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1.1: The human telomere. Telomeres are made up of repetitive sequences of
DNA associated with specialised proteins, present at the end of each
chromosome arm. Terminal DNA is organised into a loop formation, with the
single stranded G-rich 3’ overhang invading the double stranded duplex
(KoVvaciC €t al., 2011)....cccuieiiiiecieeie et re et 2

Figure 1.2: The T-loop and the D-loop. The 3’ end of the G rich strand protrudes as a

single stranded extension of the telomere. This G-strand overhang loops back
to form a T-loop, and invades the 5’ double stranded telomeric duplex, forming
A D l00P. i 4

Figure 1.3: The Shelterin Complex. Shelterin is made up 6 associated proteins; TRF1,

TRF2, RAP1, TIN2, TPP1, POTL1. Diagram taken from (Oeseburg et al., 2010).

Figure 1.4: The Rabl configuration. Centromeres (coloured in red) cluster at one pole

Figure

Figure

Figure

of the nucleus via interactions with the nuclear membrane through Csil and
Sadl. Chromosome arms (coloured in blue) are attached to lamins of the nuclear
matrix via matrix attachment regions (MARs). Telomeres (coloured in green)
are orientated towards the opposite pole of the nucleus to centromeres and
attach to lamins of the nuclear matrix via TRF1, TRF2 and TINZ2. Telomeres
are additionally anchored at the nuclear envelope via associations with lamins
which in turn bind to nuclear membrane spanning lamin associated proteins
(LAPS), or via interactions with the nuclear pore...........ccccocvvnnininiinienen 13
1.5: Diagrammatic representation of the chromocentric model of nuclear
organisation, whereby centromeres (red) form a chromocentre deep within the
nuclear volume and telomeres (green) from clusters at the nuclear periphery.

1.6: Leading strand telomere lengthening by telomerase. (A) Recruitment of
telomerase to the telomere by ATM promotes primer annealing (B) and initiates
reverse transcriptase activity of the TERT component, using the TERC RNA
template. Telomerase elongates the leading strand (C) and is then transferred to
another telomere for the process to repeat again (D) (Gavory et al., 2002). ...18
1.7: Alternative lengthening of telomeres by homologous recombination.
RADS51 and RADS52 regulate invasion of the 3’ overhang into the T-loop of a
telomere present on a separate chromosome. This forms a structure similar to a
replication fork, allowing synthesis and addition of more telomeric repeats by
DNA polymerase. Taken from (Verdun and Karlseder, 2007). .........cccceevnee. 20

Figure 1.8: Telomere length changes following fertilisation through embryogenesis and

fetal development. Telomere length declines after fertilisation through cleavage
and morula stages, then drastically increases at the blastocyst stage. Current
literature has not explored telomere length at the earliest stages of gastrulation
and development, however between weeks six and seven of gestation telomere
length appears to decline. This decline in telomere length continues between
weeks seven and eight, however it is less pronounced. All other developmental
stages tested (weeks nine to 19 and weeks 23 to 36) show steady maintenance
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1.9: Telomere length decline is correlated with the process of ageing.

Furthermore, telomere attrition rate appears to be more rapid during early life,
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Figure 1.10: Events during prophase | of meiosis. Chromosomes begin to condense in
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leptotene followed by chromosome pairing and synaptonemal complex
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homologous chromosomes. Chiasma remain through the following stages of
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1.12: The process of spermatogenesis. In the seminiferous tubules (within the
testis) spermatogonia undergo mitotic division to produce haploid primary
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Figure 1.13: The process of oogenesis. The primary oocyte surrounded by a single layer
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of flat granulosa cells makes up a primordial follicle. These granulosa cells
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1.14: The ‘bouquet’ configuration. Telomere led bouquet arrangement of

chromosomes during meiosis. Centromeres (shown in red) are positioned at one
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end of the nucleus, whilst telomeres (shown in green) cluster at the inner nuclear
envelope, tethering chromosomes in Place. ..........ccocvveieeie e, 40

Figure 1.15: Telomere redistribution during prophase | of spermatogenesis. Telomeres

(green) are randomly distributed throughout the nucleus prior to the onset of
prophase, however they redistribute to the nuclear periphery by late
preleptotene. At the leptotene stage, telomeres adopt the bouquet configuration,
before beginning to uncluster once more at the early zygotene stage. In late
zygotene and Ppchytene, telomeres redistribute once more to the entire nuclear
PEITPNEIY. et 42

Figure 1.16: Telomere anchoring at the nuclear periphery in mature sperm. H2BFWT

binds double stranded telomeric DNA repeats and allows interaction of the
telomere with the nuclear membrane. This sperm specific H2B variant makes
up part of STBP, which is involved in the clustering of telomeres. ................ 43

Figure 1.17: Embryogenesis: Following fertilisation, male and female pronuclei fuse

and mitotic division produces two daughter blastomeres during cleavage stage.
These further divide into 4, then 8 blastomeres. At 16-32 blastomeres, the
embryo is called a morula. Further divisions of blastomeres produces
trophoblasts and the inner cell mass, which marks differentiation into the

blastocyst (http://www.maxhealthcare.in/newsletter/2010/january/ivf-
simpler.html?utm_source=ivf-
simpler&utm_medium=Facebook&utm_campaign=FB)............c.ccceeuvrrrnn.... 47

Figure 1.18: Intracytoplasmic sperm injection (ICSI). A single sperm cell is sucked into

the end of a needle, which is then used to pierce the oocyte zona pellucida. The
sperm cell is injected directly into the oocyte to allow fertilisation. Taken from
http://www.goivf.com/treatment-options/ivf-process/male-factor-icsi-tese/. .52

Figure 1.19: Sample biopsy for PGS using a pipette. Top left shows first polar body

Figure

removal, top right shows second polar body removal, bottom left shows first
and second polar body removal, bottom right shows blastomere biopsy from a
cleavage stage embryo (Verlinsky and Kuliev, 2005)........cccccccvvvverieniirinennnnn 55
1.20: Fluorescence in situ hybridisation with a biopsied blastomere.
Blastomere(s) are fixed to a glass slide and a fluorescently labelled probe is
applied. The probe and the blastomere DNA are denatured at high temperature
before allowing hybridisation at cooler temperature (usually 37°C). After
counterstaining the nucleus and mounting, the blastomere may be visualised
and assessed for aneuploidy using a fluorescence microscope. ...........c.c.e...... 56

Figure 1.21: aCGH. Top describes to aCGH priniciple: Test DNA labelled green and

reference DNA labelled red are allowed to hybridise to an array containing a
number of genomic DNA fragments. The ratio of red to green labelling
indicates chromosome copy number, or single gene copy number. Taken from
http://www.ncbi.nlm.nih.gov/dbvar/content/overview/. Bottom shows an
example of an output from aCGH. The log ratio or reference DNA to test DNA
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1.22: Representation of non-telomeric sequences inclusive in telomere
restriction fragment analysis that may contribute to variability among
individuals. Green represents true TTAGGG telomere repeats, yellow
represents telomere repeat variants, red represents sub-telomeric sequences and
blue represents the rest of the chromosome arm (Turner et al., 2014). ........... 72

Figure 1.23: Molecular basis of single telomere length analysis. (1.) Shows annealing
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Abstract

Telomeres are specialised nucleoprotein structures present at the ends of each chromatid that
function to maintain genome stability. It is well established that a gradual decline in telomere
length is associated with the process of cellular ageing, and thereby to the pathobiology of age-
related diseases. In addition, the localisation of the telomere at the nuclear periphery plays an
important role in the spatio-temporal organisation of the genome and in ensuring faithful
segregation of chromosomes during meiosis. The aims of this thesis were to investigate
telomere localisation in the nucleus, and telomere length in three hitherto early stages of
development, gametogenesis, preimplantation embryogenesis and the neonatal period.
Specifically:
1. To test the hypothesis that telomeres localised at the nuclear periphery in sperm cells
and that this organisation was altered in sub-fertile men
2. To optimise a means of assessing average telomere length using DNA from small
sample sizes and using whole genome amplified DNA from single cells
3. To investigate the role of telomere length in reproductive ageing and aneuploidy
generation in women by testing the hypothesis that telomere length is significantly
shorter in the first polar bodies and cleavage stage embryos of older women
4. To test the hypothesis that “preterm at term” babies (i.e. premature babies assessed at
the time of their due date) displayed genetic signs of premature ageing (as manifested
by significantly shorter telomeres than their term born counterparts) alongside the
already established clinical signs (characterised by hypertension, diabetes and altered
body fat distribution)
Results confirmed the peripheral distribution of telomeres in the sperm heads of normally
fertile males (using both 2D and 3D imaging) plus the novel finding that telomere distribution
patterns are altered in the sperm heads of infertile males. Secondly, a reliable means of
measuring telomere length was optimised in order to assess average telomere length using
DNA from small sample volumes (down to single cells). Using this technology, average
telomere length analysis in polar bodies and embryos found no evidence to support the
hypothesis that telomere length is associated with either advanced maternal age or aneuploidy
generation. Similarly, results suggest that telomere length is not significantly shorter in
“preterm at term” infants compared to term born controls, thus providing no evidence that
telomere attrition is involved in the pathobiology of the ‘aged phenotype’ observed in preterm
infants. Taken together, results from this thesis provide some novel insights into the function
of these highly important features of the genome, but also highlight that a great deal remains
to be uncovered in the complex molecular mechanisms that contribute to the regulation of

telomere length and nuclear distribution.
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1 Introduction: Telomere function and sexual reproduction

Telomeres are highly conserved, nucleoprotein structures present at the ends of each
chromosome arm. Since their discovery in the late 1930s, a growing level of interest
has been paid to the function and complex regulation of the telomere, which appears to
be an essential feature of the genome. Following pioneering studies by Watson,
Olovnikov and Hayflick (discussed in section 1.2), the majority of these studies have
focused on the relationship between telomere function and the process of cellular
senescence (which may be linked to the process of ageing) and immortality (which may
be linked to the process of tumorigenesis). In more recent decades however, the role of
telomere function in sexual reproduction and early development has begun to attract

investigation.

1.1 The structure, function and regulation of the telomere

The term ‘telomere’ is derived from the Greek words ‘telo’ meaning end, and ‘mero’
meaning part, and was first coined by Hermann Muller in 1938 from his study of fruit
fly chromosomes. Telomeres are complex, highly specialised structures present on the
chromosomes of eukaryotes and some prokaryotes. They are made up of repetitive
sequences of non-coding double stranded DNA, associated with a number of proteins
(Figure 1.1)(Calado and Young, 2009).

1.1.1 The structure of the telomere

The structure of the telomere is highly conserved and although differences exist from
one organism to the next, there are many common features across even
phylogenetically diverse genomes. These important structural features are described

hereafter.

1.1.11 The sequence of the telomere

In all eukaryotes, telomeres are made up of double stranded tandem repeat sequences:
a G rich strand and a complementary C rich strand. It was first discovered that
telomeres are made up of repetitive sequences in 1978, when Elizabeth Blackburn

noted that the Tetrahymena thermophila telomere contained repeats of the sequence
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TTGGGG (Blackburn and Gall, 1978). Although the precise sequence of the telomere
may vary from one organism to the next, in general the 5> — 3’ G rich strand contains
various numbers of repeats of the sequence (T/A/TA)1-4(G)1-8 (Blackburn and
Szostak, 1984; Meyne et al., 1989). Moreover, highly divergent species may share the
same sequence despite vast differences in chromosome size and number. For example
in humans and all other vertebrates studied, the telomere sequence consists of a
TTAGGG hexameric repeat (Meyne et al., 1989; Moyzis et al., 1988). This sequence
is also common among fungi, slime moulds and phylogenetically diverse groups of
algae (Podlevsky et al., 2008). Indeed it has been postulated that this may be the
ancestral motif of eukaryotic telomeres (Fulneckova, 2014).

AV TIN2
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"W\Lﬁ' g, Shelterin
p«s TRFI ’2
-
S

R;c
(

Figure 1.1: The human telomere. Telomeres are made up of repetitive sequences of DNA associated with
specialised proteins, present at the end of each chromosome arm. Terminal DNA is organised into a loop
formation, with the single stranded G-rich 3’ overhang invading the double stranded duplex (Kovacic et
al., 2011).

1.1.1.2 The T-loop

At the extreme termini of the chromosome, the G rich 3’ end of the telomere protrudes
as a single stranded extension, often termed the G-strand overhang. This single stranded
extension varies in length from species to species but is shorter than the double stranded
tract and loops back to invade the double stranded duplex. This is known as a T-loop.
At the base of the T-loop, the G-strand overhang displaces the double stranded duplex,
forming a displacement loop, or D-loop (De Lange, 2004) (figure 1.2). This D-loop
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formation is thought to be similar to D-loop formation during initiation of homologous
recombination (Verdun and Karlseder, 2006). Therefore, it is thought that the 5’ strand
may be involved in this invasion process, by creating a structure similar to a Holliday
junction (a structure involved in homologous recombination) (De Lange, 2004) from
guanine rich G-quadruplexes (a structure formed from tetrads of hydrogen bonded
guanine bases) (Bochman et al., 2012; Webb et al., 2013; Williamson et al., 1989). G-
quadruplexes at the telomere may form from single strands, double strands or four
strands of DNA, and may be parallel or anti-parallel. Depending on their conformation,
they may function to promote or hinder telomerase (an enzyme involved in telomere
length regulation discussed in section 1.1.3.1) (Webb et al., 2013; Zahler et al., 1991;
Zaug et al., 2005) and to cap telomeres (Smith et al., 2011). It is thought that regulation
of the Holliday junction by regulator of telomere length 1 (RTEL1) ensures that the 3’
overhang forms a D-loop only along lengths of DNA belonging to the same
chromosome (as oppose to creating tangles between telomeres belonging to separate
chromosomes). RTELL1 is an essential helicase that has been shown to be involved in
both DNA damage repair and telomere length maintenance. Indeed RTEL1 deficiency
results in shortened telomere length and genomic instability. However, the exact
mechanisms that enable RTELL inhibition of D-loop formation remain to be discovered
(Uringa et al., 2010). In addition, it is thought that Rapl plays a key role in inhibiting
inappropriate non-homologous end joining (NHEJ) mechanisms which could result in
telomere-telomere fusions. In the yeast model this activity is mediated by
repressor/activator protein 1 interacting factor 2 (Rif2) and silent information regulator
4 (Sir4), however again, the exact mechanisms of their actions are unknown (Jain and
Cooper, 2010).
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T-loop

D-loop

Figure 1.2: The T-loop and the D-loop. The 3’ end of the G rich strand protrudes as a single stranded
extension of the telomere. This G-strand overhang loops back to form a T-loop, and invades the 5° double
stranded telomeric duplex, forming a D-loop.

Although absent in many plant species (or present but very short) (Webb et al., 2013),
the G-rich overhang appears to be a conserved feature across many species, however
the size of this overhang is variable. In humans it is approximately 100-280 nucleotides
(Makarov et al., 1997; Wright et al., 1997) however in budding yeast it varies between
12-14 nucleotides up to 50-100 nucleotides during S-phase of the cell cycle, when
genome replication occurs (Wellinger et al., 1993). Similarly the number, and identity
of the proteins that are involved in its formation may vary considerably (Wei and Price,
2003). These proteins are known as the shelterin complex, and are discussed in more

detail in the next section.

1.1.1.3 The shelterin complex

In mammals, the shelterin complex is made up of six proteins that are associated with
telomeric sequences to form the telosome: telomere repeat factor 1 (TRF1), telomere
repeat factor 2 (TRF2), telomere interacting protein 2 (TINZ2), protection of telomeres
1 (POTL1), TIN2-POTL1 interacting protein 1 (TPP1) and repressor/activator protein 1
(RAP1) (figure 1.3). These proteins together with the TTAGGG motif form the
structure of the telosome, and protect it from DNA repair machinery that might
otherwise recognise it as a double strand break. They are also responsible for telomere
maintenance by regulating the action of telomerase. While TRF1, TRF2 and POT1
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directly interact with the TTAGGG repeat of mammalian telomeres, others interact via
association with these highly specific proteins. RAP1 is associated with TRF2 and is
responsible for regulating telomere length, whereas TIN2 may associate with TRF1,
TRF2, TPP1 and POT1. TINZ is therefore responsible for tethering of TPP1 and POT1
to TRF1 and TRF2, and for tethering TRF1 to TRF2, which stabilises the association
of TRF2 with the telomere (de Lange, 2005a).

TPP1

POt

TIN2

D-loop

Figure 1.3: The Shelterin Complex. Shelterin is made up 6 associated proteins; TRF1, TRF2, RAPL,
TIN2, TPP1, POT1. Diagram taken from (Oeseburg et al., 2010).

The unique high specificity of the shelterin complex for the telomere sequence stems
from multiple recognition folds within the complex. TRF1 and TRF2 each have two
recognition sites for double stranded telomeric DNA, and may form homodimers or
higher oligomers, mediated by a telomere repeat factor homology (TRFH) domain. The
carboxy-terminal Myb domains in these two telomeric proteins are essential features
for binding to the telomere duplex. Although TRF1 and TRF2 are related proteins that
share sequence similarity, their functions differ. TRF1 is thought to be involved in the
regulation of telomere length and spans a large sequence, whereas TRF2 is involved in
stabilisation of the T-loop, by binding at the double strand and single strand junction
(Xin et al., 2008).

POT1 binds with strong specificity for single stranded telomere repeats at the 3’ and
internal end (de Lange, 2005a), via two oligonucleotide/oligosaccharide binding folds
(OB folds) (Lei et al., 2004). Although TPP1 is thought to play a role in enhancing
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POT1 binding to DNA via association with POT1, TPP1 does not interact with the
telomere sequence. Thus POT1 is the only protein that is able to bind to single stranded
telomere DNA. Similarly to TRF2, POT1 is responsible for capping telomeres and
inhibiting the DNA damage response. Interestingly, it has become apparent that
although these proteins fulfil similar roles, they are responsible for the regulation of
separate signalling pathways. While TRF2 is involved in regulating DNA repair
mechanisms via the ataxia telangiectasia mutated (ATM) response, POTL1 is involved
in regulation of DNA repair mechanisms via the ataxia telangiectasia and radiation 3
(RAD3) related protein (ATR) response (Xin et al., 2008). This is discussed further in
section 1.1.1.3.1.

An additional role of POT1/TPP1 heterodimers is their ability to regulate telomere
length via regulation of the enzyme telomerase. TPP1 is required for recruitment of
telomerase, and to aid telomerase processing. Furthermore, POT1 has been shown to
inhibit G-quadruplex formation. Therefore it is likely that POT1 and TPP1 function
together to regulate telomere length (Xin et al., 2008).

Another important feature of TPP1 is its interaction with TIN2. TINZ2 is involved in the
negative regulation of telomere length, and plays a key role in maintaining the
interactions of the telosome. Since TIN2 also interacts with TRF1 and TRF2, it
provides a key link to associations with TPP1 and POT1 (Xin et al., 2008).

1.1.2 Telomere function

Since their discovery in the late 1930s, it has been clear that telomeres are essential for
the maintenance of genome stability. Firstly they protect genes near the ends of
chromosome arms from degradation following each round of replication. Secondly
they play a significant role in maintaining genome stability by preventing chromosome
fusion events. Thirdly, telomeres play an essential role in nuclear organisation, and in

genome segregation during mitosis and meiosis.
1.1.21 Telomere DNA replication: The ‘end replication problem’

During DNA replication double stranded DNA is denatured into single strands with the

aid of helicases and topoisomerases. This permits access of DNA replication
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machinery, and most importantly DNA polymerase, the enzyme responsible for

catalysing the synthesis of new DNA.

Polymerase forms a new DNA molecule made up of one original DNA strand, and one
new DNA strand. For this reason DNA synthesis is described as semiconservative.
However, DNA polymerase may only function in 5°— 3’ direction, and with the aid of
RNA primers (formed by the enzyme primase). The action of polymerase works in the
same direction as the progression of the replication fork using the 3> — 5> DNA strand
as a template. This results in the continuous synthesis of new DNA in the 5 — 3’
direction, hence this is known as the leading strand (Meselson and Stahl, 1958; Ohki et
al., 2001; Waga and Stillman, 1998). However, since DNA exists as two antiparallel
strands, the complementary strand is orientated against the direction of polymerase
action. Synthesis of this strand, known as the lagging strand, is therefore discontinuous
as it requires repeated synthesis of RNA primers which are elongated into short
fragments (called Okazaki fragments). These are subsequently ligated to form the new
DNA strand (Ogawa and Okazaki, 1980; Okazaki et al., 1968; Sakabe and Okazaki,
1966). Consequently, a length of DNA at least the size of the RNA primer is lost at the
5’ end of the lagging strand when the RNA primer is removed following replication
(Watson, 1972). In reality however, evidence shows lengths of DNA longer than the
size of an RNA primer missing at the 5’ end of the lagging strand. Such an observation
implicates priming failure, resulting in lack of polymerase activity and causing a loss
of sequences at the extreme end of the telomere (Ohki et al., 2001). Alternatively,
replication fork stalling due to the presence of TRF1/TRF2 complexes (Ohki and
Ishikawa, 2004), or fork slipping due to the presence of G-quadruplexes (Kruisselbrink
et al., 2008; Lopes et al., 2011; Webb et al., 2013) may also contribute to telomere loss
during replication of the genome.

An additional problem in DNA replication lies with the fact that DNA polymerase
produces a blunt end at the terminus of the leading strand at one end of the
chromosome. As mentioned before, a G-rich overhang is an important structural feature
of telomeres, therefore to solve this problem, the complementary C-rich strand of the
blunt end must be degraded in order to generate a G-rich overhang (Lingner etal., 1995;
Webb et al., 2013; Wellinger et al., 1996). This is brought about in part by nucleolytic
activity of the meiotic recombination 11 (MRE11)/radiation 50 (RAD50)/nibrin
(NBS1) complex (the MRN complex, which also produces single stranded overhangs
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during the process of DNA damage repair) under the control of cyclin dependent
kinases (Longhese, 2008). More specifically, this is achieved via MRE11, which
possesses four N-terminal phosphoesterase motifs, single stranded DNA endonuclease,
3’-5’ DNA exonuclease and DNA annealing and unwinding activities (Williams et al.,
2007). Furthermore Apollo possesses a 5°-3” DNA exonuclease activity and therefore
it is thought that it is this activity specifically that is able to resect the C rich strand
(Lenain et al., 2006). Regulation of the resection process by nucleolytic activity to
produce a G rich overhang is considered to occur via members of the shelterin complex.
More specifically it has been shown that TRF2 is able to physically interact with Apollo
in order to perform this function (Lenain et al., 2006).

Collectively, the phenomena described above are known as the end replication
problem, as the length of DNA is shortened following each replication event. Since
telomeres are non-coding sections of DNA repeats, no vital genetic information is lost,
therefore in this way telomeres function to protect genes near the ends of chromosome
arms from degradation. Instead, the loss of telomeric sequences following each
replication event ensues, until eventually the length is reduced to such an extent that it
reaches critical telomere length. At this point, the cell leaves the cell cycle in G1 and
undergoes senescence, which is described in more detail in section 1.1.2.1.1. This
phenomenon was first described by Leonard Hayflick in 1961, and therefore the finite
replicative capacity of the cell is known as the Hayflick limit (Hayflick and Moorhead,
1961) (discussed in section 1.2). It is now well established that this process of telomere
shortening and inevitable cellular senescence is positively correlated with the process

of ageing (Olovnikov, 1973).

1.1.2.1.1 Senescence

Senescence describes a process in which the cell leaves the cell cycle and ceases to
divide (Hayflick, 1976; Sasaki et al., 1994). It is defined by irreversible cessation of
cell division, alongside a number of hallmark characteristics, including: morphological
changes (flattened and enlarged cells), changes in expression profiles (upregulation of
tumour suppressors, cell cycle inhibitors and DNA damage markers), presence of
heterochromatic foci, secretion of signalling molecules, absence of proliferation
markers and senescence associated 3 galactosidase activity (Mufioz-Espin and Serrano,

2014). Senescence is an extremely important cellular response to damage, since it
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prevents the replication and spreading of damaged cells and promotes their clearance
by immune cells. This is vital in ensuring the prevention of tumorigenesis. In addition
senescence plays an essential role during embryogenesis and tissue renewal by limiting
the amount of tissue that is produced (Mufioz-Espin and Serrano, 2014). Interestingly
it appears that both senescence and apoptosis (which describes programmed cell death)
function to perform very similar roles during embryogenesis and tissue renewal.
However the mechanisms controlling their inter-activity and the mechanisms which
dictate whether the cell will undergo senescence or apoptosis is currently unknown
(Vicencio et al., 2008). There are a number of stimuli that induce cellular senescence,
however in the context of telomere function, it is known that a loss of telomere repeats
(either due to damage or due to the end replication problem described in section 1.1.2.1)
elicits a DNA damage response mediated by ATM or ATR pathways. In turn, this leads
to phosphorylation of p53, expression of p21 and inhibition of cyclin dependant kinases
that permit progression through the cell cycle (Mufioz-Espin and Serrano, 2014). It is
thought that an accumulation of senescent cells drives the process of ageing due to a
reduction in the number of mitotically active progenitor cells, alongside the release of
degradative proteases, growth factors and inflammatory cytokines, which impact upon
non-senescent neighbouring cells (Vicencio et al., 2008). Under normal circumstances,
the release of these components would stimulate immune clearance of senescent cells,
however as the immune system ages, its ability to clear senescent cells is impaired
(Mufoz-Espin and Serrano, 2014).

1.1.2.2 Telomeres and genome stability:

Under normal circumstances, a break in DNA would result in the recruitment and
action of DNA repair mechanisms. In Herman Muller’s experiments with Drosophila
in 1938, an important observation that led him to the discovery of telomeres, was that
inversion events never involved the very end of the telomere fusing with another
chromosome. Furthermore, Barbara McClintock confirmed this important function of
telomeres in 1939, shortly after Muller. Her observations of maize chromosomes
showed that fusion events only occurred in broken chromosomes, not unbroken ends.
These pioneering observations led to the idea that telomeres are required to maintain
genome stability, and that the cells ability to recognise telomeres as normal features,

rather than double strand breaks, is essential to avoid inappropriate action of DNA
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repair mechanisms (McClintock, 1939; Muller, 1938). Since these experiments, it has
been established that the ability of the telomere to evade a DNA damage response is
orchestrated through tightly controlled interactions between the shelterin complex and
proteins involved in DNA repair. These DNA repair proteins are made up of those
involved in ATM and ATR mediated repair pathways via NHEJ and homologous

recombination respectively (Longhese, 2008).

The mechanisms by which the shelterin complex is able to inhibit DNA repair pathways
are largely unknown, but current evidence suggests that inhibitory action is
predominantly brought about through the shelterin complex physically blocking access
of DNA damage proteins at telomeric sequences (Longhese, 2008). For example, POT1
physically blocks the recruitment and accumulation of replication protein A (RPA)
along the single stranded 3’ overhang, which would otherwise result in ATR mediated
homologous recombination based repair (Lei et al., 2004; Lei et al., 2005). Similarly,
TRF2 possesses the ability to remodel telomeric DNA in order to favour 5’ strand
invasion by the 3’ overhang leading to T-loop formation (Amiard et al., 2007). This
hides the single stranded DNA overhang from accumulation of RPA resulting in ATR
mediated repair. Furthermore, the formation of the T-loop inhibits the accumulation of
Ku70-Ku86 complexes, which stabilise broken DNA ends in close proximity to one
another and stimulates fusion via DNA ligase IV (Costantini et al., 2007; Ramsden and
Gellert, 1998). Thus TRF2 is able to inhibit both homologous recombination and NHEJ
mediated repair via ATR and ATM pathways respectively. Interestingly, TRF2 is
additionally able to inhibit ATM induction of cell cycle arrest via direct binding.
Although the exact mechanism in which this occurs is unclear, it is thought that TRF2
is able to block ATM autophosphorylation by directly binding to its Ser1981, which in
turn blocks ATM activation (Bakkenist and Kastan, 2003; Denchi and de Lange, 2007;
Karlseder et al., 2004). Indeed, loss of TRF2 leads to ATM activation and upregulation
of p53, leading to p21 mediated cell cycle arrest via inhibition of cyclin dependant
kinase 1 (CDK1) and subsequent inhibition of retinoblastoma (RB) (Karlseder et al.,
1999).

Several other proteins that are involved in ATM and ATR mediated DNA repair are
found in association with the telosome, therefore the presence of an intact telomere

structure is extremely important in order to avoid inappropriate action. Most notably,
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these include DNA protein kinase (DNA-PK) (which is made up of Ku and a protein
kinase catalytic subunit), tumour suppressor protein p53, poly adenosine diphosphate
ribose polymerase (PARP), Tankyrase 1 and 2, excision repair cross-complementing
associated with xeroderma pigmentosum group F (ERCC/XPF), radiation 51 (RAD51),
werner (WRN), and bloom (BLM) (Bailey et al., 2001; Bailey et al., 1999; Bailey and
Murnane, 2006; di Fagagna et al., 1999; Hande et al., 1999; Hsu et al., 2000; Lansdorp,
2000; Samper et al., 2000; Zhu et al., 2000). Many of these are also involved in
regulating telomere length; for example Mrell of the MRN complex (which associates
with TRF2) is involved in the generation of a 3’ overhang which acts as a substrate for
telomerase (an enzyme responsible for telomere lengthening, discussed in more detail
in section1.1.3.1) (Bailey and Murnane, 2006; Lansdorp, 2000; Verdun et al., 2005;
Zhu et al., 2000). Similarly, ATM (which is recruited by MRN) may phosphorylate
TRF1 resulting in its dissociation from the telomere and enabling access of telomerase
to allow telomere elongation (Wu et al., 2007). Indeed ATM knockout mice possess
drastically shortened telomeres and a large number of extrachromosomal telomeric
circles (Hande et al., 2001). Maintaining telomere length is extremely important in
forming a functional telomere, since shortened telomeres cannot support the telosome
and therefore chromosome fusion events ensue (as demonstrated in the mouse model)
(Blasco et al., 1997). Thus DNA damage response proteins are responsible for both
preventing and causing genomic instability events, and therefore it is essential that they

are tightly controlled by members of the shelterin complex.

Despite the risks associated with chromosome fusion events, it must be appreciated that
such events can be ‘normal’ and produce sustainable products. Chromosome fusion
events play vital roles in evolution of the genome. An example of this is evident in the
divergence of avian genomes which show several fusion events (Voss et al., 2011), and
indeed the human genome, which shows fusion of ancestral chromosomes 12 and 13
to give rise to human chromosome 2 (ljdo et al., 1991; Kasai et al., 2000). Furthermore,
the normal association of telomeres with one another and with components of the

nucleus plays a vital role in genome organisation and cellular division.

1.1.2.3 Telomeres and nuclear organisation
Since early observations from Carl Rabl and Theodor Boveri at end of the 19th century,

the hypothesis that nuclear organisation is non-random has been frequently tested. It
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is now well established that chromosomes occupy discrete territories (Cremer et al.,
1993; Lichter et al., 1988; Manuelidis and Borden, 1988), dependent on the stage in the
cell cycle and the cell type (Funabiki et al., 1993; Mayer et al., 2005). Such highly
specific nuclear organisation has been shown to be conserved in eukaryotes (Neusser
et al., 2007; Tsend-Ayush et al., 2009), and therefore it is unsurprising that it serves a
functional role. Several studies have shown that nuclear organisation plays a pivotal
role in ensuring that appropriate regions of the genome are positioned in proximity to
replication and transcriptional cues. Furthermore, it is considered that nuclear
organisation is highly important in ensuring the correct orientation of chromosomes
within the nucleus, which is important during cell division. Therefore strict nuclear
organisation acts to regulate normal functioning of the genome (Cremer and Cremer,
2001), and deviation from this strict pattern of nuclear organisation is known to result
in several pathologies including cancer (Kuroda et al., 2004) and laminopathies
(Mewborn et al., 2010). There are several models of nuclear organisation, which are

each discussed below.

1.1.2.3.1 The Rabl configuration

In interphase cells of many species including plants, animals and single cell eukaryotes,
telomeres cluster at one pole of the nucleus on the opposite side to the centromeres
(Funabiki et al., 1993; Hilliker and Appels, 1989; Hiraoka et al., 1990; Mathog et al.,
1983; Sperling and Luedtke, 1981). This is known as the Rabl configuration (shown in
figure 1.4), and is thought to begin at anaphase and persist into interphase (however
this appears to be species and cell type specific) (Cremer et al., 1982; Rabl, 1885). This
conformation is thought to be vital for ensuring the correct orientation of chromosomes,
which aids in the maintenance of genome integrity (Manders et al., 1999; Parada and
Misteli, 2002).
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Figure 1.4: The Rabl configuration. Centromeres (coloured in red) cluster at one pole of the nucleus via
interactions with the nuclear membrane through Csil and Sadl. Chromosome arms (coloured in blue)
are attached to lamins of the nuclear matrix via matrix attachment regions (MARs). Telomeres (coloured
in green) are orientated towards the opposite pole of the nucleus to centromeres and attach to lamins of
the nuclear matrix via TRF1, TRF2 and TIN2. Telomeres are additionally anchored at the nuclear
envelope via associations with lamins which in turn bind to nuclear membrane spanning lamin associated
proteins (LAPs), or via interactions with the nuclear pore.

Centromere interactions with the nuclear membrane is essential for anchoring
chromosomes in the Rabl Confirguration. In yeast, this occurs via interactions with
Cop9 Signalosome Interactor 1 (Csil), which in turns binds to membrane spanning
protein small nuclear ribonucleic particles (sn RNP) assembly defective 1 (Sadl). In
addition, it has been proposed that telomeres have a significant role in the organisation
of chromosomes into the Rabl orientation by providing further anchorage points. Tight
association of the telomere sequence with lamins of the nuclear matrix has previously
been demonstrated, and has been shown to involve TRF1 and TRF2 proteins as well as
TIN2 (de Lange, 1992; Kaminker et al., 2009; Luderus et al., 1996; Weipoltshammer
et al., 1999). Indeed disruption to nuclear lamins results in telomere redistribution (De
Vos et al., 2010; Gonzalez-Suarez et al., 2009; Raz et al., 2008). Furthermore,
interactions of telomeres with lamin associated proteins (LAPS) via lamins plays a key
role in anchoring telomeres in place (Dechat et al., 2004; Ludérus et al., 1992; Novo
and Londofio-Vallejo, 2013; Shoeman and Traub, 1990). In addition, several studies
have implicated the nuclear pore complex in tethering of telomeres to the nuclear
periphery, which may be chromosome specific, and dependent upon the stage in the
cell cycle, and different telomere states (Bukata et al., 2013). The association of
telomeres to form clusters at the nuclear periphery has been noted in several cell types,

and is thought to play a crucial role in the 3D organisation of chromosomes. Finally,
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the Rabl configuration also relies on chromosome-chromosome interactions,
chromosome interactions with lamins via matrix attachment regions (MARS) and

chromosome interactions with the nuclear envelope via lamins (Cowan et al., 2001).

1.1.2.3.2 The ‘chromocentric’ model of nuclear organisation

In addition to telomere involvement in the Rabl configuration, the chromocentric model
of nuclear organisation (shown in figure 1.5) proposes a model in which centromeres
localise in the interior of the nucleus to form a chromocenter, whereas telomeres cluster
at the nuclear periphery (Jennings and Powell, 1995; Zalensky et al., 1993). First
described in sperm nuclei (which will be discussed in more detail in section 1.4.1.1),
the chromocentric model of nuclear organisation has been seen in retinal cells of several
nocturnal mammals (Solovei et al., 2009), Saccharomyces cerevisiae (Bupp et al.,
2007), Drosophila melanogaster salivary glands (Hochstrasser et al., 1986; Mathog et
al., 1983) and in mouse lymphocytes (Weierich et al., 2003).

Figure 1.5: Diagrammatic representation of the chromocentric model of nuclear organisation, whereby
centromeres (red) form a chromocentre deep within the nuclear volume and telomeres (green) from
clusters at the nuclear periphery.

1.1.2.3.3 Other models of nuclear organisation

Aside from the Rabl and chromocentric models of nuclear organisation (which
specifically involve telomeres) there are two other main models of nuclear organisation
which are not dependent upon the telomere. These include the size dependant model
and the gene density model. The size dependant model describes a system whereby
smaller chromosomes occupy the interior regions of the nucleus and larger ones the
periphery (Sun et al., 2000). This has been observed in human lymphocytes (Sun et al.,
2000) and in human and chicken fibroblasts (Bolzer et al., 2005; Cremer et al., 2001,

Habermann et al., 2001). Alternatively a gene density model has been proposed, in
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which gene rich chromosomes occupy the interior regions of the nucleus and gene poor
ones the periphery, irrespective of size (Cremer et al., 1993; Croft et al., 1999). This
model has been shown in human lymphoblasts and dermal fibroblasts (Boyle et al.,
2001; Cremer et al., 2003; Croft et al., 1999; Lukasova et al., 1999), and in porcine
lymphocytes (Federico et al., 2004) and primate lymphoblasts (Tanabe et al., 2004;
Tanabe et al., 2002). Of course, evidence shows that some cell types fit both of these
models, including chicken fibroblasts and porcine genomes (Foster and Bridger, 2005;
Habermann et al., 2001), and that others including some murine models fit neither
(Meaburn and Misteli, 2008). Nonetheless, it is widely considered that genome
organisation is non-random, and is functionally relevant for gene expression patterns
(Cremer and Cremer, 2001).

1.1.24 Telomeres and cell division

During meiosis, telomeres cluster under the nuclear envelope positioned toward the
centriole at the early leptotene stage of prophase I, with centromeres dispersed across
the nuclear periphery at the opposite pole. This results in a ‘bouquet’ appearance of
chromosomes within the nucleus, and is dependent upon telomere association as a
group. It is thought that this telomere led bouquet formation of chromosomes within
the nucleus is essential for chromosomes pairing and the formation of the synaptonemal
complex (a protein matrix that reinforces the interaction between homologous pairs)
and meiotic recombination in mice and humans (Kohli, 1994; Rasmussen and Holm,
1978; Scherthan et al., 1996). Therefore, such organisation of telomeres indicates an
important role of telomeres in the segregation of the genome into daughter cells during

meiotic divisions (Blackburn and Szostak, 1984). This will be discussed in section 1.4.

1.1.3 Telomere length regulation

With the above information in mind, it is clear that the telomere serves several
important functions, which ultimately results in maintenance of genome stability,
correct nuclear architecture and faithful segregation of chromosomes in cell division.
In order for this to be efficiently and accurately achieved, a fully functional telomere is
required. The major limiting factor of a fully functional telomere, is the length of the
repeat sequence itself. Telomeres that have shortened beyond a threshold level can no
longer perform their roles, due to their inability to associate with the many proteins that
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are involved in their regulation and function. In normal cells, loss of telomeres beyond
the critical length leads to cell senescence, where the cell exits the cell cycle in G1 and
ceases to divide (the Hayflick limit) (Hayflick and Moorhead, 1961). However, failure
of the cell to recognise this critical point leads to a number of detriments resulting from

chromosome instability.

Thus it is clear that telomere length must be maintained and regulated in some way in
order to perform normal function. There are two ways in which this may be achieved:
The first and most prominent contributor in telomere length maintenance is via
telomerase, a key enzyme responsible for the synthesis of new telomere repeats
(Greider and Blackburn, 1985) (section 1.1.3.1). The second method of telomere length
maintenance is via alternative telomere lengthening (ALT) strategies (1.1.3.2), which
can be sub-divided into recombination based ALT, retrotransposon involvement, and

epistasis.

1.1.3.1 Telomerase mediated telomere maintenance

The discovery of telomerase was a major breakthrough in the study of telomeres and
eventually led to the award of a Nobel prize for Elizabeth Blackburn and her team in
2009. Telomerase is a ribonucleoprotein complex, made up of RNA subunits
(telomerase RNA component (TERC)) and a reverse transcriptase catalytic subunit
(telomerase reverse transcriptase (TERT)). Telomerase synthesises new repeats to the
strand running in the 5°—3’ direction toward the chromosome end, and thus
synthesises the 3’ single stranded overhang of the telomere. The TERT catalytic subunit
does this by copying the short RNA template sequence in its TERC subunit (Greider
and Blackburn, 1989), which is also responsible for recognition of the telomere
sequence itself. Synthesis of the complementary strand, is thought to occur via normal
lagging strand DNA synthesis using DNA polymerase (Chan and Blackburn, 2004),
depicted in figure 1.6 on page 18.

Regulation of telomerase activity at the telomere is thought to be controlled by DNA
damage response pathways, further supporting a role for their existence at the telomere.
These damage response proteins are in turn regulated by members of the telosome. The
majority of studies that have unravelled telomerase regulation pathways have been
carried out in yeast models. These have identified that ATM and ATR DNA damage
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checkpoint proteins promote telomerase activity. The recruitment of telomerase
through ATM, is via the MRN damage complex, of which NBS1 (a substrate for ATM
(Craven etal., 2002; Kastan et al., 2001). The MRN complex, has endonuclease activity
on DNA, which converts the DNA strand into a substrate for telomerase (Tsukamoto
et al., 2001). Thus the current model suggests that uncapping of telomeres as a result
of telomere sequence loss, leads to recognition by the DNA damage response pathway.
This in turn acts on the telomere structure, and promotes synthesis of new telomere
sequences Vvia the recruitment and action of telomerase (Chan and Blackburn, 2004;
Chan et al., 2001). The length of the telomere itself therefore plays a key role in
telomerase regulation, since loss of telomere sequence in turn results in loss of the
telosome. The fact that short telomeres are more likely to be extended by telomerase
than longer ones provides support of this (Bianchi and Shore, 2007; Sabourin et al.,
2007). Furthermore, in yeast, RAP1 interacting factor 2 (Rif2) preferentially binds to
long telomeres and inhibits ATM (McGee et al., 2010).
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Figure 1.6: Leading strand telomere lengthening by telomerase. (A) Recruitment of telomerase to the
telomere by ATM promotes primer annealing (B) and initiates reverse transcriptase activity of the TERT
component, using the TERC RNA template. Telomerase elongates the leading strand (C) and is then
transferred to another telomere for the process to repeat again (D) (Gavory et al., 2002).

Alternatively, telomerase may be inhibited by telomeric repeat-containing RNA
(TERRA). This non-coding RNA is expressed from sub-telomere and telomere
sequences of all chromosomes, and is associated with telomeres (Azzalin et al., 2007).
TERRA may act on telomerase in order to suppress activity by acting as a competitive
inhibitor (Redon et al., 2010), or be inhibited by telomerase depending on their
feedback on one another (Arnoult et al., 2012). This regulation of telomerase by
TERRA remains to be further characterised (Luke and Lingner, 2009).

The complex interplay between telomerase and other components of the telosome
means that regulation of telomere length by telomerase is extremely tightly controlled.
Furthermore, although telomerase is inactivated in most somatic cells, those that are

highly proliferative have been shown to exhibit telomerase activity, such as cells of the
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immune system, skin, hair follicles and intestinal lining . Therefore telomerase serves a
significant function, not only in cancerous cells, germ cells and embryogenesis as
originally thought, but also in normal somatic cell turnover (Blackburn, 2000;
Masutomi et al., 2003).

1.1.3.2 Alternative lengthening of telomeres

In organisms where telomerase is not present, or when telomerase expression is
repressed, synthesis of telomeric repeats must occur by some other means. The main
ALT strategies are via homologous recombination, retrotransposons and epistasis

(Biessmann and Mason, 1997).

1.1.3.2.1 Telomere lengthening by homologous recombination

Telomere lengthening by homologous recombination occurs in many cell types where
telomerase expression is repressed (e.g. tumour cells). In these cells, telomeres are
often heterogeneous in length (Biessmann and Mason, 1997). Although telomere
elongation using this system has been fairly well studied, the exact mechanisms are not
fully understood. It has been hypothesised that the 5’ overhang of the telomere
belonging to one chromatid may invade the T-loop of the telomere belonging to the
homologous chromatid. This resembles a replication fork, which may be recognised by
polymerase, resulting in extension of the telomere (shown in figure 1.7). It is thought
that this process is regulated by RAD51, radiation 52 (RAD52) and replication protein
A (RPA) as well as the MRN complex (Henson et al., 2002).

Interestingly, homologous recombination at telomeres may also serve to reduce
telomere length in cases where telomerase is present and telomeres are exceptionally
long. In yeast, an MRN dependent mechanism generates T-circles by homologous
recombination mediated deletion of T-loops, significantly reducing telomere length
back to wild type length (Li and Lustig, 1996). These extra chromosomal T-circles can
in turn act as templates for homologous recombination mediated telomere lengthening
(Cesare and Griffith, 2004; Natarajan and McEachern, 2002). A similar mechanism has
also been shown in mammals (Wang et al., 2004), however, under normal
circumstances, Ku and TRF2 proteins regulate homologous recombination mediated
telomere shortening (Celli et al., 2006; Sfeir et al., 2010).
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Figure 1.7: Alternative lengthening of telomeres by homologous recombination. RAD51 and RAD52
regulate invasion of the 3’ overhang into the T-loop of a telomere present on a separate chromosome.
This forms a structure similar to a replication fork, allowing synthesis and addition of more telomeric
repeats by DNA polymerase. Taken from (Verdun and Karlseder, 2007).

