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Abstract

Oocytes and embryos are highly susceptible to intrinsic and extrinsic stressors. In
particular, physiological cues, such as obesity and aging, are sensed by mitochondria.
Mitochondria are inherited solely through the maternal lineage; meaning all
mitochondria in offspring are derived from those in the mature oocyte. Therefore,
oocyte mitochondria quality and quantity are of utmost importance to embryonic
development and postnatal health. In parallel, telomere length is regenerated in
offspring during embryogenesis to ensure viability and longevity of each new
generation. Despite the importance of telomere elongation during development, little
is known about this process. This thesis aims to better understand how maternal
obesity and aging affects mitochondria and telomere length in the oocyte and pre-
implantation embryo, and by identifying these pathways, develop strategies to

enhance these early determinants of lifetime health.

First, a highly sensitive gPCR assay to analyse relative telomere lengths and mtDNA
copy number in individual oocytes and embryos was developed, termed the ‘Triple
Test’. This assay elucidated natural variability in mtDNA and telomeric DNA content
between individual oocytes and embryos. It also enabled robust and precise

measurements in physiological contexts where tissue availability is limited.

Next, the Triple Test was implemented to conduct a thorough examination of telomere
length kinetics throughout pre-implantation embryogenesis. This identified two
elongation phases, specific to embryo type. Genes involved in telomere elongation
processes and telomere protection roles were analysed throughout oocyte maturation
and pre-implantation embryogenesis, and displayed dynamic regulation of expression
throughout.

Mitochondrial function and telomere length are the two most well characterised
markers of cellular aging, and it was hypothesised that mitochondrial activity is a key
factor regulating telomere elongation. This was tested by using rotenone to induce
mitochondrial dysfunction in oocytes and tracking telomere length throughout
embryogenesis. Reducing mitochondrial bioenergetics decreased telomere length in
MIl oocytes and cells of the ICM. On a molecular level, rotenone altered global

epigenetic reprogramming in zygote pronuclei. These results demonstrate that optimal

Vi



mitochondrial activity is required for numerous reprogramming processes, and

indicates a functional link between mitochondria and telomeres.

Two physiological scenarios that involve perturbed oocyte mitochondrial function are
advanced maternal ageing and obesity; and whether this is associated with perturbed
telomere length reprogramming was investigated. While oocyte quality and embryo
development were not compromised, telomere length and mtDNA copy number were
decreased in oocytes and ICM. Further, treatment of females in vivo with BGP-15, a
mitochondrial therapeutic, reversed the deficiencies seen in ICM telomere length, and

normalised perturbed epigenetic reprogramming in zygotes.

Cumulatively, this work provides critical insights into the patterns of telomere
elongation during pre-implantation embryogenesis, and how telomere length and
epigenetic re-programming are compromised in subfertility. By manipulating
mitochondrial bioenergetics, the relationship between mitochondrial function and
telomere health is demonstrated. Additionally, new strategies are identified that
positively modulate telomere length during development. This work has identified
novel links between mitochondrial activity and telomere elongation and new
information about the regulation of these mechanisms that are fundamental to the

creation of a new embryo and the lifetime health of that individual.
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CHAPTER 1
LITERATURE REVIEW



1.1 Introduction

Formation of new life requires the coming together of a viable mature oocyte and a
sperm, an event termed fertilisation’. The formation of an oocyte, that is
‘developmentally competent’ to form an embryo, begins in the ovary of a female before
she is even born, and finishes with the processes of nuclear and cytoplasmic
maturation that are triggered by the LH surge at ovulation. Following fertilisation, early
embryogenesis is a time of rapid cell divisions, and profound reprogramming events
occur during this critical time in the formation of a new organism from just a single cell.
Epigenetic reprogramming is perhaps the most well-known process to occur during
this time, however other reprogramming events are also required to ensure the health
span and life span of the offspring. One such critical event is the resetting of cellular
telomere length through elongation events during pre-implantation embryogenesis.
Telomere length has been established as an important determinant of cellular lifespan,
and as such the regeneration of optimal telomere lengths for an organism during

development is vital for lifetime health.

Oocytes and early embryos are known to be highly susceptible to both internal and
external stressors. One of the primary cellular organelles that senses external
stressors, and can also be responsible for internal stress, are mitochondria.
Mitochondria are entirely maternally inherited, and are major players in successful
embryo development, as well as disease and ageing. Importantly, both mitochondrial
function and telomere length are the most well characterised markers of cellular
ageing, suggesting an important link between the two that may also have implications

during embryogenesis.

This review encompasses the regulatory processes controlling ovarian follicle
development and production of a mature oocyte, and the orchestration of fertilisation
and pre-implantation development. Further to this, the mechanisms and specifications
of epigenetic reprogramming, the role of mitochondria, and the current understanding
of telomere elongation during development are summarised. Lastly, the evidence that
perturbations to these sensitive biological pathways can have lifelong consequences

is discussed.



1.2 Mammalian embryo development

1.2.1 Folliculogenesis and oocyte maturation

Gametogenesis is a tightly controlled form of cell division that results in the production
of haploid gametes (sperm and oocyte). A stark contrast between male and female
mammals is that while males produce viable sperm throughout their life, females have
all of the oocytes for their reproductive lifespan present in their ovaries by the time
they are born. Meiosis is the highly specialised cell division that results in the
production of these gametes and the timing of female meiosis is greatly different to

that in males.

Oocytes originate as primordial germ cells that undergo rapid mitotic divisions and give
rise to oogonia that continue to proliferate and further expand the oogonia pool
(Gondos et al., 1986). Following this, follicle formation begins, where oogonia are
encircled by somatic epithelial cells at which point the oogonia cease mitotic activity,
enter meiosis and are then classified as primordial follicles (Fig. 1.1, Byskov, 1986;
Gondos et al., 1986). An oogonia that has entered into meiosis is then termed a
primary oocyte, and the somatic cells surrounding the primary oocyte give rise to the
granulosa cell layer. At this point primordial follicles remain quiescent until the female
reaches puberty, where these follicles will slowly be recruited into the growing follicle
pool throughout the female’s reproductive lifespan. When follicles are activated to
continue growing, they are known as primary follicles, which then grow into secondary
follicles and finally give rise to a mature antral follicle (Fig. 1.1, reviewed in Desai et

al., 2017).
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. Secondary follicles
Primary follicle

Antral follicle

Primordial
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Figure 1.1 Mammalian folliculogenesis



Meiosis is unique to germ cells. In males, meiosis results in the formation of four
haploid daughter cells (sperm), whereas in females the cell division is unequal and
gives rise to a single haploid ovum with all other chromosomes extruded in polar
bodies. Genome organisation during this time is highly specific, to allow for
recombination between homologous chromosomes to occur to give rise to genetic
variation between the resultant gametes. Meiosis is two-step division process that
consists of Meiosis | (where homologous chromosomes are separated) and Meiosis I
(where sister chromatids are separated), each with a subset of phases (prophase,
metaphase, anaphase, and telophase). Before entering meiosis |, cells go through
interphase, where all chromosomes are replicated, prior to prophase | entry. Prophase
I, the most complicated phase of meiosis, occurs for a prolonged time (compared to
mitotic prophase), and is further divided into four sub stages: leptotene, zygotene,
pachytene and diplotene. In leptotene, replicated chromosomes condense, and then
form synaptonemal complexes between homologous chromosomes in zygotene.
During pachytene, a bivalent has formed and crossing over occurs between non-sister
chromatids to allow for recombination. In diplotene, the synaptonemal complex
dissociates but non-sister chromatids remain connected by the chiasma (crossover
site formed in pachytene). In primordial follicles, primary oocytes are arrested at the
diplotene stage of prophase in meiosis | (Borum, 1961). Oocytes are referred to as

germinal vesicle (GV) oocytes at this stage.

Oocytes remain arrested in meiotic prophase | during follicle growth until the antral
follicle stage. Hormonal cues at ovulation trigger GV break down, the resumption of
meiosis, and ovulation (Fig. 1.1, Nagaoka et al., 2012). During metaphase |,
homologous pairs line up at the metaphase plate, and homologues are separated
during anaphase |, with telophase resulting in the formation of two new cells, one
becoming a polar body containing half of the genetic material, and the other capable

to continue onto meiosis Il (Fig 1.2).

Oocytes then enter meiosis 1l without DNA replication. During prophase I,
chromosomes condense, spindle formation begins, and chromosomes begin to be
captured by microtubules. Oocytes are paused at metaphase Il, ovulated from the
antral follicles and await fertilisation in the oviduct, which stimulates the resumption of
metaphase. Metaphase, anaphase and telophase Il are then similar to during meiosis

I, however this time the sister chromatids are separated to result in just one chromatid



from each maternal chromosome remaining. Telophase results in the extrusion of the
second polar body and a fertilised zygote with a haploid female pro-nucleus and a

haploid male pro-nucleus (Figure 1.2).
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Figure 1.2. Mammalian female meiosis

The oocyte is shown in the diplotene arrest of Prophase I. Following completion of
Telophase I, one daughter cell becomes highly condensed to form the first polar body.
The oocyte is then arrested in Metaphase Il until fertilisation occurs, resulting in
completion of meiosis Il and extrusion of the second polar body, resulting in a zygote,
which contains a haploid maternal pronucleus, and a haploid paternal pronucleus.
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1.2.2 Fertilisation

Fertilisation is the merging of two haploid gametes (oocyte and sperm) to form a diploid
cell (zygote), that will go on to form a new individual. Sperm progenitor cells undergo
meiotic divisions similar to those described for oocytes during their differentiation in
the testis, with the exception that the cell divisions are symmetrical and four individual
haploid sperm are produced, rather than polar bodies. For mature sperm to become
competent to successfully penetrate the zona pellucida and fertilise an oocyte, they
must first undergo capacitation and the sperm acrosome reaction. Following the
penetration of the oocyte zona pellucida by a competent sperm, the cortical reaction
and zona reaction occur. The cortical reaction is the release of cortical granules from
the egg, which are regulatory secretory organelles that function by secreting their
contents during fertilisation to block polyspermy (fertilisation by multiple sperm). The
zona reaction is the modification of the zona pellucida by altering the solubility and
binding properties of the zona to inhibit binding of other free-swimming sperm to the
fertilised oocyte. Both the cortical and zona reactions result in the prevention of
polyspermy which would result in an unviable zygote. Once the sperm has bound the
egg cytoplasmic membrane, the sperm is drawn into the egg by elongation and fusion
of plasma membranes in the sperm and the oocytes microvilli, resulting in the
integration of the sperm nucleus into the oocyte. Following this the sperm nucleus is
modified by undergoing chromatin decondensation and formation of a new nuclear
envelope, resulting in the formation of the paternal pronucleus. Upon the sperm head
entering the oocyte cytoplasm, meiosis Il is resumed in the oocyte and the second
polar body is extruded, resulting in the formation of the maternal pronucleus (Fig. 1.2).
Microtubules enable migration and relocation of the paternal pronucleus to the site of
the maternal pronucleus, after which the two pronuclei fuse and result in the formation
of a diploid nucleus (the zygotic or embryonic genome), and the cell is now termed a

zygote.

1.2.3 Pre-implantation embryo development

The period of time between zygote formation and embryo implantation in the uterus is
termed pre-implantation development. During this time the zygote undergoes multiple

cell cycles and cleavages to form a blastocyst containing more than 100 cells that is



competent to implant. During pre-implantation embryogenesis, each cell within an
embryo is referred to as a ‘blastomere’. Following zygote formation, the embryo
subsequently undertakes a succession of asynchronous cell cleavages, whereby cell
number increases but overall cytoplasmic volume remains constant. The first cleavage
to form a 2-cell embryo takes approximately 20 hours to occur after fertilisation in mice
(Artus and Cohen-Tannoudji, 2008). Until the late 2-cell stage (in mice, or 8-cell stage
in humans) of development, the embryo relies upon proteins and messenger RNAs
(mRNASs) retained by the oocyte that were maternally provided. At the late 2-cell stage,
the zygotic genome undergoes a major burst of transcriptional activation, referred to
as zygotic genome activation (ZGA) (Aoki et al., 1997). Once this activation occurs,
maternally inherited mRNASs begin to be degraded, however many maternal proteins
can persist throughout pre-implantation development (Johnson and McConnell, 2004).
The second cleavage to form a 4-cell embryo also takes approximately 20 hours,
however the subsequent cleavages are considerably faster, at approximately 12 hours
(Artus and Cohen-Tannoudji, 2008). The third cleavage completes the formation of the
8-cell embryo, and begins the next major pre-implantation event, compaction, which
results in an early morula stage embryo. The blastomeres of the 8-cell embryo
maintain their typical spherical morphology until compaction beings, where
blastomeres begin to flatten against each other and greatly increase their intercellular
contact area (Fig. 1.3) and adherens junctions form at these cell-to-cell contact sites
(Mihajlovi¢ and Bruce, 2017). During compaction another major event occurs,
polarisation, which takes approximately 3-5 hours (Johnson and Ziomek, 1981).
Polarisation establishes cell polarity, which is defined as a structurally and functionally
asymmetric organisation of cellular components that is preserved and transmitted
through cell divisions (reviewed in Bornens, 2008). After polarisation, many polarity
proteins accumulate at the apical membrane, while others localise at the basolateral
part of the cell membrane. Polarisation is important for the eventual formation of two
distinct cell populations with different fates in the blastocyst (the trophectoderm and
inner cell mass). The next cell cleavage results in a 16-cell morula, where cell
polarisation gives rise to inner versus outer blastomeres. These two populations of
blastomeres continue their divergent differentiation through the next cell cleavage,
resulting in the 32-cell morula (late morula). Next, cavitation is initiated, whereby the
outside cells secrete fluid into the morula, creating the fluid filled blastocoel cavity,

which is key in the formation of the blastocyst. During cavitation and subsequent
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blastocyst development and expansion, the embryo begins to grow in size and
undergo further cell divisions. By the 64-cell stage the embryo has formed two entirely
separate cell layers, signifying the first differentiation into distinct cell lineages in
mammalian embryo development. Specifically, the outer cells of the morula become
lineage specified as the trophectoderm, and the inner cells remain in a pluripotent state
as the inner cell mass (ICM, see Fig. 1.3, pink and blue cells represent the ICM in
blastocyst stages) and go on to eventually form the foetus. Following full expansion of
the blastocyst to form a late blastocyst, hatching occurs, wherein the embryo breaks
out of the zona pellucida to allow for implantation into the uterus. For hatching to occur,
a trypsin-like protease called strypsin, located in the trophoblast cell membranes, lyses
a hole in the zona pellucida and the blastocyst manoeuvres through the breach while
continuing to expand. Once the blastocyst is completely free of the zona pellucida, or
fully hatched, it is capable to implant and continue post-implantation development (Fig.
1.3). An important determinant of blastocyst quality that is routinely assessed is the
number of cells that make up the blastocyst, particularly the ICM portion, as this has
been shown to positively correlate with implantation rates (Lane and Gardner, 1997,
Richter et al., 2001).
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Figure 1.3. Mammalian pre-implantation embryogenesis and epigenetic

reprogramming

Following fertilisation, multiple cleavages give rise to a morula stage embryo that then
undergoes cavitation and cellular differentiation to form a blastocyst that hatches from
its zona pellucida and implant into the uterus. Epigenetic reprogramming also occurs
during this time, most noticeably, DNA methylation. The maternal PN is highly
methylated (5mC, red) at fertilisation which is maintained by protection from
demethylation enzymes by proteins such as STELLA. The paternal PN has actively
undergone the first oxidation step in demethylation (5hmC, green) which is catalysed
by TET enzymes. The maternal methylation marks are progressively diluted and lost
throughout subsequent cleavages to result in a hypomethylated embryo. Fluorescent

blastocyst (histone methylation) image kindly provided by Dr Deepak Adhikari.



1.2.4 Epigenetic reprogramming

Epigenetic modifications are heritable changes that alter the phenotype of a cell or
organism that do not involve alterations to the DNA sequence (Goldberg et al., 2007).
Epigenetic modifications include DNA methylation, histone modifications, and the
formation of histone variants. As epigenetic reprogramming is a deeply complex
process, only a few specific aspects will be covered in this review. Of interest are
pronuclear asymmetry establishment and paternal protamine to histone transfer, both
of which occur following fertilisation and before the first cell cycle, as well as histone
modifications in the ICM and TE lineages. Maternally and paternally inherited DNA
(derived from the oocyte and sperm, respectively) contain distinct epigenetic marks
that must be reprogrammed during pre-implantation embryogenesis into an embryonic
pattern. At fertilisation, the epigenetic asymmetry between the maternal and paternal

pronuclei is highly evident in their DNA methylation patterns (Fig. 1.3).

DNA methylation is the result of DNA methyltransferases (DNMTS) catalysing the
transfer of a methyl group to the fifth position of cytosine residues in DNA (thereby
referred to as 5-methylcytosine or 5mC) (Chen and Li, 2004). The methylation of these
cytosine residues on chromatin is associated with transcriptional repression (Bird and
Wolffe, 1999). One of the earliest epigenetic reprogramming phenomena that takes
place is imprinting. Imprinting occurs via DNA methylation of maternal or paternal
alleles at imprinting control regions (Bartolomei, 2009; Ferguson-Smith, 2011) during
gamete differentiation, and results in expression of imprinted genes in a parent-of-
origin specific manner that is maintained throughout life. Imprinting patterns play vital
roles in development and growth, and their deregulation impacts significantly on

embryonic and adult phenotypes (Messerschmidt et al., 2014).

As methyl groups can be added to cytosine residues (5mC) to produce repressive
chromatin marks, these marks can also be modified and result in relief from these
repressive features. Cytosine methyl groups can be oxidised by ten-eleven
translocation (TET) DNA demethylases to 5-hydroxymethylcytosine (5hmC), thereby
removing the repressive 5mC mark, and this process is thought to aid in cell-cycle
independent DNA demethylation processes (Messerschmidt et al., 2014). In particular,
TET3 is highly expressed in oocytes, spermatozoa, and early pre-implantation
development stages. Prior to fertilisation, the mature mouse sperm genome has the

highest global DNA methylation level of any mouse cell (Popp et al., 2010). However,
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after fertilisation and the formation of the paternal pronucleus, the paternal chromatin
undergoes rapid demethylation via TET3 demethylase activity (Gu et al., 2011) before
the onset of the first mitosis (replication independent demethylation). At fertilisation the
maternal pronucleus also contains repressive 5mC chromatin marks, however, unlike
paternal chromatin, the maternal chromatin maintain these 5mC marks via protection
from TET3 activity by the STELLA protein (Nakamura et al., 2007). These repressive
marks are abundantly maintained until the 2-cell stage of development, when the
maternal genome slowly begins to be passively demethylated in a replication-
dependent dilution of 5mC (Mayer et al., 2000a). This passive loss is achieved by
exclusion of the DNA methyltransferase DNMT1 from the nucleus which prevents
transfer of methyl groups onto newly synthesised DNA (reviewed in Messerschmidt et
al., 2014). There is some controversy in the embryonic epigenetic reprogramming field
about the exact timing of maternal pronucleus demethylation, with one group
observing that demethylation is complete by PN5 (Li and O’Neill, 2012). However, the
vast majority of the field find that the maternal genome maintains higher levels of 5mC
than the paternal genome until at least the 4-cell stage (in mouse embryos), after which
both inherited genomes display equivalent levels of global hypomethylation (Mayer et
al., 2000b, Fig. 1.3). Irrespective of the kinetics, the active demethylation of the
paternal genome and passive demethylation of the maternal genome, with the
exception of imprinted genes, signify the reprogramming of the embryonic epigenetic
landscape. The embryonic genome is in a hypomethylated state by the 8- to 16-cell
stage, and genome-wide de novo methylation begins in the ICM of the blastocyst-
stage embryo (Mann and Bartolomei, 2002). At this time DNMT3b, which is first
transcribed upon ZGA, displays robust expression that is largely restricted to the ICM
(Watanabe et al., 2002). DNMTSs play critical roles during this time as deletion of any
of several DNMT3 isoforms can result in embryonic lethality or sterility (reviewed in
Messerschmidt et al., 2014).

While DNA methylation reprogramming has been most thoroughly characterised,
histone modifications are also reprogrammed during pre-implantation embryogenesis.
Histone modifications are covalent alterations that can also regulate gene expression.
The most common histone modifications are acetylation and methylation, however
there is an extensive array of other modifications that occur including phosphorylation,

ubiquitylation and sumoylation (Kouzarides, 2007). Histone modifications can also
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interact with DNA methylation, thereby adding another layer to epigenetic regulation.
Histone acetylation marks are typically correlated with more accessible chromatin and
therefore transcriptional activity. Acetylation of lysine amino acids on histones is
catalysed by histone acetyltransferases (HATS), and removed by histone
deacetylases (HDACs). Histone methylation is associated with less accessible
chromatin and therefore transcriptional repression, and is created by histone
methyltransferases (HMTases). The most noticeable difference in histone modification
profiles during pre-implantation embryogenesis is between the two blastocyst cell
populations (Erhardt, 2003). In particular, histone methylation is preferentially re-
established in the ICM, with H3K27me1/2/3 detected, while H3K27m2/3 is only found
on the inactive X in the TE cells (Erhardt, 2003). The TE and ICM have distinct cell
fate differences, and as such have different epigenetic and gene expression profiles.
Overall, histone modification reprogramming is more complex than DNA methylation
and as such, a general model of how these processes are integrated during early
embryogenesis has not yet been established. However, as with DNA methylation,
histone modifications do change dynamically during pre-implantation development
and these modifications are required for the precise regulation of gene expression (Shi
and Wu, 2009).

Another example of a major epigenetic modification during pre-implantation
embryogenesis is the use of histone variants in the sperm nucleus. In mature sperm,
histones are replaced by protamines (Kimmins and Sassone-Corsi, 2005), which are
responsible for generation of the densely packaged sperm chromatin. Following
fertilisation and the breakdown of the sperm nuclear envelope, the protamines are
replaced with acetylated histones (Wright, 1999).

Epigenetic reprogramming is critical for the cell fate determination in the ICM and TE
lineages of the blastocyst, and these DNA and histone marks play imperative roles in

both the maintenance of pluripotency and initiation of cellular differentiation.

1.2.5 Pluripotency

A fertilised egg is a totipotent cell, meaning that it is capable of producing all embryonic
and extraembryonic cell lineages. This totipotency is retained at the 2-cell stage and

in the majority of blastomeres until the 8- to 16-cell stage, at which time relative
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position determines their differentiation fate (Rossant and Vijh, 1980). At the 8-cell
stage, the close proximity and intracellular contact area between cells that is
established during compaction provides cues for the formation of inner and outer
blastomeres (Rossant, 1976; Tarkowski and Wroblewska, 1967). The outer
blastomeres become biased towards forming the first extraembryonic cell lineage,
which is the trophectoderm, and the inner blastomeres characteristically form the ICM.
By the 16- and 32-cell stage of development, inner cells upregulate Sox2 expression,
and outer cells upregulate 1d2 expression (Guo et al., 2010). The Hippo signalling
pathway is important for integrating positional information into lineage specification. In
outer blastomeres, Hippo signalling is ‘off’, allowing Yapl to enter the nucleus, and in
combination with Tead4, prime cells towards trophectoderm differentiation by
expression of TE lineage-specific master regulators such as Cdx2 and Gata3 (Guo et
al., 2010; Ralston et al., 2010; Ralston and Rossant, 2008). One major epigenetic
change occurring during TE differentiation is the progressive silencing of the Oct4 and
Nanog genes via H3K9 methylation (Feldman et al., 2006). In the inner blastomeres,
Hippo signalling is ‘on’ when Lats1/2 phosphorylates Yapl (Nishioka et al., 2009).
When Yapl is excluded from the nucleus it is subsequently degraded, meaning it
cannot act as a coactivator of Tead4, therefore expression of TE lineage-specific
master regulators does not occur, and TE programming is not induced in the inner

cells.

Early ICM cells are still considered totipotent, as ICM cells separated from early mouse
blastocysts still have the ability to regenerate the trophectoderm layer (Spindle, 1978).
This totipotency is gradually lost once the ICM exceeds 16-19 cells (Grabarek et al.,
2012; Rossant and Lis, 1979), and cells are then considered pluripotent. Pluripotency
defines the capacity of a cell to self-renew while retaining the potential for unbiased
differentiation. ICM cells maintain their pluripotency by expressing master regulator
pluripotency genes such as Oct4, Sox2, and Nanog (Boyer et al., 2005; Chambers et
al., 2003; Guo et al., 2010).

Later in blastocyst development, another cell lineage decision is made, with a subset
of ICM cells differentiating into the primitive endoderm (Fig. 1.3, blue cells in the ICM),
and the others forming the epiblast (Fig. 1.3, pink cells in the ICM). The epiblast will
eventually differentiate into the ectoderm and mesoderm cell layers, thus the three

germ layers are derived from the ICM cell lineage.
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1.2.6 Pre-implantation development reprogramming impacts lifelong
health

Pre-implantation development is a critical time that directs the formation of an embryo
that is able to successfully implant into the uterus so that fetal growth can be sustained
throughout pregnancy. Pre-implantation embryo development is largely autonomous
as the embryo relies on maternally derived cellular components and also products of
its own genome once ZGA occurs. Despite this, the preimplantation embryo is
susceptible to influence from factors in the external environment which can result in
embryonic adaptations, or in severe cases can result in aberrant embryo development
(Gao et al.,, 2003; Niemann and Wrenzycki, 2000; Schultz, 2005). One well
characterised external influence on embryo development is in vitro culture conditions,
which can affect implantation and even extend to fetal and postnatal development and
affect disease susceptibility in the offspring (Barker, 2002; Ecker et al., 2004). Studies
have shown that the environment that an oocyte is exposed to during maturation can
influence the abundance of transcripts in the mature oocyte (Lonergan et al., 2003;
Watson et al., 2000), and even in the blastocyst (Russell et al., 2006). However, most
research indicates that culture conditions post-fertilisation are more important for
determining blastocyst quality and viability (ability to establish and maintain a
pregnancy) as well as mRNA abundance (Lonergan et al., 2006). One of the main
conditions of in vitro culture that has been shown to perturb embryo gene expression
is the type and contents of the culture media used (Lonergan et al., 2006; Wrenzycki
et al., 2005), however the oxygen concentration of the environment has also been

shown to affect the abundance of certain transcripts (Harvey et al., 2004).

Moreover, assistive reproductive technology procedures expose gamete and embryo
epigenomes to external stress factors that have been shown to increase histone 3
lysine 9 acetylation (Rollo et al., 2017), and alter DNA methylation status and the
establishment and maintenance of genomic imprints (DeBaun et al., 2003; Mabher,
2003), which results in an association between children conceived via these
procedures and imprinting disorders (Bowdin et al., 2007; Le Bouc et al., 2010). These
imprinting disorders are most thoroughly linked to ovarian hyperstimulation (Denomme
and Mann, 2013; Market Velker et al., 2012; Sirard, 2012), most likely from the
disruption of maternally derived gene products that are essential for imprinting

maintenance (Denomme et al., 2011). The most prevalent imprinting disorders that
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have been associated with ART are Beckwith-Wiedemann syndrome (BWS), Silver-
Russel syndrome (SRS), and Angelman syndrome (AS) (Gosden et al., 2003; Maher,
2005). BWS can involve both hyper- and hypo-methylation of the differentially
methylated regions H19 and LIT1, respectively (Lennerz et al., 2010), SRS involves
hypo-methylation, and AS involves aberrant methylation in 80% of patients on
chromosome 15 (seen in patients with AS arising from 15911.2-q13 deletion, paternal
uniparental disomy of chromosome 15, and imprinting centre defects) (Hiura et al.,
2012). Studies of phenotypes in embryos and offspring derived from ART technologies
highlight the importance of optimal development conditions for an embryo (whether in
Vivo or in vitro) as these can significantly alter gene transcription and epigenetic
landscapes which can have detrimental impacts on embryo development, implantation

and pregnancy, and offspring’s lifelong outcomes.

Perturbing mitochondrial function in mouse zygotes for the first 48 hours of culture with
FCCP (a small molecule drug which uncouples mitochondrial oxidative
phosphorylation) has also been shown to influence offspring phenotypes (Zander-Fox
et al., 2015). Female pups born from zygotes that were treated with FCCP displayed
decreased birthweight, and remained lighter than control pups until weaning,
increased adiposity by 4 weeks of age and increased adiposity gain from there until
14 weeks of age when compared to controls (Zander-Fox et al., 2015). Further,
females from FCCP treated zygotes also displayed glucose intolerance by 8 weeks of
age, and insulin resistance at 14 weeks. Signifying that these very early metabolic
disruptions can influence reprogramming events that significantly alter offspring

phenotypes.

The successful completion of the earliest events following fertilisation and even
beyond are extensively determined by the quality of the oocyte from which the embryo
is derived from. One of the most easily visualised determinants of oocyte quality is
whether it successfully completes maturation, as immature oocytes are unable to be
fertilised. Further to this, the composition of proteins and mRNAs derived during
oocyte growth and maturation are vital for facilitating the earliest reprogramming event
post-fertilisation (pronucleus asymmetry establishment), and deviations to this may

implicate subsequent reprogramming events.
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1.2.7 Major cellular components are inherited

The mature oocyte is a considerably large and complex cell that essentially contains
all biochemical components required to form a viable embryo (with the exception of
the paternal genome). As such, the composition of the oocyte plays a large role in the
growth of the embryo and control of cellular functions (Krisher, 2004). Vital
components include maternally derived mRNAs (Olszanska and Borgul, 1993) and
proteins that are required up to and even after ZGA, the nucleolus (a structure within
the nucleus where rRNA is transcribed and assembled into ribosomes) (Ogushi et al.,
2008), the ribosomes themselves (required for translation of maternally derived
MRNAs before ZGA), and the mitochondria (Giles et al., 1980). Further to this, an
embryo must also inherit all of its DNA from the maternal and paternal pronuclei, the
merging of which forms the embryonic genome. As such, all genomic sequences,
including telomeres, are essentially inherited from parental lineages. Telomeres are
sequences present at the end of all linear chromosomes that are important for genome
stability and cellular lifespan (see section 1.4). All oocytes for a female’s reproductive
lifespan are present in the ovary at the time of birth. As previously discussed (see
section 1.2.1), by this time in development all oocytes have entered meiosis and as
such do not undergo further DNA replication until after fertilisation has taken place
(Borum, 1961). Therefore, the telomeres that an organism will inherit from its maternal
lineage are present in the oocyte throughout the maternal reproductive span and as
such will be exposed to, and are highly susceptible to, cellular stresses that occur
during this period of time, which can span decades (Camlin et al., 2016; Sobinoff et
al., 2010). Mitochondria, the key cellular organelles for energy production (see section
1.3) are solely maternally inherited, as any paternal mitochondria that enter the oocyte
via sperm fertilisation are actively degraded (Cummins et al., 1998; Hajjar et al., 2014;
Song et al., 2014). Therefore the mitochondria present in the egg are the founding
mitochondria from which all subsequent mitochondria will be derived, and these will
go on to control embryonic metabolism (Biggers et al., 1967; Brinster, 1965; Quinn
and Wales, 1973) and apoptotic events (Zhao et al., 2015), and are major factors in

determining successful embryo development.
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1.3 Mitochondria

Mitochondria are unique organelles that are found in most eukaryotic cells and have
key roles in energy metabolism, homeostasis, cellular differentiation, and apoptosis.
Fascinatingly, mitochondria are entirely maternally inherited, therefore all of the
mitochondria in an organism are derived from those that were present in the mature
oocyte, highlighting the importance of preserving mitochondrial health in these cells.
The number of mitochondria contained within a single cell varies greatly according to
cell type (Robin and Wong, 1988). Mitochondria contain many features that are distinct
from other cellular organelles, such as containing their own genome, which is
attributed to their evolutionary origins as an aerobic prokaryote that was engulfed by
a nucleated cell, culminating in a symbiotic relationship (Embley and Martin, 2006).
Mitochondria are highly sensitive to environmental cues and possess the ability to
rapidly change their functional state and energy production to meet the requirements
of the cell. Their proper function is vital for health, survival, and cellular activities, with
many pathologies such as cancer, Alzheimer’s disease, Parkinson’s disease, and
multiple sclerosis involving mitochondrial dysfunction (H. Reddy and P. Reddy, 2011,
Karbowski and Neutzner, 2012; Reddy, 2008; Swerdlow, 2011).

1.3.1 Mitochondrial structure and function

The primary function of mitochondria is to produce adenosine triphosphate (ATP).
Mitochondria have two phospholipid membranes: the outer membrane covers the
mitochondria’s surface, and the inner membrane is highly folded into structures called
cristae which increase the surface area. The cristae of the inner membrane contain
the proteins involved in the electron transport chain (ETC), and increasing this surface
area allows for greater capacity of a single mitochondrion to increase its ATP output
(Figure 1.4). The ETC is a vital part of mitochondrial ATP production, overall termed
aerobic respiration (Alabduladhem and Bordoni, 2021). Glucose is first converted to
pyruvate in the cytoplasm of the cell through glycolysis, which produces two ATP
molecules. Pyruvate is then transported to the mitochondrial matrix where it is further
oxidised and covalently linked to CoA to form acetyl-CoA, before entering the Krebs
cycle which results in the production of a further two ATP molecules (Leese and
Barton, 1984). The final stage of aerobic respiration is the ETC, where a cluster of
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proteins (Complex I, I, Il and IV, CoQ or ubiquinone, Cytochrome C, and ATP
synthase, Fig. 1.4) transfer electrons through the inner membrane to form a proton
gradient that drives ATP production (Mazat et al., 2013). To facilitate this, the electron
is released through the interaction of Complex | with high energy NADH, which is
generated via production of acetyl-CoA, and malate to oxaloacetate conversion in the
Krebs cycle. The ETC produces the highest yield of ATP, with 32 molecules generated
per each input glucose molecule (Enderle, 2012). The cristae of mitochondria greatly
increase the capacity for the inner membrane to hold many clusters of ETC proteins,
and therefore make mitochondrial aerobic respiration a highly efficient way of energy
production. In total, this process can produce 36 molecules of ATP (Enderle, 2012),
whereas anaerobic respiration (where only glycolysis is utilised) produces just two
ATP per input molecule of glucose. Therefore proper mitochondrial function is critical

for efficient energy production, and as a consequence, cellular function.

Mitochondrial function and the efficiency of the ETC are known to decline with aging;
in particular, aging mitochondria exhibit increased electron leakage and therefore a
reduction in ATP generation (Green et al., 2011). As mitochondria become more
dysfunctional they produce higher levels of reactive oxygen species (ROS) which anti-
oxidant mechanisms are unable to eliminate, and as a consequence, these ROS
further damage mitochondria as well as cellular proteins, lipids, and DNA, thus
exacerbating biochemical dysfunction (Edgar et al., 2009; Hiona et al., 2010).
Therefore mitochondrial dysfunction is considered a hallmark of aging (L6pez-Otin et
al., 2013).

Mitochondrial division occurs through the process of fission, which is independent of
the cell cycle divisions of the cells in which they are contained. Mitochondrial fission
is mediated by dynamin-related proteins (DRPs) and other cofactors and has been
well established as a process essential for viability, as homozygous DRP1 knockout
mice are embryonic lethal (Manczak et al., 2012). Mitochondrial fusion is another
dynamic process that mitochondria undergo independent from other cellular events,
and loss of fusion potential increases mitochondrial fragmentation (Chen et al., 2003).
Further, mitochondrial fusion is essential for embryonic development, as mouse
embryos with mutations in either Mfn1 or Mfn2 (mitofusion-1 or -2), rendering them
unable to undergo mitochondrial fusion, die in mid-gestation (Chen et al., 2003).
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Figure 1.4. Mitochondrial localisation, structure, and ETC within eukaryotic cells

Mitochondria are membrane-bound cellular organelles with a primary role in ATP
production through aerobic respiration. The inner mitochondrial membrane contains
the proteins of the electron transport chain, the function of which drives ATP formation

via ATP synthase, producing a high ATP yield per input glucose molecule.

The structure of mitochondria is highly adapted to maximise their efficiency in meeting
the cell’s energy requirements. Mitochondrial shape can also vary between cell types;
for example, fibroblast mitochondria are typically long filaments, vascular smooth
muscle mitochondria are rod-shaped (Dai et al., 2005), and hepatocyte mitochondria
are more sphere shaped (Das et al., 2012). Oocyte and early embryo mitochondria
also have a unigue structure, they are typically round with relatively few cristae, and

this structure is typical of stem cells (Prigione et al., 2015).
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1.3.2 Mitochondrial localisation and utilisation during oocyte

maturation and early embryogenesis

Mitochondrial dynamics have been thoroughly documented during oocyte maturation
and pre-implantation development, including localisation and metabolism (St. John et
al., 2010). During this time, mitochondria are the main ATP source, as glycolytic
activity is not utilised until the blastocyst stage (Biggers et al., 1967; Dumollard et al.,
2007; Leese, 1995). During oocyte maturation, oocytes are in an oxygen rich
environment, with aerobic respiration and small amounts of the pentose phosphate
pathway (a parallel to glycolysis) occurring (Absalon-Medina et al., 2014). In germinal
vesicle oocytes, mitochondria are homogeneously distributed (Nishi et al., 2003).
However, during meiotic maturation, mitochondria are heterogeneously distributed,
with a heavy concentration around the developing meiotic spindle and approximately
40% of total oocyte mitochondria aggregating to this location (Dalton and Carroll,
2013, Calarco, 1995). Mitochondria play a key role in spindle formation at this time,
which is evidenced by abnormal spindle formation when mitochondrial function is
disrupted (Dalton and Carroll, 2013). This aggregation remains with the spindle as it
migrates to the cortex, and by the time MII arrest occurs, the mitochondria are more
homogenously distributed, with occasional smaller aggregations around the MiIl
spindle (Dalton and Carroll, 2013, Calarco, 1995). Mitochondrial segregation is also
highly biased in favour of the oocyte during Meiosis, minimising mitochondrial loss to
the extruded polar body. Mitochondrial biogenesis does not occur until the blastocyst
stage in mouse embryos (Piké and Taylor, 1987; Thundathil et al., 2005), therefore
the mitochondria contained within the oocyte must be competent to sustain early
embryogenesis. Mitochondrial metabolism is heavily utilised in preimplantation
embryos, with pyruvate being the most important energy substrate during early
embryogenesis (Quinn and Wales, 1973). Glycolysis isn’t highly utilised by embryos
until after the morula stage has been achieved and glucose consumption by the
embryo rises (Cagnone and Sirard, 2016; Kaneko, 2016; Wilding et al., 2009). During
pre-implantation development, mitochondria are localised in the cytoplasm in 2- to 8-
cell embryos, and at the periphery of nuclei in blastocysts (Basu et al., 2008; Kiyonari
etal., 2019; Lee et al., 2011).

The integrity of mitochondria and their ability to function efficiently are fundamental to
the formation of a fertilisable mature oocyte and the development of a viable pre-
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implantation embryo (Dumollard et al., 2007). Factors that can influence mitochondrial
function are substrate availability, ROS levels, and ETC protein functionality. Of
particular relevance to oocytes, a key feature for the successful function of
mitochondria is the mitochondrial genome (known as mitochondrial DNA, or mtDNA)
because it encodes ETC proteins and thereby influences cellular metabolism
(Taanman, 1999).

1.3.3 Mitochondrial DNA (mtDNA)

A feature of mitochondria that is unique from other organelles is that they possess
their own genome, which is distinct from the nuclear genome. Unlike the nuclear
genome which is linear chromosomes, the mitochondrial genome is circular, and small
in comparison at only 16,569 base pairs in humans and 16,295 base pairs in mice, in
contrast to 3.3 billion (Taanman, 1999). The mitochondrial genome is located in the
matrix and contains 37 genes, which encode 13 proteins required for protein subunits
of the enzymes required for aerobic respiration, as well as 22 tRNAs, and 2 rRNAs
(Anderson et al., 1981; Chomyn et al., 1985; Macreadie et al., 1983). Despite this,
mitochondria cannot independently produce all required proteins and as such rely on
the import of nuclear gene products for many proteins required for their function.
Mitochondrial DNA can be present in multiple copies in each mitochondrion, meaning
many thousands of copies of mitochondrial DNA can be present in a cell, depending
on the cell type (Robin and Wong, 1988). mtDNA replication occurs independently of
nuclear genome replication, and utilises different proteins. TFAM (mitochondrial
transcription factor A) initiates replication by binding to mtDNA and inducing structural
changes that result in the initiation region being exposed. Next, mtRNA pol
(mitochondrial RNA polymerase) generates an RNA that is used as a primer by
POLGA (polymerase gamma A) to begin mtDNA replication (Ciesielski et al., 2016).
This process is further supported by POLGB (polymerase gamma B), mtSSB
(mitochondrial single-stranded binding protein), and Twinkle, which act to stabilise
POLGA and mediate mtDNA unwinding (Ciesielski et al., 2016). mtDNA replication
occurs independently of mitochondrial fission (Chen et al., 2010; Del Dotto et al.,

2017), but is typically controlled by signals regulated by cellular energy demands.
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Mitochondrial DNA has a much higher mutation rate than nuclear DNA due to a
number of factors. Mitochondrial DNA replication has a lower fidelity (Shtolz and
Mishmar, 2019), mtDNA has greater exposure to ROS generated during aerobic
respiration, and the mitochondria also lack DNA repair mechanisms that are found in
the nucleus. mtDNA copy number has been shown to decrease with age, however the
burden of MtDNA mutations increase with age (Zhang et al., 2017). Increased mutation
load contributes to the age associated decline in mitochondrial function because
mtDNA-encoded proteins are required for proper ETC assembly and the increased
mutation load can compromise the structure and function of these proteins, thus

causing metabolic and other dysfunction.

The mitochondrial genome is solely maternally transmitted (Birky, 1995; Giles et al.,
1980), therefore the integrity of the mitochondria and their DNA (mtDNA) in the oocyte
is crucial for oocyte quality, fertilisation and subsequent embryo development, as well

as lifetime health of the offspring.

1.3.4 Mitochondrial DNA replication patterns in oocyte growth,

maturation and embryogenesis

Primordial germ cells, the precursors of gametes, contain approximately 200 copies
of mtDNA per cell and undergo extensive mtDNA replication during oogenesis to form
a fertilisable MIl oocyte (Sun and St. John, 2016). Mitochondrial DNA copy number
plays a crucial role in creating a viable MIl oocyte, and a critical threshold of at least
100,000 copies for mice (Piké and Taylor, 1987), humans (Santos et al., 2006), and
pigs (ElI Shourbagy et al., 2006) has been established.

Following fertilisation, mtDNA replication does not occur to any appreciable extent until
the embryo reaches the blastocyst stage. As such, the total quantity of mtDNA within
a developing pre-implantation embryo does not increase from the oocyte to the early
blastocyst (Pik6 and Taylor, 1987) and remains relatively constant, sometimes
exhibiting slight decreases during the early cleavage stages (Thundathil et al., 2005).
Comparison of mtDNA copy number from in vivo or in vitro produced rat zygotes, early-
and late-2C, and 8C embryos found no differences in copy numbers, however at the
morula and blastocyst stage, embryos cultured in vitro had significantly higher mtDNA

copy number than those derived in vivo (Kameyama et al., 2007). This indicates that
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the in vitro culture environment can influence mtDNA replication during the later stages
of pre-implantation embryogenesis. While the total mtDNA content of the embryo
remains somewhat stable, it is distributed as the mitochondria are segregated between
blastomeres with each cleavage, therefore the number of mtDNA molecules per cell
is continuously diluted (Thundathil et al., 2005). mtDNA replication resumes at the
blastocyst stage, at first in the trophectoderm lineage, then the inner cell mass (Sun
and St. John, 2016). The trophectoderm are the first of the two cell types to undergo
differentiation and as such lose pluripotency and begin to express lineage specific
markers, which coincides with replication initiation (May-Panloup et al., 2005;
McConnell and Petrie, 2004; Spikings et al., 2007). Unlike the TE, the ICM maintains
its pluripotency, and as such continues to limit mtDNA replication, thus further reducing
the mtDNA copy number per cell.

The reduction in mtDNA copy number per cell is key to establishing the mtDNA set
point, which is required for cell lineage commitment. The mtDNA set point is
characterised by a low mtDNA copy number, typically ranging from 20-200 copies per
cell, (Cree et al., 2008) which is similar to that in primordial germ cells. It is believed
that a low mtDNA copy number is required for the maintenance of the naive state
displayed by pluripotent cells (Facucho-Oliveira et al., 2007). The mtDNA set point
provides the starting point from which cells increase their mtDNA copy number in a
cell-specific manner with the resumption of mtDNA replication as they differentiate into
mature, functional cells (Kelly et al., 2012). Differentiation also coincides with an
increase in the number of mitochondria per cell, greater reliance on aerobic
respiration, and a change in mitochondrial morphology from a rounded, stem cell-like
form to displaying the typical elongated structure with defined cristae and dense

matrices (Prigione et al., 2015).

