor has not previously
been used during oocyte studies. A dose of 10µM was used based on preliminary
experiments carried out during an undergraduate student project (Aikta Sharma, University
of Southampton).
6.2.7

ATR inhibition does not rescue polar body extrusion in DNA damaged oocytes

To see whether ATR inhibition would lead to improved maturation rates in DNA damaged
oocytes the experimental design shown in Figure 6.1D was used. 10µM ATRi was added
to media during treatment and IVM, and PBE was assessed after 16 hours. 10µM ATRi
appeared to have no significant effect on the maturation rates in un-damaged oocytes
(Control-ATRi, 88%, n=40; Control+ATRi, 80%, n=47, P=0.5601 compared to ControlATRi, Fishers exact test, Figure 6.12; green bars). When added to the M2 media of oocytes
treated with Etoposide a further decrease in PBE was seen (Figure 6.12; blue bars).
However, this decrease did not reach significance (Etoposide-ATRi, 60%, n=40;
Etoposide+ATRi, 52%, n=48, P=0.5212 compared to Etoposide-ATRi, Fishers exact test,
Figure 6.12; blue bars).
6.2.8

ATR inhibition reduced the signalling of DNA damage

To demonstrate that the ATR inhibitor was working and whether it would have any effect
on the phosphorylation of H2AX, the experimental design in Figure 6.1B was used. GV
oocytes were fixed after either control or Etoposide treatment in the presence or absence of
ATRi. γH2AX fluorescence levels were calculated according to Materials and Methods
2.16.1.
In un-treated oocytes there was very little visible γH2AX staining, whereas treating
oocytes with 25µg/ml Etoposide led to a visible increase in the presence of γH2AX foci
(Figure 6.13). Adding ATRi to the media during Etoposide treatment caused the γH2AX
staining pattern to be similar to that of controls and very few distinguishable foci could be
seen (Figure 6.13A). When the mean nuclear γH2AX fluorescence was quantified it was
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Figure 6-12 The effect of ATR kinase inhibition on PBE in Etoposide treated oocytes

10µM ATRi was added to M2 media during treatment and in vitro maturation. Maturation
rates displayed for control or 25µg/ml Etoposide treated oocytes. Number of oocytes used
stated. Oocytes pooled from 4 mice. ns, compared to ‘-ATRi’ control or Etoposide
(Fisher’s Exact test).
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Figure 6-13 ATRi decreases H2AX phosphorylation in Etoposide treated oocytes

(A) Representative γH2AX immunofluorescence in GV oocytes following control or
25µg/ml Etoposide in the presence or absence of 10µM ATRi. Oocytes shown here were
fixed immediately after treatment. (B) Nuclear γH2AX levels in individual oocytes
following either control or 25µg/ml Etoposide in the presence or absence of 10µM ATRi.
Oocytes pooled from 4 mice per treatment. Each data point represents a single oocyte;
means and s.d are represented by the horizontal lines. **, P<0.01, ***, P<0.001, KruskalWallis with Dunn’s post hoc analysis. Scale bar, 5µm.
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relatively low in control treated oocytes (2676±917 arb. Units, n=31; Figure 6.13B, green
dots), whereas treatment with Etoposide caused a dramatic increase in mean nuclear
γH2AX fluorescence (7745±2950 arb. Units, n=32, P<0.001 compared to control, KruskalWallis with Dunn’s post hoc analysis; Figure 6.13B, blue dots). The addition of ATRi to
the media during the treatment with Etoposide did cause a reduction in the mean nuclear
γH2AX fluorescence (5163±1486 arb. Units, n=31, P<0.01 compared to Etoposide only,
Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.13B, orange dots).
6.2.9

Combined inhibition of ATM and ATR

With the individual inhibition of ATM (Batch 2) or ATR not improving the maturation
rates of DNA damaged oocytes, it was possible that just inhibiting one kinase could lead to
compensation by the other. Therefore, the impact of inhibiting both kinases at the same
time was assessed. Both, KU55933 (Batch 2) and ATRi were added to the M2 media
during treatment and maturation. KU55933 Batch 2 was used for these experiments as
KU55933 (Batch 1) was over 12 months old by the time this experiment was carried out.
6.2.10

Combined inhibition of ATM and ATR does not rescue polar body extrusion in
DNA damaged oocytes

To further explore the possibility that inhibiting both ATM and ATR may improve
maturation rates in DNA damaged oocytes the experimental design shown Figure 6.1F was
used. Both, KU55933 (Batch 2) and ATRi were added to the M2 media during treatment
and maturation. PBE was assessed after 16 hours. The concentration used for both
inhibitors was 10µM.
10µM KU55933 and ATRi appeared to have no significant effect on the maturation rates
in un-damaged oocytes (Control-KU55933-ATRi; 88%, n=42; Control+KU55933+ATRi,
80%, n=59, P=0.2953 compared to Control-KU55933-ATRi, Fishers exact test Figure
6.14; green bars). However, when added to the media of oocytes treated with Etoposide a
further decrease in PBE was seen (Figure 6.11; blue bars). This decrease seen in Etoposide
treated oocytes did not reach significance (Etoposide-KU55933-ATRi, 37%, n=41;
Etoposide+KU55933+ATRi, 30%, n=60, P=0.5225 compared to Etoposide-KU55933ATRi, Fishers exact test, Figure 6.14; blue bars). Therefore, the inhibition of both ATM
and ATR kinase using pharmacological agents, does not rescue PBE in oocytes treated
with 25µg/ml Etoposide.
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Figure 6-14 The effect of ATM and ATR kinase inhibition on PBE in Etoposide treated
oocytes

10µM of KU55933 and ATRi was added to M2 media during treatment and in vitro
maturation. Maturation rates displayed for control or 25µg/ml Etoposide treated oocytes.
Number of oocytes used stated. Oocytes pooled from 4 mice in total. ns, compared to ‘KU55933 and -ATRi’ control or Etoposide (Fisher’s Exact test).
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6.2.11