1.1.3.2.2 Telomere lengthening by retrotransposition

Retrotransposon mediated ALT is predominantly a feature of the chromosome ends of
Drosophila, which are made up of retrotransposed elements. The length of these
elements are regulated by both homologous recombination and transposition (Levis,
1989). A single targeted transposition of several kilobases to the chromosome end
occurs due to the loss of endonuclease activity of the retrotransposon (Mason et al.,
2008). Thus it may only reposition to DNA ends. Evidence for this model of telomere
lengthening is shown by the arrangements of huntingtin (HTT) elements at Drosophila
chromosome ends, where tandem head to tail arrays with their 3” ends pointing to the
chromosome end, possess variable 5’ sequences. This proves that new transposons are
placed at the chromosome end following different amounts of sequence loss before the
arrival of a new sequence (Levis et al., 1993).

Interestingly telomere maintenance by transposition has been shown in rare cases in
telomerase deficient yeast, where the subtelomeric Y’ has been shown to move in an
RNA mediated process (Maxwell et al., 2004). Similarly evidence shows that long
interspersed elements (LINE-1) may move to dysfunctional telomeres in Chinese
hamster ovary (CHO) cells deficient in TRF2 capping (Morrish et al., 2007).
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1.1.3.2.3 The telomere position effect

In recent years, an increasing level of interest has been paid to epigenetic markers found
at telomeres and subtelomeres. These chromatin modifications involving histones and
DNA sequences at telomeres and subtelomeres, include DNA methylation, histone
methylation and histone hypoacetylation. Such modifications have been shown to play
a role in the silencing of genes that are in close proximity to the telomere. This
phenomenon, known as the telomere position effect (TPE) was first observed in
Drosophila (Baur et al., 2001; Gottschling et al., 1990; Levis et al., 1985).

TPE has also been shown in mammals, where it may regulate, and be regulated by
telomere length (Baur et al., 2001). This is evident by the fact that loss of function of
the proteins involved in TPE often results in telomere elongation (Schoeftner and
Blasco, 2009). In turn, it has also been shown that the number of telomere repeats
directly regulates chromatin modifications at the chromosome end, thus telomere
elongation results in increased TPE chromatin modifications (Kyrion et al., 1993).
Similarly, telomere shortening causes loss of histone methylation and increased histone
acetylation.

Although it is unknown how chromatin modifications directly influence telomere
length and structure, it is plausible that telomere length regulators are positively
controlled by heterochromatin factors. Therefore heterochromatin disruption impedes
their ability to regulate telomeres. This has been hinted towards in a handful of studies
showing that TRF1 overexpression leads to TPE reversal (Koering et al., 2002), and
that TINZ2 is able to interact with heterochromatin protein 1 (HP1) (which promotes
histone methylation) (Kaminker et al., 2005).

Furthermore, DNA and histone modifications by TPE also serve to maintain genome
stability. Evidence shows that disruptions in chromatin modifications at the telomere
leads to chromosome mis-segregation (Opravil et al., 2001).

Overall, it is clear that the telomere is a fundamentally important feature of the genome,
which owes its diverse roles to its unique structure and location in both the metaphase
and interphase nuclei. The complex interplay between components of the telosome,
which serves to regulate telomere length, plays a vital role in telomere homeostasis in

normal processes and disease initiation and progression.
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1.2 Normal and dysfunctional telomere homeostasis

Normal telomere homeostasis is controlled by a complex balance between attrition and
mechanisms of telomere lengthening. As discussed in section 1.2.1, telomere
shortening following each round of replication is a normal part of telomere homeostasis
and serves a functional role in preserving genome integrity. Many studies have linked
this process to cellular ageing in vitro and highlighted a relationship between telomere
length and normal organismal ageing in vivo. Should this balance become unstable
however during abnormal conditions, aberrant telomere length homeostasis can lead to

several undesired effects; most notably, tumorigenesis (section 1.2.2).

1.2.1 Normal telomere homeostasis and ageing

The study of how telomeres are related to the process of ageing is a subject that has
received a great deal of attention. After their discovery more than 75 years ago, it was
a further 40 years until Watson and Olovnikov proposed the idea of the end replication
problem, and how this might be related to Leonard Hayflick’s observation of the cells
replicative capacity (Hayflick and Moorhead, 1961; McClintock, 1939; Muller, 1938;
Olovnikov, 1973; Watson, 1972). However, no formal link between telomere length
and cellular ageing was made until 1986, when Smith and Cooke showed evidence of
longer telomeres on the sex chromosomes of sperm cells compared to adult somatic
cells (Cooke and Smith, 1986).

Since this discovery, a number of others have confirmed the shortening of telomeres in
association with replicative capacity in vitro, and in relation to chronological age in
vivo. Calvin Harley was one of the first to show that telomere length in fibroblasts
decreased with the number of passages, and that the total number of passages before
entering senescence correlated which initial telomere length and donor age (Harley et
al., 1990). A similar study by Allsopp also noted that telomere length of fibroblasts
decreased with age, and that in agreement with Harley’s observations, initial telomere
length correlated strongly with replicative capacity in culture (Allsopp et al., 1992).
These observations were extended in in vivo observations showing that telomere length
was shortened as a function of age in both skin, colorectal and blood samples (Hastie
etal., 1990; Lindsey et al., 1991).
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Interestingly, these investigations have also highlighted that although telomere length
generally declines as a function of age, in many studies the data is somewhat scattered,
and therefore the correlation may be weak. This suggests that telomere length is highly
variable from one individual to the next, and therefore is not solely dependent upon
chronological age, but also in combination with other factors (Allsopp et al., 1992;
Hastie et al., 1990). The correlation between telomere length and replicative capacity

however, appears to be much stronger (Allsopp et al., 1992).

In light of this, Leonard Hayflick proposed the idea that telomere length is a more
accurate measure of maximum longevity than the process of ageing. He hypothesised
that telomeres may simply act as a buffer for a reserve capacity of physiological
function to ensure survival beyond reproductive maturity. Since the process of ageing
is stochastic, involving many physiological and molecular changes, whereas telomere
attrition is not, the process of ageing may occur before the reserve capacity has been
extinguished in vivo. Thus the process of ageing and inevitable death precedes complete
telomere loss and the Hayflick limit (Hayflick, 1998, 2003). This is reiterated by the
conflicting data that exists regarding telomere length and mortality. While some studies
show that telomere length does provide a predictive measure of mortality (Cawthon et
al., 2003), other studies do not (Honig et al., 2006; Martin-Ruiz et al., 2005).

Nonetheless, telomere shortening following each successive round of replication is a
feature of normal functioning mitotic cells. Once telomeres have shortened to a critical
length in normal cells, ATM/ATR, p53 and RB DNA damage response pathways are
initiated, which results in senescence (Herbig et al., 2004; Shay, 2003). The question
of whether shortened telomere length is the cause or the effect of the process of ageing
(or both) has remained a subject of some debate. What is clear however, is that the two
are related to one another (Allsopp et al., 1992; Harley et al., 1990; Hastie et al., 1990).
This has provoked many to ask the question: At what point does telomere attrition
begin? The next sections are therefore dedicated to what is known about telomere

homeostasis from the earliest stages of life.

1.21.1 Telomere homeostasis during embryogenesis

As the genomes from the spermatozoon and ovum combine during fertilisation and

undergo replication and division during embryogenesis, the regulation of telomere
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length is paramount in order to produce a viable offspring in which telomere length is
‘reset’. This ensures that the offspring have sufficient telomeric reserve to fulfil a
normal and healthy lifespan.

Following fertilisation, telomere length appears reduced in the cleavage stage embryo
compared to the oocyte (Turner et al., 2010). This possibly reflects telomere shortening
during prolonged meiotic arrest, which becomes evident following DNA replication
subsequent to fertilisation (Passos et al., 2007). After the cleavage stage, telomere
length reduces further at the morula stage, then increases at the blastocyst stage (Turner
et al., 2010) when embryonic genome activation occurs and therefore telomerase
expression may increase (Liu et al., 2007; Wright et al., 2001). Changes to telomere

length during embryogenesis is depicted in figure 1.8 on the next page.

Intriguingly, telomere lengths of individual blastomeres in cleavage stage, morula and
blastocyst stage embryos show a high degree of variation (Turner et al., 2010). This is
in line with observations that telomerase activity in individual blastomeres also show a
high degree of variability (Wright et al., 2001). Alternatively, this might be a result of
recombination based ALT (Liu et al., 2007; Turner et al., 2010; Wright et al., 2001),
chromosomal mosaicism (which is common in embryos) (Delhanty et al., 1997) or
differences in polarity and ability to activate the embryonic genome (Edwards, 2005;
Tesarik, 1989).
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Figure 1.8: Telomere length changes following fertilisation through embryogenesis and fetal
development. Telomere length declines after fertilisation through cleavage and morula stages, then
drastically increases at the blastocyst stage. Current literature has not explored telomere length at the
earliest stages of gastrulation and development, however between weeks six and seven of gestation
telomere length appears to decline. This decline in telomere length continues between weeks seven and
eight, however it is less pronounced. All other developmental stages tested (weeks nine to 19 and weeks
23 to 36) show steady maintenance of telomere length. Fetal images adapted from
http://homepage.smc.edu/wissmann_paul/anatomy2textbook/.

1.2.1.2 Telomere homeostasis during fetal development

Very few studies have investigated telomere length in the developing fetus, due to
limitations in sample material available. However a few important discoveries have
been made and these are illustrated in figure 1.8. A study by Youngren et al was the
first to measure telomere lengths in different tissues from fetuses between 15 and 19
weeks gestation. Results showed that telomere lengths were variable between fetuses,
but this was not associated with gestational age. The authors also concluded that
telomere length among different tissues are synchronous during fetal life, which is lost
in extra-uterine life. Interestingly however, this study observed no correlation between
telomere lengths of specific tissues and telomerase activity (Youngren et al., 1998).
Holmes et al went on to investigate this observation further and found that telomere
length fluctuated during several time point intervals between 23 and 36 weeks
gestation, but resulted in an overall increase in telomere length, or no detectable change
(Holmes et al., 2009).

Taken together, the above observations are in line with the finding that telomerase

activity is present in many fetal tissues, including liver, lung, intestine, kidney, skin,
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muscle and adrenal glands between 16 and 20 weeks gestation (Wright et al., 1996).
Furthermore, a study by Ulaner and Giudice showed that telomerase activity is present
in liver, lung, spleen, testis, brain, kidney and heart at eight weeks gestation. This is
lost in the heart after 12 weeks, and in brain and kidney at 16 weeks, but is maintained
up to the latest stage of testing at 21 weeks in all other tissues (Ulaner and Giudice,
1997). Furthermore, a later study by Cheng and colleagues 2013 confirmed findings by
Holmes et al 2009, and provided further insight into telomere length dynamics during
fetal development. In this study, telomere length and telomerase was measured from
six weeks until eleven weeks gestational age, and compared with telomere lengths of
full term infants. Results showed rapid telomere attrition between weeks six and seven,
which then slowed between weeks eight and eleven. After this point, telomere length
was slightly reduced, or not different to telomere lengths of full term infants at birth.
Telomerase activity showed an inverse correlation such that a steady decrease in
activity was observed from six weeks gestation until 11 weeks gestation (Cheng et al.,
2013b; Holmes et al., 2009).

1.2.1.3 Telomere homeostasis in the newborn

Studies investigating telomere length in the newborn generally show that while
telomere length is steady during fetal life, it begins to decline from birth. Indeed it has
been postulated that events during birth itself may play a role in initiating telomere
attrition. Evidence for this has been shown in a study by Holmes et al. 2009, in which
it was found that preterm infants showed a steady decline in telomere length following
birth, whereas telomere lengths of age matched fetuses in utero remained constant
(Holmes et al., 2009). It is thought that this maintenance of telomere length during
normal gestation is important in ensuring a supportive environment for development.
Indeed it has been postulated that short telomere length resulting from increased
oxidative stress can lead to premature rupture of amniotic membrane and premature
birth. This was demonstrated in a study by Menon and colleagues 2012, which found
that fetal leukocyte and placental telomere lengths were shortened in preterm infants
born following preterm rupture of amniotic membrane in comparison to preterm infants
born with intact amniotic membrane and term born infants (Menon et al., 2012). Taken
together these two studies highlight that the maintenance of a steady telomere length in

the fetus is important to ensure that the full gestation period is completed, and that this
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maintenance of telomere length is specific to life in utero in normal pregnancies.
Following birth telomere attrition ensues regardless of whether the infant was carried
to full term. Interestingly, a key study by Okuda showed that telomere length in the
newborn is highly variable among individuals (Okuda et al., 2002). This is not
surprising given that telomere lengths of fetuses (Youngren et al., 1998) and embryos
(Turner et al., 2010) are also highly variable. Furthermore, Okuda et al. 2002 found
that telomere lengths of different tissues are highly synchronised, in keeping with
observations in the fetus (Okuda et al., 2002; Youngren et al., 1998).

1.2.14 Telomere homeostasis beyond birth

The majority of studies investigating telomere dynamics throughout life have focused
primarily on telomere length from young adulthood to old age. However, a minority of
studies have investigated the rate of telomere attrition since birth, which have provided

valuable insights in to telomere dynamics throughout a lifetime.

The first study to do so was carried out by Frenck and colleagues in 1998; this study
investigated telomere lengths of newborns compared to a group of infants between five
and 48 months, young adults and older individuals. Results from peripheral blood
sampling showed that telomere attrition is most pronounced in the first years of life up
to approximately age four. The rate of telomere loss then declines into young
adulthood, and further still in older individuals. Moreover, it was also noted that
telomere lengths in newborns showed a narrower range compared to adults, indicating
that telomere lengths of individual chromosomes are less variable in newborns (Frenck
et al., 1998). This pattern also held true when telomere lengths of newborns were
compared to their parents, grandparents and great-grandparents. The largest difference
in telomere length was seen between the newborn and the parents. This difference was
reduced between parents and grandparents and further still between grandparents and
great grandparents. The authors propose that this accelerated telomere attrition during
early life is due to high proliferation of hematopoietic progenitor cells to form mature
cells (Frenck et al., 1998).

Similar observations were seen in a study by Zeichner et al 1999, who found that
average telomere attrition rates were higher between ages 0 and 36 months compared
to telomere attrition over 8-10 years (Zeichner et al., 1999). Furthermore, Rufer et al
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also showed this characteristic pattern of higher average telomere attrition rate up to
age four, and a decline in telomere attrition rate thereafter in lymphocytes and
granulocytes (Rufer et al., 1999). Similar observations were shown by Lansdorp et al
2008 as illustrated in figure 1.9, and it appears that this pattern is consistent among
other cell types including hepatocytes (Takubo et al., 2000) and esophageal mucosa
(Takubo et al., 1999). In addition, the percentage of long telomeres appears to decrease
over time (Guan et al., 2007; lwama et al., 1998).
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Figure 1.9: Telomere length decline is correlated with the process of ageing. Furthermore, telomere

attrition rate appears to be more rapid during early life, as indicated by a steeper decline in the data points
(Lansdorp, 2008).

In studies that have investigated telomere attrition in longitudinal studies beyond young
adulthood, many have found that telomere attrition appears to occur most prominently
in those that have higher telomere length at baseline (Aviv et al., 2009; Benetos et al.,
2013; Nordfjall et al., 2009).

1.2.15 Other factors affecting telomere homeostasis

Telomere length is known to be highly variable among individuals, which is likely
reflective of both genetic and environmental influences (Slagboom et al., 1994). Aside
from the association of age related telomere shortening, telomere length is also affected
by many other factors and in some instances, many of these factors may not be mutually

exclusive. Some of these are listed in table 1.1 on the next page.
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Factors General observations References
influencing
telomere
length
Gender Women possess longer telomeres than men. This may be a | (Kang et al., 1999;

result of higher levels of estrogen, which has anti- | Kyo et al, 1999;
inflammatory and antioxidant properties, and is known to | Simoncini et al., 2000;
promote telomerase expression. Willeit et al., 2010a)
Ethnicity White individuals have slightly longer telomeres than black | (Diez Roux et al,,
and Hispanic individuals. However, this difference is subtle | 2009)
and therefore not statistically significant unless also
adjusted for other factors including age, sex, socio-
economic background and lifestyle factors (diet and
smoking)
Level of | High levels of psychosocial stress are associated with | (Epel, 2009; Epel et

psychosocial
stress

shortened telomeres due to increased oxidative stress and
decreased telomerase activity. Telomere length is also
inversely correlated with major depressive disorder due to
increased inflammatory factors leading to increased
oxidative stress.

al., 2004; Simon et al.,
2006; Wolkowitz et
al., 2011)

consumption

Level of | Those that engage in higher levels of physical activity | (Cherkas et al., 2008;
physical possess longer telomeres. Higher levels of physical activity | Ludlow et al., 2008;
activity is associated with improved physical and psychological | Puterman et al., 2010)

wellbeing, therefore it is likely that the effects of physical

activity are two-fold on the positive correlation with

telomere length.

Obesity Increased adipose tissue in obese individuals increases | (Das, 2004; Furukawa
inflammatory modulators, which leads to oxidative stress | etal., 2004; Gardner et
and telomere shortening. Furthermore, increased body mass | al., 2005; Rupnick et
leads to higher blood volume, stimulating proliferation of | al., 2002; Valdes et al.,
blood cells and telomere shortening. Telomere length is also | 2005)
correlated with body mass index (BMI).

Smoking Telomere length is shorter in smokers and ex-smokers, and | (McGrath et al., 2007;
negatively associated with the amount of cigarettes smoked | Valdes et al., 2005)
per year.

Alcohol Telomere lengths are shorter in alcohol abusers compared | (Pavanello et al.,

to controls after age, gender, BMI, diet, job, genotoxic
exposure and smoking habit adjustments. A negative
correlation exists between telomere length and the number
of units consumed per day.

2011)

Table 1.1: Lifestyle factors affecting telomere length and appropriate references.

Although these studies have highlighted valid possible origins of highly inter-

individual telomere length, many studies show highly conflicting data (Adams et al.,

2007; Batty et al., 2009; Shiels et al., 2011). Furthermore, transparent information is

difficult to deduce from studies that have reported telomere lengths that are corrected

for several parameters.

Interestingly a study in newborns identified that no sex specific differences are present

at birth. Thus the author postulated that the longer telomeres in adult women observed

in many studies must arise as a result of reduced telomere attrition in women compared
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to men. Furthermore, no difference in telomere length was observed among different
ethnic groups at birth. This further suggests that individual specific differences in
telomere homeostasis must occur after birth (Okuda et al., 2002). This is likely a result

of a combination of both genetic and environmental influences (Slagboom et al., 1994).

The above findings highlight that further research remains to be undertaken in order to
elucidate how the complex relationship between telomere attrition and chronological
age drives the process of aging. Until then, the currently available information detailing

telomere length in age-related disease processes provides some valuable insights.

1.2.1.6 Telomere homeostasis in premature ageing diseases

Given the evidence of telomere shortening with each cell division and therefore the
association of telomere shortening with ageing, it is perhaps unsurprising that sufferers
of premature ageing diseases also display aberrant telomeres. Examples of these
include telomere shortening in patients with Hutchinson-Gilford Progeria Syndrome
(Allsopp et al., 1992; Benson et al., 2010; Decker et al., 2009), Nijmegen breakage
Syndrome (Ranganathan et al., 2001; Shiloh, 1997), Cockayne Syndrome (Batenburg
et al., 2012), Dyskeratosis Congenita (Alter et al., 2007; Mitchell et al., 1999; Savage
et al., 2008; Vulliamy et al., 2006; Walne et al., 2007; Yamaguchi et al., 2005), Ataxia
Thelanogaster (Metcalfe et al., 1996), and Down’s Syndrome (Vaziri et al., 1993).
Furthermore, although shortened telomeres were not observed in Werner Syndrome or
Bloom Syndrome, an acceleration in telomere length decline has been observed (Baird
etal., 2004; Schulz et al., 1996; Yankiwski et al., 2000). Moreover, telomere loss from
individual chromatids has also been observed in Werner Syndrome cells. Thus, while
overall telomere length may not be reduced, genomic instability from critically short
telomeres of individual chromosomes may lead to pathogenesis (Bai and Murnane,
2003; Crabbe et al., 2007; Crabbe et al., 2004).

1.2.2  The role of abnormal telomere homeostasis in tumorigenesis

The fact that cells have a limited replicative capacity, and that they will eventually enter
senescence, is considered to play an essential role in the prevention of cancer
development (Wright et al., 1989). The development of cancer cells is characterised by
chaotic genome instability, which manifests as dysfunctional cells that are able to
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circumvent normal protective measures, leading to immortality. Due to the fact that the
eventual attrition of telomeres beyond a critical level induces cellular senescence,
telomeres are considered to play an important role in ensuring genome stability and
preventing tumorigenesis. The ability of cancer cells to overcome senescence due to
the loss of normal telomere function is thought to be a key feature in tumorigenesis.
This occurs in a three step process: The first is the shortening of telomeres or the loss
of telomere structure (i.e. telomere uncapping by loss of association with its protein
complex, or loss of t-loop formation). Loss of telomere structure is becoming
increasingly recognised as a key contributor in tumorigenesis over loss of telomere
sequence length (Bellon et al., 2006; Crabbe and Karlseder, 2005; Karlseder et al.,
2002; Oh et al., 2005; Yamada et al., 2001). However, telomeric repeat sequences
accommodate these structures, thus, arguably, the length of the telomere is fundamental
in its function. Regardless, ultimately, a loss of telomere length and/or structure leads
to the second stage of cancer development, known as the crisis stage. In this stage, due
to the inappropriate action of NHEJ or homology directed repair (HDR) mechanisms,
chromosome instability ensues. These may lead to duplication of whole chromosomes
(leading to aneuploidy), gene amplification, translocations, inversions or deletions (De
Lange, 2005b; Zhu et al., 2003). Such complex chromosomal rearrangements, can add
further oncogenic potential via deregulation of oncogenes, or altered gene dosage
(Albertson et al., 2003; Cheung and Deng, 2008; Nowell, 1997; Rowley, 1999). This
second stage further drives malignant transformation via the ability to evade apoptosis
mechanisms (Wright and Shay, 1992). In addition, as more successive divisions occur,
telomeres shorten further, encouraging an accumulation of genomic instability (De
Lange, 2005b). Finally, in the third stage, in order for such unstable cells to survive,
the activation of telomere lengthening mechanisms must occur. This is usually
achieved by the expression of telomerase, however in some cases it is achieved by ALT
(Cerone et al., 2001; Muntoni and Reddel, 2005; Shay et al., 1991). Indeed, telomerase
(which is not usually expressed in somatic cells) is expressed in 90% of tumours (Kim
et al., 1994), and the amount of telomerase expression often correlates with malignant

potential and cancer stage (Falchetti et al., 1999; Langford et al., 1997).

It is widely accepted therefore that telomere shortening is a key underlying cause of
chromosome instability leading to cancer (Davoli et al., 2010). More recently however,

emphasis has been placed on critical telomere length of specific chromosomes, rather
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than reduced average telomere length as a whole (De Lange, 1995; Deng et al., 2003;
der-Sarkissian et al., 2004). Such a hypothesis is supported by the observation that
chromosome fusions and structural aberrations were observed in the shortest telomeres
in pre-crisis cells (Deng et al., 2003; Hemann et al., 2001b). Furthermore, increasing
levels of interest have been paid to the role of stochastic uncapping of telomeres,
leading to a change in telomere structure and tumorigenesis (Blackburn, 2000). Taken
together, evidence implies that telomeres are both protectors and initiators of
tumorigenesis. Whether cancer develops is dependent on the key roles played by DNA
damage and cell cycle checkpoint proteins, and telomere elongation mechanisms
(Shay, 1995).

1.2.3  Dysfunctional telomere homeostasis and cancer

Many research articles describe the association of telomere length and cancer
development, and the association of telomere length with degree of malignancy. To
summarise, shorter telomeres have been implicated in many cancers, however there are
exceptions to this rule. In a recent meta-analysis of several types of cancer, it was found
that the literature reported a significant association of shortened telomere length in
bladder, esophogeal, gastric, head and neck, ovarian and renal cancers. Studies
assessing telomere length and non-Hodgkin’s lymphoma, breast, lung and colorectal
cancer were inconclusive, while studies on endometrial, prostate and skin cancer found
no association with telomere length (Wentzensen et al., 2011)(and references therein).
A separate study, which found that shorter telomere length was associated with a range
of cancers, also noted that degree of malignancy and prognosis was also associated
(Willeit et al., 2010b).

1.2.4  Dysfunctional telomere homeostasis in other diseases

The relationship between telomere length and the process of ageing and development
of cancer has sparked much interest in the association of telomere length with other
disease conditions. These are outlined in Table 1.2 on page 34. Many of these, as is
also the case with most cancers, are considered to be age related diseases. Therefore,
they reflect the complex interplay between telomere homeostasis and age-related
cellular processes. Furthermore, telomere length has been identified as an indicator of
the severity of such diseases (Cawthon et al., 2003; Kitada et al., 1995; Willeit et al.,
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2010a), and with mortality (Cawthon et al., 2003; Fitzpatrick et al., 2007; Honig et al.,
2006).

Taken together, the wealth of evidence that associates telomere length with aging, and
the development of disease lends further emphasis to the important role of these highly
conserved structures. This has led to a great deal of interest in how the balance between
telomere attrition and telomere lengthening mechanisms are maintained throughout the
lifetime of an individual, which ultimately begins with the fusing of male and female
gametes during fertilisation. To begin understanding these processes, it is important to
consider events in normal sexual reproduction and how telomere dynamics during

gametogenesis are implicated in fertility and embryogenesis.
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Disease Telomere Aberration Additional References
Information
Cardiovascular | Short telomeres are | Telomere length is | (Aviv and Aviv, 1997,
Disease associated with incidence of | associated with risk of | 1999; Cawthon et al.,
cardiovascular disease: | stroke, myocardial | 2003; Fitzpatrick et al.,

Specifically atheroscleraosis,

infarction and mortality

2007; Minamino et al.,

hypertension, vascular | due to cardiovascular | 2002; Okuda et al., 2000;

dementia and coronary | disease Salpea and Humphries,

heart disease 2010; Samani et al., 2001;
Serrano and Andrés, 2004;
Von Zglinicki et al., 2000;
Wang et al., 2011)

Lung Disease | Short telomeres are | In most cases the cause | (Alder et al, 2008;
associated with idiopathic | is unknown but thought | Cronkhite et al., 2008; de
pulmonary fibrosis and | to be heritable. 15% | Leon et al., 2010; Gribbin
idiopathic interstitial | cases possess inherited | et al., 2009; Tsakiri et al.,
pneumonias mutation in telomerase. | 2007)

Liver Disease | Patients  with  chronic | Degree of telomere | (Kitada et al., 1995;
hepatitis or liver cirrhosis | shortening is associated | Wiemann et al., 2002)
possess shorter telomeres with disease

progression

Diabetes Telomeres are shorter in | Degree of telomere | (Adaikalakoteswari et al.,
patients with type 1 and | shortening is associated | 2007; Salpea et al., 2010;
type Il diabetes with insulin sensitivity | Salpea and Humphries,

and level of glycaemic | 2010; Uziel et al., 2007)
control in sufferers

Alzheimer’s Leukocyte and T cell | Telomere length may | (Hochstrasser et al., 2012;

Disease telomere lengths  are | also be related to | Honig et al., 2006;
reduced, however | mortality in | Panossian et al., 2003;
hippocampus telomere | Alzheimer’s patients Thomas et al.,, 2008b;
lengths are lengthened in Valdes et al., 2010)
Alzheimer’s patients,
suggesting altered telomere
length maintenance in these
individuals

Dementia Telomere shortening has | The risk of developing | (Grodstein et al., 2008;
been observed in those | dementia  and its | Martin-Ruiz et al., 2006;
suffering with dementia severity including | Zekry et al., 2010)

eventual mortality has

been associated with

telomere length in

stroke survivors
Parkinson’s Average telomere length is | Rapid age-related | (Guan et al., 2008; Wang
Disease unrelated to risk of, or the | telomere shortening | et al., 2008; Watfa et al.,

presence and severity of
Parkinson’s disease.
However, the range of
telomere lengths is altered

occurs in Parkinson’s
disease patients. This
correlates with
oxidative stress levels

2011)

Table 1.2: The role of telomere dysfunction in the pathogenesis of other disease process.
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1.3 Gametogenesis

An essential feature of sexual reproduction is the ability of an organism to produce
haploid gametes (spermatozoa or oocytes) in the process of gametogenesis. To begin
this process, precursor cells (primary spermatocytes or primary oocytes) initially
undergo a pre-meiotic division in which DNA replicates. Following completion of this

pre-meiotic division, meiosis may then ensue.

1.3.1 Meiosis

Meiosis is characterised by two cellular divisions such that four genetically distinct
haploid products arise from one diploid cell (Kleckner, 1996). The first division is
reductional (meiosis I) resulting in a product containing half the genetic complement
of the mother cell, and the second is equational (meiosis I1). Cellular division in this
way plays a central role in the shuffling of maternal and paternal genomes, resulting in
the inheritance of a random combination of genes in the offspring. This is achieved by
the random segregation of chromosomes into daughter cells, programmed DNA
recombination and crossing over events (Terasawa et al., 2007). The latter of these
characterises the importance of the lengthy prophase stage during the first meiotic
division, which is further sub-divided into separate stages: Leptotene, zygotene,
pachytene, diplotene and finally diakinesis (Kleckner, 1996; Roeder, 1997). These are
illustrated in figure 1.10 on the next page.
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PROPHASE |
LEPTOTENE ZYGOTENE PACHYTENE DIPLOTENE DIAKINESIS
Nuclear envelope Chiasma Nuclear envelope
I visible fragmenting
P~ oo ‘ ( [ ] - *
CH i b b
b > ( JI
4 | \ A [
< J n Qe
Bivalent forming
\
y - ,‘7 Synaptonemal \/

complex
forming

f J'/

Duplicated Synapsis begins Synapsis complete; Synaptonemal complex Bivalent ready
chromosomes Crossing over occurs disappearing: chlasma for metaphase
start to condense visible

Figure 1.10: Events during prophase I of meiosis. Chromosomes begin to condense in leptotene followed
by chromosome pairing and synaptonemal complex formation in zygotene. Next, in pachytene crossing
over occurs between sister homologous chromosomes. Chiasma remain through the following stages of
diplotene, when the chromosomes begin to align along the equator and synaptonemal complex begins to
disappear. Finally in diakinesis chromosomes are fully aligned at the equator, the synaptonemal complex
disappears and the nuclear envelope begins fragmentation. Green spots represent telomeres. Image
modified from https://study-biology.wikispaces.com/meiosis.

MEIOSIS |
Cytokinesis

Metaphase I Telophase I

Anaphase II Metaphase II Interkinesis

Figure 1.11: Events during Meiosis | and Il. During prophase chromosomes pair and decondense and
the meiotic spindle begins to form. This is followed by metaphase, in which chromosomes align along
the equator of the nucleus and attach to spindle fibres. Chromosomes are then pulled apart in anaphase.
During telophase, chromosomes arrive at opposite poles in the cell. Meiosis completes with cytokinesis,
when the nuclear envelope pinches between the newly formed nuclei to produce two daughter cells.
Image taken from http://www.ib.bioninja.com.au/higher-level/topic-10-genetics/101-meiosis.html.
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In the second meiotic division, sister chromatids are separated and migrate to opposite
poles of the cell. Therefore following both meiotic divisions, one diploid parental cell
is able to produce four genetically distinct haploid daughter cells (Chen et al., 2008;
Jones, 2008; Kleckner, 1996) (shown in figure 1.11). The result of these specialised

cellular divisions is the production of sperm or oocytes (Hassold and Hunt, 2001).

1.3.2 Spermatogenesis

Spermatogenesis is characterised by three different phases: The proliferative phase, the
meiotic phase and the differentiation phase. In the proliferative phase, diploid
spermatogonia undergo mitotic division to produce diploid primary spermatocytes.
These then form two secondary spermatocytes following meiosis I, which in turn each
produce two haploid round spermatids following meiosis Il. Round spermatids then
enter the differentiation phase, which involves the tight packaging of DNA, the
formation of the acrosome, removal of unnecessary organelles and excess cytoplasm,
formation of a tail and the ability to become motile. This differentiation occurs during
phases of transition from round to elongating spermatids and from elongating to
elongated spermatids, which finally differentiate into fully mature spermatozoa (Achi
et al., 2000; Clermont, 1972; Russell et al., 1993; Tanemura et al., 2005). In males, the
process of gametogenesis to produce mature sperm (which is illustrated in figure 1.12
on the next page) occurs just prior to puberty. Spermatozoa are continuously produced
and therefore meiosis I and Il occur immediately consecutive to one another (Hilscher,
1974). As described in the next section, the timing of gametogenesis is altered in

females.
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Figure 1.12: The process of spermatogenesis. In the seminiferous tubules (within the testis)
spermatogonia undergo mitotic division to produce haploid primary spermatocytes, which in turn
undergo the first meiotic division to produce secondary spermatocytes. Following meiosis 1, round
spermatids are produced which differentiate first into elongating spermatids and then elongated
spermatids before finally differentiating into mature spermatozoa. Sertoli cells support this process of
gametogenesis. Image taken from http://intanriani.files.wordpress.com/2009/03/spermatogenesis.jpg

1.3.3  Oogenesis

The production of female gametes involves a highly complex process (shown in figure
1.13 on the next page), which begins with mitotic division of primordial germ cells to
produce oogonia in weeks four to eight of gestation. Oogonia then divide mitotically
to produce primary oocytes in weeks nine to 20, which become surrounded by a single
layer of granulosa cells between weeks 10 and 30 to form primordial follicles. These
give rise to primary follicles, as granulosa cells become cuboidal and the oocyte grows
a zona pellucida. The primary oocyte then begins ootidogenesis by undergoing meiosis
I, however it is arrested in the diplotene stage of prophase | until ovulation following
puberty. At the start of the menstrual cycle, 12-20 primary follicles form secondary
follicles, however the majority of these follicles undergo follicular atresia, leaving one
dominant follicle to develop into a graafian follicle. Ootidogenesis resumes in the
graafian follicle and the primary oocyte continues through meiosis | to produce a

secondary oocyte and a first polar body. This secondary oocyte immediately enters
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meiosis 11, but is arrested in metaphase until fertilisation occurs. At around day 13, the
oocyte (now called the ovum) is expelled from the graafian follicle along with a
complement of cumulus cells in the process of ovulation. If the ovum is fertilised in the
fallopian tube, completion of meiosis Il ensues, creating a zygote and a second polar
body (Ohno et al., 1962; Sadler, 2011).

Ovary

corpus luteum
(corpus albicans)

C‘)f ( Corpus luteum
Egg/‘v—.~"/ Ovulation )
Developing corpus
luteum

Figures were produced using Servier Medical Art: www.servier.com

Figure 1.13: The process of oogenesis. The primary oocyte surrounded by a single layer of flat granulosa
cells makes up a primordial follicle. These granulosa cells become cuboidal, and the primary oocyte
begins meiosis I, marking differentiation into a primary follicle. As granulosa cells increase in numbers
and theca cells are recruited, the primary follicle differentiates into a secondary follicle, which develops
several antra that eventually fuse to become one antrum in the Graafian follicle. At this point meiosis
resumes in the primary oocyte to produce a secondary oocyte. Meiosis is arrested in metaphase Il
however. The secondary oocyte is expelled from the Graafian follicle along with a surrounding layer of
cumulus cells in the process of ovulation. The remaining corpus luteum then degrades. Image taken from
https://www.repropedia.org/sites/repropedia/files/ovulation-final.jpg.

1.4 Telomere function in gametogenesis

During gametogenesis, telomere distribution plays a functional role in leading the
‘bouquet formation’ in meiosis. This is characterised by the clustering of telomeres at
one pole under the nuclear envelope and the dispersion of centromeres at the opposite
pole, somewhat resembling a bouquet of flowers (figure 1.14 on the next page).
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Figure 1.14: The ‘bouquet’ configuration. Telomere led bouquet arrangement of chromosomes during
meiosis. Centromeres (shown in red) are positioned at one end of the nucleus, whilst telomeres (shown
in green) cluster at the inner nuclear envelope, tethering chromosomes in place.

There are three stages in telomere led bouquet formation: Nuclear attachment,
clustering of telomeres and finally movement of telomeres (Bhalla and Dernburg,
2008). Little is known about this process in humans, however in mice, telomere
movement along the nuclear envelope to form bouquet structures is mediated by a
meiosis specific protein known as TRF1 binding protein (TERB1). TERB1 posesses a
Myb domain, and is therefore able to form a heterocomplex with TRF1 at the telomere.
This interaction facilitates telomere association with Sadl and uncoordinated protein
84 (Unc84) domain containing protein 1 (SUN1), and Sadl and Unc84 domain
containing protein 2 (SUNZ2) proteins, which span accross the nuclear envelope. In turn,
SUN proteins may interact with the cytoplasmic motor protein Klarsicht, adenine
nucleotide carrier 1 (ANC-1), syne homology (KASH) (forming a SUN-KASH
complex) and in doing so, this interaction transmits forces to the nucleus for chromatin
remodelling (Haque et al., 2006; Schmitt et al., 2007; Stewart and Burke, 2014).
Furthermore, TERBL recruits and binds to cohesin, which supports structural rigidity.
Mutation in TERB1 results in infertility in both males and females (Shibuya et al.,
2014).

Telomere led bouquet formation as described above, is thought to be essential for
chromosome pairing, recombination and synapsis (Liu et al., 2004), which is in turn
essential for fertility in males in particular (Gillies, 1989). It is thought that asynapsis
leads to an accumulation of double strand break (DSB) repair proteins, which are
recognised at cell checkpoints, leading to apoptosis. In addition, meiotic silencing of
unsynapsed chromatin (MSUC) leads to silencing of autosomal genes essential for

survival (Burgoyne et al., 2009).
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In addition to its distribution during gametogenesis, several lines of evidence have
shown that the length of the telomere also plays an important role in meiosis.
Concordance in telomere length among homologous chromosomes appears to play a
functional role in synapsis, homologous recombination and segregation (Cooper et al.,
1998; Dernburg et al., 1995; Nimmo et al., 1998). Several studies utilising telomerase
knockout mice have shown that telomere shortening results in meiotic arrest,
segregation errors, aneuploidies and apoptosis. More specifically, telomere loss causes
senescence and apoptosis in spermatocytes, and meiotic arrest in oocytes (Hemann et
al., 2001a; Lee et al., 1998; Liu et al., 2004).

1.4.1  Sex specific telomere regulation in gametogenesis

Although telomere distribution during gametogenesis is largely similar between
spermatocytes and oocytes, subtle differences exist between. Furthermore, the
regulation of telomere length appears to be sex specific in gametes. These topics are

outlined hereafter.

1411 Telomere distribution in male gametogenesis

During spermatogenesis, telomeres lead the ‘bouquet’ formation of chromosomes
throughout the leptotene stage of prophase I. In mice, rats and humans, telomeres
redistribute following mid preleptotene, such that any interior telomeres move to
peripheral positions. Therefore at late preleptotene, telomeres are exclusively localised
at the nuclear envelope. During leptotene through to zygotene, these peripheral
telomeres form tight clusters as chromosomes adopt the bouquet formation. By mid
zygotene telomeres of some cells remain clustered, however it is at this stage that
telomeres begin to disperse once again. In pachytene, telomeres remain fully dispersed
at the nuclear periphery (Meyer-Ficca et al., 1998; Scherthan et al., 1996; Tanemura et
al., 2005). Telomere movements during prophase in human spermatogenesis is
illustrated in figure 1.15 on the next page. Interestingly, in cattle, telomeres remain
clustered in the bouquet orientation until late zygotene (Pfeifer et al., 2001).
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Mid Preleptotene Late Preleptotene Leptotene Early Zygotene Zygotene/Pachytene

== =)=

Figure 1.15: Telomere redistribution during prophase | of spermatogenesis. Telomeres (green) are
randomly distributed throughout the nucleus prior to the onset of prophase, however they redistribute to
the nuclear periphery by late preleptotene. At the leptotene stage, telomeres adopt the bouquet
configuration, before beginning to uncluster once more at the early zygotene stage. In late zygotene and
Ppchytene, telomeres redistribute once more to the entire nuclear periphery.

As previously mentioned, studies in mouse have shown that during meiosis, SUN1 is
essential in anchoring telomere clusters to the nuclear periphery. This serves a pivotal
role in ensuring homologous chromosome alignment, recombination and synapsis.
Indeed deletion of SUNL1 results in disruption to bouquet formation during meiosis and
result in infertility in males and females (Ding et al., 2007).

During maturation, telomere distribution in sperm appears to alter from peripheral in
spermatocytes, to a more central clustering around the nucleolus in round spermatids,
finally moving back to the periphery after the elongating spermatid stage (Tanemura et
al., 2005).

Once a mature spermatozoon is produced, it is well established that human sperm (and
many other mammalian sperm including mice, rats, pigs, cattle and horses) adopt a
chromocentric model of nuclear organisation (loannou and Griffin, 2010; Jennings and
Powell, 1995; Zalensky et al., 1995; Zalensky et al., 1993). This is achieved via
chromosome bending into hairpin structures, such that centromeres are localised in the
nuclear interior forming a chromocenter, and telomeres attach to the nuclear periphery
in dimer and tetramer clusters (Zalensky et al., 1995). This clustering occurs via intra
chromosomal telomere-telomere associations (Solov'eva et al., 2004; Zalensky et al.,
1995), aided by a sperm specific telomere binding protein (STBP) complex (Zalensky
et al., 1997). Furthermore, the interaction of telomeres with the nuclear membrane in
mature sperm is brought about with the aid of histone 2B family member W testis-
specific (H2BFWT). This sperm specific histone 2B (H2B) variant is a key component
of STBP and is responsible for binding to the telomeric DNA repeat (Churikov et al.,
2004) (shown in figure 1.16 on the next page). The exact attachment points for

telomeres on the nuclear membrane currently remains unkown, however it has been
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speculated that telomeres may interact with lamins, which may in turn interact with
nuclear membrane spanning lamin associated proteins (Gineitis et al., 2000). Strict
nuclear organisation in this way anchors chromosome territories in place, and provides
important replication and transcriptional cues during fertilisation and embryogenesis
(Sotolongo and Ward, 2000; Ward et al., 1999; Zalenskaya et al., 2000).
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Figure 1.16: Telomere anchoring at the nuclear periphery in mature sperm. H2BFWT binds double
stranded telomeric DNA repeats and allows interaction of the telomere with the nuclear membrane. This
sperm specific H2B variant makes up part of STBP, which is involved in the clustering of telomeres.
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The above information along with the findings from several other studies that have
assessed centromere positioning in sperm of infertile males (Finch et al., 2008; loannou
and Griffin, 2010), justify investigation into whether altered telomere distribution can
act as a marker of male infertility. However, to date few have addressed this hypothesis,

particularly in humans. Our current knowledge on this topic can be found in section

1.8.

1.4.1.2 Telomere homeostasis in spermatogenesis

Telomere length in sperm is known to be extremely diverse (Baird et al., 2006; Turner
and Hartshorne, 2013) and exceptionally long compared to somatic cells. Moreover,
sperm telomere length appears to increase with age (Allsopp et al., 1992; Baird et al.,
2006; Cooke and Smith, 1986; De Lange et al., 1990; Kimura et al., 2008).

Interestingly, several lines of evidence have suggested that telomere length in the
offspring is paternally inherited, proposing a vital role for telomere length in male
gametes (Aviv et al., 2009; Njajou et al., 2007; Unryn et al., 2005). This heritability of
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telomere length was shown to be cumulative in a study investigating telomere length

in offspring from older fathers and grandfathers (Eisenberg et al., 2012).

It is thought that telomerase expression in early germ cell precursors accounts for such
long telomeres in sperm. Levels of telomerase expression increases from
spermatogonia to primary spermatocytes, but then decreases in secondary
spermatocytes. Telomerase is not expressed in spermatids or mature spermatozoa
(Bekaert et al., 2004; Eisenhauer et al., 1997; Yashima et al., 1998). Thus, although
mature spermatozoa possess longer telomeres than spermatogonia, an inverse
relationship has been found between telomerase activity and sperm maturity (Achi et
al., 2000; Eisenhauer et al., 1997; Fujisawa et al., 1998). It is hypothesised that telomere
lengthening during maturation is predominantly mediated by homologous
recombination based ALT. The fact the telomeres cluster in dimers or tetramers at the
nuclear periphery, is thought to induce recombination mechanisms, therefore this plays
a key role in telomere lengthening in sperm (Wright et al., 1996).

1.4.1.3 Telomeres distribution in oogenesis

Telomeres also play a key role in meiosis during oogenesis, by leading bouquet
formation of chromosomes. In humans and cattle, reorganisation of telomeres during
female meiosis is largely similar to that of male meiosis (Bojko, 1983). In the
preleptotene stage telomeres show no apparent order in the nucleus, however at the
leptotene stage telomeres are localised at the nuclear periphery. During leptotene,
peripherally localised telomeres begin to cluster, until they are tightly associated at one
pole in the bouquet arrangement by late leptotene/early zygotene. Throughout zygotene
and into pachytene, telomere clustering becomes loosened, until once again they are
dispersed at the nuclear periphery at late pachytene. Finally, in diplotene/dictyotene
oocytes in the primordial follicle, telomeres are scattered throughout the nucleus (Roig
et al., 2004).