While mitochondrial function and dynamics are well characterised during pre-
implantation embryogenesis, there is another profound DNA change during this time
that is less understood, telomere elongation.
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1.4 Telomeres

1.4.1 Telomere structure and function

Telomeres are repetitive DNA sequences that cap the ends of eukaryotic linear
chromosomes (Figure 1.5) and thereby maintain chromosomal length and protect
genome integrity. Telomeric DNA consists of the duplex TTAGGG sequence repeated
for many kilobases (ranging from approximately 5kb to 15kb in humans (Samassekou
et al., 2010)) and terminates in a 3’ single-strand overhang which is folded into the
distal-most telomere DNA duplex (Griffith et al., 1999) resulting in the formation of a
T-loop structure at the end of each chromosome (Griffith et al., 1999; M.Stansel, 2001,
Figure 1.5). The 3’ overhang exists due to the inability of the DNA replication
machinery (i.e. polymerase) to generate double stranded DNA at the terminal ends of
the template (known as the ‘end replication problem’) (Olovnikov, 1973). Thus, this T-
loop is important because it prevents this single-stranded sequence from being
recognised as damaged DNA by the cell's DNA-damage response (DDR) pathway
machinery, which would then potentially lead to cell cycle arrest and/or apoptosis
(Greider, 1999; Griffith et al., 1999; Karlseder, 1999).

The ability of telomeres to form these protective T-loops is enabled by the presence
of a highly specific assembly of proteins that bind along the telomere repeat sequence
that are collectively known as the shelterin complex (Bombarde et al., 2010; Karlseder
et al., 2004). This complex comprises of proteins including RAP1, TIN2, TPP1, and
POT1 (reviewed in (Xin et al., 2008), and importantly, two specialised and related
proteins that bind directly to the telomeric DNA, the Telomere Repeat Binding Factor
(TRF) proteins, TRF1 and TRF2 (Hanaoka et al., 2009), Figure 1). Both TRF1 and
TRF2 bind to the double stranded telomeric DNA, with TRF1 binding more strongly in
the major groove than TRF2 (Hanaoka et al., 2009). TRF1, with its interacting protein
TIN2, has been shown to be an important regulator of telomere length (Kim et al.,
1999; van Steensel and de Lange, 1997), likely by regulating telomerase access
(Scherthan et al., 2000), with disruptions in TRF1 binding to telomeres resulting in
inappropriate telomeric growth in telomerase positive cell lines (Smith and de Lange,
2000). Tankyrase, a telomere-associated poly-ADP ribose polymerase (PARP)
interacts with telomeres via TRF1 (Smith, 1998; Smith and de Lange, 1999) and is
responsible for removal of TRF1 from telomeres to allow for lengthening to occur
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(Smith and de Lange, 2000, 1999); therefore, tankyrase overexpression results in
similar effects to TRF1 binding disruption or knock-down (Smith and de Lange, 2000).
TRF2 is well established as one of the main factors controlling telomere length, and
as a key factor in telomere integrity and protection, by mediating T-loop formation
(Griffith et al., 1999). TRF2 is vital for the integrity of telomeres, as TRF2 knock-downs
in human fibrosarcoma cells decreased telomere lengths, chromosome end-end
fusions (van Steensel and de Lange, 1997), and p53-dependent apoptosis, which all
result from the TRF2-depleted telomeres being recognised as damaged DNA by the
cell’s DDR pathway (Karlseder, 1999). TRF2 and POT1 also aid in telomere protection
by inhibiting the signalling of DNA damage-sensing proteins ATM and ATR,
respectively (Karlseder et al., 2004; Zimmermann et al., 2014).

Figure 1.5. Schematic of general mammalian telomere structure

Nuclear chromosomes are capped by repetitive DNA sequences called telomeres.
These sequences are bound by a specific complex of proteins, called the shelterin
complex, which enable the formation of protective T-loops.
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Interestingly, telomere length displays a highly variable nature. Telomere lengths
within a population of cells and/or individuals are known to vary greatly. For example
in humans (Eisenberg et al., 2011), telomere lengths varied from 5.1kb to 18.64kb in
men aged 18-28 years old in Europe, likely due to a mix of genetic and environmental
factors. Even telomere lengths in individual spermatozoa from the same male differ
(Baird et al., 2006; Santiso et al., 2010), for example, Baird et al. (2006) found
individual sperm telomere lengths from a single male could range from 8.86kb to
17.29kb. However, the cellular mechanisms responsible for these differences are not

well understood.

While telomeres are essential protectors of genome integrity and stability, their length
decreases with every cell division, reducing their protective roles. This continual
telomere length attrition is primarily due to limitations in linear DNA replication, known
as the ‘end replication problem’. Further to this, telomeres are also susceptible to
shortening via ROS induced damage (Oikawa and Kawanishi, 1999; von Zglinicki et
al., 1995).

1.4.2 The end replication problem

The ‘end replication problem’ is the inability of telomeres to be completely replicated
during mitosis, resulting in progressive shortening of telomeres with each round of cell
division (Blackburn, 1984; Olovnikov, 1973). Telomere length will progressively
shorten until the Hayflick limit (the finite number of times a cell can divide until division
stops, governed by telomere shortening) is reached and cells undergo senescence
(Hayflick and Moorhead, 1961). If cells surpass the Hayflick limit and continue to
divide, telomere lengths decrease to a point where they can no longer form t-loops or
be bound by the shelterin complex, and the DDR and apoptosis pathways are
activated (Frias, 2012). Telomere length and the Hayflick limit provide a tightly
regulated mechanism for cells to enter senescence at the right time to avoid

undergoing apoptosis while maintaining genome integrity.

Because telomere lengths decrease with each cell division, telomeres progressively
shorten with aging, and as such, short telomeres are one of the major hallmarks of
aging. Short telomeres have not only been linked to aging phenotypes, but also

chronic diseases (Rudolph et al., 1999). Mice have very long telomeres in comparison
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to humans, and unlike humans, mice also have active telomerase in their somatic
tissues, therefore they typically do not display the same aging characteristics as
humans. Studies of telomerase deficient mice reveal premature aging characteristics
that are similar to those in humans, such as hair greying and alopecia (hair loss),
decreased body weight and a diminished fat cell layer between the dermis and skeletal
muscles (Rudolph et al., 1999). The premature telomere shortening in these mice was
also associated with shortened life spans, a reduced capacity to respond to stresses
such as wound healing and hematopoietic ablation, as well as an increased incidence
of spontaneous malignancies (Rudolph et al., 1999). Diseases in humans that are
associated with, or result from short telomeres include bone marrow failure,
dyskeratosis congenita (which commonly manifests as abnormal skin pigmentation,
leucoplakia and nail dystrophy, and premature aging, among other symptoms),
acquired aplastic anaemia, pulmonary fibrosis, and liver disease, all of which are
associated with mutations in telomerase components (TERT, TERC or DKC1).

Accelerated telomere attrition is also linked to cancer (Calado and Young, 2009).

To counteract the effects of gradual telomere shortening on the lifespan of subsequent
generations, telomere lengths must be reset at the outset of each new generation to
ensure that healthspan and lifespan do not progressively decline. Telomere elongation
is known to occur via two well characterised mechanisms: telomerase and alternative

lengthening of telomeres.

1.4.3 Telomere elongation mechanisms

Telomere elongation occurs in very few cell types. These are embryonic stem cells
(Hiyama and Hiyama, 2007), adult stem cells (Marién and Blasco, 2010), proliferating
spermatogonia (Ozturk, 2015), epidermal cells (Harle-Bachor and Boukamp, 1996),
activated T-cell (Barsov, 2011) and B-cell lymphocytes (Bougel et al., 2010), and some
cancers. There are two mechanisms of telomere elongation, telomerase and
Alternative Lengthening of Telomeres (ALT), both of which are known to be utilised

by, and best characterised in, cancer cells.

Telomerase is a ribonucleoprotein enzyme that consists of the components human
telomerase reverse transcriptase (hTERT), telomerase RNA (hTERC), and dyskerin

(DKC1) (Cohen et al., 2007). This complex adds telomere repeat sequence to the 3’
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end of telomeres in an RNA template-dependent manner concurrent with DNA
replication and cell division. Telomerase is a DNA polymerase with an RNA template
to prime template-directed synthesis of telomeric DNA on the leading DNA strand
(Greider and Blackburn, 1989), while DNA polymerase-a synthesises the
complementary telomeric DNA of the lagging strand (Figure 1.6). Telomerase has the
capacity to add approximately 50-100 base pairs of DNA per cell cycle (Cristofari and
Lingner, 2006), and is therefore an efficient mechanism to minimise telomere
shortening throughout frequent divisions, but it cannot achieve large scale extensions

rapidly.
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Figure 1.6. Schematic representation of telomerase extension of telomeric DNA

at the 3’ end of a linear DNA strand

Telomere extension by the enzyme telomerase utilises an RNA template to enable

synthesis of new telomeric DNA.
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A second, less widely-known mechanism of telomere elongation is Alternative
Lengthening of Telomeres, commonly referred to as ALT, which is defined as any
telomerase-independent mechanism that results in overall telomere lengthening.
Unlike telomerase, which is an enzymatic elongation process, ALT has been shown
to involve recombination (Figure 1.7 A, Pickett and Reddel, 2015), with the resultant
ability to add up to approximately 1kb of DNA to telomeres in one cell cycle. This
recombination occurs between sister chromatids, with telomere sister chromatid
exchanges (T-SCE) being commonly observed in ALT-utilising cells (Henson and
Reddel, 2010). Due to ALT’s reliance on recombination and its dramatic elongation
potential, ALT characteristically produces heterogeneous telomere lengths within a
cell (Henson et al., 2002, Figure 1.7 B).
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Figure 1.7. Telomere elongation in the Alternative Lengthening of Telomeres

pathway

(A) Telomere lengthening via homologous recombination. One strand of DNA can be
seen invading that of a homologous chromosome in (1) and using it as a template for
large scale extension in (2) and (3). The newly extended telomere in (4) is then used
as a template to extend the telomere of the other chromosome. (B) Cancer cell
telomeres (labelled red by Fluorescence In Situ Hybridisation (FISH)) elongated by
ALT display heterogeneous lengths. Image (A) adapted from Pickett and Reddel
(2015), (B) adapted from Henson et al (2002).
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One of the most defining characteristics of the ALT mechanism are APBs (ALT-
associated Promyelocytic Leukemia Bodies), which are specialised nuclear structures
consisting of the PML (Promyelocytic Leukemia) protein, telomeric DNA, telomere
binding proteins (Yeager et al.,, 1999), and many other proteins involved in
recombination and repair, such as BLM (Yankiwski et al., 2000). Many of the protein
components of APBs are involved in recombination pathways and for this reason it is
believed that telomere elongation occurs within APB’s (Draskovic et al., 2009;
Fasching et al., 2007, 2005); however, their definitive functions are yet to be
elucidated. PML is one of the most predominant proteins in APBs and forms a large
component of the shell of the APB complex (Lang et al., 2010), however PML is
normally found in cells in PML nuclear bodies (Lang et al., 2010). Here it co-localises
and interacts with a large number of proteins with diverse functions that give PML
bodies roles in cell cycle control, tumour suppressor action, chromatin organisation,
transcription, DNA replication, senescence, and apoptosis (Bernardi and Pandolfi,
2007; Borden, 2008; Dellaire and Bazett-Jones, 2004; Lang et al., 2010; Salomoni et
al., 2008; Takahashi et al., 2004). While the Bloom syndrome protein (BLM) is also a
key protein within APBs (Yankiwski et al., 2000), it is also found within cell nuclei that
are not undergoing telomere elongation (Bernardi and Pandolfi, 2007); this is due to it
being a RecQ helicase which unwinds G4-quadruplex DNA (G4-DNA) found at G-rich
sequences of the genome, like telomeres (Ellis et al., 1995; Sun et al., 1998). BLM
also is involved in homologous recombination (Wright, 2001; Wu et al., 2001) and has
been shown to interact with TRF2 in ALT competent cancer cells to promote telomeric
DNA synthesis (Stavropoulos, 2002). Therefore it is important to identify defining
features of ALT, such as TSCEs and APBs, when looking for ALT activity in cells, as
many of the proteins involved in this pathway have additional non-ALT associated

functions within a cell.
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Figure 1.8. ALT-associated PML Bodies are a key feature of the Alternative
Lengthening of Telomeres pathway

(A) Schematic of an ALT-associated PML body (APB), showing a PML shell (green),
with telomeric DNA (red) localised inside, and BLM protein (blue) localised to
telomeres. Example images of PML (B, green) and BLM (C, green) localised to
telomeres (red) in two well characterised ALT-positive cell lines, the U-20S and Saos-
2 osteosarcomas. PML can be seen forming the shape of the APB shell with telomeres
localising to, and within it (B, arrow heads). Multiple co-localisations between BLM and

telomere foci are also observed (C, arrows).
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Telomere length maintenance is a dynamic process that also involves length
reduction, referred to as telomere trimming. This is distinguished from the conventional
telomere shortening that happens with each round of cell replication as telomere
trimming is targeted based on telomere length and requires specific proteins, such as
zbtb48 (named “TZAP”). This trimming results in the deletion of large segments of
telomeric DNA, however it does not produce telomere signal-free chromosome ends
(detected using FISH analysis) and also does not result in telomere dysfunction
(Pickett et al., 2009), indicating a high level of regulation. Interestingly, a set proportion
of shelterin complex is available for each telomere, and this quantity does not increase
with telomere length (Takai et al., 2010), therefore long telomeres have a lower
density of shelterin complex than short telomeres (Cristofari and Lingner, 2006). This
appears to be an identifying factor for telomeres that are due to undergo trimming, as
TZAP has been shown to readily localise to long telomeres (20kb), which would have
low shelterin density (Figure 1.9), while no localisation was detected in cells with short
(5kb) telomeres and high shelterin density (J. S. Z. Li et al., 2017). Telomere trimming
is heavily utilised in embryonic stem cells to maintain length homeostasis, and an
absence of TZAP in these cells allows for significant telomere elongation (J. S. Z. Li
et al., 2017). Upon formation of the T-loop, the 3’ overhang inserts into the telomeric
duplex and forms a D-loop (Griffith et al., 1999; Moyzis et al.,, 1988), and a
recombination intermediate is formed at the site of this insertion. Telomere trimming
involves the resolution of this recombination intermediate, which results in a sudden
loss of telomere length equivalent to at least that of the T-loop, and this is detectable
as extrachromosomal telomeric DNA, named telomere circles (t-circles, see Fig. 1.9)
(Pickett et al., 2011, 2009). As such, the delicate process of telomere elongation is
apparently also regulated by telomere trimming in order to prevent the accumulation

of aberrantly long telomeres.
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Figure 1.9. Telomere length homeostasis mechanisms involve telomere

trimming processes

TZAP directed telomere trimming prevents the accumulation of aberrantly long
telomeres by binding to telomeres with low shelterin density and initiating shortening
processes. Trimming occurs by resolution of the recombination intermediate that is
formed when the 3’ overhang invades the double-stranded telomeric DNA to form the
D-loop. The result of telomere trimming is shortened telomeres and t-circles, which
are detectable for analysis.
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1.4.4 Epigenetic regulation of telomeres

The repetitiveness and G-richness of telomeric DNA sequence enables telomeres to
form highly condensed heterochromatin structures. The formation of heterochromatin
is dependent on binding of heterochromatin protein (HP1) isoforms, as well as
epigenetic modifications to both the DNA and histones. In heterochromatin, such as
telomeres, DNMTs are responsible for methylation of cytosine residues to form 5
methyl-cytosine (5mC), while HMTases methylate lysine residues on histones 3 and
4 leading to enrichment of H3K9me3 and H4K20me3. Particularly, the histone variant
H3.3 has been shown to be deposited at telomeres by ATRX for targeted K9 tri-
methylation and heterochromatin formation in mouse embryonic stem cells (Udugama
et al., 2015). Further, this process has been shown to be regulated by the PML protein
(Chang et al., 2013; Delbarre et al., 2017; lvanauskiene et al., 2014), providing a
critical role for PML function in the maintenance of telomeric chromatin integrity in
pluripotent cells by regulation of histone epigenetic modifications. These epigenetic
modifications are critical to telomere length maintenance, as disruptions correlate with
loss of telomere-length control (Garcia-Cao et al., 2004, 2002; Gonzalo et al., 2006,
2005). In particular, primary cells derived from mice that were null for histone
methyltransferases (both Suv39hl and Suv39h2) had decreased levels of H3K9 di-
and tri-methylation, and abnormally long telomeres compared to wild-type controls
(Garcia-Cao et al., 2004). Further to this, mouse embryonic stem cells or fibroblasts
that are deficient for DNA methyltransferases (DNMT1, or DNMT-3a and -3b) or
retinoblastoma proteins (RB1, RBL1, and RBL2, and single-, double-, and triple-
knockouts) also exhibited decreased methylation levels and dramatically long
telomeres compared to control cells (Garcia-Cao et al., 2002; Gonzalo et al., 2006,
2005). Telomerase-null mice (lacking in the TERC component) which are unable to
undergo telomere length extension exhibit short telomeres, decreased tri-methylation
at both H3K9 and H4K20, and HP1 binding, while exhibiting increased density of
histone acetylation marks, which are associated with more ‘open’ DNA structures
(Benetti et al., 2007), further highlighting the relationship between telomere length and
epigenetic modifications. It is hypothesised that these changes in epigenetic markers
on short telomeres may act to help recruit telomerase to the shortest telomeres for
preferential elongation, which results in a restoration of these marks (reviewed in

Blasco, 2007). This notion is supported by studies where cells deficient in proteins vital
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for histone or DNA methylation exhibited abnormally long telomeres when compared
to control cells (Garcia-Cao et al., 2004, 2002; Gonzalo et al., 2006, 2005). While
epigenetic modifications play key roles in telomere length regulation and stability, the
function and potential modifications of these epigenetic marks in pre-implantation

embryogenesis telomere elongation is currently unknown.

1.4.5 Telomeres in early development

Telomere behaviour during meiosis has been thoroughly documented, however much
of the molecular mechanisms behind the control of telomere elongation during pre-

implantation embryo development is unknown.

Genome organisation during meiosis is highly specific to allow for recombination
between homologous chromosomes to occur and give rise to genetic variation
between the resultant gametes; and telomeres play a significant role in chromosome
organisation throughout (Scherthan et al., 2000). Telomeres have a particularly
important function during prophase of Meiosis I, which is also commonly referred to as
the ‘bouquet stage’ (Reig-Viader et al., 2016). Telomeres attach chromosomes to the
nuclear envelope via TRF2 (Dolnik et al., 2007, 2003; Podgornaya et al., 2000), with
the rest of the chromosome looping within the nucleus resulting in an arrangement like
flower petals (Scherthan et al., 2000, Figure 1.10). This telomere attachment to the
nuclear envelope is initiated in leptotene and is maintained through zygotene stages
of meiosis, with telomere attachment to the nuclear envelope essential for proper
synapsis between homologues and for proper resolution of recombination events
(Boateng et al., 2013; Link et al., 2013). Then during pachytene, sister-chromatids
begin to separate, while crossing over occurs between non-sister chromatids. Non-
sister chromatids then begin to separate, but are still connected by the chiasma (cross-
over site formed during exchange in pachytene) which is eventually resolved via
displacement of the chiasmata (named terminalisation). From late pachytene to the
beginning of diplotene, bouquet dissolution occurs but telomeric attachment to the
nuclear membrane remains (Nagaoka et al., 2012). Thus, telomere attachment is
important for the facilitation of homologous pairing, synapsis initiation and chiasmata
formation. Reduced synapsis and recombination is observed in oocytes of female mice

with shortened telomeres (due to telomerase deficiency) (Liu et al., 2004), further
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highlighting the importance of adequate telomere length for normal meiosis
progression. In oocytes, the leptotene, zygotene and pachytene stages take place
during fetal life and oocytes are arrested in the diplotene stage until the breakdown of
the GV, triggered by hormones at ovulation, initiates the resumption of meiosis

(reviewed in Nagaoka et al., 2012).

mitotic Prophase |
proliferation (Spermatocytes | & Oocytes 1)

Q ------- > % %
pre-meiotic
S phase \
Spermatogonia Pre-leptotene Leptotene Zygotene Pachytene Diplotene
& Oogonia
NE-telomere Recombination
attachment events
Figure 1.10. Telomeres play important roles during Prophase | of

gametogenesis

Telomeres attach to the nuclear envelope and these attachments are critical for
facilitating recombination events during this time. Figure adapted from Reig-Viader et
al. (2016).

During metaphase |, homologous pairs line up at the metaphase plate, and then
homologues are separated during anaphase I, followed by telophase which ends with
the formation of two new cells. In female meiosis, meiosis | results in the formation of
the first polar body, and a daughter cell (oocyte) which continues on to meiosis II, and
overall telomere lengths in the oocyte and polar body are similar (Wang et al., 2013).
Oocytes then continue into meiosis Il without DNA replication. During prophase lI,
chromosomes condense, spindle formation begins, and chromosomes begin to be
captured by microtubules. Oocytes are then paused at metaphase Il until fertilisation
occurs which resumes metaphase. Metaphase, anaphase and telophase Il are then
similar to that of meiosis |, however this time the sister chromatids are separated to

result in gametes with just one chromatid from each chromosome. Telophase

37



culminates in the extrusion of the second polar body from the fertilised zygote, which

then contains a haploid female pro-nucleus and a haploid male pro-nucleus.

Telomeres play vital roles throughout meiosis, aiding in proper chromosome
orientation and alignment. Following fertilisation telomeres are also essential for
chromosome stability during the mitotic cell divisions that characterise the earliest
phases of cell division. Importantly, telomeres lengthen during pre-implantation
development (L. Liu et al., 2002; Liu et al., 2007; Wang et al., 2013), and this appears
to be a major mechanism by which telomere length is reset across generations.
Telomere lengthening during mouse pre-implantation embryogenesis has been
studied using gPCR and quantitative telomere Fluorescence In Situ Hybridisation
(FISH), with significant increases between successive stages observed (L. Liu et al.,
2002; Liu et al., 2007; Wang et al., 2013). However the exact mechanisms of this

lengthening remain unconfirmed.

1.4.6 Telomere length resetting

As telomere length is an important determinant of health span and life span, it must
be regenerated at the outset of each new generation to ensure the continuation of a
species. During embryogenesis, a ‘new’ organism forms from a single cell (zygote)
which is comprised of a haploid maternal genome and a haploid paternal genome,
which are modified to endow the offspring with appropriate telomeric DNA to ensure

genome integrity.

In mice, sperm telomere lengths decline with age (de Frutos et al., 2016), and as such
paternal age and embryo telomere length display a negative correlation. Two cell
embryos and offspring from older male mice exhibited shorter telomeres than those
from younger males that had been mated with a female of the same age (de Frutos et
al., 2016). Conversely, in humans, sperm telomere length increases with age, and as
such aging has been associated with a higher mean sperm telomere length in older
men than younger (Antunes et al., 2015, Baird et al., 2006; Eisenberg et al., 2011;
Kimura et al., 2008). This increased telomere length in sperm is reflected in offspring
leukocyte telomere length (Aston et al., 2012; De Meyer et al., 2007; Eisenberg et al.,
2012; Gibbons, 2012; Kimura et al., 2008; Njajou et al., 2007; Sartorius and Nieschlag,
2010).
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Oocyte telomere shortening with advanced reproductive age is conserved between
human and mice (Henderson and Edwards, 1968; Keefe et al.,, 2006; Yamada-
Fukunaga et al., 2013), however sperm show opposite trends between the two species
with aging. Despite this, major regulatory pathways in mammalian telomere elongation
during pre-implantation embryogenesis are thought to be largely conserved with some
subtle species-specific differences. Much of our understanding of telomere biology
during pre-implantation embryogenesis has come from primarily mice, as well as

bovines.

In mice, telomere lengths have been shown to be increased consistently in 2-cell
embryos, and sometimes in zygotes (depending on the strain) when compared to
oocytes (Liu et al., 2007). Further to this, another study found that telomere length
increases with each successive stage between zygotes, 2-cell, and 4-cell mouse
embryos (Wang et al., 2013). While blastocyst telomere lengths have also been shown
to be significantly longer than in oocytes, they were not different to that of a 2-cell
embryo by gPCR analysis (Liu et al., 2007). Other work has found an increase in
telomere length between the morula and blastocyst, however this study did not
analyse any earlier stages of development (Varela et al., 2011). Telomere dynamics
have been investigated further in blastocyst stage embryos, where in mice, it has been
found that the cells of the ICM have longer telomeres than those of the TE (Igbal et
al., 2011). Further to this, telomere lengths did not increase during post-implantation
development (Schaetzlein et al., 2004), indicating blastocyst telomere length is the
maximum telomere length of an individual, and as such it has been deemed the

telomere ‘set point’.

While much of our understanding of telomere length dynamics in pre-implantation
embryogenesis has come from work done in mice, a large knowledge gap still remains.
There is yet to be a comprehensive analysis of multiple pre-implantation stages using
a single analysis method for all stages for consistency. The type of telomere elongation
mechanisms occurring during this time are also not fully confirmed. Telomerase
activity assays have indicated that while activity is higher in GV oocytes than Ml
oocytes (Liu et al., 2007), it is overall relatively low in oocytes through to the 4-cell
stage, with levels greatly increasing at the blastocyst stage (Liu et al., 2002; Liu et al.,
2007; Turner et al., 2010; Wright, 2001). This increase in telomerase activity at the

blastocyst stage is supported by evidence in telomerase-null mice, which showed an
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absence of elongation at the morula and blastocyst stages of development when
compared to wild-type embryos (Schaetzlein et al., 2004). Further, when compared to
oocytes, telomere elongation occurred in zygotes and 2-cell embryos of first- and even
third-generation telomerase knock-out mice (Liu et al., 2007), indicating that while
telomerase activity is required for telomere elongation later in development, elongation
in the earliest stages occurs independently of this. Interestingly, telomere lengths were
notably shorter in oocytes from first generation telomerase knock-out mice when
compared to wild-type controls, and even more so in third generation mice (Liu et al.,
2007), suggesting that either telomerase activity in follicles and oocytes contributes to
MIl oocyte telomere length, or that the primordial germ cells that the oocytes were

derived from contained with shorter telomeres.

While it is becoming widely accepted that ALT is the elongation mechanism
responsible for telomere elongation in the earliest stages of pre-implantation
embryogenesis, much of the major defining characteristics are yet to be identified. To
date, the body of work in support of this theory has arisen from just one study by Liu
et al. (2007). In this report they characterised telomere elongation in zygotes and 2-
cell embryos including from telomerase-null mice, however telomere length at each
stage was calculated relative to MIl oocyte telomere lengths, and as such this study
adds no insight into telomere elongation events after the first cleavage. It also
documented telomere sister chromatid exchanges (TSCE’s) occurring at higher
frequencies in zygotes and 2-cell embryos than blastocysts, yet whether this results in
recombination and/or telomere extension is not clear. Lastly, protein expression of two
APB proteins (RAD50, BLM) was analysed in mature oocytes, zygotes and 2-cells.
Rad50 protein level was shown to be decreased in blastocysts and co-localised with
TRF1 signal in 2-cell embryos but this was reduced in blastocysts (Liu et al., 2007).
BLM however was not localised to telomeres. While these observations are a
promising start, the localisation of these proteins to telomeres (with the exception of
Rad50), along with other defining hallmarks, is yet to be reported. Therefore,
significant advances in elucidating pre-implantation telomere lengthening mechanisms
are still needed for even a basic understanding of how telomere length is established

in offspring and maintained across generations.

Another animal model used to further interrogate telomere elongation during

embryogenesis is the bovine. During bovine folliculogenesis, telomerase activity is
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highest in oocytes within primordial follicles and lowest in those within antral follicles,
with telomere length showing an inverse relationship to this, with telomeres being
longest in oocytes contained within antral follicles (Betts and King, 1999; Russo et al.,
2006). During oocyte maturation, telomerase activity is highest in immature (GV)
oocytes, and gradually declines during maturation, reaching its lowest level in MIl
oocytes, despite no change in TERC expression levels (Betts and King, 1999). As for
telomere length during this time, there is a discrepancy between studies, with one
finding longer telomeres in GV oocytes than MIl oocytes (Gilchrist et al., 2015), while
another observed no differences in telomere length between stages (Meerdo et al.,
2005). In contrast to mice, bovine sperm telomeres are significantly shorter than in
both immature and mature oocytes (Meerdo et al., 2005). During embryogenesis,
mature bovine oocytes had significantly longer telomeres than 2-8-cell embryos, which
significantly lengthened at the morula stage, but decreased again by the blastocyst
stage such that they were not different than in 2-8-cell stage embryos (Meerdo et al.,
2005). Following the decrease in telomerase activity during oocyte maturation, activity
has been shown to remain consistently low in MIl oocytes through to 8-cell embryos,
with great upregulation in activity in morula and blastocyst embryos when compared
to the previous stages (Betts and King, 1999; Xu and Yang, 2001). In bovine
blastocysts, the opposite trend to mouse embryos is seen with telomere lengths in the
distinct cell populations, with the trophectoderm cells exhibiting longer telomeres than

the inner cell mass (Igbal et al., 2011).

Telomere lengths have been studied using two techniques that rely on oocyte factors
for reprogramming: somatic cell nuclear transfer, and parthenogenesis. Somatic cell
nuclear transfer (SCNT) is a technique that involves implanting the nucleus of a
somatic (differentiated) cell into an enucleated oocyte to generate a viable embryo.
Telomere lengths in animals generated by SCNT show varying results when compared
to either the cell line used for SCNT, or to age-matched control animals. Of interest,
the majority of studies analysing telomere length in cattle and pigs generated by SCNT
have found relative telomere lengths to be of normal length or longer when compared
to controls, while in sheep and goat the majority of studies have found SCNT animals
to have shorter telomere lengths than controls (reviewed by Burgstaller and Brem,
2017). One study analysed telomerase activity in bovine blastocysts generated by

SCNT and found that telomeres were able to be successfully reprogrammed to that of
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IVF generated blastocysts, and subsequently found no difference in telomere lengths
of resulting cattle (Betts, 2001). There are multiple factors in these studies that may
contribute to the discrepancies in telomere lengths such as the type of somatic cell
used for the donor nucleus, quality of the enucleated oocytes, nuclear transfer
technique, embryo culture conditions, and of course, the efficiency of reprogramming
of the somatic nucleus. Two studies have analysed telomere length in SCNT-
generated mice, and both of these have found normal telomere lengths compared to
controls, and astonishingly, these normal telomere lengths were maintained even after
re-cloning of 25 generations (Wakayama et al., 2013, 2000). Parthenogenesis is a
reproductive strategy where the oocyte is able to develop into an embryo without
fertilisation or any genetic contribution from a male gamete. While parthenogenesis is
common among lower plant and invertebrate animals (including aphids, ants, wasps,
and bees) and quite rare in higher vertebrates, it can be induced in some higher
species (commonly mice and bovine) using chemical manipulation in an ex vivo
setting. Significant telomere elongation by the 2-cell stage of development has been
confirmed in mouse parthenogenetic embryos when compared to MIl oocytes, using
both g-FISH and crude gPCR assays (de Frutos et al., 2016; Liu et al., 2007), and in
blastocysts compared to MIl oocytes, once again using a relatively crude gPCR assay
(Liu et al., 2007). These studies indicate that parthenogenetic embryos are better able
to undergo telomere length reprogramming than those generated by SCNT, however
there are many complexities of SCNT that may account for these differences. Despite
this, these studies are compelling evidence for the ability of oocyte derived factors to

regulate telomere length reprogramming.

Telomere biology in human gametes and embryos is not well documented and there
are only a few reports. Human oocyte telomere lengths decrease during oocyte
maturation (Turner and Hartshorne, 2013), while GV oocytes and blastocysts have
similar telomere lengths, which are significantly longer than the intervening oocyte and
embryo stages (Turner et al., 2010; Wright, 2001). Similar to telomere length,
telomerase activity levels are similar between GV oocytes and blastocysts, and again
much higher than the intervening developmental stages (Wright, 2001). There are
many shortcomings in the studies of oocytes and embryos obtained from humans as
these are donated by IVF (in-vitro fertilisation) patients at the end of their treatment

(Turner et al.,, 2010). Humans are highly variable, not only in genetics but also
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environmental factors. The fact that the patients required IVF to conceive already
suggests inherent defects in the quality of these oocytes and embryos, meaning that
these samples may not reflect normal healthy material. Further to this, the donated
samples are typically of poor quality as the highest quality oocytes and embryos are
used for patient treatment. The limited amount of oocyte and embryo material available
from humans and the associated ethical issues also means that the number of oocytes
and embryos studied is very small, thus limiting the conclusions that can be made from
these relatively preliminary observations. However, it is vital that this knowledge is
expanded upon and made more robust as telomeres and telomerase are associated
with human fertility issues (Keefe et al., 2005; Mania et al., 2014; Treff et al., 2011).

Relationships between fertility, oocyte telomere length and maternal age are
consistent between humans and mice, where both fertility and telomere length
decrease with age (Kalmbach et al., 2013; Keefe et al., 2006; Yamada-Fukunaga et
al.,, 2013). Interestingly, telomeres are shorter in oocytes from women who
experienced IVF failure or recurrent miscarriage (Mania et al., 2014) and conversely,
patients with longer oocyte telomeres are more likely to successfully conceive when
undergoing IVF (Keefe, 2007). Shorter oocyte telomeres have also been found in
oocytes from patients that produced higher numbers of fragmented (Keefe et al., 2005)
or aneuploidy embryos (Treff et al., 2011), analysed using g-FISH on chromosome
spreads from an average of two oocytes per patient. Further to this, a close
relationship has been demonstrated between short telomere lengths and in some
cases a lack of telomerase activity in granulosa cells with female infertility caused by
ovarian aging, PCOS (Y. Li et al., 2017), and premature ovarian failure (Butts et al.,
2009).

While telomere elongation during pre-implantation embryogenesis is crucial for the
offspring’s health span and lifespan, there is surprisingly little understanding of the
mechanisms behind this process in mice and most importantly humans, and significant
advancements are needed. Further it is important to better understand how short
telomeres result in or are associated with infertility phenotypes, so that we can better

mitigate infertility risk factors and develop new therapeutic strategies.
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1.5 Links between mitochondria and telomeres

Both telomere length and mitochondrial function decline with age and as such are both
classified as major hallmarks of aging (Lopez-Otin et al., 2013). As such telomere
length and mtDNA copy number in blood leukocytes display a positive correlation (Kim
etal., 2013; Qiu et al., 2015; Tyrka et al., 2015). However, mitochondria and telomeres
are also linked in other contexts, including in states of cellular dysfunction, and some

of which are only emerging.

1.5.1 Mitochondrial dysfunction and telomere dysfunction display a

bi-directional relationship

The relationship between mitochondria and telomeres extends beyond their shared
characteristic of aging-related decline to functional associations, which are bi-
directional. Perhaps the most logical direction of this relationship is mitochondrial
function inducing telomere damage, and indeed this is the most characterised and well
documented. As a consequence of producing ATP for the cell, mitochondria also
produce the majority of intracellular reactive oxygen species ((ROS), Y. Liu et al.,
2002). In the context of normal respiration, cells have defence mechanisms to prevent
these ROS inflicting any damage to the cell; but in cases of mitochondrial stress and/or
dysfunction, levels of ROS production increase and can damage, via oxidation, both
mtDNA (Cottrell and Turnbull, 2000) and nuclear DNA, leading to an accumulation of
mutations in these genomes which can contribute to cellular dysfunction, cellular
senescence, or apoptosis. Mutations in mtDNA can further exacerbate mitochondrial
dysfunction and thus feedforward into a continuous cycle. When ROS enter the
nucleus they result in oxidative damage and alterations to that intra-cellular micro-
environment, which culminate in the dissociation of proteins from DNA, alterations to
molecular regulatory mechanisms, and damage throughout the genome including both
single and double strand DNA breaks (Sohal et al., 1994). Telomeres are guanine-rich
sequences and as such are particularly susceptible to ROS induced damage, resulting
in an increased rate of telomere shortening (Oikawa and Kawanishi, 1999; von
Zglinicki et al., 1995).
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Telomere dysfunction likely contributes to mitochondrial dysfunction and decreased
mitochondrial biosynthesis through DNA damage response pathways. Studies in T
cells where TRF2 was either silenced, or a mutant TRF2 protein was over expressed,
resulted in increased yH2AX, and as such telomeric DNA damage (Nguyen et al.,
2018). More specifically, the loss of TRF2 in mammalian cells resulted in the activation
of the ATM-dependent DNA damage response pathway which in turn up-regulated
p53 which leads to cell cycle arrest (Celli and de Lange, 2005; Karlseder, 1999). This
telomere dysfunction related p53 activation has been shown to result in the repression
of peroxisome proliferator-activated receptor gamma coactivator-1 alpha and beta
(PGC-1a and PGC-1p), which are master transcriptional regulators of mitochondrial
biogenesis and metabolism (Sahin et al., 2011). As such, telomere dysfunction was
associated with impaired mitochondrial biogenesis and increased mitochondrial
dysfunction and therefore ROS production (Sahin et al., 2011). Both mitochondrial and
telomeric dysfunction are implicated in disease and ageing, likely in a bi-directional

cyclic exacerbation of phenotypes.

1.5.2 Mitochondria and telomeres in aging and disease

Mitochondrial function and telomere length are both implicated as major hallmarks of
aging when they decline, and modulating either of these parameters has been shown

to effect the other, as well as having consequences on health span and life span.

A recent study showed that mice generated to have hyper-long telomeres maintained
long telomeres in metabolic-related tissues (liver, white and brown adipose tissue)
throughout their lifespan and had less cellular senescence in the liver at 100 weeks of
age than control mice (Mufioz-Lorente et al., 2019). Hyper-long telomere mice also
displayed less metabolic aging at 50, 75, and 100 weeks of age, and improved
mitochondrial function when compared to control mice at 100-110 weeks of age
(Mufioz-Lorente et al., 2019). Improved mitochondrial function was defined as higher
MtDNA copy number, higher mRNA expression of oxidative phosphorylation genes
(Cytochrome C, ATP synthase, and Cytochrome C subunits 6 and 5a), higher mRNA
expression of PGCl-a and —3 as well as PGC1 targets ERRa (involved in
mitochondrial biogenesis, glucose utilisation, and enhanced fatty acid oxidation) and
PPARa (enhanced fatty acid oxidation) (Mufioz-Lorente et al., 2019). These hyper-
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long telomere mice also showed a 12.75% increase in median lifespan and 8.4%
increase in maximum lifespan compared to controls (Mufioz-Lorente et al., 2019),
further connecting telomere length and mitochondrial function with lifespan. Of
interest, hyper-long telomere mice were also observed to be leaner due to lower fat
accumulation, to maintain longer telomeres in both proliferative and non-proliferative
tissues (skin, intestines, brain), and to have lower levels of DNA damage and
telomere-specific DNA damage, and less spontaneous cancer occurrence than in
control mice (Mufioz-Lorente et al., 2019). Cumulatively, these observations
demonstrate that longer telomeres and lower rates of mitochondrial aging have

implications for overall health span.

Studies assessing the disruption of telomere length or mitochondrial function on health
and aging have shown similar phenotypes. In telomerase deficient mice (null for either
the TERT or TERC component of telomerase), short telomeres were associated with
impaired mitochondrial biogenesis and progressive tissue atrophy resulting from
impaired mitochondrial function and increased ROS, stem cell depletion, organ system
failure, and impaired tissue response to injury (Sahin et al., 2011), all of which are
common aging phenotypes. Mice that contain a mutated version of mtDNA PolG
(polymerase gamma, the catalytic subunit of mitochondrial DNA polymerase) have
significantly more mtDNA mutations per 1000 nucleotides than wild-type PolG mice
(Safdar et al., 2015). These mutations lead to increased mitochondrial dysfunction,
and activity of two key mitochondrial proteins involved in clearing ROS (SOD2 and
catalase) was significantly decreased in heart and muscle tissues in these mutant mice
(Safdar et al., 2015). Telomere length in the heart, hematopoietic stem and progenitor
cells, and satellite cells of these mutant mice were significantly shorter than wild-type
mice (Safdar et al., 2015). By 7.5 months of age, PolG mutant mice showed premature
onset of aging characteristics such as a progressive reduction in body size, increased
kyphosis (hunchback), loss of hair pigmentation and alopecia, and ultimately had a
reduced lifespan of 12 months (Safdar et al., 2015). This study further establishes the
relationship between mitochondrial dysfunction and telomere length as an important

regulator of lifespan.

Many human diseases also present associations between mitochondrial dysfunction
and telomere length. Diseases that have mitochondrial dysfunction and increased

mitochondrial ROS production as a hallmark have been associated with shorter
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leukocyte telomere lengths. These include mitochondrial diabetes which results from
a mMmtDNA mutation (m.3243A>G) (Zhou et al.,, 2015), primary mitochondrial
dysfunction disorders such as mitochondrial myopathy, encephalopathy, lactic acid,
stroke, and Leber hereditary optic neuropathy (Oexle and Zwirner, 1997), and
Friedreich’s Ataxia where affected people also display accelerated telomere
shortening with disease progression (Castaldo et al., 2013). Interestingly, decreased
leukocyte telomere lengths have also been documented in individuals with
psychological disorders that are associated with mitochondrial dysfunction (Irie et al.,
2003, 2001; Morris and Berk, 2015), such as major depressive disorder, bipolar
disorder, anxiety, and post-traumatic stress disorder (Lindqvist et al., 2015; Simon et
al., 2006). Other diseases associated with mitochondrial dysfunction and shorter
telomeres in leukocytes include type | and Il diabetes, cardiovascular diseases,
atherosclerosis, Parkinson’s disease, and Alzheimer’s disease (Brouilette et al., 2003;
Fitzpatrick et al., 2006; Guan et al., 2008; Matthews et al., 2006; Mikhed et al., 2015;
Olivieri et al., 2009; Panossian, 2003; Ryan et al., 2015; Sampson et al., 2006;
Swerdlow, 2011; Thomas et al., 2008; Uziel et al., 2007; Ward et al., 2013). These
studies all strengthen the links between mitochondria and telomeres in disease and

aging processes.

1.5.3 Mitochondrial metabolism intermediates can affect epigenetic

regulation of gene expression

Mitochondrial metabolites are produced as intermediates of the Krebs cycle from
enzymatic reactions and are required for cell growth and signalling processes that are
produced during mitochondrial metabolism. These metabolites have been shown to
not only be important for biosynthesis of macromolecules (such as nucleotides, lipids,
and proteins), but are also used as substrates and co-factors for a variety of enzymes
that are important in epigenome modifications (Harvey, 2019; Reid et al., 2017).
Examples of key metabolites that participate in epigenetic regulation are acetyl-CoA,
succinate, a-ketoglutarate, and L-2-hydroxyglutarate. Mitochondria are highly
responsive to the environment, therefore metabolites enable the ability for direct
communication about environmental changes to the chromatin state (Cavalli and

Heard, 2019), enabling rapid adaptations in gene expression to form an appropriate
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cellular response. The list of known histone modifications is extensive, and many of
these are influenced by metabolites, however for the purpose of this review histone
acetylation and methylation will be addressed due to their importance in pre-
implantation embryogenesis (see sections 1.2.4), along with DNA methylation.

Cytosine methyl modifications are added to DNA and histones by methyltransferases
and erased by TET DNA demethylases. The metabolism of the essential amino acid
methionine facilitates this modification. Methionine is first converted into S-
adenosylmethionine (SAM, Sanderson et al., 2019) which is a metabolite that is able
to be used as a methyl-donor. Following methyl donation, S-adenosylhomocysteine
(SAH) is produced, which competitively inhibits methyltransferases. Changes in
methionine availability or metabolism has been shown to affect SAM and SAH
concentrations, resulting in changes in histone- and DNA-methylation levels (Mattocks
etal., 2017; Zhang, 2018), which have been directly shown to alter levels of epigenetic
modifications in a variety of cell types (reviewed in Dai et al., 2020) correlating with
gene expression changes. Similarly, metabolism intermediates can also affect the
activity of enzymes responsible for the removal of methylation marks, such as the TET
family of DNA demethylases and histone demethylases, including JmjC-domain
containing demethylases (JHDMs, Kohli and Zhang, 2013; Shi, 2007). The essential
metabolite substrate for TETs and JHDMs is a-ketoglutarate (aKG). Structural analogs
of aKG, such as succinate, fumarate, and 2-hydroxyglutarate (2-HG, an onco-
metabolite) are also metabolism derivatives and act to inhibit TET and JHDM activity
(Dai et al., 2020).

Another interesting angle in the metabolic control of methyl epigenetic modifications
may be the production of ROS. ROS production can induce DNA damage (see section
1.5.1), however a study in C. elegans analysing ROS generation during early
development revealed that the ROS was associated with inhibition of certain H3K4
methyltransferases, resulting in a global reduction in H3K4me3 levels (Bazopoulou et
al., 2019). This finding should be replicated in other cell and organismal contexts, but
suggests that ROS production may also influence histone methylation epigenetic

modifications.