Inhibition of both ATM and ATR decreased the signalling of DNA damage

I had already established that despite having no effect on maturation in DNA damaged
oocytes, individually inhibiting either ATM or ATR kinases caused a decrease in the
amount of H2AX that was phosphorylated when DNA had been damaged (Figure 6.7, 6.8,
6.9, 6.10 and 6.13). It was possible that inhibiting both proteins could lead to further
decreases in γH2AX fluorescence if one was compensating for the other during the
individual inhibition experiments. Therefore, I used the experimental design as shown in
Figure 6.1E to investigate this. GV oocytes were treated with Etoposide either in the
presence or absence of 10 µM KU55933 (Batch 2) and ATRi. They were then fixed and
processed for immunofluorescence using the γH2AX antibody. γH2AX fluorescence levels
were calculated according to Materials and Methods 2.16.1.
As already mentioned, in non-damaged oocytes there was little γH2AX staining within the
nucleus, but this was greatly increased by treating oocytes with Etoposide (Figure 6.15A).
Also, when oocytes were treated with Etoposide in the presence of both KU55933 and
ATRi the γH2AX staining pattern was not too dissimilar to that of non-damaged oocytes.
When this was quantified, the mean nuclear γH2AX fluorescence was relatively low in
control treated oocytes (2676±917 arb. Units, n=31; Figure 6.15B, green dots), whereas
treatment with Etoposide caused a dramatic increase in mean nuclear γH2AX fluorescence
(7745±2950 arb. Units, n=32, P<0.001 compared to control, Kruskal-Wallis with Dunn’s
post hoc analysis; Figure 6.15B, blue dots). By adding both KU55933 and ATRi to the
media during the treatment with Etoposide a large reduction in the mean nuclear γH2AX
fluorescence was seen (3621±1281 arb. Units, n=28, P<0.001 compared to Etoposide only,
Kruskal-Wallis with Dunn’s post hoc analysis; Figure 6.15B, orange dots). However, this
reduction was not different to that seen when oocytes were treated with only KU55933
during Etoposide exposure (Etoposide +KU55933, 3977±1206 arb. Units, n=29; Etoposide
+KU55933 +ATRi, 3621±1281 arb. Units, n=28, P<0.05 when compared to
Etoposide+KU55933, Kruskal-Wallis with Dunn’s post hoc analysis).
6.2.12

Atm-/- Atr-/- mice

Due to the variability seen when using KU55933, and the lack of improvement in
maturation rates when either KU55933 or ATRi were used, I wanted to be able to
definitively answer whether ATM or ATR kinase are involved in the oocyte DNA damage
response. The best way to ensure that ATM and ATR had been successfully knocked-out
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Figure 6-15 Combined KU55933 and ATRi decreases H2AX phosphorylation in Etoposide
treated oocytes

(A) Representative γH2AX immunofluorescence in GV oocytes following control or
25µg/ml Etoposide in the presence or absence of 10µM KU55933 and ATRi. Oocytes
shown here were fixed immediately after treatment. (B) Nuclear γH2AX levels in
individual oocytes following either control or 25µg/ml Etoposide in the presence or
absence of 10µM KU55933 and ATRi. Oocytes pooled from 4 mice per treatment. Each
data point represents a single oocyte; means and s.d are represented by the horizontal lines.
***, P<0.001, Kruskal-Wallis with Dunn’s post hoc analysis. Scale bar, 5µm.
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was to use a genetically modified mouse. Therefore, Atm-/- Atr-/- mice were used. These
were a gift of Dr James Turner (NIMR/Crick Institute London) and were genotyped in his
lab. Mice were generated by the floxed deletion of the Atm and Atr genes driven by the
DDX4 promoter.
6.2.13

Atm-/- Atr-/- oocytes arrested at MI when treated with Etoposide

To examine the effect of knocking-out the Atm and Atr genes on the oocyte DDR, the
experimental design shown in Figure 6.1G was used. Oocytes were collected from the
knockout mice as well as littermate controls. These were treated with either DMSO or
100µg/ml Etoposide to ensure a high arrest rate would be induced in oocytes obtained from
littermate control mice.
Oocytes obtained from both littermate controls and the knockouts that were treated with
DMSO had high maturation rates as expected (98% and 91% respectively; Figure 6.16,
green bars). This result also revealed that ATM and ATR are not required for the
progression of meiosis I as knockouts extruded polar bodies. Also as expected, the
littermate control oocytes treated with Etoposide had reduced polar body extrusion rates
(Etoposide ATM+/+ ATR+/+; 45%, n=31; Figure 6.16, blue bars). Interestingly, the
oocytes obtained from the knockout mice had similarly low polar body extrusion rates
when treated with Etoposide (Etoposide ATM-/- ATR-/-; 35%, n=31, P=0.6051 compared
to Etoposide ATM+/+ ATR+/+, Fishers exact test; Figure 6.16, blue bars). This supports
the results using the pharmacological inhibitors (Figure 6.4, 6.6, 6.12 and 6.14) that ATM
and ATR kinase are not required for the oocyte response to DNA damage.

6.3

Discussion

In this Chapter, the pharmacological inhibition of ATM and ATR kinase had highly
variable effects on maturation in oocytes. Despite this, the use of these inhibitors revealed
that ATM and ATR kinases do contribute to the phosphorylation of H2AX after the
induction of DNA damage in fully grown GV oocytes. Using oocytes obtained from Atm-/Atr-/- mice, the variability of the pharmacological inhibitors could be avoided. It also
highlighted that ATM or ATR are not crucial for the completion of meiosis I or the
extrusion of the first polar body in oocytes without DNA damage. This agreed with two out
of the three batches of KU55933 tested. These experiments also suggested that it is
unlikely that ATM and ATR are the proteins involved in activating the SAC in response to
DNA damage.
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Figure 6-16 Maturation rates in Atm-/- Atr-/- oocytes treated with Etoposide

Maturation rates displayed for Control or Etoposide treated oocytes. Oocytes were either
obtained from littermate control mice (Atm+/+ Atr+/+) or double knockouts (Atm-/- Atr-/).
Number of oocytes used stated. Oocytes pooled from between 8-9 mice in total (some mice
did not receive PMSG injections). ns, compared to ‘+KU55933 +ATRi littermate’ control
or Etoposide (Fisher’s Exact test).
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6.3.1