This reorganisation of telomeres in female meiosis differs from telomere reorganisation
in male meiosis, in that telomeres persist in the bouquet formation until later stages.
This implies that recombination and synapsis occurs later in female meiosis, which is
confirmed by distribution patterns of synaptonemal complex staining (Pfeifer et al.,

2003). Interestingly, synapsis appears to occur at both terminal and interstitial sites of
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female meiotic chromosomes in cattle. In male cattle however, synapsis seems to occur

exclusively terminally (Pfeifer et al., 2003; Pfeifer et al., 2001).

1.4.1.4 Telomere homeostasis in oogenesis

In contrast to spermatogenesis, telomere length reduces through oogenesis (Turner and
Hartshorne, 2013; Turner et al., 2010). Such an effect may be explained in part by the
fact the mitochondrial load is altered and adenosine triphosphate (ATP) production is
increased during oocyte maturation. This could potentially lead to oxidative stress

induced telomere attrition in the maturing oocyte (Duran et al., 2011).

Unlike spermatogenesis, telomerase is expressed in all stages of oogenesis. Wright et
al observed a trend showing that telomerase expression is highest in immature oocytes,
then reduces through the maturation and fertilisation process (Wright et al., 2001). This
observation was confirmed in a later study by Turner et al 2013, and has also been
observed in cattle and rats (Betts and King, 1999; Eisenhauer et al., 1997; Xu and Yang,
2000). It is postulated that the higher levels of telomerase in immature oocytes is
important for maintaining telomere lengths in these cells in order to ensure proper

telomere led synapsis and recombination events during meiosis (Betts and King, 1999).

Investigations into telomere lengths and telomerase activity of cells supporting
oogenesis are sparse, however some information is available in bovine and porcine
models. In cattle, telomere lengths of immature and mature cumulus cells are shorter
than those of immature and mature oocytes respectively (Meerdo et al., 2005).
Furthermore, studies have shown that telomerase activity is absent in pre-granulosa
cells of primordial follicles, but becomes active when follicles begin to grow. It is at its
highest levels in pre-antral and small antral follicles in line with these being the most
proliferative, and then reduces again in later stages of follicular development (Lavranos
etal., 1999).

In pigs, telomerase expression is seen in granulosa cells and immature oocytes of
primordial and preantral follicles. During antral differentiation, only cumulus cells and
somatic cells in close proximity to the antrum maintain telomerase expression. This
observation was correlated with elongating telomeres only in those cells expressing
telomerase during folliculogenesis. Expression of TERT appeared to redistribute to the

cytoplasm of the oocyte during preantral to antral differentiation events of
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folliculogenesis, in line with observations that telomere length remains stable during
this time (Russo et al., 2006). This redistribution of TERT to the ooplasm remains
evident in MII oocytes, which is thought to provide a stock of telomerase proteins to
the zygote following fertilisation (Russo et al., 2006; Xu and Yang, 2000).

1.5 Telomere function beyond fertilisation

Following penetration of sperm through cumulus cells (via hyaluronidase activity of
the sperm membrane protein sperm adhesion molecule 1 (SPAML1)) (Lin et al., 1994),
fertilisation begins when a spermatozoon makes contact with the zona pellucida of an
ovulated ovum. This contact results in acrosome reaction, which releases hyaluronidase
and acrosin, allowing digestion of the zona pellucida and fusion of the sperm and ovum
plasma membranes. In addition, this action prevents other sperm from penetrating the
ovum (a phenomenon known as polyspermy) (Lambert, 1986). After sperm penetration
into the ovum, maternal and paternal pronuclei can be seen and the ovum is activated
resulting in a calcium influx (Mengerink and Vacquier, 2001). This causes a signalling
cascade and the completion of meiosis Il, and finally the two haploid nuclei fuse to
form a diploid zygote (Dupont, 1998).

Following fertilisation, the zygote begins to migrate through the fallopian tube toward
the uterus. During this time it undergoes mitotic division to produce two daughter cells
called blastomeres, which continue to divide to produce four and then eight cells by
day three post fertilisation. At this stage, known as the cleavage stage, no growth
occurs. By the fourth day, a morula is formed, which consists of 16 - 32 blastomeres,
and on the fifth day the embryo begins to differentiate into a blastocyst. This is evident
by the presence of a trophectoderm from which the placenta will form, and the inner
cell mass from which the fetus will develop (Ambartsumyan and Clark, 2008) (outlined

in figure 1.17 on the next page).
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Embryo Development Prior to Transcervical Embryo Transfer (IVF-ET)
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Figure 1.17: Embryogenesis: Following fertilisation, male and female pronuclei fuse and mitotic division
produces two daughter blastomeres during cleavage stage. These further divide into 4, then 8
blastomeres. At 16-32 blastomeres, the embryo is called a morula. Further divisions of blastomeres
produces trophoblasts and the inner cell mass, which marks differentiation into the blastocyst
(http://www.maxhealthcare.in/newsletter/2010/january/ivf-simpler.html?utm_source=ivf-
simpler&utm_medium=Facebook&utm_campaign=FB).

During the blastocyst stage the zona pellucida disintegrates resulting in hatching,
allowing attachment of the trophectoderm to the uterine wall in the process of
implantation. Embryogenesis then continues with the process of gastrulation, in which
the three germ layers; the endoderm, mesoderm and ectoderm of the embryo are
formed. These give rise to various specific tissues and organs in the process of
neurulation and organogenesis. At nine weeks gestation, recognisable features have
formed along with functional organs, and from this point the developing infant is called
a fetus (Sadler, 2011).

1.5.1 Telomere distribution in fertilisation and embryogenesis

Telomere distribution during fertilisation events and embryogenesis is a largely
understudied subject. Indeed, only one such study has reported telomere distribution
and association patterns in human embryos derived from I\VVF cycles. In this study, the
number of telomere signals at different stages of preimplantation embryos was
recorded. These data show that the number of telomere signals appears to decrease
from oocyte to two cell stage, increase through the three and four cell stage and
decrease again at the six cell stage. The number of telomere signals then increases again

through the seven cell stage and morula, before finally decreasing slightly in the
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blastocyst (Turner et al., 2010). These changes in the number of signals could represent
changing patterns of telomere association during development, which warrants further

investigation.

1.5.2 Telomere homeostasis in fertilisation and embryogenesis

Although many have hypothesised that telomere lengthening during sperm maturation
plays a functional role in the paternal inheritance of telomere length in the offspring,
telomere length of the female pronuclei have been shown to be longer than that of the
male pronuclei following fertilisation. This is in agreement with the observation that
telomere lengths of mature oocytes are in fact longer than those of sperm (Turner 2013),
contradicting the notion that longer telomere length in sperm compensates for short
telomeres in the oocyte (Kalmbach et al., 2013). Given that oocytes are known to repair
damaged DNA of spermatozoa following fertilisation (Derijck et al., 2008; Menezo,
2006), it is possible that in fact the opposite scenario may be true (Turner and
Hartshorne, 2013). Furthermore, somatic cell telomere length is known to be generally
longer in females compared to males (Cherif et al., 2003; Mayer et al., 2006). Therefore
the assumption that telomere length in sperm is longer than that of oocytes based on
comparisons between sperm and somatic cell telomere length, and oocytes compared
to somatic cell telomere length (Allsopp et al., 1992; Kimura et al., 2008; Liu et al.,
2007) might not necessarily be true.

Following fertilisation, telomere length decreases through the cleavage and morula
stages, however at the blastocyst stage, telomere length is significantly increased
(Turner et al., 2010). These observations are in line with conclusions drawn from
studies investigating telomerase activity in the developing embryo (Wright et al.,
2001). During human embryogenesis, telomerase activity appears to show a decline
following oocyte maturation at the zygote stage, and through all cleavage stages (two
to 16 cell) and the morula stage. At the blastocyst stage however, a sharp increase in
telomerase activity has been observed, which coincides with embryonic genome
activation. However, this data was produced from whole embryos. When telomerase
activity was calculated on a cell-by-cell basis throughout different stages of
embryogenesis however, a trend existed showing a decline in activity from the

immature oocyte through to the blastocyst stage (Wright et al., 2001).
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Overall, the findings outlined in the above sections suggest a vital role for functional
telomeres in normal gametogenesis, fertilisation and embryogenesis. In support of this,
evidence showing that dysfunctional telomeres might be involved in fertility
complications is becoming increasingly apparent. With this in mind, it is possible that
telomere length and/or distribution patterns could act as a valuable tool in the fertility
clinic. The next section is therefore dedicated to this topic, and how telomere biology
may prove a useful aid in the detection and diagnosis of fertility complications.

1.6 Infertility

Infertility is defined as a failure to achieve and maintain pregnancy following one year
of regular unprotected intercourse. According to statistics from the World Health
Organisation (WHO), infertility affects around one in six couples, with 38% arising
from maternal origin, 27% arising from contributions from both parents and 20%
arising from paternal origin. The remaining 15 to 20% are idiopathic, in which the
exact cause is unknown (Combhaire, 1987; Seli and Sakkas, 2005), and therefore the
main aim of fertility research is to reduce this number. However, reports of male and
female contributions to infertility are highly variable within the literature. While some
indicate that the male contribution to infertility is over 50% (Seli and Sakkas, 2005),
others report that male contribution accounts for around 40% of infertility cases
(Sharma et al., 1999). This is likely due to difficulty in differentiating true infertility
(in which the couple will never achieve pregnancy) and sub-fertility (in which
fertilisation is possible, but difficulties are experienced). Since the causes of infertility
may be complex, it is also often difficult to identify a true cause from which
contributions from either partner can be ascertained. Furthermore, population based
studies are difficult to conduct. Indeed most statistics regarding infertility have been
derived from clinics, which may underestimate the prevalence of infertility, since only

those whom have sought help are included in the data (Irvine, 1998).

Infertility may occur due to a number of reasons, including physiological causes (Hull
et al., 1985), hormonal dysfunction (Baird et al., 2002), infection (Baird et al., 2002;
Paavonen and Eggert-Kruse, 1999), lifestyle factors (Homan et al., 2007; Medicine,
2004; Pasquali et al., 2007) and age (Baird et al., 2002). Furthermore, there are several

known genetic causes of infertility, including numerical aberrations, reciprocal
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translocations, micro-deletions and DNA damage (Evenson et al., 2002; Liebaers et al.,
2014; O'Flynn O'Brien et al., 2010; Shah et al., 2003; Zini et al., 2002) (summarised in

table 1.3).
Genetlc_ Cause of infertility Examples References
aberration
Hormone imbalance Down’s syndrome .
(trisomy 21), Klinefelter (Eglc_)zcue et fl" 1997j
Numerical syndrome (47, XXY), Ferlin et al, 2007{
Onalan et al., 2011;
Turner syndrome (45, Shah et al., 2003)
X), Hyper Y (47, XYY) B
Impaired gametogenesis due | Reciprocal (Belangero et al., 2009;
Structural to meiotic pairing deficiency | translocations, inversion | Griffinand Finch, 2005;
and reduced crossing over events Mikelsaar et al., 2012)
Reviewed in O’Flynn O’brien | Cystic  fibrosis trans
2010 membrane conductance
regulator (CFTR),
androgen receptor (AR),
insulin like factor 3
Single gene Eg;g;g? orphan g::;gz (O'Flynn O'Brien et al.,
disorders - 2010; Shah et al., 2003)
sensitive sex reversal,
adrenal hypoplasia
critical region, on
chromosome X, gene 1
(dax1), Kallmann
syndrome | (KAL1)
Impaired gametogenesis due (Antonelli et al., 2011;
to meiotic pairing defects, | Y chromosome micro- | Ferlinetal., 2007; Khan
Micro- aneuploidy, hormonal | deletion in the | et al., 2010; O'Flynn
deletion imbalances, reduced sperm | azoospermic factor | O'Brien et al., 2010;
quality (AZF) interval Pandey et al., 2010;
Yamada et al., 2010)
Improper chromatin
packaging (reduced
DNA prqtan_]ination in sperm_), (Aitken z_and De luliis,
damage omd_atlve stress, qpopt_oms N/A 201_0; Aitken and De
leading to impaired luliis, 2006, 2007)
fertilisation and
developmental potential
Apoptosis due to meiotic
silencing of unpaired .
chromatin (MSUC), causing (Mah.adevalah et al,
. repression of autosomal genes 2008; Turner et al,
Asynapsis essential for survival. and/or N/A 2004a; Turner et al.,
. o 2004b; Vincent et al.,
failure of meiotic sex
N 2001)
chromosome inactivation

(MSCI) in males.

Table 1.3: Examples of genetic aberrations leading to infertility, their effects and some examples. N/A

is not applicable.

In addition, a growing level of interest is being paid to the role of functional telomeres

in fertility. Given the importance of telomeres in organising and protecting the genome
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during gametogenesis and embryogenesis (discussed in sections 1.4 and 1.5), it stands
to reason that telomere length and distribution (which may not be entirely mutually
exclusive) could be involved in fertility. Furthermore, functional telomeres may be
implicated in the health of the infant during development in utero, at birth and
throughout life. Evidence to support this hypothesis are discussed in sections 1.5 and
1.8.5. For this reason, it is possible that telomere localisation and/or length may be a
useful role in assisted reproductive technologies, which is discussed hereafter.

1.7 Assisted reproductive technologies

Advancements in our understanding of human sexual reproduction has led to several
different treatment options for couples experiencing infertility, which offer solutions to
a variety of reproductive complications. Collectively these are termed assisted
reproductive technologies (ART), and include techniques such as intrauterine
insemination (1Ul), in vitro fertilisation (IVVF), intracytoplasmic sperm injection (ICSl),
cryopreservation, preimplantation genetic diagnosis (PGD) and preimplantation

genetic screening (PGS) (Cooke and Fleming, 2009).

In situations where the cause of infertility is of male origin (e.g. where impotence is
the cause) or in cases involving sperm donors, Ul offers a simple straightforward
solution. In this case, semen is inserted directly into the recipient and fertilisation

OCCurs in vivo.

In cases where the cause of infertility is more complex, IVF may be necessary. In this
instance a women is usually hyperstimulated by daily injections of gonadotrophins in
order to achieve super-ovulation (where many oocytes are ovulated in one cycle). The
effectiveness of this is assessed by transvaginal ultra-sonography and if successful,
oocytes may be retrieved by ultrasound-guided transvaginal aspiration of follicular
fluid. From this, a mature oocyte may be isolated and co-incubated with sperm (which
will have been assessed for fertility potential prior to co-incubation), permitting in vitro
fertilisation. The zygote is often allowed to develop to the blastocyst stage (at around

day five post-fertilisation) before implantation into the uterus (Van Voorhis, 2007).

Alternatively, in cases where sperm concentration or motility is low, or in situations
where the sperm is unable to penetrate the oocyte, ICSI may provide a suitable solution.

Following oocyte retrieval as described above, sperm is injected directly into the oocyte
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in order to achieve fertilisation. This process is illustrated in figure 1.18. The zygote is
once again allowed to develop to blastocyst stage in vitro before implantation into the
recipient (Cooke and Fleming, 2009).

Mature Egg with First Polar Body

Glass Needle

Figure 1.18: Intracytoplasmic sperm injection (ICSI). A single sperm cell is sucked into the end of a
needle, which is then used to pierce the oocyte zona pellucida. The sperm cell is injected directly into
the oocyte to allow fertilisation. Taken from http://www.goivf.com/treatment-options/ivf-process/male-
factor-icsi-tese/.

Following IVF or ICSI it is possible to cryopreserve embryos, which allows the transfer
of a reduced number of embryos in any one given cycle, whilst retaining excess
embryos for subsequent attempts at implantation should the initial attempt fail.
Similarly, in situations where individuals are likely to lose fertility potential
prematurely (e.g. as a result of cancer treatment or premature ovarian failure) it is
possible to cryopreserve gametes in order to improve the chances of achieving a
pregnancy (Cooke and Fleming, 2009). In addition, cryopreservation of embryos
undergoing PGS or PGD is sometimes carried out in order to allow sufficient time for
analysis of test results and consultation with the parents prior to implantation (Ciotti et
al., 2000).

In addition to the above technologies, genetic analysis of sperm, polar bodies (which
represent genetic complement of the oocyte) or embryos may be performed. This
enables PGD for couples at risk of transmitting a heritable genetic disorder, as
evidenced by diagnosis in either or both parents, or affected relatives. A list of such
disorders that can be tested for in PGD can be found at the following website:

http://guide.hfea.gov.uk/pgd/, however with new and emerging technologies in the
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field, this list is ever-evolving (Collins, 2013; Handyside et al., 2009). Similarly,
genetic analysis may also be offered to couples experiencing recurrent miscarriage,
recurrent implantation failure or in women of advanced maternal age (AMA) in order
to improve the chances of having a healthy baby. This is known as preimplantation
genetic screening and predominantly involves the detection of aneuploidy by one of
several techniques (Keltz et al., 2013; Rubio et al., 2013). Given the role of telomeres
in preventing genomic instabilities leading to aneuploidy and in appropriate
chromosome pairing and synapsis during meiosis (discussed in section 1.4), it is
possible that telomere assessment might prove useful in PGS. For this reason, current
practices in PGS and the potential for telomere biology to form a part of this are
described in the following sections.

1.7.1 Preimplantation genetic screening

PGS offers a means to which chromosomally normal embryos may be produced and
selected for transfer following IVF and ICSI procedures, in order to improve the
chances of achieving and maintaining pregnancy in infertile couples. There are several
sources of biopsied sample material for PGS that will reflect the genetic complement
of the developing embryo, each with their strengths and limitations. These include the
first and/or second polar bodies derived from the maturing oocyte, a single blastomere
from the cleavage stage embryo, or a trophectoderm biopsy from the blastocyst stage
embryo. Hlustrations of polar body and blastomere biopsies can be seen in figure 1.19
on page 55. Although PGS is not able to be carried out on sperm (since techniques in
PGS render the sample unable to fertilise an oocyte) screening the sperm of an ejaculate

sample can provide a useful indication of the level of aneuploidy.

Analysis of the first polar body has the advantage that it avoids removing embryonic
cells, which is prohibited in some parts of the world (Fiorentino et al., 2008; Harton et
al.,, 2011; Kupker et al., 2001). This technique provides information on the
chromosome number of the biopsied oocyte, which highlights whether non-disjunction
has occurred during meiosis | of oogenesis that could ultimately lead to aneuploidy in
the embryo. Since aneuploidy is thought to be largely due to errors in maternal meiosis
| (Gabriel et al., 2011; Hassold et al., 1996; Hassold and Hunt, 2001, 2009; Kuliev et
al., 2005), first polar body analysis provides a useful tool. This being said, aneuploidy

rescue has been observed in several cases in the developing embryo (Kuliev and
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Verlinsky, 2004). Furthermore, analysis of the first polar body ignores potential

meiosis Il errors, which could also result in an aneuploid embryo.

Use of the second polar body in PGS in addition to the first polar body, circumvents
the detrimental implications of missing maternal meiosis Il errors (Kuliev et al., 2005;
Kuliev et al., 2011). However again, discarding of affected oocytes eliminates the
chance of aneuploidy rescue (Kuliev et al., 2005) and the potential for a successful
pregnancy with the birth of a healthy individual. Furthermore, biopsy of either the first
or second polar body ignores potential paternal origins of aneuploidy (Harton et al.,
2011).

Biopsy of up to two blastomeres on day three post fertilisation, offers a solution to this
problem by enabling the investigation of both maternal and paternal contributions to
the chromosomal compliment of the developing embryo. Although conflicting data has
been reported with regard to the safety of embryo biopsy (De Vos et al., 2009;
Hardarson et al., 2008; Mastenbroek et al., 2007; Munné et al., 2007; Munné et al.,
2003), in general evidence shows that removal of one blastomere has no harmful effects
of the developmental potential of the embryo (De Vos et al., 2009; Goossens et al.,
2008). However again, the embryo is deprived of the opportunity to correct for extra
or missing chromosomes. Furthermore, it is well established that blastomeres of
cleavage stage embryos may not be chromosomally identical, but can be highly mosaic
(Collsetal., 2007; DeUgarte et al., 2008; Hanson et al., 2009; Harton et al., 2011). This
means that while one blastomere might show aneuploidy, this may not be indicative of

the embryo as a whole.

Analysis of biopsied material from the trophectoderm of the blastocyst on day five post
fertilisation enables the embryo more time to correct for chromosomal errors
originating from the maternal or paternal genomes (Johnson et al., 2010). Furthermore,
rather than analysis of one or two cells, several cells may be analysed allowing for more
confidence in the results generated (Harton et al., 2011). However, blastocyst stage
embryos may also be highly mosaic in chromosome complement (Bielanska et al.,
2002), and the analysis of the trophectoderm, which will go on to produce the placenta,
may not be reflective of the inner cell mass, which will go on to produce the fetus
(Kalousek and Dill, 1983).
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Figure 1.19: Sample biopsy for PGS using a pipette. Top left shows first polar body removal, top right
shows second polar body removal, bottom left shows first and second polar body removal, bottom right
shows blastomere biopsy from a cleavage stage embryo (Verlinsky and Kuliev, 2005).

1.7.11 Techniques in PGS

Until recently, the most common techniques employed in PGS were fluorescence in
situ hybridisation (FISH) and array comparative genomic hybridisation (aCGH). Both
techniques are based around similar principles. While in FISH, generally up to five or
six chromosomes are detected at a time (although this may be repeated several times
until all chromosomes are detected, but this is a lengthy process (loannou and Griffin,
2010)), aCGH allows detection of all chromosomes in one test, with a relatively fast

turnaround time.

FISH involves the application of fluorescently labelled probes that are complimentary
to specific sequences on particular chromosomes of interest. Biopsied cells must first
be fixed to a slide before application of these probes, which are then allowed to
hybridise before finally detecting chromosome copy number by visualising the signals
using a dedicated fluorescence microscope (Harper and SenGupta, 2012). This is
shown in figure 1.20 on the next page. FISH was first used for PGD in 1994 (Griffin et
al., 1993) and quickly adopted for PGS (Munné et al., 2005). However, many
subsequent studies have shown that the FISH technique in PGS is not beneficial (Jansen
et al., 2008; Mastenbroek et al., 2007; Schoolcraft et al., 2009; Staessen et al., 2004;
Staessen et al., 2008). This is thought to be due mainly due to technical errors and the
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fact that usually only three or five chromosomes may be assessed rather than the whole
chromosome complement (Harper and SenGupta, 2012). Since then several other

options have been developed.

Denaturation

Hybridisation

|

Figure 1.20: Fluorescence in situ hybridisation with a biopsied blastomere. Blastomere(s) are fixed to a
glass slide and a fluorescently labelled probe is applied. The probe and the blastomere DNA are
denatured at high temperature before allowing hybridisation at cooler temperature (usually 37°C). After
counterstaining the nucleus and mounting, the blastomere may be visualised and assessed for aneuploidy
using a fluorescence microscope.

aCGH involves whole genome amplification of biopsied single cells followed by
fluorescent labelling of both the test DNA sample (usually labelled green) and a
reference DNA sample (usually labelled red) (De Ravel et al., 2007). These samples
are then allowed to hybridise to selected spots of genomic fragments (an array), and
the colour ratio is determined in order to identify copy number of whole chromosomes
and/or specific sequences within the test sample (depicted in figure 1.21 on the next
page). Therefore aCGH allows for aneuploidy screening as well as identification of
deletions and duplications of specific genes in PGS (Fishel et al., 2010; Le Caignec et
al., 2006; Traversa et al., 2011; Vanneste et al., 2009).
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Figure 1.21: aCGH. Top describes to aCGH priniciple: Test DNA labelled green and reference DNA
labelled red are allowed to hybridise to an array containing a number of genomic DNA fragments. The
ratio of red to green labelling indicates chromosome copy number, or single gene copy number. Taken
from http://www.ncbi.nlm.nih.gov/dbvar/content/overview/. Bottom shows an example of an output from
aCGH. The log ratio or reference DNA to test DNA (y axis) is plotted for each chromosome position on
each chromosome (x axis). Peaks above the line indicate gains and peaks below the line indicate losses.
Partial monosomy of chromsome five and partial trisomy of chromosome 8 is indicated by black arrows.
Red arrows indicate monosomy for chromosomes 12, 21 and 22 (Fiorentino et al., 2011).

More recently, other approaches have evolved with the aim of increasing accuracy of
PGS. These include single nucleotide polymorphism (SNP) microarrays (Treff et al.,
2010a; Treff et al., 2010b), multiplex gRT-PCR based approaches (Treff and Scott Jr,
2013; Treff et al., 2012), and next generation sequencing (Treff et al., 2013).

1.7.1.2 PGS controversy

Much controversy continues to surround the use of PGS in ART in terms of its
effectiveness in improving pregnancy rates. While some studies report that PGS does
improve success rates, other studies report the opposite or indeed negative effects of
PGS. This debate remains very active to date (Anderson and Pickering, 2008; Gleicher
et al., 2014; Harper et al., 2010; Harper and Harton, 2010; Harton et al., 2013; Jansen
et al., 2008; Mastenbroek et al., 2008; Scott Jr et al., 2013) and as a result, the search

for new tools in ART continues. In light of the findings from earlier studies
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investigating the effects of telomere attrition and/or telomere mislocalisation on the
reproductive potential in the mouse model (Liu et al., 2002a; Liu et al., 2004; Ward et
al., 1999), it is possible that these important features of telomere function may act to

provide a novel PGS tool in human ART.

1.8 Telomere assessment: A novel tool in PGS?

Following on from the observations made regarding telomere homeostasis in normal
reproduction (outlined in sections 1.4 and 1.5), several investigators have sought to
determine whether telomere function is altered in couples experiencing fertility
complications (Moskovtsev et al., 2010; Turner and Hartshorne, 2013). As outlined in
the following sections, telomere dysfunction in infertile individuals lends support to
the idea that telomere distribution patterns and/or telomere length evaluation may prove
a useful tool in PGS.

1.8.1 Telomere regulation in sperm of infertile males

1.8.1.1 Telomere distribution in male infertility

The non-random distribution of chromatin into discrete chromosome territories is well
characterised in many cell types (Cremer and Cremer, 2001; Foster and Bridger, 2005),
and is known to play an important role in controlling gene expression patterns forming
a functional nuclear landscape. Indeed evidence shows that normal regulation of gene
expression via strict nuclear organisation plays a functional role during the process of
differentiation (Cremer and Cremer, 2010; Foster et al., 2005; Kosak and Groudine,
2004; Kuroda et al., 2004). Furthermore, disruption of this strict level of nuclear
organisation is known to be involved in the pathogenesis of many disease conditions,
of which cancers and laminopathies have been particularly well studied (Boyle et al.,
2001; Bridger and Kill, 2004; Cremer et al., 2003; Marella et al., 2009; Meaburn and
Misteli, 2008). Given the importance of nuclear organisation during differentiation and
in normal cellular function, a small number of studies have addressed whether altered
nuclear organisation is implicated in relation to male infertility. During mammalian
spermatogenesis, a highly ordered set of nuclear reorganisation events leads to a

chromocentric model of nuclear organisation in the mature spermatozoa (Haaf and
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Ward, 1995; Hazzouri et al., 2000; Mudrak et al., 2005; Zalensky et al., 1995). As
discussed in section 1.4.1.1, this proposes a model whereby the centromeres are
clustered in the nuclear interior, and the telomeres reside in dimers or tetramers at the
nuclear periphery (Solov'eva et al., 2004; Zalensky et al., 1995; Zalensky et al., 1993).
It is thought that this is important for providing replication and transcriptional cues
during fertilisation and embryogenesis (Sotolongo and Ward, 2000; Ward et al., 1999;
Zalenskaya et al., 2000), and therefore it is possible that aberrant nuclear organisation
might represent an underlying cause of infertility. Given that impaired spermatogenesis
is implicated in many cases of male infertility (loannou and Griffin, 2010), it is
plausible that disruption to normal events in nuclear reorganisation might occur,
leading to aberrant nuclear architecture. Similarly, it is possible that aberrant nuclear
organisation is involved in the etiology of the 15-20% reported cases of idiopathic male
infertility (Seli and Sakkas, 2005).

Indirect evidence from the mouse model lends support to this hypothesis, since
chemically induced disruption to the organisation of chromatin in the sperm nucleus
results in failed embryogenesis (Ward et al., 1999). Furthermore, mutation of SUN1
(which is responsible for guiding telomere led bouquet formation of chromosomes
during meiosis) results in impaired synapsis and crossing over events, and ultimately
apoptosis (Ding et al., 2007). In addition, indirect evidence supporting the hypothesis
that nuclear organisation is important for male fertility in humans comes from studies
showing that loss of telomere-telomere interactions (which are also a vital component
of telomere led bouquet formation in meiosis) is associated with infertility
(Moskovtsev et al., 2010; Mudrak et al., 2005; Turner and Hartshorne, 2013).
Moskovtsev et al 2010 hypothesised that loss of telomere-telomere interactions may
either be the cause or the result of loss of telomere repeats and/or their associated
proteins, which induces a DNA damage response resulting in senescence or apoptosis
(Karlseder, 2003; Moskovtsev et al., 2010; Zhang et al., 2007). Finally, it has also been
shown that single nucleotide polymorphisms in H2BFWT, which is thought to be
responsible for anchoring telomeres to the nuclear periphery in mature sperm
(Churikov et al., 2004), are associated with spermatogenesis impairment and idiopathic
male infertility (Lee et al., 2009; Ying et al., 2012).

Although the above represent some insightful findings, direct evidence of altered

nuclear organisation in relation to male infertility in humans is sparse in the current
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literature. While one study showed altered distribution of sex chromosomes by analysis
of centromeres (Finch et al., 2008), another showed that centromere distribution
remains remarkably stable with impaired spermatogenesis (loannou and Griffin, 2010).
Moreover, to date none have directly addressed whether telomere localisation is altered

in the infertile male, which is one avenue that may be worthy of investigation.

1.8.1.2 Telomere homeostasis in male infertility

In the telomerase deficient mouse model, previous studies have shown that there exists
a relationship between telomere length and male infertility. These mice show shortened
telomeres in sperm and a decline in litter size with successive generations until eventual
sterility (Liu et al., 2002a; Liu et al., 2002b; Liu et al., 2004). Furthermore, a reduction
of telomere length as a result of telomerase deficiency is associated with reduced sperm
motility and sperm concentration in mice (Liu et al., 2002b). This is unsurprising given
that extensive apoptosis prior to the onset of prophase | is associated with telomere
shortening in early germ cell precursors of telomerase deficient mice (Hemann et al.,
2001a; Lee et al., 1998). These conclusions are further supported by the observation
that critically short telomeres are also positively correlated with DNA sperm
fragmentation in male mice (Rodriguez et al., 2005). Interestingly, the shortening of
telomeres in telomerase deficient mice has been shown to lead to both peripheral and
dispersed patterns of telomere distribution in the pachytene and diplotene stages of
prophase 1. This in turn leads to inefficient tethering of chromosomes to the nuclear
membrane, which results in similar consequences to those described in SUN1 mutants
and stalling of meiotic progression (Liu et al., 2002a; Liu et al., 2004). Therefore these
studies provide evidence that the length of the telomere is additionally important for
the localisation of the telomere within the sperm nucleus, which as mentioned above,

is likely important in the ability of the sperm to produce viable offspring.

Correlations between telomere length and male fertility in humans appears to be less
transparent. While some studies have found a positive association between sperm
fitness and telomere length, others have not. For example, a study by Santiso et al found
that swim-up selected sperm had longer telomeres and less DNA damage (Santiso et
al., 2010). Furthermore, studies have shown that telomere length is shorter in males
with idiopathic infertility (Thilagavathi et al., 2013), and that the sperm of

oligozoospermic males possess shorter telomeres compared to that of
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normozoospermic males of the same age (Ferlin et al., 2013). Conversely however,
other studies have found no association between overall telomere length in sperm and
DNA fragmentation, or any semen parameter (Thilagavathi et al., 2013; Turner and
Hartshorne, 2013). Although with that being said, interestingly one of these studies did
highlight that some oligozoospermic males possessed a subpopulation of sperm with
altered telomere length distributions. However again, the presence of this subset of
sperm did not appear to correlate with sperm motility, morphology or DNA
fragmentation index. Nonetheless, such a finding may be worthy of future

investigation.

1.8.2 Telomere regulation in oocytes of infertile females

1.8.2.1 Telomere distribution in female infertility

Very little information is available detailing the role of telomere distribution in oocytes
from women experiencing infertility, probably due to the fact that unlike sperm,
oocytes are difficult to obtain for research purposes. Studies in mice have shown that,
in similarity to males, SUN1 mutants (which lack the ability to orchestrate telomere
movements during bouquet configuration formation) showed absence of mature
oocytes and impaired chromosome alignment, recombination and synapsis. This is
likely due to impaired meiotic events (Ding et al., 2007).

1.8.2.2 Telomere homeostasis in female infertility

Studies investigating shortened telomeres in telomerase deficient mice have concluded
that telomere shortening leads to impaired oogenesis, reduced oocyte quality, improper
synapsis and mis-segregation, resulting in increased aneuploidy in oocytes (Liu et al.,
2004). In addition, short telomeres may be responsible for directly initiating a DNA
damage response leading to the observed increase in apoptosis in oocytes, which may
be exacerbated by mis-segregation events. Indeed, ovarian atrophy in telomerase
deficient mice and failure to ovulate despite exogenous hormone stimulation might be
explained by apoptosis resulting from telomere loss (Liu et al., 2002a). All of these
features ultimately lead to reduced litter size and eventual sterility in late generation

telomerase deficient mice (Herrera et al., 1999; Lee et al., 1998), highlighting the
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importance of functional telomere length regulation and ultimately functional
telomeres. Telomerase activity therefore likely plays a vital role in maintaining
functional telomeres and preventing apoptosis. This is presumably true in cells
supporting germ cell production and maturation (such as granulosa cells) as well as the
oocyte itself (Lavranos et al., 1999; Liu et al., 2002a). In support of this, reduced
telomerase activity has been observed in granulosa cells of large atretic follicles in rats,
suggesting that telomerase levels in these cells is critical for healthy folliculogenesis
(Yamagata et al., 2002).

In humans, oocytes with shorter maximum telomere length have been associated with
cytoplasmic fragmentation in embryos from women undergoing IVF. This led the
authors to hypothesise that oocyte telomere length is predictive of embryo development
potential (Keefe et al., 2007; Keefe et al., 2005). Interestingly, however this study
showed no association between average telomere length and embryo fragmentation,
which is in agreement with findings from others (Turner and Hartshorne, 2013).
Furthermore, telomere lengths were assessed in spare eggs that were not exposed to
sperm, therefore the embryos assessed were derived from other eggs retrieved from the

same patient.

To circumvent this problem, it is possible to assess telomere lengths in polar bodies
which can act as a representative of oocyte genetic complement. Indeed, telomere
length has been found to be reduced in aneuploid polar bodies compared to sibling
euploid polar bodies, which supports the notion that oocytes with shortened telomeres
may be prone to chromosome segregation errors, as seen in the mouse model (Treff et
al., 2011b). In line with this hypothesis, older mothers who have given birth to children
affected with Down’s syndrome (caused by trisomy 21) are known to possess
significantly shorter telomeres than age matched controls (Dorland et al., 1998b; Ghosh
etal., 2010).

Given that telomerase is known to be expressed in oocytes (Wright et al., 2001), it is
possible that impaired mechanisms of telomere length regulation might play a role
and/or exacerbate the observations described above. In point of fact, telomerase splice
variants, which have been found in several immortal cell types and tumours, are also
expressed in abnormal oocytes and embryos (Brenner et al., 1999). Although these

variants are present in some normal tissues in addition to commonly spliced telomerase,
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the majority of normal tissues do not express these variants (Kilian et al., 1997;
Nakamura et al., 1997). It is possible that the presence of these splice variants might
impact telomere length maintenance in oocytes, contributing to their attrition and
resulting in genomic instability. In order for this to be ascertained however, it would
be necessary to investigate the presence of these splice variants alongside telomere
length analysis, and in relation to developmental potential of oocytes and embryos in

future experiments.

As mentioned above, telomerase activity and/or telomere length in cells supporting the
oocyte may also have a part in the developmental potential of the oocyte given that
these cells are responsible for communication and nourishment during gametogenesis
and ovulation. In support of this, it has been shown that telomere lengths in cumulus
cells of fertilised oocytes that go on to produce good quality embryos are longer than
those that go on to produce poor quality embryos (Cheng et al., 2013a). In addition, a
reduction of telomerase activity and telomere length in granulosa cells is associated
with occult ovarian insufficiency and a reduction in the number of follicles produced
in IVF cycles (Butts et al., 2009). This offers explanation to the reduced replicative
capacity and increased apoptosis of granulosa cells in women with occult ovarian
insufficiency (Seifer et al., 1996; Seifer et al., 1993).

1.8.2.3 Telomere length and the maternal age affect

All of the features associated with telomere shortening in mice oocytes described above
appear to mirror reproductive ageing in humans (Keefe and Liu, 2008; Liu et al., 2002b;
Liu et al., 2004). This has led to the telomere theory of reproductive ageing in women
(Keefe et al., 2006). Telomeres of oocytes are consistently shorter than somatic cells
(Liu et al., 2007; Wright et al., 1996; Wright and Shay, 1992) and further shorten with
age (Kalmbach et al., 2013). Thus the theory of reproductive ageing in women
hypothesises that oocytes in women of advanced maternal age possess shortened
telomeres that are unable to support fertilisation and embryogenesis. It is thought that
this age effect acts as a natural protective contraception against the high risks associated
with pregnancy and childbirth (Kalmbach et al., 2013).

The maternal age affect describes the decreased reproductive potential experienced by
women in association with advanced maternal age (defined as above age 35). Indeed,
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a sharp decline in natural conception occurs beyond age 35 in women. This is thought
to be caused by a number of factors including a depletion in the number of oocytes and
a reduction in oocyte quality (Dorland et al., 1998a; Hassold and Hunt, 2001; Munné
et al., 2005; Navot et al., 1991). Indeed, oocytes from older women are significantly
more likely to carry errors from meiosis, leading to aneuploid offspring. This is known
to be the leading cause of first trimester pregnancy loss in humans (Boué et al., 1977;
Hassold et al., 1980).

Given the vital role of telomeres in synapsis, recombination and segregation events
during meiosis (Cooper et al., 1998; Dernburg et al., 1995; Liu et al., 2004; Nimmo et
al., 1998), it is thought that telomere dysfunction represents a significant contribution
to reproductive ageing in women. Current understanding suggests that there are two
main mechanisms that cause this phenomenon: Firstly, it has been demonstrated that
oocytes are ovulated in the order that they are produced during fetal oogenesis
(therefore those that are produced first are ovulated first and those that are produced
last are ovulated last). Those that are ovulated last are therefore produced from primary
cells that have undergone many more mitotic divisions, and have therefore lost a greater
number of telomere repeats due to the end replication problem (Edwards, 1970; Polani
and Crolla, 1991). Secondly, female gametes are exposed to a prolonged interval
between oogenesis and ovulation, during which time oxidative stress due to reactive
oxygen species (ROS) (originating in part from mitochondria) may have accumulated.
The fact that telomeres reside at the nuclear periphery in gametes may also render them
particularly susceptible to lipid peroxidation (Passos and von Zglinicki, 2005). Since
telomeres are G rich (and G rich sequences are known to be particularly susceptible to
oxidative damage), it stands to reason that as women age, oxidative stress induced
telomere shortening leads to a decline in reproductive potential (Kawanishi and
Oikawa, 2004; Oikawa and Kawanishi, 1999; Sastre et al., 2002; Tarin et al., 2002;
Tatone et al., 2008). This has been demonstrated in a study showing that telomere
attrition, leading to chromosome fusions and apoptosis, is associated with
mitochondrial dysfunction (Lansdorp, 1996). Furthermore, decreased telomerase
activity and telomere length in meiosis Il oocytes has been associated with higher levels
of reactive oxygen species in oocytes of older mice compared to younger mice
(YYamada-Fukunaga et al., 2013).
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Similar observations of reduced telomerase activity have been seen in ovaries of older
women compared to younger women, and in relation to follicle depletion (Kinugawa
etal., 2000), in agreement with findings from animal models (Yamada-Fukunaga et al.,
2013). However, evidence of telomere length attrition and reproductive ageing in
women is not so clear-cut. One study that assessed telomere lengths in oocytes found
no correlation between telomere length and maternal age (Turner and Hartshorne,
2013), however a second study that measured telomere lengths in cumulus cells found
that overall telomere length is negatively correlated with age (Cheng et al., 2013a).
Furthermore, telomere lengths in cumulus cells from meiosis | oocytes were shown to
be longer than those from meiosis Il oocytes in younger women, whereas this pattern
was not seen in older women. In fact telomere lengths were not significantly different
in meiosis | and Il oocyte cumulus cells in older women (Cheng et al., 2013a). The
latter study is perhaps unsurprising given that cumulus cells are mitotically active, but
nonetheless provides a valuable insight into telomere length involvement in human
female fertility. Further studies will be required in the future to ascertain whether the
reproductive ageing due to telomerase deficiency and/or telomere attrition observed in

mice is indeed part of reproductive ageing in women.

1.8.3  Leukocyte telomere length and infertility

In addition to the study of how gamete telomere length and localisation is related to
fertility, a number of studies have investigated leukocyte telomere length in relation to
fertility. Interestingly, average telomere length measured from peripheral blood is
associated with reproductive life span (Aydos et al., 2005). Furthermore, leukocyte
telomere lengths of both males and/or females are shorter in couples experiencing
idiopathic recurrent miscarriage (Hanna et al., 2009; Thilagavathi et al., 2013).
Interestingly however, average leukocyte telomere length is increased in women
suffering with premature ovarian failure (POF). The authors conclude that the latter
finding may be an error due to low sample size, or that these patients experience an
overall slower rate of proliferation leading to a reduced number of gametes, but an
increase in telomere length. Alternatively abnormal hormonal control in these
individuals might positively influence telomere length (Hanna et al., 2009). Indeed,

long-term hormone replacement therapy in postmenopausal women has been shown to
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reduce the rate of telomere shortening (Lee et al., 2005) and estrogen has been shown

to reduce oxidative damage to DNA and promote telomerase activity (Kyo etal., 1999).

Overall, in recent years the role of telomeres in fertility has received an increasing level
of interest. Although much still remains unclear, some interesting and important
observations have been made. One of the key outcomes from the current data is the
potential use of telomere length as a biomarker for fertility potential in gametes and

developmental potential in embryos.

1.8.4 Telomere dynamics and developmental outcome in ART

Increased interest in the role of telomeres in reproduction and fertility potential over
the last few years has sparked a small number of studies to investigate the importance

of functional telomeres in developmental outcome.

Telomere distribution patterns in the developing human embryo is a largely
understudied area, which is largely due to ethical constraints. Furthermore, information
from natural conceptuses is impossible to achieve, therefore studies in human embryos
are limited to use of those not implanted from couples undergoing infertility treatments.
The use of telomere distribution patterns in embryo quality assessment is thus currently
negligible, but may warrant investigation given the observations in a study by Turner
et al 2010 whom showed varying degrees of telomere clustering in the preimplantation
embryo (discussed in section 1.5.1) (Turner et al., 2010).

A larger amount of information is available regarding the relationship between
telomere length and developmental potential of the embryo. Information on this subject
area obtained from model organisms shows that, compared to wild type mice, third and
fourth generation telomerase null mice exhibit a reduction in the percentage of fertilised
ova reaching cleavage stage. Embryos are also slower to develop into morulae and
blastocycst stage, and fewer cells are present in blastocyst embryos. Furthermore, the
rate of cytofragmentation is increased in telomerase null mice compared to wild type
controls and largely coincides with the presence of only one pronucleus at fertilisation
(Liu et al., 2007). These phenotypes can be attributable to telomere length deficiency
as opposed to a direct effect of telomerase deficiency, since first generation telomerase

null mice exhibit normal fertility and embryogenesis potential.
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In studies that have assessed telomere length in relation to embryo quality in humans,
it has been found that telomeres are shortened in blastomeres of cleavage stage embryos
that are aneuploid compared to blastomeres of cleavage stage embryos that are euploid.
Interestingly however, evidence shows that no difference exists in telomere lengths of
trophectoderm biopsies of blastocysts that are aneuploid compared to those of euploid
blastocysts. It is proposed that this is a by-product of telomerase mediated telomere
lengthening that occurs following genome activation of blastocyst stage embryos (Treff
et al., 2011b). Similarly, no difference has been observed in blastocyst stage embryos
compared to embryos that arrested prior to blastocyst stage, suggesting that telomere
length does not play a role in the selection for developmentally competent embryos
(Mania et al., 2014; Treff et al., 2011b). Thus the presence of senescent cells in these
embryos, which may contribute to developmental arrest, cannot be attributed to
telomere shortening. Perhaps instead, it is possible that a loss of telomere structure may
have resulted in cellular senescence and developmental arrest (Hemann et al., 2001b;
Mania et al., 2014; Stewart et al., 2003) however this remains to be investigated.
Interestingly, evidence shows that while telomere lengths of abnormal cells within
blastocysts are not different to normal cells from the same blastocyst, telomere length
is shortened in abnormal cells of morulae that have arrested prior to blastocyst stage
compared to normal cells from the same embryo (Mania et al., 2014). However, since
overall no difference in telomere length exists between developmentally normal and

arrested embryos, the significance of this has yet to be uncovered.

Mania et al 2014 also noted that embryos from couples classified under advanced
maternal age or recurrent miscarriage had shorter telomeres than those classified under
repeated IVF failure (Mania et al., 2014). This association of shorter telomere length
in embryos from couples experiencing recurrent miscarriage correlates with reduced

leukocyte telomere length in parents (Hanna et al., 2009).