Histone acetyltransferases (HATS) catalyse the transfer of an acetyl group from the
metabolite acetyl-CoA (Bannister and Kouzarides, 2011). Acetyl-CoA is derived from

the supply of extracellular glucose into the mitochondrial metabolic pathway to
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produce citrate, which is then further processed within the cytoplasm to generate
acetyl-CoA (Wellen et al., 2009). As acetyl-CoA is directly required for acetylation,
glucose availability and glycolytic activity to produce acetyl-CoA can directly influence
global levels of histone acetylation (Cluntun et al., 2015; Wellen et al., 2009). Although
metabolites facilitate the addition of acetylation, they also mediate the removal of these
acetyl groups. Histone deacetylases (HDACS) are inhibited by metabolites that are
produced from fatty acid oxidation or ketogenesis, which are butyrate and -
hydroxybutyrate (Shimazu et al., 2013). Another class of HDACS, sirtuins, are
sensitive to intracellular NAD+ levels as they utilise NAD+ for deacetylation catalysis
(Chalkiadaki and Guarente, 2012). NAD functions as a coenzyme in many of the
reactions required for major energy production pathways, including glycolysis, the
Krebs cycle, and fatty acid oxidation (Yaku et al., 2018). Therefore, not only can the
availability of NAD directly mediate the activity of sirtuins, it can also influence many
other metabolic enzymes, which can therefore alter the availability of other
metabolites, including acetyl-CoA, isocitrate, and a-ketoglutarate, required for
epigenetic modifications.

Thus mitochondria are inherently sensitive and produce a wide range of metabolites
in response to signals from the intracellular and extracellular environment. In
particular, over- and under-nutrition and/or metabolic dysfunction as well as normal
physiological aging cause mitochondrial changes that alter metabolite supply. This in
turn, via activating epigenetic regulators, alters gene expression; making mitochondria
a cellular nexus between physiological signals and DNA modifications that elicit
cellular adaptations. How these mechanisms regulate events during embryo formation
and reprogramming is only beginning to be understood. Further, understanding how
situations of nutrition, aging and metabolic dysfunction can perturb epigenetic
homeostasis, therefore gene expression and even developmental reprogramming of
the epigenome is crucial for furthering knowledge of the full implications of situations
of perturbed embryo development and consequences for the lifetime health of

offspring.

49



1.6 Summary and outline of aims

Pre-implantation embryogenesis is a rapid, complex, and highly dynamic time of
development. Many of the processes occurring during this time have lifelong
implications for the offspring, and are also highly vulnerable to perturbations. Of
particular interest here are epigenetic and telomere length reprogramming events, and
the roles mitochondria play in the facilitation of these. While epigenetic reprogramming
mechanisms and mitochondrial localisation and utilisation have been thoroughly
characterised, there is much that is still unknown about telomere elongation events
occurring during preimplantation development, and how healthy mitochondrial function
supports this process. As discussed in this review, there is a complex and intricate
web of interactions between mitochondria, telomeres, and epigenetic modifications,
which almost certainly have implications for embryo development, successful
implantation and pregnancy, and offspring health trajectories.

This thesis aimed to further the understanding of telomere elongation during pre-
implantation embryogenesis. Based on the information presented above, it was
hypothesised that mitochondrial function plays a key role in telomere elongation
events during early embryogenesis. Therefore, if mitochondria are dysfunctional then
these embryos will exhibit disrupted telomere elongation, evidenced by shorter
telomere lengths, and this can be rescued by modulating mitochondria function.
Further, as mitochondrial metabolites are key regulators of epigenetic modifications, if
mitochondria are dysfunctional then establishment of epigenetic asymmetry in zygotes

will be disordered, and improving mitochondrial function can rescue this.

To address these hypotheses, this thesis focussed on the following aims:

Aim 1: To define telomere elongation kinetics and regulators during pre-implantation

embryogenesis.

Aim_2: To determine if oocyte mitochondrial dysfunction, in oocytes exposed to
environmental perturbations such as obese and old mothers, impacts telomere

lengthening processes in embryos.

Aim 3: To determine the ability of a mitochondrial activator compound (BGP-15) to

restore telomere length in oocytes and embryos from old and obese mothers.
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CHAPTER 2
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84



2.1 Introduction

Telomeres are repetitive DNA sequences that cap the ends of linear chromosomes
and play major roles in cellular lifespan, genomic stability, and cell cycle control
(Hayflick and Moorhead, 1961; Rudolph et al., 1999). Due to the ‘end replication
problem’, telomeres shorten with each cell division (Olovnikov, 1973), and
consequently with age; therefore their length needs to be reset at the outset of each
generation. While it is known that telomere length is set during the pre-implantation
embryogenesis period (Ozturk et al., 2014; Schaetzlein et al., 2004), there are still
significant advances to be made in understanding the elongation patterns and
mechanisms controlling this. One significant challenge however has been a lack of

robust assays to measure telomere length in individual oocytes and embryos.

To date, the majority of assays for telomere length have relied on having pools of
oocytes or embryos for analysis. Some, such as the gold standard telomere restriction
fragment (TRF) assay, require relatively large amounts of starting material such that
they are not feasible for use in oocytes or embryos. Further, analysing pools of oocytes
or embryos would mask variation, for instance between oocytes from an individual
female or embryos from different females. qPCR is widely used to measure telomere
DNA, and recent work has shown that telomere quantification determined by qPCR
analysis correlates well with whole genome sequencing-based telomere length
measurement techniques: Motif _counter, TelSeq, Computel, and gMotif (Lee et al.,
2017). Importantly, telomere primers used for gPCR deviate from the consensus
telomere sequence of TTAGGG to eliminate the risk of primer-dimer derived products
from having forward and reverse primers that are able to bind due to complementary
sequences (Cawthon, 2002). Previously, a g°PCR method to analyse telomere length
in single cells was developed (Wang et al., 2013) and published in a high impact
journal (Proceedings of the National Academy of Sciences of the United States of
America, PNAS), and has accumulated more than 8,700 downloads from publication
in May 2013 to October 2020. While 36B4 (gene name RplpO0) is the conventional
reference gene used for telomere qPCR quantification when analysing DNA from cell
populations (Cawthon, 2002), authors found that this was unable to be robustly and
accurately amplified from the nDNA of a single cell (Wang et al., 2013). To overcome
this, authors utilised multi-copy genes as the reference, including Alu for human

samples, B1 for mouse samples, 18S rRNA for both human and mouse samples
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(Wang et al.,, 2013). Given that Alu and B1 SINEs are non-coding, repetitive,
transposable elements in the human and mouse genomes, respectively, we have
opted not to use either of these as the reference for this assay. While 18S ribosomal
RNA is also a repetitive element, it is a eukaryotic cytosolic homologue of 16S rRNA
in prokaryotes and mitochondria, and is the structural RNA for the 40S component of
cytoplasmic ribosomes. Given its function, 18S rRNA is a vital, basic component of
eukaryotic cells and therefore requires a large degree of sequence homology for
function, this has been selected as the reference going forward. Due to the low quantity
of DNA within a single cell (Dolezel et al., 2003), Wang et al. (2013) first collected
single cells in a minimal volume (1uL), and lysed the cell in an equivalent volume of
lysis buffer, which did not use any enzyme (such as proteinase K) to digest proteins,
to give cell lysate in a final volume of 2uL. Following this, authors utilised a pre-
amplification (pre-amp) step which multiplexed the telomere and reference primers,
and determined the optimal pre-amp cycle number to be 16 for mouse cells (Wang et
al., 2013). Pre-amp products were then purified using the Zymo Research DNA clean
and concentrator-5 kit according to manufacturer’s instructions and final purified
products were eluted in 64pL (Wang et al., 2013). The same primer sequences used
for pre-amp were again used for gPCR, however the primers were separated based
on target sequence (telomere or 18S rRNA) to allow for quantification of these
sequences and a telomere ratio (telomere/reference) to be calculated for analysis
(Wang et al., 2013). Authors then used this protocol to directly compare single cell
telomere lengths in a variety of cell contexts, leading to conclusions including:
telomere length in sister blastomeres from 2-cell mouse embryos were not different,
nor were those from human oocytes and the respective polar body, and further, that
telomere length increases between the zygote, 2-cell and 4-cell stages of mouse
embryonic development (Wang et al., 2013), which have been accepted as key
findings within the field. A study comparing differences in telomere length in pools of
2 mouse oocytes or zygotes, or individual 2-cell embryos fertilised by young or old
males also used 18S rRNA as a reference gene, however different primers were used
to the study above, gave a 91bp fragment size, and were termed Rn18S in this study
(de Frutos et al., 2016). The use of primers targeting the 18S rRNA region of the
nuclear genome in two studies using low nDNA quantity samples indicate that this is

likely a suitable multi-copy reference gene for these analyses.

86



Another key determinant of cellular lifespan is mitochondrial function. Mitochondrial
DNA (mtDNA) copy number is a critical component of overall mitochondrial function
and cellular physiology, with low copy number linked to multiple diseases (Memon et
al., 2017; Pyle et al., 2016; Yoon et al., 2016). In contrast, higher mtDNA copy number
in cells is associated with better health and survival amongst elderly humans (Mengel-
From et al., 2014). Mitochondrial function and mtDNA copy number play crucial roles
in the early stages of embryogenesis, with a critical mtDNA copy number threshold
required in mature mammalian oocytes for successful post-implantation development
(Piké and Taylor, 1987; Santos et al., 2006; Wai et al., 2010). Mitochondria, and
consequently, mtDNA, are inherited solely through the maternal lineage; meaning all
mitochondria in the resulting offspring are generated by replication of the mitochondria
present in the mature oocyte. For that reason the quality and quantity of oocyte

mitochondria are of utmost importance.

Due to the large quantity of mtDNA present in oocytes, they do not present the same
challenges for quantification in individual oocytes to that of nuclear DNA. A gPCR-
based assay to quantify the total mtDNA copy number in single oocytes and embryos
using a standard curve method has been developed (Thundathil et al., 2005) and is
commonly used in many studies, including those by Kameyama et al., (2010, 2007),
Wu et al. (2015), and Pasquariello et al., (2019). This protocol requires that samples
are frozen in less than 5uL, and DNA is purified using the Qiagen QIAamp DNA Micro
kit according to manufacturer’s instructions (Kameyama et al., 2007). This kit utilises
proteinase K in the cell lysis step, as well as various buffers of undisclosed
composition, and a silica-based column with 5 column centrifugation steps to give a
purified DNA component. Due to the large quantity of mtDNA within an oocyte, the
purified product was able to be eluted in a large volume, undergo further dilution, and
still able to be reliably detected using gPCR (Kameyama et al., 2010, 2007). Further,
this assay applies a standard curve with defined input target copies to allow for
calculation of total mtDNA copy number in the oocyte and embryo samples. The
standard curve is generated using a plasmid that contains an 1186bp fragment of the
12S rRNA region of mouse liver mtDNA in serial dilutions ranging from 107 copies to
10! copies (refer to Kameyama et al., 2010, 2007 for further information). For gPCR,
2uL of each standard curve dilution and sample were used, along with primers

targeting the 12S rRNA region of the mitochondrial genome, however these targeted
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a much smaller fragment of the region, giving a 273bp product (Kameyama et al.,
2007). Ct values obtained were used to generate the standard curve and the
associated linear equation (y=mx + C, where y is the Ct value of the sample, m is the
slope of the line, x is the number of MtDNA copies present in the 2uL sample, and C
is the y-intercept). Following calculation of x, the total mtDNA copy number present in
the sample was calculated as: total mtDNA copy number = (10¥)*dilution factor (for
example, if the DNA from a single oocyte was eluted in 50puL the initial dilution factor
is 50, 2uL of this eluent is used in the gPCR reaction, therefore the dilution factor is

halved, giving a final dilution factor of 25).

While there are separate published assays analysing telomere length and mtDNA
copy number in individual oocytes, there is yet to be a single assay that is able to
measure both of these parameters. This is likely due to the relatively high quantity of
mtDNA in a single oocyte or embryo (reaching above 10° copies) compared to the
nuclear genomic DNA (nDNA), especially in oocytes and early cleavage stage
embryos, where there are few copies of the nuclear genome. As such, measuring both
mtDNA and nDNA in the same sample is technically challenging. Therefore | set out
to utilise the basic principles of both of these single cell assays to create one sensitive,
robust assay appropriate for making comparisons of telomere length and mtDNA copy

number in individual oocytes and cleavage stage embryos.

In this study, | sought to develop a method for analysing single oocytes and embryos
through gqPCR. Throughout this process, critical flaws were identified in the published
methods, which required extensive experimental re-design to overcome. The resulting
technique was termed the “Triple Test” because it applies three assays to allow for
guantification of two nuclear DNA sequences and the mitochondrial genome within a
single oocyte or embryo. The method utilises quantitative amplification of
mitochondrial DNA, in parallel with a standard curve, to allow for total copy number to
be determined. Simultaneously, telomere sequence is amplified as well as a multi-
copy reference gene (Rn18S) for normalisation to nuclear DNA, which is reflective of
cell number. This allows three quantitative outputs to be generated per individual
sample — total mtDNA copy number, mtDNA relative to nuclear DNA and telomere
content relative to nuclear DNA. Due to the use of a reference gene, it is also possible
to determine any relative changes in overall cell number, for instance in blastocysts.

The future applications of this Triple Test assay demonstrates the value of this method.
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It enables the study of telomeres and mtDNA in cases of normal versus perturbed
embryo development, and thus further understanding of the underlying intrinsic oocyte

and embryo deficiencies that result in lowered fertility, and how these may be

responsible for observed offspring phenotypes.
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2.2 Materials and Methods
2.2.1 Mice

Female C57BL/6 mice at six weeks of age were obtained from the Western Australian
Animal Resources Centre (ARC). CBA male and female mice at six weeks of age were
obtained from the University of Adelaide’s Laboratory Animal Services. Young and
aged wild-type or heterozygous Blobby mice (3-4 or 12-14 months old) were generated
from a breeding colony maintained at the University of Adelaide’s Laboratory Animal
Services. All mice were maintained in 12h/12h light/dark conditions and given water
and 10% fat rodent chow ad libitum. All animal experiments were approved by the
University of Adelaide’s Animal Ethics Committee and conducted in accordance with
the Australian Code of Practice for the Care and Use of Animals for Scientific

Purposes.

2.2.2 Collection, DNA extraction, and gPCR of whole ovaries

One whole ovary from a PMSG and hCG (see 2.2.3) stimulated 6 week old C57BL/6
female mouse was isolated 14.5 hours after hCG administration, cleaned of fat, snap
frozen in LNz in a 1.7mL microcentrifuge tube (Axygen, MCT-175-C-S) and stored at
-80°C. DNA was extracted using QIAamp DNA Micro Kit (Qiagen, #56304) as per
manufacturer’s instructions for ‘Isolation of Genomic DNA from Tissues’ and eluted in
a final volume of 50uL of ultra-pure water (Water for Injection BP, AstraZeneca,
referred to as H20). DNA concentration and purity were quantified by NanoDrop One
Microvolume UV-Vis Spectrophotometer (Thermo Fisher) and diluted to 12ng/uL. Five
1:2 serial dilutions were created to give final concentrations of 6ng/pL, 3ng/uL,
1.5ng/uL, 0.75ng/uL, and 0.375ng/pL.

gPCR was performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, #4367659), MicroAmp Fast Optical 96-well Reaction Plates (Life
Technologies, #4346906), and custom-made primers (Sigma, forward and reverse
primer sequences outlined in Table 2.1), using a Quantstudio 12K Flex system
(ThermoFisher). Cycling conditions for all primers were set at 95°C for 10 minutes,
followed by 40 cycles of 94°C for 10s, 60°C annealing for 30s and extension at 72°C

for 30s, followed by standard melt curve cycling. A single reaction consisted of 10uL
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of SYBR Green, 0.5uL of both the forward and reverse primer for telomere, 36B4, 18S
rRNA or Rn18S (stocks at 10uM), 4L of H20, and 5pL of DNA. Three repeat reactions

were performed for each primer pair for each sample.

2.2.3 Derivation of oocytes, early embryos, and blastocysts

For isolation of oocytes for analysis of DNA targets, or in vitro fertilisation (IVF), 6 week
old CBA and C57BL/6 female mice were given 7.51U pregnant mare’s serum
gonadotropin (PMSG, National Hormone and Pituitary Program) and female mice from
the Blobby colony were given 5IU/12g body weight of PMSG, followed by the
equivalent dose of human chorionic gonadotropin (hCG, Pregnyl) 47.5 hours later,
each via intraperitoneal (ip) injection. Mice were culled via cervical dislocation 15 -
15.5h post-hCG administration, and ovaries and oviducts collected and placed in pre-
warmed (37°C) aMEM-HEPES handling media (Life Technologies, #12000-014),
supplemented with 1% FCS. Meiosis Il (MIl) oocytes were isolated by puncturing the

oviducts using a 30G needle.

For individual oocyte analysis, complete cumulus cell removal was achieved via
treatment with hyaluronidase (Seikagaku, #100741) for 15 minutes at 37°C, followed
by aspiration using a glass pipette (VWR, #612-4897) pulled to an appropriate

diameter.

For two-cell embryo (2C) and blastocyst analysis, whole cumulus-oocyte complex
(COC) clusters obtained from oviduct puncture were gently washed twice in pre-
warmed (37°C) fertilisation media (Vitro Fertilisation; Cook Australia, Brisbane,
Australia), before being placed in a 100uL fertilisation drop containing the equivalent
of 10uL of capacitated sperm (the time at which oocytes and sperm are placed in the
drop is referred to as ‘fertilisation time’), before being returned to the incubator (37°C,
5% 02, 6% CO2) for 4 hours. Following this, fertilised oocytes were cleaned of all
excess sperm and cumulus cells via gentle aspiration and transferred to a culture dish
containing cleave media (Vitro Cleave; Cook Australia, Brisbane, Australia) (10
embryos per 20uL cleave media drop) and returned to the incubator until 24 hours
post fertilisation time. At this time, the number of embryos that successfully reached
the 2C state were scored by visual assessment under a dissecting microscope and a

proportion (approximately one third) collected for analysis, the rest were returned to
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the incubator until 96 hours post fertilisation time, where the number of embryos that
had successfully reached the blastocyst stage were scored and all were collected for

analysis.

Oocyte and blastocyst samples derived from wild type (WT) or Tfam knock out (KO)
mice were kindly supplied by Dr Deepak Adhikari (Monash University).

When collecting for analysis, single oocyte and embryo samples were first washed
three times in phosphate buffered saline (PBS) containing 1mg/ml polyvinylpyrrolidone
(PVP, Sigma) and transferred in 1uL to an 0.5mL PCR tube (Axygen, #PCR-05-C),

snap frozen in liquid nitrogen (LN2), and stored at -80°C until use.

2.2.4 Extraction and purification

Two methods of DNA extraction and purification were tested for use in this assay but

deemed unsuitable. The methodology used is outlined below.

2.2.4.1 Pre-amp and column purification

Each oocyte sample (in 1uL) was briefly centrifuged and 1pL of lysis buffer (100mM
Tris-HCI pH7.4, 300mM NaCl, 0.8mM EDTA, 2% vol/vol Nonidet P-40, 5mM DTT) was
added (final volume of 2uL), and heated at 75°C for 5 minutes. This lysis method is
referred to as the NE (no enzyme) method in 2.3.3, and Fig. 2.5.

Pre-amp was performed using TaKaRa DNA Polymerase Hotstart Version, 10x PCR
buffer, 2.5mM dNTP (TaKaRa, #R007A), and custom made telomere and 18S rRNA
primers (Sigma, forward and reverse primer sequences outlined in Table 2.1), using a
GeneAmp PCR 9700 System (Applied Biosystems). Each reaction contained a final
volume of 4uL 10x PCR buffer, 4uL 2.5mM dNTP, 0.25uL DNA polymerase, 1uL of
each of the four primers (telomere forward and reverse, 18S rRNA forward and
reverse, stocks at 10uM), 25.75uL sterile H20, and the sample (2uL volume), to give
a total reaction volume of 40uL. Cycling conditions for all primers were set at 95°C for
5 minutes, followed by 8-14 cycles of 95°C for 15 seconds (s), 60°C annealing for 30s

and extension at 72°C for 30s, with a final extension of 72°C for 10 minutes.

Following pre-amp, products were purified using the DNA Clean and Concentrator-5
kit (Zymo Research, D4004) according to manufacturer's instructions, with all

centrifuge steps done at 8,000 rpm, and final products eluted in 64uL of sterile H20.
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Components for a single qPCR reaction were 10uL Power SYBR Green PCR master
mix (Applied Biosystems, #4367659), 0.5uL each of the forward and reverse primer
for the desired sequence (i.e. telomere or 18S rRNA, see Table 2.1 for sequences),
4uL of H20, and 5pL of the purified pre-amp product, set up in MicroAmp Fast Optical
96-well Reaction Plates (Life Technologies, #4346906), using a Quantstudio 12K Flex
system (ThermoFisher). Reaction volumes for mtDNA primers were the same as
above, except 7puL of H20 and 2uL of purified pre-amp product was used. Cycling
conditions for all primers were set at 95°C for 10 minutes, followed by 40 cycles of
95°C for 10s, 60°C annealing for 30s and extension at 72°C for 30s, followed by

standard melt curve cycling.

2.2.4.2 Qiagen QlAamp DNA Micro Kit

Our group has previously used the QlAamp DNA Micro Kit (Qiagen, #56304) for
mMtDNA extraction. Samples for this kit were prepared and frozen as stated in 2.3.2,
however they were frozen in 5uL PBS-PVP. DNA was extracted according to
manufacturer’s instructions for ‘Isolation of Genomic DNA from Small Volumes of
Blood’, with samples being eluted in 50uL of sterile H20, which was run twice over the
column to maximise DNA yield. A 1:10 dilution was prepared from each sample, and
gPCR was carried out using the mtDNA primers as stated in Table 2.1, with the final
dilution factor being 250X (i.e. copy number equation was: total mtDNA copy number
= (10¥)*250, where x=(y-intercept of standard curve — Ct value of sample)/slope of

standard curve).

2.2.5 Agarose Gel

To confirm amplification of the expected products, blastocyst g°PCR products were run
on a 4% agarose (Promega, #V3125) gel containing 0.01% gel red (Fisher). 5uL of 5X
loading dye was added per 20uL gPCR plate well and 8L of sample loaded per lane.
The gel was run at 100V for 2 hours in 0.5X TBE buffer (Biorad, #161-0770), and

imaged using Image Lab software.
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2.2.6 Sample lysis and preparation for gPCR

Nuclear genomic DNA (nDNA) and mtDNA were extracted by adding 9uL of lysis
buffer (50mM Tris-HCI pH 8.0, 1mM EDTA, 200ug/mL Proteinase K, 0.5% Tween-20)
to each sample with a volume of 1lpL (final volume of 10uL) following brief
centrifugation, and heated to 55°C for 2 hours, followed by 95°C for 10 minutes to
inactivate Proteinase K activity. This lysis method is referred to as the PK (Proteinase
K) method in 2.3.3, and Fig. 2.5. Samples were then allowed to cool to 4°C and briefly
centrifuged. Following this, 1uL of lysis product was removed and added to 9uL of

sterile H20 for mtDNA analysis, and the rest kept for telomere and Rn18S analysis.

2.2.7 Triple test qPCR assay

To generate ‘calibrator’ DNA for use as a standard within every assay, a whole ovary
from a 6 week old PMSG and hCG stimulated CBA female mouse was collected and
total DNA extracted (as described previously, 2.2.2 and 2.2.3). DNA concentration and
purity were quantified by NanoDrop One Microvolume UV-Vis Spectrophotometer and
diluted to 2.5ng/pL.

gPCR was performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, #4367659), standard MicroAmp Optical 96-well Reaction Plates (Life
Technologies, #4306737), and custom made primers (Sigma, forward and reverse
primer sequences outlined in Table 2.1), using an Applied Biosystems 7900HT Fast
Real-Time PCR system. Cycling conditions for all primers were set at 95°C for 10
minutes, followed by 40 cycles of 95°C for 10s, 60°C annealing for 30s and extension
at 72°C for 30s, followed by standard melt curve cycling. Two repeat reactions were

performed for each sample and each primer pair, using 2uL of sample per reaction.

For Rn18S and telomere analysis, the final reaction for each well was 10uL Power
SYBR Green PCR Master Mix, 0.5uL each of forward and reverse primer (Rn18S or
telomere, stock at 10uM), 2uL of sample, and sterile H20 to a final volume of 20pL.
To minimise any plate-to-plate variations, Rn18S and telomere reactions for each
sample were run on the same plate, and calibrator DNA assays included on every

plate.

94



For mtDNA analysis, the final reaction for each well consisted of 10uL Power SYBR
Green PCR Master Mix, 0.2uL each of forward and reverse primer (stock at 10uM),
2uL of sample or standard, and sterile H20 to a final volume of 20uL. Total mtDNA
copy number was quantified using the standard curve method as previously described
(Kameyama et al., 2010). Briefly, quantification standards were prepared by PCR
amplifying a 1186bp fragment in the 12S rRNA region of mtDNA from mouse liver
using the primer pair 5-ACA CCT TGC CTA GCC A-3’ and 5-TTT GCC ACA TAG
ACG AGT T-3'. The PCR product was extracted from the gel using QIAquick Gel
Extraction Kit (Qiagen) and cloned using the Qiagen PCR Cloning Kit. Plasmid DNA
was purified using QIAprep Spin Miniprep Kit (Qiagen), quantified by
spectrophotometry, and diluted to 107 copies per 2uL. To create a standard curve,
10uL of standard stock was removed and serially diluted (1:10) from 107 to 10* copies.
gPCR assay of the standard curve produced correlation coefficients consistently
greater than 0.98. Serial dilutions were made fresh on the day. Total mtDNA copy
number per sample was calculated according to the generated equation for Ct value
against copy number for the corresponding standard curve (excluding 10! copies), and
multiplied by the dilution factor of the sample (final dilution factor of 50) i.e. total mtDNA
copy number = (10¥)*50, where x=(y-intercept of standard curve — Ct value of

sample)/slope of standard curve.

When the calibrator sample was not used, telomere and mtDNA relative to total cell
number were calculated using the 2-2¢t method, where the ACt of the sample was
calculated as telomere or mtDNA Ct — Rn18S Ct. When the calibrator was used,
telomere and mtDNA relative to total cell number were calculated using the 2-2A¢t
method, where the ACt of the calibrator (telomere or mtDNA Ct — Rn18S Ct) was
subtracted from the ACt of the sample (telomere or mtDNA Ct — Rn18S Ct) to give the
AACH.
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Table 2.1 PCR and qPCR primers

Primer Forward primer Reverse primer
target sequence sequence

Source

5-CGG TTT GTT TGG 5-GGC TTG CCT
Telomere GTTTGG GTT TGG TAC CCT TAC CCT
GTTTGG GTT TGG TAC CCT TAC CCT

de Frutos et al.,
2016
Cawthon, 2002

Kameyama et al.,
2010

GTT-3' TAC CCT-3
5.CGT TAG GTC AAG  5-CCA GAC ACA
mMtDNA GTG TAG CC-3' CTT TCC AGT ATG-
3’
5-AGA AAC GGC TAC 5-CCT GTATTG TTA
Rn18S CAC ATC CAA-3' TTT TTC GTC ACT
ACC T-3

de Frutos et al.,
2016

5 .CCA GAG CGAAAG  5-GCA TTG CCA
18STRNA  cATTTG CCAAGA-3  GTC GGC ATC GTT

Wang et al., 2013

TAT-3'
5-ACT GGTCTA  5-TCAATG GTG
36B4 GGA CCC GAG CCT CTG GAG
AAG-3’ ATT-3’

Wang et al., 2013

2.2.8 Statistical analysis

Results are presented as mean +/- SEM. Statistical analysis was performed using

Graph Pad Prism 7 version for Windows (GraphPad Software Inc., La Jolla, CA).

Unpaired t-test, and one way analysis of variance (ANOVA, comparison of means)

were used as indicated and statistical significance was considered at p-value <0.05.
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2.3 Results

2.3.1 Validation of primer efficiencies and reference selection

Establishment of a highly quantitative multiplex assay requires validation of primer
efficiency and linearity. In typical telomere length gPCR assays on tissues or
populations of cells, a single copy reference gene is used, most commonly 36B4.
However, due to single cells containing very small amounts of genomic DNA (~6-7pQ)
(Dolezel et al., 2003), a single copy gene has been shown to be unreliable for analysis
of individual cells (Wang et al., 2013) and instead, a multi-copy gene is more suitable
for accurate detection in a single cell. To evaluate and compare the efficiency of each
PCR assay, primers were used with decreasing DNA concentrations at identical
conditions, and linearity and Pearson’s Correlation Coefficients of the relationship
between cycle threshold (Ct) and input DNA concentration was examined. Ovary
tissue was selected as a relevant tissue type to test primer efficiency on known
amounts of DNA and was diluted to 6ng/pL, 3ng/pL, 1.5ng/pL, 0.75ng/pL, and
0.375ng/pL. The ovary DNA serial doubling dilutions (1:2) then underwent gPCR with
5 primer pairs: mtDNA, telomere, 36B4, and two primer pairs targeting different
regions of the same gene (18S ribosomal RNA), referred to as 18S rRNA (Wang et
al., 2013) and Rn18S (de Frutos et al., 2016) (Fig. 2.1). To visualise linearity, input
DNA concentration was log transformed and graphed with Ct values. mtDNA,
Telomere, 36B4, and the two candidate reference genes (18S rRNA and Rn18S) all
showed very strong correlations between DNA concentration and the Ct values, with

correlation coefficients consistently above 0.99 (Fig. 2.1 A, B, C).

To determine whether normalisation of telomeric DNA to each of the possible
reference genes would give identical results, thus indicating equivalent efficiency, the
telomere Ct to reference Ct ratio (telomere:ref) and mtDNA Ct to reference Ct ratio
(mtDNA:ref) was then calculated for each DNA dilution and reference. The ratio was
graphed for 36B4 (as the gold standard) against the two potential multi-copy reference
genes (Fig. 2.1). For telomere, the ratio with both 18S rRNA and Rn18S showed strong
correlations with the telomere to 36B4 ratio of above 0.98 (Fig 2.1 D, E), and when the
ratios for the two potential reference genes were graphed together, their correlation
was equally as strong (r=0.9973, Fig 2.1 F). Similarly, the mtDNA ratio with both multi-

copy reference genes also showed very strong correlations with the 36B4 ratio, of 0.99
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(Fig 2.1 G, H), with an equally as strong correlation when the two multi-copy gene
ratios were graphed together (Fig. 2.1). Although both primer sets for 18S ribosomal
RNA were validated, 18S rRNA was selected to act as the multi-copy gene for ongoing
optimisation as it had the strongest correlation with DNA concentration (Fig 2.1 C), the
telomere:36B4 ratio (Fig 2.1 D), and the mtDNA:36B4 ratio (r>=0.999, Fig. 2.1 G).
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Figure 2.1. Linear correlations of primer efficiency and normalisation telomere

length and mtDNA content using candidate reference genes

DNA was extracted from one whole ovary and serially diluted (1:2) to produce 5
dilutions at concentrations of 6ng/uL, 3ng/pL, 1.5ng/uL, 0.75ng/uL, and 0.375ng/uL
which were used to test the efficiency of the mtDNA primers (A), telomere primers (B),
and the two potential reference gene primers: 18S rRNA and Rn18S, with 36B4 as a
comparator (C), under the same cycling conditions. To test for linearity, DNA
concentration was log10 transformed for data plotting with Ct values and r? values
shown. Each data point is derived from triplicate PCR reactions. The telomere:ref ratio
(D, E, F), and the mtDNA:ref ratio with each potential reference (G, H, |) was calculated

and linear correlation analysis performed.
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2.3.2 Optimising established method

The Triple Test assay was developed for assessment of single oocytes and embryos
from the zygote to blastocyst stage. The most challenging aspect was to design assay
conditions which are able to measure relatively scarce nDNA targets in the same
sample as the more abundant mtDNA. Being just single cells, immature (GV) oocytes
and mature (MIl) oocytes with the attached polar body will have the lowest amount of
NDNA out of all the intended samples, therefore initial optimisations were performed
on individual MIl oocytes. To increase the amount of target nDNA available for g°PCR
detection, pre amplification was performed as in previous published methods (Wang
et al., 2013), with 8, 10, 12, and 14 cycles using telomere and 18S rRNA primers
followed by standard PCR of 40 cycles using each primer pair individually. As
expected, with increasing pre-amp cycles, target DNA Ct decreased in the gPCR
assay step (Fig. 2.2 A, B). Further, target DNA was detected at much lower Ct in all
samples that underwent pre-amp compared to samples that did not undergo pre-amp
(“No Pre-amp Oocytes”, Fig, 2.2 A, B). Importantly, the number of pre-amp cycles did
not change the telomere:reference ratio (Fig. 2.2 C). A protocol using 12 pre-amp
cycles was selected for ongoing assays because these reactions were the lowest pre-
amp cycles that yielded mean Ct values less than 30 in the telomere assays, indicating
the assay has dynamic range to detect either higher or lower amounts of telomeric
DNA.

Negative controls were used to detect any contamination or artefactual amplification.
A pre-amp control, with oocyte DNA replaced by an equivalent volume of H20, was
used to detect non-specific primer interactions in the pre-amp reaction. Surprisingly,
at 14 pre-amp cycles, Ct values for both telomere and 18S rRNA were detected in this
negative control (Fig. 2.2 A, B — “Pre-amp H20"). For telomere primers, a Ct of 37
was obtained which, although 9.9 cycles higher than identical reactions containing
oocyte DNA (Fig 2.2 A), is considered a valid reading that could interfere with assay
precision. Similarly, 18S rRNA primers used on samples containing only H20,
produced a Ct of 24, just 4.4 cycles greater than samples containing oocyte DNA (Fig.
2.2 B), and is indicative of artefactual amplification. A second type of negative control,
which did not involve pre-amp but where oocyte DNA was replaced with water (QPCR
H20, Fig. 2.2 A, B), showed that there was a very minor interaction of the telomere

primers (Ct=39), and none between the 18S rRNA primers. Checking the frequency of
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this occurrence, across ten independent pre-amp and subsequent gPCR runs of
individual oocytes, Ct values were detected intermittently in the telomere qPCR results
(Fig 2.2 D, 5/10 runs), but consistently in the 18S rRNA reactions (Fig. 2.2 E, 10/10

runs).

To determine if the detected product in the pre-amp H20 negative controls was a result
of excessive primer, pre-amp primer concentrations for 18S rRNA forward and reverse
primers were decreased from 250nm to 75nm and 25nm (Fig 2.2 F), while other gPCR
assay reagent concentrations were unchanged. Four oocytes and four parallel pre-
amp water controls were assayed at each of the three primer concentrations, yet an
artefact product was still detected in the pre-amp water controls at all concentrations.
Decreasing pre-amp primer concentration from 75nm to 25nm did not even markedly
decrease the Ct difference between the oocytes and water control, with the Ct
differences at: 250nm = 0.87, 75nm = 4.19, 25nm = 3.46.

An artefact product was being generated during the pre-amp step of the assay. Most
likely, this product is the result of secondary structures being formed when the
telomere and 18S rRNA primers are combined in the pre-amp reaction, because when
these same primers are used in the negative control for gPCR only (Fig. 2.2 A, B)
there is no product generation (with 18S rRNA primers) or low levels (telomere
primers). This artefact product could possibly influence the accuracy of the assay in
oocyte samples and needed to be resolved.

To verify that the 18S rRNA primers were suitable for use as the reference gene in the
redesign of this assay, they and the Rn18S primer sequences underwent NCBI primer
BLAST to determine the amplicon (product) sequence (Sup Fig. 2.1). Interestingly the
18S rRNA primers gave products of different sizes, ranging from 116 to 108bp (Sup
Fig 2.1 A). The Rn18S primers gave products of a consistent size of 91pb (Sup Fig.
2.1 C). The resulting amplicon sequence from the first product generated with 100%
primer identity (Sup Fig 2.1 A and C, red box) was aligned to the mouse genome via
NCBI nucleotide BLAST (Sup Fig. 2.1 B and D). The 18S rRNA amplicon sequence
returned 30 significant alignments, however only 23 of these had 100% query
coverage, and only four had 100% identity match between the target and query
sequence, while only three alignments had 100% for both query coverage and identity
match (Sup Fig. 2.1 B). This suggests a high degree of sequence variability for the
genomic region that the 18S rRNA primers are targeting. The Rn18S amplicon
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sequence returned 27 significant alignments, all of which had 100% query coverage,
and 24 had 100% identity match, meaning 24 out of 27 total matches were a complete
match for query coverage and sequence identity (Sup Fig. 2.1 D). Taken together,
these results stipulate that the Rn18S primers target a region of the genome that
shows a lower degree of sequence variability than the 18S rRNA primers. Given these
results, the Rn18S primers are likely to give more reliable detection than the 18S rRNA

primers going forward.
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Figure 2.2. Pre-amp optimisation in single MIl oocytes
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Four individual oocytes per group underwent pre-amp for the indicated number of
cycles, followed by identical gPCR for both telomere and 18S rRNA (A, B). Oocytes

that did not receive pre-amp, along with pre-amp and qPCR negative controls - where

the volume of oocyte per reaction was replaced with water and underwent the highest

indicated number of cycles - were also used (A, B). The telomere to 18S rRNA ratio

was not altered by the pre-amp cycle number increase (C). To assess artefactual

product generation, water (10 independent replicates) was used instead of DNA for 12

cycles of pre-amp followed by PCR for either telomere (D) or 18S rRNA (E); and

artefacts were detected. 18S rRNA primer concentration was reduced and oocytes or

water (negative control) were assayed generating detectable product in both (F, n=4

oocytes 3 water controls per primer concentration).
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One possible reason for the generation of PCR products in the negative controls to
the same extent as the oocyte samples was that primer-primer interactions were
occurring because there was no target DNA available for primers to interact with. To
determine if low DNA content in the sample contributes to artefact product, the assay
was conducted using blastocysts (as they contain approximately 100 cells (Chen et
al., 2019)) and thus considerably more DNA) eliminating the need for two rounds of
PCR. Six individual blastocysts had DNA extracted and underwent gPCR, along with
6 water negative controls (equivalent volume of H20 replaced blastocyst DNA), with
all four primers included in the same reaction (Fig 2.3) to mimic the pre-amp reaction.
The average Ct for the blastocysts was 26.51, and the water controls was 26.98 (Fig.
2.3 A). The gPCR reaction was separated on a 4% agarose gel and one low molecular
weight band was visible in the water controls, while the same band and one larger
product were present in the blastocyst samples (Fig. 2.3 B). An exception, blastocyst
‘e’ had a slightly higher Ct value than the others (26.86) and only the smaller band was
detected on the agarose gel (Fig 2.3 A and B, respectively). This suggests this
blastocyst sample was lost prior to being placed in the collection tube (i.e. likely stuck
to the pipette tip and was not expelled), meaning no nDNA was extracted, essentially
making this sample equivalent to a water control. When comparing the melt curve plots
generated following gPCR, two distinct peaks are seen for the blastocyst samples (Fig
2.3 C), with the exception of blastocyst ‘e’ (arrowhead), while only one peak is seen in
the water controls (Fig. 2.3 D). The water control peak occurs at the same point in the
plot as the highest peak for the blastocyst samples, indicating that this reaction
generates artificial signal in the qPCR reaction. These results show that an artefact
signal is generated by combining the telomere and 18S rRNA primers into one
reaction, even in the presence of abundant DNA template, likely due to the repetitive
nature of the telomere primers or potential primer dimer formation, and therefore pre-

amp cannot be used to enhance sensitivity in this assay.

The presented results (Fig. 2.2 and 2.3) clearly demonstrate that the use of multiplex
pre-amp simply cannot be utilised for quantification of telomeric and genomic DNA as
it results in artefact product formation, even in the presence of sufficient DNA (Fig.
2.3). Due to this substantial flaw, this published method (Wang et al., 2013) very likely
gives highly inaccurate results due to the production of artefact product that

contributes to generated Ct values in the reference gene. Further, due to the peculiar
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alignment of the 18S rRNA primers within the mouse genome, and varying predicted
product sizes, these primers are also not suitable for detection of the reference gene.
Overall, this published method (Wang et al., 2013) contains undeniable flaws that
invalidate the use of any components for detection and quantification of telomeric and
reference DNA. As such, a new assay that uses a more sophisticated lysis method
(involving proteinase K), does not utilise a pre-amp step, or use 18S rRNA primers for
the reference must be developed if quantification of telomere length in individual
oocytes and embryos is to be possible.
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Figure 2.3. Products generated using telomere primers and 18S rRNA primers

together in qPCR

DNA was extracted from 6 blastocysts (A, a-f) and gPCR performed with the telomere
and 18S rRNA primers together, as in pre-amp, along with 6 water controls (H20). The
mean Ct (bar) from 2 technical replicates for all blastocysts is plotted (A). The total
gPCR reaction was run on a 4% agarose gel (B). Melt curve plots for the 6 blastocysts
(C) and water controls (D). Arrow head (C) corresponds to blastocyst ‘e’ which had

same pattern of bands as water controls (B).
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2.3.3 Optimisation of mtDNA extraction efficiency

The assay for mtDNA copy number uses a standard curve method for copy number
calculation in order to provide absolute (instead of relative) number of copies of the
target DNA. Due to the sensitivity of PCR, standard curves must be validated as highly
reproducible. Replicate experiments producing independent standard curves indicated
that the point representing the lowest copy number (10?1), which has been used in
previous studies, was not entirely reproducible (two example standard curves shown
in Sup Fig. 2.2 A, B). This level of inaccuracy greatly affects the correlation coefficient
of the entire curve, as demonstrated by calculating the coefficient with or without the
10! copies standard (Sup Fig. 2.2 A, B). When this data point is excluded, the
independently generated curves overlap demonstrating excellent reproducibility (Sup
Fig. 2.2 C). As no samples used for this assay are expected to have copy numbers in
the 10? to 102 range, this dilution was not used to calculate the correlation coefficients
or equations generated for mtDNA copy number calculations.

Assessment of total mtDNA copy number in individual oocytes and embryos is
routinely performed using the Qiagen method of DNA isolation (Wu et al., 2015).
However, a comparison of mtDNA extraction methods was undertaken to determine if
efficiency of mtDNA isolation could be improved. To do this, DNA (hnDNA and mtDNA)
was purified from individual oocytes via two different published methods: the lysis, pre-
amp and Zymo column purification method as previously described by Wang et al.
(2013), or the Qiagen column kit which is conventionally used for mtDNA extraction
for standard curve quantification (Kameyama et al., 2010; Wu et al., 2015). mtDNA
gPCR was then performed under identical conditions and mtDNA copy number
calculated for oocytes (Fig. 2.4). Comparison of oocyte DNA from the lysis/pre-
amp/column method and the Qiagen kit extraction method showed no differences in
Ct values (Fig. 2.4 A), however calculation of the mtDNA copy number revealed
samples generated by lysis/pre-amp/column detected a meaningfully lower mtDNA
copy number (Fig 2.4 B, p<0.0001). Product specifications for the column used for pre-
amp product purification state that it has a recovery rate of 50-70% for DNA fragments
ranging from 11kb to 23kb (Zymo, DNA Clean & Concentrator-5 product
specifications). The mitochondrial genome is ~16.5kb, meaning that potentially half of
the oocyte mtDNA can be lost due to the low efficiency of recovery in this size range.

Oocytes from the Qiagen method yielded an average copy number of 73,750.5, while
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oocytes that had been purified through the Zymo column yielded average copy
numbers of 36,413.5, which is a difference of 37,337 copies, or a 50.6% reduction
compared to the Qiagen extracted oocytes, indicating large mtDNA loss from the Zymo
column (Fig 2.4 B), and is much lower than the numbers in the literature. To avoid this
column-related mtDNA loss, a small volume of the pre-amp product (where the
telomere and reference gene DNA had been amplified) was removed prior to Zymo
column purification and diluted as it would have been if column-purified. The Ct values
for the DNA removed prior to the column were lower than that removed after the
column, indicating more product and hence decreased recovery efficiency by the
column (Fig. 2.4 C, p<0.0001). This was further reflected in the calculated mtDNA per
oocyte (Fig. 2.4 D, p<0.0001), where the average copy number before the column was
737,326 compared to 40,458.6 after the column. Importantly, the average copy
number generated by measuring the DNA sample before column processing was
~10X higher than that generated by the Qiagen purification method (Fig 2.4 B and D,
respectively), indicating a marked loss of mtDNA on the Qiagen kit column as well.