ATM and ATR are involved in signalling DNA damage in oocytes

H2AX phosphorylation after DNA damage induction is important for initiating cell cycle
arrest and DNA damage repair (Podhorecka et al. 2010). This histone modification is
known to be one of the roles of ATM kinase after the induction of DSBs (Burma et al.
2001) and also ATR during oxidative stress or DNA replication aberrations (DeLoughery
et al. 2015, Ward and Chen 2001). The role of ATM kinase in phosphorylating H2AX was
specifically shown in mouse embryonic fibroblasts (MEFs). The general Phosphoinositide
3-kinase (PI3K) inhibitor, Wortmannin reduced H2AX phosphorylation in IR treated
MEFs (Burma et al. 2001). Further to this ATM-/- MEFs treated with IR had near
background levels of H2AX phosphorylation and this could be reinstated by ectopic
expression of ATM (Burma 2001). The main role of γH2AX in the DDR is for the correct
accumulation of other DDR proteins; MDC1 has been shown to bind directly to γH2AX
and is also needed for the correct localisation of repair proteins like 53BP1 and NBS1
(Stucki et al. 2005).
ATM is also important in the repair of DSBs and the phosphorylation of H2AX during the
induction of programmed DSBs in early prophase I in oocytes (Di Giacomo et al. 2005).
More recently ATM has been shown to be involved in the phosphorylation of H2AX in
exogenously damaged oocytes from primordial follicles, in both mice and humans
(Soleimani et al. 2011). The activation of ATM in these oocytes is known to initiate
apoptotic pathways and the loss of the pool of primordial oocytes (see Chapter 1.7.1) (Kerr
et al. 2012a, Kim and Suh 2014, Soleimani et al. 2011). High concentrations of Etoposide
used to treat GV oocytes has also been shown to activate ATM kinase, and this activation
was strongly correlated with the phosphorylation of H2AX (Marangos and Carroll 2012).
In agreement with this study I have specifically shown here that ATM and ATR are
involved in signalling DNA damage in fully grown GV oocytes through the induction of
γH2AX (Figure 6.7, 6.8, 6.9, 6.10, 6.13 and 6.15).
Interestingly, even in the presence of KU55933, ATRi, or a combination of the two, the
levels of γH2AX were still higher than in oocytes without DNA damage. This suggests that
there may be other kinases responsible and able to signal DNA damage in oocytes. The
third kinase most commonly associated with the DDR is DNA-PK. It is known to be
involved in DNA repair by NHEJ (see Chapter 1.5.2) (Davidson et al. 2013, Goodwin and
Knudsen 2014). It has also been shown to be able to phosphorylate H2AX in a variety of
situations (An et al. 2010, Mukherjee et al. 2006). The minimal H2AX phosphorylation
that was seen in ATM-/- MEFs could be completely abolished by the addition of
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Wortmannin, an inhibitor of ATM and DNA-PK suggesting that DNA-PK is responsible
for the low levels of H2AX when ATM is absent. It has also been demonstrated in HeLa
cells that have DNA-PK downregulated by siRNA that H2AX is not phosphorylated after
IR (An et al. 2010). An et al. (2010) also showed that in ATM deficient cell lines some
H2AX phosphorylation occurred after IR, and that this could be prevented by treating the
cells with NU7026, a highly specific inhibitor of DNA-PK (Davidson et al. 2013). This
could also be the case with the staining pattern seen in KU55933/ATRi treated oocytes
where the residual H2AX phosphorylation is due to the activation of DNA-PK. Thus,
future work could focus on the involvement of DNA-PK in signalling DNA damage in
oocytes. There are now many commercially available inhibitors of this protein that could
be used to study its function.
6.3.2