Studies assessing telomerase activity in relation to embryo quality in humans have
found that telomerase splice variants are associated with poor embryo development in
cleavage stage embryos and blastocysts. Thus, although the overall level of telomerase
expression may not be altered, the presence of splice variants may affect its function
(Brenner et al., 1999). This hypothesis confirms findings by Wright et al, who showed
that although telomerase activity in polypronuclear zygotes was significantly lower
than normal pronuclear zygotes, biopsied blastomeres from embryos that arrested did
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not show significantly altered telomerase activity compared to blastomeres that went
on to develop into blastocysts. Therefore the level of telomerase activity is not
associated with embryo development potential (Wright et al., 2001).

Overall, findings outlined in the above sections indicate that functional telomeres are
required for gametogenesis, fertilisation and embryogenesis. This provides evidence to
suggest that some form of telomere analysis (e.g. analysis of telomere length and/or
nuclear distribution patterns) may possibly be used in future PGS strategies to screen
for chromosomally, genetically and developmentally normal embryos. Furthermore,
the above findings, along with evidence showing a relationship between dysfunctional
telomere homeostasis and disease processes (described in section 1.2.4), provoke

thoughts on how telomeres may function in the health of the developing fetus.

1.8.5 Telomere length in pregnancy complications

As mentioned in section 1.5, telomere length appears to be established during the
blastocyst stage of embryogenesis and remains stable during fetal development.
However, studies assessing the effects that a complicated growth environment during
gestation might have on infant telomere length are limited. During pregnancy, several
complications can arise including gestational diabetes, high blood pressure, pre-
eclampsia, infection, intrauterine growth restriction (IUGR) and preterm labour
(https://www.womenshealth.gov/pregnancy/you-are-pregnant/pregnancy-
complications.html). Given that aberrant telomere length maintenance is associated
with altered tissue function in several disease processes (outlined in section 1.2.4), it is
possible that telomere length is altered in association with pregnancy complication. In
point of fact, evidence shows that telomere length is involved in the pathogenesis of
pregnancies complicated by IUGR. In cases where IUGR is caused by placental
insufficiency or pre-eclampsia, reduced telomere lengths have been shown in placental
trophoblasts. It is thought that this is the result of oxidative stress, which may contribute
to increased telomere loss and increased cellular senescence in the placenta, ultimately
leading to growth restriction of the fetus (Biron-Shental et al., 2010; Davy et al., 2009;
Toutain et al., 2013). Interestingly the above observation does not result in telomere
length alterations in the infant, as telomere length in small for gestational age babies
resulting from IUGR appear to be unaffected compared to appropriately grown infants
(Akkad et al., 2006).
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Also worthy of mention on this topic is the fact that in many cases, placental
chromosomal mosaicism is associated with ITUGR (Grati et al., 2005; Lestou and
Kalousek, 1998; Robinson et al., 1997). Given the role of telomeres in guiding
chromosome pairing and segregation events (Manders et al., 1999; Parada and Misteli,
2002), it is tempting to speculate that a link may be found between these two
observations. It has also been noted that telomere aggregates are present in placentas
of women experiencing pre-eclampsia during pregnancy. These telomere aggregates
appear to form independently of telomere length, but represent dysfunctional
telomeres, which can lead to breakage-bridge-fusion cycles and eventually apoptosis
or senescence (Sukenik-Halevy et al., 2009). It is possible that this may also be linked

to chromosomal mosaicism in the placentas of pregnancies complicated by IUGR.

Conversely, evidence shows that diabetes during pregnancy does not affect telomere
length. Cord blood telomere lengths from mothers with type I, type Il or gestational
diabetes are not altered compared to mothers who do not suffer with diabetes (Cross et
al., 2010). These findings are in agreement with the observation that telomere lengths
are not altered in young adults born to mothers suffering type | diabetes or gestational
diabetes compared to controls (Cross et al., 2009). Interestingly however, telomerase
activity is up-regulated in cord blood from mothers with type | or gestational diabetes
compared to controls. It is possible that this observation reflects altered telomere
homeostasis, which might explain the lack of altered telomere length in cord blood

samples (Cross et al., 2010).

One of the most important risk factors associated with pregnancy complications is that
of premature birth, however the effects of preterm birth on newborn telomere length is
largely unknown. One study has shown that telomere lengths of preterm infants born
with intact membrane is altered compared to preterm infants born following preterm
rupture of the membrane. It is proposed that this difference is due to the multiple risk
factors associated with oxidative stress leading to membrane rupture, which might in
turn reduce telomere lengths in these infants. Therefore, it is postulated that preterm
rupture of the membrane significantly impacts telomere length in the newborn (Menon
et al., 2012). However, what effect this might impose on the newborn is generally
unknown. The next section is therefore dedicated to what is currently known about
telomere lengths in preterm infants and what this might mean in terms of subsequent

health outcome.
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1.85.1 Telomere length in the premature infant

Telomere length in the preterm infant represents an interesting topic. While telomere
length in the fetus is highly synchronised and tightly maintained, telomere length
rapidly declines after birth. This poses the question: Does telomere attrition occur as a
result of an extrauterine growth environment, or is it programmed to begin at a defined
stage of maturity (i.e. at full gestational age)? If the former is correct then how might

this affect telomere length in the preterm infant?

Evidence from the current literature suggests that although overall telomere lengths of
preterm infants (born at less than 37 weeks gestation) are not different to full term
controls, correlative data shows a reduction in telomere length with increasing
gestational age (Friedrich et al., 2001; Menon et al., 2012). Furthermore, correlative
data shows a rapid and significant decline in telomere length among preterm infants
born between 27 and 32 weeks gestational age (Friedrich et al., 2001). Moreover, a
longitudinal study that assessed telomere lengths at different time points in the same
preterm infants found a significant decline in telomere length in the weeks following
birth (Holmes et al., 2009). This represents an interesting finding, since in addition to
the well-established morbidities associated with preterm birth (namely respiratory and
neurocognitive disorders), a number of others are emerging which characterise an
‘aged’ phenotype in the preterm infant. This is evidenced by altered adipose tissue
partitioning (Modi et al., 2009; Uthaya et al., 2005; Vasu V and N, 2009), ectopic fat
deposition as intrahepatocellular lipid (Thomas et al., 2008a; Vasu et al., 2013),
hypertension (Bhat et al., 2012; VanDeVoorde and Mitsnefes, 2014) and insulin
resistance (Tinnion et al., 2013). These morbidities are strongly associated with
metabolic syndrome (Liu et al., 2010; Parkinson et al., 2013), morbidity and mortality
(Jacobs et al., 2010; Koster et al., 2008), imposing a significant public health concern.
Since telomere length is associated with the process of ageing and with several disease
conditions (including those listed above), it is possible that early telomere attrition
might represent the underlying cause of the ‘aged’ phenotype observed in the preterm
infant. With this in mind, it is possible that telomere length might act as a novel tool
for predicting health outcome in the preterm infant, which could in turn provoke
improved health management regimes in those identified as at risk of developing
subsequent morbidities. However, although the aforementioned information from the

current literature provides the basis for this rationale, to date none have explored

Page 70 of 261



K. J. Turner Introduction

telomere length in the preterm infant by term equivalent age. Studies addressing this in
the future might therefore provide some valuable information for assessing health
outcome in this vulnerable study population.

1.9 Techniques for telomere assessment

To summarise the sections covered so far, telomeres represent an essential feature of
the genome, as evidenced by the key roles that they fulfil, their conservation across
phylogenetically diverse organisms, and by the presence of complex regulatory
mechanisms controlling their structure. While the gradual loss of functional telomeres
are a part of normal homeostasis, disruption to normal control mechanisms resulting in
aberrant telomere homeostasis may have devastating effects. These include but are not
limited to tumorigenesis, premature ageing disorders, fertility complications and
pregnancy complications which may in turn impact on telomere length in the newborn.
These observations provide rationale for the potential use of telomere assessment as a
biomarker of health status, and as a tool in PGS. However, in order for this to be

effective, suitable methodologies must be employed to do so.

1.9.1 Measuring telomere length

Measurement of telomeres is challenging, owing to their unique, complex structure.
This is further complicated when the sample size for telomere length analysis is limited,
such as in single cells for PGS, or small samples from newborns. Several
methodologies exist for the measurement of telomere length, each with its own
advantages and disadvantages, which must be appreciated when interpreting results.
The next section is therefore devoted to evaluating the currently available
methodologies for telomere length analysis, which is an important consideration for

their use as tools in PGS, or as biomarkers of health status.

19.11 Telomere restriction fragment analysis

In the early 1990s Calvin Harley developed the first technique to measure average
telomere length, by measuring telomere restriction fragments. The process involves
restriction digest of non-telomeric DNA, leaving the telomere sequence intact.

Telomere containing DNA fragments are then separated according to their size by gel
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electrophoresis, and detected by standard southern blotting technique (Allshire et al.,
1989; Harley et al., 1990).

Advantages of TRF analysis include its relative ease and simplicity, and the fact that
minimal specialised equipment is required, which reduces the costs involved.
Furthermore, several kits based on this technique are now commercially available,
meaning very little optimization is necessary. Lastly, TRF analysis provides
information detailing the distribution of telomere lengths within the sample as well as
the average telomere length, which is represented as a smear of telomeric DNA

fragments.

Disadvantages of TRF analysis however, include that it is reliant on the separation of
telomere fragments on an agarose gel, which poses two main problems: Firstly,
complete DNA digestion is imperative in order to avoid over-estimating telomere
length. Secondly, the inclusion of non-telomeric sequences adjacent to the telomere but
downstream of the restriction site will impact on the resolving capabilities of digested
fragments (figure 1.22). Therefore, any variation identified in telomere length may in
fact be attributable to sequences other than the telomere itself. One of the sources of
this variation arises from the highly dynamic nature of the sub-telomeric region,
resulting in variable quantities of repeat sequences, which may be anywhere between
2.5 and 6 Kbp (Levy et al., 1992). Furthermore, hypervariable regions within the sub-
telomere create restriction site polymorphisms (Mefford and Trask, 2002). Finally,
variable numbers of telomere repeat variants exist at the proximal 1kb of the telomere
(Baird et al., 1995). Taken together, these factors may impose a strong influence on the
resolving capability of the TRF fragment, thus it is important that these are taken in to

consideration when results are interpreted (Riethman et al., 2005).

Centromere Telomere
variants

Telomere Restriction Fragment

Figure 1.22: Representation of non-telomeric sequences inclusive in telomere restriction fragment
analysis that may contribute to variability among individuals. Green represents true TTAGGG telomere
repeats, yellow represents telomere repeat variants, red represents sub-telomeric sequences and blue
represents the rest of the chromosome arm (Turner et al., 2014).
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The most notable drawback of this methodology however, is that it requires a relatively
large quantity (usually one microgram) of good quality DNA. Therefore other assays
may prove better suited in studies where low sample volumes are available. Finally,
TRF analysis is time consuming and labour intense. The entire procedure takes around
three days to complete, and the number of samples that can be analysed at any one time
is restricted by the size of the agarose gel. Therefore it is necessary to perform a large

number of experiments in order to study a population.

19.1.2 Slot blot analysis and hybridisation protection assay

A solution to some of the shortcomings of TRF analysis was offered by the
development of a slot blot based methodology in 1997. In this technique, DNA is
blotted directly onto a nylon membrane, without prior need for restriction enzyme
digest or agarose gel electrophoresis. A telomere specific probe is subsequently applied
to the membrane, which is then exposed, so that the intensity of the telomere signal
may be recorded. The telomere probe is washed off following exposure, and a second
centromere specific probe is then applied, exposed and the signal recorded in the same
way. A telomere to centromere (T/C) ratio can then be calculated from the intensities
of the two signals measured (Bryant et al., 1997).

Similar to this assay is the hybridisation protection assay (HPA). In this instance, rather
than measuring centromeric DNA content, a family of repetitive sequences known as
alu sequences are used instead, to generate a ratio of telomere to alu DNA (Nakamura
etal., 1999).

The advantage of these techniques is that only the telomeric DNA sequence is targeted
in telomere intensity measurements. Thus this avoids artefacts that may arise from a
non-telomeric component of telomere restriction fragments. Furthermore, calculation
of T/C ratios (or telomere/alu ratios) circumvents any inaccuracies in quantitation of
DNA before loading, or incomplete transfer of DNA onto the nylon membrane.
However, for this to be true it must be assumed that the hybridisation efficiencies of
the two probes are equal. Furthermore, high quality DNA is not essential for accurate
quantification of telomere length by slot blot or HPA analysis. Indeed fragmented DNA
still produces a signal representative of an intact sample, which is not the case for other
telomere length techniques such as TRF analysis (Bryant et al., 1997).
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In addition, this technique is well suited to studies where sample size is limited, since
10-20 nanograms of DNA is enough to produce a signal. Alternatively, it is possible to
perform slot blot analysis using whole cells if the number of cells available is too low
for DNA extraction (Norwood and Dimitrov, 1998). Therefore since slot blot analysis
negates the need for DNA extraction, restriction enzyme digest and agarose gel
electrophoresis, it is less labour intensive than other telomere length analysis
techniques.

However, the disadvantage of these techniques is that they lack sensitivity and
reproducibility. In repeat experiments using the same sample, variations of up to 1Kb
have been reported (Norwood and Dimitrov, 1998).

1.9.1.3 Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QRT-PCR) enables the quantification
of the number of copies of a sequence of interest. The cycle threshold (Ct) of the
reaction (defined as the point at which the amplification curve raises above baseline) is
determined from an amplification curve, and is directly proportionate to the number of
copies of target sequence present in the sample to begin with.

In 2002 Richard Cawthon developed a novel and increasingly popular gqRT-PCR
approach for telomere length analysis (Cawthon, 2002). Cawthon’s qRT-PCR
approach is able to determine relative telomere length by ascertaining the T/S ratio,
which represents the factor by which the sample under investigation differs from a
reference DNA sample in its ratio of telomere sequence copy number (T) to a single
copy gene copy number (S). This is determined by a standard qRT-PCR reaction using
two pairs of primers in two separate amplification reactions; one pair to amplify the
telomere sequence and one pair to amplify the single copy gene. Alternatively, it is
possible to amplify both sequences within the same reaction using a multiplex approach
developed subsequently to Cawthon’s original protocol. The main advantages of the
multiplex gRT-PCR procedure is that it significantly reduces inaccuracies due to inter
assay plate-to-plate variation, and it reduces the total time and cost of the assay
(Cawthon, 2009).

The advantages of using gRT-PCR over other telomere length analysis techniques

include the clear and objective interpretation of T/S ratios. Furthermore, in similarity
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to slot blot and HPA analyses, there are no contributions of non-telomeric sequences
to relative telomere length calculated, since the primers included are specific to the
sequence of interest. This means that any differences in T/S ratios observed between
individuals are solely accountable to differences in telomere length and not sub-
telomere length variation. In addition, gRT-PCR is highly sensitive, and therefore it
can be carried out with as little as five nanograms of DNA, which makes this technique
accessible to studies where sample size is limited (Treff et al., 2011b). Lastly, gRT-
PCR is a relatively speedy technique. The assay completes in around three hours from
setting up of reactions to completion of the amplification cycling programme, and as
many as 42 duplicate samples can be run at once (assuming a multiplex approach is
adopted). This makes the turnaround of results much faster than traditional techniques.

Disadvantages of this method however, include the fact that substantial optimisation is
usually required, which requires a high level of expertise, and may take several weeks
to achieve. It is imperative that this is carried out in order to gain acceptable reaction
efficiencies that are similar for both primer pairs. Failure to do so will result in
inaccurate data. Furthermore, it is important to appreciate that the reference gene may
be subject to copy number variation within a population, which will significantly
impact the relative telomere length results calculated. Lastly, qRT-PCR is fairly limited
in the information that it generates. It cannot provide absolute telomere length in base
pairs, or any details regarding telomere lengths of individual chromosomes, or the

distribution of telomere lengths within a sample.

That being said, it has been proposed that it is possible to determine absolute telomere
length from T/S ratios provided that a serial dilution of standards with known numbers
of repeats for both the telomere and the single copy gene are included in the assay. One
can then plot two standard curves for each reaction: One including the cycle thresholds
of each of these knowns against the telomere DNA content in base pairs, and one of
the cycle thresholds of each of these knowns against copy number of the single copy
gene. From these standard curves, the researcher can extrapolate absolute telomere

length per copy of the genome of unknowns (O'Callaghan and Fenech, 2011).
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19.14 Single telomere length analysis

Single Telomere Length Analysis (STELA) is a ligation polymerase chain reaction
(PCR) approach, developed specifically to measure telomere lengths of individual
chromosomes. Unlike the gRT-PCR method, the PCR step in STELA is a standard
PCR reaction, and therefore does not require intercalating dyes or labelled probes.
Instead telomere length is quantified from the PCR products by southern blotting. The
process of STELA is described in figure 1.23 on the next page. Briefly, it involves the
annealing of a ‘telorette’ linker to the G rich 3’ overhang of the telomere, which is
comprised of 7 bases complementary to the telomere hexameric repeat followed by 20
non-telomere bases. The linker is then ligated to the C rich complementary 5’ strand,
creating a permanent tag at the telomere. This permits PCR amplification of the
telomere, using a ‘teltail’ primer to prime sythesis at the non-telomere component of
the telorette, and a second primer specific to the sub-telomere upstream. Following
PCR amplification, the products are resolved according to size on an agarose gel and
quantified by southern blotting (Baird et al., 1995; Baird et al., 2003).

In previous studies, STELA has proved successful for measuring telomeres of several
specific chromatids including: XpYp, 2p, 11q, 12q and 17p (Baird et al., 2003; Britt-
Compton et al., 2006; Xing et al., 2009). One of the advantages of STELA, is that it is
able to identify the range of telomere lengths of a chromatid of interest within a given
population, as well as the overall mean telomere length for that particular chromatid.
The disadvantage of STELA however, is that it may only be used for chromosomes in
which the sub-telomere is extensively characterised, and these may not be reflective of
overall critical telomere length. In addition, it is not possible to accurately determine
telomere lengths above 20kbp due to limitations of the amplification step (Baird et al.,
2003). As a result, the accuracy of average telomere length calculated using this

technique is questionable.
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O Subtelomeric & Telomereic DNA
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— Primer amplification

Figure 1.23: Molecular basis of single telomere length analysis. (1.) Shows annealing of a ‘telorette’
linker to the G-rich 3" overhang of the telomere, which is ligated to the C-rich 5" strand. (2.) A ‘teltail’
primer and a primer specific to the sub-telomere region primes synthesis of the telomere in a PCR
reaction. Finally telomere length is quantificatied by gel electrophoresis and southern blotting (Turner
etal., 2014).

In order to solve the restricted use of STELA to the chromosomes of well characterised
sub-telomeres, U-STELA (universal single telomere length analysis) was developed
for the measurement of all telomeres in a single assay. This method, illustrated in figure
1.24, involves use of restriction enzymes to create telomere restriction fragments,
followed by ligation PCR and finally southern blotting. Briefly, restriction enzyme
digest of upstream sub-telomeric regions creates sticky ends in both the telomere
containing fragment and the intra-genomic fragment. Both of these fragments are
ligated to a linker sequence at their sticky ends, and the distal end of the telomere-
containing fragment is annealed and ligated to a telorette linker. A filler sequence is
then ligated to the linkers, which tags the ends of the sub-telomere and the intra-
genomic fragments. This filler sequence is complimentary to the earlier ligated linker
tags. Therefore upon denaturation of the double strands in subsequent PCR, a stable
hairpin structure is formed in the intra-genomic sequence, inhibiting the amplification

of the intra-genomic fragment, but permitting amplification of the telomere-containing
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fragment. This is because neither the telorette linker nor the G rich telomeric 3’
overhang are complimentary to the filler sequence and therefore no hairpin structure is
formed (Bendix et al., 2010).

!
i

Intragenomic fragments Subtelomere & telomere fragments
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. - —

Intrageomic DNA Restriction site digest
Subtelomeric & Telomereic DNA

Linker sequence

Filler sequence —_— i Eiaati
Telorette linker Primer amplification
Filler primer

Teltail primer
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Figure 1.24: Molecular basis of universal single telomere length analysis. (1) Restriction enzyme digest
creates sticky ends in both the telomere-containing fragment and the intragenomic DNA fragment. (2)
Linkers are then ligated to these sticky ends, and fillers are subsequently ligated to the linkers. A
‘telorette’ linker is then annealed to the 3" overhang and ligated to the 5" strand before PCR amplification
of the telomere-containing fragment. (3) In the first stage of each PCR cycle, dsDNA is denatured into
single strands. (4) This allows formation of stable hairpin structures of the intragenomic fragment due
to complimentary sequences in the linker and filler, such that in the second stage of the PCR cycle,
amplification of intragenomic sequences is inhibited, whilst amplification of the telomere-containing
fragment is permitted. Synthesis is primed using a ‘teltail’ primer designed to anneal to the ‘telorette’
linker, and a primer designed to anneal to the filler sequence (Turner et al., 2014).

The benefit of U-STELA, is that it is able to evaluate the amount of material below the
threshold of critically short telomeres, as represented by all chromosomes in a
population of cells. However, one must first identify what that threshold is. Current
literature represents uncertainty on the threshold of telomere length, which is likely a

reflection on the limitations of the various methodologies used to measure telomere
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length over the years, as well as limited knowledge regarding other contributions to

induced cellular senescence.

The main disadvantage however, is that it is prone to insufficient amplification of
longer telomeres combined with preferential amplification of short telomeres, which
renders U-STELA unsuitable for measuring mean telomere length (Bendix et al.,
2010). Furthermore, the contributions of sub-telomere variation must additionally be
considered when using this technique (Brown et al., 1990; ljdo et al., 1992; Riethman,
2009; Rudd, 2014) (Levy et al., 1992; Mefford and Trask, 2002).

Taken together, the advantage of both STELA techniques is that they do not require
large quantities of DNA; approximately 10 nanograms is sufficient. However,
significant optimisation is necessary for STELA, which requires a great deal of
expertise. Plus, it is labour intensive, which makes it unsuitable for high throughput

studies.

1.9.15 Quantitative fluorescence in situ hybridisation

Quantitative Fluorescence in situ Hybridisation (Q-FISH) offers a modification of
standard Fluorescent in situ Hybridisation (FISH) techniques developed in the 1980s,
such that the amount of the sequence of interest may be quantified. In standard FISH,
fluorescently labelled DNA probes that are complimentary to a sequence of interest
allow the researcher to confirm the presence of the sequence of interest, and to visualise
where that sequence is in the genome. Telomere length analysis by Q-FISH however,
utilises a protein nucleic acid (PNA) probe complimentary to the telomere sequence.
The uncharged backbone of the probe (as opposed to a charged DNA probe backbone)
linked by peptide bonds offers more stable duplex formation with target DNA. This is
because hybridisation of the probe with the DNA strand is favoured, whilst reannealing
of denatured DNA is disfavoured, resulting in increased hybridisation efficiencies over
standard FISH (Egholm et al., 1993; Lansdorp et al., 1996; Nielsen et al., 1991). As a
result, the amount of telomere sequence present is easily quantified, since it is

positively correlated with the intensity of the fluorescent signal generated (figure 1.25).
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Figure 1.25: Example of a Q-FISH image. Chromosomes are stained blue, whilst telomeres are stained
green.

Q-FISH is an attractive technique for telomere length analysis, since it enables analysis
of telomere lengths from each individual chromosomes in a population of cells,
allowing the researcher to address whether specific telomeres on specific chromosomes
are affected under the conditions of the research area of interest. Secondly the probe is
complimentary to the telomere sequence only, therefore sub-telomeric regions are
excluded. Perhaps the most notable advantage in direct comparison with other
technologies available however, is that Q-FISH is inclusive of long telomeres. Indeed
it is the preferred method of choice in the study of mouse telomeres, which are known
to be very long. Furthermore, it does not require large sample sizes; image capture and
analysis of ten metaphase cells (Poon et al., 1999), or 40-200 interphase cells is
considered acceptable (however telomere length of individual chromosomes cannot be

ascertained in interphase cells) (De Pauw et al., 1998).

One of the disadvantages of Q-FISH for telomere length analysis however, is that it
requires highly specialised and costly equipment. Secondly, by definition Q-FISH is
hybridisation reliant. Improper assay optimisation and/or poor technique results in
signal free ends (SFE), which lead to underestimation of telomere length. Secondly,
and arguably more importantly, telomeres of individual chromosomes may only be
detected in cells that may be metaphase induced, which is only possible in actively
dividing cells. Furthermore, production of good quality metaphase preparations is a

fine tuned skill in itself, as is the ability to accurately karyotype. Even when these skills
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are available to the researcher, although denaturation and hybridisation of the probe is
a speedy process, image capture and analysis is lengthy, particularly when one
considers the time taken to properly calibrate the experiment. This is imperative in the
accurate determination of telomere length, since inherent variations between
experiments can occur due to altered optical alignment, variable hybridisation
efficiencies and the age of the microscope lamp (Ourliac-Garnier and Londofio-
Vallejo, 2011; Poon et al., 1999; Wong and Slijepcevic, 2004; Zijlmans et al., 1997).
These inherent variation are likely the cause of the highly variable results generated by
Q-FISH (Poon et al., 1999).

The development of high throughput Flow FISH experiments offers advantages over
standard Q-FISH in that it greatly reduces the time taken to capture and analyse images.
Indeed it was the first telomere length method utilised as a clinical tool (Alter et al.,
2007). Inthis case, cells are hybridised with the PNA probe in suspension (as opposed
to being fixed on a slide as in standard Q-FISH), and the intensity of the fluorescent
signals is quantified using flow cytometry. Such a technique is semi-automated and
therefore enables the analysis of many cells at one time (Baerlocher et al., 2006).
Furthermore, simultaneous Q-FISH and antibody staining techniques allows the
researcher to identify telomere lengths of different cell types within a population of
cells (Baerlocher and Lansdorp, 2003). However, this requires extreme care as the
unfixed cells are considerably more fragile. Furthermore, the cytoplasm must be left
intact, which often results in difficulties in telomere length determination, due to non-
specific hybridisation of the probe to components of the cytoplasm (Wieser et al.,
2006).

1.9.1.6 Primed in situ labelling
Primed in situ labelling is a technique that combines Q-FISH and gRT-PCR techniques

for telomere length analysis. Oligonucleotide sequences that are complimentary to the
telomere sequence are annealed to denatured metaphase chromosomes or interphase
cells. DNA polymerase then extends these oligomers using fluorescently labelled
nucleotides. Fluorescent signals may then be measured using a fluorescent microscope
and appropriate computer software (Lavoie et al., 2003; Therkelsen et al., 1995).
Primers may extend telomeres simultaneously, however, this does not guarantee even

coverage and therefore some telomeres may not show sufficient signal for detection

Page 81 of 261



K. J. Turner Introduction

(Lavoie et al., 2003). This has led to several modifications of the protocol including
multiple cycles of amplification (Musio and Rainaldi, 1997) and double stranded
PRINS, where primers for both the forward and reverse telomere strands are included
in the reaction (Yan et al., 2004).

The advantage of PRINS over Q-FISH, is that it is quicker and more cost effective
(Gosden and Lawson, 1994; Koch et al., 1991; Wilkens et al., 1997). However
disadvantages include that specialised equipment such as a programmable flat plate
thermocycler is required. It is possible to carry out the reaction using water baths,
however the stringency is greatly reduced due to non-specific primer annealing and
extension (Gosden and Hanratty, 1993).

In conclusion, it is clear that the method of choice for telomere length analysis is
dependent upon the sample type and sample size available. All techniques have their
advantages and disadvantages, and it is important that these are considered in assay
design, and in the analysis of the data obtained. Furthermore, it is important to
appreciate that the cell type(s) present in the sample to be analysed may play a
significant role in the contribution of telomere length. Since different cell types are
known to have different telomere lengths and different telomere length maintenance
regimes, these contributions cannot be ignored (Hoffmann et al., 2009; Spyridopoulos
et al., 2008).

1.9.2 Measuring telomere distribution

As discussed in sections 1.1.2.3, 1.4. and 1.8, telomere distribution within the nucleus
plays an important role in cellular function. Aberrant telomere distribution may
therefore lead to loss of cellular function as a result of altered gene expression profiles
and/or impaired synapsis during meiosis. It is possible therefore that a loss of cell
function can be determined by assaying for telomere distribution within the nucleus,
which might prove a useful tool. The most effective way in which this can be achieved
is through FISH experiments using a pan-telomeric probe. The basis of this procedure
is the same as that outlined in section 1.9.1.5, however cells are assayed in interphase
as oppose to metaphase. Furthermore, it is not necessary to calibrate the experiment,
since no quantitative measurements of fluorescence intensity are required. Images can

either be acquired from the central plane of focus for 2D analysis, or images can be
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acquired throughout several planes of depth through the nucleus, and subsequently
rebuilt into a 3D image. 2D images can be assessed for telomere localisation using
several different models. With particular reference to analysis of sperm nuclei for PGS,
in which the tail attachment region offers a useful tool in determining the orientation
of the nucleus, telomere localisation can be assayed using longitudinal (Olszewska et
al., 2008; Sbracia et al., 2002), spatial (Zalenskaya and Zalensky, 2004), or radial
(Boyle et al., 2001; Croft et al., 1999; Finch et al., 2008; loannou and Griffin, 2010;
Skinner et al., 2009) analysis, as depicted in figure 1.26.

A

Figure 1.26: 2D analysis of signal distribution within the sperm nucleus. A: Longitudinal distribution of
basal (b), medial (m) and apical (a) regions of the sperm nucleus (Olszewska et al., 2008). B: Spatial
distribution where L and 1 represent the long and short axes of the nucleus, L’-L represents the symmetry
of the long axis, D is the distance from the tail attachment point to the signal and H is the distance from
the signal to the long axes (Zalenskaya and Zalensky, 2004). C: Radial distribution where the nucleus is
split into five shells of equal area, and the signal position is determined by assessing which shell the
signal lies within (Finch et al., 2008).

Similarly, 3D images may be analysed by longitudinal or radial positioning (Alladin et
al., 2013). In this analysis, the edges of the nucleus are determined using software able
to detect the edge of nuclear staining, and from this measurements can be made
including the volume of the nucleus and where the centre of the nucleus lies. From
these measurements the position of the signal can be ascertained (for examples of freely
available software able to perform these measurements see (lannuccelli et al., 2010),
(Gué et al., 2005).

The advantage of 2D analysis is that it provides a fast means of assaying nuclear
organisation. However the main disadvantage is that information from a 3D object is
flattened into a 2D image and therefore its accuracy is compromised. There are
mathematical models designed to compensate for this effect (Boyle et al., 2001,
Skinner et al., 2009), however ultimately a 3D approach likely offers the best solution.

That being said, the disadvantage of 3D image analysis is that it is highly labour intense
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and therefore the number of cells that can feasibly be analysed is often dramatically

reduced.

1.10 Thesis rationale

Telomere biology specifically in relation to fertility and early life in humans is
becoming an increasingly popular topic, however information remains limited to a few
studies. Most studies have utilised mouse models to study telomere length and
distribution in gametes, and during development. In humans however, although the
telomere theory of reproductive ageing in women has been hypothesised, limited data
is available in support of this. Similarly in males, few studies have investigated
telomere length in relation to fertility. Moreover, to the best of my knowledge, none
have attempted to study telomere distribution patterns in sperm. Given the importance
of telomere distribution during meiosis and mitosis, coupled with evidence from mouse
models, this represents an interesting topic worthy of investigation. Furthermore, how
telomere biology is regulated during embryogenesis, and how this might implicate
telomere biology in the newborn is largely understudied. Therefore, future studies
would benefit from a deeper understanding of how these complex structures are
involved in the process of ageing, the pathogenesis of disease and in fertility. Such
information might shed light on the validity of telomere length and/or distribution

patterns as indicators of fertility potential, and as biomarkers for infant health outcome.
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1.11 Thesis Aims

With the aforementioned rationale in mind, the specific aims of this thesis were as

follows:

To test the hypothesis that telomere distribution is altered in the sperm heads

of males with compromised semen parameters

To optimise a qRT-PCR approach for assaying telomere length using small
quantities of starting material

To investigate the telomere theory of reproductive ageing in women by
addressing a series of hypotheses pertaining to telomere length in first polar
bodies and cleavage stage embryos in relation to maternal age, and
generation of aneuploidy

To test the hypothesis that preterm babies have significantly reduced

telomere length by term equivalent age compared to their term born

counterparts

Page 85 of 261



K. J. Turner Materials and Methods

2 Materials and Methods

2.1 Materials

In order to assess chromatin packaging, telomere distribution and telomere interactions
with proteins at the nuclear membrane in sperm (specific aim 1), control semen samples
were recruited from The Bridge Fertility Centre (London, UK) from 13 normal fertile
males. In addition to this, semen samples from six infertile males were recruited from
Embryogenesis (Athens, Greece). Patients were identified as fertile or infertile based
on analysis of semen parameters by trained andrologists at The Bridge Fertility Centre
or Embryogenesis respectively. Those with a sperm concentration of < 20 million/ml
and/or % motility of < 20% and/or % normal morphology of < 5% were classified as
infertile. All semen donors provided written and informed consent for use of their
samples in research. This was carried out under human fertilisation and embryology
authority (HFEA) license 0700/L700-18-c awarded to the Bridge Fertility Centre. Use
of semen samples from both The Bridge Fertility Centre and Embryogenesis for
research purposes was approved by the Research Ethics Committee of the University
of Kent.

For the assessment of telomere length in first polar bodies and embryos in relation to
maternal age and the incidence of aneuploidy (specific aim 3), whole genome amplified
DNA from biopsied blastomeres and first polar bodies that were surplus to requirement
were donated from couples undergoing IVF treatment at Genesis Genetics
(Nottingham, UK). These samples underwent whole genome amplification using the
SurePlex DNA Amplification System (Illumina), and were assessed for presence of
aneuploidy using the SurePlex 24sure kit (Illumina) by personnel at Genesis Genetics.
Leftover WGA material was then transported to the University of Kent (UKC) for PCR
purification and relative telomere length analysis by qRT-PCR. All patients consented
to biopsy procedures and aCGH analysis of chromosome copy number, and the use of
surplus sample material for research purposes. This work was also approved by the

Sciences Faculty Research Ethics Advisory Group.

In order to test the hypothesis that telomere length is reduced in preterm infants

compared to term born controls (specific aim 4), eligible infants were recruited by
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research staff from the William Harvey Hospital (Ashford, UK) (WHH) or the Queen
Elizabeth Queen Mother Hospital (Margate, UK) (QEQMH) following ethics approval
from Surrey Research Ethics committee (10/H1109/51) and informed consent.
Sampling involved drawing an extra 1-1.5ml blood from preterm infants (born less than
32 weeks gestation) during routine blood testing. Full term infants (born after 37 weeks
gestation) were eligible for sampling only if blood sampling was deemed necessary for
other medical purposes (for example suspected jaundice). Blood sampling was carried
out using standard phlebotomy techniques by research staff at WHH and QEQMH.
Samples were anonymised by research nurses at WHH and QEQMH, and the study

remained blinded until analysis of all patient samples was complete.

2.2 Methods

2.2.1  Sperm sample preparation

Sperm samples were prepared for subsequent procedures by firstly washing in sperm
buffer (10mM NaCl/10mM Tris pH7), followed by centrifugation at 1900rpm for five
minutes. The supernatant was removed taking care not to disturb the pellet, and the
pellet was resuspended in sperm buffer. This process was repeated a further three to
five times depending on the quality of the sample (assessed by the size and colour of
the pellet). Following the final centrifugation, sperm samples were fixed by adding
6mls of ice cold 3:1 methanol:acetic acid in a drop wise fashion, whilst agitating the
tube. The samples were centrifuged again at 1900rpm for five minutes, the supernatant
was removed and the pellet was again resuspended and fixed. This was repeated a
further two times. Samples were then stored at -20°C until they were used for telomere
and H2BFWT detection and chromatin assessment experiments.

2.2.2  Telomere detection in sperm: FISH

In order to assess telomere distribution in sperm nuclei (specific aim la part one),
semen samples stored in fixative at -20°C were centrifuged at 1900rpm for five minutes
and the appropriate volume of supernatant was removed (dependant on the size of the

pellet) to produce the desired concentration of cells.
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2.2.2.1 Slide preparation

Glass poly-lysine slides (VWR) were cleaned by immersion in methanol and marked
underneath with a diamond marker to indicate the location of the sample. The slide was
labelled appropriately and 8ul of the sample was dropped onto the marked area,
followed by 8l of fresh fixative when the sample appeared grainy. This was carried
out in order to ensure that sperm cells did not fix to the slide in clumps of cells, making
subsequent analysis difficult. Finally, before proceeding with the FISH protocol, the
slide was inspected using phase contrast microscopy to check for optimum density and
quality of the sperm cells.

2.2.2.2 Ageing of slides and pre-hybridisation washes

Slides were aged on a hot plate for 1 hour at 70°C, then incubated in an ethanol series
(70%, 80% then 100%) for two minutes each in order to dehydrate the sperm nuclei.
After air-drying, slides were incubated in pre-warmed pepsin solution at 37°C for 20
minutes to remove proteins, allowing access of the probe to sperm DNA. Pepsin
solution was made up of 49ml double distilled water (ddH20) plus 500ul of one molar
hydrochloric acid (1M HCI). Addition of 500ul 10mg/ml of pepsin to this solution
occurred immediately prior to use in order to maximise enzymatic activity. Following
the pepsin wash, slides were incubated in phosphate buffered saline (PBS) for five
minutes, and rinsed by brief immersion in ddH20. Next, slides were incubated in 4%
paraformaldehyde (made up in PBS) at 4°C for 10 minutes, rinsed by brief immersion
in ddH20, and incubated in PBS for five minutes. Slides were then incubated again in

an ethanol series for two minutes each, and air-dried.

2.2.2.3 Probe preparation and DNA denaturation

During the preceding ethanol series, enough probe for 3ul per sample (plus 10% error
margin volume) of biotin labelled ready to use StarFISH pan telomeric probe (Cambio)
was pipetted into a PCR tube and placed in a thermocycler programmed to incubate at
37°C for five minutes followed by 85°C for 10 minutes. Once the programme was

complete, the probe was kept on ice until use.

When slides were dry, sperm cell nuclei were denatured in 70% formamide (Sigma
Aldrich) (made up in 2x saline sodium citrate (SSC)) pH 7-7.5, at 75°C for two minutes.
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Immediately after this, slides were immersed in ice cold 70% ethanol for two minutes,
followed by 80% and subsequently 100% ethanol for two minutes each at room
temperature. This allowed the dehydration of sperm nuclei as well as promoting

reannealing of short repetitive, non-specific sequences.

Once slides had air dried, 3ul of probe was applied to the marked area and covered
with a 13mm round cover slip, which was sealed with fixogum rubber cement
(www.amazon.co.uk). Slides were then placed into a humid chamber and incubated at

37°C overnight to allow hybridisation of the probe.

2.2.2.4 Post-hybridisation washes and detection

On the following day, rubber cement was carefully removed using tweezers, and the
slide was incubated in 0.7x SSC plus 0.3% Tween until the cover slip floated off. Slides
were subsequently washed in pre-warmed 0.7x SSC plus 0.3% Tween at 37°C for 10
minutes in order to remove any excess un-hybridised probe. After this, samples were
washed in storage buffer (0.4x SSC plus 0.05% Igepal) for two minutes, before adding
90ul of detection mix (50pl 2x SSC plus 40mg/ml Marvel powdered milk, 50ul storage
buffer and 3pl streptavidin-Cyanine3 (Cy3) (Amersham biotechnology)). A 22 x 50mm
cover slip was applied, and slides were incubated in the dark in a humid chamber at
37°C for 45 minutes, before washing off excess un-bound detection mix in three five
minute incubations in storage buffer. Lastly, slides were rinsed by brief immersion in
ddH-0O, air-dried in the dark, and one drop of Vectashield® with 4’-6,diamidino-2-
phenylindole (DAPI) (Vector Labs) was applied. A 22 x 50mm coverslip was gently
pressed on, and fluorescence microscopy ensued. 2D fluorescence microscopy was
carried out using a BX61 Olympus microscope equipped with a charge coupled device
(CCD) camera. Images were captured with the appropriate filters under a 100x
objective using SmartCapture software (Digital Scientific). For each patient a total of
100 nuclei were captured and analysed. For 3D image capture, cells were inspected
under an Olympus 1X71 microscope equipped with a CCD camera, under a PlanApo
100x OTIRFM-SP 1.45 NA lens mounted on a PIFOC z-axis focus drive (Physik
Instrumente, Karlsruhe, Germany). Cells were illuminated using LED light sources
(Cairn Research Ltd, Faversham, UK) with appropriate filters (Chroma, Bellows Falls,

VT). The best plane of focus for the centre of the cells was identified and 61 images
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were captured in 0.1uM step sizes through the cell (30 images either side of the central

position) for each filter using Metamorph software.

2.2.2.5 Telomere detection after sperm nuclear decondensation

To assess the effect of sperm nuclear decondensation on telomere localisation (specific
aim la part two), a control semen sample was selected at random and a FISH
experiment was performed including an extra step in which sperm nuclei were
decondensed following ageing but prior to ethanol dehydration. A control slide in

which the sample was not decondensed was also included in the experiment.

2.2.2.5.1 Sperm nuclear decondensation with dithiothreitol

After slides were aged at 70°C for one hour, they were placed in a coplin jar containing
10mM dithiothreitol (DTT) (Melford) made up in 0.1M Tris pH 7, for 30 minutes in
the dark. Following this, slides were rinsed by brief immersion in 2 X SSC and the rest

of the FISH protocol ensued starting with dehydration in the first ethanol series.

2.2.2.5.2 Sperm nuclear decondensation with sodium hydroxide

Alternatively, sperm nuclei were decondensed in 0.5M sodium hydroxide (NaOH) for
four minutes at room temperature. Slides were then washed by incubation in PBS for
five minutes before continuing with the FISH protocol starting with dehydration in the
first ethanol series.

2.2.2.6 2D image analysis of telomeric signals

Telomere signal positions were identified in at least 100 sperm cells from 13 control
males and six infertile males using a custom designed macro (designed by Michael
Ellis, Digital Scientific) in ImageJ (freely available from http://imagej.nih.goVv/ij/)
based on that of Croft et al. (Croft et al., 1999). This macro is capable of splitting the
area of the nucleus into five concentric rings of equal area (shown in figure 2.1). The
number of signals in each ring was then manually counted and recorded in a Microsoft
Excel spreadsheet. The proportion of signals in each ring was calculated by dividing
the number of signals in each ring by the total number of signals within the nucleus. In

order to account for the flattening of a 3D object into a 2D image, two mathematical
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models were adopted: The volumetric model, which calculates the volume of the
nucleus and includes compensation factors for the pressures applied to the nucleus
during the FISH procedure and image capture; and the DAPI density model, which
normalises the signals in each ring against the intensity of the DAPI stain in that given

ring.

File Edit Font

Figure 2.1: The ImageJ macro is able to split the nucleus into separate channels, convert the blue channel
to a binary mask, and then apply five rings of equal area to the blue channel.

The mean percentage of signals in each ring was calculated for each patient using each
model in order for clear comparisons to be drawn. A chi? test was performed to test the
hypothesis that signals are distributed non-randomly within the sperm nucleus.

2.2.2.7 3D image analysis

Images for each filter were first deconvolved using the AutoQuant (Media Cybernetics)
3D deconvolution function, and then uploaded into a freely available software called
Nemo for 3D analysis (lannuccelli et al., 2010). Once opened in Nemo, each cell in the
image was identified and analysed for several measurements. These measurements
were exported into a Microsoft Excel spreadsheet for easy manipulation of data. The
measurements of interest included: Distance from the centre of the telomere signal to
the centre of the nucleus (distance 1) and distance from the centre of the telomere to
the border of the nucleus (distance 2) (shown in figure 2.2). For each patient 30-50
sperm nuclei were analysed. Sperm samples from a total of six fertile control patients

and five infertile patients were analysed in this way.

In order to confirm 2D localisation of telomeres by 3D image analysis, distance 1 was
added to distance 2 and then distance 2 was divided by the sum of distance 1 and 2.
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The resulting value was multiplied by 100. This was repeated for all telomere signals
in all cells of all images. The results were then grouped into frequency bins of 0-20,
20.1-40, 40.1-60, 60.1-80 and 80.1-100 and the percentage of signals in each bin was
calculated. This was plotted in a bar chart to represent the tendency of telomere
localisation within the sperm nucleus, with values in the lower bins (0-20) reflecting
peripheral localisation and those in the higher bins (80.1-100) reflecting a central
localisation. Again, chi? statistical tests were performed to test the hypothesis that

telomeres are distributed non-randomly within the sperm nucleus.

A B

D2
X 100
D1+D2

Figure 2.2: Diagramatic representation of distances measured for analysis of telomere distribution. A:
Blue represents DAPI staining on the nucleus, red represents telomere staining, D1 represents distance
1 (the distance between the centre of the telomere signal and the centre of the nucleus), D2 represents
distance 2 (the distance between the centre of the telomere signal and the nuclear periphery). B:
Calculation of telomere position within the 3D nucleus.