Next, three DNA extraction methods were compared for mtDNA recovery in oocytes:
the Qiagen column (referred to as “column”), the lysis method (now referred to as no
enzyme method, or NE), and a lysis buffer that uses a larger volume and contains
Proteinase K (referred to as the Proteinase K method, or PK). mtDNA copy number
calculations revealed that the two lysis methods had much higher mtDNA yields than
the Qiagen column method (Fig. 2.5 A, p<0.0001), while not being different from each
other. Due to this finding, the Qiagen column method was no longer used. As an Mll
oocyte is a single cell, lysis methods are likely to be equally as efficient as long as no
DNA degradation is occurring. Therefore, the two lysis methods were tested on
blastocysts for nDNA and mtDNA extraction as blastocysts are the intended sample
type that have the highest cell number and would be the most challenging to efficiently
lyse all cells. Individual blastocysts were lysed in 1uL of NE buffer or 9uL of PK buffer
and then diluted in H20 to a total volume of 100uL before undergoing qPCR for
telomere, Rn18S and mtDNA (Fig. 2.5 B). Ct values were lower for blastocysts lysed
using the PK method than the NE method for telomere and Rn18S (p<0.0001) and
MtDNA (p=0.0089), and therefore calculated mtDNA copy number was higher for the
PK extracted blastocysts (Fig. 2.5 C, p<0.0001). These findings indicate that while

either lysis method could be used for oocytes, the lysis method using a buffer
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containing Proteinase K was the most efficient for extraction of N DNA and mtDNA from
blastocysts and thus was selected as the optimal extraction method for further

developing the assay.
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Figure 2.4. mtDNA extraction optimisation in oocytes

MIl oocytes had mtDNA extracted using either the lysis/pre-amp/column clean up
method, or the Qiagen protocol (n=12 per group); and qPCR for mtDNA was run to
compare mtDNA extraction efficiencies (A, B). Raw Ct values (A) and mtDNA copy
number per oocyte calculated from the standard curve (B). mtDNA Ct values were
determined for oocytes that were undergoing the lysis/pre-amp/column clean up
method where an aliquot of DNA for analysis was removed either before or after the
Zymo column clean up (C) and mtDNA copy numbers calculated (D). Data analysed

using unpaired t-test, **** p<0.0001.
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Figure 2.5. Lysis optimisation in oocytes and blastocysts for mtDNA and nDNA

Oocytes had mtDNA extracted using the Qiagen protocol (column), a lysis buffer with
no active enzyme (NE), or a lysis buffer containing Proteinase K (PK) (n=12 per
group), and underwent gPCR to calculate their total mtDNA copy number (A).
Blastocysts (n=14 per group) had DNA extracted using either the no enzyme, or
proteinase K lysis methods and qPCR performed for telomere, Rn18S, and mtDNA
(B), and mtDNA copy number calculated (C). Data analysed using unpaired t-test, **
p=0.0089, **** p<0.0001.
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2.3.4 Re-design and validation of the Triple Test gPCR

Optimisations of the previously described individual assays revealed critical flaws in
published methods and resulted in the requirement for a complete redesign of this
assay. The exclusion of the pre-amp step due to unavoidable artefact product
generation means that sample preparation must be in the smallest volume possible
for gPCR assays. The most efficient lysis method requires cells to be frozen in 1pL
and then 9uL of buffer added to give a total volume of 10uL, therefore it is ideal to not
increase this volume. For a reference gene, 18S rRNA still remains a suitable
candidate, however primers from the previously published single-cell assay (Wang et
al., 2013) were demonstrated to be unsuitable. The primers termed ‘Rn18S’ (de Frutos
et al., 2016) gave more consistent genome alignments and predicted product sizes
(Sup. Fig. 2.1), and were carried through for re-design. mtDNA is highly abundant in
oocytes and embryos (starting in the ~10# copies range (Piké and Taylor, 1987; Santos
et al., 2006; Wu et al., 2015)) and therefore can be made more dilute than nDNA as
ample target remains in the diluted samples and the dilution factors are accounted for
in the copy number calculation equation. Blastocysts contain ~100 cells, therefore
much more nDNA than oocytes, and can be diluted further than oocyte DNA.
Therefore the following method was designed: following lysis, when the sample was
in a total volume of 10pL, all oocyte and embryos prior to the blastocyst stage had 1L
removed and added to 9uL of H20 for mtDNA analysis, the remaining 9uL of sample
underwent telomere and Rn18S gPCR each in two technical replicates using 2uL
sample per replicate, leaving 1L of the sample left over. As blastocysts contain more
DNA than oocytes and other pre-implantation embryos, following lysis, 90uL of H20
was added to bring the total volume to 100uL for gPCR analysis for mtDNA, telomere
and Rn18S (see Sup Fig. 2.3 A for workflow). The revised protocol was first verified
on individual oocytes with raw Ct values for all primer pairs compared (Sup Fig. 2.3 B)
and mtDNA copy number calculated (Sup Fig. 2.3 C). The full work flow was tested on
MIl oocytes, 2C embryos and blastocysts for telomere, Rn18S and mtDNA (Sup Fig.
2.3 D, E, F, respectively). Decreases in Ct value were seen with increases in cell
number for telomere and Rn18S satisfying the expectation that increases in nDNA
copy number should be detectable as cell number increased. Calculation of mtDNA

copy number confirmed an increase in mtDNA copy number from the MIl and 2C stage
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to the blastocyst stage, consistent with the literature (Ebert et al., 1988; Pikd and
Taylor, 1987) (Sup Fig. 2.3 G, p<0.0001).

The relevant dilutions of the nDNA need to be taken into account for comparisons of
calculations across developmental stages. While all samples destined for mtDNA
assays ended up at a final dilution of 1/100, the samples for nDNA assays were
differentially diluted, i.e. blastocysts were diluted 1/100 whereas oocyte nDNA was at
a dilution of 1/10 (Sup Table 2.1). This means that it is not possible to compare mtDNA
relative to nuclear genome content across all developmental stages. Therefore the
protocol was further revised so that blastocysts were processed in the same manner
as oocytes and other cleavage stage embryos so that dilutions for mtDNA and nDNA
were identical (see Sup Table 2.1, see Fig. 2.6 for revised workflow). The revised
protocol was tested on a developmental time course (MIl oocyte, 2C embryo, and
blastocyst) for telomere, Rn18S and mtDNA gPCR (Fig. 2.6 B, C, D). Decreases in
Ct for nDNA markers was seen at each stage, again consistent with increasing cell
number (Fig. 2.6 B, C, p<0.0003). A decrease in mtDNA Ct was only seen at the
blastocyst stage (Fig. 2.6 D, p=0.0184). This assay was then validated in cases where
mtDNA and telomere length are known to be decreased compared to controls. The
sensitivity of the mtDNA copy number assay was tested in oocytes and blastocysts
from wild-type and oocyte-specific TFAM knock out (KO) mice, where mtDNA is
reduced in oocytes from KO mice by using GDF9-Cre (Larsson et al., 1998). As
expected reduced mtDNA was observed (Fig. 2.6 E, p<0.0001) due to a lack of
replication from the absence of TFAM (Wai et al., 2010). As oocytes from older females
are known to have shorter telomeres (Yamada-Fukunaga et al., 2013) and decreased
MtDNA copy number (Simsek-Duran et al., 2013), these assays were further validated
by assessing telomere and mtDNA relative to nuclear DNA content, and mtDNA copy
number in oocytes from old mice compared to young (Fig. 2.6 F, G, H). Consistent
with the literature, telomere, mtDNA and mtDNA copy number were each reduced in
oocytes from old females, compared to controls (Fig. 2.6: (F) p=0.0011; (G) p=0.0014;
(H) p=0.0003).

Exclusion criteria were established to account for samples where DNA degradation or
loss of the very small sample volumes may have occurred during processing. A
sample was excluded from the analysis if the Ct for the Rn18S reference technical

replicates was more than ~1-1.5Ct outside of the mean for all samples of the same
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type on the same plate. This threshold was selected as each unit of Ct increase in
gPCR represents an approximate halving of DNA, therefore an increase in the
magnitude of greater than 1.5 Ct suggest a substantial loss of DNA which can only be
explained by loss or degradation of the sample, since the sample represents a single

input oocyte or embryo.
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Figure 2.6. Triple test qPCR work flow and validation using oocytes and

embryos

Final optimised protocol work flow for triple test gqPCR on oocyte and embryo samples
(A). The sensitivity of the protocol was validated by using oocytes and embryos
(generated by IVF with CBA mice) and observing expected decreases in Ct values for
telomere (B), Rn18S (C), and mtDNA (D) with increasing cell number. mtDNA copy
number assay was validated by analysing mtDNA copy number (E) in TFAM wild type
and knock out oocytes and blastocysts. Assay sensitivity for telomere, mtDNA and
mtDNA copy number was validated by analysing MIl oocytes from hormonally primed
young and old (=212 months) female mice (F-H). Data analysed using ordinary one-
way ANOVA (comparison of means) (B-D), and unpaired t-test (E-H), * p=0.0184, **
p=0.001, *** p=0.0003, **** p<0.0001.
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One final refinement made to this assay was the addition of a DNA calibrator control,
which due to the sensitivity of this assay, improves precision by accounting for any
minor plate to plate variations. Therefore the relative telomere and mtDNA per cell
were calculated using the 222t method, where the ACt of the calibrator (telomere or
MtDNA Ct— Rn18S Ct) was subtracted from the ACt of the sample (telomere or mtDNA
Ct — Rn18S Ct) to give the AACt. Throughout the remainder of this thesis, results are

shown with this methodological modification.
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2.4 Discussion

Here | have developed and validated a qPCR assay designed for use with single
oocytes and embryos that gives three quantitative measurements for 1) telomere
content relative to nuclear DNA (representing cell number), 2) mtDNA content relative
to nuclear DNA, and 3) total mtDNA copy number for the individual sample using
gPCR, named the ‘Triple Test'.

Previously, analysis of telomere length required pools of cells or embryos, meaning
that potential heterogeneity within the population was masked. To overcome this, a
previous method to analyse telomere length in single cells had been developed (Wang
et al., 2013), which utilised a pre-amp step followed by a clean-up step. Here | found
that this published and highly cited protocol introduces artefact amplification during
pre-amplification, and major mtDNA loss during the column clean up. Thus this assay
is not suitable for reliable detection of nDNA and mtDNA, and also throws into question
the conclusions of this well-known paper. These issues have now been overcome
through the redesign and refinement of the protocol to preserve the nDNA in the
absolute minimal volume, and exploit the abundance of mtDNA in oocytes and
embryos to eliminate these areas of inadequacy in previous methods.

Due to its individual approach, this assay will vastly improve the ability to study
telomere length and mtDNA copy numbers in oocytes and embryos by allowing these
measurements to be linked to other factors such as cleavage timing in pre-implantation
embryos, where such correlations would not be possible when analysing pooled
samples. This assay also allows the number of oocytes and embryos required for
analysis to be minimised, as each sample contributes an individual data point, rather
than requiring a pool of oocytes/embryos to generate one data point. Another
important application for this assay is in the study of the quality of oocytes and embryos
derived from sub-fertile females, with underlying contributing factors such as advanced
reproductive age or obesity. In cases such as these, the quantity of material available
for analysis may be reduced, for example, ovulation rates in old mice (>12 months old)
are markedly decreased compared to young controls (3-4 months old) (see Fig. 5.8 A
for instance). The Triple Test enables telomeres and mtDNA to be assayed for each
individual oocyte or embryo and correlational analyses with physiological measures

such as female age and body weight can be directly addressed. It is hypothesised that
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there will be greater heterogeneity in these biomarkers in oocytes and embryos from

females with obesity or advanced age, which can now be thoroughly investigated.

The results also demonstrate that different methods of sample preparation
dramatically affect measurements of DNA. For instance, analysis of mtDNA copy
number in individual oocytes and embryos has previously been established
(Kameyama et al., 2010) and is widely used. Yet here we have found that methods
such as these that rely on a silica-based membrane utilising column for DNA extraction
and purification lose a substantial amount of mtDNA (Fig 2.5 A). This means that
mtDNA copy numbers reported in the scientific literature may be greatly under-
estimated and that comparisons between studies should carefully consider the

purification methods utilised.

The Triple Test is a robust, novel methodological pipeline that allows three qPCR
measurements to be reliably obtained from single oocytes or embryos. It will be
extensively used throughout the remainder of this thesis, to investigate changes in
telomeres and mtDNA during preimplantation development and in contexts of
compromised mitochondrial function and/or physiological subfertility.
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Supplementary figure 2.1. Primer BLAST and product alignment

NCBI Primer BLAST was used for primer pairs for 18S rRNA (A) and Rn18S (C), and

the generated amplicon sequence from the top result (red box) was aligned to the

mouse genome via NCBI nucleotide BLAST (B and D, respectively). The yellow box

in B and D indicates the query coverage (i.e. how much of the query sequence is

covered by the target sequence) and the blue box indicates the percent identity of the

alignment (i.e. how similar the query sequence is to the target sequence, where a

higher percentage indicates a more significant match).
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Supplementary figure 2.2. Reproducibility of mtDNA standard curve

mtDNA standard used to calculate copy number underwent serial dilution and gPCR

on two separate occasions (A, B). These curves were then superimposed to test
reproducibility (C). The Ct value of the lowest concentration of standard (copy number
10%) varied between the two curves (Ct = 25.6 curve 1 (A), Ct = 31.1 curve 2 (B)),

suggesting that it is not reliably detected at this low concentration.
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Supplementary figure 2.3. Design of triple test gPCR and use on oocytes and

embryos

Revised protocol for triple test gPCR of oocyte and blastocyst samples (A). Revised
protocol was carried out on individual C57BL/6 MIl oocytes (B) and mtDNA copy
number calculated (C). MIl, 2C, and blastocysts (derived from CBAXCBA IVF) were
analysed using the revised protocol (D-G), with 2C samples processed using ‘oocytes’
work flow as in (A). Data analysed using unpaired t-test, *** p=0.0004, **** p<0.0001.
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Supplementary table 2.1. Dilutions of relevant DNA

sample type

Blastocysts in 100uL

regions of interest in each

Blastocysts in 10uL

DNA dilution DNA dilution
Rn18S Telomere | mtDNA Rn18S Telomere mtDNA
Oocyte 10 10 100 Oocyte 10 10 100
2C embryo 10 10 100 2C embryo 10 10 100
Blastocyst 100 100 100 Blastocyst 10 10 100
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CHAPTER 3
TELOMERE ELONGATION AND mtDNA
REGULATION DURING MOUSE PRE-
IMPLANTATION EMBRYOGENESIS
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3.1 Introduction

Mitochondria are cellular organelles with primary roles in energy metabolism,
homeostasis, and apoptosis. A feature of mitochondria that is unique from other
organelles is that they possess their own genome, distinct from the nuclear genome.
The mitochondrial genome is multi-copy and maternally transmitted, therefore the
integrity of the mitochondria and their DNA (mtDNA) in the oocyte is crucial for oocyte
quality, fertilisation and subsequent embryo development, and offspring health.
Mitochondrial dynamics have been thoroughly documented during pre-implantation
development, including localisation, metabolism, and mtDNA copy number (reviewed
in St. John et al., 2010). Mitochondrial DNA copy numbers show defined patterns
during this time. As the embryo undergoes cleavage, its mitochondria, and thus
MtDNA, are segregated into the blastomeres, meaning that the mtDNA copy number
per cell decreases with each cell division during preimplantation development. The
total mtDNA copy number in an embryo is known to fluctuate, in some cases
decreasing slightly during the early cleavage stages after fertilisation, before
increasing at the blastocyst stage (Thundathil et al., 2005). While mitochondrial
function and dynamics are well characterised during pre-implantation embryogenesis,
there is another profound DNA change during this time that is less understood,

telomere elongation.

Telomeres are repetitive TTAGGG duplex DNA sequences found at the ends of
eukaryotic linear chromosomes that function as essential protectors of genome
stability and integrity. Telomeres are bound by the shelterin complex, which is a highly
specific set of proteins including TRF-1 and -2 (Telomeric Repeat binding Factor, Xin
et al., 2008) which protect the chromosome ends from degradation and from being
recognised by the DNA double stranded break repair mechanism. Due to limitations
in linear DNA replication at the end of chromosomes, telomeres progressively shorten
with each round of cell division (Blackburn, 1984; Olovnikov, 1973) until a critical
length is reached (known as the Hayflick limit), where the cell ceases dividing and
enters senescence (Hayflick and Moorhead, 1961). As cells continuously divide over
a person’s lifespan, telomere lengths decrease correspondingly, thus telomeres serve
as a marker of cellular lifespan and ageing, with short telomeres linked to ageing

phenotypes and chronic diseases (Rudolph et al., 1999). Thus it is vital that telomeres
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are elongated during embryogenesis to ensure that health span and longevity do not

progressively decline with each generation.

Telomere elongation occurs via two well characterised mechanisms; the
ribonucleoprotein Telomerase, and Alternative Lengthening of Telomeres. The
enzyme telomerase is perhaps the most well-known mechanism, which has the
capacity to add approximately 50-100 base pairs of telomeric DNA in one cell cycle
(Cristofari and Lingner, 2006), allowing it to efficiently maintain telomere lengths over
time, but unable to produce rapid, large scale extension. Telomerase access to
telomeres is regulated by many protein factors, such as CTC1 and TENL1, which
form the CST complex which directly binds to the telomere ends. Alternative
Lengthening of Telomeres (commonly referred to as ALT), does not rely on enzymatic
function and instead utilises recombination (Pickett and Reddel, 2015), providing the
ability to add up to 1kb of telomeric DNA in one cell cycle. ALT requires the co-
operation of many proteins, with some of the most well characterised including PML
as a major component of ALT-associated Promyelocytic Leukaemia Bodies (APBs,
Yeager et al., 1999), and BLM (Yankiwski et al., 2000), which is a RecQ helicase
involved in recombination and repair as well as G4-quadruplex DNA unwinding (Ellis
et al., 1995; Sun et al., 1998). Telomere-associated protein RIF1 is involved in the
DNA damage response, replication timing regulation, and chromatin structure
organisation (Kumar and Cheok, 2014). In human cells RIF1 has been shown to
localise at dysfunctional telomeres, and at telomere clusters in cells utilising ALT
(Silverman, 2004; Xu and Blackburn, 2004). Another protein known to be heavily
involved in telomere length regulation is Regulator of Telomere Elongation helicase 1
(RTEL1), which also has additional roles in DNA replication, stability, and repair
(Uringa et al., 2012). Interestingly, RTEL1 is known to counteract G4-quadruplex
structures, similar to the ALT-involved protein BLM (Lansdorp and van Wietmarschen,
2019). Further to this, RTEL1 has significant roles in homologous recombination
(Uringa et al., 2011). The maintenance of telomere length homeostasis is also
regulated by telomere trimming in order to prevent the accumulation of aberrantly long
telomeres, involving length based targeting by specific proteins such as ZBTB48

(TZAP, Li et al., 2017), which facilitate trimming processes.

Due to the vital function telomeres serve in every cell, it is essential that their length is

regenerated at the outset of each generation. It has been established that blastocyst
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telomere lengths are the set point for telomere length during development (Schaetzlein
et al., 2004), however there is still much work to be done to characterise telomere
elongation dynamics and regulatory mechanisms prior to this set point. In mice, one
study showed consistent telomere elongation by the 2C embryo stage, and sometimes
in zygotes (strain dependent), when compared to MIl oocytes (Liu et al., 2007),
however whether telomere lengths were different between zygotes and 2C embryos
was not noted. Another study identified quantifiable increases in telomere length at
each successive stage between zygotes, 2C, and 4C embryos (Wang et al., 2013).
Importantly, the findings of this study (Wang et al., 2013) are not considered robust
since the PCR assay used is flawed (refer to Chapter 2). Telomere elongation has
also been observed at the morula to blastocyst transition (Varela et al., 2011), however
preceding stages of development were not analysed. There is yet to be a study that
documents telomere lengths throughout a comprehensive pre-implantation
embryogenesis time course that uses a consistent approach to measure telomere
lengths. Therefore much work is needed to elucidate the patterns of telomere
elongation, which is a vital process occurring during embryogenesis to enable a long
health- and life-span for offspring. In addition, it is essential to have telomere
elongation patterns in normal embryo development fully documented to allow for
further research into how elongation is disrupted in situations such as maternal
obesity, where offspring are known to have shorter telomeres (Martens et al., 2016;
McAninch et al., 2020).

This study characterised telomere length dynamics throughout pre-implantation
embryo development alongside the well characterised mitochondrial DNA. Expression
of telomere regulatory genes was characterised throughout oocyte maturation and
pre-implantation embryogenesis using RT-PCR. Telomere length and mtDNA copy
number was analysed in embryos derived from four different mouse strain
combinations to determine the consistency in trends over pre-implantation
development. To determine the role of oocyte factors, telomere length was analysed
in parthenogenetically activated embryos. Male and female blastocysts were
compared for sex-related differences in telomere length. Finally, susceptibility of
telomere length to environmental stress was analysed by subjecting embryos to high
O2 culture. Overall this study has provided a comprehensive insight into telomere
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elongation events during early embryogenesis and shown that these can be

modulated under the stress condition of high oxygen culture.
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3.2 Materials and Methods

3.2.1 Mice

Female C57/BL6Arc (referred to as C57/BL6), CBA/CaH (referred to as CBA), and
CBA F1 mice at 6-7 weeks of age, and males at 6-8 weeks of age were obtained from
the Western Australian Animal Resources Centre (ARC, C57/BL6Arc mice) or the
University of Adelaide’s Laboratory Animal Services (LAS, CBA/CaH and CBA F1
mice). Mice were maintained in 12h/12h light/dark conditions and given water and 10%
fat rodent chow ad libitum. All animal experiments were approved by the University of
Adelaide’s Animal Ethics Committee and conducted in accordance with the Australian

Code of Practice for the Care and Use of Animals for Scientific Purposes.

3.2.2 Derivation of oocytes, early embryos, and blastocysts

3.2.2.1 Hormone stimulation

Female mice were given 7.5IU pregnant mare’s serum gonadotropin (PMSG, National
Hormone and Pituitary Program), followed by the equivalent dose of human chorionic

gonadotropin (hCG, Pregnyl) 47.5 hours later, each via intraperitoneal (ip) injection.

3.2.2.2 Oocyte collection

For GV oocyte collection, mice were culled via cervical dislocation 45 hours after
PMSG administration. Ovaries were placed in pre-warmed aMEM-HEPES handling
media (Life Technologies, #12000-014) supplemented with 1% FCS. Germinal vesicle
(GV) oocytes were isolated by puncturing large antral ovarian follicles using a 30G
needle, and attached cumulus cells removed by aspiration using a glass pipette (VWR,

#612-4897) pulled to an appropriate diameter.

For MII oocyte collection, mice were culled via cervical dislocation 14.5h post-hCG
administration, and ovaries and oviducts collected and placed in pre-warmed (37°C)
aMEM-HEPES handling media, supplemented with 1% FCS. Meiosis Il (MIl) oocytes
were isolated by puncturing the oviducts using a 30G needle. Complete cumulus cell
removal was achieved via treatment with hyaluronidase (Seikagaku, #100741) for 5-
10 minutes at 37°C, followed by aspiration using a glass pipette pulled to an

appropriate diameter.
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3.2.2.3 Oocyte in vivo maturation time course

C57/BL6 mice (21 days old or 6 weeks old) were culled via cervical dislocation either
without hormonal stimulation, at 24 or 48 hours post-PMSG stimulation, or at 16 hours
post-hCG stimulation. Oocytes were fully denuded as previously described (see
section 3.2.2.2, GV protocol followed for all stages except 16 hours post-hCG, which

were denuded according to MIl protocol).

3.2.2.4 In vitro fertilisation (IVF)

To generate embryos via in vitro fertilisation, MIl COCs were collected as previously
described (section 3.2.2.2). Following oviduct puncturing, whole cumulus-oocyte
complex (COC) clusters were gently washed twice in pre-warmed (37°C) fertilisation
media (Vitro Fertilisation; Cook Australia, Brisbane, Australia), before being placed in
a 100uL fertilisation drop containing the equivalent of 10uL of capacitated sperm from
a male of proven fertility (referred to as ‘fertilisation time’), before being returned to the
incubator (37°C, 5% O2, 6% CO2) for 4 hours. Following this, fertilised oocytes were
cleaned of all excess sperm and cumulus cells via gentle aspiration and transferred to
a culture dish containing cleave media (Vitro Cleave; Cook Australia, Brisbane,
Australia, 10 embryos per 20uL cleave media drop) and returned to the incubator until
24 hours post fertilisation time. At this time, the number of embryos that successfully
reached the 2C stage were scored and a proportion collected for g°PCR analysis, or at
36 hours post-fertilisation for mRNA analysis or Zscan4 staining. The remaining
embryos were returned to the incubator until 39 hours post-fertilisation time for 4C
collection, then until 55 hours post fertilisation time for 8C collection, then until 96 hours
post fertilisation time, where the remaining embryos that had successfully reached the

blastocyst stage were scored and all were collected for analysis.

3.2.2.5 Strontium chloride parthenogenetic activation

Isolated MII oocytes were collected at 15.5 hours post hCG administration and fully
denuded of cumulus cells as previously described (section 3.2.2.2). Denuded oocytes
were washed three times in aMEM-HEPES handling media (Life Technologies,
#12000-014), supplemented with 1% FCS, then washed three times in calcium-free
CZB media (81.62mM NaCl, 4.83mM KCI, 1.18mM MgSOs4, 0.11mM EDTA, 5.6mM
glucose, 37mM sodium lactate, 1.2mM KH2POa4, 25.1mM NaHCOs, 0.27mM pyruvate,
5mg/mL BSA at pH 7.4, 0.0001g/L phenol red, with 1mM L-glutamine added the day
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of use). Oocytes were briefly washed twice in calcium-free CZB media containing
10uM Cytochalasin D and 10mM SrClz, followed by a two hour culture in this media at
a density of 20-30 oocytes per 30uL culture drop in an incubator (37°C, 5% O2, 6%
CO2) (referred to as activation time). Oocytes were then washed in standard aMEM
culture medium (Life Technologies, #1200-014) containing 10uM Cytochalasin D, and
cultured in this media for three hours. Activated oocytes were washed 5 times in cleave
media (Vitro Cleave; Cook Australia, Brisbane, Australia) and cultured in this media
(10 embryos per 20uL cleave media drop) until 24 hours post-activation time. At this
time, the number of embryos that successfully reached the 2C stage were scored and
a proportion collected for analysis. The remaining embryos were returned to the
incubator until 37 hours post-activation time for 4C collection, then until 53 hours post-
activation time for 8C collection, then at 96 hours post-activation time the remaining
embryos that had successfully reached the blastocyst stage were scored and collected

for analysis.

3.2.2.6 In vivo 2C embryo collection

Following hCG administration (see section 3.2.2.1), female mice were mated (1:1) with
male mice of proven fertility and separated after 16 hours. Females were culled via
cervical dislocation 24 hours later (40h post-hCG) and 2C embryos collected via
oviduct puncture in pre-warmed aMEM-HEPES handling media (Life Technologies,
#12000-014) supplemented with 1% FCS.

3.2.3 Blastocyst dissections

3.2.3.1 Manual dissections for Inner Cell Mass and Trophectoderm populations

IVF or parthenogenetically activated embryos that had successfully reached the
blastocyst stage had their zona pellucida dissolved using Acid Tyrode’s Embryomax
solution (Millipore, #MR-004D). Blastocysts were transferred to individual 5uL pre-
warmed (37°C) drops of aMEM handling media, supplemented with 1% FCS in a 50 x
9mm petri dish (Falcon, #351006). Blastocysts were manually separated into their two
cell populations (inner cell mass, ICM, and trophectoderm, TE) using the Eppendorf
TransferMan 4r system, and a standard holding pipette with a 15uM inner diameter
and 120uM outer diameter (The Pipette Company, #LHC-ID15) and biopsy pipette
with a 30uM tip (OD) and 90° bevel (The Pipette Company, #LBC-OD30-BA90). Cell
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populations were separated and frozen individually per blastocyst (see 2.2.4), but kept

paired for analysis.

3.2.3.2 Immunosurgery to isolate the Inner Cell Mass

Blastocysts first had their zona pellucida removed via treatment with Acidic Tyrode’s
Embryomax solution, washed twice in cleave media and transferred to a 200uL drop
of cleave media containing 20% heat inactivated rabbit anti-mouse serum (Sigma,
#M5774). Following a one hour incubation period (37°C, 5% O2, 6% CO3), blastocysts
were washed three times in cleave media and transferred to a 200uL cleave media
drop containing 20% guinea pig serum (Sigma, #G9774) and incubated for 15 minutes.
Blastocysts were washed three times in cleave media and incubated for a further 30
minutes in this media. Lysed TE cells were removed by gently aspirating ICMs in a

finely drawn glass pipette. For validation, see Sup Fig. 3.2 B-F.

3.2.4 Sample collection

3.2.4.1 Oocytes, embryos, and blastocyst cell populations

Individual GV and MII oocytes, IVF or parthenogenetically activated embryos at the
various stages, or blastocyst cell populations were first washed three times in 1x
phosphate buffered saline (PBS) containing 1mg/mL polyvinylpyrrolidone (PVP,
Sigma), and transferred in 1uL to a 0.5mL PCR tube (Axygen, #PCR-05-C) for g°PCR
analysis. Pools of 40 oocytes or embryos for mRNA analysis were transferred in a
minimal volume to a 1.7mL microcentrifuge tube (Axygen, #MCT-175-C-S),
centrifuged at 1,200 rpm for three minutes, and supernatant carefully removed using
aspiration without disrupting samples under microscope magnification. All samples

were snap frozen in liquid nitrogen (LN2), and stored at -80°C until use.
3.2.4.2 Sperm

Following one hour of capacitation, 50uL of sperm was collected in a 0.5mL PCR tube
(Axygen, #PCR-05-C) and centrifuged at 2,000 rpm for 3 minutes before supernatant
removal, snap freezing in LNz and storage at -80°C until use.
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3.2.5 Sample lysis and preparation for gPCR
3.2.5.1 Oocytes and embryos

Individual oocytes and embryos had their nuclear genomic DNA (nDNA) and
mitochondrial DNA (mtDNA) extracted by adding 9uL of lysis buffer (50mM Tris-HCI
pH 8.0, 1ImM EDTA, 200ug/mL Proteinase K, 0.5% Tween-20) to each sample with a
volume of 1pL (final volume of 10uL) following brief centrifugation, and heated to 55°C
for 2 hours, followed by 95°C for 10 minutes to inactivate Proteinase K activity.
Samples were allowed to cool to 4°C and briefly centrifuged. Following this, 1uL of
lysis product was removed and added to 9uL of sterile H20 for mtDNA analysis and
the rest kept for telomere and Rn18S analysis. For blastocysts that were also
undergoing sex determination, an additional 10uL of sterile H20 was added after lysis
to give a total volume of 20uL which was used for the Triple Test and sex determination
PCR without further dilution.

3.2.5.2 Sperm

Sperm nDNA and mtDNA was extracted by adding 50uL of lysis buffer (as described
previously) to each sample followed by vortex mixing and brief centrifugation. Samples
were then heated to 55°C for 2 hours, followed by 95°C for 10 minutes to inactivate
Proteinase K activity. Once cooled, samples were centrifuged at 10,000 rpm for 5
minutes to pellet cellular debris and supernatant was moved to a clean 0.5mL tube
(Axygen, #PCR-05-C). Samples were quantified using a NanoDrop One Microvolume
UV-Vis Spectrophotometer and diluted to 20ng/uL for use.

3.2.6 Triple test qPCR assay

To generate ‘calibrator’ DNA for use as a standard within every assay, a whole ovary
from a 6 week old PMSG and hCG stimulated CBA female mouse was collected and
had total DNA extracted (as described previously, see sections 2.2.2). DNA
concentration and purity were quantified by NanoDrop One Microvolume UV-Vis
Spectrophotometer and diluted to 2.5ng/pL.

gPCR was performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, #4367659), standard MicroAmp Optical 96-well Reaction Plates (Life
Technologies, #4306737), and custom made primers (Sigma, forward and reverse

136



primer sequences outlined in Table 3.1), using an Applied Biosystems 7900HT Fast
Real-Time PCR system. Cycling conditions for all primers were set at 95°C for 10
minutes, followed by 40 cycles of 95°C for 10s, 60°C annealing for 30s and extension
at 72°C for 30s, followed by standard melt curve cycling. Two repeat reactions were

performed for each sample and each primer pair, using 2uL of sample per reaction.

For Rn18S and telomere analysis, the final reaction for each well was 10uL Power
SYBR Green PCR Master Mix, 0.5uL each of forward and reverse primer (stock at
10uM), 2uL of sample, and sterile H20 to a final volume of 20uL. To minimise any
plate-to-plate variations, Rn18S and telomere reactions for each sample were run on

the same plate, and calibrator DNA assays included on every plate.

For mtDNA analysis, the final reaction for each well consisted of 10uL Power SYBR
Green PCR Master Mix, 0.2uL each of forward and reverse primer (stock at 10uM),
2uL of sample or standard, and sterile H20 to a final volume of 20uL. Total mtDNA
copy number was quantified using the standard curve method as previously described
(Kameyama et al., 2010). Briefly, quantification standards were prepared by PCR
amplifying a 1186bp fragment in the 12S rRNA region of mtDNA from mouse liver
using the primer pair 5-ACA CCT TGC CTA GCC A-3’ and 5-TTT GCC ACA TAG
ACG AGT T-3. The PCR product was extracted from the gel using QIAquick Gel
Extraction Kit (Qiagen) and cloned using the Qiagen PCR Cloning Kit. Plasmid DNA
was purified using QIlAprep Spin Miniprep Kit (Qiagen), quantified by
spectrophotometry, and diluted to 107 copies per 2uL. To create a standard curve,
10uL of standard stock was removed and serially diluted (1:10) from 107 to 10* copies,
and standard curve correlation coefficients were consistently greater than 0.98. Serial
dilutions were made fresh on the day. Total mtDNA copy number per sample was
calculated according to the generated equation for Ct value against copy number for
the corresponding standard curve (excluding 10! copies), and multiplied by the dilution
factor of the sample i.e. total mtDNA copy number = (10%) * [dilution factor], where

x=(y-intercept of standard curve — Ct value of sample)/slope of standard curve.

Telomere and mtDNA relative to total cell number were calculated using the 2-ACt
method, where the ACt of the calibrator (telomere or mtDNA Ct — Rn18S Ct) was
subtracted from the ACt of the sample (telomere or mtDNA Ct — Rn18S Ct) to give the
AACt.
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3.2.7 Embryo sex determination

Embryos that underwent sex determination first underwent the Triple Test gPCR assay
(section 3.2.6).

gPCR was performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, #4367659), standard MicroAmp Optical 96-well Reaction Plates (Life
Technologies, #4306737), and custom made primers (Sigma, forward and reverse
primer sequences outlined in Table 3.1), using an Applied Biosystems 7900HT Fast
Real-Time PCR system, using the same cycling conditions as in section 3.2.6. One
reaction was performed for each sample, using a 4pL of sample. The final reaction for
each sample consisted of 10puL Power SYBR Green PCR Master Mix, 0.5uL each of
forward and reverse primer (stock at 10uM), 4uL of sample, and sterile H20 to a final

volume of 20pL.

To confirm gPCR product size, reactions were run on a 4% agarose (Promega,
#V3125t) gel with gel red (Biotium, #41003). Each sample had 2.5uL of 6x loading dye
(New England Bio Labs, #B70245) added and 10uL run per lane using a 100bp ladder
(ThermoFisher Scientific, #SM0243) for reference. Gels were run at 100V for 1 hour
and imaged using a Biorad Gel Doc EZ Imager with Image Lab software. Male
embryos have a distinct band at 105bp (Sup Fig. 3.2 A).
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Table 3.1 gPCR primers

Primer target Forward primer sequence Reverse primer sequence
Telomere 5-CGG TTT GTT TGG GTT 5-GGC TTG CCT TAC CCT
TGG GTTTGG GTTTGG GTT  TAC CCT TAC CCT TAC CCT
TGG GTT-3 TAC CCT-3’
mtDNA 5-CGT TAG GTC AAG GTG 5-CCA GAC ACACTT TCC
TAG CC-3’ AGT ATG-3’
Rn18S 5-AGA AAC GGC TAC CAC 5-CCT GTATTG TTATTTTTC
ATC CAA-3 GTC ACT ACC T-3
SRY 5'-AAG CGC CCC ATG AAT 5’-TCC CAG CTG CTT GCT
GCATT-3 GAT CT-3

3.2.8 RT-PCR for mRNA expression of telomere elongation and

stability associated genes

Pools of 40 fully denuded oocytes or IVF derived embryos were collected and stored
as previously described (see section 3.2.4.1). RNA was extracted using the RNEasy
kit (Qiagen) according to manufacturer’s instructions for “Purification of Total RNA
from Animal Cells Using Spin Technology”, with final products eluted in 10uL. RNA
concentration and purity were quantified using a NanoDrop One Microvolume UV-Vis
Spectrophotometer (ThermoFisher). cDNA synthesis was carried out using the
SuperScript 11l First-Strand Synthesis System for RT-PCR (Invitrogen, #18080-051)
according to manufacturer’s instructions. RT-PCR was performed using Tagman
Probes (ThermoFisher, see Table 3.2 for assay IDs) and Master Mix (ThermoFisher,
#4369016), and MicroAmp Fast Optical 96 well reaction plates (Applied Biosystems,
#4346906), using Quantstudio 12K Flex (ThermoFisher) and standard cycling
conditions. Reactions were made to a final volume of 10uL, consisting of 5uL of
Tagman Master Mix, 0.5uL of Tagman assay, 2.5uL of MilliQ H20, and 2uL of sample.

MRNA expression was first normalised to the house keeper (B-actin), then calculated
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for oocyte maturation relative to the 21 day old unstimulated mice, and relative to Ml

oocytes for embryo development.

Table 3.2 Tagman assays

Gene target Gene name Assay ID

B-actin Beta actin MmO01205647_g1
BLM Bloom Syndrome RecQ Like Helicase MmO00476150 m1l
CTC1L CST Telome(r:%rl;/lg(i)r;]t:rr:?gce Complex Mm00660668_m1
PML Promyelocytic Leukaemia Protein MmO00476969 m1l
RIF1 Rap1l Interacting Factor 1 MmO00613842_m1
RTEL1 Regulator of Telomere Elongation Helicase 1  Mm01220420_m1
TEN1 TEN1 Telomerase Capping Complex Subunit MmO01252631 m1l
Terfl Telomeric Repeat Binding Factor 1 MmO00436928 m1l
Terf2 Telomeric Repeat Binding Factor 2 MmO01253555 m1l
TERT Telomerase Reverse Transcriptase MmO00436931_m1l
(Z'I'bztk;\i% Zinc Finger and BTB domain containing 48 MmO00505672_m1
ZSCAN4 Zinc Finger and SCAN domain containing 4 MmO01234988 g1

3.2.9 Immunofluorescence

3.2.9.1 Zscan4 immunofluorescence

To be able to visualise Zscan4 expression, 2C embryos must be collected late in

development, at 36 hours post fertilisation. Embryos were fixed and permeabilised in
4% PFA with 0.5% Triton X-100 in PBS for 30 minutes at RT, with shaking, followed

by three ten-minute washes in PBS-PVP. Embryos were blocked overnight at 4°C in

blocking solution (10% filtered normal goat serum, Sigma, #G9023), then incubated

overnight at 4°C with rabbit anti-Zscan4 polyclonal antibody (1:500, Abnova, #000-
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18886) in blocking solution. Following three ten-minute washes with PBS-PVP,
embryos were incubated for one hour at RT, while protected from light, with Alexa
Fluor 488-conjugated goat anti-rabbit secondary antibody (1:500, Invitrogen). For the
final 30 minutes of secondary antibody incubation, Hoechst-33342 (1:250) was added.
Samples were briefly washed three times and mounted on slides with 1.5uL Prolong™
Diamond Antifade Mountant (Invitrogen, #P36965) and imaged using a confocal

microscope (Olympus FV3000).

3.2.9.2 Pronuclear cytosine methylation immunofluorescence

A broad epigenetic analysis on generated embryos was desired to be included in this
study, and so a literature search was undertaken to determine the most appropriate
methodology as there is controversy in the field about the accuracy of the most
commonly used assay (Li and O’Neill, 2012). Specifically, an important discrepancy
between this study (Li and O’Neill, 2012) and others, is that this study found that 5mC
is undetectable in the maternal pronucleus by PN5, whereas other studies showed a
persistence of 5mC in the maternal pronucleus in the PN5 stage, and even just prior
to syngamy (Amouroux et al., 2016; Gu et al., 2011; Han et al., 2018; Igbal et al., 2011;
Santos et al., 2002). This difference is likely due to differences in antigen unmasking;
as the Li and O’Neill study used an additional 0.25% trypsin treatment after the
standard HCI antigen retrieval used in all other studies. Other differences may be due
to authors (Li and O’Neill, 2012) using a primary antibody from a source different to
other studies that only use HCI unmasking (Amouroux et al., 2016; Gu et al., 2011;
Han et al., 2018; Igbal et al., 2011; Wossidlo et al., 2010). Following consideration of
the different methodologies, a protocol using DNA denaturing and antigen unmasking
with HCI only was used as this method is more extensively used in the literature, thus
allowing comparison of results to other published observations (Amouroux et al., 2016;
Han et al., 2018; Liu et al., 2014; Shen et al., 2014; Tsukada et al., 2015). Further, this
method has been demonstrated to be sensitive enough to detect differences between
zygotes of lean and obese mothers (Han et al., 2018), which is also a feature of the

current study.

Fertilized zygotes (stage PN3 to PN4) were collected 6 hours after fertilisation, and
successfully parthenogenetically activated 1C embryos were collected 6 hours after
activation time (see section 3.2.2.4). The zona pellucida was dissolved using Acid

Tyrode’'s Embryomax solution (Millipore, #MR-004D), followed by a brief wash in
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phosphate buffered saline (PBS) containing 1mg/ml polyvinylpyrrolidone (PVP,
Sigma) (PBS-PVP). Samples were fixed in 3.7% PFA-PBS for 20 minutes at room
temperature (RT), followed by two five-minute washes in PBS-PVP, then
permeabilised in 0.2% Triton X-100 (in PBS) for 10 minutes at room temperature,
followed by three five-minute washes in PBS-PVP. Samples were incubated in 4N HCI
solution for 10 minutes at RT, and washed thoroughly in 0.05% Tween-20 in PBS
(PBS-T). Samples were blocked overnight at 4°C in blocking solution (1% BSA, 0.02%
Triton X-100 in PBS), then incubated overnight at 4°C with mouse anti-5mC (1:200,
Biorad, #ab10805), and rabbit anti-5hmC (1:600, Active Motif, #39769), diluted in
blocking solution. Following three ten-minute washes in PBS-T, samples were
incubated for one hour at RT, while protected from light, with Alexa Fluor 594-
conjugated goat anti-mouse (1:500, Invitrogen) and Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibodies (1:1000, Invitrogen). Samples were mounted on
slides with 1.5uL Prolong™ Diamond Antifade Mountant (Invitrogen, #P36965) and
examined using a confocal microscope (Olympus FV3000). Images were acquired
using the same image acquisition settings. Pronuclear size and staining intensity was
calculated using ImageJ software. Mean signal intensity was calculated first by
subtracting the signal from the cytoplasmic area (representing background staining),

then dividing by the area of the pronuclei.

3.2.9.3 Blastocyst differential stain

Blastocysts were fixed late on day 5 in 4% PFA-PBS overnight at 4°C. Samples were
washed once in PBS-PVP and incubated for 5 min at RT in 0.1M glycine, followed by
3x 5 min washes in PBS-PVP. Samples were permeabilised in 0.5% Triton X-100 for
30 min at RT, washed 3x in PBS-PVP and blocked for 1 hour at RT in 10% donkey
serum (Sigma). Primary antibodies were diluted 1:500 (Oct 3/4 Santa Cruz #sc-8626,
CDX2 Abcam #ab76541) in 10% donkey serum and samples incubated overnight at
4°C. Following 3x 5 min washes in PBS-PVP, samples were incubated in secondary
antibodies at a dilution of 1:1000 for 1 hour (Life technologies, Alexa Fluor 594 donkey
anti-rabbit and Alexa Fluor 488 donkey anti-goat), with 1:250 Hoescht-3342 added for
the final 10 minutes of the incubation. Samples were mounted using Prolong™
Diamond Antifade Mountant (Invitrogen, #P36965) and imaged using a Cell Voyager

CV1000 spinning disc confocal (Yokogawa) with a 40x objective and z-stacked with a
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0.8uM step height. Z-stacks were imported to Image J and a maximum intensity z-

project was created to enable counting of individual cells.