ATM and ATR are not required for the completion of meiosis I

Over the last decade there have been a variety of publications that show interactions
between the DDR proteins and cell cycle machinery, with DDR proteins playing a role in
SAC activation in cells without DNA damage, and the SAC components being involved in
DNA damage checkpoints.
In Drosophila embryos, CHK1 and BUBR1 are both required to delay the metaphase to
anaphase transition after exposure to high doses of x-rays (Royou et al. 2005). CHK1 is
also required for mitotic spindle checkpoint function after treatment with taxol in avian
lymphoma cells. This loss of checkpoint function was associated with a decreased Aurora
B kinase activity and perturbations in both the phosphorylation and localisation of BUBR1
(Zachos et al. 2007). A similar situation has also been found in a mammalian cell line
(Peddibhotla et al. 2009). Another SAC protein BUB1, has been implicated in the DDR in
the HeLa cell line, being involved in H2AX phosphorylation after its initial activation by
ATM kinase (Yang et al. 2012).
Other studies have also implicated ATM kinase to be involved in mitosis and more
specifically SAC activation. Activated ATM has been shown to localise to the centromeres
in mitotic cells and may have roles in regulating tubulin polymerisation (Tritarelli et al.
2004, Zhang et al. 2007). Even in the absence of DNA damage, ATM has been shown to
be activated in mitotic cells (Yang et al. 2011). Yang et al. (2011) revealed that ATM is
phosphorylated by Aurora-B in mitosis and that ATM is essential for the spindle
checkpoint likely through its interactions with BUB1. Various cells lines deficient for
ATM have been used to demonstrate that ATM is required for the metaphase arrest usually
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initiated by nocodazole and that the response could be rescued by reinstating wild-type
ATM (Yang et al. 2011). Cells lacking ATM have also been shown to complete mitosis
much quicker than that of cells containing wild-type ATM kinase (Yang et al. 2011,
Eliezer et al. 2014), similar to that of oocytes lacking SAC proteins such as MAD2. A
novel interplay between DDR proteins, ATM and MDC1, and the SAC has been identified
more recently (Eliezer et al. 2014). It is well documented that ATM kinase phosphorylates
H2AX flanking DNA double strand breaks (Bakkenist and Kastan 2003, Burma et al.
2001) and this modification allows MDC1 to localise to the site of the damage. It has been
reported that ATM also modifies H2AX at mitotic kinetochores and that this leads to the
kinetochore localisation of MAD2 and CDC20 after Nocodazole treatment (Eliezer et al.
2014). It has also been suggested that MDC1 is able to interact with the APC in various
human cell lines, which was also heightened in response to DNA damage (Coster et al.
2007). The SAC has also been shown to be activated in yeast in an ATM/ATR-dependant
manner, which surprisingly occurs independently of the kinetochore where the SAC
usually functions (Kim and Burke 2008).
ATM kinase appears to be expressed in porcine oocytes at the GV stage and that the levels
of this protein increase from this stage to GVBD, followed by a decrease between
metaphase I to metaphase II (Lin and Kim 2015). Also ATM was shown to localise with
chromatin or the spindle at all stages of IVM.
Due to the reported interaction of DDR proteins in somatic cell cycle progression, and the
expression of ATM in GV oocytes, it was logical to investigate the effect of ATM and
ATR knockdown on oocytes without DNA damage. There was lots of variability in results
when using the KU55933 to monitor its effects on oocyte maturation. Batch 1 slightly
increased maturation rates, which would support the findings that ATM is involved with
the metaphase to anaphase transition via the SAC. However, using Batch 2 KU55933 it
revealed that the inhibition of this kinase had different effects on maturation at certain
concentrations. The large reduction in PBE when 40µM of KU55933 (Batch 2) (Figure
6.4) mirrors the results recently reported in porcine oocytes (Lin and Kim 2015). In their
study, Lin and Kim (2015) showed that IVM in the presence of 10µM KU55933 there was
no significant effects on the rates of oocytes that underwent both GVBD and PBE (~90%
in controls versus ~75% in KU55933 treated oocytes). However, 50µM KU55933 caused
large reductions in the percentage of oocytes that underwent GVBD and PBE, from ~90%
in controls versus ~50% in oocytes treated with the inhibitor. This suggests that ATM
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kinase could be integral for the progression of oocytes from meiosis I to meiosis II. Batch
3 had no significant effect on the maturation rates of undamaged oocytes.
In agreement with Batch 3 KU55933, maturation rates in oocytes obtained from Atm-/Atr-/- mice were no different to that of littermate controls (Figure 6.16). This suggests that
the progression through meiosis I and extrusion of the polar body does not require these
proteins. The difference in results seen when using KU55933/ATRi compared to the
knockouts could be to do with the levels of knockdown possible between the two
protocols. Also, it could be possible that the ATM and ATR inhibitors have possible offtarget or toxic effects in oocytes. Therefore, these inhibitors should be used with caution in
fully grown GV oocytes.
Cells lacking ATM progress through mitosis in an accelerated manner, therefore future
work could involve monitoring the kinetics of meiosis I in oocytes lacking these kinases.
Also, even though maturation rates in oocytes lacking active ATM or ATR were relatively
normal it would be interesting to find out more about the accuracy of the division. In
somatic cells lacking ATM high rates of aneuploidy have been reported (Iourov et al. 2009,
Shen et al. 2005). Aneuploidy in ATM-/- MEFs was thought to be caused by misaligned
chromosomes leading to defects in the metaphase to anaphase transition and cytokinesis
(Shen et al. 2005). Also in neuronal cells obtained from the brains of AT patients, a
condition known to be caused by a deficiency in ATM, revealed a two-fold increase in
aneuploidy compared to sex- and age-matched controls (Iourov et al. 2009). Finally in a
variety of human cell lines ATM knockdown caused cells to prematurely undergo
anaphase despite having misaligned chromosomes, and that the occurrence of lagging
chromosomes was increased. This was suggested to be due to ATM having a role in the
activation of BUB1, which is known to phosphorylate H2A to regulate chromosome
segregation. Yang et al. (2011) found that in ATM knockdown cells the phosphorylation of
H2AX in response to spindle depolymerisation was reduced, further indicating a role of
ATM in SAC activation. Taken together, this could suggest that even though oocytes
appeared to be able to mature normally the quality of the oocyte may be severely impaired.
It would be interesting in future to examine chromosome dynamics in non-damaged
oocytes with ATM/ATR knockdown.
6.3.3

Cytoplasmic abnormalities in KU55933 treated oocytes

The presence of cytoplasmic abnormalities in oocytes treated with KU55933 agrees with
the possibility that KU55933 may be toxic to fully grown GV oocytes and should be used
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with caution. Having ruled out the possibility that the circular structures in KU55933
treated oocytes were multiple nucleoli, there were several other things these structures
could be including clusters of organelles, such as smooth endoplasmic reticulum, or
vesicles.
Oocytes obtained after ovarian stimulation can present a variety of abnormalities within the
ooplasm and it is reasonably well documented in articles concerning IVF and ICSI
outcomes. One possibility was that these circular structures were aggregations of smooth
endoplasmic reticulum (named smooth endoplasmic reticulum clusters - sERcs). The
occurrence of sERcs is reported to be limited to that of MII oocytes and were confirmed to
be smooth ER using stains such as ER-Tracker (Otsuki et al. 2004). Some studies have
suggested that the presence of sERcs decreased the ability of the oocyte to be fertilised and
develop to the blastula stage (Ebner et al. 2008) and severely impaired pregnancy success
(Akarsu et al. 2009, Ebner et al. 2008, Otsuki et al. 2004, Wallbutton and Kasraie 2010). It
is well known that the smooth ER has a variety of functions; one of these functions
includes detoxification (Alberts et al. 2015). One theory could be that KU55933 is toxic to
GV oocytes and the ER is working get rid of the substance. If KU55933 is toxic to oocytes
maybe this could account for the reduction in PBE seen when concentrations above 10µM
were used (Batch 2). However, upon examination of images from the studies mentioned
above it was quite clear that the structures displayed in Figure 6.11 do not resemble sERcs.
The structures seen in oocyte cytoplasm after KU55933 treatment appear to look much
more like fluid filled vesicle structures (Otsuki et al. 2004). Again vacuoles have been
reported as another cytoplasmic abnormality in oocytes obtained for IVF or ICSI treatment
(Van Blerkom 1990, Ebner et al. 2005). As with sERcs, the presence of vacuoles in MII
oocytes has been shown to correlate with lower fertilisation rates, decreased success in the
formation of zygotes and severely impaired blastocyst development (Ebner et al. 2005).
Ebner et al. (2005) also report that fertilisation could not occur in oocytes displaying
vacuoles with a diameter larger than 14µm. Many of the vesicle structures seen in
KU55933 treated oocytes were larger than this cut off size, suggesting the quality of the
MII oocytes was low.
Vesicular structures are required for a variety of processes that occur within cells including
endocytosis and autophagy. Of particular interest here is autophagy; a process that involves
intracellular degradation. It has a variety of roles including during apoptosis, but it has also
been shown to be a tactical response to extend the life of a cell under a range of stresses
(Yang et al. 2005). An extensive list of proteins involved in autophagy is now known and
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this includes the autophagy-related genes and the microtubule associated protein 1 light
chain (LC3) (Yang et al. 2005, Noda and Inagaki 2015). These proteins are integral for the
formation of the C-shaped double membrane structure in the cytoplasm, for extending this
structure, and closing it to form a vacuole called the autophagosome. The autophagosome
is then targeted to the lysosome where its’ contents can be degraded (Yang et al. 2005).
Another possibility is that these structures are vacuoles involved in autophagy induced by
increases in ROS. ATM kinase is also now known to have functions other than in the
DDR. One of these roles in is in the regulation of ROS levels (Cosentino et al. 2011, Patel
et al. 2011, Lin et al. 2012) and can also be activated by oxidative stress (Z. Guo et al.
2010). Cells lacking ATM, either genetically or by knockdown, display elevated levels of
ROS (Barzilai et al. 2002, Lin et al. 2012). Further to this ROS has also been demonstrated
to activate autophagy (Scherz-Shouval and Elazar 2011, Lin et al. 2012). More specifically
addition of KU55933 to head and neck cancer cell lines increased cytoplasmic vesicles
when monitored using LC3 as a marker of autophagy, and that this coincided with elevated
levels of ROS (Lin et al. 2012). Further supporting this Lin et al. (2012) showed that
antioxidant treatment lowered ROS and LC3 staining. Therefore, it could be that KU55933
treated oocytes have elevated levels of ROS and this induced autophagy.
Either way the presence of cytoplasmic abnormalities in MII oocytes is known to correlate
with poor reproductive outcomes as already mentioned, so it would appear the health of
oocytes is severely perturbed by the pharmacological inhibitor. One final note is that the
vacuoles are not seen in Atm-/- Atr-/- oocytes which suggest that it is probably to do with
toxicity rather than the inhibition of ATM/ATR.
6.3.4