2.2.3  Immunofluorescence localisation of H2BFWT in sperm

To assess histone 2B family W testis specific (H2BFWT) distribution in sperm
(specific aim 1a part three), semen samples stored in fixative at -20°C were prepared
and dropped onto a clean poly-lysine glass slide as described in section 2.2.2.1. Each
experiment included a positive control (a sample known to stain well) and a negative
control (in which no primary antibody was applied). Following each incubation step,
slides were allowed to mostly, but not completely dry in order to preserve nuclear

membrane integrity.

Slides were first incubated in PBS for five minutes, then blocked by pipetting 150ul of
5% donkey serum (made up in PBS) onto the slide and applying a 22 x 50mm coverslip.
Blocking solution was washed off by immersion of the slide in PBS for 5 minutes, and
subsequently 150ul of primary antibody solution (1:10 dilution of Santa Cruz
H2BFWT (S-14) antibody plus 10% donkey serum in PBS) was applied (except for in
the case of the negative control slide). After incubation for one hour, slides were
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washed three times in PBS for five minutes each, and then 150pul secondary antibody
solution was applied (1:100 dilution of Santa Cruz Fluorescein isothiocyanate (FITC)
labelled donkey anti-goat 1gG antibody plus 5% donkey serum in PBS). Slides were
incubated for 45 minutes in the dark before washing a further three times in PBS for
five minutes each. Finally slides were rinsed by brief immersion in ddH>O and one
drop of Vectashield® with DAPI was applied. A 22 x 50mm coverslip was applied,
and for 2D analysis, slides were inspected under appropriate filters using a BX61
Olympus microscope equipped with a CCD camera under a 100x objective. For each
patient 100 images equating to 100 nuclei were captured using SmartCapture3
software. For 3D analysis, cells were inspected under an Olympus IX71 microscope
equipped with a CCD camera, under a PlanApo 100x OTIRFM-SP 1.45 NA lens
mounted on a PIFOC z-axis focus drive (Physik Instrumente, Karlsruhe, Germany).
Cells were illuminated using LED light sources (Cairn Research Ltd, Faversham, UK)
with appropriate filters (Chroma, Bellows Falls, VT). The best plane of focus for the
centre of the cells was identified and 61 images were captured in 0.1uM step sizes
through the cell (30 images either side of the central position) for each filter using

Metamorph software (Molecular devices).

2.2.3.1 2D H2BFWT signal localisation

H2BFWT localisation was determined in at least 100 cells from six control patients in
a similar manner to that described in section 2.2.2.6, however a more automated process
was adopted. Images were uploaded into ImageJ and an updated custom-made macro
(described in detail by loannou et al. and Skinner et al. (loannou and Griffin, 2010;
Skinner et al., 2009)) was applied. Firstly, the image was split into green and blue
channels representing H2BFWT signals and DAPI staining respectively. The macro
then converted the blue image to a binary mask from which five rings of equal area
were created. Finally, the proportion of signal in each ring in each channel, relative to
the total signal was measured and the data was exported into Microsoft Excel for data
manipulation in the same way that telomere signal positioning was determined. A chi?
statistical test was carried out to test the hypothesis that H2BFWT localisation in the

sperm nucleus is non-random.

Page 93 of 261



K. J. Turner Materials and Methods

2.2.3.2 3D H2BFWT signal localisation

3D localisation of H2BFWT was measured in 30 — 50 cells from six control patients in
the same way that 3D telomere localisation was captured and analysed (described in
section 2.2.2.7). Images for each filter were deconvolved using the AutoQuant 3D
deconvolution function, and then uploaded into Nemo for 3D analysis (lannuccelli et
al., 2010). Again, measurements of the distance from the centre of the H2BFWT signal
to the centre of the nucleus (distance 1), and distance from the centre of the H2BWFT
signal to the border of the nucleus (distance 2) (shown in figure 2.2) were recorded and
exported into a Microsoft Excel spreadsheet. Distance 1 was added to distance 2 and
then distance 2 was divided by the sum of distance 1 and 2 (figure 2.2). The resulting
value was multiplied by 100 and the results were grouped into the same frequency bins
as described in section 2.2.2.7. Finally the percentage of signals in each bin was
calculated and this was plotted in a bar chart to represent the tendency of telomere
localisation within the sperm nucleus. A chi? statistical test was performed to test the

hypotheses that H2BFWT is localised at the nuclear periphery.

2.2.4 Telomere and H2BFWT co-localisation

Semen samples stored in fixative at -20°C were prepared and dropped onto a clean
poly-lysine glass slide as described in section 2.2.2.1. In order to detect both the
telomere and H2BFWT, the FISH protocol was amended such that it would not impose
implications on the subsequent immunofluorescence staining. All experiments
included three controls using a sample known to stain well: Control one received only
the FISH procedures with the telomere probe, control two received only the
immunofluorescence procedures with the H2BFWT antibody plus secondary antibody
and control three received both procedures, but no primary antibody incubation was

included.

2.2.4.1 Telomere detection by FISH

Initially, all slides (except control two) were subjected to the FISH procedures
described in section 2.2.2 (without nuclear swelling). However, steps following air
drying after the first ethanol series until addition of the StarFISH pan telomeric probe

were omitted so as to avoid detrimental effects on downstream processing. All other
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steps were performed in exactly the same way. However following post hybridisation
washing, slides were immediately washed in PBS for five minutes and allowed to
almost, but not completely dry.

2.2.4.2 H2BFWT detection by immunofluorescence

Subsequent to FISH detection of telomeres, the immunofluorescence protocol ensued
exactly as described in section 2.2.3 in order to detect H2BFWT, except in the case of
control slide 1 ( in which only telomere detection was carried out). All slides received
the same treatment, apart from control slide three, in which no primary antibody

incubation step was included.

2.2.4.3 2D Fluorescence microscopy

Images were captured as described in section 2.2.2.6 and analysed by overlaying
images taken under the Cy3 filter (which detects telomeres) with images taken under
the FITC filter (which detects H2BFWT), in order to observe whether telomeres co-
localised with H2BFWT.

2.2.5 Sperm chromomycin As staining

In order to assess chromatin packaging in human sperm nuclei (specific aim 1b part
one), chromomycin Az (CMA3) staining was performed to test for protamine
deficiency in sperm (a measure of chromatin packaging). Semen samples stored in
fixative at -20°C were prepared and dropped onto a clean poly-lysine glass slide as
described in section 2.2.2.1. A positive control sample was included in all experiments
undertaken. In this positive control experiment sperm cells were decondensed by
immersion of the slide in pre-warmed 200mM freshly made DTT (Melford) for 20
minutes at 37°C. The positive control slide was washed in PBS for five minutes, rinsed
by briefly immersing in ddH20 and air-dried. From thereafter all slides were treated in

the same way.

Chromomycin Az from Streptomyces griseus was dissolved in M®Ilvane’s solution
(0.2M disodium orthophosphate heptahydrate, 0.1M citric acid, 10mM magnesium
chloride (MgCl2) pH7) to a final concentration of 0.25mg/ml. 100ul of this CMA3

solution was applied to each slide and a 22 x 50mm cover slip placed on top. After
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incubation for 20 minutes in the dark, slides were incubated for 30 seconds in
M¢llvane’s solution and allowed to dry (in the dark). One drop of Vectashield®
(without DAPI) was applied to each slide and a 22 x 50mm cover slip was pressed on.
Slides were inspected on a BX61 Olympus microscope equipped with a CCD camera
and appropriate filter under a 100x objective. Images were captured using
SmartCapture3 software. For each patient a total of 100 nuclei were captured, and the
percentage of positively stained nuclei was calculated (indicated by bright yellow
staining). A student’s t-test was performed to test the hypothesis that infertile males

possess a greater percentage of positively stained nuclei.

226  Optimisation of qRT-PCR relative telomere length analysis

In order to assess average relative telomere length from small starting quantities of
DNA, a gRT-PCR protocol originally described by Cawthon 2009 was adapted and
optimised for use with the Rotor-gene Q real-time PCR machine (specific aim 2a). In
this reaction, relative telomere length is measured by determining the factor by which
the DNA sample of interest differs from the reference DNA sample in its ratio of
telomere sequence copy number (T) to the copy number of a single copy reference gene
(S) (Cawthon, 2009).

Telg and Telc primers were used to amplify the telomere, and each reaction also
contained primers designed to amplify part of a single copy gene sequence (beta-
globin). The design of each primer is shown in table 2.1. Both primer pairs contain GC
clamps in order to modify their melting temperature, such that multiplex qRT-PCR can

be achieved with the use of SYBR Green®, negating the need for labelled primers.
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Name | Design Reference
Tely | ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT

Telc | TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA (Cawthon,
Hbgu | CGGCGGCGGGCGGCGCGGGCTGGGCGGCTTCATCCACGTTCACCTTG 2009)

Hbgd | GCCCGGCCCGCCGCGCCCGTCCCGCCGGAGGAGAAGTCTGCCGTT

Table 2.1: Primer design for amplification of the single copy gene beta-globin for qRT-PCR analysis of

relative telomere length in infants.

In order to optimise reaction specificity and efficiency, several commercially available

mastermixes were tested. These are outlined in table 2.2. In addition, a combination of

different primer concentrations were trialled (outline in table 2.3 on the next page).

Mastermix Supplier
SYBR® Green JumpStart™ Taq ReadyMix™ | Sigma Aldrich
Power SYBR® Green Master Mix Life Technologies
QuantiTect SYBR® Green PCR Kits Qiagen
QuantiFast SYBR® Green PCR Kit Qiagen
Rotor-Gene SYBR® Green PCR Kit Qiagen

iQ™ SYBR® Green Supermix Bio-Rad
LightCycler® 480 DNA SYBR Green | Master | Roche
SensiMix™ SYBR® No-ROX Kit Bioline
SensiFast™ SYBR® No-ROX Kit Bioline

Table 2.2: Different mastermixes tested during optimisation of gRT-PCR analysis of relative telomere

length.

Primer name
Telg Telc Hgbd Hgbu
150 150 150 150
Primer 75 75 50 50
concentration 50 50 75 75
(nm) 50 50 50 50
25 25 50 50

Table 2.3: Different primer concentrations trialled (in nm) during optimisation of multiplex gRT-PCR

analysis of average relative telomere length.

As discussed further in chapter 4, the optimum cycling conditions for multiplex gRT-

PCR were achieved using the components outlined in table 2.4. Therefore all

subsequent experiments were undertaken using these components.
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Volume Final
Component Supplier Concentration (uh) Concentration

Telg Eurofins MWG Operon 1.25uM 1 50nM

Telc Eurofins MWG Operon 1.25uM 1 50nM

Hbgu Eurofins MWG Operon 1.25uM 1 50nM

Hbgd Eurofins MWG Operon 1.25uM 1 50nM

2x SensiMix™ No Rox Bioline N/A 12.5 1x

PCR grade water Qiagen N/A 3.5 N/A

Patient DNA N/A 5ng/ul 5 25ng
Reference DNA N/A 20 —0.625ng/ul 5 100 - 3.125ng

Table 2.4: Components of multiplex gRT-PCR set up for relative telomere length analysis in infants.

2.2.6.1 Setting up qRT-PCR and cycling conditions

In a pre-decontaminated PCR cabinet, enough mastermix was made up for all reactions
and 20ul was dispensed into each 0.1ml tube (Qiagen). 5ul of PCR grade water was
added to the no template negative control tubes, and the lids of these tubes were closed.
The remaining tubes were transported to a different laboratory for the addition of 5ul
DNA. A two-fold serial dilution of the reference DNA sample (AMS Biotechnology)
was assayed in order to plot a standard curve of the log DNA concentration against the
cycle threshold (an automatic function of the Rotor-gene Q software) to confirm
acceptable reaction efficiency in each reaction (between 95-105% with an R? value
above 0.95). Reference DNA was diluted to a concentration of between 10ng/ul to
0.3125ng/ul in ddH20 immediately prior to setting up the reaction in order to give final
amounts of between 50ng and 1.625ng of DNA upon addition of 5ul into each tube.
All reactions were set up in triplicate. After addition of DNA to each reaction, the lids
of the tubes were closed, and the samples were loaded into a Rotor-Gene Q 2 plex

gPCR machine (Qiagen).

Cycling conditions are outlined in figure 2.3 on the next page. An initial hold
temperature at 95°C promoted activation of the DNA polymerase, followed by two
cycles at 94°C and 49°C for 15 seconds each to allow annealing and extension of Telg.
In the subsequent 40 cycles Telc primed synthesis of the Telg product formed in the
previous step via annealing at 62°C followed by extension at 74°C. Data was collected
at 74°C under Cycling A in the Rotor-Gene Q Software. Although beta-globin
amplification may occur at this temperature, the cycle threshold of this product is much

later than that of the telomere, thus differentiating the two products. An incubation step
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at 84°C melted the telomere product whilst still allowing annealing of Hgbu and Hgbd
due to their high melt temperatures imposed by GC clamps. Extension and signal
acquisition of the single copy gene product at 88°C was recorded in Cycling B in the
Rotor-Gene Q Software. Finally a melt curve analysis was performed by incubating for

one second and acquiring signals between 72°C and 95°C.

95°C
94°C 88°C

10 mi .
mns 15 secs 84°C 15 secs T 97

74°C 10 secs

15 secs

62°C

10 secs

x1 x2 x40

Figure 2.3: Cycling conditions of the multiplex gRT-PCR for relative telomere length analysis.

After completion of the cycle, the reaction efficiency was assessed using the Rotor-
Gene Q Series Software. Furthermore, the melt curve was assessed to check that only
the expected products had formed, and a 3% agarose gel was run for further

confirmation of expected product sizes as described in the next section.

2.2.7  Agarose gel electrophoresis

In order to assess qRT-PCR product sizes, products were run on a 3% agarose gel. This
was prepared by dissolving 1.35g Ultrapure™ Agarose (Invitrogen) in 45mls of Tris-
acetate (40mM) Ethylenediaminetetraacetic acid (EDTA) (1mM) (TAE) by heating for
90 seconds in a microwave. After allowing the solution to cool slightly, 1ul SYBR safe
(GE Healthcare) was added and the solution was mixed and poured into a cast
containing a comb, and allowed to set. Once the gel was fully set, the comb was
removed and the cast appropriately repositioned in the gel tank. Sufficient TAE was
poured into the tank to cover the gel, and subsequently samples premixed with an
appropriate volume of 6x loading buffer (Promega) were loaded into the wells. The
outermost wells were loaded with 5ul of 500Kbp DNA ladder (Promega) premixed
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with 1ul 6x loading dye. The gel was run for 45 minutes at 90V before assessing and
photographing under a UV light on a transilluminator with a Kodak ID Camera
(Carestream Health Inc., Rochester, New York, USA).

2.2.8 gRT-PCR analysis of telomere length in single cells

In order to assess telomere length in whole genome amplified DNA from single cells,
a singleplex gqRT-PCR protocol was adapted from Cawthon’s multiplex qRT-PCR
assay for telomere length analysis (described in section 2.2.6), and optimised for use
with the Rotor-gene Q real-time PCR machine (specific aim 2b). In this assay,
telomeres were amplified in a separate reaction to amplification of the reference
sequence. Due to the fact that single cells contain only one copy of the genome, whole
genome amplification (WGA) prior to gRT-PCR is necessary to generate the required
input quantity of DNA. In order to reduce the risk of inaccuracies in telomere length
quantitation as a result of allele dropout during WGA, and for differences in
chromosome number, a multicopy reference gene (alu) was detected (Treff et al., 2011)
instead of a single copy reference gene (hgb), as utilised by Cawthon 2009 (Cawthon,
2009).

2.2.8.1 gRT-PCR components
Primer designs for amplification of the telomere is shown in table 2.1 in section 2.2.6.

Primer designs for amplification of the multicopy reference gene are shown in table
2.5.

Name Design Reference
AluF GACCATCCCGGCTAAAACG (Treffetal.,
AlUR | CGGGTTCACGCCATTCTC 2011b)

Table 2.5: Primer design for amplification of a multicopy reference gene from single cells.

In order to optimise specificity and efficiency of each amplification reaction, three of
the best performing commercially available mastermixes identified in section 2.2.6
were trialled. These are described in table 2.6 on the next page. In addition, five

different combinations of reference gene primer concentrations and three different
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combinations of telomere primer concentrations were tested. These are outlined in

tables 2.7 and 2.8.

Mastermix

Supplier

Rotor-Gene SYBR® Green PCR Kit | Qiagen

SensiMix™ SYBR® No-ROX Kit

Bioline

SensiFast™ SYBR® No-ROX Kit

Bioline

Table 2.6: Different mastermixes tested during optimisation of
length from single cells.

gRT-PCR analysis of relative telomere

Primer name
AluF AluR
300 300
Primer 200 200
concentration 100 200
(nm) 100 100
50 50

Table 2.7: Primer concentrations tested for amplification of the
telomere length analysis by gRT-PCR in single cells.

mutlicopy reference sequence for

Primer name
Telg Telc
Primer 200 200
concentration 100 100
(nm) 50 50

Table 2.8: Primer concentrations tested for amplification of the
gRT-PCR from single cells.

telomere in telomere length analysis by

As discussed in chapter 4, the optimum reaction conditions for amplification of the

telomere and multicopy reference sequence are outlined in table 2.9. Each reaction run

included six two-fold serial dilutions of a reference
efficiency (concentrations ranging from 10ng/ul to
final input DNA ranging from 50ng — 1.625ng). A
triplicate.
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Volume
Component Supplier Concentration | (ul) Final Concentration
Telg OR AluR Eurofins MWG Operon | 2.5uM 1 100nM
Telc OR AluF Eurofins MWG Operon | 2.5uM 1 100nM
2x Rotor Gene-Q
SYBR Green PCR Kit | Qiagen N/A 125 1x
PCR grade water Qiagen N/A 5.5 N/A
Patient DNA N/A 5ng/ul 5 25ng
Reference DNA N/A 20 —0.625ng/ul | 5 100 — 3.125ng

Table 2.9: Reaction contents for telomere or multicopy reference sequence amplification from single
cells for relative telomere length analysis.

The multicopy reference gene amplification reaction was set up in exactly the same
way as the telomere amplification reaction, however Telg and Telc primers were

substituted for AluF and AluR primers (at the same concentration as Telg and Telc).

2.2.8.2 Setting up the gRT-PCR reaction

Each reaction was set up as described in section 2.2.6.1. One reaction (in triplicate) was
set up containing primers designed to amplify the telomere and following completion
of this run, a second reaction was set up containing primers designed to amplify the alu

multicopy reference gene.

2.2.8.3 gRT-PCR cycling conditions

After the reaction was set up, the telomere sequence was amplified in a Rotor Gene-Q
real-time PCR machine (Qiagen) under the cycling conditions outlined in figure 2.4.
An initial hold temperature at 95°C promoted activation of the DNA polymerase,
followed by two cycles at 94°C and 49°C for 15 seconds each. This allowed annealing
and extension of Telg. In the subsequent 40 cycles, Telc is able to prime synthesis of
the product formed in the previous step via annealing at 62°C followed by extension at
74°C. Data is collected at 74°C. A melt curve was performed at the end of the cycle.
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Figure 2.4: PCR cycling conditions for telomere amplification in WGA samples from cell line DNA or

biopsied single cells.

In order to optimise cycling conditions for the amplification of the multicopy reference
sequence, the cycling temperatures and durations outlined in table 2.10 on the next page

were trialled.
Ste Temperatures tested Hold duration time
P °C tested
Polymerase activation (as per 5 mi
. mins
manufacturer recommendation 95
dependent upon mastermix 10 mins
used)
Melting 95 15 secs
60 secs
60 30 secs
) 15 secs
Annealing
30 secs
64 15 secs
10 secs
70
Extension and signal acquisition 75 10 sec
77

Table 2.10: Different cycling conditions attempted for the amplification of the multicopy reference gene
for relative telomere length analysis in WGA DNA derived from single cells.

The optimum cycling conditions for multicopy reference gene amplification was
achieved under the conditions outlined in figure 2.5 on the next page. Again, incubation
at 95°C allowed for activation of the DNA polymerase. Subsequent cycling at 95°C,
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60°C and 77°C allowed for denaturation of double stranded DNA, annealing of primers
and polymerase extension respectively. A melt curve was performed at the end of the
cycle in order to assess whether the products formed during the reaction matched the
profiles of the expected product (presence of one peak at the expected melting

temperature), thus indicating specific amplification of the desired sequence.

95°C 9s5°C

5 mins 15 secs

779C: Ea

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| [
| 10 secs |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

x1 x32

Figure 2.5: Cycling conditions for amplification of the multicopy reference gene from WGA cell line
DNA and biopsied single cells.

Following completion of each cycle the reaction efficiency was assessed using the
Rotor-Gene Q Series Software. The software performs this by plotting the log DNA
concentration against the cycle threshold (Ct) for each of the serial dilutions included
in the run. The slope of the line through the points indicates the reaction efficiency.
Reaction products were also run on a 3% agarose gel following completion of the best
performing run, in order to confirm reaction specificity. This was carried out as

described in section 2.2.7.

2.2.9 Validation of telomere length analysis in single cells

Prior to analysis of telomere lengths in polar bodies and embryo biopsies (specific aim
4), it was necessary to ascertain whether whole genome amplification faithfully
represented telomere DNA (specific aim 2c). To confirm true representation of
telomere length following WGA, DNA samples from aneuploid cell lines (MCF-7 and
A431) (AMS Biotechnology), euploid cell lines (male and female) and known trisomy

21 donor samples (Culture Collections) were amplified using the SurePlex
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amplification system (Illumina). The correlation between pre WGA telomere copy

number, and post WGA telomere copy number was then assessed.

2.29.1 Whole genome amplification of control DNA

Control DNA samples were first diluted to 15pg/pl in DNA free H20. 1pl of this was
placed in a DNA free 0.2ml tube, and 4pul of cell extraction buffer was added. An
extraction cocktail was then prepared by addition of 24l extraction enzyme dilution
buffer to 1ul cell extraction enzyme. Subsequently this extraction cocktail was mixed
and 5pl added to each tube. Tubes were placed in a thermal cycler for incubation at
75°C for 10 minutes followed by 95°C for four minutes.

During this incubation time, a preamp cocktail was prepared and mixed, containing
24pl SurePlex preamp buffer and 1pl SurePlex preamp enzyme. After completion of
the incubation steps, 5ul of preamp cocktail was added to each tube, and they were
returned to the thermal cycler for cycling under the following conditions outlined in
table 2.11:

Number Temperature Time
cycles (°C) (seconds)
1 95 120
95 15
15 50
12 25 40
35 30
65 40
75 40
1 4 Hold

Table 2.11: SurePlex preamp cycling conditions used for whole genome amplification of cell line DNA.

Once the preamp cycling was completed, samples were centrifuged briefly and placed
on ice while the amplification cocktail components were prepared. This consisted of
25ul SurePlex amplification buffer, 0.8ul of SurePlex amplification enzyme and 34.2pl
of nuclease free water. The amplification cocktail was mixed prior to adding 60pl to
each tube. The entire solution was then mixed by pipetting before returning to the

thermal cycler using cycling conditions outlined in table 2.12.
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Number Temperature Time
cycles (°C) (seconds)
1 95 120
95 15
14 65 60
75 60

Table 2.12: SurePlex amplification cycling conditions for whole genome amplification of cell line DNA.

Lastly, products were purified using the QIAquick PCR purification kit (Qiagen) as
described in section 2.2.9.2, and DNA quantity and quality was then assessed using a

Nanodrop spectrophotometer.

2.2.9.2 WGA product purification

After WGA, amplified products from validation cell lines were purified using the
QIAquick PCR Purification kit (Qiagen). This was undertaken prior to telomere length
analysis, to ensure that primers and reagents carried over into the WGA products did

not interfere with downstream processes.

Initially, a volume of buffer PB equal to five times the volume of amplified product
was added to each product. This resulted in a colour change in the SurePlex
amplification products, indicating a sub-satisfactory pH, therefore 10ul 3M sodium
acetate (Sigma) was added to each of these samples to ensure efficient binding of DNA
to the purification columns, and maximum product retrieval following purification.
One QIAquick spin column for each sample was assembled into a separate collection
tube and each sample was added to a separate column. The columns were centrifuged
at 13,000rpm for 60 seconds and the flow through was discarded. This allowed WGA
products to bind to the column, whilst allowing carry-over reagents and primers to wash
through the filter in the column as flow through. Columns were then re-assembled back
into their collection tubes and 750ul of buffer PE was added to each one. They were
then spun again at 13,000rpm for 60 seconds, to wash any residual WGA reagents from
the DNA bound to the column filter. The flow through was again discarded and the
collection tube was replaced back together with the column. A third centrifugation step
at 13,000rpm for 60 seconds ensued, in order to remove all traces of buffer PE, which
would affect the purity of the final product and in turn affect downstream telomere

length analysis by gRT-PCR. After this, each column was assembled into a clean DNA
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free Eppendorf tube and 30pul buffer EB was applied. The columns were left to stand
at room temperature for 60 seconds to elute the bound DNA from the filter in the
column, before finally centrifuging at 13,000rpm for 60 seconds. Eluted DNA was
quantified using a Nanodrop spectrophotometer, and the purity was assessed by
evaluating the A260/280 and A260/230 values. Those that fell within acceptable ranges
(between 1.8 and 2, and between 2 and 2.2 respectively) were stored at -20°C until use
in the gRT-PCR assay for telomere length analysis in single cells.

2.2.9.3 Determination of relative telomere length

gRT-PCR analysis of relative telomere length was carried out as described in section
2.2.8. Each DNA sample was assessed in triplicate. The amount of telomere sequence
present was assessed by averaging the triplicate cycle threshold values for both the
telomere and the reference gene reactions, before using the standard comparative
method (224 to determine the fold change in telomere copy number (representative
of relative telomere length) between the reference sample and the unknown sample

(Schmittgen and Livak, 2008). This was calculated using the formula in equation 2.1:

Fold Change - 2-((unknown tel Ct — unknown alu Ct) - (ref tel Ct — ref alu Ct))

Equation 2.1: Comparative method for fold change calculation between a reference and an unknown
sample. ‘tel’ refers to the telomere sequence amplification reaction, ‘alu’ refers to the multicopy
sequence reaction, ‘ref” refers to the reference DNA amplification and ‘Ct’ is the cycle threshold.

2.2.10 gRT-PCR analysis of relative telomere length in single cells

To test the hypotheses that, overall, relative telomere length is altered in polar bodies
and embryos in women of advanced maternal age (specific aims 3a and 3b), qRT-PCR
analysis was performed using purified WGA DNA from first polar body and
blastomere biopsies as described in section 2.2.8. Each sample was diluted to a
concentration of 5ng/ul in buffer EB immediately prior to use, and 5ul was added to
the reaction mix in the tube. All samples were assayed in triplicate, and all reaction
runs included a two-fold serial dilution of reference DNA in order to monitor reaction
efficiency. Relative telomere length was calculated using the cycle threshold values of

the polar body or embryo sample and the cycle threshold values of the reference DNA
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as ‘ref’ in equation 2.1. A student’s t-test was performed to assess statistical

significance of any differences observed.

2.2.11 DNA extraction from whole blood

For the analysis of average telomere length in newborns (specific aim 4a), DNA was
extracted from whole blood sampled via standard phlebotomy techniques using
Lithium Heparin Vacutainers™ (Becton Dickinson). Samples dedicated for DNA
extraction were stored at -80°C for up to 1 week prior to DNA extraction. DNA was
extracted from between 500ul and 1ml of whole blood using a DNA isolation kit from

mammalian blood (Roche) following the manufacturer’s protocol.

2.2.11.1 Red and white blood cell lysis

Red blood cell lysis was achieved by thawing the blood and allowing it to warm to
room temperature, before pipetting 500ul of blood into a labelled DNA free 2ml tube
(or two 2ml tubes when the volume was more than 500pl). 1.5ml of red cell lysis buffer
was added to each sample and tubes were agitated gently at room temperature for 10
minutes. Next, the tubes were spun at 2000rpm for 10 minutes, and the supernatant was
removed and discarded appropriately in Virkon® (VWR). In order to lyse white blood
cells, the clear pellet remaining in the tube following centrifugation (representing white
blood cells) was vortexed to dissolve the cells in the residual liquid, and 1ml of white
cell lysis buffer was added to each tube. The tubes were incubated at 65°C for 10

minutes to allow complete lysis.

2.2.11.2 RNA degradation and protein precipitation

After white cell lysis, samples were allowed to cool to room temperature before
addition of 5ul of 4mg/ml RNase (Promega) to each tube. Subsequently, tubes were
incubated at 37°C for one hour so that any RNA in the sample was degraded. This was
so that RNA could not interfere with subsequent telomere length analysis protocols.
Next, 520ul of protein precipitation buffer was added to each tube, and the samples

were vortexed for 25 seconds before centrifugation at 10,000rpm for 10 minutes. This
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meant that precipitated protein was pelleted at the bottom of the tube, allowing recovery

of DNA from the supernatant by subsequent DNA precipitation and purification.

2.2.11.3 DNA precipitation

600ul aliquots of the supernatant from section 2.2.11.2 were pipetted into fresh 2ml
tubes. 1.2mls of 100% ethanol was then added to each aliquot, and tubes were inverted
several times until the DNA had precipitated. Samples were centrifuged at 10,000rpm
for 10 minutes to pellet the DNA, before washing the pellets in 1.5mls of ice cold 70%
ethanol. Each tube was then centrifuged again at 10,000rpm for five minutes before air
drying the pellet, and re-suspending it in 200ul Tris Diaminoethane-tetraacetic acid
(EDTA) (TE). In order to dissolve the DNA, tubes were incubated at 65°C for 30

minutes. Samples were stored at 4°C until use.

2.2.12 Average relative telomere length analysis in newborns

To test the hypothesis that telomere length is reduced in preterm infants compared to
term born controls (specific aim 4a and 4b), average relative telomere length analyses
were performed using the MM@RT-PCR protocol optimised in section 2.2.6, with DNA
extracted from whole blood as described in section 2.2.11. Prior to use in MMgRT-
PCR, the DNA concentration and purity of each sample was assessed using a Nanodrop
spectrophotometer. Samples were then diluted to a concentration of 5ng/ul in DNA
free water, and 5pl was added to a reaction tube. Each patient DNA sample was assayed
in triplicate. In addition, a two-fold serial dilution of reference DNA was also assayed
in triplicate with each MMQ@RT-PCR run in order to monitor reaction efficiency.
Relative telomere length (T/S ratios) of unknown patient samples were determined
from the cycle thresholds of the telomere and single copy gene reactions using equation
2.1. However the ‘unknown alu’ and ‘ref alu’ were replaced with unknown single copy
reference sequence cycle threshold and reference DNA single copy reference sequence
cycle threshold respectively (Cawthon, 2009). Results were compared for statistical

significance using a student’s t-test.
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2.2.13 Lymphocyte metaphase preparation

For the measurement of individual telomere lengths of p and g arms of each
chromosome in newborns (specific aim 4c), metaphase preparations were made from
whole blood drawn from infants recruited at WHH or QEQMH. Prior to setting up
blood culture, a class 3 laminar flow cabinet was UV irradiated for 30 minutes,
thoroughly wiped down with a Virkon® (VWR) soaked cloth, and then sprayed with
70% industrial methylated spirit (IMS) in order to sterilise the working area. All tip
boxes, flasks, pipettes and other equipment were also sprayed with 70% IMS prior to

entering the laminar flow cabinet.

500ul of blood was added to 9.5mls of pre-warmed PB Max™ Karyotyping media
(Invitrogen™, Fischer Scientific) in a T25 tissue culture flask. This was then
transferred to a 37°C incubator with 5.5% CO> for 72 hours in order to allow
proliferation of lymphocytes and to ensure that cells were actively dividing (which is
essential for metaphase preparation). Following incubation, metaphase preparations
were produced by first re-suspending the cell layer formed at the bottom of the flask
by gentle agitation, and subsequently addition of 100ul of 10pg/ml Demecolcine
(Sigma Aldrich). The flask was then returned to the incubator for 40 minutes in order
to arrest dividing cells in metaphase, before transferring the entire culture into a sterile
15ml falcon tube, and centrifuging at 1900rpm for five minutes.

After centrifugation, the supernatant was removed and disposed of appropriately,
taking care not to disturb the pellet. The pellet was then re-suspended in a small residual
volume of culture media, and a timer set at 12 minutes was started at the time of adding
6mls of pre-warmed hypotonic solution (0.075M KCI). Hypotonic solution was added
in a drop wise fashion whilst agitating the tube, and then the tube was then returned to
the incubator for the remainder of the 12 minutes in order to lyse cells, and promote
proper spreading of chromosomes (which is essential for analysis of individual

chromosomes).

Next, the tube was filled to the 14ml graduation line with ice cold 3:1 methanol:acetic
acid, by gentle pipetting down the side of the tube in order to fix the chromosomes
gently. The tube was inverted several times to mix the layers that had formed, and then
centrifugation at 1900rpm for five minutes ensued. Subsequently the supernatant was

removed, taking care not to disturb the pellet. The pellet was again re-suspended in a
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small residual volume, before further addition of 6mls ice cold fixative in a drop wise
fashion with gentle agitation. After this, the sample was centrifuged again at 1900rpm
for five minutes and the process was repeated three to five times depending on the
quality of the sample (assessed by the size and colour of the pellet). Samples were

stored at -20°C in 6mls of fixative until use.

2.2.14 L5178Y-R and LY5178Y-S cell culture

Mouse lymphoma cell lines L5178Y-R and L5178Y-S with known telomere lengths
were kindly donated by Predrag Slijepcevic (Brunel University UK) for use in the
calibration of quantitative fluorescence in situ hybridisation (QFISH) telomere length
analysis experiments (specific aim 4c). For both cell lines, 30-70,000 cells
cryopreserved in liquid nitrogen (in 1ml cryopreservation media made from 90% fetal
calf serum, 10% dimethylsulfoxide (DMSQ) (Sigma)) were thawed at 37°C and seeded
in 8ml pre-warmed Roswell Park Memorial Institute medium (RPMI) media (Sigma),
supplemented with 1ml of newborn calf serum (Sigma) and 100ul of 10,000U/ml
penicillin, 10mg/ml streptomycin (Gibco). Cells were incubated at 37°C with 5.5% CO
and passaged every 48-72 hours by removing 1ml of culture and placing it into 9ml of
pre-warmed fresh media. Metaphase preparations were produced as described in
section 2.2.13. All procedures were carried out following aseptic technique practices

in a pre-sterilised class 3 laminar flow cabinet as described in section 2.2.13.

2.2.15 Quantitative Fluorescence in situ Hybridisation

To test the hypothesis that telomere lengths of individual chromosome ends are reduced
in preterm infants compared to term born controls (specific aim 4c), patient lymphocyte
metaphase preparations and calibration mouse lymphoma cell line metaphase
preparations (L5178Y-R and L5178Y-S) were assessed by quantitative fluorescence in
situ hybridisation (QFISH).

2.2.15.1 Slide preparation

Preparations stored in fixative at -20°C were centrifuged at 1900rpm for five minutes,
and the appropriate volume of supernatant was removed in order to obtain a suitable

concentration of cells (depending on the size of the pellet). A poly-lysine glass slide
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was cleaned by immersing in methanol, dried, and marked with the diamond marker
on the underside. The slide was labelled, and briefly passed through steam before
dropping 8l of sample onto the marked area. When the sample appeared grainy, a
further 8l of fresh fixative was dropped onto the marked area, and each slide was then
immersed in 70% acetic acid (made up in methanol) for 10 seconds in order to fully
spread the chromosomes and degrade cytoplasm. Following this, slides was immersed
in an ethanol series (70%, 80% then 100%) for two minutes each, air dried and

inspected under phase contrast to check the mitotic index, and the quality of the prep.

2.2.15.2 Ageing of slides and pre-hybridisation washes

Metaphase preparation slides were aged at 37°C overnight before proceeding with the
manufacturer’s instructions included in Telomere PNA FISH Kit (Dako). Briefly,
slides were incubated in tris buffered saline (TBS) for two minutes in order to re-
hydrate the samples, and then fixed in 3.7% formaldehyde (made in TBS) for two
minutes, in order to preserve structure and ensure that samples were not lost from the
slide during subsequent steps. Following fixation, slides were incubated twice in TBS
for five minutes each, before incubation in pre-warmed pepsin solution (described in
section 2.2.2.2) at 37°C for 10 minutes. This was carried out in order to remove
cytoplasmic proteins, which may result in high background staining, and to allow
efficient access of the probe to DNA sequences. The next step involved a further two
washes in TBS for five minutes each, and subsequently incubation in an ice cold

ethanol series for two minutes each in order to dehydrate the metaphase preparations.

2.2.15.3 Denaturation and hybridisation

After slides had air-dried, 5ul of FITC labelled PNA probe was pipetted onto the
marked area and a cover slip was applied and sealed using Fixogum rubber cement.
Chromosomes were then denatured on the heat block at 80°C for five minutes before
allowing hybridisation of the probe at room temperature for between two and four
hours. All procedures hereafter were carried out in the dark to avoid photobleaching of
the probe.
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2.2.15.4 Post-hybridisation washes and detection

After hybridisation, rubber cement was carefully removed with tweezers, and the cover
slip allowed to float off in rinse solution. Excess un-hybridised probe was washed off
in pre-warmed wash solution at 65°C for 10 minutes. Finally, slides were incubated in
an ice cold ethanol series for two minutes each, air-dried, and mounted in 10ul of
vectashield® with DAPI. A 22 x 50mm coverslip was pressed onto the slide, and sealed
with nail varnish. Telomere signals were then visualised and captured as 16-bit images
using a BX61 Olympus microscope equipped with a CCD camera and appropriate
filters for DAPI and FITC detection under a 60x objective. At least 10 metaphases were
captured per patient, and at least five metaphases were captured from each of the
L5178Y-R and L5178Y-S control cell lines included with the experiment.

2.2.15.5 QFISH control slide preparation

Alongside each experiment, a control slide containing 3ul freshly dropped 0.2uM
TetraSpeck™ microspheres (Life Technologies) diluted 1:5 in ddH20 was prepared in
order to calibrate against slight variation in capture system performance between
experiments. These were prepared by simply pipetting the beads onto the slide,
spreading the drop using the pipette tip, and allowing the slide to dry in the dark at
room temperature for 2-3 hours. The beads were then mounted by pipetting 10ul of
glycerol onto the slide and pressing a 22 x 50mm cover slip on top. The cover slip was
then sealed using nail varnish and images were captured as described above.

2.2.15.6 QFISH image analysis

QFISH Images were analysed based on a previously published method (Wong and
Slijepcevic, 2004). Briefly, QFISH was performed on six separate occasions using
metaphases from mouse cell lines L5178Y-R and L5178Y-S previously shown to have
telomere lengths of approximately 48kbp and 7kbp respectively (Mcllrath et al., 2001).
Following image capture of at least 10 metaphases, images were converted to 8-bit
using ImageJ, and telomere fluorescence intensity values were measured using TFL-
Telo software (freely available from http://www.flintbox.com/public/project/502). The
average fluorescence values for each of the cell lines were then divided by their
respective expected telomere length to provide two conversion factors. These

conversion factors were averaged to produce a final conversion factor.
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Images of the fluorescent beads were also converted to 8-bit using ImageJ and analysed
using TFL-Telo, for each of the experiments performed with the mouse cell lines, and
with patient samples. The average fluorescence values of the fluorescent beads
captured in the experiments with the mouse cell lines, was then divided by the average
fluorescent value of the fluorescent beads in the experiment with the patient samples,

to give a correction value for day to day variations in the microscopy set up.

The conversion factor and the correction factor described above were then used to
calibrate fluorescence values from unknown patient samples in order to calculate
absolute telomere length. At least five metaphase images from unknown patient
samples were converted to 8-bit using ImageJ, karyotyped with the aid of SmartType2
(Digital Scientific), and then imported to TFL-Telo for fluorescence intensity analysis.
Raw fluorescence values for telomeres on the p and g arms of autosomes were exported
into Microsoft Excel, multiplied by the calculated correction value, and then this
corrected value was converted to absolute telomere length by dividing the value by the
conversion factor. Following un-blinding of the study, telomere lengths of p and g arms
from each autosomal chromosome in each patient were then grouped according to
whether the patient belonged to the preterm cohort sampled at birth or at term
equivalent age, or the term cohort. Measurements from these groups were then assessed
using a multivariate analysis of variance (ANOVA) statistical test, in order to ascertain
whether telomere lengths of specific arms from specific chromosomes were reduced in
preterm infants compared to term born controls (specific aim 4c). Sex chromosome
measurements were omitted from this analysis, since not all patients possessed a true
homologous pair (some were males) therefore an average value for p and g arms was

not possible.
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3 Specific aim 1: To test the hypothesis that telomere
distribution is altered in the sperm heads of males with

severely compromised semen parameters

3.1 Background

Infertility, defined as the inability to conceive after one year of regular unprotected
intercourse, affects around one in six couples wishing to start a family. Of these, at least
20% are solely attributable to male factors, and in many other cases, a male origin
contributes to infertility alongside female factors (Seli and Sakkas, 2005). The causes
of male factor infertility are complex, made up of physiological, hormonal, and genetic
contributions. Genetic causes of infertility break down into monogenic, chromosomal
and multifactorial categories (Shah et al., 2003), with chromosomal causes further sub-
divided into balanced translocations, inversions, Y chromosome deletions, sex
chromosome trisomy and elevated levels of sperm disomy (Griffin and Finch, 2005).
As pointed out in section 1.8.1, loannou and Griffin (loannou and Griffin, 2010) have
also argued that another chromosomally related factor, that of nuclear organisation,
should be altered in the sperm heads of a certain subset of infertile men. To date

however there has been little direct evidence to support this hypothesis.

Male gametes represent a unique cell type in that they do not replicate, they are
predominantly transcriptionally silent, and they are the smallest cell type in the body.
The latter dictates that DNA must be packaged extremely tightly within the nucleus in
order to deliver the paternal genome to the fertilised oocyte. This is mainly facilitated
via replacement of the majority (90%) of histones with sperm specific protamines
during spermatogenesis. This, tight packaging of the genome involves a highly ordered
level of nuclear organisation within the sperm head, which has been extensively
studied, and has been shown to adopt a chromocentric model. That is, centromeres
cluster deep in the interior of the nucleus to form a chromocenter, and telomeres reside
in dimers or tetramers at the nuclear periphery (Zalensky and Zalenskaya, 2007).
Interestingly telomeres, at least in part, retain association with histones, which is
thought to play a functional role in telomere attachment to the nuclear membrane

(Gineitis et al., 2000; Zalenskaya et al., 2000). A sperm specific histone 2B variant
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known as histone 2 family W testis-specific (H2BFWT) has been shown to be essential
in facilitating this interaction (Churikov et al., 2004). Indeed, point mutations in
H2BFWT have previously been associated with idiopathic male infertility (Lee et al.,
2009; Ying et al., 2012).

This strict level of nuclear organisation is thought to be essential for fertilisation and
embryogenesis, therefore it is reasonable to hypothesise that telomere organisation
might play a key role in male fertility. Indeed, telomeres are thought to be the first part
of the genome to respond to oocyte signals for male pronucleus development following

fertilisation (Zalenskaya et al., 2000).

Current literature indicates uncertainty in the role of nuclear organisation in male factor
infertility (as dicussed in section 1.8.1.1). While one study has found altered sex
chromosome positioning in the sperm of severely oligozoospermic males (Finch et al.,
2008), another more recent study investigating the position of 18 chromosomes
(including sex chromosomes) found that nuclear organisation in sperm is more robust,
and is not altered in infertile males (loannou and Griffin, 2010). If the positions of the
centromeres are largely unaltered in oligozoospermic males, and we accept the
rationale that nuclear organisation should be altered in association with infertility then
an obvious next place to look is the telomeres. Specifically it raises the hypothesis that
the reported peripheral location of the telomeres is altered in infertile males and that
the telomeric TTAGGG motif is associated with histone 2B variant H2BFWT
differentially in fertile vs infertile males. To date however, information detailing
telomere distribution and its role in nuclear organisation in relation to male fertility to
the best of my knowledge has not been reported in the literature. This chapter therefore
aims to test the hypothesis that telomere distribution is altered in males with severely

compromised semen parameters compared to normal fertile controls.
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3.2 Specific aims

With the above in mind the specific aims of this chapter were as follows:

1a. To test the hypothesis that telomeres are non-randomly distributed (predominantly
at the nuclear periphery) in the sperm heads of normally fertile males:
e Using extrapolations of two dimensional data

e Using direct evidence from three dimensional preparations

1b. To test the hypothesis that an apparently altered telomere distribution can be

artificially induced by inappropriate swelling of the sperm head

1c. To test the hypothesis that H2BFWT also clusters at the nuclear periphery (and, by
implication, is anchored to the nuclear membrane) in the sperm heads of normally

fertile males

1d. To test the hypothesis that H2BFWT and the TTAGGG motif co-localise thereby

suggesting a functional interaction

le. To test the hypothesis that nuclear organisation is altered in infertile males
compared to their normal counterparts by assessment of telomere distribution, as
assayed in aim la. That is, chromatin packaging and organisation of the sperm head is
altered in males with compromised semen parameters and thus that altered nuclear

organisation may be considered a marker of male infertility

1f. To test the hypothesis that any alteration in nuclear organisation between fertile and

infertile males may be related to the degree of chromatin packaging
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3.3 Results

3.3.1 Specific aim 1a: To test the hypothesis that telomeres are non-
randomly distributed (predominantly at the nuclear periphery) in

the sperm heads of normally fertile males

3311 Extrapolations of 2D data
A biotin labelled pan-telomere sequence specific probe (TTAGGGnN) was used in 2D

FISH experiments to detect the presence of the telomere specific sequence in sperm
heads (see materials and methods section 2.2.2). Three dimensional extrapolations of
2D data were used (materials and methods section 2.2.2.6) to test the above hypothesis.
Semen parameters (concentration, motility and morphology) were assessed and
confirmed as within normal range by trained andrologists at The London Bridge

Fertility Gynaecology and Genetics Centre.