3.2.10 Statistical analysis

Results are presented as mean + SEM. Telomere, mtDNA per cell, and total mtDNA
copy number displayed as mean + SEM overlayed on a violin plot to illustrate the
distribution of data points. Analysis of normality showed that telomere and mtDNA data
required log transformation for statistical analysis. Statistical analysis was performed
using Graph Pad Prism version 8 for Windows (GraphPad Software Inc., La Jolla, CA)
and SPSS Statistics 26 (IBM, Armonk, NY). Paired t-test, unpaired t-test, one-way
analysis of variance (ANOVA, comparison of means), and linear-mixed effects models

were used as indicated and statistical significance was considered at P-value <0.05.
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3.3 Results

3.3.1 Telomere length and mtDNA copy number remain stable

throughout oocyte maturation

Expression of telomere associated genes was measured throughout the oocyte
maturation process. Oocytes from unstimulated 21 day old mice were collected as a
baseline since they are immature (GV) oocytes in prophase | within secondary to small
antral follicles. In parallel, oocytes were collected from large antral follicles of 6 week
old females to represent GV oocytes from the final stage of follicle growth prior to
ovulation and in the absence of exogenous gonadotropin stimulation. In order to
analyse oocytes at specific subsequent stages of maturation, oocytes were isolated
24h and 48h after PMSG stimulation to represent immature oocytes at different stages
of growth and address the potential impact of gonadotropin stimulation. Finally,
oocytes were isolated from the oviduct at 16h post-hCG after ovulation has occurred
and the oocytes have completed maturation and are at Mll (Fig. 3.1). TRF1 and TRF2
(Fig. 3.1 A and B, respectively) had relatively stable expression throughout, with a
possible upregulation between the 48 hours post-PMSG (GV oocyte) and 16 hours
post-hCG (MII oocyte) stages, although this was inconsistent between samples. PML
showed a substantial upregulation between oocytes collected from 21-day old and 6-
week old unstimulated mice which did not appear to occur with PMSG stimulation (Fig.
3.1 C). Similar to TRF1 and TRF2, PML showed an indication of upregulation between
the PMSG-stimulated GV and MIl oocyte stages. Consistent with PML, BLM
expression also appeared to be upregulated in oocytes from 6-week old unstimulated
mice when compared to 21-day old mice (Fig. 3.1 D). This upregulation was once
again not apparent following PMSG stimulation, but was markedly upregulated
between GV and MIl oocytes. Contrasting to the two genes encoding ALT-related
proteins, expression of the TERT gene was reduced in 6-week old unstimulated mice
compared to 21-day old mice, and this lower level of expression remained stable
throughout PMSG stimulation (Fig. 3.1 E). However, in a similar fashion to BLM, TERT
expression was upregulated following hCG stimulation. Due to the interesting potential
upregulation in each of these telomere associated genes between the GV and Ml
stages of oocyte maturation, we next investigated whether the telomere lengths of

oocytes change during this time.
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Individual GV and MII oocytes were analysed for relative telomere content and total
mtDNA copy number using the Triple Test (Fig. 3.2). Oocytes were analysed from both
CBA inbred mice and CBA.F1 hybrid mice to account for possible strain-related
differences as hybrid mice are known to have greater developmental competence
following IVF than inbred mice. Telomere lengths were not different between GV and
MII oocytes in either strain of mouse (Fig. 3.2 A), which was not unexpected due to
the absence of DNA replication between meiosis | and meiosis Il. mtDNA copy number
did not increase during oocyte maturation (Fig. 3.2 B) consistent with previous reports
(Mahrous et al., 2012).

This study is the first to analyse these telomere-associated genes in an oocyte
maturation time course. The age of the mice that oocytes were collected from in the
absence of gonadotropin stimulation was a factor in the level of expression for PML,
BLM and TERT, but not TRF1 and TRF2. PMSG stimulation (24h) was seen to
downregulate the expression of PML and BLM when compared to oocytes from 6-
week old unstimulated mice, but not the other genes analysed. Expression of PML
was higher, and TERT lower, in oocytes collected 48 hours after PMSG stimulation
than those collected 24 hours after stimulation, suggesting that PMSG and/or follicle
growth may play a role in the regulation of these genes. Finally, for all genes analysed,
although one of the two pools of oocytes collected after hCG stimulation showed
higher levels of expression than the other, expression of BLM and TERT was
consistently higher in both pools than 48h post-PMSG stimulation, suggesting that the
completion of follicle growth, ovulation and meiosis | may play a role in the regulation
of these genes. While GV and MII oocytes differed in expression of analysed genes,
telomere lengths were not detectably different between these two oocyte stages.
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Figure 3.1. Expression of telomere binding and extension-associated proteins
throughout oocyte maturation

MRNA expression of gene products with roles in telomere binding (A, B), ALT
mediated- (C, D) or telomerase-mediated telomere elongation (E) were analysed
throughout oocyte maturation. Oocytes were collected from female C57/BL6 mice (21
days old or 6 weeks old) either without hormonal stimulation, at 24 or 48 hours post-
PMSG stimulation, or at 16 hours post-hCG stimulation and fully denuded oocytes
were frozen in groups of 40 for cDNA synthesis and RT-PCR. mRNA expression was
first normalised to B-actin expression and then calculated relative to 21 day old
unstimulated mice to give 299¢t n=2 pools of 40 oocytes collected from two

independent experiments.
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Figure 3.2. Telomere length and mtDNA copy number in GV and MIl oocytes

Female CBA or CBA.F1 mice (6 weeks old) were stimulated with PMSG and oocytes
collected either 45 hours later (GV oocytes) or underwent hCG stimulation 47 hours
later and collected at 14.5 hours post-hCG (MIl oocytes). Oocytes were denuded,
individually frozen and underwent Triple Test gPCR for telomere, Rn18S, and mtDNA.
Relative telomere length was calculated relative to a calibrator sample (A) and total
mtDNA copy number (B) was calculated from the standard curve. For CBA, n=80 GV
and n=75 MIl oocytes, and for CBA.F1 telomere n=42 GV and MIl oocytes. Log
transformed data analysed using unpaired t-test. No significant differences in telomere
length or mtDNA copy number were detected. Shaded areas represent the population

distributions, while horizontal lines represent mean + SEM.

147



3.3.2 Telomere elongation occurs throughout pre-implantation

embryogenesis

Gene expression patterns of multiple telomere associated genes were examined
throughout pre-implantation embryogenesis to look for identifying trends in elongation
mechanisms (Fig. 3.3). TRF1 and TRF2 were both decreased in expression by the 2C
stage compared to MIl oocytes and remained lower through the blastocyst stage (Fig.
3.3 A and B, respectively). Other telomere binding proteins, RIF1, CTC1, and TEN1,
also showed dynamic regulation however no distinct patterns were evident (Fig. 3.3,
C, D and E, respectively). RIF1 mRNA remained at relatively similar levels throughout
the stages analysed. CTC1 was highest at 2C and lowest at 8C. TEN1 mRNA was
lower at each of the embryonic stages compared to MIl oocytes. Interestingly, RTEL1
expression increased around the time of embryonic genome activation (late 2C stage),
and progressively decreased from there (Fig. 3.3 F). Both PML and BLM showed
decreased expression in embryos compared to MIl oocytes (Fig. 3.3 G and H),
however PML mRNA was often elevated in 8C embryos. Surprisingly, TERT showed
very low levels of expression throughout all cleavage stages, including at the
blastocyst stage although one of three samples was dramatically higher (Fig. 3.3 1).
TZAP mRNA levels were investigated to indicate whether telomere trimming
processes may be occurring during this period and showed a very distinct pattern, with
MIl oocytes and 2C embryos exhibiting the highest expression, which progressively
decreased with each subsequent cleavage (Fig. 3.3 J). ZSCAN4 was used to validate
the mRNA time course as the regulation pattern of this gene has been well
characterised and is known to be selectively expressed in late 2C embryos (Falco et
al., 2007). Its involvement in telomere maintenance has been characterised, and it
also plays a key role in mouse embryonic stem cells, where transient expression is
associated with elongation of telomeres and these cells are referred to as being in a
2-cell like state during this period (Zalzman et al., 2010). As expected, high expression
of ZSCAN4 was specific to the 2C stage in the mRNA time course (Fig. 3.3 K) and this
was further validated with immunofluorescence (Fig. 3.3 L).

Next, telomere elongation patterns were analysed at the same developmental stages
(Fig. 3.4). Both hybrid and inbred embryos were examined as previous studies
suggested that telomere elongation between MIl oocytes and zygotes was strain
dependent (Liu et al., 2007). Embryos were derived from four different strain
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combinations: CBA.F1 hybrid mice, CBA ¢ with C57/BL6 & - to generate hybrid F1
embryos, CBA inbred mice, and C57/BL6 inbred mice. To ensure analysis of
representative development, multiple rounds of IVF were performed with subsets of
embryos collected for measurement at each stage. Embryos of each type exhibited
marked telomere elongation at the blastocyst stage when compared to MIl oocytes
(Fig. 3.4 A). Interestingly both hybrid embryo types showed incremental increases in
telomere length at successive analysed stages, with increases in telomere length seen
from MIl to 2C, and from 2C to 8C, whereas inbred embryos only saw substantial
elongation by the blastocyst stage (Fig. 3.4 A). To further clarify the scale of telomere
elongation occurring with each cell cycle, mean relative telomere length (from Fig. 3.4
A) was converted to a percentage of final length reached (Fig. 3.4 B, Supp. Table 3.2).
As blastocyst telomere length is considered the “set point” for the offspring
(Schaetzlein et al., 2004), this was converted to 100%, i.e. the “final” telomere length.
As the MIl oocyte is the initial length measured for this time course, this was set at 0%,
with the intervening stages calculated as a percentage of the final telomere length
(blastocyst). In hybrid embryos, up to 45% of the final telomere length was reached in
three cell cycles (8C stage), whereas the two inbred crosses observed less than one
fifth of their final length reached by the same point (Fig. 3.4 B). All embryo derivations
appeared to show the most substantial gain in telomere length between the 8C and

blastocyst stage.

The onset of compaction begins at the late 8C stage of development and signifies the
onset of polarisation (Johnson and Ziomek, 1981). As this is a major event during pre-
implantation embryo development, the relative change in telomere length prior to, and
after compaction was analysed (Fig. 3.4 C). As the scale for relative telomere length
varies greatly between strains (Fig. 3.4 A, y-axis), the fold change in relative telomere
length was calculated for the pre-compaction (from MIl oocytes to 8C embryos) and
post-compaction (from 8C embryos to blastocysts) stages of development (Fig. 3.4
C), to further gauge the extent to which telomere elongation was occurring in these

distinct stages of development.

Interestingly, despite pre-compaction elongation only accounting for 45% of the final
telomere length in CBA.F1 hybrid embryos (Fig. 4.3 B), the fold change difference in
telomere length was greater in pre-compaction than post-compaction development
(Fig. 4.3 C, 2.4-fold compared to 1.7-fold, respectively). In CBAXC57/BL6 hybrid
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embryos, the fold change in telomere length was relatively consistent between the pre-
and post-compaction stages (Fig. 3.4 C, 1.56-fold and 1.65-fold, respectively). For
inbred embryos, while the fold change was different between strains (CBA and
C57/BL6), the overall trend in telomere length fold change was consistent, with double
the elongation occurring after compaction than prior to (Fig. 3.4 C, CBA 0.9-fold and
2-fold, and C57/BL6 1.6-fold and 3.2-fold, for the pre- and post-compaction stages,
respectively). This indicates that, consistent with the proportion of lengthening analysis
(Fig. 3.4 B), inbred embryos appear to undergo the most substantial telomere

elongation after compaction has been initiated.

In vitro culture is known to impact embryo developmental competence, as such
telomere length was assessed in embryos from different derivation methods. Telomere
length in 2C embryos derived either through in vitro fertilisation (IVF) or fertilised in
vivo (via mating) and flushed from the tract at the 2C stage were assessed to
determine if the telomere elongation seen at this pre-compaction phase is an artefact
of the IVF process or conversely if IVF negatively impacts telomere length (Fig. 3.4
D). CBA.F1 embryos were generated as these displayed elongation between the Mii
and 2C stages of development (Fig. 3.4 A, B). Embryos were collected from three
independent experiments and 2C development rates did not differ between the groups
(mean £ SD: in vitro 72.67 £ 9.29%, in vivo 75.64 + 3.03%). Telomere lengths did not
differ (Fig. 3.4 D, p=0.473), indicating that the mode of conception did not impact

telomere elongation events within the first cell cycle.

To determine if telomere elongation continues in the ICM (inner cell mass) after day 5
of development, ICMs were immunosurgically isolated from day 5 and day 6
blastocysts (Fig. 3.4 E). Telomere length did not change with an additional day of
development (Fig. 3.4 E, p=0.3). Thus, although this culture system may not faithfully
recapitulate all aspects of in vivo development, these results indicate that further ICM

telomere lengthening does not occur beyond day 5.

As telomere elongation events showed strain specific differences, both total mtDNA
copy number and relative mtDNA per cell were also analysed (Fig. 3.5). Total copy
number patterns maintained a degree of consistency between strains, with relatively
small to no change in copy number throughout the cleavage stages (Fig. 3.5 A). In
particular, the CBAXC57/BL6 and C57/BL6xC57/BL6 embryos exhibited no detectable

changes following fertilisation through to blastocyst development, and CBA.F1 and
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C57/BL6 blastocysts contained more mtDNA in blastocysts than MIl oocytes (Fig. 3.5
A). The relative mtDNA per cell showed the expected trend that was consistent
between all strains of embryos, with the relative mtDNA content decreasing with each
successive cell division as the mitochondria, and thus mtDNA are segregated into
each new blastomere (Fig. 3.5 B). As expected, MIl oocytes contained the highest
guantity of mtDNA per cell in all strains, and blastocyst contained the least. Therefore,
unlike telomeres, mtDNA copy number and mtDNA segregation do not show

differential characteristics based on the strain of the embryo.

Mitochondrial DNA content was analysed comparing in vitro and in vivo derived 2C
embryos to determine if the mode of conception impacted mtDNA copy number (Fig.
3.5 C, D). In line with telomere elongation, total mtDNA copy number was not different
between the two different types of 2C embryos, and therefore the relative mtDNA per

cell was also unchanged (Fig. 3.5 C p=0.142 and D p=0.908, respectively).

Mitochondrial DNA per cell was also compared in day 5 and 6 ICMs (Fig. 3.5 E) which,

consistent with observations of telomere length, were not different (p=0.731).

Cumulatively, these experiments demonstrate that telomere elongation during pre-
implantation embryogenesis showed strain-specific patterns in the pre- and post-
compaction stages of development (MIl to 8C and 8C to blastocyst), with hybrid
embryos exhibiting elongation during both stages and inbred embryos predominantly
displaying elongation during the post-compaction stage (8C to blastocyst). Further,
identification of specific telomere regulatory proteins exhibiting regulated expression
during these same stages sheds light on the mechanisms by which the dynamic

changes in telomere length occur.
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Figure 3.3. Expression of telomere binding and extension associated proteins
throughout pre-implantation embryogenesis

MRNA expression of gene products with roles in telomere binding (A-F), ALT
mediated- (G & H) or telomerase mediated-telomere elongation (I), and telomere
trimming (J) were analysed throughout pre-implantation embryo development.
Oocytes were collected from female CBA.F1 mice at 14.5 hours post-hCG stimulation,
fertilised via IVF and cultured to the indicated stages. mMRNA expression was
normalised to B-actin expression and then calculated relative to MIl oocytes to give 2
ddCt  7scan4 expression (K) was further validated by immunofluorescence in 2C
embryos (L). n=3-4 pools of 40 oocytes or embryos collected from independent
experiments.
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Figure 3.4. Telomere elongation dynamics throughout pre-implantation

embryogenesis

Oocytes were collected from female CBA, C57/BL6 or CBA.F1 mice and fertilised with
sperm from a male of the indicated strain via in vitro fertilisation (IVF) and cultured.
Individual denuded oocytes or embryos were frozen for Triple Test gPCR analysis.
Relative telomere length was calculated relative to a calibrator sample (A) and then
converted to a proportion of lengthening with MIl set as 0% of the final length, and
blastocyst set as 100% of the final length (B), with proportion of lengthening to the 8C
stage indicated. Further, the fold change in relative telomere length was calculated (C)
from MIl oocytes to 8C embryos (pre-compaction), and from 8C embryos to
blastocysts (post-compaction). Minimum number of oocytes or embryos analysed was
MIl n=17, 2C and 4C n=37, 8C n=39, blastocyst n=41. For exact n-values, refer to
Supplementary Table 3.1. 2C embryos were generated by IVF or flushed from the
oviduct following mating (in vivo) and relative telomere length compared (D). n= 157
IVF and n=176 in vivo derived 2C embryos. Isolated ICM populations from day 5 and
day 6 blastocysts were compared for relative telomere length (E). n=16 day 5 and
n=21 day 6 ICMs. Data was log transformed for statistical analysis using a linear
mixed-effects model (A) where different lowercase letters indicate statistical
significance between groups of at least p<0.05, or unpaired t-test (D, E). Statistical
analysis was not conducted on data in B or C. For A, D, and E, shaded areas represent

the population distributions, while horizontal lines represent mean + SEM.
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Figure 3.5. Mitochondrial DNA dynamics throughout pre-implantation

embryogenesis

Oocytes were collected from female CBA, C57/BL6 or CBA.F1 mice and fertilised with
sperm from a male of the indicated strain via in vitro fertilisation (IVF) and cultured to
the indicated stages. Total mtDNA copy number per embryo was calculated using the
standard curve method (A) and as mtDNA per Rn18S copy (i.e. relative to cell number)
(B). Minimum number of oocytes or embryos analysed was MIl n=17, 2C and 4C n=37,
8C n=39, blastocyst n=41. For n-values, refer to Supplementary Table 3.1. IVF derived
2C embryos were compared to in vivo derived 2Cs to determine if the mode of
derivation influences mtDNA total copy number (C) and relative mtDNA per cell (D).
n= 157 IVF and n=176 in vivo derived 2C embryos. Isolated ICM populations from day
5 and day 6 blastocysts were analysed to compare mtDNA content per cell (E). n=16
day 5 and n=21 day 6 ICMs. Data was log transformed for statistical analysis using a
linear mixed-effects model (A, B) where different lowercase letters indicate statistical
significance between groups of at least p<0.05, or unpaired t-test (C-E). Shaded areas

represent the population distributions, while horizontal lines represent mean + SEM.
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3.3.3 Telomere length is reset following fertilisation, prior to the first
mitosis

A critical time for embryo development is fertilisation, the event that triggers the
completion of meiosis and results in the formation of the embryonic genome. To
characterise changes in telomeres and mtDNA following fertilisation, telomere length
and mtDNA were examined at 6 hours after fertilisation in comparison to sperm and
individual MIl oocytes (Fig. 3.6). This post-fertilisation time point was selected because
at this time the paternal genome has been remodelled by undergoing extensive
demethylation and protamine to histone transfer. The Triple Test was used to analyse
sperm, oocytes, and zygotes from CBA.F1 mice (Fig. 3.6), due to their consistent

incremental pre-implantation elongation pattern (Fig. 3.4 A, B).

Proliferating spermatogonia are known to have high telomerase activity levels and as
a consequence, sperm have considerably lengthened telomeres (Ozturk, 2015).
Oocytes were found to have shorter telomeres than sperm (Fig. 3.6 A), and more
mtDNA per Rn18S copy (Fig. 3.6 B). Previous assays demonstrated that telomeric
DNA in 2C embryos was relatively similar to that in MIl oocytes (Fig. 3.4 A, B),
suggesting that sperm telomeres are not maintained into the 2C embryo stage. To
examine post-fertilisation modifications to telomeric DNA content, fertilised zygotes
(confirmed by presence of two pronuclei, Sup. Fig. 3.1 A) were analysed. Within six
hours of fertilisation, telomere length in the zygotes was not only shorter than in sperm,
but also shorter than the starting oocytes (Fig. 3.6 A), suggesting that telomere
trimming pathways may be activated upon the presence of disproportionately long
telomeres from the sperm-derived paternal genome. Relative mtDNA showed a
reduction after fertilisation due to the increase in genomic DNA (Fig. 3.6 B), however
the total mtDNA copy number was not affected by fertilisation (Fig. 3.6 C, p=0.638).

These findings demonstrate that telomere length regulation during pre-implantation
embryogenesis is a highly dynamic process, beginning with telomere trimming
immediately after fertilisation (Fig. 3.6), prior to the first mitosis, and then exhibiting
elongation until the set point is reached at the blastocyst stage (Fig. 3.4).
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Figure 3.6. Telomere length and mtDNA copy number following fertilisation

Oocytes were collected from CBA.F1 mice, denuded of cumulus cells and individually
frozen or fertilised via IVF. Fertilised zygotes were confirmed by the presence of two
visible pronuclei and individually frozen. Sperm samples were acquired at the time of
IVF from different males. All samples underwent the Triple Test to analyse relative
telomere length (A), mtDNA relative to Rn18S (B), and total mtDNA copy number (C).
n=20 pools of sperm from individual males, n=113 MIl oocytes and n=133 zygotes.
Data was log transformed for statistical analysis using one-way ANOVA (A, B) or
unpaired t-test (C), * p<0.03, **** p<0.0001. Shaded areas represent the population

distributions, while horizontal lines represent mean + SEM.
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3.3.4 Parthenogenetically activated embryos display similar

telomere dynamics to IVF embryos

To determine the extent to which oocyte factors regulate telomere elongation, this
process was examined in parthenogenetic embryos. Parthenogenetically activated
embryos are generated by exposing unfertilised oocytes to medium containing
strontium which triggers calcium release from the endoplasmic reticulum and exit from
meiosis, and induces embryo formation. IVF fertilised zygotes contain distinguishing
features of two polar bodies and two pronuclei (one maternal and one paternal
pronucleus, Sup Fig. 3.1 A). In parthenogenetic embryo studies, it is important to
determine which type of embryos develop out of the three possible types: haploid
parthenotes, homozygous parthenotes (which become diploid through auto-
diploidization), or heterozygous diploid parthenotes (Bos-Mikich et al., 2016).
Heterozygous diploid parthenotes are easily distinguishable from the other two types
as use of an inhibitor of actin filament polymerisation (cytochalasin D) means the
second polar body is not extruded, indicating that all the genomic material within the
MIl oocyte is retained. The parthenogenetically activated embryos used in this study
are heterozygous diploid, meaning they contain the two sister chromatids of each
maternal chromosome, as successfully activated one cell embryos retain the second
polar body and display two pronuclei (Sup Fig. 3.1 B). Heterozygous diploid embryos
were used as their diploid status means that they retain the same number of
chromosomes as are found in a fertilised zygote, and their heterozygosity indicates
that a small degree of genetic variation (formed from the crossovers in prophase |) is

present between homologous chromosomes.

Firstly, to further characterise these embryos, epigenetic reprogramming between
parthenotes and IVF embryos was examined (Fig. 3.7). The global methylation
landscapes of the pronuclei were analysed by comparing fluorescence intensities of
5mC and 5hmC (Fig. 3.7 A). IVF-derived zygotes exhibited the expected
characteristics indicating that these embryos are undergoing normal reprogramming
processes. Specifically, the paternal pronuclei was larger in area than the maternal
pronuclei (Fig. 3.7 B). The maternal pronuclei had higher levels of 5mC fluorescence
intensity than the paternal pronuclei (Fig. 3.7 C), and on the other hand, the paternal
pronuclei had higher levels of 5hmC fluorescence intensity (Fig. 3.8 D). Unexpectedly,
in parthenogenetic embryos (i.e. activated 1C embryos) the size of the pronuclei was
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not similar to that of the maternal pronuclei in IVF zygotes despite consisting only of
maternally derived chromosomes (Fig. 3.7 B). Instead, the size was different to both
the maternal and paternal IVF pronuclei, being intermediate to the size of each, and
both of the parthenogenetic pronuclei were similar in size to each other (paired t-test,
p=0.9741). Unlike the IVF pronuclei, the parthenogenetic pronuclei did not exhibit
differential methylation, i.e. the 5mC and 5hmC mean fluorescence intensity levels
were similar (Fig. 3.7 C and D, respectively). The fluorescence intensities of the
pronuclei from IVF or parthenogenetically derived embryos was converted to a ratio of
paternal to maternal fluorescence for IVF embryos, and pronuclei 1 to pronuclei 2 for
parthenogenetic embryos (Fig. 3.7 C and D, right y-axis). The ratio of 5mC from IVF
zygotes was below one, indicating that the maternal pronuclei has a higher level of
fluorescence than the paternal pronuclei, which was lower than the ratio for
parthenotes, with the mean ratio at 1.07, meaning the pronuclear 5mC fluorescence
was close to identical (Fig. 3.7 C). The mean ratio of 5hmC in IVF zygotes was 3.22
which is consistent with the paternal pronuclei having higher 5ShmC abundance than
the maternal pronuclei (Fig. 3.7 D). This ratio was higher than the ratio in parthenotes
which, similarly to 5mC, had a mean ratio of 1.06 as the fluorescence between the
pronuclei was once again close to identical (Fig. 3.7 D). Together these results indicate
that parthenogenetically activated embryos have dysregulated epigenetic
programming, specifically they remain at a midpoint six hours after activation, and lack

the differential characteristics of normal maternal or paternal pronuclei.

Following the demonstration that epigenetic reprogramming is greatly dysregulated in
parthenogenetically activated embryos, telomere length reprogramming was
investigated (Fig. 3.8). Firstly, parthenotes were examined to determine whether
activation resulted in a similar overall telomere length decrease that was seen in IVF
zygotes six hours after fertilisation (Fig. 3.6 A). Fully denuded MIl oocytes and
successfully activated parthenogenetic 1C embryos were individually frozen and
analysed using the Triple Test (Fig. 3.8 A-C). Activated 1C embryos had shorter
telomeres than MIl oocytes (Fig. 3.8 A) and total mtDNA copy number was not
changed (Fig. 3.8 B), consistent with what was seen in IVF zygotes (Fig 3.6). The
relative mtDNA per cell remained unchanged between MIl oocytes and activated 1Cs
(Fig. 3.8 C), as there was no change to the total quantity of genomic DNA. Due to the

consistency in telomere shortening events following fertilisation (Fig. 3.6 A) and
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strontium-induced activation (Fig. 3.8 A), telomere elongation throughout pre-
implantation embryogenesis was investigated in parthenogenetically activated
embryos (Fig. 3.8 D-F). Telomere elongation occurred in a step-wise manner in
parthenogenetic embryos (Fig. 3.8 D), with 4C embryos having longer telomeres than
MIl oocytes, and the most pronounced increase occurring between the 8C and
blastocyst stage. When converting telomere elongation with each cell cycle to a
proportion of lengthening, it is clear that pre-compaction elongation in parthenogenetic
embryos contributes to the final telomere length to a much lesser extent than in IVF
embryos, as only 14% of the final telomere length was achieved during pre-
compaction development (Fig. 3.8 E) compared to 45% in IVF embryos (Fig 3.4). The
fold change difference in telomere length prior to and after the onset of compaction
was examined (Fig. 3.8 F). While the fold change difference during pre-compaction
development was only slightly lower to that in IVF embryos (Fig. 3.8 F at 1.9 fold, and
Fig. 3.4 C at 2.4 fold, respectively), parthenogenetic embryos displayed excessive
telomere elongation post-compaction when compared to IVF embryos (Fig. 3.8 F at
4.1 fold, and Fig. 3.4 C at 1.7 fold, respectively). This indicates that despite epigenetic
reprogramming dysregulation in parthenogenetic zygotes, embryos still exhibit
telomere reprogramming, albeit exacerbated post-compaction in comparison to IVF

embryos.

Mitochondrial DNA trends were also analysed and these were consistent with the
overall trend of IVF embryos, with total mtDNA copy number remaining relatively
stable until mtDNA replication at the blastocyst stage where there was an increase
(Fig. 3.8 G), and relative mtDNA per cell decreasing with each successive cleavage
(Fig. 3.8 H).

Embryo quality, reflected by blastocyst cell numbers, was compared between day five
IVF and parthenogenetically derived blastocysts (Fig. 3.9). Blastocysts were co-
stained with Oct 3/4 antibody to specifically label the nucleus of inner cell mass (ICM)
cells, and CDX2 to label the nucleus of trophectoderm (TE) cells, with all cell nuclei
labelled with the DNA stain Hoechst, to allow counting of cells in each category (Fig.
3.9 A). No difference was observed in the number of cells within the ICM of each
blastocyst type (Fig. 3.9 B, p=0.459), however parthenotes had more TE cells than
IVF blastocysts (Fig. 3.9 C) and this lead to an increase in the total cell number (Fig.

3.9 D). Despite the increase in TE and therefore total cell number, the overall
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percentage of total cells comprising the ICM was not different between the groups (Fig.
3.9 E, p=0.826). TE proliferation is known to coincide with an upregulation of mtDNA
replication (St. John et al., 2010), so total mtDNA copy numbers were compared in
whole blastocysts (Fig. 3.9 F), and increased TE proliferation was associated with a

higher total mtDNA copy number in the parthenogenetic blastocysts.

Taken together, these results indicate that while parthenogenetic embryos have
aberrant epigenetic reprogramming, they are still able to undergo telomere length
reprogramming, indicating that this is likely controlled (at least pre-compaction) by
maternal factors inherited by the MIl oocyte (MRNA and proteins). The observation
that telomeres shorten following activation (Fig. 3.8 A), even though there is no
addition of disproportionately long telomeres from sperm, indicates that this is also
likely a maternally pre-programmed mechanism. At day 5, parthenogenetic
blastocysts have a higher total cell number due to increased TE proliferation, and
therefore higher mtDNA copy number (Fig 3.9 D, C, F, respectively). This suggests
that the parthenogenetic embryos are developing at a faster rate than IVF blastocysts,
and their dysregulated epigenetic reprogramming may mean that elongation events
post-compaction are exacerbated or persist longer than in IVF embryos, leading to a
greater fold increase post-compaction in parthenogenetic embryos than IVF (Fig. 3.8

F and Fig. 3.4 C, respectively).
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Figure 3.7. Methylation patterns in fertilised zygotes and parthenogenetically

activated once-cell embryos

IVF derived zygotes or parthenogenetically activated 1C embryos were collected 6
hours after fertilisation or activation, respectively, and co-stained with anti-5mC (red)
and anti-5hmC (green) antibodies (A). Pronuclei size was measured (B) and signal
intensity fluorescence levels were quantified for 5mC (C) and 5hmC (D) in zygote and
1C pronuclei. Data presented as signal intensity for maternal (Mat.), paternal (Pat.), or
either parthenogenetic pronuclei (PN) on the left axis, and the ratio of the signal for
the paternal and maternal, or PN1 and PN2 on the right axis. Data analysed using
one-way ANOVA (B) or unpaired t-test (C, D). For (B), statistical significance
determined as p<0.05, for (C) and (D), * p<0.05, ** <0.005, **** p<0.0001, ns = not

significant.
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Figure 3.8. Telomere length regulation characteristics in parthenogenetic

embryos

CBA.F1 Ml oocytes were parthenogenetically activated using strontium chloride and
cultured to the indicated stages. Individual denuded oocytes, activated one cells, and
embryos were frozen for Triple Test gPCR analysis. Relative telomere length was
calculated (A, D). Total mtDNA copy number was calculated using the standard curve
method (B, G) and mtDNA per Rn18S copy (i.e. relative to cell number) was calculated
(C, H). Telomere length was converted to a proportion of lengthening with Ml set as
0% of the final length, and blastocyst set as 100% of the final length (E), with proportion
of lengthening to the 8C stage indicated. Further, the fold change in relative telomere
length was calculated (F) from MIl oocytes to 8C embryos (pre-compaction), and from
8C embryos to blastocysts (post-compaction). For A-C n=92 MIl oocytes and n=111
activated 1Cs, for embryogenesis time course, Mll oocytes n=17, 2C n=50, 4C n=49,
8C n=51, blastocyst n=79. Data was log transformed for statistical analysis using an
unpaired t-test (A-C), **** p<0.0001, or linear mixed-effects model (D, G, H), p<0.05.
For A-D, G, H, shaded areas represent the population distributions, while horizontal

lines represent mean + SEM.
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Figure 3.9. Day 5 blastocyst development in IVF and parthenogenetic

blastocysts

CBA.F1 IVF or parthenogenetic derived blastocysts were collected late on day five
and underwent immunocytochemistry to identify and count specific cell populations
(A). Blastocysts were labelled with Oct3/4 (green) to define the ICM (B), CDX2 (red)
to define the TE (C), and Hoechst (blue) to identify all cells (D). The percentage of
inner cell mass cells from the total cell number was calculated (E). n=25 IVF and n=17
parthenogenetic blastocysts. Total mtDNA copy number was analysed in individual
blastocysts (F) and log transformed for statistical analysis. n=62 IVF and n=63
parthenogenetic blastocysts. Data analysed using unpaired t-test, * p<0.05, ****
p<0.0001. For F, shaded areas represent the population distributions, while horizontal

lines represent mean + SEM.
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3.3.5 Male and female embryos do not differ in telomere length or

MtDNA content at the blastocyst stage

Male and female embryos are known to show several sex differences, such as male
mouse embryos forming blastocysts faster than female embryos (Tsunoda et al.,
1985), proteomic (Epstein et al., 1978) and metabolic differences (Gardner and Leese,
1987) due to female embryos having two active copies of the X-chromosome prior to
X-inactivation, and female mouse embryos having higher glucose uptake than male
embryos (Lane and Gardner, 1996). While adult females are known to have longer
telomeres than males, there is no difference in telomere length in male and female
newborns (Okuda et al., 2002). To determine if the sex of the embryo influenced
telomere elongation kinetics and therefore telomere length or mtDNA proliferation by
the blastocyst stage, male and female embryos were compared. To do this, a PCR
assay specific to the SRY gene, which is found on the Y chromosome and therefore
specific to male embryos, was used to determine the sex of the embryo following the
Triple Test (Fig. 3.10). Whole blastocysts were analysed and had their sex confirmed
by visualising SRY PCR products on an agarose gel (Sup Fig. 3.2 A). Male and female
embryos did not exhibit any differences in telomere length, mtDNA per cell, or total

mtDNA copy number (Fig. 3.10 A-C, respectively).

To more precisely rule out sex differences specifically in the embryonic lineage,
telomere length and mtDNA were measured in the ICM cells. Immunosurgery was
used to remove a substantial proportion of trophectoderm and enrich the relative
proportion of ICM (Sup Fig. 3.2 B-F). Once again, embryo sex did not have an effect
on telomere length or mtDNA content per cell (Fig. 3.10 D p=0.40 & E p=0.376,
respectively). Total mtDNA copy number was not analysed in ICM fractions due to
potential differences in cell numbers between samples. These results indicate that the
telomere length and mtDNA content of an embryo are regulated independent of

embryo sex or sex-specific gene regulation.

165



A Telomere B mtDNA per cell C mtDNA copy number
2.0+ 6 3x10¢
@
Q
1.5- E
4+ 2 2x105+
o % o
2 1.0- g T §
o~ o == o S &
24 < 1x106
0.5+ 2
E
0.0 . 0 . . 0 T .
Male Female Male Female Male Female
D Telomere E mtDNA per cell
2.0+ 4-
15 3
2 10 == 2 2 ==
- <7 - N
N @ N y Y
0.5 1
0.0 0

T T T T
Male Female Male Female

Figure 3.10. Telomere and mtDNA content in male and female embryos

IVF derived blastocysts from CBA.F1 mice were either left whole (A-C) or underwent
immunosurgery to obtain an enriched ICM component (D, E). Following Triple Test
analysis for relative telomere length (A & D), mtDNA per cell (B & E), and total mtDNA
copy number (C), embryos were assayed for the SRY gene to allow grouping by sex.
n=26 male and n=28 female whole blastocysts. n=30 male ICM and n=15 female ICM
fractions. Log transformed data analysed using unpaired t-test, no significant
differences were detected. Shaded areas represent the population distributions, while

horizontal lines represent mean + SEM.

166



3.3.6 IVF and parthenogenetically derived blastocysts display

differences in cell-specific telomere elongation

Both IVF and parthenogenetic embryos exhibit telomere elongation pre- and post-
compaction to achieve their blastocyst telomere length (Fig. 3.4 A-C, Fig. 3.8 D-F,
respectively) with parthenotes exhibiting a greater fold change in telomere length post-
compaction. To directly compare the two types of embryos, telomere length was
compared between whole blastocysts derived via IVF or parthenogenesis. The results
revealed that at the blastocyst stage, parthenotes had longer telomeres than IVF
embryos (Fig. 3.11 A). When relative mtDNA per cell was compared between whole
blastocysts no difference was observed (Fig. 3.11 B). Of note, parthenogenetic
blastocysts were shown to have a higher total cell number (Fig. 3.9 D) and higher total
mtDNA copy number (Fig. 3.9 F) than IVF blastocysts. Together these results suggest
that the parthenogenesis-derived blastocysts were at a slightly more advanced stage

of development than the IVF-conceived embryos.

To investigate whether there are any differences in telomere length or mtDNA in the
portion of the embryo that will form the foetus, these were analysed in the ICM and TE
cell populations of IVF and parthenogenetic blastocysts via manual dissection and the
Triple Test (Fig. 3.11 C-F). No differences were found in telomere length between the
two cell populations in parthenogenetic blastocysts (Fig. 3.11 C), however mtDNA per
cell was higher in the TE cells than the ICM (Fig. 3.11D). This observation is consistent
with the previous findings of increased TE proliferation in parthenogenetic blastocysts
leading to increased mtDNA copy number (Fig. 3.9 C, F). In IVF derived blastocysts,
telomeres in the ICM were longer than those in the TE (Fig. 3.11 E). mtDNA per cell
was not different in IVF blastocysts cell populations (Fig. 3.11 F), consistent with

upregulation of TE proliferation having not occurred yet in these embryos (Fig. 3.9 C).

Together these results indicate that telomere length regulation and mtDNA replication
are differentially regulated in the distinct cell types of blastocysts. In IVF blastocysts,
cells of the ICM undergo more extensive telomere elongation than the TE, likely as the
cells of the ICM enter a pluripotent stem cell fate which includes the use of telomerase
to maintain telomere length (Hiyama and Hiyama, 2007). These cells will go on to form
the foetus and as such required a lifetime of genome integrity. TE cells increase

proliferation prior to the ICM, and this corresponds with mitochondrial DNA replication
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occurring. Comparison of telomere lengths in ICMs and TE in parthenogenetic and
IVF blastocysts indicates that fertilised embryos exhibit greater telomere elongation in
ICMs than parthenotes. This suggests that even though parthenotes exhibit slightly
accelerated embryo development to the blastocyst stage, their ICM and TE telomere
lengthening is dysregulated. This further suggests that events activated by either
fertilization, or introduced by sperm play a role in programming ES cell telomere

elongation capacity.
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Figure 3.11. Telomere and mtDNA content in blastocyst ICM and TE cell

populations

Oocytes from female CBA.F1 mice were fertilised via IVF or parthenogenetically
activated using strontium chloride and cultured to the blastocyst stage. Whole
blastocysts were individually frozen (A, B), or fully hatched through dissolving the zona
pellucida using Acidic Tyrode’'s Solution, and manually dissected into the
trophectoderm (TE) and inner cell mass (ICM) populations which were frozen
separately for each blastocyst (C-F). Relative telomere length (A- whole blastocysts,
C- parthenogenetic cell populations, E- IVF cell populations) and mtDNA per cell (B-
whole blastocysts, D- parthenogenetic cell populations, F- IVF cell populations) were
calculated. For whole blastocysts IVF n=62 and parthenogenesis n=63. For blastocyst
cell populations IVF n=51, parthenogenesis n=48. Data was log transformed for
statistical analysis. Whole blastocysts were analysed using an unpaired t-test, and
blastocyst cell populations of the same embryo type were analysed using a paired t-
test, * p<0.02, ** p<0.007. Shaded areas represent population distributions, while

horizontal lines represent mean + SEM.
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3.3.7 Telomere elongation mechanisms are sensitive to culture

conditions

Historically, in vitro embryo culture was carried out in environments with similar gas
concentrations to atmospheric conditions, namely 20% oxygen (O2); however studies
revealed that the physiological concentrations of oxygen within the female
reproductive tract are around 5% (Fischer and Bavister, 1993). Culture of embryos in
atmospheric oxygen conditions (20%) has been widely associated with negative
impacts on pre-implantation embryos, including alterations to both the transcriptome
(Gardner and Lane, 2005; Rinaudo et al., 2006) and proteome (Katz-Jaffe et al., 2005),
compromised carbohydrate and amino acid metabolism (Wale and Gardner, 2012),
and poorer blastocyst and pregnancy outcomes (Ciray et al., 2009; Kovacic et al.,
2010; Kovacic¢ and Vlaisavljevi¢, 2008; Waldenstrom et al., 2009) than those cultured
in low oxygen (5%). As oxygen culture conditions affect many aspects of pre-
implantation embryo development and viability, the effect of high (20%) and low (5%)
oxygen conditions on telomere elongation and mtDNA per cell was investigated (Fig.
3.12). This analysis was conducted in hybrid embryos as these have been used for
other published analyses of telomere dynamics and display a distinct lengthening
pattern across development. Of note, all of the embryo cultures presented in this thesis

were conducted at 5% Oz, with the exception of this experiment.

First, embryo development rates were evaluated. High oxygen culture did not alter the
proportion of embryos that successfully cleaved to the 2C stage (96.77% low and 92%
high Oz), however, there were fewer embryos that reached the 8C stage on time
(91.11% low and 63.04% high O2). Similarly, fewer blastocysts formed (92.22% low
and 70.65% high O2), and further to this, fewer of the blastocysts that were cultured in
20% O2 had begun hatching on day 5 compared to those cultured in 5% O2 (95.18%
and 35.38%, respectively). These results are consistent with previous studies that
found delays in overall blastocyst development rates at 96 hours post-hCG, which was
normalised by 116 hours, however at this time the proportion of hatching blastocysts
was reduced in embryos cultured in 20% O2 compared to those cultured in 5% O2

regardless of culture media used (Jin and O’Neill, 2014).

ICMs from day 5 blastocysts that were cultured in either high or low oxygen conditions

were isolated using immunosurgery techniques and individually analysed for relative
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telomere length and mtDNA per cell using the Triple Test (Fig. 3.12). High oxygen
culture (20%) resulted in ICMs with shorter telomeres than those from embryos
cultured in low oxygen (5%, Fig. 3.12 A). Conversely, mtDNA per cell was higher in
the ICMs that had been in high oxygen culture than those in low oxygen (Fig. 3.12 B).
These results demonstrate that telomere elongation events are adversely impacted by

physiological stress conditions resulting from alterations to ideal culture conditions.
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Figure 3.12. Telomere elongation and mtDNA per cell in adverse high oxygen

culture conditions

Hybrid IVF embryos were cultured from fertilisation (day 1) to the blastocyst stage of
development (day 5) in identical culture conditions except for oxygen concentration,
which was at typical culture and physiologically relevant levels (low Oz at 5%), or
atmospheric levels (high Oz at 20%). Immunosurgery was used to isolate the ICM
population for Triple Test analysis of relative telomere length (A) and mtDNA per cell
(B). n=16 low Oz ICMs and n=18 high O2 ICMs. Log transformed data analysed using
unpaired t-test, *** p<0.0008. Shaded areas represent the population distributions,

while horizontal lines represent mean + SEM.
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3.4 Discussion

Cumulatively, this work has provided a more comprehensive overview of the dynamic
state of telomeres during pre-implantation embryogenesis. Telomeres are widely
known to be important regulators of cell cycle and life span, with short telomeres
associated with early onset of ageing characteristics and adverse health outcomes.
Defects in genes associated with telomere length homeostasis or telomere regulation
are also known to lead to a wide variety of diseases. Despite the extensive knowledge
of the roles and importance of telomeres and their length, there is relatively little
understanding of how telomeres are modified during the pre-implantation phase of
embryogenesis, a developmental window which is known to establish many life-long

trajectories for the offspring.

Telomere regulatory genes display dynamic expression

This study conducted the first characterisation of telomere associated protein gene
expression throughout oocyte growth and maturation (Fig 3.1). The journey to form a
fertilisable oocyte requires recruitment of follicles to the growing follicle pool and
culminates in ovulation, oocyte completion of meiosis | and arrest in meiosis II.
Interestingly, in the absence of exogenous gonadotropin stimulation, age was a
modulating factor for oocyte expression of several telomere genes. This observation
is consistent with the knowledge that transcription is actively occurring throughout
oocyte growth (reviewed in Christou-Kent et al., 2020), and that oocytes from 6-week
old mice are likely to have more follicles containing larger, more mature oocytes than
those from 21-day old mice, therefore allowing time for further accumulation of
transcribed mMRNAs. The differences in oocyte gene expression between 6-week old
unstimulated mice and those that had undergone PMSG stimulation is likely due to
PMSG-induced synchronisation of follicle growth and thus oocytes collected following
PMSG stimulation are more homogeneous. The latest time point analysed, 16h post-
hCG stimulation, was highly variable in contrast to the other time points, suggesting
that there are dynamic changes in expression between GV and MIl oocytes. Analysis
of telomeres between GV and MII oocytes showed no detectable difference in length,
which was anticipated as no DNA replication occurs after the initiation of meiosis.
Telomere elongation is known to occur during the S-phase of the cell cycle, however

the chromatin remains extremely condensed during meiosis, making it nearly
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impossible for proteins required for elongation to gain access to the telomeres during
this time. No changes in the total mtDNA copy number of the oocyte were observed
over this period either, which was expected, as mtDNA copy numbers have previously
been shown to increase during oocyte growth but not during meiotic maturation
(Mahrous et al., 2012).

This study was also the first to characterise a broad range of telomere associated
genes in a detailed pre-implantation embryogenesis time course, as there has been
little to no prior characterisation of many of the analysed genes. Of interest, TERT
MRNA levels were highest in MIl oocytes and substantially lower at the other analysed
stages. Telomerase activity has been characterised as being low to undetectable in
oocytes through to at least 4-cell embryos but greatly increased from the morula-
blastocyst transition (Liu et al., 2007, 2002; Turner et al., 2010; Wright, 2001),
observations which the mRNA expression data does not necessarily agree with.
Therefore, the mRNA levels may not necessarily reflect protein levels, and as such,
further characterisation of these proteins through assays such as Western blot
analysis to confirm the presence of protein and immunocytochemistry to look at
cellular localisation, are vital to progressing the understanding the mechanisms
responsible for telomere elongation during pre-implantation embryogenesis. In
addition, use of publically available RNA-seq databases will broaden the panel of
telomere elongation and maintenance genes able to be analysed, and also allow for
expression patterns between different mammalian species, such as human, mouse,

bovine, and non-human primates, to be compared.