ATM and ATR are not required for the activation of the oocyte specific DDR

ATM and ATR are well-documented as integral components for initiating a DNA damage
checkpoint (See Chapter 1.3.1 and 1.3.2) in response to DSBs and SSBs respectively.
These kinases are also necessary for the activation of proteins downstream in the DDR. For
instance, ATM is needed for the phosphorylation of CHK2 in response to IR (Matsuoka et
al. 2000). Whereas ATR is most commonly associated with the activation of CHK1 in
response to UV or replication stress (Liu et al. 2000). It is also now accepted that there is
likely to be cross-talk between the two kinases and their substrates for instance, ATM has
been shown to be required for the phosphorylation of CHK1 after exposure to IR (Gatei et
al. 2003).
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ATM is also important in the DNA damage response of oocytes in postnatal primordial
follicles, that results in widespread apoptosis (see Chapter 1.7.1). The role ATM kinase
plays in this response is that it is required for the phosphorylation of TAp63 in oocytes
within primordial follicles (Kim and Suh 2014). Kim and Suh (2014) identified this role by
using Wortmannin and KU55933 (both of which inhibit ATM), where they prevent the
phosphorylation of TAp63 after ovaries were treated with IR. Also, although fully grown
GV oocytes are relatively insensitive to DNA damage, when an arrest is induced by very
high exposures to Etoposide, ATM is needed to initiate this arrest (Marangos and Carroll
2012). Also, when an arrest was induced it could be partially rescued using KU55933
(KU55933). As well as this, it was found that ATM induced the activation of CHK1 and in
turn this led to the inhibitory phosphorylation of CDC25B, a protein crucial for GVBD
(see Chapter 1.6.4).
Therefore the main aim of this chapter was to identify whether ATM or ATR are also
required for initiating the DNA damage induced M-phase arrest in oocytes. However,
despite being involved in the phosphorylation of H2AX after DNA damage induction,
ATM and ATR do not appear to function in the activation of the DNA damage induced
metaphase arrest in fully grown oocytes. KU55933 (Batch 2 and 3), ATRi, or a
combination of the two failed to improve maturation rates in oocytes with DNA damage
(Figure 6.4, 6.6, 6.12 and 6.14). The results were very similar when oocytes lacking ATM
or ATR (Atm-/- Atr-/-) were exposed to Etoposide (Figure 6.16). This agrees with
previously, and very recently, published work where KU55933 did not prevent the mouse
oocytes arresting at metaphase I when treated with Doxorubicin (Soleimani et al. 2011) or
Etoposide (Marangos et al. 2015). This also compliments the work of Marangos and
Carroll (2012) in which they show that the relative insensitivity of fully grown GV oocytes
to DNA damage is due to a lack of ATM activation compared to blastomeres and also that
oocytes had a lower expression of ATM in general compared to somatic cells.
The lack of rescue seen in oocytes with DNA damage when ATM and ATR are knocked
out or inhibited could be due to other DDR proteins compensating for their loss. The third
kinase associated with the DDR is DNA-dependant protein kinase (DNA-PK). DNA-PK is
a multi-unit protein made up of a catalytic subunit called DNA-PKcs and DNA binding
heterodimer of KU70 and KU80 (Davidson et al. 2013, Goodwin and Knudsen 2014).
DNA-PK is known to have roles in DNA repair, specifically NHEJ (see Chapter 1.5.2)
(Davidson et al. 2013, Goodwin and Knudsen 2014), as well as signalling excessive
damage to initiate apoptosis (Mukherjee et al. 2006). As already discussed in section 6.3.1
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DNA-PK also functions in phosphorylating H2AX after exposure of various human cell
lines to ionising radiation (An et al. 2010). With this wide array of functions and its ability
to signal DNA DSBs in the absence of ATM, it could play a role in the oocyte specific Mphase DDR. However, DNA-PK has is also known to have roles outside of the DNA
damage response. When observed throughout mitosis it localised to centrosomes and
kinetochores (Lee et al. 2011). Also DNA-PK catalytic subunit inhibition causes
chromosome alignment issues, suggesting its function is needed for normal cell cycle
progression (Lee et al. 2011). This could mean that DNA-PK is also needed for normal
meiotic progression, which could make it difficult to untangle its role in the oocyte Mphase DDR.
Another protein that could be involved in the DDR in oocytes is CHK1; a kinase activated
after UV, IR and during replication stress (Liu et al. 2000) and can be activated by both
ATM (Gatei et al. 2003) and ATR (Liu et al. 2000). As already discussed in section 6.3.2
CHK1 is also implicated to have a role in the spindle assembly checkpoint in avian and
mammalian cell lines (Peddibhotla et al. 2009, Zachos et al. 2007). In one paper CHK1 has
also been suggested to have roles in meiosis as well (Chen et al. 2012). Chen et al. (2012)
showed that CHK1 was expressed at all stages in oocytes, and was localised to the nucleus
at the GV stage and to the spindle from pro-metaphase I through to metaphase II. By
manipulating the levels of this protein before and after GVBD they showed that CHK1
may be involved in maintaining GV arrest and also in SAC activation. Depleting CHK1 in
GV oocytes caused an increased proportion of oocytes to escape prophase arrest despite
being held in milrinone (Chen et al. 2012). Also overexpression of CHK1 after GVBD, by
microinjecting myc-CHK1 mRNA, decreased PBE by arresting oocytes at metaphase.
BUBR1 recruitment to the kinetochore was also amplified implying that CHK1 may have a
role in meiotic SAC activation (Chen et al. 2012). Therefore it could be possible that in
oocytes with DNA damage, CHK1 is activated and this leads to SAC activation in oocytes.
Finally, although TAp63 is now known to protect against the formation of mature oocytes
with DNA damage by inducing apoptosis in oocytes within primordial follicles (See
Chapter 1), its expression is diminished in oocytes recruited for ovulation (Suh et al. 2006).
There is another member of the p53 family that could possibly have a role in the DNA
damage response seen in fully grown GV oocytes; TAp73. TAp73 is suggested to have a
variety of roles including tumour suppression, the induction of apoptosis when DNA is
damaged, and even embryonic development of the brain (Levrero et al. 2000). Of
particular interest is the role of TAp73 in mitotic and meiotic SAC regulation. In a series of
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publications from Tomasini et al. TAp73-/- mice were shown to be infertile due to poor
oocyte quality, caused by a variety of spindle defects and most likely aneuploidy
(Tomasini et al. 2008). Also TAp73 deficient cells were also unable to carry out a normal
arrest response when cultured with the spindle depolymerising agent Nocodazole
(Tomasini et al. 2008), further supporting that TAp73 has a role in SAC regulation. The
role of TAp73 was studied further and they found that in TAp73-/- oocytes the localisation
of SAC proteins BUB1 and BUBR1 were diminished. Furthermore, they showed that
TAp73 can directly interact with BUBR1 using co-immunoprecipitation experiments and
that the kinase activity of BUBR1 was reduced as in the absence of TAp73 (Tomasini et al.
2009). This is particularly interesting as SAC proteins such as BUB1 and BUBR1 are now
known to be involved in the oocyte DDR (Marangos et al. 2015). As a final point, TAp73
expression decreases with maternal age in both mice (Guglielmino et al. 2011, Tomasini et
al. 2008) and humans (Guglielmino et al. 2011), in addition the DNA damage induced MI
arrest is also compromised in oocytes from aged mice (Marangos et al. 2015). Therefore it
could be possible that TAp73 is integral to the DDR in fully grown GV oocytes.
Contrary to the predicted rescue, PBE was further reduced when DNA damage had been
induced in Atm-/- Atr-/- oocytes (Figure 6.16) and in oocytes incubated with KU55933
(Batch 2 and 3) and/or ATRi (Figure 6.4, 6.6, 6.12, 6.14). This reduction in maturation
success could be due to sensitisation of oocytes to DNA damaging agents. Cells lacking
functional ATR (Kinase-dead ATR) are much more sensitive to IR and this was believed to
be due to a reduction in the efficiency of HR (Wang et al. 2004) (see Chapter 1.5.1 for HR
mechanism). Also various inhibitors of ATM and ATR have been shown to sensitise
cancer cell lines to both radio- and chemotherapy agents (Raso et al. 2012, Toulany et al.
2014, Velic et al. 2015, Wardman 2007, Weber and Ryan 2015). Sensitisation is likely due
to cells being unable to initiate efficient checkpoints or repair, leading to apoptosis.
Therefore, by inhibiting and knocking-out ATM and ATR here in this study, and as a result
of this inhibiting repair, could make oocytes more susceptible to undergoing a SACmediated arrest. This suggests that caution should be taken when inhibiting major DDR
proteins, such as ATM and ATR, in oocytes with DNA damage, because even if the SAC
mediated arrest can be overcome, the lack of DNA repair could severely impair the quality
of the MII oocytes.
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6.3.5