Visual inspection of FISH images indicated that, while telomere spots may appear
anywhere in the sperm nucleus, the majority of signals are seen towards a peripheral
region. A gallery of example images for telomere distribution in normal males can be

seen in figure 3.1.

Figure 3.1: Distribution of telomeres in sperm nuclei of normal males. Example images acquired
following FISH experiments using a pan telomere probe (red) and DAPI staining of the sperm nucleus
(blue). Although spots appear anywhere in the nucleus, the majority of telomere spots are localised at
the nuclear periphery.

Empirical evidence in support of this observation was provided when average telomere
distribution was assessed following 2D analysis using the DAPI density and volumetric
models (outlined in section 2.2.2.6). Figure 3.2 clearly indicates that telomeric

sequences preferentially localise non-randomly and towards the nuclear periphery of
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the sperm heads. Both models confirmed a highly statistically significant non-random
distribution of telomeres (p = <0.00001), and this result was observed for all
normozoospermic males, both individually (see supplementary data in section 9, figure

1), and when data was pooled (figure 3.2).
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Figure 3.2: 2D telomere distribution in normal males as determined by FISH and following mathematical
compensation of 2D representation of 3D objects using DAPI density (left) and volumetric (right)
models. Both models confirm a preferentially peripheral distribution of telomeres, as determined p
values < 0.05 following chi? analysis.

While both means of providing a 3D extrapolation of 2D data gave the same basic
pattern, the medians (which indicate the overall tendency of signal localisation) were
slightly different (2.18 and 1.47) respectively.

The average number of telomere signals observed in sperm of fertile males was 8,
however, upon visual inspection of nuclei, it was clear that there was a subset of sperm
nuclei where a significantly larger number of telomere signals were present. In each of
these an apparently random pattern of staining was evident. A gallery of example

images displaying this pattern of telomere distribution can be seen in figure 3.3 below:

Figure 3.3: Gallery of example images depicting ‘random’ pattern of telomere localisation (red) in a
subpopulation of sperm nuclei (blue). The number of telomere spots is much greater than other sperm
nuclei, and no preference for peripheral localisation is evident.
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In order to assess the proportion of cells in this subpopulation from each control male,
the percentage of nuclei with 16 or more (twice the mean) telomere signals was
calculated. Results among control males ranged from 0 to 20%, however all but three

were below the mean of 5% (table 3.1).

Sample ID | % nuclei > 16 telomere signals
C1 0
C2 11
C3 2
C4 3
C5 2
C6 10
C7 2
C8 8
C9 1
C10 1
C11 1
C12 20
C13 2
Average 4816

Table 3.1: Percentage of nuclei representing a sub-population of sperm cells with 16 or more telomere
signals dispersed throughout the nucleus.

3.3.1.2 Direct evidence from 3D preparations

3D image capture and analysis of FISH was carried out in 30-50 cells for 6 control
donors as described in sections 2.2.2 and 2.2.2.7. Telomere distribution was assessed
in individual patients, and as a pooled group. In general terms both imaging and
analysis of 3D data was several orders of magnitude more challenging than equivalent
2D work. Figure 3.4 shows a 3D preparation of telomere signals in a human sperm

head. A movie can be found in the electronic appendix (movie 1).
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Figure 3.4: Still images from 180° rotation of 3D sperm cell image showing the 3D distribution of
telomeres (red) within the sperm nucleus (blue) as determined by analysis using Nemo.

3D images of sperm nuclei were captured and analysed and largely confirmed the 2D
data i.e. a tendency towards a peripheral localisation of telomeres. Visual inspection
suggested that telomeres were located at the nuclear periphery (figure 3.4) and this was
confirmed by empirical evidence confirming that the signals were non-randomly
distributed (p = <0.01), and predominantly located on the nuclear periphery (median
position 1.25) (figure 3.5). This was ascertained by analyses of distances between the
center of each telomere spot and the nuclear periphery carried out using Nemo
(described in section 2.2.2.7) in sperm nuclei from different individuals, and when data

was pooled as a group.

Median position = 1.25
3D tel: Pooled controls n= 244

P= 277E-45
20
80
70 A
60 -
50 -
40 A
30 |
20 |

] 1
04 : __mam
2 3

Periphery << Shell >> Interior

Percentage signal

4 5

Figure 3.5: 3D distribution of telomeres in normal fertile males determined by FISH. p value represents
statistical significance of a peripheral localisation of telomeres following chi? analysis.

Taken together therefore, both 2D and 3D data provides strong evidence that the
telomeres are closely associated with the nuclear periphery (perhaps the nuclear

membrane) in human sperm heads.
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3.3.2 Specific aim 1b. To test the hypothesis that an apparently
altered telomere distribution can be artificially induced by

inappropriate swelling of the sperm head

As mentioned in section 3.1, nuclear organisation in the sperm head is dictated by the
tight packaging of chromatin into highly organised domains. Evidence from specific
aim 1a confirms that one feature of this ordered packaging is telomere distribution at
the nuclear periphery. In order to investigate the effects of impaired chromatin
packaging within the sperm nucleus on telomere distribution patterns, FISH
experiments were performed on the sperm heads of one fertile patient selected at
random with or without prior treatment with either one of two types of nuclear
decondensation agents; 10mM DTT or 0.5M NaOH (materials and methods section
2.2.2.5). This allowed me to ask whether artificial disruption to the normal architecture

of the sperm nucleus results in altered telomere distribution patterns.

3321 Extrapolations of 2D data

Example images of telomere staining patterns in these sperm are shown in figure 3.6.

Figure 3.6: Example images of telomere distribution (red) in sperm nuclei (blue) of non-swollen sperm
(@), 10mM DTT swollen sperm (b) and 0.5M NaOH swollen perm (c). While telomere staining patterns
appear to be similar in non-swollen and 10mM DTT swollen sperm, 0.5M NaOH swollen sperm show a
more random distribution of signals, with a much higher overall number of telomere signals.

Following 2D analysis using DAPI density and volumetric compensation models, chi?
analysis showed that while average telomere localisation in non-swollen (no
treatment), and 10mM DTT swollen sperm heads were significantly different to
random (p = <0.01), telomere localisation in 0.5M NaOH swollen sperm was not
different to random (p = >0.05). Similar to observations in specific aim la, overall

median localisation of telomeres in both non-swollen and 10mM DTT swollen sperm
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was predominantly peripheral but with a higher median when the DAPI density model
was used for analysis. Figure 3.7 shows the relative distributions of the two methods
of analysis using the three means of preparation.
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Figure 3.7: 2D telomere distribution patterns in non-swollen (no treatment), 10mM DTT swollen and
0.5M NaOH swollen sperm nuclei, as determined by FISH analysis and using DAPI density (left) and
volumetric (right) models. Chi? p values are shown in each graph representation. Both models show a
preferentially peripheral distribution of telomeres in non-swollen and 10mM DTT swollen sperm,
however 0.5M NaOH swollen sperm show a random distribution of telomeres.

When compared to one another, telomere distribution in non-swollen sperm compared
to 10mM DTT swollen sperm were not significantly different. This was true using both
DAPI density and volumetric models (p values shown in table 3.4). However, when
comparing telomere localisation in 0.5M NaOH swollen sperm to either of the two
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other groups, telomere distribution was significantly different using analysis by both

DAPI density and volumetric models (p values shown in table 3.2).

2D analysis No treatment vs. No treatment vs. 10mM DTT vs.
model 10mM DTT 0.5M NaOH 0.5M NaOH
DAPI density 1 0.00006 0.00001
Volumetric 0.97 0.0000005 0.00002

Table 3.2: Statistical analyses of telomere distribution in sperm treated with either 10mM DTT or 0.5M
NaOH compared to non-treated sperm as ascertained by FISH and using DAPI density or volumetric
models. Values indicated represent p values derived from chi? analysis. While telomere distribution is
not altered in 10mM DTT swollen sperm nuclei compared to non-treated sperm, telomere distribution in
0.5M NaOH swollen sperm nuclei is significantly difference to both other groups. These observations
are true for both DAPI density and volumetric models of analysis.

When the average number of telomere signals was compared from each set, sperm that
received no swelling treatment had a near identical number of signals as those treated
with 10mM DTT. However, sperm treated with 0.5M NaOH possessed a much larger
average number of telomere signals (figure 3.8). Interestingly, although the average
number of telomere signals was not different between non-swollen and minimally
swollen sperm, the percentage of sperm cells representing a subpopulation of cells with
16 or more telomere signals in 10mM DTT swollen sperm was twice that of non-
swollen sperm. 0.5M NaOH swollen sperm had nearly all nuclei with 16 or more
telomere signals (figure 3.8).
Average number of telomere signals % nuclei 2 16 telomere signals

20 70
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non-treated M 10mM DTT 0.5M NaOH non-treated W 10mM DTT 0.5M NaOH

Figure 3.8: Comparison of average number of telomere signals (left) and percentage of nuclei with
greater than 15 telomere signals (right) in non-swollen sperm (blue), 10mM DTT swollen sperm (red)
and 0.5M NaOH swollen sperm (orange). Non-swollen and 10mM DTT swollen sperm possess an equal
number of average telomere signals, however 10mM DTT swollen sperm possess twice the percentage
of cells belonging to a sub-population of sperm nuclei with above 16 telomere signals. 0.5M NaOH
swollen sperm possess a much greater average number of telomere signals than both other groups, and
almost all cells possess 16 or more telomere signals.
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3.3.2.2 Direct evidence from 3D preparations

Following 3D analysis in six of the control males, as with 2D analysis, a more
pronounced peripheral localisation of telomeres was observed in all sperm (figure 3.9
on the next page). This was confirmed by an overall peripheral median position of
telomeres in all sperm analysed. Although telomere distribution in 0.5M NaOH swollen
sperm remained predominantly peripheral, this was not as pronounced as those of non-
swollen or 10mM DTT swollen sperm. Following chi? analysis, the distribution of
telomeres in non-swollen and 10mM DTT swollen sperm were not statistically
significantly different from another (p = 1), however both were significantly different
from that of 0.5M NaOH swollen sperm (p = 0.0003 and p = 0.0005 respectively).

In conclusion therefore, evidence from specific aim 1b shows that improper chromatin
packaging as a result of artificial nuclear decondensation does indeed result in altered
nuclear organisation, as determined by altered patterns of telomere staining. While the
overall distribution of telomeres remains the same following treatment with 10mM
DTT, the proportion of nuclei with an apparently random distribution of telomeres is
doubled. Moreover, nuclear decondensation with 0.5M NaOH results in a significantly

altered distribution of telomeres in almost all sperm nuclei.
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Figure 3.9: 3D telomere distribution in non-swollen, 10mM DTT swollen and 0.5M NaOH swollen
sperm nuclei, as determined by FISH analysis. Statistical significance of a non-random distribution of
telomeres is confirmed by chi? analysis (p values shown in each graphical representation of telomere
distribution).

3.3.3  Specific aim 1c. To test the hypothesis that H2BFWT also
clusters at the nuclear periphery (and, by implication, is anchored
to the nuclear membrane) in the sperm heads of normally fertile
males

In general, the expected number of telomere signals in the 3D sperm nucleus ought to

be approximately 23 based on evidence of dimerization of telomeres in previous studies

(Zalensky et al., 1993). However, it was noticed that the average number of telomere
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signals present following 3D FISH in this study was 10. This may be reflective of the
tight packaging of sperm DNA, which may not permit complete penetration of the
telomere probe throughout the nucleus. However, it is additionally indicative of more
complex clustering of telomeres within the sperm head. In order to investigate the
potential role of H2BFWT in facilitating this clustering of telomeres at the nuclear

periphery, this section addressed the in vivo localisation of H2BFWT.

H2BFWT localisation in sperm was assessed using immunofluorescence experiments
with an antibody specific to the internal region of H2BFWT (Santa Cruz) (materials
and methods section 2.2.3). At least 100 images were captured from sperm samples
from six control males, and analysed using 2D and 3D methods described above. A

gallery of example images can be seen in figure 3.10.

Figure 3.10: H2BFWT distribution in human sperm as determined by immunofluorescence experiments.
H2BFWT (green) shows almost exclusively peripheral localisation at the nuclear membrane (nucleus
stained blue).

Following 2D analysis, DAPI density and volumetric models produced different results
(figure 3.11). While both showed a non-random distribution, the DAPI density model
showed a clear preference for H2BFWT localisation at the nuclear periphery (~50%
signals), with staining becoming increasingly reduced towards the nuclear interior. The
volumetric model however showed staining predominantly present in mid to peripheral
regions of the nucleus, with almost complete absence of staining at the nuclear interior.
That being said, both models had similar median positions of H2BFWT at the nuclear

periphery.
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Figure 3.11: 2D H2BFWT localisation in sperm of normal males as determined by immunofluorescence
experiments using DAPI density (left) and volumetric (right) compensation models and chi? analysis to
determine statistical significance of non-random distribution (p values shown
representation). While the general trend representing H2BFWT localisation is slightly different among
the two models, the median position shows peripheral location in both models.

Following 3D analysis, H2BFWT localisation appeared almost exclusively peripheral

(figure 3.12), which is in agreement with visual inspection of images (figure 3.13). A

movie can be found in the electronic appendix (movie 2). Again, the overall median

position of H2BFWT staining appeared to be peripheral.

Percentage signal

3D H2BBFWT: Pooled

Median position = 1.00

n= 245
controls
p= 7.08E-75

100

90 -

80 -

70 -

60 -

50

40

30

20

10 ~

0 = . :

1 2 3 4 5
Periphery << Shell >> Interior

Figure 3.12: Graphical representation of 3D analysis of H2BFWT localisation as determined by
immunofluorescence experiments and chi? analysis to determine statistical significance of non-random,
peripheral distribution (p value shown in graph).
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Figure 3.13: Still images from 180° rotation of 3D sperm cell image showing the 3D distribution of
H2BFWT (green) within the sperm nucleus (blue) as determined by analysis using Nemo.
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3.3.4  Specific aim 1d. To test the hypothesis that H2BFWT and the
TTAGGG motif co-localise thereby suggesting a functional

interaction

The previous observations show the presence of H2BFWT at the nuclear periphery and
are in concordance with literature that suggest that H2BFWT is isolated in the nuclear
membrane fraction isolated from human sperm cells. This, along with the affinity of
H2BFWT for double stranded telomeric repeat sequences, supports the hypothesis that
H2BFWT plays a functional role in anchoring telomeres to the nuclear membrane in
sperm. However, to the best of our knowledge no studies as yet have directly
investigated whether telomeres co-localise with H2BFWT in the human sperm nucleus.
Therefore to address this, experiments were undertaken to detect telomeres using a pan-
telomeric probe and H2BFWT using FISH and antibody staining simultaneously
(materials and methods section 2.2.4). As shown in the example gallery of images
(figure 3.14), although both telomeres and H2BFWT appear in close proximity to one

another predominantly at the nuclear membrane, very few signals overlap.

o - . . . I

o . . . . .

Figure 3.14: Example images depicting telomere localisation (red) in relation to H2BFWT (green)
localisation within the sperm nucleus (blue). The top row of images display only H2BFWT staining, the
middle row of images display telomere staining only, while the bottom row of images show H2BFWT
staining over-laid with telomere staining. As can be seen in the bottom row of images, whilst both
telomeres and H2BFWT are predominantly located at the nuclear periphery in close proximity to one
another, few signals overlap indicating that H2BFWT does not directly interact with the telomere.

Anti-H2BFWT +
Pan-telomere probe
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The evidence herein presented therefore does not support the hypothesis that H2BFWT

has a direct role in anchoring the telomeres to the nuclear membrane.

3.3.5 Specific aim le. To test the hypothesis that nuclear (telomere)
organisation is altered in infertile males compared to their normal

counterparts

One of the reasons why loannou and Griffin (2010) argue strongly that nuclear
organisation should be associated with male factor infertility is the association with
elevated DNA damage in infertile males. In this study therefore DNA integrity in the
sperm head and nuclear organisation were assessed in a cohort of infertile males with
compromised semen parameters (sperm concentration < 20 million per ml and/or
percentage motility <20% and/or percentage normal morphology < 5%) and compared
to that of normal fertile males (the same control semen samples from fertile males
assessed in section 3.3.1). The rationale here is that, if there is an association with male
infertility and altered nuclear organisation in the sperm heads of these males, then we
might ultimately expect to observe a group of males with infertility status previously
described as idiopathic (unexplained) that have altered nuclear organisation in their
sperm heads. Semen parameters in the males included in this study were assessed by
an experienced andrologist at Embryogenesis assisted reproduction unit, Athens; the
details of which are summarised in table 3.3.

Sample | Sperm concentration | Percentage | Percentage | Percentage normal
ID (x108/ml) motility | progressivity morphology
11 20 20 10 5
12 0.8 0 0 3)
13 18 20 5 2
14 60 45 25 5
15 2 5 0 5
16 2 10 5 8

Table 3.3: Semen parameters of males included in the infertile cohort.

Page 130 of 261



K. J. Turner Telomere distribution within the sperm nucleus

3.35.1 Telomere distribution using 2D telomere FISH

Nuclear organisation was assessed by investigating 2D telomere distribution patterns
in the sperm heads of six infertile males, as assayed in section 3.3.1 (see specific aim
1a). When results from all patients were pooled following 2D analysis of telomere
distribution, DAPI density and volumetric models gave results that suggested no
statistical difference from a random distribution. Using the DAPI density model,
although the pattern of the graph showed a preference for a peripheral pattern of
telomere distribution, results did not reach the statistically significant value using chi?
analysis suggesting a random distribution (p = 0.062) (figure 3.15). Similarly, when
results from pooled infertile males were assessed using the volumetric model of
analysis, results also indicated no significant difference from a random pattern (p =
0.87). Comparing these results to the control samples where p values were 0.00000045
and 0.0000036 for DAPI density and volumetric models respectively, the hypothesis
that nuclear (telomere) organisation is altered in infertile males is thus supported. A
difference in the median overall distribution of telomere signals was also observed
using both modes of analysis: 2.66 (infertiles) compared to 2.18 (controls) using the
DAPI density model; 2.29 versus 1.47 respectively using the volumetric model. Figure
3.15 illustrates the differences between both groups and both modes of analysis (the

upper portion is a repeat of figure 3.2).
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Figure 3.15: 2D telomere distribution in sperm of infertile males (lower graphs) as determined by FISH
followed by analysis using DAPI density (left) and volumetric (right) compensation models. p values
represent statistical analysis of a non-random position of telomeres using chi?. Both are compared to
controls (upper graphs — repeat of figure 3.2). In both analyses, control males showed non-random
patterns and a preference for the nuclear periphery, infertile males showed patterns not statistically

different from random.

Surprisingly, after 3D analysis of telomere distribution in 30-50 sperm cells of five

infertile males, pooled data showed that telomeres are localised predominantly at the

nuclear periphery in these males (figure 3.16), similar to that of the six controls

assessed.
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Figure 3.16: 3D telomere distribution in pooled data from sperm of infertile males. p value represents
chi? statistical significance of non-random, preferentially peripheral distribution of telomeres.
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3.3.5.2 Proportion of cells with > 16 signals

In section 3.3.1 it was demonstrated that a proportion of cells show apparently random
patterns and this can be visualised easily with at least twice the mean number of signals
present in a proportion of the sperm heads. In section 3.3.2 it was demonstrated that
an increased number of such cells were also manifested in a random distribution of
signals throughout the nucleus. With this in mind therefore, we would expect the
infertile males to show an increased number of cells with such patterns given the results
of the previous section. As demonstrated in table 3.4, all six of the infertile males
studied had >10% nuclei with this pattern compared to 3/12 in the control group. A
third of these men had % of these nuclei >35 leading to a mean of 22.5% — more than

four times that of the controls.

Sample ID % nuclei >16 telomere signals
11 11
12 38
13 13
14 12
15 12
16 49
Average 225+6.8

Table 3.4: Percentage of nuclei with a larger number of dispersed telomere signals in sperm of infertile
males.

An overall comparison between pooled infertile males and controls can be seen in
figure 3.17. The average number of telomere signals in sperm nuclei of controls was
significantly different to the average number of telomere signals in sperm nuclei of
infertile males (11 vs 8, p = 0.03) when a student’s t-test was employed. Similarly the
percentage of nuclei with 16 or more signals was significantly different in controls

compared to infertile males (p = 0.002) when a student’s t-test was performed.
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Figure 3.17: Comparison of overall average number of telomere signals (a), and percentage of nuclei
with greater than 16 telomere signals (b) in pooled control (blue) and infertile males (red) males. The
average number of telomere signals is increased in sperm nuclei of infertile males, and a greater
percentage of nuclei make up the subpopulation of sperm cells with a large number of randomly
distributed telomere signals in infertile males.

3.3.6  Specific aim 1f. To test the hypothesis that any alteration in
nuclear organisation between fertile and infertile males may be

related to the degree of chromatin packaging

The above observation showing an association between altered nuclear organisation
and male factor infertility is most likely mediated by an increased proportion of cells
with randomly distributed telomeres. This leads us to question the mechanism by which
this phenomenon arises. One possible candidate might have been a breakdown in the
association with H2BFWT however since, in section 3.3.4, we could find no
association between this histone variant and the telomeres in normal fertile controls, it
does not present a promising avenue to pursue. Another possible candidate is an overall
relaxation in the level of chromatin packaging in sperm heads of infertile patients.
Chromatin packaging can be assessed by Chromomycin Az (CMAS) staining of sperm
nuclei as described in section 2.2.5. Since CMA3 competes with protamine binding
sites in DNA, a deficiency in protamine within the sperm nucleus is easily identified
by positive staining with CMA3. To the best of my knowledge overall chromatin
packaging in sperm heads has not been associated with a breakdown in telomere
organisation in the sperm heads of infertile males, hence the reason for the hypothesis
tested here. In this study, at least 100 images were captured per patient and assessed
for positive or negative staining with CMA3 for each infertile patient and control
sample. The percentage of positively stained nuclei was then calculated, and results

from the pooled infertile group were compared to that obtained from the pooled control
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group. A student’s t-test was then carried out for statistical analysis. Results can be

seen in figure 3.18.
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Figure 3.18: Example images of negatively stained (a) and positively stained (b) sperm nuclei after
chromomycin A3 (CMAB3) staining. b: Graphical representation of the percentage of positively stained
sperm nuclei in fertile controls (blue) compared to sperm nuclei of infertile males (red) following CMA3
staining. Infertile males possess a higher percentage of positive CMAZ3 staining (error bars represent
standard error).

As shown in figure 3.18b, infertile males showed a significantly higher percentage of
positively stained sperm nuclei than normal control males when a student’s t-test was
carried out (p = 0.008), indicating that a higher proportion of sperm cells contained
protamine deficiency and/or histone retention. This in turn is likely to impact on the
ability of the sperm nucleus to package its genome correctly, and therefore the above
observations supports the hypothesis that the altered distribution and overall increase
in the number of telomere signals observed in sperm of infertile males might be related

to a lack of chromatin compaction in sperm nuclei of these men.
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3.4 Discussion

3.4.1 Telomeres are located at the nuclear periphery in human

sperm heads

Data presented here first of all indicates that overall, 2D and 3D approaches to measure
telomere distribution generally give similar results, with the majority of signals present
at, or near to the nuclear periphery. This indicates that both the in-house developed
algorithms that correct for the flattening of a 3D object into a 2D image are able to do
so with reasonable accuracy. These results confirm previously published 2D work that
telomeres are predominantly localised at the nuclear periphery in the sperm of normal
males, as previously demonstrated in humans and many other mammalian species
(Zalensky et al., 1995; Zalensky et al., 1993). Although this non-random distribution
of telomeres has been well accepted since these earlier studies, conversely 3D analysis
of telomere localisation in a study by Hazzouri et al 2000 did not observe telomere
distribution at the nuclear periphery, but rather found that telomeres were dispersed
throughout the nucleus. However, in the Hazzouri study only 13 cells were analysed
for telomere distribution, and these were subjected to harsh swelling procedures (1M
NaOH for 5 minutes) (Hazzouri et al., 2000). As indicated in section 3.3.2, such
swelling conditions drastically alter the natural architecture of the sperm nucleus, and
thus conclusions drawn from these experiments should be done so with appreciation of
this effect. In the data presented here, in order to preserve the natural architecture of
the sperm nucleus, no swelling procedures were performed, therefore results should be
indicative of the sperm head in its natural state. It is of course possible that the results
presented here might arise due to the preferential binding of the pan-telomere probe to
more accessible telomeres at the nuclear periphery, along with a lack of binding to any
inaccessible telomeres that might reside in the interior of the nucleus. However,
preservation of the natural architecture of the sperm nucleus was preferable over
increased probe binding efficiency, given the risk of altering normal telomere
interactions and overall nuclear structure when employing swelling techniques. Overall
therefore, results presented here are in agreement with the initial findings of a
chromocentric model of nuclear organisation in human sperm, which is reiterated given
that both 2D and 3D approaches have been employed, and a large number of sperm

nuclei have been analysed (~1300 and ~250 respectively).
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3.4.2 H2BFWT is also located at the nuclear periphery but not in

association with telomeres

In order to understand better the process behind how telomeres are held at the nuclear
periphery, a search of the current literature identified H2BFWT as a likely candidate
as an anchor molecule (Churikov et al., 2004). However, to the best of my knowledge,
confirmation of the presence of H2BFWT in the intact sperm nuclear membrane in vivo
is missing from this information, and therefore this research set out to address this gap.
Results from my experiments confirmed that H2BFWT is present at the nuclear
periphery in human sperm nuclei, in agreement with a previous study that showed its
isolation from the nuclear membrane fraction of human sperm (Churikov et al., 2004).
However despite co-localisation of green fluorescent protein (GFP) tagged
recombinant H2BFWT with telomeres when expressed in a Chinese hamster ovarian
(CHO) cell line, and an affinity for this histone 2B variant for double stranded telomere
repeat sequences (as shown in a previous report) (Churikov et al., 2004), no such
observation was confirmed here in human sperm heads. Instead, while telomeres were
localised in close proximity to H2BFWT, signals did not overlap and therefore based
on this evidence, it is unlikely that H2BFWT interacts with telomeres in order to play
a functional role in anchoring telomeres at the nuclear membrane. Of course, this
finding could be the result of a technical artefact, given that sperm cells are subject to
dehydration and denaturation at 75°C during the FISH protocol prior to IF staining.
Therefore it is possible that aspects of the FISH procedure may have disrupted any
native interactions between the telomere and H2BFWT. However, unfortunately these
conditions are necessary for the detection of telomeres by FISH, and therefore could
not be avoided. In future studies, it would be interesting to investigate whether
telomeric proteins co-localise with H2BFWT using antibodies raised against each of
these targets. Such an experiment would negate the need for harsh treatments in FISH
experiments, and might provide further insight into the mechanisms of nuclear

organisation in the human sperm nucleus.

3.4.3 Nuclear (telomere) organisation as a marker for male
infertility

Results from 2D analysis of telomere distribution provide evidence that chromatin

packaging and nuclear organisation appear to be altered in males with compromised
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semen parameters. These observations help to explain some conflicting findings from
the literature assessing centromere position in relation to male factor infertility: Finch
et al 2008 showed that 2D analysis of centromere positions of the sex chromosomes
were found to be altered in males with severely compromised semen parameters (Finch
et al 2008). Similarly, centromere positions of chromosomes 15, 18, X and Y were
found to be altered in infertile males with high incidence of aneuploidy (Olszewska et
al., 2008), and centromere positions of chromosomes 7, 9, X and Y were found to be
altered in sperm from carriers of reciprocal translocations (Wiland et al., 2008).
Conversely however, in a study assessing all 24 chromosomes, the centromeres were
found to remain remarkably stable following 2D analysis, despite compromised
spermatogenesis (loannou and Griffin, 2010). In addition, 3D analysis of the position
of the centromere of chromosome 17 in sperm found no difference in longitudinal
distribution among motile versus immotile sperm, but a greater percentage of central
radial positioning in motile versus immotile sperm (Alladin et al., 2013). Many of these
discrepancies might be explained by the fact that sperm cells are highly heterogeneous
in any given ejaculate, with up to 25% inter-individual variation among even fertile
men (Alladin et al., 2013; Sadeghi, 2014; Sakkas et al., 1999; Wiland et al., 2008).
Added to the data presented here however, a picture begins to emerge of the sperm
heads of infertile males where the chromocentre stays largely intact regardless of the
degree of infertility or prior treatment; the sex chromosome positions may be altered in
certain severe oligoasthenoteratozoospermia (OAT) cases; and individual sperm heads

are more likely to show aberrant patterns of telomere distribution.

Given the apparent importance of telomeres in meiotic segregation events during
spermatogenesis, it is possible that this finding of differences in telomere localisation
is also related to levels of aneuploidy in the sperm associated with infertile males.
Indeed it is well documented that sperm of infertile males possess higher incidence of
aneuploidy compared to sperm of fertile males (Calogero et al., 2001; Pang et al., 1999;
Pfeffer et al., 1999; Tempest and Griffin, 2004; Vegetti et al., 2000). In order to address
this question, future studies should assess telomere position in combination with
aneuploidy, via FISH experiments using a pan-telomeric probe in combination with
chromosome specific probes. Furthermore, in this study only the radial positioning of
telomere distribution was analysed. Analysis of longitudinal distribution of telomeres

within the sperm nucleus might provide a more detailed insight in the future.
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3.4.4 The role of CMAS3 staining and telomere distribution

CMABS staining in this study showed that overall, chromatin packaging was altered in
this particular cohort of infertile males compared to controls as indicated by a greater
percentage of positively stained sperm nuclei in the infertile cohort. These results are
in agreement with many other previous studies, showing that infertile males possess a
significantly greater percentage of sperm nuclei with improper chromatin packaging,
as identified by a greater percentage of cells positively stained with CMAS3 (Iranpour
et al., 2000; Kazerooni et al., 2009; Lolis et al., 1996; Salsabili et al., 2009). Since
CMAB3 is known to bind to GC rich sequences in the minor groove of the DNA helix,
which is additionally the binding site for protamine (Berman et al., 1985), a positive
CMABS stain implies a lack of protamine or retention of histones, which ultimately
results in improper packaging of DNA within the sperm nucleus. This lack of tight
organisation of the paternal genome as highlighted by positive CMAS3 staining, has
been associated with aberrant semen parameters, poor fertilisation rates and poor
embryo quality in humans (Esterhuizen et al., 2000; Iranpour, 2014; Manochantr et al.,
2011; Sadeghi et al., 2009; Sakkas et al., 1996; Zandemami et al., 2012). Furthermore,
in the mouse model, haploinsufficiency of just one of the two genes (protamine 1
(PRM1) or protamine 2 (PRM2)) is sufficient to cause infertility. Sperm of these mice
possess reduced nuclear compaction, increased levels of DNA damage, and although
they are able to produce pronuclei following ICSI, few embryos are able to develop to
blastocyst stage (Cho et al., 2003; Cho et al., 2001). Taken together therefore, evidence
from the protamine deficient mouse model and CMA3 staining experiments in humans
in this study and in studies by others, identify that protamine is an essential component
of the sperm nuclear architecture. Given the direct correlation between increased DNA
damage and protamine deficiency observed in the mouse model (Cho et al., 2003), it
would be interesting to perform DNA damage analysis in the sperm of the males

assessed in the current investigation.

In this study, the percentage of positively stained sperm in infertile males was lower
than that observed in other similar studies (Manochantr et al., 2011; Zandemami et al.,
2012). However, this might be explained by the low sample size (13 controls and six
infertile males) in this study compared to that of others. Furthermore, previous reports
show a heterogeneous nature of CMAS3 staining among control and infertile groups
(Olszewska et al., 2013; Tavalaee et al., 2014). Alternatively, user subjectivity might
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additionally explain inter-study discrepancies. For these reasons, the use of CMA3
staining in fertility assessment remains under debate (Agarwal and Said, 2004; Dada et
al., 2014).

In the current study, the percentage of sperm nuclei displaying positive CMAS staining
(21%) was very similar to the percentage of sperm nuclei belonging to a subpopulation
with abnormally high numbers of telomere signals (22.5%). In future studies it may be
possible to devise strategies to ask the question of whether it is the same individual
cells that are CMAS3 positive and have randomly distributed telomeres. Furthermore, it
IS interesting to note that upon visual inspection, the telomere staining pattern in this
subpopulation of sperm (figure 3.3) is similar to that of sperm treated with 0.5M NaOH
(figure 3.6c). In concordance with this, while non-swollen and 10mMM DTT swollen
sperm shared an identical average number of signals (7), 0.5M NaOH swollen sperm
had more than 3.5 times this number, with an average number of 25 telomere signals.
In addition, the percentage of sperm nuclei with greater than 16 signals in non-swollen
sperm was 5%, whereas this number increased to 10% in 10mM DTT swollen sperm
and 99% in 0.5M NaOH swollen sperm. Such observations lend further weight to the
notion that improper chromatin packaging might result in abnormal organisation of
telomeres within the sperm nucleus. It is possible that a lack of tight packaging of
chromatin as identified by positive CMA3 staining, might cause altered telomere-
telomere interactions that normally result in telomere dimers and tetramers (Solov'eva
et al., 2004; Zalensky et al., 1993). This being the case, a more objective approach in
telomere signal assessment might solve the subjectivity issues associated with CMA3
staining assessment in the fertility clinic. However, in order to confirm that improper
chromatin packaging does indeed result in telomere signal dispersal, it would be
necessary to perform FISH in parallel with CMAS staining. In future studies, it would
be interesting to address whether this is the case.

3.4.5 Differences between 2D and 3D analyses

Paradoxically, information from 3D analysis in this study, while supporting the
conclusions about the overall distribution and the effects of swelling by NaOH, did not
support the 2D analysis of telomere distribution patterns in infertile males compared to
controls. One possible explanation might be sample size, the 3D analysis only assessed
30-50 cells from each patient and control sample and thus the numbers may simply
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have not been large enough to see any difference. Manual 3D capture and analysis of
telomeres within the sperm nucleus is extremely labour intensive and therefore in this
study, sample size was limited to between 30 and 50 cells from six fertile control and
five control males. In addition, this might be explained by the fact that prior to 3D
analysis, it was necessary to first deconvolve image stacks, which may have resulted in
the loss of many of the smaller telomere signals present in the original image. Should
telomeres of infertile males exist more frequently as singletons rather than as clusters,
it stands to reason that some signals may be smaller and therefore may be removed in
the process of deconvolving. Alternatively, this might be due to difficulties experienced
in instructing Nemo to distinguish several smaller signals from one larger signal.
Finally, it is possible that, given such a small number and technical difficulties involved
in accurate 3D measurements, | may have, inadvertently picked the easier cells to

analyse.

3.4.6 Conclusions

Taken together, the above findings from this chapter: 1. Confirm peripheral telomere
localisation in human sperm using 2D and 3D techniques; 2. Suggest that H2BFWT is
not solely and/or directly involved in anchoring the telomere to the nuclear membrane
in the sperm nucleus; 3. Identify that telomere staining patterns might act as a marker
of male infertility. 4. Indicate that altered telomere staining patterns might be the result
of improper chromatin packaging leading to disruption to telomere-telomere
interactions (as identified by CMA3 staining, and the effect of artificial swelling

procedures on telomere staining patterns).

This study provides the basis upon which further work may be based, addressing the
complex issue of nuclear organisation and fertility in males. In future therefore, altered
chromatin packaging and nuclear organisation of the sperm head may thus indicate that
altered nuclear organisation is a marker of compromised male fertility. Indeed future
studies should concentrate on idiopathic male infertility to investigate whether there is
a subset of males without overtly compromised semen parameters but nonetheless
altered nuclear organisation in the sperm heads, thereby compromising their prospects
of procreation. If this is the case, then there is the potential for a future screening test
for male infertility based on telomere distribution. As sperm screening test become
more and more sophisticated and in demand (e.g. with advanced optics using
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intracytoplasmic morphological sperm injection (IMSI) and screening for sperm
disomy, and/or markers for DNA integrity e.g. hyaluronic A binding (HAB) antibody)
then a simple test based around the position and number of visible telomeres may well

find a place in the market.

Page 142 of 261



K. J. Turner Telomere length analysis by gRT-PCR

4 Specific aim 2: To optimise a qRT-PCR approach for
assaying telomere length using small quantities of starting

material

4.1 Background

The study of telomere length has become increasingly popular since the discovery of
its involvement in cellular senescence in the 1960s and 70s (Hayflick and Moorhead,
1961, Olovnikov, 1973; Watson, 1972). Despite its popularity however, much remains
to be established from all of the biological systems that involve them. The study of
telomere length is particularly challenging when the sample type to be investigated
originates from small sample sizes or indeed single cells, since the traditional
methodology for telomere length analysis (telomere restriction fragment analysis by
southern blotting) requires microgram quantities of DNA. For this reason, it is
understandable why data available on telomere lengths in gametes, embryos and

newborns, are extremely limited.

In the last decade or so however, analysis of telomere length in small sample sizes has
become more feasible with the development of a quantitative real-time polymerase
chain reaction (qRT-PCR) approach (Cawthon, 2002, 2009). Indeed since its
development, many researchers are moving towards this technology, leading to a
noticeable growth in its popularity in recent years. The technique relies on determining
the factor by which the DNA sample of interest differs from a reference DNA sample
in its ratio of telomere sequence copy number (T) to the copy number of a single copy
reference gene (S), referred to as the T/S ratio (Cawthon, 2002, 2009). Since telomere
length can be analysed from as little as five nanograms of starting DNA material, the
gRT-PCR based approach is well suited to analysis of telomere lengths in small sample
sizes from newborns. Furthermore, recent modifications to Cawthon’s original protocol
have been developed for telomere length analysis in single cells (Treff et al., 2011b;
Wang et al., 2013Db).

The main disadvantage of the qRT-PCR based approach for telomere length analysis

however, is that owing to its highly sensitive nature, it requires careful optimisation in
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order to ensure efficient and specific amplification of the sequence of interest and the
reference sequence. The efficiency of each reaction can be ascertained by performing
the experiment with a serial dilution of DNA and plotting the cycle thresholds of each
sample against the log of the DNA concentration. This should lie between 95-105%,
and should be approximately equal in both the sequence of interest and the reference
sequence amplification reactions. The specificity of the reaction can be ascertained by
performing melt curve analysis following the completion of the thermal cycling profile,
in which the change in fluorescence signal is plotted against the change in temperature.
This identifies the temperature at which the double stranded products dissociate, as
represented by a peak in the melt curve. The position of the peak on the plot is
dependent upon the size of the product, its GC content and the reaction chemistries.
The number of peaks depends on the number of expected amplicons and the specificity
of the primers for the sequence of interest. The presence of several peaks usually
indicates the amplification of non-specific products and/or the generation of primer
complexes, which may interfere with and distort reaction efficiencies. Therefore, it is
necessary to check the melting profiles of each product in order to ensure that the
products generated match the expected profiles. Due to variations in reaction
chemistries and technical specifications of thermal cycling machines, optimisation and
validation of even previously published protocols and primer sequences is paramount
in order to achieve accurate and reliable data (Gil and Coetzer, 2004). With the above

information in mind therefore, the specific aims of this chapter were as follows:

4.2 Specific aims:

2a. To optimise a multiplex gRT-PCR assay for telomere length analysis from low
quantities of genomic DNA template extracted from whole blood from

newborns, using the Rotor-gene Q real-time PCR machine

2b. To optimise a singleplex qRT-PCR assay for telomere length analysis from
whole genome amplified DNA from single cells using the Rotor-Gene Q real-

time PCR machine

2¢. To verify the faithful representation of telomere and reference sequences after

whole genome amplification using the SurePlex DNA amplification kit
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4.3 Results

4.3.1 Specific aim 2a. To optimise a multiplex gRT-PCR assay for
telomere length analysis from low quantities of genomic DNA
template extracted from whole blood from newborns, using the

Rotor-gene Q real-time PCR machine

The volume of blood that can be sampled from newborns is very low, therefore it was
decided that qRT-PCR offered the most practical approach for telomere length analysis
in this study population. It was also decided that a multiplex approach, in which both
the telomere and the single copy reference gene are amplified in the same reaction tube,
offered more accuracy in average relative telomere length determination, therefore this

approach was pursued.

In order to optimise my assay to meet these criteria, several different commercially
available mastermixes were trialled, and several different primer concentrations were

assessed for their performance. These are outlined in tables 4.1 and 4.2:

Mastermix Supplier
SYBR® Green JumpStart™ Taq ReadyMix™ Sigma Aldrich
Power SYBR® Green Master Mix Life Technologies
QuantiTect SYBR® Green PCR Kits Qiagen
QuantiFast SYBR® Green PCR Kit Qiagen
Rotor-Gene SYBR® Green PCR Kit Qiagen
iQ™ SYBR® Green Supermix Bio-Rad
LightCycler® 480 DNA SYBR Green | Roche
Master

SensiMix™ SYBR® No-ROX Kit Bioline
SensiFast™ SYBR® No-ROX Kit Bioline

Table 4.1: Different mastermixes tested for optimisation of multiplex gRT-PCR analysis of average
relative telomere length. The mastermix highlighted in bold gave the best performance and therefore this
was used in subsequent analyses.
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Primer name
Telg Telc Hgbd Hgbu

150 150 150 150

. 75 75 50 50

Primer

concentration 50 50 75 75
(nm) 50 50 50 50

25 25 50 50

Table 4.2: Different primer concentrations trialled (in nm) during optimisation of multiplex gRT-PCR
analysis of average relative telomere length. The concentration combination highlighted in bold
performed the best and therefore this concentration was used in subsequent analyses.

Overall, the reaction performed the best when using the SensiMix™ SYBR® No-ROX
Kit. It was also found that, due to the multiplex nature of this assay, it was necessary
to reduce primer concentrations in order to eliminate primer complexes, which resulted
in reaction over-efficiencies. For example, the presence of a primer complex was
clearly visible in the no template control reaction (NTC) upon melt curve analysis
following cycling conditions using 150nm of each primer, evidenced by a third peak in
the middle of the graph (figure 4.1). Such an event led to reaction efficiencies of 118%
for telomere amplification, and 113% for the reference sequence amplification
(depicted in figure 4.2).

73 %5 7% 7 78 79 80 8 82 8 8 85 & & 88 8 %0 9 2 9 9% 95 % 97 %8 99 100 10

Temperature °C

Figure 4.1: Melting curve analysis following cycling conditions using 150nm each telomere and
reference sequence primer pair for multiplex gRT-PCR analysis of relative telomere length. The peaks
to the far left and right of the graph represent the expected melting profiles of the telomere and single
copy reference sequence amplicon respectively, however the peak in the middle represents formation of
a primer complex in the no template control reaction.
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Figure 4.2: Reaction efficiencies (shown in the red boxes) for telomere (left) and reference sequence
(right) following multiplex gRT-PCR conditions using 150nm for each telomere and reference sequence
primer pair. Both reactions show over-efficiencies (118% for telomere and 113% for reference sequence
respectively).

When primer concentrations were reduced to 50nm each, this non-specific peak in the
melt curve disappeared (figure 4.3) and the reaction efficiencies fell within acceptable
range (102% for telomere amplification and 100% for single copy reference sequence
amplification), as shown in figure 4.4. These efficiencies were monitored in every
experiment undertaken with patient samples, and proved to be consistently within the
acceptable range and approximately equal.

dF/dT

pl 73 74 75 76 T 78 7 80 8 82 <] 8 85 86 87
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Figure 4.3: Melt curve analysis following thermal cycling for multiplex amplification of the telomere
and single copy gene sequences. Both the telomere amplicon peak (left) and the single copy reference
sequence amplicon peak (right) are in line with those reported by Cawthon et al 2009.
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Figure 4.4: Reaction efficiencies (shown in the red box) of telomere amplification (left) and single copy
reference sequence amplification (right). Both are within acceptable range (102% and 100%
respectively) and approximately equal.

As shown in figure 4.3, only two peaks are visible upon melt curve analysis in the
optimised mutliplex gRT-PCR reaction, which are in line with the expected melting
profiles for the telomere and single copy reference sequence amplicons (Cawthon,
2009). Although the background fluorescence in this graph is high (shown by a high
baseline at the far left of the graph), this is likely due to the fact that upon acquisition
of fluorescence signal at temperatures below 88°C, the single copy reference sequence
amplicon remains double stranded. Therefore, SYBR green remains associated with
the single copy reference sequence amplicon, producing a level of background
fluorescence signal at these temperatures. This is unlikely to affect any data that is
acquired at lower temperatures for telomere amplicon analysis, since the single copy
reference sequence cycle threshold is much later than the telomere cycle threshold and
therefore at the time of telomere amplicon signal acquisition, no single copy reference
sequence amplicons are present. In order to confirm that this is the cause of the high
background fluorescence in the melt curve analysis (as opposed to presence of non-
specific products) the reaction products were run on a 3% agarose gel (as described in

section 2.2.7). The results of this are shown in figure 4.5 on the next page.
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150bp
100bp

50bp

Figure 4.5: Gel electrophoresis of products formed following multiplex qRT-PCR. Two bands are
present representing the expected sizes of the telomere and single copy reference sequence amplicons
(79bp and 106bp respectively).