Telomeres undergo trimming and elongation

Telomere length reprogramming during pre-implantation embryogenesis appears to
be a highly dynamic process including both telomere trimming and elongation
mechanisms. Work in hybrid embryos confirmed that sperm have longer telomeres
than MIl oocytes (Fig. 3.6 A), likely due to proliferating spermatogonia possessing high
levels of telomerase activity (Kalmbach et al., 2013). Interestingly though, zygote
telomeres were shortened 6 hours after fertilisation when compared to MIl oocyte
telomeres (Fig. 3.6 A). A likely explanation for this marked decrease in telomere length
is that regulatory mechanisms exist in oocytes to account for the major discrepancy in

sperm and oocyte telomere lengths. Telomere shortening to equalise lengths between
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the maternal and paternal telomeres could also play a functional role to allow for proper
pairing and segregation of homologous chromosomes after pronuclei fusion in the first
mitosis. Expression data for the telomere trimming-associated protein TZAP (J. S. Z.
Lietal., 2017) supports this notion of telomere trimming occurring following fertilisation
as the highest mMRNA abundance is in MIl oocytes and 2C embryos, and progressively
decreases with each subsequent cleavage (Fig. 3.3 A). Activated one-cell
parthenogenetic embryos also had reduced telomere length when compared to Mil
oocytes (Fig. 3.8 A), suggesting that regulatory mechanisms for telomere lengths in
oocytes are automatic and function independent of input telomere lengths (i.e. whether
telomere lengths are disproportionate as between oocytes and sperm, or telomeres
are similar from chromosomes within the same oocyte). Curiously, these results
disagree with previous work which showed an increase in telomere length in fertilised
zygotes in two hybrid IVF embryo types, and parthenogenetically activated 1C
embryos derived from CD1 mice, but no decreases in embryos derived from other
mouse strains (Liu et al., 2007). This discrepancy could likely be influenced by the
timing of the analysis, as sperm telomere length remodelling is unlikely to begin
immediately following fertilisation due to the highly dense nature of sperm chromatin,
therefore an increase in overall telomere length is likely to be seen. However 6 hours
after fertilisation, extensive remodelling of the pronuclei has taken place, allowing

access to the chromatin by many proteins.

Telomere length analysis of subsequent pre-implantation embryo development stages
revealed potentially informative differences in elongation patterns between hybrid and
inbred embryos. Hybrid embryos displayed increases in telomere length at each
successive stage, thus exhibiting relatively similar levels of elongation during both pre-
and post-compaction development. Inbred embryos did not display changes in
telomere length by the two cell, and only minor increases were seen in C57/BL6
embryos at the 4C and 8C stage, and overall, inbred embryos demonstrated greater
telomere elongation in post-compaction than pre-compaction development (Fig. 3.4
A-C). These differences perhaps suggest that embryos possess the ability to sense
telomere elongation progress and control elongation rate to enable a certain degree
of elongation to be achieved by the time of implantation. While it is well established
that cells are able to sense when their telomeres reach a critical shortness, it is

unknown if cells possess the ability to sense the progression of elongation, and this
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poses an interesting line of further enquiry for telomere elongation biology. Further,
one possible explanation for the difference observed in pre- and post-compaction
elongation may simply lie in the genetic diversity introduced when producing hybrid
embryos. Further, a requirement of genetic diversity, or chromosomal heterogeneity,
for the early-stage ALT-based telomere elongation to occur appears rational as ALT
is recombination based. Therefore, ALT during this early stage of development could
serve as a mechanism to homogenize telomere composition between chromosomes
derived from maternal and paternal lineages. Another conceivable explanation for this
difference could reside in the reduced capacity of inbred embryos to thrive, particularly
in vitro. Previous studies have established that hybrid mice typically have higher 2C
and blastocyst IVF rates than inbred embryos, and hybrid sperm tend to be more
resilient, of better quality and higher fertilisation capability than inbred sperm
(Szczygiel et al., 2002; Sztein et al., 2000). Thus reduced telomere elongation in
inbred embryos may be one expression of the diminished capacity to complete
multiple vital cellular processes compared to hybrid embryos. Further, inbred
blastocysts have been reported to have a lower total cell number 96 hours after the
beginning of culture than hybrid embryos (Khan et al., 2013). This indicates less
completed cell cycles by inbred embryos at the same time in development. It is entirely
possible that inbred embryos have longer cell cycles after the onset blastulation to
allow for recovery of any developmental checkpoints, including telomere elongation,
which did not occur in the earlier cell cycle. This work highlights the importance for
consideration of embryo type (inbred or hybrid) when conducting any studies of pre-

implantation embryogenesis.

Parthenogenetic embryos exhibit altered telomere elongation patterns

Analysis of parthenogenetically activated hybrid embryos demonstrated that telomere
elongation still occurs in the absence of a paternal contribution, and therefore the
capacity for telomere elongation is inherit within the oocyte itself, consistent with
previous reports (Liu et al., 2007). Remarkably, parthenogenetic embryos exhibited
relatively greater telomere elongation in post-compaction development than the IVF
embryos even if inbred (evidenced by a four-fold increase in length post-compaction
which accounted for 85% of the final relative telomere length, Fig. 3.8 F and E),
indicating greater telomere lengthening during post-compaction development in these

embryos. Another curiosity of parthenogenetic embryos is that while they exhibit
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slightly accelerated embryo development to blastocyst, as evidenced by cell counts,
they appear to be deficient in ICM telomere lengths, as there was no difference in
telomere length between the ICM and TE populations (Fig. 3.11 C), which was seen
in IVF embryos in this study and previous studies (Fig. 3.11 E, Igbal et al., 2011; Varela
et al., 2011).

Accelerated development, divergent telomere elongation patterns, and loss of known
telomere length characteristics in specific cell populations may be a consequence of
the dysregulated epigenetic reprogramming seen in the activated parthenogenetic 1C
embryos in this study (Fig. 3.7). While this is a simplistic analysis that does not allow
for definitive conclusions to be drawn, disordered methylation patterns across the
genome could likely culminate in alterations to gene expression, as such this could be
consequential for expression of key genes involved in telomere regulation and
elongation. These findings warrant further investigation using more quantitative
measures such as amplicon bisulfite sequencing using next-generation sequencing
(NGS) (The BLUEPRINT consortium, 2016). Further, telomeres form heterochromatin
and as such are highly methylated sequences (Blasco, 2007). Alterations to genomic
methylation levels may decrease the amount of methyl marks on telomeric DNA and
histones, which leads to aberrant telomere elongation and acts as a signal for
telomerase to elongate telomeres (Blasco, 2007). As telomerase is known to be active
in morula and blastocyst embryos, these altered methylation patterns could certainly
result in excessive telomere elongation in blastocysts and a loss of controlled length

regulation in specific cell populations.

Blastocyst cell populations exhibit distinct telomere length differences

Telomere lengths are longer in the ICM population than the TE in blastocysts (Fig.
3.11 E, Igbal et al., 2011; Varela et al., 2011). It is likely that cells in the TE are
endowed with shorter telomeres as these cells will have a limited lifespan and are only
required for a relatively limited time, i.e. ~40 weeks in women. In contrast, telomeres
in the cells of the ICM are required for the lifetime of the offspring, thus perhaps
undergoing more extensive elongation as these first two distinct cell populations are
established. These observations highlight that telomere length in the ICM is of utmost
importance for the established telomere length of the foetus. Further, these differences
between ICM and TE telomere length are lost in parthenogenetic embryos (Fig. 3.11
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C), signifying dysregulated elongation in comparison to fertilised embryos.
Comparison of telomere length maintenance in embryonic stem (ES) cells derived
from fertilised embryos (fES) or parthenogenetic embryos (pES) revealed that pES
cells exhibited longer telomeres and greater elongation throughout passages than fES
cells (Yin et al., 2014). While Zscan4 is transiently expressed in small populations of
ES cells undergoing recombination based telomere elongation (Zalzman et al., 2010),
PES cells display greater Zscan4 gene expression and protein levels than fES cells,
and Zscan4 was shown to be required for telomere length maintenance and elongation
in these pES cells (Yin et al., 2014). These results indicate the pES cells more
extensively utilise recombination based mechanisms for telomere elongation than fES
cells. Given that the elongation mechanisms in the ES cells, which are derived from
the ICM, differ between fertilised and parthenogenetic embryos, this also suggests that
elongation mechanisms throughout early embryogenesis are differentially utilised in
the two types of embryos, which may well lead to divergences in telomere length

characteristics of the blastocyst cell populations, as seen in this study.

Telomere elongation is sensitive to culture conditions

Culture of embryos in atmospheric oxygen conditions (20%) markedly reduced ICM
telomere length compared to those cultured in physiologic conditions (5%, Fig. 3.12
A), suggesting that telomere elongation mechanism are susceptible to stress
conditions. High oxygen culture is known to result in several perturbations in embryo
function and development (Ciray et al., 2009; Gardner and Lane, 2005; Katz-Jaffe et
al., 2005; Kovacic et al., 2010; Kovaci¢ and Vlaisavljevi¢, 2008; Rinaudo et al., 2006;
Waldenstrom et al., 2009). An overarching effector of this perturbed developmental is
likely to be mitochondrial function, which is also altered with high oxygen culture (Belli
et al., 2019). Interestingly, mtDNA copy number per cell was higher in high oxygen
ICMs than low oxygen ICMs, while previous studies found embryos cultured in high
oxygen contained fewer mitochondria than those in low oxygen (Belli et al., 2019).
These observations suggest that the mitochondria may contain more mtDNA as a
result of less mitochondrial fission, or that perhaps mtDNA replication was upregulated

in these embryos to deal with cellular stress.
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Summary and Outstanding Questions

This study is the most thorough investigation to date of telomere dynamics during pre-
implantation embryogenesis, and has provided a detailed time course of expression
of telomere regulatory genes during oocyte maturation and pre-implantation
embryogenesis. We have shown that telomere elongation occurs from fertilisation to
the 8C embryo with strain differences that align with inbred vs hybrid categories.
Subsequently all embryos underwent elongation from the 8C to blastocyst stage,
regardless of strain. Consistent with previous studies, | have demonstrated that the
capacity for telomere elongation resides within the oocyte as parthenogenetically
activated embryos still exhibit telomere elongation. Telomeres are trimmed following
fertilisation by a mechanism that appears pre-set in the oocyte, likely involving TZAP.
This occurrence in parthenogenetically activated embryos, independent of the addition
of extremely long telomeres from sperm, further implicates maternally derived oocyte
factors as major regulators of early telomere elongation events. Although | confirmed
the presence of mMRNAs for many telomere binding, associated, and elongation
proteins, more detailed protein analysis and localisation is required to determine their
role during early embryogenesis. Finally, culture in high oxygen conditions resulted in
decreased ICM telomere lengths, signifying that mitochondria may be a key mediator
of telomere elongation events in pre-implantation embryogenesis. This finding
warrants further investigation, particularly in physiological scenarios of mitochondrial

dysfunction in oocytes, as seen in maternal aging and obesity.
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3.6 Supplementary information

In vitro fertilised

o

activated 1-cells

Parthenogenetically

Supplementary Figure 3.1. Parthenogenetically activated embryos are diploid
CBA.F1 MIl oocytes were either fertilised with CBA.F1 sperm via IVF or
parthenogenetically activated using strontium chloride in the absence of sperm. A) IVF
zygotes were confirmed as fertilised by the presence of two polar bodies (arrows) and
two pronuclei (arrow heads). B) Parthenogenetically activated 1C embryos were
identified by the presence of two pronuclei (arrow heads) and only one polar body
(arrow), indicating that the second set of chromosomes had not been extruded as a
second polar body but instead were retained to form a diploid embryo (B).
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Supplementary Figure 3.2. Confirmation of embryo sex and immunosurgery

validation

Products from SRY gPCR on CBA.F1 blastocysts were visualised on a 4% agarose
gel to confirm male embryos by presence of a band at 105bp (A). Blastocysts were
left whole (left panels), or underwent immunosurgery to remove a substantial portion
of the TE cells (right panels) followed by immunocytochemistry to identify the two
unique cell populations and allow for individual cells to be counted (B). Oct3/4 (green)
defined the ICM (C), and CDX2 (red) defined the TE (D), and the sum of which gave
total number of cells present (E). The percentage of inner cell mass cells from the total
cell number was calculated (F). n=25 whole and n=20 immunosurgery blastocysts.

Data analysed using unpaired t-test, **** p<0.0001.
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Supplementary table 3.1. n-values for telomere elongation and mtDNA copy number

time course
Q 3 Mil 2C AC 8C Blastocyst
CBAF1 CBAF1 58 51 57 44 77
CBA C57 31 51 50 52 51
CBA CBA 32 39 37 42 41
C57 C57 17 37 38 39 52

CBAF1 NA 17 50 49 51 79
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Supplementary table 3.2. Proportion of telomere elongation with each cell division

o 3 Ml 2C 4C 8C E:;Sstt
CBAF1 CBAF1 0 (+11 g.11220/0) (+14§é?;) (+2%A.'é;%) (,,5159?%)
CBA C57 0 (,,11 2.'22;@ (Ji's?%) (+?g.'969%%) (+61.ng %)
CBA CBA 0 (,,11 _'1177%) (103/07) (-9-22320/0) (+1 gg.oz%)
C57 cs7 0 (_;1,53;,) (+$.§§%) (+184.fé‘:§2) (+815.c£ %)
CBAF1  NA 0 gon wazm)  (aTH)  (85.42%

Number contained in parentheses indicates gain or loss in telomere length proportion

from previous developmental stage

191



192



CHAPTER 4
ROTENONE-INDUCED
MITOCHONDRIAL DYSFUNCTION
DISRUPTS PRE-IMPLANTATION
EMBRYO DEVELOPMENT AND
TELOMERE LENGTH
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4.1 Introduction

There are many scenarios where both mitochondrial and telomeric dysfunction
coincide, suggesting that the two are functionally linked (Sahin et al., 2011; Sohal et
al., 1994). For instance, telomeres and mitochondria both have critical roles in cellular
lifespan and decline with age. This link is supported by extensive data, including
induced telomere dysfunction resulting in decreased mitochondrial biogenesis, and
increased mitochondrial dysfunction and therefore reactive oxygen species (ROS)
production (Sahin et al., 2011). Perhaps the most well established mechanism in this
link between mitochondria and telomeres is mitochondrial dysfunction inducing
telomere damage and shortening via ROS generation. Generation of ROS through
normal mitochondrial metabolism is typically well tolerated by the cell due to
sequestering mechanisms, however in circumstances of aberrant mitochondrial
function, ROS production can greatly exceed the anti-oxidant capacities of the cell,
leading to oxidative damage to the mitochondria, mtDNA, and nuclear DNA (Cottrell
and Turnbull, 2000; Edgar et al., 2009; Hiona et al., 2010). Of note, telomeres are
particularly susceptible to oxidative damage as their TTAGGG sequence is rich in
guanine residues (Oikawa and Kawanishi, 1999; von Zglinicki et al., 1995). Oxidative
stress and subsequent damage to telomeres induces double stranded DNA breaks,
increases base alteration rate in telomeric DNA, and greatly increases the rate of
telomeric DNA shortening with each population doubling and inhibits proliferation,
which leads to premature cellular senescence (Kawanishi and Oikawa, 2004; Oikawa
and Kawanishi, 1999; von Zglinicki et al., 1995). To date, the majority of the literature
surrounding a functional link between telomeres and mitochondria has focussed on
situations of stress and mitochondrial or telomeric DNA damage and exacerbation of
these phenotypes. Little is known about whether there are positive relationships
occurring between telomeres and mitochondria and regulation of functions, particularly

during early development.

Culturing embryos in high oxygen (20%) is known to disrupt embryo mitochondria,
resulting in fewer mitochondria, and increased morphological abnormalities,
decreased mtDNA copy number, and decreased mitochondrial membrane potential,
this also leads to reduced blastocyst development rates and cell numbers, and even
reduces implantation, pregnancy, and birth rates in humans (Belli et al., 2019; Ciray
et al., 2009; Preis et al., 2007; Waldenstrom et al., 2009). Analysis of ICMs from
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blastocysts that had been cultured in high oxygen following IVF revealed shorter
telomeres than those cultured in low oxygen (5%, Fig. 3.12 A). This provocative data
implicates mitochondrial function as an important factor in telomere elongation during
pre-implantation embryogenesis. To further investigate the role of mitochondrial
function in telomere elongation, the potent mitochondrial inhibitor rotenone was used
to induce systemic mitochondrial dysfunction, including oocyte and embryo
mitochondria. Rotenone is a naturally occurring compound that is found in the roots of
several plant species and has been used as an insecticide and pesticide. Rotenone is
a strong, reversible, specific inhibitor of the site of NADH oxidation on complex | of the
mitochondrial respiratory chain (Fig. 4.1) by impeding electron transfer from complex
| to coenzyme Q (CoQ), overall leading to a block in oxidative phosphorylation and
reduced ATP synthesis (Palmer et al., 1968). Moreover, rotenone exposure has been
associated with increased ROS production (Fato et al., 2009; Li et al., 2003).

Mitochondria

Intermembrane
space

4H* 4H* 2ZH* nH*
Rotenone
2000000000 u i 99000000 20009
Inner ATP
membrane synthase
0000000000 ‘ [TTT 1) 2000
Mitochandrial
matrix
MADH MAD" FADH; FAD o 1
N Sk [2w +1320,+_. HO | x2
| . G

Electron Transport Chain
Figure 4.1. Rotenone inhibits the mitochondrial electron transport chain
Rotenone selectively inhibits Complex | of the respiratory chain, thereby preventing
electron transfer and resulting in decreased ATP production via oxidative
phosphorylation.

Lozoya et al. (2020) studied the impact of maternal exposure to rotenone through the
diet prior to- and for the duration of pregnancy as well as lactation on the methylome

195



of offspring and found alterations, included advanced aging-related epigenetic
patterns. Mitochondrial function of the offspring was also perturbed at 12 months of
age in the rotenone exposed mice compared to controls, indicated by decreased
mitochondrial complex | and coupled complex Il activity, and decreased manganese
superoxide dismutase (MnSOD) activity (Lozoya et al., 2020). Mothers exposed to
rotenone diet also had a lower pregnancy rate, decreased litter size, and lower pup
survival rate than controls (Lozoya et al., 2020), and these phenotypes are similar to
what is seen in cases of maternal age and obesity. This work provides insight into how
mitochondrial dysfunction during fetal development impacts fetal development as well

aging phenotypes in adult offspring.

This study hypothesised that the advanced aging phenotype seen in offspring exposed
to rotenone in utero (Lozoya et al., 2020) is due to decreased telomere lengths,
thereby indicating advanced molecular aging in offspring. Further, this model of
systemic mitochondrial inhibition is ideal to test the hypothesis that mitochondria are
involved in telomere elongation events during preimplantation development. For this
study, mice were treated with rotenone for three weeks as previously described prior
to oocyte collection and in vitro fertilisation (IVF). Embryo development was closely
monitored. Telomere length in mature oocytes, 8C embryos, blastocysts and the
blastocyst inner cell mass (ICM) were assessed to determine if mitochondrial

dysfunction perturbed elongation events (see Fig. 4.2, ‘Experimental Design’).

/: \./" 8 Qo
+ “‘ E O >
:\‘_k y [a o =
# L CBA.F1 i i l
21 2324

Day 0 7 '|_4
: Controlidiet

Rotenonée diet

Diet start Mil Zygote 2C 8C Blastocyst
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| ! !
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development development
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Figure 4.2. Experimental design
Mice were exposed to 150ppm of rotenone via their diet for three weeks before

superovulation and IVF. Key developmental time points were analysed for successful
development, morphology, and telomere length and mtDNA copy number via the

Triple Test, as indicated.
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4.2 Materials and Methods
4.2.1 Mice

Male CBA F1 mice at 8 weeks of age, and cohorts of 12 female mice at 7 weeks of
age were obtained from the University of Adelaide’s Laboratory Animal Services
(LAS). Mice were maintained in 12h/12h light/dark conditions and given water ad
libitum. Mice were allowed to acclimatise for five days with 10% fat rodent chow ad
libitum prior to commencing the diet study. All animal experiments were approved by
the University of Adelaide’s Animal Ethics Committee and conducted in accordance
with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes.

4.2.2 Rotenone diet

Rotenone diet was prepared and used as in Lozoya et al. (2020). Rotenone was
sourced from Sigma. Control diet was a modified diet of AIN-93G that was suitable for
irradiation (TD.97184), and Rotenone was formulated at 150ppm in TD.97184 meal
diet by Teklad/Envigo exactly as for Lozoya et al. (2020). Both Control and Rotenone
diets were irradiated and stored at 4°C. Mice were provided the diet for a period of
three weeks. Food was available to mice ad libitum and was refreshed every two days.
Mice were monitored daily for potential adverse health effects and none were

observed.

4.2.3 Derivation of oocytes, early embryos, and blastocysts

Female mice were given 7.5IU pregnant mare’s serum gonadotropin (PMSG, National
Hormone and Pituitary Program) on day 21, followed by the equivalent dose of human
chorionic gonadotropin (hCG, Pregnyl) 47.5 hours later (on day 23), each via
intraperitoneal (ip) injection. Mice were culled at 15h post-hCG via cervical dislocation.
Whole ovaries and oviducts were dissected from females and placed in pre-warmed
(37°C) aMEM-HEPES handling media, supplemented with 1% FCS. Cumulus-oocyte
complex (COC) clusters were isolated by puncturing oviducts using a 30G needle. For
individual MIl oocyte collection, complete cumulus cell removal was achieved via

treatment with hyaluronidase (Seikagaku, #100741) for 5-10 minutes at 37°C, followed
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by aspiration using a glass pipette pulled to an appropriate diameter. To generate
embryos via IVF, whole COC clusters were gently washed twice in pre-warmed (37°C)
fertilisation media (Vitro Fertilisation; Cook Australia, Brisbane, Australia), before
being placed in a 100puL fertilisation drop containing the equivalent of 10puL of
capacitated sperm from a male of proven fertility (referred to as ‘fertilisation time’),
before being returned to the incubator (37°C, 5% O2, 6% CO3) for 4 hours. Following
this, fertilised oocytes were cleaned of all excess sperm and cumulus cells via gentle
aspiration and transferred to a culture dish containing cleave media (Vitro Cleave;
Cook Australia, Brisbane, Australia, 10 embryos per 20uL cleave media drop) and
returned to the incubator until 24 hours post fertilisation time. At this time, the number
of embryos that successfully reached the 2C state were scored. The remaining
embryos were returned to the incubator until 55 hours post fertilisation time where a
proportion of successful 8C embryos were collected for analysis. At 96 hours post
fertilisation time the remaining embryos that had successfully reached the blastocyst
stage were scored and all were collected for analysis. Collection times were kept
constant across cohorts.

4.2.4 Blastocyst immunosurgery

Blastocysts first had their zona pellucida removed via treatment with Acidic Tyrode’s
Embryomax solution (Millipore, #MR-004D), washed twice in cleave media and
transferred to a 200uL drop of cleave media containing 20% heat inactivated rabbit
anti-mouse serum (Sigma, #M5774). Following a one hour incubation period (37°C,
6% CO2, 5% O2), blastocysts were washed three times in cleave media and
transferred to a 200uL cleave media drop containing 20% guinea pig serum (Sigma,
#G9774) and incubated for 15 minutes. Blastocysts were washed three times in cleave
media and incubated for a further 30 minutes in cleave media. Dead TE cells were
removed by gently aspirating ICMs in a finely drawn glass pipette.
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4.2.5 Sample preparation for gPCR

Individual MIl oocytes, 8C embryos, whole blastocysts, or ICMs were first washed
three times in 1x phosphate buffered saline (PBS) containing 1mg/mL
polyvinylpyrrolidone (PVP, Sigma), and transferred in 1uL to a 0.5mL PCR tube
(Axygen, #PCR-05-C) for gPCR analysis. All samples were snap frozen in liquid
nitrogen (LN2), and stored at -80°C until use.

Samples had their nuclear genomic DNA (nDNA) and mitochondrial DNA (mtDNA)
extracted by adding 9uL of lysis buffer (50mM Tris-HCI pH 8.0, 1mM EDTA, 200ug/mL
Proteinase K, 0.5% Tween-20) to each sample with a volume of 1pL (final volume of
10pL) following brief centrifugation, and heated to 55°C for 2 hours, followed by 95°C
for 10 minutes to inactivate Proteinase K activity. Samples were allowed to cool to 4°C
and briefly centrifuged. Following this, 1L of lysis product was removed and added to
9uL of sterile H20 for mtDNA analysis and the rest kept for telomere and Rn18S
analysis. For ICMs, an additional 10uL of pure, sterile water was added to give a final

volume of 20uL, and this was used for mtDNA, telomere, and Rn18S analysis.

4.2.6 Triple test qPCR assay

To generate ‘calibrator’ DNA for use as a standard within every assay, a whole ovary
from a 6 week old PMSG and hCG stimulated CBA female mouse was collected and
had total DNA extracted (as described previously, see sections 2.2.2). DNA
concentration and purity were quantified by NanoDrop One Microvolume UV-Vis
Spectrophotometer and diluted to 2.5ng/uL.

gPCR was performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, #4367659), standard MicroAmp Optical 96-well Reaction Plates (Life
Technologies, #4306737), and custom made primers (Sigma, forward and reverse
primer sequences outlined in Table 3.1), using an Applied Biosystems 7900HT Fast
Real-Time PCR system. Cycling conditions for all primers were set at 95°C for 10
minutes, followed by 40 cycles of 95°C for 10s, 60°C annealing for 30s and extension
at 72°C for 30s, followed by standard melt curve cycling. Two repeat reactions were

performed for each sample and each primer pair, using 2uL of sample per reaction.
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For Rn18S and telomere analysis, the final reaction for each well was 10uL Power
SYBR Green PCR Master Mix, 0.5uL each of forward and reverse primer (stock at
10uM), 2uL of sample, and sterile H20 to a final volume of 20uL. To minimise any
plate-to-plate variations, Rn18S and telomere reactions for each sample were run on

the same plate, and calibrator DNA assays included on every plate.

For mtDNA analysis, the final reaction for each well consisted of 10uL Power SYBR
Green PCR Master Mix, 0.2uL each of forward and reverse primer (stock at 10uM),
2uL of sample or standard, and sterile H20 to a final volume of 20uL. Total mtDNA
copy number was quantified using the standard curve method as previously described
(Kameyama et al., 2010). Briefly, quantification standards were prepared by PCR
amplifying a 1186bp fragment in the 12S rRNA region of mtDNA from mouse liver
using the primer pair 5-ACA CCT TGC CTA GCC A-3’ and 5-TTT GCC ACA TAG
ACG AGT T-3. The PCR product was extracted from the gel using QIAquick Gel
Extraction Kit (Qiagen) and cloned using the Qiagen PCR Cloning Kit. Plasmid DNA
was purified using QIlAprep Spin  Miniprep Kit (Qiagen), quantified by
spectrophotometry, and diluted to 107 copies per 2uL. To create a standard curve,
10uL of standard stock was removed and serially diluted (1:10) from 107 to 10* copies,
and standard curve correlation coefficients were consistently greater than 0.98. Serial
dilutions were made fresh on the day. Total mtDNA copy number per sample was
calculated according to the generated equation for Ct value against copy number for
the corresponding standard curve (excluding 10! copies), and multiplied by the dilution
factor of the sample i.e. total mtDNA copy number = (10%) * [dilution factor], where

x=(y-intercept of standard curve — Ct value of sample)/slope of standard curve.

Telomere and mtDNA relative to total cell number were calculated using the 2-2ACt
method, where the ACt of the calibrator (telomere or mtDNA Ct — Rn18S Ct) was
subtracted from the ACt of the sample (telomere or mtDNA Ct — Rn18S Ct) to give the
AACt.
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Table 4.1 gPCR primers

Primer target Forward primer sequence Reverse primer sequence
Telomere 5-CGG TTT GTT TGG GTT 5-GGC TTG CCT TAC CCT
TGG GTTTGG GTTTGG GTT  TAC CCT TAC CCT TAC CCT
TGG GTT-3' TAC CCT-3’
mtDNA 5-CGT TAG GTC AAG GTG 5-CCA GAC ACACTT TCC
TAG CC-3 AGT ATG-3’
Rn18S 5-AGA AAC GGC TACCAC 5-CCTGTATTGTTATTTTTC
ATC CAA-3 GTC ACT ACCT-3
4.2.7 TMRM

Fully denuded fertilised zygotes (confirmed by presence of 2 pronuclei) were washed
twice in pre-warmed (37°C) cleave media and incubated for 30 minutes at 37°C in
cleave media containing 25uM TMRM (Sigma, #T5428) with 1:250 Hoescht-3342
added for the final 15 minutes of the incubation. Samples were washed briefly in cleave
media before being mounted in pre-warmed cleave media and imaged using a Cell

Voyager CV1000 spinning disc confocal (Yokogawa) with a 40x objective.

4.2.8 Pronuclear cytosine methylation immunofluorescence

Fertilized zygotes (stage PN3 to PN4) were collected 6 hours after fertilisation. The
zona pellucida was dissolved using Acid Tyrode’s Embryomax solution (Millipore,
#MR-004D), followed by a brief wash in phosphate buffered saline (PBS) containing
1mg/ml polyvinylpyrrolidone (PVP, Sigma) (PBS-PVP). Zygotes were fixed in 3.7%
PFA-PBS for 20 minutes at room temperature (RT), followed by two five-minute
washes in PBS-PVP, then permeabilised in 0.2% Triton X-100 (in PBS) for 10 minutes
at room temperature, followed by three five-minute washes in PBS-PVP. Zygotes were
incubated in 4N HCI solution for 10 minutes at RT, and washed thoroughly in 0.05%
Tween-20 in PBS (PBS-T). Zygotes were blocked overnight at 4°C in blocking solution
(1% BSA, 0.02% Triton X-100 in PBS), then incubated overnight at 4°C with mouse
anti-smC (1:200, Biorad, #ab10805), and rabbit anti-5hmC (1:600, Active Motif,

#39769), diluted in blocking solution. Following three ten-minute washes in PBS-T,
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samples were incubated for one hour at RT, while protected from light, with Alexa
Fluor 594-conjugated goat anti-mouse (1:500, Invitrogen) and Alexa Fluor 488-
conjugated goat anti-rabbit secondary antibodies (1:1000, Invitrogen). Samples were
mounted on slides with 1.5uL Prolong™ Diamond Antifade Mountant (Invitrogen,
#P36965) and examined using a Cell Voyager CV1000 spinning disc confocal
(Yokogawa) with a 40x objective. Images were acquired using the same confocal
microscope settings. Pronuclear size and staining intensity was calculated using
ImageJ software. Mean signal intensity was calculated first by subtracting the signal
from the cytoplasmic area (representing background staining), then dividing by the

area of the pronuclei.

4.2.9 Blastocyst differential stain

Blastocysts were fixed late on day 5 in 4% PFA-PBS overnight at 4°C. Samples were
washed once in PBS-PVP and incubated for 5 min at RT in 0.1M glycine, followed by
3x 5 min washes in PBS-PVP. Samples were permeabilised in 0.5% Triton X-100 for
30 min at RT, washed 3x in PBS-PVP and blocked for 1 hour at RT in 10% donkey
serum (Sigma). Primary antibodies were diluted 1:500 (Oct 3/4 Santa Cruz #sc-8626,
CDX2 Abcam #ab76541) in 10% donkey serum and samples incubated overnight at
4°C. Following 3x 5 min washes in PBS-PVP, samples were incubated in secondary
antibodies at a dilution of 1:1000 for 1 hour (Life technologies, Alexa Fluor 594 donkey
anti-rabbit and Alexa Fluor 488 donkey anti-goat), with 1:250 Hoescht-3342 added for
the final 10 minutes of the incubation. Samples were mounted using Prolong™
Diamond Antifade Mountant (Invitrogen, #P36965) and imaged using a Cell Voyager
CV1000 spinning disc confocal (Yokogawa) with a 40x objective and z-stacked with a
0.8uM step height. Z-stacks were imported to Image J and a maximum intensity z-

project was created to enable counting of individual cells.

4.2.10 Statistical analysis

Results are presented as mean + SEM. Telomere, mtDNA per cell, and total mtDNA
copy number displayed as mean + SEM overlayed on a violin plot to illustrate the

distribution of data points. Analysis of normality showed that telomere and mtDNA data
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required log transformation for statistical analysis. Statistical analysis was performed
using Graph Pad Prism version 8 for Windows (GraphPad Software Inc., La Jolla, CA).
Paired t-test, unpaired t-test, and one-way analysis of variance (ANOVA, comparison
of means) were used as indicated and statistical significance was considered at P-

value <0.05.
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4.3 Results

4.3.1 In vivo rotenone exposure compromises oocyte quality and

telomere length

Mice were monitored daily for adverse health issues and changes in behaviour, none
of which presented and similar to (Lozoya et al., 2020), signifying that any effects seen
on fertility are caused by rotenone-induced mitochondrial dysfunction and not due to
systemic toxicity or poor overall health. Consumption of the rotenone diet did result in
a minor weight change, with mice consuming rotenone lighter than those on the control
diet at the time of tissue collection (control 20.64g + 0.2816g, rotenone 19.4g +
0.25829g, n=24 mice per group, analysed using unpaired t-test, p=0.0021). This small

decrease in weight (~19) is not expected to alter responses to hormones.

Mice began hormone stimulation after three weeks on their assigned diets and tissues
were collected 15 hours after hCG administration. COCs underwent in vitro fertilisation
(IVF) and oocyte quality was assessed four hours later (Fig. 4.3). The total number of
oocytes ovulated were counted and surprisingly mice on the rotenone diet ovulated
more oocytes than those on the control diet (control mice 30.17 + 2.78 oocytes,
rotenone mice 39.88 + 2.62 oocytes, n=24 mice per group, analysed using an unpaired
t-test, p<0.02). Oocytes were assessed for their quality and separated into three
classifications based on their visual morphology (Fig. 4.3 A). Oocytes that were
fragmented (Fig. 4.3 B, arrows) or otherwise degenerated (Fig. 4.3 B, arrow heads)
were discarded and live oocytes were cultured further. Mice that had been exposed to
rotenone had a higher proportion of degenerated oocytes than those on the control
diet (p<0.0001, unpaired t-test) and as a result the proportion of live ovulated oocytes
was reduced (Fig. 4.3 A). The number of live oocytes was not different between groups
(control mice 26.96 * 2.2 oocytes, rotenone mice 28.5 + 2.23 oocytes, n=24 mice per
group, unpaired t-test, p=0.533), indicating that rotenone exposure caused an
increase in ovulation of non-viable oocytes. Live oocytes were further assessed for
their maturation status (Fig. 4.3 C), identified as having a sizeable MII polar body and
therefore deemed normal (Fig. 4.3 D, arrow heads), or having a very small polar body
or no polar body at all, indicating abnormal maturation and likely meiotic arrest (Fig.
4.3 D, arrows). Mice that had been exposed to rotenone had higher proportions of

abnormal maturation than those on the control diet (Fig. 4.3 C), signifying that
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mitochondrial dysfunction induced by rotenone exposure was disrupting normal

meiotic maturation processes in oocytes.

Next it was investigated whether this mitochondrial dysfunction was also affecting
mitochondrial DNA copy number and telomere length in MIl oocytes. Fully denuded
morphologically normal MIl oocytes were individually frozen and analysed using the
Triple Test (Fig. 4.4). Rotenone diet resulted in shorter telomeres in MIl oocytes
compared to controls (Fig. 4.4 A), yet the total mtDNA copy number was unchanged
in these oocytes (Fig. 4.4 B).
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Figure 4.3. Oocyte quality following in vivo rotenone exposure

COCs were collected 15 hours after hCG administration and fertilised via IVF. Four

hours after fertilisation, oocytes and presumptive zygotes were scored for viability (live,

fragmented or degenerated, A & B where arrow heads indicate degenerated oocytes

and arrows indicate fragmented oocytes) and maturity (presence of at least one polar
body, C & D, where arrow heads indicate normally matured oocytes and arrows

indicate abnormal maturation). n=24 mice per group, data analysed using unpaired t-

test for the proportion of live (A) and normally matured (C) oocytes, ** p=0.0086, ***

p=0.0006.
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Figure 4.4. Telomere length in MIl oocytes following in vivo rotenone exposure

Oocytes were collected 15 hours after hCG administration and a subset of fully
denuded oocytes were individually frozen for Triple Test analysis. Relative telomere
length (A) and total mtDNA copy number (B) were compared between control and
rotenone-exposed oocytes. n=65 control and n=66 rotenone MIl oocytes, log
transformed data analysed using an unpaired t-test, * p<0.02. Shaded areas represent

the population distributions, while horizontal lines represent mean £ SEM.
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4.3.2 Rotenone induced mitochondrial dysfunction is present in

zygotes and disrupts epigenetic reprogramming

To examine the extent of rotenone-induced mitochondrial dysfunction at the time of
epigenetic reprogramming, zygotes were analysed six hours after fertilisation for
disruptions in mitochondrial membrane potential using the fluorescent dye TMRM (Fig.
4.5 A). Quantification of fluorescence levels to give the Corrected Total Cell
Fluorescence (CTCF) revealed that mitochondrial function was markedly inhibited in
zygotes that had been exposed to rotenone as oocytes in vivo, as these zygotes had

lower TMRM fluorescence than controls (Fig. 4.5 B).

To investigate whether the chronic mitochondrial dysfunction induced by rotenone
exposure affects the dynamic epigenetic reprogramming of pronuclei, zygotes were
collected 6 hours after fertilisation for global methylation pattern assessment of the
maternal and paternal pronuclei (Fig. 4.6 A). In both experimental groups, the paternal
pronucleus was larger in size than the maternal pronucleus, and the size of the
respective pronuclei was not different between treatment groups (Fig. 4.6 B).
Consistent with previous results (see Fig. 3.7), the level of 5mC fluorescence was
higher in the maternal pronucleus than in the paternal for both groups, however the
difference between pronuclei in zygotes from the rotenone group was less pronounced
than in control zygotes, although absolute fluorescence levels were not different
between groups (Fig. 4.6 C). Comparison of the 5mC fluorescence ratio between the
paternal and maternal pronuclei, showed the ratio was higher, and closer to 1, in the
rotenone zygotes when compared to controls (Fig. 4.6 C, right y-axis). The closer the
fluorescence ratio is to 1, the more similar are the maternal and paternal pronuclei.

Thus rotenone-exposed zygotes exhibit a marked reduction in maternal-specific 5mC.

When comparing 5hmC in pronuclei, both groups displayed higher levels of 5hmC
fluorescence in the paternal pronucleus than the maternal. However, similar to 5mC,
the difference between the pronuclei was not as prominent in zygotes from the
rotenone group (Fig. 4.6 D). Interestingly, rotenone exposure was associated with a
higher 5hmC intensity in the maternal pronuclei than in control embryos, but no
differences were seen between paternal pronuclei (Fig. 4.6 D). When assessing the
fluorescence ratio between pronuclei of a zygote, the 5hmC ratio should be much

higher than 1, as the paternal pronuclei have much greater 5hmC levels than the
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maternal. The paternal/maternal 5hmC ratio was reduced in the rotenone group
compared to the control zygotes, demonstrating that, as with 5mC, the levels of 5hmC
fluorescence are more similar between the pronuclei of rotenone exposed zygotes
than controls (Fig. 4.6 D, y-axis). This indicates that increased 5hmC on maternal

pronuclei is leading to a loss of the normal paternal-biased pattern.

Taken together, these results indicate that rotenone exposure caused lasting
mitochondrial dysfunction which dysregulated the epigenetic reprogramming that
takes place following fertilisation. In particular, the levels of 5mC in the maternal and
paternal pronuclei are more similar to one another than in the control zygotes, and the
maternal pronuclei contained higher 5hmC levels in rotenone treated zygotes than
controls. This alteration in epigenetic reprogramming could have implications for gene
expression in the developing embryo, however further in-depth characterisation of

epigenetic changes is required.
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Figure 4.5. Zygote mitochondrial membrane potential

Zygotes were collected six hours after fertilisation and co-stained with mitochondrial
membrane potential indicator TMRM, and Hoechst-3342 to identify pronuclei (A). Total
cell fluorescence was calculated and adjusted for background fluorescence using
Image J to give the corrected total cell fluorescence (CTCF, B). Data analysed using

an unpaired t-test, **** p<0.0001.
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Figure 4.6. Methylation patterns in fertilised zygotes

Zygotes were collected 6 hours after fertilisation and co-stained with anti-5mC (red)
and anti-5hmC (green) antibodies (A). Pronuclei size was measured (B) and signal
intensity fluorescence levels were quantified for 5mC (C) and 5hmC (D) in maternal
and paternal pronuclei. Data presented as signal intensity for maternal (Mat.) and
paternal (Pat.) pronuclei on the left axis, and the ratio of the signal for paternal to
maternal fluorescence on the right axis. Data analysed using paired t-test for
comparisons between maternal and paternal pronuclei of the same oocytes, and
unpaired t-test for pronuclei comparisons and ratio comparisons between groups. For
B, p<0.02, for C & D * p<0.05, ** p=0.0038, *** p=0.0003, **** p<0.0001.
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4.3.3 Rotenone exposure impairs early embryogenesis and alters

telomere elongation dynamics

Morphologically normal MIl oocytes were fertilised via IVF and capacity for successful
fertilisation was identified by the percentage that successfully developed to 2C
embryos 24 hours after fertilisation (Fig. 4.7 A). Rotenone treatment impacted the
oocyte competence to fertilise and cleave as on-time 2C embryo development was
reduced compared to controls (mean 2C development was 80% in controls and 47%
in the rotenone treated group, Fig. 4.7 A). The 2C embryos continued in culture and
were assessed for on-time 8C development (Fig. 4.7 B). Rotenone treatment caused
a decrease in the number of 2C embryos that reached 8C at the expected time (mean
on time development was 93% for controls and 77% for rotenone embryos, Fig. 4.7
B). At this time, a proportion of on-time 8C embryos were individually frozen and
analysed for telomere length and total mtDNA copy number using the Triple Test (Fig.
4.7 C & D). Interestingly, the opposite trend in telomere length was seen in 8C embryos
compared to MIl oocytes, with rotenone embryos having slightly longer telomeres than
control embryos (Fig. 4.7 C), indicating the initial deficit in telomere length seen in
oocytes was not detectable, and that elongation exceeded that in control embryos.
Total mMtDNA copy number was not different in 8C embryos derived from control or

rotenone exposed oocytes (Fig. 4.7 D).
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Figure 4.7. Two-cell and eight-cell embryo development rates and eight-cell
telomere length and mtDNA copy number

Oocytes were fertilised via IVF and scored 24 hours later for successful development
to the 2C stage (A) and 56 hours later for on time development to the 8C stage (B). A
proportion of 8C embryos were collected and individually analysed for telomere length
(C) and total mtDNA copy number (D) using the Triple Test and data log transformed
for analysis. n=24 females per group for embryo development, n=86 for control and
n=61 for rotenone 8C embryos for Triple Test analysis. Data analysed using unpaired
t-test, * p<0.02, ** p<0.005, **** p<0.0001. Shaded areas represent the population

distributions, while horizontal lines represent mean + SEM.
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4.3.4 Rotenone exposure decreases blastocyst cell numbers

On-time development was reduced at both the 2C and 8C stage in embryos that were
derived from oocytes that had been exposed to rotenone (Fig. 4.7 A and B,
respectively). Despite this, rotenone exposure did not impact the proportion of 2C
embryos that successfully developed to blastocysts on-time (Fig. 4.8 A); however the
proportion of blastocysts that had begun hatching at 96-hours after fertilisation was
reduced (Fig. 4.8 B). To determine if rotenone exposure delayed the number of cell
divisions that had occurred since blastulation, the inner cell mass (ICM),
trophectoderm (TE), and nuclei were labelled in day five blastocysts and quantified
(Fig. 4.8 C). A decrease was seen in the number of inner cell mass (Fig. 4.8 D) and
trophectoderm (Fig. 4.8 E) cells in the rotenone group when compared to control
blastocysts, in line with a reduced total cell number compared to controls (Fig. 4.7 F).
The percentage of total cells in the blastocyst that were identified as ICM was not
different between the two groups (Fig. 4.7 G), suggesting that the proliferation of both
cell types in the rotenone blastocysts was slowed, leading to proportional decreases
in both the ICM and TE cell types.
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Figure 4.8. Day 5 blastocyst development

Blastocyst development was scored 96 hours post-fertilisation (A), and the proportion
of successful blastocysts that had begun hatching was assessed (B). Blastocysts were
collected 6 hours later and underwent immunocytochemistry to identify the two
specified cell populations and allow individual cells to be counted (A). Oct3/4 (green)
defines the ICM (B), CDX2 (red) defines the TE (C), and Hoechst (blue) marks all cells
(D). The percentage of inner cell mass cells from the total cell number was calculated
for each embryo (E). n=24 females for blastocyst development, n=21 control and n=15
rotenone for cell counts. Data analysed using unpaired t-test, * p=0.022, **** p<0.0001.
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4.3.5 Oocyte rotenone exposure correlates with decreased

blastocyst telomere lengths

To determine how rotenone inhibition of mitochondrial activity in oocytes influenced
telomere elongation at the blastocyst stage, whole blastocysts underwent the Triple
Test to analyse telomere length and mtDNA content (Fig. 4.9). Blastocysts derived
from oocytes that were exposed to rotenone exhibited shorter telomeres than controls
(Fig. 4.9 A). This result, combined with the observations of telomere lengths in 8C
embryos, which were not reduced in rotenone embryos, indicates that mechanisms
utilised for telomere elongation prior t0-8C and post-8C embryo development are
differentially impacted by mitochondrial dysfunction. Remarkably, mtDNA per cell and
total mtDNA copy number were not negatively impacted by rotenone-induced

mitochondrial dysfunction (Fig. 4.9 B, C).