Conclusions

In this Chapter I have shown that ATM and ATR do not appear to be integral for the
completion of meiosis I. It has also been highlighted that inhibitors against these two
proteins should be used with caution as there was high variability in the results obtained
using different batches of KU55933. However, inhibition of ATM and ATR did reduce the
level of signalling after DNA damage was induced suggesting that they function in the
detection of damage. Despite this the inhibition, or knockout, of the two kinases did not
rescue PBE which suggested that they are not involved in activating the SAC after DNA
damage or that perhaps other proteins are able to compensate for the action of ATM and
ATR. Future work could include investigating the roles of other DDR proteins such as
DNA-PK, CHK1 or TAp73.
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Chapter 7: General Discussion
The overall aim of my PhD project was to characterise the effect of DNA damage on fully
grown GV oocytes (see section 1.10). In Chapter 3 it was of interest to understand how
DNA damage affects various stages of oocyte development including the resumption of
meiosis and the progression through to meiosis II. Using various agents I have clearly
demonstrated that fully grown GV oocytes obtained from C57BL/6 mice do not possess
the ability to initiate a G2/M checkpoint, as had been previously demonstrated by
Marangos and Carroll (2012). However, it appears that oocytes are able to initiate a unique
DNA damage checkpoint during M-phase. Also, this checkpoint can be initiated even
when the damage is induced during M-phase. This contrasts to somatic cells where a full
DDR or repair mechanisms cannot be initiated during this phase (Figure 7.1). To the best
of my knowledge this is the first report to have highlighted an oocyte-specific DNA
damage checkpoint shown to be activated in response to various types of DNA damage,
both physical (UV and IR) and chemical (Etoposide and Bleomycin).
Why oocytes would not initiate a G2/M checkpoint but instead choose to arrest mid-way
through meiosis I is puzzling, but it could be that it gives the oocyte an opportunity to
repair the damage without preventing cell cycle entry. To support this, fully grown GV
oocytes ready for ovulation express a variety of factors involved in DNA damage repair
(Menezo et al. 2007). It has also very recently been suggested that oocytes with levels of
DNA damage low enough to permit the MI to MII transition are able to repair the damage
during this progression (Mayer et al. 2016). As well as this MII arrested oocytes have been
shown to be able to repair both endogenous and exogenous DNA damage (Kujjo et al.
2010), suggesting this may be another opportunity for the oocyte to repair before
fertilisation. Thus this oocyte specific checkpoint may be a way of allowing all meiotically
competent oocytes to re-enter the cell cycle, but acts as a barrier to those oocytes
containing vast amounts of damage. Taken together I feel that the aims of Chapter 3
(Section 1.10.1) were met and has highlighted that the uniqueness of the oocyte stretches
much further than just the meiotic cell cycle. Most importantly this finding suggests that
there is a mechanism to prevent damaged metaphase II eggs being available for
fertilisation that could propagate an embryo with lesions within its DNA. Such embryos
could lead to miscarriage or developmental defects (Adriaens et al. 2009, Kirk and Lyon
1982, Meirow et al. 2001). Future work should focus on whether or not this oocyte specific
checkpoint translates to the human oocyte.
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Figure 7-1 Comparison of the DNA damage checkpoints in somatic cells and oocytes