Figure 4.5 confirms the presence of only two products, which represent the expected
size of the telomere and single copy reference sequence amplicons (79bp and 106bp
respectively), as reported by Cawthon et al 2009. Therefore overall, results confirm
that the cycling conditions and reaction chemistries utilised in this assay (as described
in section 2.2.8) are optimal for sensitive and specific analysis of average relative
telomere length using the Rotor-Gene Q real-time PCR machine. Furthermore, intra
and inter assay variances were 2.3% and 0.9% respectively, indicating acceptable

repeatability and reproducibility.

4.3.2 Specific aim 2b. To optimise a singleplex gRT-PCR assay for
telomere length analysis from whole genome amplified DNA from

single cells using the Rotor-Gene Q real-time PCR machine

Telomere length analysis from whole genome amplified DNA derived from single cells
can be achieved using a singleplex gRT-PCR assay, in which the telomere and
reference gene amplification reactions are performed in separate tubes on separate
experiment runs. However, it must be assured that firstly, care is taken to optimise a
sensitive and efficient assay for relative telomere length analysis, and secondly, that
whole genome amplified DNA faithfully represents the original starting material. This

section therefore set out to address these points.
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Results from specific aim 1 eliminated the use of several commercially available
mastermixes and several primer concentration combinations for amplification of the
telomere sequence due to poor performance. Therefore the optimisation of reaction
conditions for telomere amplification in singleplex qRT-PCR was more
straightforward. Three of the best performing mastermixes identified from specific aim
1 were trialled (shown in table 4.3), along with three of the best performing primer
concentration combinations (table 4.4). However, optimisation of the reaction designed
to amplify the multicopy reference sequence was more complicated and involved
identification of a suitable mastermix (from those outlined in table 4.3 that were also
compatible with telomere amplification), optimisation of primer concentrations (table
4.5) and optimisation of cycling conditions (table 4.6).

Mastermix Supplier

Rotor-Gene SYBR® Green PCR Kit Qiagen
SensiMix™ SYBR® No-ROX Kit Bioline
SensiFast™ SYBR® No-ROX Kit Bioline

Table 4.3: PCR mastermixes trialled for gRT-PCR analysis of relative telomere length from WGA DNA.
The kit highlighted in bold generated the best reaction performance therefore this was used in subsequent
reactions.

Primer name
Telg Telc
Primer 200 200
concentration
(nm) 100 100
50 50

Table 4.4: Primer concentrations trialled for amplification of the telomere sequence. Details highlighted in
bold generated the best performance and were therefore included in all subsequent reactions.

Primer name
AluF AluR
300 300
Prlmer_ 200 200
concentration

(nm) 100 200

100 100

50 50

Table 4.5: Primer concentrations trialled for amplification of the multicopy reference sequence. Details
highlighted in bold generated the best performance and were therefore included in all subsequent reactions.
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Step Temperatures tested °C Hold duration time tested
5 mins
Polymerase activation (as per
manufacturer recommendation 95 .
dependent upon mastermix used) 10 mins
Melting 95 15 secs
60 secs
60 30 secs
. 15
Annealing
30
64 15
10
70
Extension and signal acquisition 75 10 sec
77

Table 4.6: Different cycling conditions attempted for the amplification of the multicopy reference gene
for relative telomere length analysis in WGA DNA derived from single cells. Cycling conditions
highlighted in bold gave the best reaction performance.

Overall, the Rotor-Gene SYBR® Green PCR Kit performed best when taking into
account the reaction efficiencies from both sets of primer pairs. For both telomere and
multicopy reference gene amplification, primer concentration at 100nm each was found
to generate good reaction efficiency (98% and 103% respectively) as shown in figure
4.6. However this was only the case for the multicopy reference sequence if cycling
conditions were set with an annealing temperature at 60°C for 15 seconds and signal
acquisition at 77°C. A raised annealing temperature and/or a raised annealing duration
and/or a reduced signal acquisition temperature resulted in an over-efficient

amplification. An example of this is shown in figure 4.7.
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Telomere sequence amplification Reference gene amplification
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Figure 4.6: Reaction efficiencies (detailed within the red boxes) of telomere amplification (left) and
multicopy reference gene (right). Reaction efficiencies are close to 100% and are approximately equal,
confirming optimal amplification conditions for quantitative analysis of relative telomere length.

Reference sequence
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Figure 4.7: An example of poor reaction conditions resulting in an over-efficient reaction of 136%
(calculated by the Rotor-Gene Q software and shown in the red box to the top right of the graph) for the
multicopy reference sequence. This particular reaction was carried out using the Rotor-Gene SYBR®
Green PCR Kit, with primer concentrations at 100nm each and a cycling condition as follows:
Polymerase activation at 95°C for 5 mins, melting at 95°C for 15 secs, annealing at 60°C for 60 secs and
signal acquisition at 70°C for 10 sec.

Furthermore, in order to confirm the specific amplification of solely the expected
products and the absence of primer complexes or non-specific activity, melt curve
analysis was performed using the Rotor-gene Q software following each telomere or
reference gene reaction. These gave consistent results as outlined in figure 4.8. While
both reactions produced melt curves with a raised baseline of background fluorescence
intensity at lower temperatures (sometimes indicating the presence of non-specific
product formation), a clear peak could be observed at the expected melting
temperatures of each of the target products formed (Cawthon, 2009; Nicklas and Buel,
2006).
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Figure 4.8: Melt curve analysis following amplification of the multicopy reference sequence (top) and
the telomere sequence (bottom). On both graphs the y axis represents the change in fluorescence units
divided by the change in temperature plotted against the temperature of signal acquisition (°C) on the x
axis. Both melt curves indicate a single peak representing specific amplification of a single product.

To ascertain whether the high baseline of fluorescence at lower temperatures in each
of the melt curves was due to non-specific product formation (which would indicate
that the calculated reaction efficiency might not be entirely attributable to the
production of the desired products), both amplicons were run on a 3% agarose gel as
described in section 2.2.7. As presented in figure 4.9, this confirmed the presence of a
single product at the expected size of the telomere amplicon (79bp) or the reference

gene amplicon (127bp).

150bp
150bp
100bp 100bp

50bp 50bp

Figure 4.9: Agarose gel electrophoresis of alu reference (left) and telomere (right) PCR products. Both
show amplification of a single product that matches the size expected for the amplicon (79bp and 127bp
respectively).
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Finally, the reproducibility of the assay was assessed by calculating the % covariance
within and between experiments. The intra-assay variation was 0.6% and inter-assay
variation was 4.6%. Taken together, these results show that | was successful in
optimising a qRT-PCR based approach for relative telomere length analysis using
whole genome amplified DNA derived from single cells, using the Rotor-Gene Q real-

time PCR machine.

4.3.3 Specific aim 2c. Verification of faithful representation of
telomere and reference sequences after whole genome

amplification using the SurePlex DNA amplification kit

In order to verify the faithful representation of telomere and reference gene sequences
following WGA, telomere length was assessed by gRT-PCR in several control DNA
samples from known euploid, aneuploid and chaotic cell lines both before and after

WGA. A Pearson’s correlation coefficient was calculated to assess correlation.

As shown in figure 4.10, the relative telomere length of unamplified DNA correlated

well with relative telomere length of WGA DNA (Pearson’s correlation coefficient r =

0.93, p = 0.02).

Validation of qRT-PCR telomere length analysis
using WGA DNA

30
25
20 r=0.93
15
10

DNA

0 1 2 3 4 5
Relative telomere length unamplified DNA

Relative telomere length WGA

Figure 4.10: Verification of the faithful representation of relative telomere length following whole
genome amplification using the SurePlex DNA amplification kit. The graph shows a good correlation
between relative telomere length in unamplified DNA and relative telomere length in WGA DNA,
indicating acceptable representation of telomeres in the WGA process.
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4.4 Discussion

4.4.1 Multiplex gRT-PCR for telomere length analysis

Results from this chapter indicate that the multiplex gRT-PCR protocol for relative
telomere length analysis originally published by Cawthon 2009 can be adapted for use
with the Rotor-gene Q real-time PCR machine. This was achieved using the Bioline
SensiMix™ SYBR No-ROX kit with Cawthon’s primer sequences for amplification of
the telomere and a single copy reference sequence at a concentration of 50nm each.
Both telomere and single copy reference sequence amplification reactions performed
at approximately equal efficiencies, which were close to 100%. This is important in the
accurate determination of relative telomere length using the calculations described by
Cawthon 2009. Furthermore, melt curve analysis and agarose gel electrophoresis were
able to confirm the presence of solely the amplicons representing the expected product
sizes, which confirms the specificity of the reaction and adds further weight to the
accurate determination of relative telomere length in this way. Although melt curve
analysis showed a high baseline of background fluorescence at lower temperatures, this
is likely to be due to the presence of single copy gene amplicons, which remain double
stranded at these temperatures due to their high melting temperature. This does not
affect signal acquisition of the telomere amplicon, since the single copy gene does not
begin to amplify until several cycles after the telomere amplicon has reached saturation.

While several others have reported the use of the Rotor-gene Q real-time PCR machine
(formerly known as the Corbett Rotor-Gene 6000) for relative telomere length analysis
(Brouilette et al., 2007; Lee et al., 2014; Mainous Il et al., 2010; Salk et al., 2013) the
majority of these have utilised Cawthon’s earlier published singleplex approach. To the
best of my knowledge only one other study has utilised the Rotor-Gene Q real-time
PCR machine for relative telomere length analysis using multiplex gRT-PCR (Aini et
al., 2014). However, this assay used different primers to those used here (the sequences
of which were not published), and the details of the reaction reagents and cycling
conditions were absent. Therefore to the best of my knowledge this is the first attempt
to utilise the Rotor-gene Q real-time PCR machine and the Bioline SensiMix™ SYBR
No-ROX Kit to replicate Cawthon’s original published protocol using the primers

described in this publication. It was important that this optimisation was carried out,
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since differences in reaction chemistries and thermal cycling machine specifications
means that even well optimised previously published protocols may not perform with
the same efficiency in the hands of others (Gil and Coetzer, 2004). The multiplex
approach offers several advantages over the alternative singleplex approach including
a reduction in the quantity of sample material required, a reduction in assay time and
reagents required and improved accuracy due to circumvention of pipetting errors and
plate-to-plate variation (Cawthon, 2009). Thus taken together, these results show that
the optimised protocol outlined in section 2.2.6 for gRT-PCR analysis of relative
telomere length is an accurate and convenient methodology for assessing telomere

length in low sample sizes from newborns.

4.4.2 Singleplex qRT-PCR for telomere length analysis in single

cells

Telomere length analysis in single cells represents an even more difficult challenge
than telomere length analysis from the small sample sizes associated with newborns.
Until recently, the only method allowing the possibility for telomere length analysis in
single cells was quantitative fluorescence in situ hybridisation (QFISH), however, as
identified later in chapter 5 and by others, this is prone to producing highly variable
results (Lansdorp et al., 1996; Wong and Slijepcevic, 2004) and is therefore not
particularly well suited to such studies. However, with the emergence of new
technologies in whole genome amplification from single cells, the quantification of
telomere length using a qRT-PCR approach has become possible. Indeed other studies
have shown that gRT-PCR offers reduced inter and intra-assay variation compared to
QFISH (O'Sullivan et al., 2006), indicating improved reliability of the use of this
technique. However, it was still necessary to optimise reaction conditions specifically
for telomere length analysis of WGA DNA rather than using the same assay developed
in specific aim 1 since the use of a single copy reference gene in specific aim 1 is not
compatible with WGA DNA. This is because WGA is susceptible to single locus
dropout, which could affect the reference sequence.

Formerly, one other study has attempted to develop a qRT-PCR based approach
including a pre-amplifcation step in order to measure telomere length in single cells

(Wang et al., 2013a; Wang et al., 2013b). Alternatively, one other study has also
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attempted to adapt Cawthon’s original protocol for telomere length analysis in WGA
DNA using a multicopy reference sequence (Treff et al., 2011b). The latter however
was achieved using a different thermal cycling machine and no indication of reaction
efficiencies was provided, therefore it was important to perform these optimisation

steps in order to ensure an accurate and reliable assay here.

In my experiments, reaction efficiencies for both target (telomere) and reference (alu)
sequences were approximately equal and within acceptable range for accurate
determination of average relative telomere length. Although melt curve analysis
produced a high level of background fluorescence for both amplicons in my
experiment, the telomere amplicon melt curve presented here is very similar to that
observed previously by Treff et al 2011. Unfortunately, no melt curve analysis for the
multicopy reference gene is provided in Treff’s manuscript, however this was available
in a report by Wang et al 2013. Wang’s melt curve analysis did not show the high
background fluorescence seen here, however a considerably higher concentration of
primers was used in Wang’s experiments, which would have generated more reaction
product and therefore reduced the effect of background noise. Regrettably, this was not
compatible with my assay, since in my experience, increasing primer concentrations
led to the formation of primer complexes resulting in an over-efficient reaction.
Nonetheless, gel electrophoresis confirmed amplification of single products with
expected sizes from both telomere and multicopy reference amplicons (Cawthon, 2009;
Nicklas and Buel, 2006; Treff et al., 2011b; Wang et al., 2013b), indicating high
specificity of each reaction. Therefore in summary, results from this section indicate
that the cycling conditions and reaction chemistries optimised in this chapter are
suitable for telomere length analysis from WGA DNA using the Rotor-Gene Q PCR

machine.

4.4.3 Faithful representation of the DNA template following WGA

In addition to optimising reaction conditions for relative telomere length analysis in
WGA DNA, it was necessary to confirm that the process of WGA itself using the
SurePlex amplification system (I1lumina) was able to accurately represent the telomere
and reference copy sequences for accurate determination of relative telomere length.
Results in section 4.3.3 confirm that qRT-PCR analysis of relative telomere length
using WGA DNA correlates well with that of unamplified DNA. These findings are in
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agreement with those reported by Treff et al 2011, who reported similar correlations
using DNA amplified with the GenomePlex single cell WGA4 Kit (Sigma). Thus,
experiments conducted in this study, and in that of Treff et al 2011 show that whole
genome amplification is representative of telomere and multicopy reference genes in
the original sample, verifying the use of WGA DNA in relative telomere length analysis
in single cells by qRT-PCR. Although Treff et al 2011 had already reported accurate
representation of relative telomere length using WGA DNA, a different method of
WGA was employed to that used in the present study and different cycling conditions
were performed for amplification of the telomere and multicopy reference sequence.
Therefore it important to validate the protocol optimised in the current study using
DNA amplified with the SurePlex WGA technology employed in this study.

4.5 Conclusion

In conclusion therefore | was successful in the fulfilling the three specific aims of this
chapter. Moreover, optimisation of each of these assays formed a technology basis from
which other chapters in this thesis could proceed. The multiplex gRT-PCR approach
optimised in section 4.3.1 is suitable for telomere length analysis in the newborn
(chapter 6), and the singleplex gRT-PCR based approach optimised in section 4.3.2 and
validated in section 4.3.3 is suitable for use with WGA originating from polar bodies

and embryo biopsies (chapter 5).
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5 Specific aim 3: To investigate the telomere theory of
reproductive ageing in women by addressing a series of
hypotheses pertaining to telomere length in first polar
bodies and cleavage stage embryos, in relation to maternal

age and generation of aneuploidy

5.1 Background

Reproductive ageing in women, evidenced by a sharp decline in the ability to conceive
naturally beyond approximately 35 years of age, is well recognised among scientists
and clinicians alike. However, the exact causes of reproductive ageing in women
remains a subject of investigation (Hassold and Hunt, 2001). Initially, it was believed
that an age-related decline in uterine environment leading to a failure to recognise and
abort trisomic conceptuses might play a fundamental role in reproductive ageing in
women (Aymé and Lippman-Hand, 1982). Since then, it has become clear that it is a
decline in the ability of the oocyte to produce a viable pregnancy as oppose to a decline
in the uterine environment (Hassold and Hunt, 2001). In support of this, oocytes from
women of advanced maternal age (35 years or older) are known to be prone to meiotic
errors leading to gains or losses of whole chromosomes (known as aneuploidy), which
is the leading cause of pregnancy loss and mental retardation in conceptuses that
survive (Hassold and Hunt, 2001).

Several hypotheses have attempted to explain this decline in oocyte potential, including
the ‘limited oocyte pool’ hypothesis, which suggests that female fertility declines
alongside a depletion in the number of oocytes, as well as a decline in the quality of
oocytes (Dorland et al., 1998a; Freeman et al., 2000; Hassold and Hunt, 2001; Munné
et al., 2005; Navot et al., 1991). Alternatively, the ‘two hit” hypothesis explains that a
depletion in oocyte quality with age results from the multiple opportune stages for
errors to occur in meiosis. That is, errors may occur prenatally during premeiotic
mitotic divisions, during early stages of meiosis | in prolonged diplotene (which lasts
from fetal life until the onset of puberty at least) or during ovulation in the latter stages

of meiosis | and/or early meiosis 1. Therefore, bivalents that are susceptible to errors
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might arise prenatally during meiosis | (and are therefore age-independent) followed
by age dependant abnormal processing of the bivalent (Lamb et al., 1996). More
recently however, the telomere theory of reproductive ageing in women has been
proposed, which suggests that shortened telomeres in oocytes of women of advanced
maternal age render oocytes unable to support fertilisation and embryogenesis. This
telomere shortening may be the result of a combination of the end replication problem
in mitotically active precursor cells during gestation (Edwards, 1970; Polani and
Crolla, 1991), and prolonged exposure to oxidative stress during the interval between
oogenesis and ovulation (Passos and von Zglinicki, 2005). Given the important role of
telomeres during synapsis, recombination and segregation events during meiosis
(which are in turn crucial in ensuring faithful segregation of chromsomes), it is
plausible that telomeres may play a role in reproductive ageing in women (Cooper et
al., 1998; Dernburg et al., 1995; Keefe et al., 2005; Keefe et al., 2006; Liu et al., 2004;
Nimmo et al., 1998). This is highlighted in the mouse model, where telomerase
deficient mice appear to mirror the characteristics of this phenomenon (Liu et al.,
2002a; Liu et al., 2002b; Liu et al., 2004). Furthermore, women that have given birth
to infants affected by trisomy 21 (Down’s syndrome) possess shortened telomeres

compared to age matched controls (Dorland et al., 1998b; Ghosh et al., 2010).

However, despite a credible rationale for the telomere theory of reproductive ageing in
women, very few studies have assessed telomere length in human oocytes or
preimplantation embryos. | am aware of little direct evidence that oocyte or embryo
telomeres shorten as women age, nor indeed that the telomeres of gametes that undergo
segregation errors are shorter than those that do not. This is largely due to restrictions
in access to sample material, and the technical challenges of measuring telomeres in
single cells. Furthermore, those that have attempted to overcome these hurdles report
conflicting data. While Keefe et al 2005 showed that oocyte telomere length is
predictive of embryo development potential (Keefe et al., 2005), Turner et al 2013
found that oocyte telomere length was not associated with I\VVF outcome (Turner and
Hartshorne, 2013). The latter study also found no association between oocyte telomere
length and maternal age. In addition, to the best of my knowledge, only one study has
assessed telomere length in female gametes and embryos in relation to the presence of
aneuploidy. This study showed that telomere length is significantly reduced in

aneuploid polar bodies and cleavage stage embryos compared to sibling euploid polar
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bodies and cleavage stage embryos respectively from the same IVF cycle (Treff et al.,
2011b). However details addressing telomere length in polar bodies and embryos in
relation to maternal age were absent. Interestingly, another recent study found that
telomere lengths in day 5 embryos derived from women of advanced maternal age are
reduced compared to those from younger women (Mania et al., 2014). However in this
study, all embryos analysed were aneuploid, and not all embryos reached the same
developmental stage. Previous studies have shown that telomerase becomes highly
active at the blastocyst stage of development (Wright et al., 2001) leading to an increase
in telomere length at this stage (Treff et al., 2011b; Turner et al., 2010), therefore it is
possible that the results presented in this study are influenced by developmental stage
of the embryo rather than solely on maternal age. The present study was therefore
designed to use the gRT-PCR methodology developed in specific aim 2 for relative
telomere length analysis in gametes and embryos in order to study the effects of

telomere length on reproductive ageing in women.

5.2 Specific aims
Specifically, this study was designed to test the following hypotheses:
3a. Telomere length is significantly shorter in first polar bodies from women of

advanced maternal age (over the age of 35) compared to their younger

counterparts

3b. Telomere length is significantly shorter in blastomeres derived from women of
advanced maternal age (over the age of 35) compared to their younger

counterparts

3c. Telomere length is significantly shorter in first polar bodies that are involved in

chromosome segregation errors compared to sibling euploid first polar bodies

3d. Telomere is length significantly shorter in aneuploid blastomeres compared to

euploid blastomeres from sibling embryos
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5.3 Results

Anonymised patient details and results of aneuploidy screening (carried out by staff at

Care Fertility Nottingham, UK) can be found in tables 5.1 and 5.2 for first polar bodies

and blastomeres respectively.

Number of Number of
Patient euploid polar aneuploid . Chror_‘nosomes . . Chror_nosomes .
ID Age bodies polar bodies involved in aneuploid | involved in aneuploid
assessed assessed polar body number 1 | polar body number 2
1 34 2 1 +4 n/a
2 38 2 2 -16 +4, -15
4 33 2 2 -17 -16
7 41 2 2 +10 +16
35 40 2 2 +22 complex
41 33 2 2 complex +20
45 31 2 1 +22,+19,+21 n/a
46 42 2 2 -11 +16
50 33 2 0 n/a n/a
52 26 2 0 n/a n/a
59 41 2 2 complex +16,-9,-21
60 37 2 2 +22 +12,+22
66 33 1 2 -4 +16
70 33 1 1 +18,+X n/a
72 31 2 1 -22 n/a
73 43 2 2 complex +1,+7,+10
74 47 1 2 +15,+18 +11,+20,+22
75 36 2 2 -2,-8 -22
76 33 2 0 n/a n/a
80 32 2 1 +11 n/a
82 37 2 2 +15,+21 +21
84 37 2 2 -12,-20 complex
91 32 2 0 n/a n/a
103 31 2 1 +9 n/a
115 46 1 2 complex complex

Table 5.1: Anonymised patient details and results of aneuploidy screening in first polar bodies following
assessment using the 24 Sure preimplantation genetic screening kit. ‘complex’ refers to aneuploid results
involving four or more chromosomes, ‘n/a’ is not applicable (i.e. no aneuploid polar body available).
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Number of | Number of
. h . Chromosomes Chromosomes
Patient euploid aneuploid . - . . ) .
Age involved in aneuploid | involved in aneuploid
ID blastomeres | blastomeres
blastomere number 1 | blastomere number 2
assessed assessed
19 34 2 2 -18, -21 -22
dup(13)(g21.31-
20 43 2 2 X0 oter),+16
21 37 2 2 -13,+14 -15
22 41 2 2 -16 complex
24 42 2 2 complex complex
27 34 2 2 complex del(11)(q23.3-qter)
33 36 2 2 45;-9 47:+16
34 33 2 2 del(8)(g22.1-qter),-22 | -8, del(15)(q25.1-qgter)
122 38 2 2 del(1)(p21.1-pter),+22 | del(2)(q33.3-gter),-15
123 40 2 2 complex +19
127 39 2 2 -17,+18 complex
129 42 2 2 +10,+19 complex
130 34 2 2 +13 complex
del(6)(p12.1-pter),
137 32 2 2 del(13)(g31.3-qter), complex
del(16)(q11.2-qgter)
143 41 2 2 complex 44;-4,-21
144 33 2 2 +14,+22 del(1)(p32.3-pter),-10
163 33 2 2 +5,+21,+22 complex
171 27 2 2 dup(1)(p12-gter),+21 complex
172 34 2 2 complex -4
188 33 2 2 -5 complex
224 44 1 1 complex n/a
225 30 2 2 complex complex

Table 5.2: Patient details and results of aneuploidy screening in blastomeres biopsied from cleavage
stage embryos following assessment using the 24 Sure preimplantation genetic screening kit. ‘complex’
refers to aneuploid results involving four or more chromosomes, ‘n/a’ is not applicable (i.e. no embryo
available), ‘del’ refers to a deletion with the chromosome involved identified in the first set of brackets
and the portion deleted identified in the second brackets, ‘dup’ refers to a duplication with the
chromosome involved identified in the first set of brackets and the portion duplicated identified in the
second brackets.
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5.3.1 Specific aim 3a. To test the hypothesis that telomere length is
significantly shorter in first polar bodies from women of advanced
maternal age (over the age of 35) compared to their younger

counterparts

Relative telomere length was successfully assessed in two, three or four first polar
bodies (depending on availability) from a cohort of women aged 35 or under compared
to those of women aged over 35, therefore defined as advanced maternal age (AMA).
Polar bodies assessed were made up of a mixture of both euploid and aneuploid
samples. Relative telomere length was assessed by a qRT-PCR protocol optimised as
part of specific aim 2 (see section 2.2.8). Data from all polar bodies from women under
35 were averaged and compared to mean data from all polar bodies originating from
women aged over 35, and analysed for statistical significance using a student’s t-test.

Results are summarised in figures 5.1 to 5.3:

Relative telomere length first polar bodies in women < 35
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Figure 5.1: Relative telomere lengths in first polar bodies from women under the age of 35. Error bars
represent standard error from the mean.
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Relative telomere length first polar bodies in women > 35
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Figure 5.2: Relative telomere lengths in first polar bodies from women aged over 35. Error bars represent
standard error from the mean.
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Figure 5.3: Average relative telomere length of all first polar bodies from women 35 years old or under
compared to women of advanced maternal age. Results show that telomere length is slightly shorter in
first polar bodies from women above 35 years old, however this difference is not statistically significant
(p = 0.48). Error bars represent standard error from the mean.

Results indicate that relative telomere length in first polar bodies of women of AMA
was marginally shorter than that of women 35 years old or under, however this
difference was not statistically significant (p = 0.48). Indeed, a scatter plot of maternal
age versus relative telomere length (shown in figure 5.4) showed no correlation

between the two (Pearson’s correlation coefficient r = 0.07, p = 0.52).
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Relative telomere length in first polar bodies
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Figure 5.4: Relative telomere lengths of aneuploid and euploid first polar bodies in relation to maternal
age. Results indicate no correlation between relative telomere length of first polar bodies and maternal
age.

5.3.2 Specific aim 3b. To test the hypothesis that telomere length is
significantly shorter in blastomeres derived from women of
advanced maternal age (over the age of 35) compared to their

younger counterparts

Relative telomere length was assessed in single blastomeres biopsied from a total of 48
embryos from couples in which the woman was 35 years old or under and a total of 42
blastomeres were assessed for telomere length from couples in which the woman was
of AMA. Relative telomere length in each blastomere was measured by qRT-PCR (as
described in section 2.2.8) from WGA DNA (amplified using the SurePlex DNA
amplification kit, lllumina), using the comparative method (Schmittgen and Livak,
2008). From each woman in each cohort an equal number of aneuploid and euploid
blastomeres were assessed for relative telomere length (i.e. two aneuploid and two

euploid).

As indicated in figures 5.5 to 5.7, results show that relative telomere length in
blastomeres biopsied from cleavage stage embryos from couples in which women were
35 years old or under are slightly shorter than those from couples in which women were
over the age of 35 (0.20 compared to 0.25 respectively). However, this difference was
not statistically significant (p = 0.37).
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Relative telomere length in blastomeres from women < 35
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Figure 5.5: Relative telomere length in blastomeres of cleavage stage embryos from women under the
age of 35. Error bars represent standard error from the mean.
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Figure 5.6: Relative telomere length in blastomeres of cleavage stage embryos from women over the
age of 35. Error bars represent standard error from the mean.
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Figure 5.7: Average relative telomere length in all blastomeres from younger women compared to those
from women of advanced maternal age. Relative telomere length is slightly shorter in blastomeres
derived from couples in which women were younger however this difference was not statistically
significant (p = 0.37) (bottom). Error bars represent standard error from the mean.

To confirm this finding, relative telomere length measured from each blastomere was
plotted against maternal age (figure 5.8). Results showed that, in line with results in

figure 5.6, no correlation existed between the two (r = 0.16, p = 0.14).
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Figure 5.8: Telomere length in blastomeres from cleavage stage embryos in relation to maternal age.
Results show no correlation.

Overall, evidence shows that although telomere length appears to be slightly increased
in blastomeres derived from cleavage stage embryos from couples in which the woman
is of AMA, this difference is not statistically significant and therefore telomere length
in the cleavage stage embryo does not appear to be related to maternal age.
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5.3.3  Specific aim 3c. To test the hypothesis that telomere length is
significantly shorter in first polar bodies that are involved in
chromosome segregation errors compared to sibling euploid first
polar bodies

In order to study the relationship between telomere length and aneuploidy in first polar
bodies, whilst controlling for maternal age and natural variation in inter-individual
telomere lengths, a paired analysis was performed by comparing the average telomere
length of euploid polar bodies from each woman, to the average telomere length of
aneuploid polar bodies from the same women. Average telomere lengths for aneuploid
or euploid first polar bodies were calculated from individual telomere lengths of two
aneuploid and two euploid first polar bodies respectively. Therefore, only those
patients from whom two aneuploid and two euploid first polar bodies were available
were included in this analyses (n = 12 women, total of 24 euploid and 24 aneuploid

first polar bodies).

Results showed that there was no consistent pattern among telomere lengths of euploid
compared to aneuploid polar bodies. While telomere length was shorter in aneuploid
polar bodies from some women, it was longer in other women (figure 5.9). Thus
overall, the average telomere length of aneuploid first polar bodies (0.13) was almost
identical to average telomere length in euploid first polar bodies (0.14) (figure 5.10).

Indeed a paired student’s t-test revealed no statistically significant difference (p = 0.80).
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Figure 5.9: Average relative telomere length of two aneuploid first polar bodies compared to two sibling
euploid first polar bodies from the same woman. Error bars represent standard error between the two
aneuploid or euploid polar bodies assessed.
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Average Relative telomere length in aneuploid vs.
euploid polar bodies

0.2
0.15
0.1

0.05

Relative telomere length (2744C)

Patient ID

mEuploid ® Aneuploid

Figure 5.10: Overall average relative telomere length of all aneuploid first polar bodies in comparison
to all euploid first polar bodies assessed in all women. Error bars represent standard error among each
group.

In summary, results from section 6.3.3 show that telomere length is not different in
aneuploid first polar bodies compared to euploid first polar bodies.

5.3.4 Specificaim 3d.  To test the hypothesis that telomere length
Is significantly shorter in aneuploid blastomeres compared to
euploid blastomeres from sibling embryos

Telomere length was assessed in blastomeres derived from aneuploid embryos and
compared to that of euploid embryos, whilst controlling for natural inter-individual
variation in telomere length as well as maternal and paternal age. This was carried out
by comparing relative telomere lengths in sibling embryos generated in the same IVF
cycle. From each couple, two euploid and two aneuploid embryo samples were
available, therefore the average telomere length of the two euploid embryos was
compared to the average telomere length of the two aneuploid embryos. A total of 84
embryos from 21 couples were assessed. A paired student’s t-test was utilised in order
to test for a statistically significant difference in relative telomere length in aneuploid

embryos compared to sibling euploid embryos.

Results shown in figure 5.11 indicate that relative telomere length in aneuploid
embryos compared to sibling euploid embryos is variable between cases. While some

aneuploid embryos possess shorter telomeres than sibling euploid embryos, others
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possess longer telomeres. Overall therefore, the average telomere length of aneuploid
embryos (0.23) compared to euploid embryos (0.24) was not statistically significantly
different (p = 0.53). This is illustrated in figure 5.12.
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Figure 5.11: Average relative telomere length of blastomeres biopsied from two euploid embryos,
compared to average relative telomere length of blastomeres biopsied from two sibling aneuploid
embyros generated from the same couple in the same IVF cycle. Error bars represent standard error
between the two euploid and two aneuploid blastomeres assessed.
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Figure 5.12: Overall average relative telomere length of all euploid and all aneuploid blastomeres
assessed from all couples. Error bars represent the standard error within the study group.
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5.4 Discussion

54.1 Telomere length in relation to maternal age in polar bodies

The results shown in section 5.3.1 indicate that relative telomere length of first polar
bodies in younger women is not different to that of women of AMA.. Since polar bodies
ought to be reflective of the oocyte in terms of genetic complement, this finding is in
line with observations using Q-FISH analysis, which found that oocyte telomere length
is not correlated with maternal age (Turner and Hartshorne, 2013). Indeed results
shown here also conclude that telomere length is not correlated with maternal age.
However, in the study by Turner and Hartshorne, immature, mature and degenerate
oocytes were included in this analysis, which may have affected the results obtained.
Nonetheless, data presented here adds further weight to what is currently published,
and additionally offers the benefits of a larger study cohort (82 polar bodies compared

to 26 oocytes) and the inclusion of solely polar bodies from good quality oocytes.

Explanation for the above observations include the possible influence of telomere
length maintenance by telomerase activity. In support of this, other studies have shown
that telomerase is expressed in oocytes at all stages of oogenesis in humans (Wright et
al., 2001) and other mammals (Betts and King, 1999; Eisenhauer et al., 1997).
Furthermore, it is additionally possible that telomere length may be maintained in the
oocyte by mechanisms of alternative lengthening of telomeres, however evidence for

this hypothesis is absent in the current literature to the best of my knowledge.

Alternatively, it is important to consider that the above results may be the consequence
of a narrow age range in the subjects sampled. Other studies that have observed a
relationship between telomere length and chronological age have generally done so
with a much broader range of ages (Allsopp et al., 1992; Lansdorp, 2008; Nordfjall et
al., 2009), however in this study the gap between the youngest woman (26) and the
oldest woman (47) is only 21 years. The majority of data in this study is from women
in their 30s and therefore the low numbers of individuals at the extreme ends of the age

range here might additionally skew the overall perception.

In addition, all women included in this study were undergoing fertility treatment, and
therefore may not be representative of a normal population. For ethical reasons it is not

possible to obtain female gametes from healthy, fertile women and therefore any study
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population suffers this limitation. Although it is possible that a proportion of women
included in this study were pursuing fertility treatment for male factor infertility and
therefore may be considered as healthy and fertile, unfortunately these details were not
disclosed. Therefore it is possible that female infertility factors may have influenced

the results observed here.

Finally, technical factors may also contribute to the findings obtained in the present
study. These may be attributed to the multicopy reference gene used in relative
telomere length analysis between subjects. It has previously been documented that
inherent differences in copy number of alu repeats exist amongst individuals (Nicklas
and Buel, 2006; Otieno et al., 2004). This inter-individual heterogeneity in alu copy
number could cause profound effects on subsequent relative telomere length
quantification. Traditionally, relative quantitation of telomere length using qRT-PCR
takes advantage of a single copy reference gene (Cawthon, 2002, 2009), however it
was deemed inappropriate to quantify telomere length in this way in the present study
due to the well characterised issues surrounding single locus bias following WGA
(Treff et al., 2011a). Use of a multicopy reference gene is thought to reduce
susceptibility to this effect (Treff et al., 2011a), however the possibility of under-
representation of one or both target sequences cannot be excluded. It will be interesting
to see what the future holds for improvements to techniques in WGA and whether these
might provide more sensitive measurements in analyses such as those presented here.
Indeed, recently a similar but alternative approach to analysis of relative telomere
length in single cells by gqRT-PCR has been developed. This relies on a pre-
amplification step, as opposed to WGA prior to telomere length quantitation (Wang et

al., 2013b). Studies comparing the two techniques however have yet to be carried out.

5.4.2 Telomere length in relation to maternal age in embryos

Evidence shown in section 5.3.2 shows that telomere length in cleavage stage embryos
is not correlated with maternal age, and therefore embryos derived from women of
AMA were not different to those derived from younger women. To the best of my
knowledge, this is the first attempt to assess telomere length in relation to maternal age
in the cleavage stage embryo (day three post fertilisation), and therefore this study has
unveiled some valuable new findings. Interestingly, these findings appear to be specific
to the cleavage stage embryo, since observations from a study by Mania et al 2014
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showed that telomere length is reduced in embryos derived from women of AMA at
day five post fertilisation. However all of these embryos were diagnosed as aneuploid
and not all embryos developed at the same rate. Mania’s study included blastocysts,
morulae and arrested embryos, therefore the contributions of aneuploidy and/or
developmental delay cannot be excluded from the reduction in telomere length
observed (Mania et al., 2014). The latter of these has been related to reduced telomere
length in day 3 embryos (Keefe et al., 2005). Furthermore, the study by Mania et al
2014 only studied a total of 35 embryos from 7 couples, whereas in the present study a

total of 86 embryos from 22 couples were assessed.

One possible explanation for the increased telomere length observed in embryos from
women of AMA here is the paternal contribution to telomere length in the developing
embryo. Several studies have previously identified that paternal age is positively
correlated with sperm telomere length (Allsopp et al., 1992; Baird et al., 2006; Turner
and Hartshorne, 2013) and that telomere length in the offspring is paternally inherited
(Kimura et al., 2008; Njajou et al., 2007; Unryn et al., 2005). However, details of
paternal age in the present study were not available and therefore could not be assessed

in relation to embryo telomere lengths.

Alternatively, mechanisms of telomere lengthening in the developing embryo may
explain the results obtained here. Although it is generally accepted that telomerase
activity becomes most active at the blastocyst stage of development leading to
increased telomere length (Treff et al., 2011b; Turner et al., 2010; Wright et al., 2001),
it is possible that recombination based mechanisms of telomere lengthening may play
a role in earlier cleavage stage embryos (Liu et al., 2007). Although this has not been
demonstrated in human embryos, it has previously been observed in mice (Liu et al.,
2007). This being the case, it may be that shortened telomeres are re-set in the cleavage
stage embryo irrespective of possible shortened telomeres derived from maternal

origin.

Finally, it is important to consider technical aspects in the findings presented here.
Alongside the technical aspects related to methodology (described in the previous
section), it must also be appreciated that in this experiment it was assumed that a single
blastomere from each embryo is representative of the entire embryo. Many studies
before this have identified that embryos (and in particular cleavage stage embryos) are
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prone to mosaicism (Colls et al., 2007; DeUgarte et al., 2008; Harton et al., 2011), in
which daughter cells are not identical. Previous studies have also shown that telomere
length is not identical among different blastomeres of the same embryo (Turner and
Hartshorne, 2013). Thus it is possible that the blastomeres sampled from the embryos
included in this study may not have been reflective of the embryo as a whole.
Unfortunately it was not possible to obtain all blastomeres from any embryo in the
present study and therefore this phenomenon could not be explored. Although there is
some evidence to show that mosaicism is reduced in the blastocyst embryo (Adler et
al., 2014; Munné et al., 2005) and therefore some argue that blastocyst biopsy is more
representative of the whole embryo, this does not appear to be true in relation to
variance in telomere lengths among different daughter cells (Turner and Hartshorne,
2013). For this reason it is unlikely that the stage of development at which embryos

were biopsied is likely to have had an effect here.

54.3 Telomere length and aneuploidy in first polar bodies

compared to sibling euploid first polar bodies

Results from section 5.3.3 illustrate that analysis of relative telomere length in relation
to chromosome complement revealed no significant difference between aneuploid and
euploid first polar bodies. This observation is in contradiction to that observed by Treff
et al 2011 whom showed that telomere length is reduced in aneuploid polar bodies
compared to sibling euploid polar bodies. However, in Treff’s analyses only nine polar
bodies were assessed, and these were made up of a mixture of first and second polar
bodies (Treff et al., 2011b). Given that one of the proposed contributors to telomere
shortening in women of AMA is prolonged exposure to oxidative stress, such an effect
may become more apparent following completion of the second meiotic division
(Keefe et al., 2007). If this is the case, second polar bodies may be more reflective of
the telomere theory of reproductive ageing in women (Passos et al., 2007). That being
said, Treff et al 2011 noted that relative telomere lengths between first and second polar
bodies were not different. In addition, it is generally considered that aneuploidy in
oocytes are predominantly the result of errors in meiosis | (Gabriel et al., 2011; Hassold
and Hunt, 2001); therefore if dysfunctional telomeres were a potential cause of

aneuploidy, it should be evident in first polar bodies.
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One possible explanation for the observation found here could be that while shortened
telomeres may result in impaired synapsis and recombination events leading to
aneuploidy, such an event is likely limited to those chromosomes with critically short
telomeres (Hemann et al., 2001b)). Since gRT-PCR analysis cannot determine telomere
lengths of individual chromosomes, it is possible that overall relative telomere length
is not reflective of critical telomere length sufficient to cause aneuploidy in a selection
of chromosomes (Hemann et al., 2001b).

Alternatively, once again, it is possible that telomerase or alternative mechanisms of
telomere lengthening may be active in the oocyte, resulting in stable telomere lengths.
This being the case, the events leading to aneuploidy must occur by some means other
than those directly resulting from shortened telomeres, e.g. inefficient checkpoint

mechanisms during meiosis (Burgoyne et al., 2009; Wang and H66g, 2006).

5.4.4 Telomere length and aneuploidy in blastomeres

Results demonstrated in section 5.3.4 show that telomere length is not different in
aneuploid embryos compared to sibling euploid embryos. Previous studies have shown
that reduced telomere length is associated with chromosome instability (Artandi et al.,
2000) and impaired synapsis and recombination in female gametes in the mouse model
(Liu et al., 2004; Scherthan, 2007), which is in turn linked to aneuploidy (Liu et al.,
2004) in the embryo. However, the results presented in specific aim 3c suggest that
telomere shortening is not related to female reproductive ageing in humans. In light of
this, it is not surprising that my results also show that telomere shortening is not related

to aneuploidy in the cleavage stage embryo.

This finding contradicts that which has previously been shown by Treff et al 2011 who
showed that telomere length is reduced in aneuploid cleavage stage embryos. However
in this study, only 18 embryos (nine aneuploid and nine euploid) from a total of nine
couples were assessed, whereas in the current study 84 embryos (42 aneuploid and 42
euploid) from a total of 21 couples were assessed. Thus it is possible that the

discrepancies in these data might be due to the limited sample size in Treff’s study.

Nonetheless, it is possible that paternal contribution to embryo telomere length
(Kimuraet al., 2008; Njajou et al., 2007; Unryn et al., 2005), telomerase activity and/or

recombination based mechanisms of telomere lengthening in the embryo (Liu et al.,

Page 176 of 261



K. J. Turner Telomere length in polar bodies and embryos

2007) have overshadowed any effect of telomere reduction in relation to aneuploidy in
the present data. Alternatively, it is also possible that the heterogeneity of telomere
lengths in individual blastomeres (Turner and Hartshorne, 2013) may render the
analysis of one blastomere from each embryo non-representative of the embryo as a

whole.

5.5 Conclusion

To the best of my knowledge this is only the second (and largest) study to address
telomere length in human female gametes and the first to do the same in human
cleavage stage embryos in relation to maternal age. It is also the largest study to address
telomere length in female gametes and cleavage stage embryos in relation to

chromosome segregation errors.

Analysis of relative telomere length in both first polar bodies and cleavage stage
embryos provides no evidence for the involvement of telomere length in reproductive
ageing in women. Telomere lengths appear to be similar among first polar bodies
independent of maternal age or chromosome complement, and therefore there is no
evidence of telomere attrition in female gametes in relation to AMA or the incidence
of aneuploidy. Similarly, no difference was observed in telomere lengths among
cleavage stage embryos derived from women of AMA in comparison to younger
women, nor between aneuploid and euploid embryos. Taken together therefore, results

presented here do not support the telomere theory of reproductive ageing in women.
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6 Specific aim 4: To test the hypothesis that preterm babies
have significantly reduced telomere length by term

equivalent age compared their term born counterparts

6.1 Background

Preterm birth, defined as birth at less than 37 completed weeks gestation, accounts for
approximately 7.2% of all live births in the UK (Mangham et al., 2009). The incidence
of preterm birth is steadily increasing in western countries, and although survival rates
are improving, morbidity rates have remained relatively high (Costeloe et al., 2012;
Moore et al., 2012), posing a significant public health concern. Alongside the well
documented morbidities associated with preterm birth including respiratory and
neurodevelopmental sequelae, a number of others are beginning to emerge, which
constitute an ‘aged’ phenotype in preterm infants. Compared to healthy term born
infants, preterm infants demonstrate altered body fat distribution (Modi et al., 2009;
Thomas et al., 2008a; Uthaya et al., 2005; Vasu V and N, 2009), hypertension (Bhat et
al., 2012; VanDeVoorde and Mitsnefes, 2014) and insulin resistance (Tinnion et al.,
2013). These features are strongly linked with adverse metabolic health and, as such,
present complications that persist into adulthood (de Jong et al., 2012; Parkinson et al.,
2013; Thomas et al., 2011). This long term morbidity ‘signature’ in the ex-preterm

infant is reminiscent of premature ageing in these individuals.

At present, the identification of the long term health outcomes in ex-preterm infants
requires careful clinical and developmental follow up, involving a number of tests
designed to evaluate a range of biological systems. Given the importance of early
recognition of morbidity in this vulnerable patient population, the identification of a
novel biomarker that acts as part of a single minimally invasive test could serve as a
valuable tool in aiding prognosis. Since telomeres are known to shorten with the
process of ageing, and are linked to several disease conditions (discussed in section
1.2) including those mentioned above, telomere length could be a plausible candidate

for this role.