Telomere elongation was directly compared across the three analysed developmental
stages (Mll, 8C, blastocyst) for both treatment groups to determine if normal telomere
elongation patterns were occurring (Fig. 4.9 D, E). In both the control and rotenone
groups, 8C embryos exhibited longer telomeres than MIl oocytes, and likewise
blastocysts displayed longer telomeres than the 8Cs, thus telomere elongation was

occurring in both the pre-compaction and post-compaction phases of development.

To determine if the telomere length defects detected in whole blastocysts were present
in the cells that form the foetus (ICM), ICMs were immunosurgically isolated from
blastocysts and analysed via the Triple Test (Fig. 4.9 F & G). Telomere lengths were
decreased in ICMs from rotenone-exposed oocytes (Fig. 4.9 F), and consistent with

other stages of development, the mtDNA per cell not affected (Fig. 4.9 G).
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Figure 4.9. Telomere elongation during embryogenesis and telomere length in

blastocysts and ICM populations

Individual whole blastocysts and immunosurgery purified ICMs were analysed using
the Triple Test for telomere content (A & F), mtDNA per cell (B & G), and total mtDNA
copy number (C), respectively. Telomere elongation between each developmental
stage was compared for control embryos (D) and rotenone embryos (E) by combining
with the data from MII oocytes (Fig 4.4) and 8C embryos (Fig 4.9). For telomere length
analysis, n=45 control and n=69 rotenone blastocysts, and n=42 control and n=38
rotenone ICMs for the Triple Test. Log transformed data analysed using unpaired t-
test (A-C, F, G), or one-way ANOVA (D, E), * p<0.03, ** p=0.0075, **** p<0.0001.
Shaded areas represent the population distributions, while horizontal lines represent

mean = SEM.
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4.4 Discussion

Rotenone exposure resulted in many ovulated oocytes being unviable or improperly
matured with perturbed embryo development in all analysed measures, with the
exception of on-time blastocyst development from 2C. While mtDNA copy number was
not adversely impacted, telomere length was reduced in MIl oocytes, blastocysts, and
the inner cell mass. Interestingly, global zygote methylation patterns were altered, with
less 5mC and more 5hmC seen in the maternal pronuclei of rotenone exposed zygotes
compared to controls. The results of this study implicate oocyte mitochondrial function
as a key regulatory mechanism in embryo telomere elongation and zygote epigenetic

reprogramming.

Rotenone exposure results in shorter oocyte and blastocyst telomeres
Telomere length reprogramming is a critical process that occurs during pre-
implantation embryogenesis. It has previously been demonstrated that oocyte
telomere lengths do not change during meiosis (Fig. 3.2 A), therefore the observation
that MIl oocytes that have been exposed to rotenone have shorter telomeres (Fig. 4.4
A) alludes to the notion that this has resulted from telomere shortening, rather than
deficiencies in elongation. During meiosis, up to 40% of oocyte mitochondria localise
around the developing Ml spindle and remain associated without the spindle during its
migration to the cortex, before dispersing by MIl arrest (Dalton and Carroll, 2013). This
localisation brings a significant proportion of mitochondria into very close proximity
with the nuclear DNA, and is considered likely to increase exposure of DNA to ROS
produced by dysfunctional mitochondria (resulting from rotenone treatment). As
telomeres are known to be highly sensitive to ROS-induced damage and oxidation
(Kawanishi and Oikawa, 2004; Oikawa and Kawanishi, 1999; von Zglinicki et al.,
1995), this provides a rational mechanism by which rotenone-induced mitochondrial
dysfunction can result in MIl oocytes with shorter telomeres than controls.

Curiously, despite rotenone-exposed oocytes exhibiting shorter telomeres than control
oocytes, the 8C embryos resulting from these oocytes had longer telomeres than
controls (Fig. 4.7 C). By the blastocyst stage however, telomeres in embryos derived
from rotenone-exposed oocytes were once again shorter than controls (Fig. 4.9 A). It
has been proposed that telomere elongation during pre-implantation embryogenesis

occurs via two distinct mechanisms, with Alternative Lengthening of Telomeres (ALT)
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occurring in the early stages, and the later stages (morula-blastocyst) being mediated
by telomerase (Liu et al., 2007). Telomere length analysis in this study may add further
support to this theory as telomere elongation was not inhibited as a result of alterations
in mitochondrial function by the 8C stage. Another explanation for this observation
could be that, like several processes, early telomere elongation is coordinated by
maternally derived mRNAs and proteins already present in the mature oocyte,
therefore their expression and/or function may not be impeded by mitochondrial
dysfunction.

The observation of shorter telomeres in whole blastocysts, and ICMs, suggests that a
second mechanism is responsible for elongation during this time that is susceptible to
perturbations in mitochondrial function. Telomerase activity has been well
characterised in blastocysts, and studies inducing oxidative stress in cancer cells have
shown that ROS supresses telomerase activity (Ahmed and Lingner, 2018); thus
suggesting ROS-mediated telomerase activity suppression, rather than telomere
attrition, as a mechanism by which blastocysts and ICMs derived from rotenone-
exposed oocytes end up with shorter telomeres. Further, TERT, the catalytic
component of the telomerase enzyme, is known to be redistributed under
circumstances of cellular stress is exported from the nucleus and accumulates in the
mitochondria. Here, TERT binds to and protects mtDNA, which is hypothesised to help
maintain proper electron transport chain function, and in parallel, ROS levels decrease
(Rosen et al., 2020). The embryos in this study are expected to be experiencing
oxidative stress as a result of oocyte rotenone exposure. Therefore TERT may be
preferentially localising in the mitochondria at this time to try to stabilise function,
leading to a decrease in the rate of telomere elongation, thus resulting in shorter
telomeres. As telomere elongation still occurred between each analysed
developmental stage (Fig. 4.9 D, E), mitochondrial function is not a sole regulator of
pre-implantation telomere elongation, but must still play a critical role in this process.
Shorter telomeres in the ICM lineage of the rotenone group (Fig. 4.9 F) indicate that
mitochondrial dysfunction originating in the oocyte may result in offspring born with
shorter telomeres that may have implications for their life- and health-span. Therefore
future work should build on these results and those from the previous study (Lozoya
et al., 2020) by analysing offspring for telomere length, mtDNA content, and mtDNA
mutation load in various tissues, as well as premature onset of aging phenotypes and

disease characteristics.
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Mitochondrial dysfunction does not affect mtDNA copy number

Despite rotenone being a potent inhibitor of mitochondrial function, no decreases in
mtDNA copy number were observed in the analysed oocyte and embryo stages. This
observation is likely explained due to suppression of mtDNA replication until after the
blastocyst stage in mice (Pikd and Taylor, 1987). While mtDNA copy number was not
altered, mtDNA damage and mutation load were not assessed in this study. A study
exposing rats to rotenone found no alterations to mtDNA copy number in muscle or
blood even after exposure to 3mg/kg of rotenone per day for 5 days (Sanders et al.,
2014). However, the amount of mtDNA damage per 10kb greatly increased following
even one day of treatment (Sanders et al., 2014). mtDNA damage and mutations are
known to contribute to mitochondrial dysfunction (reviewed in Boczonadi and Horvath,
2014; Greaves et al., 2012) and may theoretically be a mechanism by which this

dysfunction could persist after mitochondrial biogenesis is resumed in late blastocysts.

Mitochondrial dysfunction induced epigenetic alterations begin at fertilisation

Epigenetic reprogramming begins to take place in the zygote prior to the first cleavage
and is characterised by rapid demethylation of the paternal pronucleus (with the
exception of paternally imprinted genes) and protection of the methylation landscape
in the maternal pronucleus. It is thought that these changes allow the zygote to erase
the inherited epigenetic profile and regain developmental totipotency (Seisenberger et
al., 2013). Rotenone exposure resulted in alterations to epigenetic reprogramming in
zygotes (Fig. 4.6). While typical differences in pronuclei size were observed, the
relative fluorescence of 5mC and 5hmC between the maternal and paternal pronuclei
appeared more similar to one another than in control zygotes; signifying sensitivity to
perturbations in mitochondrial function. The previous study using rotenone to
investigate the effects of mitochondrial toxicant exposure during gestation utilised the
viable yellow agouti mouse (AY) strain, as the coat colour of these mice reflects the
epigenetic status of a locus which is established before the differentiation of the three
germ cell layers at gastrulation. Authors saw a shift in offspring coat colour towards
the hypomethylated state of this locus when mothers had been exposed to rotenone
(Lozoya et al., 2020). The current study further supports the role for rotenone exposure
in altered epigenetic reprogramming and reveals that this may occur from fertilisation.
The fact that both 5mC and 5hmC levels are perturbed in zygotes indicates that

mitochondrial dysfunction may be affecting the enzymes responsible for maintenance
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or establishment of 5mC marks, and those responsible for catalysing the conversion
of 5mC to 5hmC (active demethylation). The mechanism for this action likely lies in
the reliance of these epigenetic regulatory enzymes on metabolites for their function
(Reid et al., 2017). Therefore, mitochondrial dysfunction leading to a deficiency or
accumulation of these metabolites has the potential to alter the epigenetic landscape
of the genome and thereby dictate cellular phenotype (reviewed in Frezza, 2017).
Future work to further interrogate this concept may include addition of metabolites to
IVF media during the fertilisation period up to the end of the first cell cycle (2-cell stage)
to identify if restoration of pronuclear reprogramming characteristics occurs. In
addition, this work could be coupled with more quantitative measures for changes in
methylation levels and also analysis of alterations to histone modifications (such as
H3K9me3 levels).

Mitochondrial function influences oocyte quality

Ovulation is a tightly regulated process encompassing multiple physiological systems
that culminates in the on-time release of high-quality oocytes from the ovary and
requires coordination of multiple factors ((Robker et al., 2018). The observation that
mice exposed to rotenone ovulated more oocytes than controls, as well as a higher
incidence of degenerated oocytes being ovulated (Fig 4.3 A), suggests that
metabolism may be a key regulator of follicle selection and ovulation. The higher
proportion of degenerated oocytes indicates that metabolic dysfunction during key
times of follicle growth and ovulation allows for unhealthy and potentially apoptotic

oocytes to be ovulated from follicles that are likely atretic.

A higher proportion of the live oocytes ovulated from mice exposed to rotenone had
failed to successfully complete polar body extrusion than from controls (Fig 4.3 C).
Studies have demonstrated that rotenone inhibits microtubule assembly through
tubulin binding (Brinkley et al., 1974; Marshall and Himes, 1978; Srivastava and
Panda, 2007). These studies were conducted in mitotic cells and found rotenone-
dependent inhibition of microtubule assembly resulted in mitotic arrest. It is entirely
plausible that the defects seen in oocyte maturation are also due to rotenone’s effect
on microtubule assembly, as microtubule formation is required for the separation of
homologous chromosomes in meiosis |, and attachment to sister chromatids in pro-

metaphase of meiosis Il. Not only could improper microtubule formation account for
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abnormal oocyte maturation, resulting in a lack of polar body extrusion, it could also
account for the decrease seen in 2C development rates from oocytes that were
exposed to rotenone (Fig. 4.7 A). From control mice, 85% of live oocytes ovulated
were properly matured, and 80% of total live oocytes progressed to 2C, suggesting
that a small proportion of mature oocytes were not able to fertilise or cleave. In
rotenone-exposed live oocytes, 72% were properly matured, however only 47% of
total live oocytes successfully progressed to 2C, suggesting that a much higher
proportion of mature oocytes were unable to fertilise or cleave. While these oocytes
may have been able to progress through meiosis |, improper microtubule assembly
may have inhibited the completion of meiosis II, thereby rendering the oocyte
incapable of cleaving into a 2C embryo. Given that issues in microtubule formation or
attachment are also linked to ploidy status (reviewed in Kitajima, 2018), an important
consideration that was not addressed in this study is the ploidy of those embryos that
did develop through to blastocysts, as this may affect gene dosage, and warrants

further investigation.

Summary and outstanding questions

This study has provided the first insight into mitochondria as a mechanism for the
regulation of telomere elongation during pre-implantation embryogenesis and is
critically relevant to physiological scenarios where oocyte metabolism is known to be
compromised. This work also sheds further light on the mechanisms by which this
telomere elongation occurs, as early elongation occurred independently of normal
mitochondrial function, while elongation after the 8C stage was impaired when
mitochondrial dysfunction was induced. Future work should aim to quantify the levels
of mtDNA and nuclear DNA damage occurring as a result of rotenone exposure, and
whether addition of mitochondrial activators or metabolites to IVF media can restore
the defects in epigenetic and telomere length reprogramming observed here.
Perturbations to oocyte mitochondrial function are observed and associated with the
decline in fertility and ART success outcomes in advanced maternal aging
(Eichenlaub-Ritter et al., 2011) and maternal obesity (Grindler and Moley, 2013; Wu
et al., 2015). This work provides a simple and efficient model to examine the impacts
of mitochondrial dysfunction on oocyte quality and embryo development induced by
the maternal environment without other complications associated with models of

advanced maternal age and obesity, such as greatly reduced ovulation rates.
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CHAPTER 5
MATERNAL OBESITY OR ADVANCED
MATERNAL AGE ALTERS TELOMERE
LENGTH IN EMBRYOS
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5.1 Introduction

Females are born with a fixed quantity of oocytes for their entire reproductive span.
Female fertility is known to decline with aging, beginning around 30 years of age, with
a more rapid decline from 35 (Menken et al., 1986). As every oocyte a female will ever
ovulate is present within her ovaries from birth, they are exposed to a range of external
and internal stressors. Aside from age, other factors that can influence female fertility
include psychological stress, drug and alcohol use, and exposure to pollutants,
chemicals, heavy metals and endocrine disruptors (Sharma et al., 2013). Perhaps one
of the most thoroughly addressed, and most prominent influences on female fertility is
inappropriate diet and insufficient exercise, leading to obesity. Obese women
experience higher rates of ovulatory infertility (Grodstein et al., 1994), longer time to
pregnancy, higher rates of miscarriage (including recurrent, early miscarriage), and
decreased successful implantation rates when compared to healthy-weight women
(Sharma et al., 2013). Both maternal obesity and advanced maternal reproductive age
are prominent factors resulting in subfertility and infertility, and a dominating issue in

both of these scenarios is an overarching general decline in oocyte quality.

Shifts in societal trends are seeing women waiting until later in life than ever before to
try to conceive. Not only do oocyte reserves decrease with age, but oocyte quality has
been shown to decline too. Changes to oocyte quality with aging include epigenetic
alterations, and mitochondrial decline, encompassing abnormal energy metabolism,
increased dysfunction, and increased mtDNA mutation load, among many others as
shown by studies in both mice and humans (Cimadomo et al., 2018; Krisher, 2019;
Tarin et al., 2002; Zhang et al., 2020). Telomeres are shorter in oocytes from older
women (Henderson and Edwards, 1968), and this observation persisted through to
blastocysts of advanced maternal reproductive age patients, where telomere length in
whole blastocysts was analysed using quantitative fluorescence in situ hybridisation
(gFISH) (Mania et al., 2014). Advanced maternal reproductive age is also associated
with increased incidence of aneuploidy (such as trisomy 21), and a direct relationship
between aneuploidy and telomere length in advanced maternal reproductive age has
been observed (Ghosh et al., 2010; Ray et al., 2015; Treff et al., 2011). Further,
epidemiological studies show that maternal age at conception is inversely related to

offspring lifespan (Gavrilov and Gavrilova, 2012).
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The incidence of obesity in today’s society is rising at a worrying rate and obese
women often require ART due to alterations in cyclicity as well as oocyte and
subsequent embryo quality (Robker, 2008). Analysis of oocytes from obese mice have
revealed altered oocyte quality, identified by increased spindle abnormalities, lipid
content, endoplasmic reticulum stress, and autophagy levels, along with decreased
mitochondrial activity (Han et al., 2018; Wu et al., 2015, 2010). Foetuses generated
from obese mice also had decreased mtDNA copy number in liver and kidney tissue,
combined with increased mtDNA variant numbers in liver tissues (Wu et al., 2015),
indicating a predisposition of these offspring to metabolic issues, as seen in children
of obese women (Catalano and deMouzon, 2015; Glastras et al., 2018; Ma et al., 2020;
Morea et al., 2013; Page et al., 2019). In humans, maternal obesity has been directly
linked to decreased telomere lengths in offspring cord blood and placenta (Martens et
al., 2016), while children of women who had metabolic syndrome during pregnancy
(mean BMI was 31.4) had shorter telomeres than those born to mothers that did not
have metabolic syndrome during pregnancy (McAninch et al., 2020). This indicates
that obese women are giving birth to chronologically older babies (indicated by
telomere length), however it is not known how and when in development this telomere
deficiency is established and whether there is any link between maternal obesity and

oocyte or embryo telomere lengths.

Using a model of rotenone-induced oocyte mitochondrial dysfunction, it was found that
mitochondrial function is a key regulator of telomere elongation during pre-implantation
embryogenesis, particularly during the post-compaction development phase (8C —
blastocyst, see Chapter 4). Maternal obesity and advanced maternal reproductive age
are two physiological scenarios which are known to result in perturbations to embryo
development, which originate from abnormalities in the oocyte; at least in part due to
compromised oocyte mitochondrial function. Therefore, this study (see Fig. 5.1.,
‘Experimental design’) set out to characterise telomere length in oocytes, 8C embryos,
blastocysts, and ICMs in mouse models of obesity and advanced maternal
reproductive age. Zygotic epigenetic reprogramming, was also investigated in these
contexts, as it was disrupted by rotenone-induced mitochondrial dysfunction and could

represent a link with telomere elongation mechanisms.

The hypothesis that mitochondrial function is a key regulator of pre-implantation

telomere elongation events was further addressed by treating obese or aging mothers
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with the mitochondrial activator compound BGP-15 (see Fig. 5.1.), to determine if
improving oocyte mitochondrial function can restore telomere length deficits. BGP-15
has previously been shown to improve the quality of oocytes from obese females by
normalising spindle abnormalities, reducing autophagy levels, increasing mtDNA copy
number, and increasing TFAM and Drpl protein abundance (Wu et al., 2015).

Analysis of oocytes and embryos from obese and aging mice revealed many parallels,
and further, treatment with BGP-15 was able to rectify many of the deficiencies seen.
The results of this study further support the hypothesis of oocyte mitochondrial function
being a key regulator of telomere elongation during pre-implantation embryo

development.

Day 1 2 3 4
: — L
:Vehicle:
- ‘BGP-15:
Obese : G 5;
(>369) H :
.’; 2 ) :V hicl * Triple
e =~ enic e > o ).y > test
Young/lean : :BGP-15: : :
(3 months or aged matched) : : . 1 Ml el
H H H H Zygote 2C 8C Blastocyst
H H H H oocyte
‘7\) : : Vehicle: D | - Triple test - On time - On time
Aged BGP-1 5 development ‘ c_irerrivtileotper:tent
(12 months) . : ; s - Viability and P - Ontime
: : : : maturation development
Treatment PMSG+  Treatment hCG + - Epigenetic  Triple test
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Figure 5.1. Experimental design

Young/lean, obese, and reproductively aged females were treated with vehicle or
BGP-15 via i.p. injection for 4 days, starting the day prior to PMSG stimulation.
Oocytes and embryos were assessed for morphology, epigenetic reprogramming and
developmental timing as well as telomere length and mtDNA copy number analysis

using the Triple Test, as indicated.
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5.2 Materials and Methods

5.2.1 Mice

Mice with obesity or reproductive aging, as well as lean and young controls were
generated from the same colony (C57BL/6JSfdAnu-Almslbbb/Apb mouse strain
maintained as heterozygous breeding pairs), termed “Blobby” mice, and fed an
identical standard chow diet as in (Wu et al., 2015). Obese mice were homozygous
(bbb/bbb) for the ‘Blobby’ mutation of the Alms1 gene which results in hyperphagia
and profound obesity even when maintained on a standard mouse chow diet (Wu et
al., 2015). Females were deemed obese when they weighed at least 36g, which
occurred at around 5 months of age, and wild-type littermates were used in parallel as
lean controls. ‘Old’ females were wild-type or heterozygous (+/+ or bbb/+) at 12

months of age and young females (3-4 months old) were used in parallel as controls.

Mice were maintained in 12h/12h light/dark conditions and given water and standard
rodent chow ad libitum. All animal experiments were approved by the University of
Adelaide’s Animal Ethics Committee and conducted in accordance with the Australian

Code of Practice for the Care and Use of Animals for Scientific Purposes.

5.2.2 Derivation of oocytes, early embryos, and blastocysts
5.2.2.1 Hormone stimulation and BGP-15 treatment

Female mice were given 5IU/12g bodyweight pregnant mare’s serum gonadotropin
(PMSG, National Hormone and Pituitary Program), followed by the equivalent dose of
human chorionic gonadotropin (hCG, Pregnyl) 47.5 hours later, each via
intraperitoneal (ip) injection. BGP-15 ([(O-[3-piperidino-2-hydroxy-1-propyl]-nicotinic
amidoxime)], CAS 66611-37-8; Hangzhou Molcore Biopharmatech Co Ltd, and N-
Gene Research Laboratories Ltd) was injected at 100mg/kg of bodyweight in saline
for 4 days, starting the day before PMSG injection (as in Wu et al. 2015, refer to Figure

5.1). Controls were injected with saline vehicle.

5.2.2.2 Mll oocyte retrieval

Mice were culled via cervical dislocation 15h post-hCG administration, and ovaries

and oviducts collected and placed in pre-warmed (37°C) aMEM-HEPES handling
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media, supplemented with 1% FCS. Meiosis Il (MIl) oocytes were isolated by
puncturing the oviducts using a 30G needle. Complete cumulus cell removal was
achieved via treatment with hyaluronidase (Seikagaku, #100741) for 5-10 minutes at

37°C, followed by aspiration using a glass pipette pulled to an appropriate diameter.

5.2.2.3 In vitro fertilisation (IVF)

To generate embryos via in vitro fertilisation, MIl COCs were collected as previously
described (section 3.2.2.2). Following oviduct puncture, whole cumulus-oocyte
complex (COC) clusters were gently washed twice in pre-warmed (37°C) fertilisation
media (Vitro Fertilisation; Cook Australia, Brisbane, Australia), before being placed in
a 100pL fertilisation drop containing the equivalent of 10uL of capacitated sperm from
a male of proven fertility (this is deemed ‘fertilisation time’), before being returned to
the incubator (37°C, 5% Oz, 6% CO2) for 4 hours. Following this, fertilised oocytes
were cleaned of all excess sperm and cumulus cells via gentle aspiration and
transferred to a culture dish containing cleave media (Vitro Cleave; Cook Australia,
Brisbane, Australia, 10 embryos per 20uL cleave media drop) and returned to the
incubator until 24 hours post fertilisation time. At this time, the number of embryos that
successfully reached the 2C stage were scored. The remaining embryos were
returned to the incubator until 55 hours post fertilisation time for 8C collection, then
until 96 hours post fertilisation time, where the remaining embryos that had

successfully reached the blastocyst stage were scored and collected for analysis.

5.2.3 Blastocyst Immunosurgery

Blastocysts first had their zona pellucida removed via treatment with Acidic Tyrode’s
Embryomax solution, washed twice in cleave media and transferred to a 200uL drop
of cleave media containing 20% heat inactivated rabbit anti-mouse serum (Sigma,
#M5774). Following a one hour incubation period (37°C, 5% Oz, 6% CO3), blastocysts
were washed three times in cleave media and transferred to a 200uL cleave media
drop containing 20% guinea pig serum (Sigma, #G9774) and incubated for 15 minutes.
Blastocysts were washed three times in cleave media and incubated for a further 30
minutes in this media. Lysed TE cells were removed by gently aspirating ICMs in a

finely drawn glass pipette.
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5.2.4 Sample collection, lysis and preparation for gPCR

MII oocytes or embryos at the various stages, or ICM populations were first washed
three times in 1x phosphate buffered saline (PBS) containing 1mg/mL
polyvinylpyrrolidone (PVP, Sigma), and transferred in 1uL to a 0.5mL PCR tube
(Axygen, #PCR-05-C) for gPCR analysis. All samples were snap frozen in liquid
nitrogen (LN2), and stored at -80°C until use.

Individual oocytes, embryos, and ICM populations had their nuclear genomic DNA
(nDNA) and mitochondrial DNA (mtDNA) extracted by adding 9uL of lysis buffer
(50mM Tris-HCI pH 8.0, 1ImM EDTA, 200ug/mL Proteinase K, 0.5% Tween-20) to
each sample with a volume of 1L (final volume of 10uL) following brief centrifugation,
and heated to 55°C for 2 hours, followed by 95°C for 10 minutes to inactivate
Proteinase K activity. Samples were allowed to cool to 4°C and briefly centrifuged.
Following this, 1uL of lysis product was removed and added to 9uL of sterile H20 for
mtDNA analysis and the rest kept for telomere and Rn18S analysis. For ICMs, an
additional 10pL of sterile H20O was added after lysis to give a total volume of 20pL

which was used for the Triple Test without further dilution.

5.2.5 Triple test qPCR assay

To generate ‘calibrator’ DNA for use as a standard within every assay, a whole ovary
from a 6 week old PMSG and hCG stimulated CBA female mouse was collected and
had total DNA extracted (as described previously, see sections 2.2.2). DNA
concentration and purity were quantified by NanoDrop One Microvolume UV-Vis

Spectrophotometer and diluted to 2.5ng/pL.

gPCR was performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, #4367659), standard MicroAmp Optical 96-well Reaction Plates (Life
Technologies, #4306737), and custom made primers (Sigma, forward and reverse
primer sequences shown in Table 5.1), using an Applied Biosystems 7900HT Fast
Real-Time PCR system. Cycling conditions for all primers were set at 95°C for 10
minutes, followed by 40 cycles of 95°C for 10s, 60°C annealing for 30s and extension
at 72°C for 30s, followed by standard melt curve cycling. Two repeat reactions were

performed for each sample and each primer pair, using 2uL of sample per reaction.
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For Rn18S and telomere analysis, the final reaction for each well was 10uL Power
SYBR Green PCR Master Mix, 0.5uL each of forward and reverse primer (stock at
10uM), 2uL of sample, and sterile H20 to a final volume of 20uL. To minimise any
plate-to-plate variations, Rn18S and telomere reactions for each sample were run on

the same plate, and calibrator DNA assays included on every plate.

For mtDNA analysis, the final reaction for each well consisted of 10uL Power SYBR
Green PCR Master Mix, 0.2uL each of forward and reverse primer (stock at 10uM),
2uL of sample or standard, and sterile H20 to a final volume of 20uL. Total mtDNA
copy humber was quantified using the standard curve method as previously described
(Kameyama et al., 2010). Briefly, quantification standards were prepared by PCR
amplifying a 1186bp fragment in the 12S rRNA region of mtDNA from mouse liver
using the primer pair 5-ACA CCT TGC CTA GCC A-3’ and 5-TTT GCC ACA TAG
ACG AGT T-3'. The PCR product was extracted from the gel using QIlAquick Gel
Extraction Kit (Qiagen) and cloned using the Qiagen PCR Cloning Kit. Plasmid DNA
was purified using QIlAprep Spin  Miniprep Kit (Qiagen), quantified by
spectrophotometry, and diluted to 107 copies per 2uL. To create a standard curve,
10uL of standard stock was removed and serially diluted (1:10) from 107 to 10* copies,
and standard curve correlation coefficients were consistently greater than 0.98. Serial
dilutions were made fresh on the day. Total mtDNA copy number per sample was
calculated according to the generated equation for Ct value against copy number for
the corresponding standard curve (excluding 10! copies), and multiplied by the dilution
factor of the sample i.e. total mtDNA copy number = (10%) * [dilution factor], where

x=(y-intercept of standard curve — Ct value of sample)/slope of standard curve.

Telomere and mtDNA relative to total cell number were calculated using the 2-2ACt
method, where the ACt of the calibrator (telomere or mtDNA Ct — Rn18S Ct) was
subtracted from the ACt of the sample (telomere or mtDNA Ct — Rn18S Ct) to give the
AACt.
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Table 5.1 gPCR primers

Primer target Forward primer sequence Reverse primer sequence
Telomere 5-CGGTTT GTT TGG GTT 5-GGC TTG CCT TAC CCT
TGG GTTTGG GTTTGG GTT  TAC CCT TAC CCT TAC CCT
TGG GTT-3' TAC CCT-3’
mtDNA 5-CGT TAG GTC AAG GTG 5-CCA GAC ACACTT TCC
TAG CC-3 AGT ATG-3’
Rn18S 5-AGA AAC GGC TACCAC 5-CCTGTATTGTTATTTTTC
ATC CAA-3 GTC ACT ACCT-3

5.2.6 Pronuclear cytosine methylation immunofluorescence

Fertilized zygotes (stage PN3 to PN4) were collected 6 hours after fertilisation, and
successfully parthenogenetically activated 1C embryos were collected 6 hours after
activation time (see section 3.2.2.4). The zona pellucida was dissolved using Acid
Tyrode’'s Embryomax solution (Millipore, #MR-004D), followed by a brief wash in
phosphate buffered saline (PBS) containing 1mg/ml polyvinylpyrrolidone (PVP,
Sigma) (PBS-PVP). Samples were fixed in 3.7% PFA-PBS for 20 minutes at room
temperature (RT), followed by two five-minute washes in PBS-PVP, then
permeabilised in 0.2% Triton X-100 (in PBS) for 10 minutes at room temperature,
followed by three five-minute washes in PBS-PVP. Samples were incubated in 4N HCI
solution for 10 minutes at RT, and washed thoroughly in 0.05% Tween-20 in PBS
(PBS-T). Samples were blocked overnight at 4°C in blocking solution (1% BSA, 0.02%
Triton X-100 in PBS), then incubated overnight at 4°C with mouse anti-5mC (1:200,
Biorad, #ab10805), and rabbit anti-5ShmC (1:600, Active Motif, #39769), diluted in
blocking solution. Following three ten-minute washes in PBS-T, samples were
incubated for one hour at RT, while protected from light, with Alexa Fluor 594-
conjugated goat anti-mouse (1:500, Invitrogen) and Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibodies (1:1000, Invitrogen). Samples were mounted on
slides with 1.5uL Prolong™ Diamond Antifade Mountant (Invitrogen, #P36965) and
examined using a confocal microscope (Olympus FV3000). Images were acquired

using the same image acquisition settings. Pronuclear size and staining intensity was
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calculated using ImageJ software. Mean signal intensity was calculated first by
subtracting the signal from the cytoplasmic area (representing background staining),

then dividing by the area of the pronuclei.

5.2.7 Statistical analysis

Results are presented as mean + SEM. Telomere, mtDNA per cell, and total mtDNA
copy number displayed as mean + SEM overlayed on a violin plot to illustrate the
distribution of data points. Analysis of normality showed that telomere and mtDNA data
required log transformation for statistical analysis. Statistical analysis was performed
using Graph Pad Prism version 8 for Windows (GraphPad Software Inc., La Jolla, CA)
and SPSS Statistics 26 (IBM, Armonk, NY). Paired t-test, unpaired t-test, one-way
analysis of variance (ANOVA, comparison of means), and linear-mixed effects models

were used as indicated and statistical significance was considered at P-value <0.05.
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5.3 Results

5.3.1 C57BL/6JSfdAnu-Alms1 embryos exhibit telomere elongation

and typical mtDNA characteristics

To enable the study of maternal obesity and advanced maternal aging characteristics
for this chapter, the “blobby” strain of mouse (C57BL/6JSfdAnu-Alms1) was utilised
(for details see section 5.2.1). First, telomere elongation and mitochondrial DNA
kinetics throughout pre-implantation embryogenesis were characterised in young lean
control mice (Fig. 5.2). C57BL/6JSfdAnu-Alms1l mouse embryos exhibited a degree
of telomere elongation at each analysed stage (Fig. 5.2 A), which equated to 13% of
their final length by the 8C stage (Fig. 5.2 B). Thus C57BL/6JSfdAnu-Alms1 embryos
primarily exhibit telomere elongation in the second phase (from 8C to blastocyst), and
this is confirmed by calculation of the relative fold change in telomere length (Fig. 5.2
C) after the first phase (MIl oocyte to 8C) and the second phase (8C to blastocyst).
Total mitochondrial DNA copy number and relative mtDNA (Fig. 5.2 D and E) was

consistent with observations in other strains (Fig. 3.5 A and B, respectively).

As telomere elongation and mtDNA dynamics were successfully characterised in
young lean mice from the blobby colony, the effect of maternal obesity and advanced

maternal age on these was investigated.
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Figure 5.2. C57BL/6JSfdAnu-Almsl embryos display typical telomere

elongation and mtDNA characteristics

Oocytes were collected from young, lean female mice, fertilised via in vitro fertilisation
(IVF) and cultured to the indicated stages. Individual denuded oocytes and embryos
were frozen for Triple Test gPCR analysis. Total telomere content was calculated
relative to a calibrator sample (A) and then converted to a proportion of lengthening
with MIl set as 0% of the final length, and blastocyst set as 100% of the final length
(B), with proportion of lengthening to the 8C stage indicated. Further, the fold change
in relative telomere length was calculated (C) from MIl oocytes to 8C embryos (pre-
compaction), and from 8C embryos to blastocysts (post-compaction). Total mtDNA
copy number was calculated using the standard curve method (D) and mtDNA per
nuclear gene (Rn18S) copy was calculated relative to a calibrator sample (E). n=42
MIl oocytes and 2C embryos, and n=40 embryos from each of the 4C, 8C, and
blastocyst stages. Data was log transformed for statistical analysis using a linear
mixed-effects model (A, D, E) where different lowercase letters indicate statistical
significance between groups of at least p<0.05. Statistical analysis was not conducted
on data in B or C. Shaded areas represent the population distributions, while horizontal

lines represent mean + SEM.
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5.3.2 Maternal obesity reduces oocyte telomere lengths

To examine the effects of maternal obesity on telomere and mtDNA dynamics in
oocytes and throughout embryo development, obese (236g) and lean (wild-type)
aged-matched females underwent four daily injections of 100mg/kg BGP-15 or the
equivalent volume of saline, with PMSG and hCG stimulation according to body weight
(51U/129g) as depicted in the experimental design schematic (Fig 5.1). COCs were
collected 15 hours after hCG administration for in vitro fertilisation (IVF), and oocyte
guality was assessed four hours after fertilisation (Fig. 5.3). The total number of
oocytes at this time was counted and established that obese females ovulate fewer
oocytes than lean females, and this was not altered by BGP-15 treatment (Fig. 5.3 A).
These results differ from previous studies using the Blobby strain of mouse as an
obesity model, where treatment of either lean or obese females with BGP-15
increased ovulation (Wu et al., 2015). A potential reason for this discrepancy may lie
in differences in ovulation numbers for controls mice. In this study, lean control mice
ovulated an average of 27 oocytes, compared to just below 20 in the previous study,
while control obese mice ovulated an average of 13 oocytes in this study, in
comparison to the previously reported average of 7.5 (Wu et al., 2015), suggesting a
better response overall to hyperstimulation techniques. This could derive from
differences between the mice in the two studies, their housing conditions, or the use
of different hormones, thus leaving less opportunity for enhancement from BGP-15
treatment. The proportion of females that ovulated was not different between groups,
with 98% of lean mice ovulating (vehicle and BGP-15 treatment groups) and 96% of
obese vehicle and 93% of obese BGP-15 treated mice ovulating (analysed using Chi-
square test, p=0.22). Oocytes were assessed for their viability and separated into three
classifications (live, fragmented, degenerated) based on their morphology (Fig. 5.3 B).
Obesity was not associated with increased oocyte fragmentation or degeneration
compared to controls, and BGP-15 did not alter these proportions (Fig. 5.3 B).
Unexpectedly, BGP-15 treatment of lean mice reduced the quantity of degenerated
oocytes, thereby increasing the proportion of live oocytes, with fragmented oocytes
remaining unchanged. No other differences were found in oocyte proportions between
other groups. Live oocytes were further assessed for maturation status, with those
exhibiting a sizeable MIl polar body categorised as “normal” maturation, and those

with a very small or complete lack of a polar body as having undergone “abnormal”
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maturation (Fig. 5.3 C). Maternal obesity did not influence the proportion of live
oocytes that had matured abnormally, and BGP-15 treatment did not modulate these

proportions.

Ovulated oocytes were fully denuded and individually frozen for Triple Test analysis
(Fig. 5.4). Maternal obesity was associated with reduced telomere lengths in Ml
oocytes compared to controls (Fig. 5.4 A), and no differences were found between
oocytes from mice that received BGP-15 treatment when compared to vehicle
controls. While maternal obesity did not alter the total mtDNA copy number of oocytes,
treating obese females with BGP-15 resulted in an increase in mtDNA in comparison
to oocytes from lean or obese vehicle groups (Fig. 5.4 B), consistent with previous
results (Wu et al., 2015).

242



A

80
B0

40

Ovulation

ek

-

# oocytes

20-

Qocyte viability Qocyte maturation

—

(S I» +] [=]

(=~ =
1 1 1

&

—

=

=

T Live
— Fragmenled
T Degenerated

120

-y

(=) [=2) =

L= (=) =
| | |

=

I
1

—

=

— Mormal
= Abormal

s
o
1

% ovulated oocytes
% ovulated oocytes

204

Figure 5.3. Obesity reduces ovulation numbers but does not impact oocyte

viability or maturation

COCs were collected 15 hours after hCG administration and fertilised via IVF. Four
hours after fertilisation, the total oocytes ovulated were counted (A), oocytes and
presumptive zygotes were scored for viability (live, fragmented or degenerated, B) and
maturity (presence of at least one polar body, C). For ovulation counts n=29 lean
vehicle, n= 26 lean BGP-15, n=39 obese vehicle, and n=32 obese BGP-15 mice. For
viability and maturation n=20 lean vehicle, n=19 lean BGP-15, n=30 obese vehicle,
and n=24 obese BGP-15 mice. Data analysed using one-way ANOVA, % live oocytes
analysed for (B), and % normal oocytes analysed for (C) where no difference was
observed, * p<0.05, *** p<0.0001. For A, shaded areas represent the population

distributions, while horizontal lines represent mean £ SEM.
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Figure 5.4. Obesity reduces MIl oocyte telomere length

Fully denuded MIl oocytes were individually frozen for Triple Test analysis. Relative
telomere length (A) and total mtDNA copy number (B) were compared between lean
and obese oocytes with or without in vivo BGP-15 exposure. n=220 lean vehicle,
n=191 lean BGP-15, n=93 obese vehicle, and n=87 obese BGP-15 MIl oocytes, log
transformed data analysed using one-way ANOVA, ** p=0.0022, ** p=0.0008, ****
p<0.0001. Shaded areas represent the population distributions, while horizontal lines

represent mean + SEM.
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5.3.3 Maternal obesity alters zygote pronuclear epigenetic

reprogramming events

To determine if maternal obesity affects zygote pronuclei epigenetic reprogramming,
zygotes were collected 6 hours after fertilisation for methylation pattern assessment
of the maternal and paternal pronuclei (Fig. 5.5 A). Analysis of pronuclear size showed
the expected difference, with the paternal pronuclei being larger in size than the
maternal pronuclei for all groups, however the difference in pronuclear size was
diminished in zygotes from obese females (Fig. 5.5 B). Further, the paternal
pronucleus was smaller in zygotes derived from obese females than those from lean
females, and were also smaller than the paternal pronucleus of zygotes from obese
females that were treated with BGP-15 (Fig. 5.5 B).

5mC fluorescence levels showed established patterns in zygotes from lean females,
with the maternal pronucleus exhibiting higher levels of 5mC fluorescence than the
paternal pronucleus (Fig. 5.5 C). This difference in pronuclear fluorescence was not
observed in zygotes derived from obese females, and mean fluorescence intensity
was higher in both pronuclei in zygotes from obese females than those from lean (Fig.
5.5 C). Further, treatment of obese females with BGP-15 saw a restoration of this
difference between the maternal and paternal pronuclei, and 5mC fluorescence
intensity was not different from the other groups (Fig. 5.5 C). This indicates that
treating obese females with BGP-15 may rectify defects in 5mC reprogramming in
obese females, to similar levels seen in zygotes from lean females. When comparing
the ratio for fluorescence between the paternal and maternal pronuclei, the levels were
more similar (indicated by a ratio closer to 1) between zygote pronuclei from obese
females than those from lean. There was a difference in the ratio when comparing
obese females that had undergone BGP-15 treatment compared to vehicle treated
(Fig. 5.5 C, right y-axis), indicating that BGP-15 treatment restored the expected

differential in 5mC between parental pronuclei.

Quantification of 5hmC fluorescence in pronuclei displayed established differences,
with the paternal pronucleus having higher levels of fluorescence than the maternal
across all groups, however this difference was reduced in zygotes from obese females
(Fig. 5.5 D). Further, no differences in fluorescence intensity between either the

maternal or paternal pronucleus across groups were observed. The ratio of
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fluorescence between the paternal and maternal pronuclei was reduced in zygotes
from obese females than those from lean, indicating a loss of differential 5hmC
modifications between the pronuclei (Fig. 5.5 D). Treatment of obese females with
BGP-15 did not alter this ratio, however the ratio was no longer statistically different to
that from lean mice.
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Figure 5.5. Maternal obesity results in alterations to zygotic epigenetic
reprogramming events that are reversed by BGP-15 treatment

Zygotes from lean, obese (Ob) and obese females treated with BGP-15 (Ob+B) were
collected 6 hours after in vitro fertilisation and co-stained with anti-5mC (red) and anti-
5hmC (green) antibodies (A). Pronuclei size was measured (B) and signal intensity
fluorescence levels were quantified for 5mC (C) and 5hmC (D) in maternal and
paternal pronuclei. Data presented as signal intensity for maternal (Mat.) and paternal
(Pat.) pronuclei on the left axis, and the ratio of the signal for paternal to maternal
fluorescence on the right axis. Data analysed using paired t-test for comparisons
between maternal and paternal pronuclei of the same zygote, and one-way ANOVA
for  pronuclei between

* p<0.034, ** p<0.008, *** p<0.0002, **** p<0.0001.

comparisons and ratio comparisons groups,
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5.3.4 Maternal obesity does not impact on-time embryo development

but results in shorter blastocyst telomeres

Embryo development from oocytes of lean or obese mothers was assessed 24 hours
after fertilisation for successful 2C development (Fig. 5.6 A). While the impact of
maternal obesity on 2C development rates was not apparent when compared to lean
controls, the treatment of obese females with BGP-15 resulted in an improvement in
successful 2C development in this group compared to vehicle treated obese mice (Fig
5.6 A). Embryos were allowed to develop for an additional 32 hours before on-time 8C
development was assessed, which showed no differences between any groups (Fig.
5.6 B).

A proportion of on-time 8Cs were individually frozen for Triple Test analysis (Fig. 5.6
C & D). Surprisingly, the deficit in telomere length in obese oocytes was not detectable
in embryos at the 8C stage and no differences were found between groups (Fig. 5.6
C). Total mtDNA copy number was not reduced in 8Cs from obese females compared
to those from lean, and BGP-15 treatment of obese females did not alter 8C total
MtDNA copy number (Fig. 5.6 D).

Successful blastocyst development was scored after five days of culture and similar
to 2C and 8C, maternal obesity did not impact on-time development to the blastocyst
stage (Fig. 5.7 A). A previous study using this mouse model of obesity indicated large
decreases in on-time 2C and blastocyst development that were improved with
maternal BGP-15 treatment (Wu et al., 2015). Aside from higher rates of 2C
development from obese females that had undergone treatment with BGP-15 when
compared to those who had not received treatment, no embryo development
differences were observed in the current study. This may stem from continuous
improvements to IVF procedures and culture conditions to better support the in vitro
development of all embryos, and particularly those with compromised developmental
potential. A critical difference in culture conditions between the two studies was the
oxygen concentration used for culture, with the previous study using 20% O3, and the
current study using 5% Oz, where previous work has highlighted perturbed embryo

development in 20% O:2 culture (see section 3.3.7).