In somatic cells an arrest can be initiated at several points in the cell cycle if DNA damage
is detected. This includes at the G1/S transition, during S-phase and at the G2/M transition.
However, oocytes cannot initiate a checkpoint at the equivalent G2/M transition but
instead have a unique checkpoint during M-phase.
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The focus of Chapter 4 was to find out what mechanisms may be involved in the DNA
damage induced metaphase I arrest in oocytes. Using a variety of methods I have shown
that oocytes arresting at metaphase I after the induction of DNA damage do so in a SACdependent manner. Specifically the SAC proteins MAD2 and MPS1 have been shown to
be crucial to the oocyte DNA damage response (Figure 7.2). Also, since starting my
studies another research group has also highlighted the involvement of BUB1 and
potentially BUBR1 in the oocyte DDR (Marangos et al. 2015) (Figure 7.2).

The

possibility of the SAC simply responding to non-attachment or misalignment was
investigated and shown to be an unlikely instigator of the response. The works presented
in Chapter 4, alongside more recently published work by another research groups
(Marangos et al. 2015), has shown for the first time that the SAC may have a novel and
alternative role in oocytes. Overall, I feel that the aims of this Chapter 4 were met and that
it has opened a new avenue for research concerning the oocyte spindle assembly
checkpoint. Future work needs to specifically address how DNA damage leads to SAC
activation.
The involvement of canonical DDR proteins in the oocyte specific response to DNA
damage was investigated in Chapter 6. The aim of this chapter was to show if proteins such
as ATM or ATR kinase are required for the arrest. Several approaches were taken,
including pharmacological inhibition and genetic knockdown. Both methods revealed that
these kinases are not integral to inducing the arrest but their knockdown does impact the
phosphorylation of H2AX and thus the detection of DNA damage. There were some
limitations of using pharmacological inhibitors including batch to batch variability, but this
was overcome by using the oocyte specific Atm/Atr knockout. In fact the knockout mice
supported the overall findings of the inhibitors; that the DNA damage induced arrest
doesn’t require ATM or ATR (Figure 7.2), and that in the absence of these proteins
oocytes may be further sensitised to DNA damage. Therefore, future work will need to
focus on alternative proteins that could mediate the DNA damage induced arrest including
CHK1, TAp73 and DNA-PK (Figure 7.2).
The aim of Chapter 5 was to establish whether fully grown GV oocytes are capable of
detecting and carrying out the repair of exogenously induced DNA damage (Section 1.10).
This notion seemed highly likely due to the expression of repair factors in oocytes at a
variety of stages throughout maturation, alongside the ability to repair programmed DSBs
(see Chapter 1.8). Indeed I have thoroughly shown that oocytes were able to detect and
highlight the areas of DNA damage through the phosphorylation of H2AX. This
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+ KU55933

Figure 7-2 Summary of the DNA Damage Response in oocytes

Over the period of my PhD studies numerous proteins have been shown to be involved in
the oocyte DNA damage response including MAD2, MSPS1 and BUB1. Unusually ATM
and ATR, the major DDR proteins in somatic cells do not appear to mediate this arrest.
Allowing oocytes a period of repair, after damage induction, whilst GV arrested allows for
small improvements in maturation rate, which is depicted by the dashed arrow.
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phosphorylation was carried out rapidly as the modification was detected immediately after
treatment in oocytes treated with Etoposide, Bleomycin and IR. However, the delay in the
formation of γH2AX foci in UV-B treated oocytes suggests that either the formation of
DSBs after UV exposure is slow, or that γH2AX does not simply mark the site of a DSB
but also other types of lesion. This will require more investigation in the future. I have also
clearly demonstrated for the first time that oocytes can repair DNA damage induced by
Etoposide and UV-B albeit with differing kinetics. This repair has also been shown to
subtly improve maturation rates of DNA damaged oocytes (Figure 7.2), which to the best
of my knowledge is the first report to do so. This finding is exciting as it may provide a
way of improving and prolonging female fertility during both ageing and during the
treatment of cancer. Focusing on the repair ability of oocytes would be the more
favourable pathway to enhance, as knocking out the SAC or DDR signalling to bypass the
arrest may still produce oocytes with DNA damage. This would increase the possibility of
creating an embryo with DNA damage.
Taking into account the discoveries presented in this thesis a new model of how DNA
damage causes a metaphase arrest in oocytes is presented in Figure 7.3. It is now clear that
although ATM and ATR do not appear to be involved in activating the SAC after DNA
damage induction, they do induce the signalling of the damage by phosphorylating H2AX.
It is also now clear that downstream of DNA damage induction several components of the
SAC are required for the metaphase arrest including MPS1, MAD2 (Collins et al 2015),
and BUB1 (Marangos et al 2015). As well as this it has been shown that the APC is
inhibited during this times and this has been shown to be the main event in causing the
arrest.
What remains unknown is the exact pathway that leads to SAC activation after DNA
damage induction. There are several candidate proteins that could be involved in this
signalling; CHK1, TAp73 and DNA-PK are all known to have roles in oocyte SAC
regulation as well as being recognised DDR proteins. I hypothesise that one or several of
these proteins is required for DNA damage induced SAC activation. Whether they are
activated via ATM/ATR or by DNA damage directly remains to be seen.
Another important area is that of DNA damage repair. I hypothesise that the induction of
γH2AX after exposure to DNA damaging agents leads to the activation of DNA damage
repair proteins such as RAD51. If this is the case, it could be possible that upregulating
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Figure 7-3 Pathways involved in the activation of the SAC after DNA damage induction in
oocytes
After DNA damage is induced in oocytes ATM and ATR appeared to signal DNA damage through
the phosphorylation of H2AX. This was prevented by pharmacological inhibitors of ATM
(KU55933) and ATR (ATR Inhibitor II). However, these inhibitors did not allow for the metaphase
arrest to be bypassed suggesting the kinases are not essential for the response. The dashed lines
in this figure represent predicted proteins that could be involved in the activation of the SAC after
DNA damage induction, including TAp73, CHK1/CHK2 and DNA-PK.
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such proteins could increase rates of DNA repair and improve maturation rates in oocytes
with DNA damage.