Currently very few studies have investigated telomere length in the newborn
population, and fewer still in preterm infants (discussed in section 1.8.5). One study by
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Friedrich et al 2001 found that overall, there was no difference in telomere lengths
between preterm and full term infants at the time of birth, however a rapid and
significant decline in telomere length was noted in infants born between 27 and 32
weeks gestation (Friedrich et al., 2001). Unfortunately however, this study could not
draw this conclusion from longitudinal data that measured telomere length in the same
infant more than once. Instead telomere length measurements from different
individuals born at different gestational weeks were assessed, and therefore natural
inter-individual variation in telomere length cannot be excluded. That being said, a
subsequent study that did carry out more than one assessment from each individual,
were able to confirm Friedrich’s conclusion of consistent reduction in telomere length
between 23 and 35 weeks gestation (Holmes et al., 2009). Interestingly this finding was
not evident among age-matched fetuses, suggesting that the event of preterm birth itself
might impact telomere length in some infants (Holmes et al., 2009). Although these
studies combined provide interesting and valuable information on telomere dynamics
in this vulnerable study population, to date none have explored telomere length in the
preterm infant at term equivalent age. Furthermore, none have assessed telomere
lengths in individual chromosomes in newborn infants. Such analysis could provide
key insights into the genetic aetiology of the ‘aged’ phenotype observed in ex-preterm
infants. In addition, this information might identify whether telomere length could be
utilised as a biomarker and/or a prognostic tool for assessing health outcome in preterm
infants, and in turn play a vital role in prompting health management regimes in these
individuals. In order to address the gaps in our current knowledge outlined above and

in section 1.8.5, the specific aims of this chapter were as follows:
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6.2 Specific aims

4a.

4b.

4c.

4d.

de,

To recruit up to 30 preterm infants and sample their blood at birth and “at term”

age and to recruit an equivalent number of term born healthy infants as controls

To use the gRT-PCR protocol developed in specific aim 2 to test the hypothesis
that the telomeres of preterm infants are significantly shorter than they were at

the time that they were born

Using the same methodology to test the hypothesis that at term equivalent age,
preterm infants have reduced average relative telomere length compared to term

born controls

To test the hypothesis that, in each of the three groups (preterm at birth; preterm
at term; term born controls) overall telomere length correlates to gestational
age, birth weight, maternal age, maternal body mass index and/or mode of

delivery

To test the hypothesis that individual telomeres are prematurely shortened in

preterm infants at term equivalent age
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6.3 Results

6.3.1 Specific aim 4a. To recruit up to 30 preterm infants and
sample their blood at birth and “at term” age and to recruit an

equivalent number of term-born healthy infants as controls

In order to address the aims set out in this chapter, preterm infants sampled at birth,
preterm infants sampled at term equivalent age, and term born controls were recruited.
This was done primarily by staff at the William Harvey Hospital (led by Dr Vimal
Vasu) and my personal involvement was to help define the selection criteria, aid in the
writing of internal funding to recruit a research nurse and to collect the samples from
the hospital. Following informed written parental consent, preterm infants born at less
than 32 weeks completed gestation were recruited from the neonatal unit at the William
Harvey Hospital. Term born (37-42 weeks gestation) healthy infants were similarly
recruited from the postnatal ward at both the William Harvey Hospital and the Queen
Elizabeth the Queen Mother Hospital, Margate. This sampling criteria was used as it
was deemed more appropriate to assess more extreme cases in this pilot study as a proof
of principle. An additional 1ml of blood was drawn during routine blood sampling from
preterm infants (up to 48 hours after birth, or at term age). In the case of healthy term
born participants, an extra 1ml of blood was drawn if venepuncture was deemed
necessary for other clinical reasons (e.g. suspected jaundice, suspected infection).
Blood was then stored at room temperature until it was transported to the University of
Kent (within 12 hours). In total, 15 preterm infants were recruited and sampled at birth,
10 preterm infants were recruited and sampled at term equivalent age, and 25 term born
infants were recruited and sampled at birth. At the time of recruitment, all samples were
anonymised by the doctor or nurse taking the sample, by assigning a code to the sample.
Thus all samples were “blinded” upon collection so that I had no knowledge of the
origin of samples prior to processing. In order to assess average relative telomere
lengths in infants, DNA was extracted from 500ul whole blood using a DNA isolation
kit for mammalian blood (Roche) as described in section 2.2.11. Clinical details and

average relative telomere lengths recorded from each patient are outlined in table 6.1.
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Patient Average relative Gestational Bi_rth . Matema_xl body Maternal age
Group D telomere Ie_ngth age (weeks) weight [ Mode of delivery mass index (vears)
(T/S ratio) (kg) (Kg/M?)
1 2.7 27.0 0.9 CS (labour) - 31
2 10 311 18 CS (non-labour) - 20
4 0.7 29.0 11 CS (labour) 30.5 31
5 2.0 29.0 1.6 Vaginal 26.4 35
6 11 29.0 12 Vaginal 26.4 35
7 12 25.0 0.7 Vaginal - 31
9 2.8 26.0 0.9 Vaginal - 36
Pre;‘?r:‘ S T 24 26.0 11 CS (labour) ; 36
" 13 13 30.1 13 Vaginal 24.3 25
14 12 29.6 0.9 CS (labour) 22.0 25
15 24 259 0.8 CS (labour) - 45
16 0.6 24.1 0.8 Vaginal 21.7 35
17 15 27.0 0.8 Vaginal - 27
18 17 27.0 0.9 Vaginal - 27
5Q 12 29.1 12 CS (labour) 22.1 20
8 18 27.0 0.9 CS (labour) - 31
12 0.9 26.0 11 CS (labour) - 36
27 12 27.6 11 Vaginal 19.8 19
pretermat | 29 08 214 11 Vaginal 206 29
term 35 1.0 27.1 0.8 CS (labour) - 32
equivalent 37 1.0 30.9 11 CS (labour) 254 37
age 38 13 253 0.8 Vaginal 251 24
42 11 309 0.8 CS (non-labour) - 26
6Q 12 291 15 CS (non-labour) 257 32
7Q 13 29.1 1.0 CS (labour) 25.7 32
19 0.8 409 51 Vaginal 38.1 28
20 0.8 40.9 3.6 Vaginal 38.2 36
21 12 38.9 4.0 Vaginal 349 30
22 13 394 3.6 - 18.9 18
23 0.9 414 33 CS (labour) 233 17
24 13 40.6 38 - 213 33
25 10 39.7 3.9 CS (labour) 37.2 35
26 0.8 40.4 34 Vaginal 22.8 25
28 10 40.4 39 Vaginal 24.2 39
31 0.9 40.3 33 CS (labour) 26.8 29
32 2.0 40.6 39 Vaginal 42.6 37
33 11 374 35 CS (labour) 37.9 40
Term 4 0.7 374 33 CS (labour) 379 40
controls
36 0.8 374 2.6 Vaginal 315 32
39 0.7 40.6 42 - 21.6 38
40 1.0 39.3 3.7 CS (labour) 21.0 31
41 0.4 417 3.9 Vaginal 184 21
1Q 12 39.4 33 - 30.0 -
2Q 13 389 - - - -
3Q 0.6 39.0 3.0 CS (non-labour) - -
4Q 0.6 41.9 35 Vaginal 329 -
8Q 0.7 38.3 23 Vaginal 18.7 -
9Q 13 37.0 2.8 Vaginal - -
10Q 0.5 419 3.0 Vaginal - -
11Q 0.4 40.4 3.1 - - -

Table 6.1: Patient information and relative telomere length (T/S ratio). CS (labour) refers to delivery by
caesarean section following labour, CS (non-labour) refers to caesarean section in the absence of labour.
Where a ‘- is present, no information was available.
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6.3.2  Specific aim 4b. To use the gRT-PCR protocol developed in
specific aim 2 to test the hypothesis that the telomeres of preterm
infants are significantly shorter than they were at the time that

they were born

Average relative telomere length was assessed by quantitative real-time polymerase
chain reaction (QRT-PCR) as described in section 2.2.6 in 15 preterm infants sampled
within 48 hours of birth and 10 preterm infants sampled at term equivalent age. Results
are shown in figure 6.1 on the next page. The preterm at birth group displayed a range
of telomere lengths (T/S ratios) from 0.55 to 2.78, whereas the preterm infants sampled
at term equivalent age displayed a range of telomere lengths from 0.76 to 1.77. Despite
these differences however, a Shapiro-Wilk test of normality revealed that both groups
were normally distributed (p = 0.249 for preterm sampled at birth and p = 0.691 for
preterms sampled at term equivalent age). For this reason, and due to the small sample
sizes in each cohort, it was deemed appropriate to compare the means values of the two
sample populations. Indeed preterm infants sampled at birth possessed mean telomere
length of 1.58 compared to a mean telomere length of 1.16 in preterm infants sampled
at term equivalent age. Therefore preterm infants sampled at birth had telomere lengths
1.36x higher than those sampled at term equivalent age. However, a student’s t-test
revealed that this difference was not significant (p = 0.10).
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Figure 6.1: Average relative telomere length (as determined by T/S ratio following qRT-PCR) in preterm
infants sampled at birth (top left) and preterm infants sampled at term equivalent age (top right). Mean
telomere length is longest in preterm infants sampled at birth (bottom), however this difference is not
significant (p = 0.10). Error bars represent standard error of the mean.

6.3.3 Specific aim 4c. Using the same methodology to test the
hypothesis that at term equivalent age, preterm infants have
reduced average relative telomere length compared to term born

controls

In order to compare average relative telomere lengths in term born babies with that of
preterm infants at term equivalent age, again average relative telomere length was
assessed by qRT-PCR, this time in 25 term born controls. In term born controls T/S
ratios ranged from 0.44 to 1.98 (albeit with the second highest T/S ratio being 1.31). A
Shapiro-Wilk test also confirmed normality within this population (p = 0.13), and
therefore it was deemed appropriate to perform parametric statistical analysis. The
mean T/S ratio in term born controls was 0.94 compared to 1.16 in preterm infants
sampled at term equivalent age (results shown in figure 6.2). However a student’s t-

test confirmed that again, this difference was not significant p = 0.07).
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Figure 6.2: Average relative telomere length (as determined by T/S ratio following gqRT-PCR) in preterm
infants sampled at term equivalent age (top left) compared to term born controls (top right). Mean
telomere length is longest in preterm infants (bottom), however this difference is not significant (p =
0.07). Error bars represent standard error.

6.3.4  Specific aim 4d. To test the hypothesis that, in each of the three
groups (preterm at birth; preterm at term; term born controls)
overall telomere length correlates to gestational age, birth weight,

maternal age, maternal body mass index and/or mode of delivery

Following measurement of average relative telomere length by gRT-PCR, results were
assessed in relation to gestational age, birth weight, maternal age, maternal body mass
index (BMI) and mode of delivery in each of the three groups of infants recruited to
the study. In all patient cohorts, it was found that telomere length did not correlate with
any of the above criteria. These results are illustrated in figures 6.3, 6.4 and 6.5.
Furthermore a univariate ANOVA revealed no relationship between telomere length

and mode of delivery in any of the study groups (p = 0.60 for preterm infants sampled

Page 185 of 261



K. J. Turner

Telomere length in the newborn

at birth, p = 0.94 for preterm infants sampled at term equivalent age, p = 0.73 in term

born infants).
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index (bottom left) and maternal age (bottom right) with relative telomere length (T/S ratio) as
determined by qRT-PCR in preterm infants sampled at birth. No correlation is present amongst any of
the variables tested.
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determined by gRT-PCR in preterm infants sampled at term equivalent age. No correlation is present
amongst any of the variables tested.
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6.3.5 Specific aim 4e. To test the hypothesis that individual
telomeres are prematurely shortened in preterm infants at term

equivalent age

Telomere length analysis of individual chromosome arms were assessed in all
autosomes in order to test the hypothesis that following birth, telomere lengths of
specific individual chromosome arms (as yet not identified) are reduced in preterm
infants by term equivalent age, leading to reduced telomere lengths compared to term
born controls. Sex chromosomes were excluded from this analysis since they do not
necessarily represent a homologous pair from which an average measurement of p and
g arms can be obtained. Due to the significant work load required for QFISH analysis
(as described in section 2.2.16), telomere lengths of individual chromosome arms were
assessed in a subset of the group, i.e. five preterm infants sampled at birth, five preterm
infants sampled at term equivalent age and five term born controls. At least five
metaphase cells hybridised with the telomere specific PNA probe and counterstained
with DAPI were captured, karyotyped with the aid of SmartType 2 (Digital Scientific),
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and analysed for telomere fluorescence signal intensity using TFL-Telo T/S ratio (see

section 2.2.16.6). Figure 6.6 shows an example of a QFISH image and karyotype.
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Figure 6.6: Example of an image acquired following QFISH procedures (top left) and detection of
chromosomes and telomeres for fluorescence analysis of telomere spots in TFL-Telo (top right). The
raw QFISH image was karyotyped with the aid of SmartType 2 (bottom) in order to assign chromosome
number to each measured chromosome.

Visual inspection of the overall data demonstrated a consistent pattern in which
telomere lengths of individual p and g arms from each chromosome are approximately
equal among both preterm groups, and consistently longer in term born controls

compared to both preterm groups. However, the level of variation among these
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measurements is very high, which is consistent with other published data utilising
QFISH for analysis of telomere length (Poon et al., 1999; Wong and Slijepcevic, 2004).
This high level of variation meant that despite the observed pattern, a multivariate
ANOVA confirmed that telomere length was not statistically different between specific
chromosome arms of specific chromosomes within groups, nor between groups (p =
0.92). Thus there is no apparent effect of telomere length alteration in any one specific
chromosome arm in any of the groups assessed. In other words I could find no evidence
to support the hypothesis that any individual telomere(s) were significantly shortened

in premature babies. Results are shown in figure 6.7.

In the analysis shown, for the most part, the signal intensities for the term born babies
was around twice that of the other two groups. Given that the gRT-PCR results
indicated that there was no overall difference between the groups, the two sets of results
appear at odds. In point of fact the QFISH was only meant as a means of determining
the relative lengths of individual p and g arm telomeres compared to one another,
within the same patient or group. It is theoretically possible that preparations from
term born babies produce higher hybridisation efficiencies for some unbeknownst
technical reason that is not related to telomere length. For this reason, in figure 6.8, |
manipulated the data so that the mean overall telomere length in each group was the
same. This normalisation factor was calculated by dividing the overall average
telomere length in all chromosomes from all patients across all groups, by the average
telomere length in all chromosome arms from each individual group. In doing so,
results further confirmed that, no individual telomere from any particular chromosome
was significantly shorter nor longer in any of the groups. This is illustrated in figure
6.8 and confirmed by a multivariate ANOVA (p =0.92).
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6.4 Discussion

6.4.1 Recruitment of preterm infants and term born healthy

controls

Over the course of approximately 42 months, at total of 50 patients were recruited and
sampled from the William Harvey Hospital (Ashford, Kent) or the Queen Elizabeth
Queen Mother Hospital (Margate, Kent). Recruitment of both term and preterm infants
to clinical research studies can be challenging. In the population of babies studied,
parents were likely to have had concerns about the wellbeing of their baby and so
participating in clinical research is often felt to be an additional burden or risk.
Nonetheless, | was able to obtain samples from 15 preterm infants sampled at birth, 10
preterm infants sampled at term and 25 term infants sampled at birth. Although the
target sample size was not quite reached, the data collected from these patients still
represents one of the largest sample sizes in this study population. Moreover, to the
best of my knowledge, none have attempted to measure telomere length in the preterm
infant at term equivalent age and therefore this data represents a unique contribution to

the field of neonatology.

6.4.2 Relative telomere length in preterm infants at birth compared

to preterm infants term equivalent age

Results in section 6.4.1 revealed that there is a decline in telomere length from the time
of preterm birth to term equivalent age in preterm infants. Although these results were
not of statistical significance at the p = 0.05 level, they are in keeping with the pattern
observed in previously published studies that have shown a rapid decline in telomere
length in preterm infants following birth (Friedrich et al., 2001; Holmes et al., 2009;
Menon et al., 2012). However, the magnitude of this difference was less pronounced in
my own data in comparison to findings from other studies. One possible explanation
for this, is that the design of my own study, as well as the numbers recruited were not
powerful enough to do so. In the present study it was not possible to sample the same
preterm infant at birth and again at term equivalent age, therefore it is possible that

natural variation in telomere length (Allsopp et al., 1992; Hastie et al., 1990; Okuda et
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al., 2002; Rufer et al., 1999), along with the small sample sizes may have weakened

the statistical power of the trends observed here.

Alternatively, it is also possible that other studies may have over-estimated the
differences in telomere lengths of preterm infants in relation to gestational age, which
may be attributable to technical aspects in measuring telomere length. Other studies
(Friedrich et al., 2001; Holmes et al., 2009) have utilised TRF analysis, which is a
technique that also measures the highly variable subtelomeric region, and therefore
differences in TRF length cannot be solely accountable to differences in true telomere
length (Baird et al., 1995; Levy et al., 1992; Mefford and Trask, 2002; Riethman et al.,
2005). Furthermore, DNA storage and extraction techniques differ among each of the
previously published studies and the study presented here, which has also been shown
to effect results obtained from telomere length analysis (Cunningham et al., 2013;
Zanet et al., 2013).

In addition, there are several biological factors that may lead to an over-estimation of
the magnitude of telomere attrition following preterm birth in other studies. For
example, it is possible that a difference in cell type composition among these patients
might have had ramifications on the results obtained. Preterm infants have previously
been shown to possess altered blood cell composition (Berrington et al., 2005), and it
is well known that telomere lengths are not equal among different cell types (Hoffmann
et al., 2009; Lansdorp, 2008; Spyridopoulos et al., 2008). Finally, as described in
section 1.2.1.5, there are many factors besides replicative history that might affect
telomere length. These include genetic, epigenetic and environmental influences, along
with exposure to oxidative stress, inflammation or infection, which could influence

leukocyte cell turnover rate and in doing so affect telomere length (Aviv et al., 2006).

Alternatively, it is possible that the magnitude of telomere attrition observed in other
studies is present only in some individuals. In the present study there was a large range
of T/S ratios in the preterm group sampled at birth in which some had very high T/S
ratios, whereas in the preterm group sampled at term equivalent age this range was
much narrower. With this in mind, it is likely that should the sample size be increased

in future work, the overall trend observed here would gain statistical power.
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6.4.3 Relative telomere length in preterm infants at term equivalent

age compared to term born controls

As shown in figure 6.2, when average relative telomere length was compared in preterm
infants sampled at term equivalent age with that of term born controls, although
telomere length was slightly longer in the preterm group, this difference was not
significantly different. Therefore, although telomere length likely declines following
preterm birth based on evidence reported here and by others (Friedrich et al., 2001,
Holmes et al., 2009; Menon et al., 2012), this does not result in shorter average telomere
length by term equivalent age in the preterm infant compared to term born counterparts.
To the best of my knowledge, this is the first study to attempt such a comparison, and

therefore this result contributes a novel finding to the field of neonatology.

It is possible that low sample size and the range of aforementioned biological factors
impacting individual telomere length might have influenced the results obtained here.
Furthermore, it is possible that other medical complications that warranted blood
sampling in the term group may have affected their telomere lengths e.g. the presence
of infection (Aviv et al., 2006; Iimonen et al., 2008; Pawelec et al., 2005; Vallejo et al.,
2004). However, it is equally likely these results can be explained by the possibility
that telomere attrition rate is the same in utero as it is ex utero. Such an event would
lead to similar telomere lengths in the preterm infant at term equivalent age to that of
the term born infant, in agreement with data presented here. Although this scenario
contradicts what has previously been found by Holmes et al 2009, her study included
only 5 preterm infants and therefore in light of the findings from the present study, it

would be interesting to revisit this in future investigations.

Overall, based on the information from sections 6.3.2, it is unlikely that average relative
telomere length can act as a biomarker for the aged phenotype associated with
premature birth. However, both sections provide interesting additional information to
what it currently known about telomere regulation in this largely under-explored study

population.
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6.4.4 Correlation of telomere length with gestational age, birth

weight, maternal age, maternal BMI and mode of delivery

Previous studies have shown that telomere length in the preterm infant is correlated
with gestational age, birth weight and maternal age (Akkad et al., 2006; Friedrich et
al., 2001; Holmes et al., 2009; Menon et al., 2012), however in the present study, no
such correlations were observed. It is unlikely that this effect is due to telomere
maintenance mechanisms in utero, since evidence from section 4c shows that telomere
lengths in the term born infant are not reduced overall in comparison to telomere
lengths in the preterm infant when sampled at birth. Furthermore, a study by Cheng et
al 2013 showed that telomerase expression gradually decreases in the developing fetus
(although this study assessed fetuses between six and 11 weeks gestation) (Cheng et
al., 2013b). Based on the data shown in section 4b, the most probable explanation for
this finding is the small range in the parameters studied, and the highly heterogeneous
nature of telomere lengths in preterm infants, particularly those sampled at birth. This
represents a previously unreported finding, which is consistent with the hetereogeneous
nature of telomere lengths assessed in full term newborns (Lim et al., 2013; Okuda et
al., 2002) and other study populations (Allsopp et al., 1992; Hastie et al., 1990; Rufer
etal., 1999).

When telomere length was assessed in relation to the same criteria described above in
term born controls, results showed that again, telomere length was not correlated with
gestational age, birth weight or maternal age. These findings are in partial agreement
with others who also found that telomere length was not associated with gestational
age or birth weight, but is in disagreement with these other studies in that they did find
a correlation between infant telomere length and maternal age (Akkad et al., 2006;
Okuda et al., 2002). Given that infant telomere length ought to be influenced by both
maternal and paternal contributions, it is perhaps unsurprising that no correlation could
be found here, since paternal contribution is ignored. Indeed several studies in the past
have highlighted that telomere length in the offspring is paternally inherited (Kimura
et al., 2008; Njajou et al., 2007; Unryn et al.,, 2005), and therefore in future
investigations it would be interesting to assess such correlations, and interpret

contributions from both parents.
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Finally, infant telomere length did not appear to be correlated with maternal BMI or
mode of delivery in any of the groups studied. To the best of my knowledge, these
factors in relation to infant telomere length have thus far not been explored and
therefore represent some interesting new findings. Taken into consideration with the
rest of the data presented in this section, these results indicate that overall, in a given
population, telomere length remains remarkably stable despite the potential influence
of factors known to affect neonatal health outcome. However, the high level of
variation among telomere lengths of different individuals suggest that it is unlikely that
telomere maintenance mechanisms are involved in this observation. It is therefore
possible that the parameters assessed can influence infant telomere length on an
individual level, however in order to study this effect, it will be necessary to include
much larger sample sizes in future investigations in order to generate meaningful

interpretations.

6.4.5 Telomere lengths of individual chromosome arms

Data presented in section 6.3.2 suggest that average relative telomere length is not
reduced in preterm infants by term equivalent age compared to term born controls.
However others have proposed that analysis of critical telomere length of specific
telomeres represents a major contributor to cellular senescence and loss of tissue
function associated with ageing (Faragher and Kipling, 1998; Hemann et al., 2001b;
Martens et al., 2000; Martens et al., 1998). For this reason, QFISH analysis was
performed in a subset of five patients from each group, in order to ascertain whether
critical telomere length might act as a marker for the aged phenotype observed in

preterm infants.

In general, results from QFISH analysis showed that telomere lengths of p and g arms
on each specific chromosome was consistently longest in the term born control group,
and approximately equal in both preterm groups. However, statistical analysis revealed
that these results were not different from one another within or between the different
groups assessed. In order to reduce the influence of the high level of variation in the
interpretation of these measurements (as indicated by the large error bars in figure 6.7),
results were normalised against this variability as described in section 6.3.5. As shown
in figure 6.8, results confirmed the same overall finding, indicating that despite high
variability in the results obtained by QFISH, which is well documented by others
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(Aubert et al., 2012; Poon et al., 1999; Wong and Slijepcevic, 2004), the overall result

is likely reflective of the biological system under assessment.

Of course it is possible that the low sample size, along with the low numbers of
metaphase images analysed may contribute to this finding. On account of this, in the
future it would prove beneficial to analyse more metaphase cells from a larger number
of patients in order to re-visit this topic. Indeed, others recommend that at least 10-20
metaphases are analysed for each individual (Poon et al., 1999; Wong and Slijepcevic,
2004), however due to time restrictions, it was not possible to do this in the present
study. Nonetheless, this study represents the first of its kind. To the best of my
knowledge no other studies have attempted to measure individual telomere lengths in
newborns before, and none have addressed whether any chromosome specific
differences exist in telomere lengths between those born prematurely compared to

those born at full term.

6.5 Conclusion

On the whole, results from this chapter indicate that while average telomere length is
reduced in preterm infants by term equivalent age, this does not render individuals born
prematurely with telomeres that are shorter than those of individuals born at full term.
Taken together with results from QFISH analysis, neither average telomere length nor
telomere lengths of specific chromosome arms are likely to be a suitable biomarker for
predicting the morbidities associated with the aged phenotype in preterm infants. These
results support findings from other similar studies in this field, and add valuable new
preliminary information with regard to telomere length in the preterm infant at term

equivalent age.
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7 General discussion

Overall, this thesis was largely successful in achieving its specific aims, that is;

1. Nuclear organisation was assessed in the sperm heads of males with severely
compromised semen parameters compared to those of normal fertile males,
through assaying the position of telomeres and their associated proteins.
Evidence presented from these analyses showed that nuclear organisation is
altered in the sperm heads of males with compromised semen parameters.
Furthermore, it is possible that this might be the result of improper chromatin

packaging overall in these sperm nuclei.

2. An experimental means for measuring telomere length from low starting
quantities of DNA in small sample sizes from newborns, and from whole
genome amplified material derived from single cells was achieved. Previously
published protocols for multiplex gRT-PCR analysis of telomere length from
genomic DNA, and singleplex gRT-PCR analysis of telomere length from
whole genome amplified material were optimised for use with the Rotor-gene
Q real-time PCR machine. A search of the literature published at the time of
writing indicated that these experiments have not been optimised for use with
the Rotor-gene Q real-time PCR machine before, and indeed the singleplex
approach for analysis of telomere length in single cells has previously been

attempted only once.

3. Telomere length was successfully assessed in relation to reproductive ageing in
women, as determined by the relationship between telomere length and
maternal age and the incidence of aneuploidy in first polar bodies and cleavage
stage embryos. The main outcomes from this research do not support the
telomere theory of reproductive ageing in women, as indicated by an absence
of telomere attrition in relation to both maternal age and incidence of

aneuploidy in first polar bodies and cleavage stage embryos.

4. Using qRT-PCR and QFISH approaches, average telomere length and telomere

lengths of specific chromosome arms respectively were assessed in preterm
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infants at the time of term equivalent age in comparison to preterm infants at
the time of birth and healthy full term infants. gRT-PCR experiments confirmed
that average telomere length is reduced in the weeks following preterm birth,
however the magnitude of this reduction by term equivalent age was not
sufficient to render premature infants with shorter telomeres than healthy full
term newborns. In addition, QFISH analysis showed that no specific
chromosome arm was reduced in the preterm infant compared to full term

controls.

The main outcomes of this work represent many previously under-explored topics in
relation to the role of telomeres in human fertility, embryogenesis and early infancy.
The significance of the findings from each of the chapters in this thesis are discussed
under their respective results sections, and therefore will not be repeated here, however

the wider implications of these results will be discussed hereafter.

7.1 Biomarkers of ageing and age-related disorders

Since it was discovered that the proliferative capacity of the cell might be related to
telomere shortening as a result of incomplete DNA replication (Hayflick and
Moorhead, 1961; Olovnikov, 1973; Watson, 1972), a large collection of studies have
attempted to investigate whether this phenomenon is involved in the process of cellular
and organismal ageing. While many have showed that telomere shortening is related to
the process of ageing in vitro and in vivo (Allsopp et al., 1992; Cawthon et al., 2003;
Frenck et al., 1998; Harley et al., 1990; Hastie et al., 1990; Lindsey et al., 1991; Rufer
et al., 1999), others have shown no such relationship (Harris et al., 2012; Honig et al.,
2006; Martin-Ruiz et al., 2011; Martin-Ruiz et al., 2005). Therefore the usefulness of
telomere length as a biomarker of ageing is still widely debated and largely unknown
(Mather et al., 2011; Sanders and Newman, 2013; von Zglinicki, 2012). There are
several reasons that have been attributed to this lack of transparency, including those
of both practical and biological nature. To summarise, study design, sample size and
methodology utilised for measuring telomere length form the main practical
considerations, and the high variability in telomere length between individuals due to
various genetic, epigenetic and environmental influences form the main biological
considerations (Aviv et al., 2006; Mather et al., 2011; Sanders and Newman, 2013). As
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a result of these, many have argued that in fact telomere length is not a useful indicator
of biological ageing (Aviv et al., 2006; Baird, 2005; Shiels, 2010; von Zglinicki and
Martin-Ruiz, 2005), which is further supported by previous observations that
senescence may occur in the absence of telomere loss (Hayflick, 1998, 2003).
Alternatively, others have argued that N-glycome analysis (Dall’Olio et al., 2013), or
cell cycle regulators cyclin dependant kinase inhibitor 2A (CDKN2A) and cyclin
dependant kinase inhibitor 1A (CDKN1A) may act as more accurate biomarkers of
aging (Gingell-Littlejohn et al., 2013; Koppelstaetter et al., 2008; Pathai et al., 2013).

With the above information in mind, given that results from this thesis suggest that
telomere length cannot act as a biomarker for the health outcomes associated with a
prematurely aged phenotype in the preterm infant, it would be interesting to pursue the
aforementioned alternative biomarkers of ageing in light of these phenotypes (Bhat et
al., 2012; Thomas et al., 2008a; Tinnion et al., 2013; Uthaya et al., 2005; VanDeVoorde
and Mitsnefes, 2014; Vasu V and N, 2009). Alternatively, evidence has highlighted
that abrupt changes in the environment imposed by preterm delivery leads to alterations
in the epigenetic profile of the neonate, which in turn alters gene expression patterns
and may influence the adult phenotype (Godfrey et al., 2007; Norman, 2010; Nuyt and
Alexander, 2009; Ozanne and Constancia, 2007). It is also known that the process of
ageing and the pathogenesis of age related diseases is related to changes in epigenetic
status (Calvanese et al., 2009; D’ Aquila et al., 2013; Fraga and Esteller, 2007). For this
reason, it would be interesting to investigate the possible influence of epigenetic

modification in the preterm infant on neonatal outcome.

Results from this thesis also indicated that telomere length is unlikely to act as a marker
for reproductive ageing (in women). This may be reflective of the aforementioned
practical and/or biological influences on the data obtained, or alternatively, may
indicate that other mechanisms are behind increased aneuploidy rates and the decline
in reproductive potential experienced by women of advanced maternal age. Alongside
those previously identified (e.g. DNA damage, meiotic checkpoint errors) (Burgoyne
et al., 2009; Wang and Ho6g, 2006), one that was not investigated here is nuclear
organisation in the oocyte during maturation, and in particular telomere distribution,
which is known to play a key role in synapsis. To the best of my knowledge this has
not been previously addressed in humans for practical reasons, however in mice,

mutation in SUN1 (which is responsible for guiding telomere led bouquet arrangement
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of chromosomes in meiosis) leads to the absence of mature oocytes, and impaired
chromosome alignment, recombination and synapsis (Ding et al., 2007). This indicates
that telomere distribution may be important in the faithful segregation of chromosomes
in the oocyte, and therefore might act as a marker for reproductive ageing in women,
Overall therefore, the future of research into novel tools that might identify

reproductive ageing in women and aid fertility treatment yields much to be uncovered.

7.2 Diagnostics in male infertility

In addition to improvements in preimplantation genetic screening techniques, the
search for improvements in the currently available tools for diagnosis of infertility
continues. In 40-50% of couples experiencing reproductive difficulties, a male factor
is at least a part of the underlying cause (Sharma et al., 1999). This may arise from
genetic, hormonal or physical complications, however in many cases the exact cause
in unknown (idiopathic). This has been reported to range anywhere between
approximately 15% and 50% of male infertility cases (Irvine, 1998; Kumar et al., 2006;
Seli and Sakkas, 2005). Several advances in the detection of novel biomarkers of male
infertility have occurred in recent years, including improvements in the detection of Y
chromosome anomalies via microarray based technologies (Yuen 2014), analysis of
oxidative stress (Benedetti et al., 2012; Chen et al., 2013; Guz et al., 2013; Novotny et
al., 2013; Sharma et al., 1999), sperm DNA fragmentation (Sharma et al., 2010),
metabolomics (Jayaraman et al., 2014) and proteomics (Amaral et al., 2013; Barazani
et al., 2014; Rahman et al., 2013; Xu et al., 2012; Zhao et al., 2007). Despite these
advances however, reference ranges are difficult to establish, and therefore much
research is still required. As identified in this thesis, nuclear organisation in the sperm
head also represents and interesting topic worthy of further investigation in the search
for new diagnostic tools. Automation of a method in which objective quantification of
telomere distribution signals can be assayed in the sperm nucleus might prove a
promising new test in the fertility clinic yet. Furthermore, one topic that was not
addressed in this thesis is the subject of telomere length in sperm in relation to male
infertility. Indeed other studies have revealed preliminary evidence to show that
reduced sperm telomere length is related to male factor infertility (Ferlin et al., 2013;

Thilagavathi et al., 2013), however further investigation will be required in the future
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to quantify a sperm telomere length threshold from which the infertile male may be
identified.

7.3 Does assessment of telomere length or distribution have a role
in the future of preimplantation genetic screening (PGS)?

Much of the controversies surrounding the efficacy of PGS and its ability to improve
the outcome of fertility treatment remain very active to date (Gleicher et al., 2014;
Harper and Harton, 2010; Scott Jr et al., 2013). While the origin of conflicting data
regarding PGS efficacy is likely to be in part down to the mosaic nature of the
preimplantation embryo (Bielanska et al., 2002; Colls et al., 2007; Hanson et al., 2009;
Harton et al., 2011), technical errors in the methodology used are also likely to impact
on the diagnosis made (Harper et al., 2010; Mastenbroek et al., 2011; Northrop et al.,
2010). As a result, methods of detecting genetic abnormalities are continuously being
developed and improved in order to enhance the chances of pregnancy in couples
undergoing ART. This raises the question of whether assaying either telomere length
(as in chapter 5) or telomere distribution (as in chapter 3) might have a role to play in
PGS treatment.

The first technique developed for PGS was FISH, allowing the detection of
chromosome copy number of a few chromosomes commonly involved in human
aneuploidies (Griffin et al., 1993; Munné et al., 2005). However many found that the
application of FISH in PGS actually showed no benefit in enhancing IVF outcome
(Delhanty et al., 1993; Mastenbroek et al., 2007; Schoolcraft et al., 2009; Staessen et
al., 2004; Staessen et al., 2008). Since this time, the FISH protocol has been adapted
for comprehensive aneuploidy screening of all 24 chromosomes (loannou et al., 2012;
loannou et al., 2011), however, the labour intensive and time consuming nature of this
protocol render it unsuitable in the PGS setting. Were blastomeres still being screened
routinely by FISH then it would have been relatively simple to ask whether telomere
distribution was a marker of either aneuploidy and/or compromised developmental
potential. In this study I did try to obtain human embryos spread on slides in order to

test this hypothesis however time and ethical considerations precluded it.

Currently, with the emergence and continued improvement of WGA techniques in

single cells, alternative approaches to PGS have evolved. aCGH procedures were
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developed as a fully automated technique capable of screening all 24 chromosomes
within a 24 hour time window, allowing fresh transfer of selected embryos and
improved accuracy (Hellani et al., 2008; Wells et al., 2008). Evidence shows that use
of aCGH in polar bodies, blastomeres or trophectoderm biopsies has improved
pregnancy rate and resulted in successful live births (Fragouli et al., 2010; Geraedts et
al., 2011; Yang et al., 2012). Alternatively, a qRT-PCR based approach has been
developed for the comprehensive screening of copy number in all chromosomes (Treff
and Scott Jr, 2013; Treff et al., 2012). Arguably the most promising development in
PGS techniques however, is the ability to detect both single gene disorders and
chromosome copy number simultaneously in the form of SNP analysis, which has led
to many reports of improved IVF success rates (Brezina et al., 2011; Northrop et al.,
2010; Scott Jr et al., 2012; Treff et al., 2010a; Treff et al., 2010b). Detection of genetic
errors in this way was the basis for a now commercially available preimplantation
genetic diagnosis programme known as Karyomapping. This technique allows
detection of trisomies, monosomies, uniparental disomy, deletions, duplications,
translocations, and single gene disorders simultaneously, through information gathered
from Mendelian inheritance based analysis of SNP arrays from each parent and a
reference genome (usually a sibling) (Handyside et al., 2010; Handyside et al., 2009).
Finally, many have focused on the application of the now relatively inexpensive next
generation sequencing techniques in PGS (Fiorentino et al., 2014; Martin et al., 2013;
Treff et al., 2013; Wang et al., 2014; Wells et al., 2014). Nonetheless, despite the
development of these novel tools for complete genetic screening in ART, it remains
unclear how effective these techniques really are in achieving their goal — that is, in
improving IVF success rates (Gleicher et al., 2014; Mastenbroek and Repping, 2014).
Thus the emergence of well-rounded and properly conducted randomised clinical trials
in the use of PGS remains eagerly awaited in future studies. It is my understanding that
several randomised clinical trials are underway at the present time, and therefore the
results of these should be at the forefront of our horizon. What is clear from my results
in chapter 5 however, is that telomere length may not be a consideration for a new test
in PGS.
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7.4 The future of telomere studies

Despite the large number of studies investigating telomere biology over the last 50
years, a great deal remains to be unveiled. The tight regulation of their length and
structure is highly complex, and how this complex balance might specifically
contribute to the process of cellular ageing and the pathogenesis of disease largely
continues to be a mystery. Future studies should focus on generating robust reference
ranges in order to recognise telomere length as a biomarker for ageing or specific
disease conditions (Aviv et al., 2006; Mather et al., 2011; Sanders and Newman, 2013).
Furthermore, there is much to be uncovered regarding the epistatic modifications of the
telomere sequence, and how this effects the regulation of other genes. The telomere
position effect (TPE) (which describes the silencing of genes near the telomeres as a
result of epigenetic modifications) has been extensively studied in yeast and
Drosophila models (Blasco, 2007), however relatively little is known of its
mechanisms and effects in mammals, particularly in humans. Indeed, one of the first
studies to illustrate TPE in human cells proposed that the alterations in gene expression
profiles as a result of TPE may in fact contribute to cell and organ function and in turn
the process of ageing and the development of disease (Baur et al., 2001). TPE is able
to both regulate, and be regulated by the length of the telomere, however, again, much
of the mechanisms surrounding this regulation in mammals is yet to be identified
(Blasco, 2007; Dan et al., 2014; Episkopou et al., 2014; Garcia-Cao et al., 2004;
Gonzalo et al., 2006). Of particular interest in light of the data presented in this thesis,
is the potential involvement of human homologues of the yeast silent information
regulator (Sir) proteins in TPE, which are known to co-localise with the telomere at the
nuclear periphery (Blasco, 2007; Palladino et al., 1993). This defines an additional
functionally relevant role of telomere distribution at the nuclear membrane in telomere
length maintenance (Palladino et al., 1993). It would be interesting to ascertain whether
similar mechanisms are involved in the human sperm nucleus, and whether this in turn
has ramifications for paternal telomere length maintenance and contribution to
offspring telomere length. In addition, it is thought that the first part of the paternal
genome to respond to oocyte activation signals is the telomeres (Zalenskaya et al.,
2000), and therefore it would be interesting to ascertain whether TPE in the paternal

genome is important for transcriptional regulation in the zygote.
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Furthermore, the direct and indirect molecular pathways involved in the influence of
the various genetic and environmental factors on telomere length remain to be
established. Likewise it is unclear how telomere length might be inherited and reset in
the developing human embryo. While several studies have implicated a paternal
inheritance of telomere length (Kimura et al., 2008; Njajou et al., 2007; Unryn et al.,
2005), more recent evidence has shown that in fact oocyte telomere length is longer
than that of sperm (Turner and Hartshorne, 2013) and that infants born to older mothers
possess longer telomeres (Lim et al., 2013). This suggests that telomere length is tightly
maintained during oogenesis, which supports the data presented in chapter 5. Current
evidence shows that, following fertilisation, telomere length is reset in the embryo
predominantly via telomerase activity which increases at the blastocyst stage alongside
embryonic genome activation (Treff et al., 2011b; Wright et al., 2001). It has also been
shown that TPE plays a role in telomerase regulation in human embryonic stem cells
(Zeng et al., 2014), however it is unknown how TPE may regulate expression of other
genes during the process of embryogenesis. Interestingly, one study has also mentioned
telomere localisation in the embryo, stating that telomeres appear to cluster in varying
degrees depending on the stage of development (Turner et al., 2010). This may have
implications for telomere lengthening mechanisms and the resetting of telomere length

in the embryo, and thus warrants further investigation in the future.

Therefore overall, despite huge advancements in our understanding of the structure and
regulation of telomeres over the past 50 years, we are far from fully understanding the
contribution of these unique structures to normal and abnormal events in cell biology.
This promises a very active future in telomere research, which will likely evolve with

the continued improvements in telomere length analysis techniques.

7.5 Future studies arising from this thesis

The work presented in this thesis has helped to address many questions surrounding
the involvement of dysfunctional telomeres in fertility and early life complications.
However, in light of the observations made from this work, several avenues worthy of

further exploration have arisen, and include the following areas:

1. The use of telomere distribution patterns in the diagnosis of male infertility, and

the direct impact of altered telomere distribution in the sperm heads of infertile
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males. As previously discussed, it is possible that normal telomere distribution
at the nuclear periphery in the sperm nucleus plays a functional role in telomere
length regulation and in gene expression patterns in the developing offspring
via mechanisms of TPE. Further investigations into which proteins are involved
in anchoring the telomere at the nuclear membrane within the sperm head, and
how these might be involved in maintaining telomere structure would aid such

research

2. The investigation of alternative measures of reproductive ageing in female
gametes, which might include epigenetic markers or the presence of reactive
oxygen species (ROS)

3. The investigation of alternative measures of predicting the ‘aged phenotype’
observed in preterm infants. This might include analysis of epigenetic markers,
cell cycle regulators or N-glycome analysis

4. Improvement of telomere length analysis techniques, particularly techniques in
the analysis of specific chromosome ends in small sample sizes and single cells.
This might identify involvement of critical telomere length of specific
chromosomes in reproductive ageing in women, or in the ‘aged phenotype’
observed in preterm infants. Currently available methodologies for this analysis
require extensive optimisation in the case of single telomere length analysis
(STELA), or produce highly variable results in the case of QFISH. Furthermore,

both techniques are extremely labour intensive

7.6 Personal perspectives and concluding remarks

Overall, this thesis has provided some interesting insights into the function of telomeres
in nuclear organisation, and telomere length in the process of age-related disorders (i.e.
a decline in female reproductive potential with age, and in the pathogenesis of age-
related disease conditions associated with premature birth). Despite the credible
rationale behind each of the hypotheses tested within this thesis, it is surprising that, in
reality, only one of these has proved correct. Results have shown that telomere

distribution is highly organised within the sperm nucleus of normal males, and is
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disrupted in infertile males. For this reason it is likely that the correct packaging of
chromatin within the sperm nucleus, which includes proper organisation of the
telomeres is involved in male fertility potential. On the other hand however, results
show that telomere length is not involved in the process of ageing in the specific models
assessed here. It is my opinion that tight regulation of telomere length within gametes
and embryos, and high variation in individual attrition rates in the newborn are likely
to be behind these observations. The exact mechanisms involved in the complex
interplay between telomere attrition and telomere maintenance, and how these
mechanisms may inter-relate with one another remains a mystery that is likely to unfold
with future developments. The future of telomere research will certainly remain very

active indeed.
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Figure 1: Telomere distribution patterns in the sperm heads of each individual normal fertile male
following 2D analysis of FISH signals using DAPI density and volumetric compensation models. Error
bars represent the standard error of the mean, n is the number of sperm nuclei analysed, p is the statistical
significance of a non-random distribution assessed by Chi? test.
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Figure 2: Telomere distribution patterns in the sperm heads of each individual infertile male following
2D analysis of FISH signals using DAPI density and volumetric compensation models. Error bars
represent the standard error of the mean, n is the number of sperm nuclei analysed, p is the statistical
significance of a non-random distribution assessed by Chi? test.
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Figure 3: Telomere distribution patterns in the sperm heads of each individual fertile male following 3D
analysis of FISH signals. Error bars represent the standard error of the mean, n is the number of sperm
nuclei analysed, p is the statistical significance of a non-random distribution assessed by Chi? test.
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Figure 4: Telomere distribution patterns in the sperm heads of each individual infertile following 3D
analysis of FISH signals. Error bars represent the standard error of the mean, n is the number of sperm
nuclei analysed, p is the statistical significance of a non-random distribution assessed by Chi? test.
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Figure 5: H2BFWT distribution in the sperm heads of each individual normal fertile male following 2D
analysis of antibody staining patterns using DAPI density and volumetric compensation models. Error
bars represent the standard error of the mean, n is the number of sperm nuclei analysed, p is the statistical
significance of a non-random distribution assessed by Chi? test.
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Figure 6: H2BFWT distribution in the sperm heads of each individual normal fertile male following 3D
analysis of antibody staining patterns. Error bars represent the standard error of the mean, n is the number
of sperm nuclei analysed, p is the statistical significance of a non-random distribution assessed by Chi?
test.
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