Triple Test analysis of individual blastocysts revealed that those derived from obese
females had measurably shorter telomeres than those from lean females (Fig. 5.7 B).
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BGP-15 treatment of obese females resulted in blastocysts with longer telomeres than
those from vehicle treated mice, and also were not different to those from lean mice
(Fig. 5.7 B). Interestingly, blastocysts from obese females had more mtDNA per cell,
which correlated with a higher total mtDNA copy number than those from lean mice
(Fig. 5.7 C & D, respectively). Unlike telomere length, mtDNA copy numbers were not
altered between embryos from obese females that were given BGP-15 compared to
vehicle treated (Fig. 5.7 C & D). The inner cell mass (ICM) cell population of
blastocysts was immunosurgically isolated for triple test analysis to determine if
telomere length defects associated with maternal obesity carried through to the
lineage that gives rise to the foetus. Similar to whole blastocysts, maternal obesity was
associated with shorter telomeres than those derived from lean females, and treatment
of obese females with BGP-15 restored this deficit such that telomere lengths were
not different to those in ICMs derived from lean mice (Fig. 5.7 E). Unlike in whole
blastocysts, the mtDNA per cell was not different in the ICMs from either group (Fig.
5.7 F), suggesting the differences seen in mtDNA per cell in whole blastocysts may be

due to differences specifically in the trophectoderm.
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Figure 5.6. Obesity does not impact embryo development or 8C telomere lengths

Oocytes were fertilised via IVF and scored 24 hours later for successful development
to the 2C stage (A) and a further 32 hours later for on time development to the 8C
stage (B). A proportion of 8C embryos were collected and individually analysed for
telomere length (C) and total mtDNA copy number (D) using the Triple Test. For
embryo development n=20 lean vehicle, n=18 lean BGP-15 treated, n=27 obese
vehicle, and n=20 obese BGP-15 treated mice. For Triple Test n=30 lean vehicle, n=50
lean BGP-15 treated, n=22 obese vehicle, and n=45 obese BGP-15 treated 8C
embryos. Development data (A, B) and log transformed telomere (C) and mtDNA copy
number (D) data analysed using one-way ANOVA, ** p=0.0061. Shaded areas

represent the population distributions, while horizontal lines represent mean + SEM.
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Figure 5.7. Obesity reduces blastocyst and ICM telomere length

Successful blastocyst development was scored 96 hours post fertilisation (A) and
whole blastocysts and isolated ICMs were individually analysed using the Triple Test
for telomere content (B & E), mtDNA per cell (C & F), and total mtDNA copy number
(D). For embryo development n=12 lean vehicle, n=9 lean BGP-15 treated, n=8 obese
vehicle, and n=16 obese BGP-15 treated mice. For Triple Test n=53 lean vehicle, n=16
lean BGP-15 treated, n=15 obese vehicle, and n=16 obese BGP-15 treated
blastocysts. Blastocyst development (A) and log transformed data (B-F) analysed
using one-way ANOVA, * p<0.044, * p=0.0063, ** p=0.0007. Shaded areas
represent the population distributions, while horizontal lines represent mean + SEM.
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5.3.5 Advanced maternal age reduces oocyte telomere length and
MtDNA copy number

To examine the effects of advanced maternal age on telomere and mtDNA dynamics
in oocytes and throughout embryo development, reproductively old (12 months old)
and young (3-4 months old) females were administered daily injections for four days
of 100mg/kg BGP-15 or the equivalent volume of saline, with PMSG and hCG
stimulation according to body weight (51U/129) (see Fig 5.1). COCs were collected 15
hours after hCG administration for in vitro fertilisation (IVF), and oocyte quality was
assessed four hours after fertilisation (Fig. 5.8). The total number of oocytes ovulated
was counted at this time with old mice, as expected, ovulating fewer oocytes than
young mice (Fig. 5.8 A). Treating old mice with BGP-15 for four days increased
ovulation compared to old untreated mice, however this was still reduced compared
to young mice. To determine if BGP-15 treatment was resulting in more aged mice
ovulating, the percentage of mice that successfully ovulated was compared (Fig. 5.8
B). The proportion of ovulating mice was decreased in old mice compared to young
controls, however BGP-15 treatment did not result in an increase in the percentage of
aged mice that ovulated. Thus, as many aged mice failed to ovulate, the total number
of oocytes from ovulating females only was evaluated (Fig. 5.8 C). Consistent with
total ovulation, the number of oocytes from aging mice that ovulated was less than
that from young mice, and BGP-15 treatment resulted in an increase in the number of
oocytes ovulated per mouse. Taken together, these results suggest that BGP-15
treatment enabled more oocytes to be ovulated from mice that retained the capacity
to ovulate, rather than stimulate ovulation from mice that were otherwise anovulatory.
Ovaries from anovulatory mice were sectioned and examined histologically. It was
noted that, surprisingly, a number of large follicles were present in these ovaries (Fig.
5.8 D) and thus the number of pre-ovulatory follicles, classed as a large antral follicle
with a COC visible in at least one section, were counted. The number of pre-ovulatory
follicles in each ovary per mouse (Fig. 5.8 E, left y-axis), and therefore the total number
per mouse indicated an increase in the number of pre-ovulatory follicles in ovaries
from anovulatory aged mice that had been treated with BGP-15 (Fig. 5.8 E, right y-
axis), indicating that BGP-15 treatment stimulated follicle growth at least to the pre-

ovulatory stage.
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Following oocyte collection, viability was assessed based on morphology (Fig. 5.8 F).
Maternal age was not associated with adverse impacts on oocyte viability, and BGP-
15 treatment did not change these proportions in young or aged mice. Further
classification of live oocytes based on their maturity showed maternal aging was not
associated with an increase in abnormal maturation (based on polar body extrusion),

and maturation was not affected by BGP-15 treatment (Fig. 5.8 G)

MIl oocytes from young and aged control mice were denuded and individually
analysed using the Triple Test (Fig. 5.9). Due to the lack of improvement to oocyte
telomere lengths with BGP-15 treatment in obese females, this was not assessed in
oocytes from aged females. Advanced maternal age resulted in oocytes with markedly
shorter telomeres (Fig. 5.9 A) and reduced total mtDNA copy number (Fig. 5.9 B)

253



Vehicle

BGP-15

>

N L2}
I
1

# oocytes ovulated
n
i

Ovulation

*rae
e

% ovulated oocytes

B Ovulating mice
1004
80+
s 60 |
40
20+
0 . | (-
Aé\\(}e, eq'\fo ﬁ\\_\éowoq :\6
R 0\,«\‘3 o® ®

= Live
=1 Fragmented
=1 Degenerated

C Ovulation (ovulating mice)

# oocytes ovulated

60+

B
o
1

[N}
o
1

rran
ren

*

E Pre-ovulatory follicles per mouse

# POF

I

I

I
Il

1

04

®

1204
8 100+
§ 80
=]
3 60
s
3 40
=l
= 204
0
£ o e
éo“" o ég) &
o & N4
-l°\)° c?‘\Q RS

T T TT

T

Mouse #

Oocyte maturation

= Normal
=1 Abnormal

asnow Jad 40d#

254



Figure 5.8. Advanced maternal age reduces ovulation numbers but does not

impact oocyte viability or maturation

COCs were collected 15 hours after hCG administration and fertilised via IVF. Four
hours after fertilisation, the total oocytes ovulated were counted (A). The proportion of
mice that successfully ovulated from each cohort was compared (B) as was the
number of oocytes ovulated only from those mice (C). Whole ovaries from aged mice
that did not ovulate were fixed in 4% PFA at 4°C overnight, transferred into PBS,
embedded in paraffin wax and sectioned at 5uM thickness. Every 5th slide was stained
with H&E (Histology Services, Adelaide University) and imaged using a Nanozoomer
Digital Slide Scanner (Adelaide Microscopy) (C). Pre-ovulatory follicles were defined
as large antral follicles with a COC visible in at least one section. 12-18 sections were
counted per ovary, and both ovaries from 8-10 mice per group were assessed. Follicle
counts are shown as the number of follicles counted in each ovary per mouse (D, left
y-axis), and the total follicles per mouse, per group (D, right y-axis). Oocytes and
presumptive zygotes were scored for viability (live, fragmented or degenerated, D) and
maturity (presence of at least one polar body, E). For total ovulation counts, n=26
young vehicle, n= 16 young BGP-15, n=87 old vehicle, and n=91 old BGP-15 mice.
For % of mice that successfully ovulated n=11 for young vehicle, old vehicle, and old
BGP-15 and n=5 for young BGP-15. For oocyte number in ovulating mice, n=26 young
vehicle, n=16 young BGP-15, n=55 old vehicle, and n=65 old BGP-15 mice. For
viability and maturity assessments, n=12 young vehicle, n=11 young BGP-15, n=26
old vehicle, and n=30 old BGP-15 mice. Data analysed using one-way ANOVA (A, C,
F, G), or Chi-squared test (B), or unpaired t-test (E, right y-axis), * p=0.0125, **
p=0.0069, *** p=0.0001, **** p<0.0001. For A, and C, shaded areas represent the

population distributions, while horizontal lines represent mean + SEM.
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Figure 5.9. Advanced maternal age is associated with reduced telomere length

in MIl oocytes

Fully denuded MII oocytes were individually frozen for Triple Test analysis. Relative
telomere length (A) and total mtDNA copy number (B) were compared between
oocytes from young or aged mice. n=109 young and n=69 old MIl oocytes. Log
transformed data analysed using one-way ANOVA ** p=0.011, **** p<0.0001. Shaded
areas represent the population distributions, while horizontal lines represent mean +
SEM.
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5.3.6 Advanced maternal age results in perturbations to zygotic

epigenetic reprogramming

Zygotes derived from young, aged, or aged females that had been treated with BGP-
15 were assessed for the global methylation status of the maternal and paternal
pronuclei using antibodies specific to 5mC and 5hmC (Fig. 5.10 A). Analysis of
pronuclei size showed established differences, with the paternal pronuclei being larger
in size than the maternal, however this difference was not as pronounced in zygotes
from old mothers (Fig. 5.10 B).

In zygotes from young females, the maternal pronucleus displayed higher levels of
5mC fluorescence than the paternal pronucleus, however there was no differences
between pronuclei of zygotes from aged females (Fig. 5.10 C). Treatment of aged
females with BGP-15 saw a restoration of this difference between the maternal and
paternal pronuclei (Fig. 5.10 C). When comparing fluorescence of the maternal or
paternal pronuclei between groups, there were no differences in fluorescence levels
between paternal pronuclei across groups, however the maternal pronucleus of
zygotes from aged females displayed lower levels of fluorescence than the maternal
pronucleus from young females or those treated with BGP-15 (Fig. 5.10 C). This
indicates that treating aged females with BGP-15 may rectify defects seen in maternal
pronuclei epigenetic reprogramming in aged females, to similar levels seen in zygotes
from young females. When comparing the ratio for fluorescence between the paternal
and maternal pronuclei, the levels were more similar between zygote pronuclei from
aged females than those from young (p=0.0751), and this difference was restored
when comparing to the ratio from old mothers that had undergone BGP-15 treatment
(Fig. 5.10 C, right y-axis).

The paternal pronucleus had higher levels of 5hmC than the maternal pronucleus in
all groups (Fig. 5.10 D), as expected. When comparing fluorescence intensities in the
respective pronuclei across groups, maternal pronuclei in zygotes from aged females
that had undergone BGP-15 treatment were higher than those from young or aged
females (Fig. 5.10 D), indicating that BGP-15 treatment may elevate 5hmC levels in
the maternal pronucleus to above that of controls. This was reflected in comparison of
the fluorescence ratio between parental pronuclei from each group, where zygotes

from aged BGP-15 treated females had a lower ratio than those from aged females,
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however there was no difference between zygotes from young females and those from
the BGP-15 treated aged females (Fig. 5.10 D, right y-axis).
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Figure 5.10. Advanced maternal age alters zygotic epigenetic reprogramming

events that is partially restored by BGP-15 treatment

Zygotes from young, old, and old females treated with BGP-15 (Old+B) were collected
6 hours after in vitro fertilisation and co-stained with anti-5mC (red) and anti-5hmC
(green) antibodies (A). Pronuclei size was measured (B) and signal intensity
fluorescence levels were quantified for 5mC (C) and 5hmC (D) in maternal and
paternal pronuclei. Data presented as signal intensity for maternal (Mat.) and paternal
(Pat.) pronuclei on the left axis, and the ratio of the signal for paternal to maternal
fluorescence on the right axis. Data analysed using paired t-test for comparisons
between maternal and paternal pronuclei of the same zygote, and one-way ANOVA
for pronuclei comparisons and ratio comparisons between groups,
* p<0.03, ** p<0.005, *** p=0.0001, **** p<0.0001.
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5.3.7 Advanced maternal age does not impact on-time embryo

development but results in shorter telomeres in blastocysts

Presumptive zygotes were assessed 24 hours after fertilisation for successful 2C
development (Fig. 5.11 A), and a further 32 hours later for on-time 8C development
(Fig. 5.11 B). Advanced maternal age did not result in perturbations to embryo
development at either stage and BGP-15 treatment did not alter these development
rates either, attesting to the importance of high-quality culture conditions in supporting

successful embryo development.

On-time 8Cs were subjected to individual Triple test analysis for relative telomere
content and total mtDNA copy number (Fig. 5.11 C & D). Fascinatingly, telomere
length was not different between 8C embryos derived from young or aged females,
regardless of treatment (Fig. 5.11 C), suggesting that embryos from aged females are
able to recover the shortfall in telomere length seen in MIl oocytes (Fig. 5.9 A).
Assessment of total mtDNA copy number revealed that, unlike in MIl oocytes, there
was no difference in total mtDNA copy number in 8C embryos from aged females to
those from young females (Fig. 5.11 D). mtDNA copy number in 8C embryos from
aged females that were treated with BGP-15 was less than those from untreated aged

females but was not different to those from young females.

Successful blastocyst development was scored on day five of culture and this was not
affected by maternal aging, similar to the normal 2C and on-time 8C development (Fig.
5.12 A). Analysis of individual blastocysts using the Triple Test revealed that, despite
having no detectable differences in 8C telomere length, blastocysts derived from aged
females had shorter telomeres than those from young females (Fig. 5.12 B). BGP-15
treatment of aged females resulted in an increase in blastocyst telomere length when
compared to aged controls, however telomeres in these embryos were still shorter
than those from young females. Likewise, relative mtDNA normalised to nuclear gene
intensity was reduced in blastocysts from aged females, and BGP-15 treatment
resulted in mtDNA level indistinguishable from blastocysts from young females (Fig.
5.12 C). However, total mtDNA copy number was not found to be different between
blastocysts (Fig. 5.12 D), suggesting differences in cell numbers in blastocysts derived
from young females, aged females, and aged females treated with BGP-15. Analysis

of the ICM cell population, revealed consistent decreases in telomere length when
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ICMs were derived from aged females (Fig. 5.12 E). Maternal BGP-15 treatment again
resulted in substantial increases in telomere lengths, and appeared to have an
enhanced effect in the ICM by restoring telomere lengths such that they were
indistinguishable to those derived from young females. Unlike whole blastocysts,

differences in mtDNA per cell were not apparent in the ICM lineage (Fig. 5.12 F).

261



A 2C development B On time 8C development
e 100 e2e . 100+ weve seos
E o & £
== g Ban @ o g
2 g04 e o 80+ —=— . |
g o @ g a o
@ III‘ o o
> BDH ° F- @ e g 60— 2
= e o - oo e o @
E 4o- = . W = a0 -
et iy
R 2047 = o g 20
= ]
D__T ' T F D T T i -
_\"_:}Ql Q:\GJ \{\Iia' Qz\b . \{}@ Qp&.} . {-\‘@ Qr‘?:)
AE\‘S\ Q}Cﬂ a-!-.é? %{3 .4.,6{\ Q}Cﬂ ..;-,é'o %C‘)
o b & © o & P
3 3 & 3 &)
- AL A 40
C Telomere DL mtDNA copy number
1.0 2 1.5x10% .
5
0.8 s
2 1x106
3 0.6 3
7 <
™ 0.4 3=
= + = = 5 5%105 = —_ -
0.2 E
I
GG T T T T E U - T T T
\GE- ’33 \e-'@l J‘fj '\c.\:'."':;‘:I o \C}Q -“3
2 2 N 2 o Q
A %G SR g"@ Q,C"’ t;& %':9
\}Q‘Q {\C", C}- \‘b 0\}“\ \}(@j d\ \t}
) 49 <4, 49

Figure 5.11. Advance maternal age does not impact embryo development or 8C

telomere lengths

Oocytes were fertilised via IVF and scored 24 hours later for successful development
to the 2C stage (A) and a further 32 hours later for on time development to the 8C
stage (B). 8C embryos were collected and individually analysed for telomere length
(C) and total mtDNA copy number (D) using the Triple Test. For embryo development
n=10-18 young vehicle, n=8 young BGP-15 treated, n=16-33 old vehicle, and n=24-
41 old BGP-15 treated mice. For Triple Test n=38 young vehicle, n=35 young BGP-15
treated, n=20 old vehicle, and n=47 old BGP-15 treated 8C embryos. Development
data (A, B) and log transformed telomere (C) and mtDNA copy number (D) data
analysed using one-way ANOVA, * p=0.03. Shaded areas represent the population

distributions, while horizontal lines represent mean £+ SEM.
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Figure 5.12. Advanced maternal age reduces blastocyst telomere length and

mMtDNA copy number that is reversible by treatment with BGP-15

Successful blastocyst development was scored 96 hours post fertilisation (A) and
whole blastocysts and isolated ICMs were individually analysed using the Triple Test
for telomere content (B & E), mtDNA per cell (C & F), and total mtDNA copy number
(F). For embryo development n=14 young, n=18 old vehicle, and n=23 old BGP-15
treated mice. For Triple Test n=31 young, n=10 old vehicle, and n=24 old BGP-15
treated blastocysts, and n=12 young, n=19 old vehicle, and n=12 BGP-15 treated
ICMs. Blastocyst development (A) and log transformed data (B-F) analysed using one-
way ANOVA, * p<0.05, ** p<0.0084, *** p=0.0009, **** p<0.0001. Shaded areas

represent the population distributions, while horizontal lines represent mean + SEM.
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5.4 Discussion

The combined results of this study further support the hypothesis of oocyte
mitochondrial function being a key regulator of telomere elongation during pre-
implantation embryo development. Oocytes from female mice that are either obese or
reproductively aged are known to have mitochondrial deficiencies and the results from
this chapter show that these oocytes give rise to embryos with shorter telomeres than
lean young controls (see Fig. 5.13). Further, treatment of mice with BGP-15, which
has been shown to increase oocyte mitochondrial activity (Wu et al.,, 2015 and
unpublished data) reversed the telomere elongation deficiency in both aged and obese
model systems, thereby further implicating mitochondrial function as a key mediator

of early telomere elongation.
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Figure 5.13. Maternal obesity and age disrupt telomere elongation events

Maternal obesity and age perturbed several oocyte and embryo measures (bold text)
that were able to be restored by BGP-15 treatment (green text). Embryo development
rates in either category were not affected when compared to controls, likely the result
of high quality culture conditions used to better support development. Both obesity and
aging perturbed zygotic reprogramming events. Obesity resulted in a smaller paternal
pronucleus, and aging similarly abolished the differential 5SmC. Most remarkably, both
obesity and aging resulted in identical effects on telomere length kinetics during
development. Both resulted in shorter oocyte telomeres, which were not different from
controls at the 8C stage, but were again shorter than normal at the blastocyst stage,
specifically in ICMs. BGP-15 treatment was able to restore the 5mC differential in

zygotes, and resulted in longer telomeres in whole blastocysts and the ICM.
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Maternal obesity and aging similarly impact pre-implantation telomere

elongation and reprogramming

Telomere elongation

Oocytes from both categories of females had reduced telomere lengths when
compared to controls, and importantly, this is the first evidence that maternal obesity
results in shorter oocyte telomeres. While it is likely that short oocyte telomeres from
obese females are due to an induced stress state and mitochondrial dysfunction in
oocytes from obese females (Han et al., 2018; Wu et al., 2015, 2010), it is hard to
speculate whether the decrease in aged oocyte telomere lengths is solely due to
mitochondrial dysfunction, or the culmination of the oocytes being exposed to a
lifetime’s worth of stressors. A somewhat surprising finding, although consistent with
the previously investigated rotenone-induced mitochondrial dysfunction model (see
Chapter 4), was that 8C telomere lengths were not different to controls, adding further
support to the hypothesis that mitochondrial function is not a determining factor in pre-
compaction telomere elongation processes. By the blastocyst stage of development
however, telomere lengths were demonstrably reduced in embryos derived from
obese and aged females. More specifically, this reduction in length was evident in the
ICM population, which may result in biologically older offspring and have implications
for their health- and life-span. Further, these results indicate a common pathway that
leads to reduced telomere lengths during post-compaction development. Given that
oocytes from obese, aged, and rotenone-exposed females (see Chapter 4) all present
with mitochondrial dysfunction, this provides additional support to mitochondria being

a critical regulator of telomere elongation during this time.

Epigenetic reprogramming

Another critical early reprogramming event that was altered to a similar degree by both
maternal obesity and aging was the establishment of epigenetic asymmetry between
the maternal and paternal pronuclei of zygotes. In both circumstances, the difference
in size between pronuclei was not as pronounced as with controls, and 5mC
fluorescence intensity difference between pronuclei of the same zygote was also lost.
This suggests that gene expression in these embryos may be altered due to global
changes in repressive chromatin mark levels, which can potentially have further
downstream consequences and requires further investigation. Specifically, the

immunofluorescence assay used is a simplistic measure of methylation, and any
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potential differences detected should be further validated with more quantifiable
assays, such as amplicon bisulfite sequencing using next-generation sequencing
(NGS) (The BLUEPRINT consortium, 2016). Further, alterations to 5mC and 5hmC
patterns may impact genomic imprinting, as pronuclei epigenetic asymmetry is
believed to be an important step in establishing parent-specific developmental
programmes (Mayer et al., 2000a). The observation that the size of the paternal
pronucleus is affected in the studied models (being smaller in zygotes from obese
mice than lean, and the size differential not being as pronounced in zygotes from aged
females) likely alludes to deficiencies within the oocyte. Formation of the paternal
pronucleus occurs about 1-1.5 hours earlier than the formation of the maternal
pronucleus in mouse zygotes (Howlett and Bolton, 1985), and is characterised by
decondensation of the chromatin (replacement of protamines with histones). This
process is largely controlled by oocyte factors, therefore delays in pronucleus
formation highlight further intrinsic problems in oocytes from obese and aged females,
possibly by reduction of oocyte capacity to synthesise glutathione, which has been
shown to be critical for decondensation and paternal pronucleus formation (Perreault
et al., 1988; Wiesel and Schultz, 1981). Glutathione is an important intracellular
antioxidant, with critical roles including maintenance of the redox state, and protection
from damage by free radicals and peroxides. While glutathione is produced exclusively
in the cytosol, it is imported into the mitochondria, where it plays a key defence role
against ROS (reviewed in Ribas et al., 2014). A lack of sufficient glutathione in oocytes,
and therefore zygotes, from obese and aged females to facilitate timely sperm
decondensation may also reflect decreased mitochondrial glutathione levels, thereby
leading to decreased embryonic defences against ROS, and allowing cellular damage
and dysfunction to occur, as mouse cleavage embryos have limited capacity to
synthesise glutathione and are susceptible to conditions that deplete glutathione
(Gardiner and Reed, 1995). The results from the obesity model agree with previous
work done in a high fat diet-induced obesity model (Han et al., 2018), which also used
a similar assay methodology, where maternal obesity resulted in more similar levels
of both 5mC and 5hmC between the maternal and paternal pronuclei than in controls,
where the differential was much more pronounced. Pronuclei size was not compared
in the previous study (Han et al.,, 2018), and it is important to note that some
differences are more pronounced in the previous study than the current study as

zygotes were analysed in this study at the PN3 stage, whereas the previous study
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analysed PN4 stage zygotes (Han et al., 2018). To my knowledge, this is also the first

demonstration that maternal aging can disrupt this epigenetic reprogramming process.

Mitochondrial DNA

Interestingly, blastocysts derived from obese females exhibited more mtDNA per cell
than those from lean females, however this difference was not apparent in the ICM
population. In contrast, whole blastocysts derived from aged females displayed
decreased mtDNA copy number per cell compared to those derived from young
females, however this was again not apparent in the ICM population. Taken together,
this suggests that there are perturbations in the trophectoderm population in these
embryos. This may stem from premature trophectoderm proliferation in obese
blastocysts, possibly resulting from mitochondrial dysfunction causing early loss of
pluripotency in these cells as mitochondria are key for maintaining pluripotency and
regulating differentiation (Seo et al., 2018), and delays in trophectoderm proliferation
in embryos from aged females (Velazquez et al., 2016). Quantification of blastocyst
cell populations in this model of aging would provide further insight into this difference
as a previous study did not find a difference in ICM cell numbers with advanced

maternal age (Velazquez et al., 2016).

Treatment with BGP-15 improved several outcomes

BGP-15 is a novel insulin sensitiser drug and is currently in phase 1l clinical trials for
treatment of insulin resistance and type Il diabetes mellitus, and is also showing
promise in other pre-clinical trials involving animal models of disease (reviewed in Pet6
et al., 2020). While BGP-15 was initially established as a stimulator of heat shock
protein expression, several studies have highlighted beneficial effects of this
compound on mitochondrial-stress-related diseases. BGP-15 treatment has protective
effects against oxidative stress, can reduce mitochondrial ROS production and thereby
improve cell survival (Sumegi et al., 2017; Szabados et al., 2000), as well as prevent
mitochondrial depolarisation (Nagy et al.,, 2010). BGP-15 can also prevent
mitochondrial fragmentation, stabilise mitochondrial membranes, and promote
mitochondrial fusion in a model of pulmonary arterial hypertension (Szabo et al.,
2018). BGP-15 treatment of obese females increased oocyte mtDNA copy number,
increased TFAM and DRP1 (mitochondrial replication factors) abundance in oocytes,
and restored fetal mtDNA tissue content (Wu et al.,, 2015). Therefore, there is a
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growing body of evidence that BGP-15 has both protective, and stimulative effects on

mitochondria in stress situations.

Consistent with previous reports, BGP-15 treatment increased mtDNA copy number
in oocytes from obese mice when compared to both obese and lean controls (Wu et
al., 2015). Strikingly, treatment of obese and aged females with BGP-15 was able to
restore telomere length deficits seen in both whole blastocysts, and excitingly, the ICM
lineage too. Importantly, the effect of BGP-15 treatment in aged females on telomere
length was more pronounced in the ICM lineage than the whole blastocyst, as whole
blastocyst telomeres were still shorter than those from young females, while ICM
telomere length was indistinguishable. The restoration of telomere lengths following
treatment of females with a compound that is known to enhance oocyte mitochondrial
function adds another layer of compelling evidence to the theory of mitochondria being
a key regulator of post-compaction telomere elongation events. Mitochondrial function
is well established as a major influencer of oocyte developmental competence and
therefore subsequent embryo development, as their dysfunction results in many
deficiencies. Due to this relationship it is certainly conceivable that telomere elongation
is another embryonic factor that is compromised by mitochondrial dysfunction. The
recognised relationship between mitochondrial dysfunction and telomere length is that
mitochondrial dysfunction results in accelerated shortening of telomeres, however the
notion that mitochondrial function may be a key regulator of telomere elongation
events, as shown here, is not a previously described phenomenon. This poses an
exciting new role for mitochondria and warrants further investigation into how this

modulation of elongation occurs.

Treatment with BGP-15 appeared to restore other deficits seen in the key
reprogramming event of pronuclear epigenetic asymmetry establishment. The loss of
5mC fluorescence intensity asymmetry associated with maternal obesity and age was
re-established following BGP-15 treatment, which may rescue any associated gene
expression or imprinting alterations and requires further investivation. This data agrees
with extensive evidence that mitochondria are a key regulator of epigenetic
reprogramming events in early embryogenesis (extensively reviewed by Harvey,
2019), and importantly, that their influence is modifiable, thus enabling rectification of

these processes in situations of mitochondrial stress or dysfunction.
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Epidemiological and public health perspectives

The results of this study have major implications for the understanding the
developmental programming of lifespan. Epidemiological studies have linked maternal
obesity during pregnancy with premature mortality from cardiovascular events in adult
offspring (Reynolds et al., 2013), and maternal age at conception showing and inverse
relationship with offspring lifespan (Gavrilov and Gavrilova, 2012). Furthermore,
maternal obesity has been directly linked to decreased telomere lengths in offspring
cord blood and placenta (Martens et al., 2016), while children of women who had
metabolic syndrome during pregnancy had shorter telomeres than those born to
mothers that did not have metabolic syndrome during pregnancy (McAninch et al.,
2020).

This study has revealed the likely origin point of shorter telomeres observed in children
from obese mothers (Martens et al., 2016; McAninch et al., 2020) and the decreased
offspring life spans associated with maternal obesity and age (Gavrilov and Gavrilova,
2012; Reynolds et al., 2013). Here, it has been shown that these telomere length
deficits originate in the blastocyst, and more specifically, the ICM lineage which directly

gives rise to the foetus.

Telomere length is known to decrease with age, and as such serves as a biomarker
of aging. Due to the difficulty of analysing telomere length in humans throughout their
lifespan as a consequence overall longevity, many assessments of telomere length
and lifespan have been carried out in animals. Studies of zebra finches, wild purple-
crowned fairy-wrens, and Caenorhabditis elegans found that early life telomere length
was a predictor of lifespan, with those in possession of the longest telomeres having
the longest lifespan (Eastwood et al., 2019; Heidinger et al., 2012; Joeng et al., 2004).
Interestingly, early life telomere length was also a positive predictor of breeding
duration and lifetime reproductive success in wild purple-crowned fairy-wrens
(Eastwood et al., 2019). As the cells of the embryo that directly give rise to the foetus
contain shorter telomeres when derived from obese or aged females, this provides a
reasonable explanation for the reduced lifespan seen in these offspring. Further, this
study provides critical new evidence that the peri-conception window is a fundamental

determinant for the developmental programming of offspring lifespan.
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In addition, this study highlights concerning implications for future population health
and longevity, as rates of global obesity are increasing at a worrying pace, and shifts

in societal trends are seeing women delaying childbearing until later in life.

Summary and future directions

The results from this study demonstrate many parallels between maternal obesity and
advanced maternal age, such as decreased ovulation, as well as MIl oocytes,
blastocysts and ICM populations having decreased telomere lengths compared to
controls. Together, these results indicate that maternal obesity induces premature
hallmarks of reproductive aging. Further to this, treatment of both obese and
reproductively aged females with the mitochondrial activator BGP-15 restored
telomere lengths in blastocysts and ICMs. This exciting finding builds on previous
results using a rotenone-induced mitochondrial dysfunction model to implicate
mitochondrial function in oocytes as a key regulator of second-phase telomere
elongation events. Overall, therapeutic modulation of oocyte mitochondrial function
appears to be a promising candidate for correcting adverse phenotypes associated
with maternal age and BMI at conception, such as reduced offspring life-span. To
further build on this work, generation of offspring from each of these models for

assessment and monitoring is essential.
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SUMMARY AND FUTURE DIRECTIONS
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6.1. Summary and future directions

Pre-implantation embryogenesis is a complex and highly dynamic time of development
in which many aspects of lifelong health trajectories are set within a very short window
of time. Critical events during this period include epigenetic reprogramming and
telomere length re-setting, which are essential for normal embryo development,

successful pregnancy, and offspring health- and life-span.

Summary

This work within this thesis firstly established a novel, highly sensitive gPCR assay,
named the ‘Triple Test’, which precisely quantifies three outcomes (two genomic DNA
sequences - telomere and Rn18S as the reference, and mitochondrial DNA) in
individual oocytes and embryos. This assay was carefully validated and shown to
overcome major flaws in previous methods that resulted in false readings, loss of
mitochondrial DNA, and required large input DNA amounts from pooled samples. The
Triple Test was invaluable throughout this thesis, enabling the natural variability in
telomeric DNA and mtDNA between individual oocytes and embryos to be revealed,
and enables robust measurements in physiological contexts where sample availability
is greatly limited. This assay was then utilised to conduct a thorough examination of
changes in telomere content relative to nuclear DNA throughout pre-implantation
embryogenesis, from oocyte maturation through to blastocyst cell populations. This
work revealed that telomere elongation routinely occurs during post-compaction
development, however elongation patterns during pre-compaction development are

subtly different depending on the genetics of the embryo.

The major finding of this work was that mitochondrial function was revealed as an
important regulatory factor influencing post-compaction telomere elongation, through
the use of oocyte-specific mitochondrial inhibition with rotenone. Additionally, telomere
elongation was sensitive to several stressors that impact mitochondrial activity,
including culture in super-physiological 20% oxygen, which is known to negatively
impact mitochondrial function. This same perturbation to post-compaction elongation
was also observed in two examined biological scenarios of oocyte mitochondrial
dysfunction in vivo; specifically, maternal obesity and advanced age. Further
solidifying the importance of mitochondria for telomere elongation, treatment of obese
or aged females with the mitochondrial activator compound BGP-15 was able to
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restore telomere lengths in blastocysts, and importantly within the ICM lineage, to

where these were indistinguishable from controls.

Novel findings in telomere biology

An overarching aim of this thesis was to provide further insight into the patterns of,
and mechanisms controlling telomere elongation during mouse pre-implantation
embryogenesis. Firstly, | have provided a much more in-depth and robust
characterisation of elongation trends than previous reports. Of interest is that telomere
elongation occurred by the 8C stage in 3 out of 5 embryo strains analysed, and
occurred from the 8C to blastocyst stage in all of them. This enabled the categorisation
of elongation into two phases, the earliest during pre-compaction development (Mll-
8C) and the second occurring during post-compaction development (8C to blastocyst),
which was critical for analysis of telomere elongation in induced- and biological-

contexts of mitochondrial dysfunction.

Interestingly, the extent of elongation during pre- and post-compaction development
was strain dependent. This indicates that the pre-compaction phase of elongation,
possibly the result of Alternative Lengthening of Telomeres (ALT) action, does not
occur in all contexts of embryo development. ALT-mediated elongation during the
early embryonic cleavages, prior to telomerase upregulation, has widely become
accepted as dogma. The findings of this thesis suggest that the ALT mechanism is not
a consistent occurrence in pre-implantation embryogenesis and may only occur in

some contexts.

Due to this discrepancy, an important next step for work on telomere elongation events
is to investigate different species. Embryo telomere elongation patterns appear to
differ between mice and bovine (Gilchrist et al., 2015; Igbal et al., 2011; Liu et al.,
2007; Meerdo et al., 2005; Wang et al., 2013), therefore it is crucial to elucidate these
trends in other species as telomere elongation may not be universally conserved
between mammals. Given that telomere elongation during the supposed ALT-stage of
embryogenesis occurred in hybrid and outbred mouse strains, this mechanism might
be expected to occur in human embryos due to their genetic diversity, which is absent

in inbred laboratory mouse strains.

The ultimate aim of this research going forward is to elucidate these mechanisms in

normal human embryogenesis to then enable interrogation of whether these are
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perturbed in situations of sub- or in-fertility, as well as the potential effects on lifespan
and healthspan in children. A logical first step is to analyse telomere elongation in non-
human primate (NHP) species. Primate and murine embryogenesis are known to differ
in several important aspects. For example, primates have protracted pre-implantation
embryogenesis (Boroviak and Nichols, 2017; Ross and Boroviak, 2020), including
later embryonic genome activation, which occurs at the 4-8C stage in humans (Braude
et al., 1988), but at the 2C stage in mice. In addition to this, compaction occurs later
in primate embryos than murine (16- to 32-cell stage (primates) compared with 8-16-
cell (mouse)). As primate and murine pre-implantation embryogenesis show many
distinct differences at key events, it is likely that telomere elongation during this time
may also vary between the species. As such, telomere elongation in pre-implantation
embryogenesis should first be characterised as a priority in NHPs as this would be
directly relatable to human embryos. Human and NHP embryos show many similarities
that are distinct from murine embryos, including unique hallmarks of pluripotency, and
striking morphological similarities between common marmoset, rhesus macaque, and
human implantation stage embryos (reviewed in Boroviak and Nichols, 2017).
Therefore pre-implantation embryo telomere elongation patterns in NHPs should be
relatively translatable to human embryos, and provide a strong knowledge base for
subsequent exploration into human embryos. It is crucial to elucidate these
mechanisms in human embryos in order to understand the developmental origins and
programming of lifespan, health, and disease in our own species and maximise the

opportunities to extend healthspan in clinical contexts.

A novel functional role for mitochondria

A major outcome of this research is the discovery that mitochondria play a role in the
telomere elongation mechanisms that occur during embryogenesis. Each model of
mitochondrial dysfunction that was analysed (rotenone-induced, maternal obesity, and
advanced maternal age) consistently presented MIl oocytes with shorter telomeres.
Interestingly, embryos from each of these models as well as embryos cultured in
super-physiological oxygen, exhibited unperturbed elongation up to the 8C stage, yet
shortened telomeres in blastocysts and the ICM lineage. In maternal obesity and
advanced age models, maternal treatment with the novel therapeutic BGP-15, which
has been shown to have many protective effects on mitochondria in stress situations,

for four days prior to oocyte collection and IVF, was able to restore telomere lengths
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in blastocysts and ICMs. This adds another compelling layer of evidence for this novel

role of mitochondria in telomere elongation.

Mitochondrial stress responses have been well established as a mediator of telomere
shortening, however the findings of this thesis indicate a novel and exciting role for
mitochondria as a mediator of telomere elongation. This thesis supports the concept
that two telomere elongation mechanisms occur during pre-implantation development,
and one remarkable insight is that these are differentially regulated by mitochondrial
function. Firstly, it is clear that pre-compaction telomere elongation is not regulated by
mitochondrial activity. Secondly, the use of multiple models consistently showed that
post-compaction telomere elongation is sensitive to mitochondrial perturbations (see
Fig. 6.1). Therefore, this work provides never-before documented insights into the

complex relationship between mitochondria and telomeres.
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Figure 6.1. Novel findings of mitochondrial influence on early reprogramming

events

Oocyte mitochondrial function was found to be a major factor influencing early
reprogramming events, as evidenced by models of mitochondrial dysfunction,
including high oxygen culture, rotenone exposure, maternal obesity, and advanced
reproductive age, while enhancement of mitochondrial function via maternal BGP-15
treatment was able to restore normal events. The perturbed events include loss of
epigenetic asymmetry between the maternal and paternal zygotic pronuclei, and
impaired telomere length resetting from the 8C to blastocyst stage (including in the
ICM lineage, specifically).

This new role for mitochondria, uncovered in this thesis, brings to light a key question
for further understanding the relationship between mitochondrial function and telomere
elongation that requires extensive investigation: By what mechanism(s) do
mitochondria influence telomere elongation? The cellular processes regulated by
mitochondria are numerous, and while their primary role is ATP production, other
functions include but are not limited to metabolite synthesis, lipid, carbohydrate,
and amino acid metabolism, apoptosis, calcium homeostasis, stem cell regulation,
and senescence. Given the wide-ranging roles of mitochondria, there are several

possibilities by which they could modulate telomere elongation. First, telomeres are
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known to be highly susceptible to damage and shortening from exposure to reactive
oxygen species, which are produced in excess by mitochondria under stress or
dysfunction situations; therefore mitochondrial ROS production may lead to attrition of
newly synthesised telomeric DNA, resulting in shorter telomeres. Secondly, many
enzymes that deposit or remove epigenetic chromatin marks require mitochondrial-
produced metabolites as essential cofactors for their function. Thus, mitochondrial
metabolites, such as a-ketoglutarate for instance, may be required for appropriate
expression or activity of the telomere elongation machinery during embryogenesis.
Further, mitochondrial dysfunction could alter metabolite availability and potentially
modify cellular epigenetic state, which was indicated as a possibility here through
observed disruptions to epigenetic asymmetry establishment in zygotes from
mitochondrial dysfunction models (see Fig. 6.1). An important next step for elucidating
the validity of this suggested mechanism is to first analyse changes in global gene
expression, and further validate this by high-resolution analysis of chromatin and
histone epigenetic depositions. Alterations to a cell’s epigenetic state may result in
repressed expression of telomerase components, thereby culminating in decreased
rates of telomere elongation. As telomeres are also epigenetically modified
sequences, alterations to metabolite availability could impact the establishment or
maintenance of telomeric epigenetic marks, thereby altering the epigenetic state of the
telomeres themselves, which may impede access to telomere elongation machinery.
Other possibilities include direct interactions between mitochondria and the telomere
elongation machinery. For example, under situations of oxidative stress in cultured
cells, telomerase (particularly the TERT component) moves from the nucleus and
localises to mitochondria (Ahmed et al., 2008). TERT localisation to mitochondria was
associated with prevention of mtDNA damage and superoxide production, and
increased mitochondrial membrane potential (Ahmed et al., 2008), thereby suggesting
a possible mechanism where telomere elongation could be sacrificed to preserve
embryo survival. The exact mechanism for mitochondrial modulation of telomere
elongation may lie outside of any of the suggested possibilities, or even be a
combination of several, but the foundational observations of this thesis certainly open

up exciting new possibilities for future investigation.
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Implications for the developmental programming of lifespan

A major finding of this thesis that has significant clinical and public health implications
is that both maternal age and obesity similarly perturbed telomere length
reprogramming to result in blastocysts with shorter telomeres than those derived from
young and lean females. Further, treatment of females with the mitochondrial activator
BGP-15 was able to restore telomere lengths, indicating that this perturbation to
telomere elongation is modifiable and able to be recovered. Importantly, this pattern
of shorter telomeres with mitochondrial dysfunction and restoration with treatment of
BGP-15 was observed specifically in the inner cell mass population of blastocysts.

This has profound implications for the offspring as the ICM goes on to form the foetus.

A necessary aspect of future investigation is to determine the effects of decreased
telomere length on offspring health- and life-span. Towards this, embryos from both
obese and reproductively aged females, with and without BGP-15 treatment, should
be implanted into surrogate mothers (to isolate the effects of the embryo phenotype
and remove potential confounding systemic factors) and extensive assessments
conducted on the offspring. In addition to this, embryos derived from females treated
with rotenone should be implanted into surrogate females and undergo the same
offspring assessments as those from obese or aged females to definitively
demonstrate the extent to which oocyte mitochondrial dysfunction contributes to
unfavourable postnatal and adult health outcomes seen in offspring from obese and
aged females. Another important avenue of future investigation would be to treat
obese and aged females with other compounds that are known to have beneficial
effects on mitochondrial function to determine if these other therapies enhance oocyte
mitochondrial function and have similar favourable outcomes on ICM telomere length

as with BGP-15 treatment, and promote offspring health.

As women are increasingly delaying parenthood, and with obesity becoming more
prevalent in young women, there is greater imperative now than ever to understand
the mechanisms underlying the decline in oocyte and embryo quality that is known to
lead to decreased fertility and poorer offspring health in these contexts. The adverse
impacts of maternal obesity and advanced maternal age extend well beyond
fertilisation and pre-implantation embryo development and lead to increased risk of
detrimental pregnancy outcomes. Health trajectories also tend to be less favourable

for children born to older and obese mothers. These include shortened lifespan,
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adverse cardio-metabolic, respiratory, and cognitive-related outcomes, and increased
BMI, blood pressure, insulin levels, and diagnosed health conditions (Gaillard et al.,
2016, 2014; Galtier-Dereure et al., 2000; Gavrilov and Gavrilova, 2012; Myrskyla and
Fenelon, 2012; Ng et al., 2014; Reynolds et al., 2013), thus furthering the adversities
experienced by children born to older or obese mothers. My work furthers our
understanding of the origins of these disorders by implicating mitochondrial
dysfunction and shortened telomeres as a key cause of sub-optimal embryo quality
that stems from advanced maternal age or maternal obesity.

In parallel, development of therapies to rescue adverse oocyte and embryo
phenotypes to allow higher rates of successful embryo development, and to enable
offspring the best chance at a long health-span and life-span are of utmost importance.
Such interventions might include other mitochondria-targeted therapies such as
metformin, MitoQ, and NAD+ boosters that are known to improve mitochondrial
function and are emerging as potentially beneficial for fertility. Aside from therapeutics,
lifestyle modifications including diet and exercise may also prove effective at restoring
adverse oocyte and embryo phenotypes. These are important areas for future clinical
investigation. Therefore, development of safe, therapeutic interventions to improve
oocyte and embryo quality, and ultimately pregnancy outcomes and offspring health,

have the potential to lessen potential adverse outcomes in children.

Conclusion

This research extends our understanding of the patterns of telomere elongation during
pre-implantation embryogenesis and identifies how telomere length is compromised
in situations of perturbed fertility. Further, models of inhibition and promotion of
mitochondrial bioenergetics elucidates a mechanism by which telomere elongation is
regulated by mitochondrial function, thereby discovering a novel relationship between
mitochondria and telomere biology. This work has broadened our understanding of the
roles of mitochondrial function in early embryogenesis, and how this is linked with
telomere elongation. Further, the identification of new strategies to positively modulate
telomere elongation during development holds promise for improving the healthspan

and extending lifespan of future generations.
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