175

Appendix A

Appendix A

Published works contained in this thesis

One publication was used in this thesis. My contributions to these publications are outlined below.
Collins, J. K., Lane, S. I. R., Merriman, J. A. and Jones, K. T. (2015) 'DNA damage induces a
meiotic arrest in mouse oocytes mediated by the spindle assembly checkpoint', Nat Commun,
6.
This publication was published in November 2015 and corresponds to much of the work presented
in Chapter 3 and 4 of this thesis. JC planned, carried out the experiments, statistically analysed and
made figures for the data presented in the following figures: Figure 1a-c, Figure 2b-g, Figure 3a-c,
Figure 4a-d, Figure 7a,c, Figure 8a,b and Supplementary Figure 1, as well as their corresponding
figure legends. JC also contributed by writing the materials and methods, discussing the content of
the results and discussion with the other authors of this paper and took part in the proof reading
process. SL was responsible for the data presented in the remaining figures including the data
collection, analysis and figure preparation. K.J. devised the study and was responsible for
coordinating the research. All authors contributed to data interpretation. The manuscript was
drafted by K.J., with input from all other authors.

Josie Kate Collins, Candidate

Prof. Keith Jones, Principal Supervisor
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Appendix B
B.1 Media
B.1.1 M2 Media
M2 media was made from several stock solutions. All volumetric flasks were cleaned by rinsing
with distilled water and dried overnight in the oven.
Stock A was made every 3 months. The components in Table 7 were made in a beaker in 50ml of
Fresenius water and then poured into a volumetric flask. More Fresenius water was added to make
up to 100ml.
Table 7. Stock A

Chemical

g/100ml

NaCl

5.534

KCl

0.356

KH2PO4

0.162

MgSO4.7H2O

0.293

Na Lactate (60% syrup)

4.349

Glucose

1.000

Penicillin G

0.060

Streptomycin

0.050

Stock B was made every 2 weeks. The components in Table 8 were dissolved into 100ml
of Fresenius water.
Table 8. Stock B

Chemical

g/100ml

NaHCO3

2.101

Phenol Red

0.010
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Stock C was also made every 2 weeks. The components in Table 9 were dissolved into
10ml of Fresenius water.
Table 9. Stock C

Chemical

g/10ml

Sodium Pyruvate

0.036

Stock D and E were made every 3 months. The components in Table 10 and Table 11 were
dissolved into 100ml of Fresenius water. Stock E was made up to 50ml in a beaker and the
pH adjusted to 7.6 with 1M KOH. It was then made up to 100ml in a volumetric flask.
Table 10. Stock D

Chemical

g/100ml

CaCl2.2H2O

2.52

Table 11. Stock E

Chemical

g/100ml

Hepes

5.958

Phenol Red

0.010

All stock solutions were filter sterilised into 50ml falcon tubes and kept in the fridge
parafilmed.
M2 was then made up from these stock solutions according to Table 12. Osmolarity was
measured to ensure it measured at 283-289. 4mg/ml of bovine serum albumin (BSA) was
added and allowed to dissolve. Finally the M2 was filter sterilised into a new falcon tube
and stored in the fridge at 4°c.
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Table 12. Making M2 media from stock solutions

Volume required (ml)
Stock A

5.0

Stock B

0.8

Stock C

0.5

Stock D

0.5

Stock E

4.2

Fresenius H2O

39.0

B.1.2 MEM Media
MEM was made up fresh at least every two weeks. The MEM powder was dissolved in 900ml of
Fresenius water. Then 2.2g of NaCO3 was added and the pH was adjusted to 7.4. The volume was
then made up to 1 litre using Fresenius water. The MEM media was stored in the fridge at 4°C until
required. When needed PenStrep solution (1:200 – Life Technologies, UK) and 20% Fetal bovine
serum (Life Technologies, UK) was added to the MEM. Following this the media was filter
sterilised.

B.2 Buffers and Solutions
X25 PVP
Polyvinylpyrrolidone

2.5g

Dissolve in 10ml of ddH2O.
X1 PVP-PBS
X25 PVP

1ml

PBS

24ml

1% Triton X-100
Triton X-100

0.1ml

ddH2O

9.9ml
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1% Tween-20
Tween-20

0.1ml

ddH2O

9.9ml

0.05% Tween-20
1% Tween-20

1µl

ddH2O

19µl

0.5M PIPES
PIPES

3.024g

Dissolve in 10ml KOH, pH to 7, top up to 20ml with ddH2O.
0.8M HEPES
HEPES

1.906g

Dissolve in 5ml KOH, pH to 7, top up to 10ml with ddH2O.
0.1M EGTA
EGTA

0.761g

Dissolved in 10ml KOH, pH to 7, top up to 20ml with ddH20.
X3 PHEM
0.5M PIPES

3.600ml

0.8M HEPES

0.770ml

0.1M EGTA

3.000ml

0.8M MgCl2

0.075ml

ddH2O

2.555ml

X1 PHEM
X3 PHEM

1ml

ddH2O

2ml
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Fixing Solution
X1 PHEM

190µl

1% Triton X-100

10µl

37% Paraformaldehyde

10.81µl

Scale up as required.
Permeabilisation Solution
X1 PVP-PBS

190µl

1% Triton X-100

10µl

Scale up as required.
Blocking Solution
PBS

880µl

Goat serum

70µl

1% Tween-20

50µl

Washing Solution
PBS

20ml

Bovine serum albumin

0.1g

0.05% Tween-20

1µl
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