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Lieft figures

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 i ch 36 overhang invading the
(KovacicC et al., 2011) . .uuiiieeiei e eeeee e mmme e e e e e e e e 2

Figure 1.2: The loopandthe® oop. The 36 end of the G ri
single stranded extension of the telomere. Thigr@nd overhang loogsack
toforma¥ oop, and invades the 56 double str
= 0 (o Yo o JR S 4

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

TRF2, RAP1, TIN2, TPP1, POT1. Diagram taken from (Oeseburg et al., 2010).
............................................................................................................... 5.

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 matrx 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 envelap associations with lamins
which in turn bind to nuclear membrane spanning lamin associated proteins
(LAPs), or via interactions with the nuclear pore.............cccoovvveieeeeennn 13

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 nucleargogriph

Figure 1.6: Leading strand telomere lengthening by telomerase. (A) Recruitment of
telomerase to the telomere by ATivbmotes 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) ($aval., 2002)...18

Figure 1.7: Alternative lengthening of telomeres by homologous recombination.
RAD51 and RAD52 regulate iniason of t he 36 -labpada hang i n
telomere present on a separate chromosome. This forms a structure similar to a
replication fork, allowing synthesis and addition of more telomeric repeats by

Figure 1.8: Telomere Iength 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
literaturehas 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, howeitas less pronounced. All other developmental
stages tested (weeks nine to 19 and weeks 23 to 36) show steady maintenance
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of telomere length. Fetal images adapted from
http://homepage.smc.edu/wissmann_paul/anatomy2textbooki............ 25

Figure 1.9: Telomere length decline is correlated with the process of ageing.
Furthermore, telomere attrition rate appears to be more rapid during esrly lif
as indicated by a steeper decline in the data points (Lansdorp, 2008).28

Figure 1.10: Events during prophase | of meioSis:omosomes 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
diplotere, 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 fragmentatiore&r spots represent telomeres. Image
modified from https://stud¥iology.wikispaces.com/meiosis.................. 36

Figure 1.11: Events during Mmsis | 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 pulletliagaraphase. 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.bioninjacom.au/highetevel/topic 10-genetics/101
MEIOSIS. ML, 36

Figure 1.12: The process of spermatogenesis. In the seminitetmues (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 I, 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/spermategesypg............. 38

Figure 1.13: The process of oogenesis. The primary oocyte surrounded by a single layer
of flat granulosa cells makep wa 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 differéegiinto a secondary
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corpus luteum then degrades. Image taken from
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sperm cell is injected directipto the oocyte to allow fertilisation. Taken from
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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
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Figure 1.20: Fluorescence in situ hybridisation with a biopsied blastomere.
Blastomere(s) aréixed to a glass slide and a fluorescently labelled probe is
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Abstract

Telomeres are specialised nucleoprotein structures present at the ends of each chromatid that
function to maintain genome stability. Itugell 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
importantrole in the spatidemporal 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 aftages
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-grkile men
2. To optimise a means of assessing average telomegthlarsing DNA from small
samplesizes 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 theplaghesis that telomere length is significantly
shorter in the first polar bodies and cleavage stage embryos of older women
4. To test the htypomhaesi setmatbapires (i . e. pr e
the time of their due date) displayed gensigns 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 headénfefrtile 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 polabpdies 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
Apr et er mnfats companedrto term born controls, thus providing no evidence that
tel omere attrition is involved in the pathobio
infants. Taken together, results from this thesis provide some novel insights intodtienfun
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 functiand 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 sectior2)] the majority of these studies have
focused on the relationshipetween telomere function and the procetgellular
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 sexuaéproduction and early development has begun to attract

investigation.

1.1 The dructure, function and regulation of the telomere

The term 6telomered6 is derived from the
meaning part, and was first coined by Hermanuilét in 1938 from his study of fruit

fly chromosomesTelomeres are complex, highly specialised structpresenpn the
chromosoms of eukaryotes and someqgkaryotes They are made up of repetitive
sequences afon-codingdouble stranded BA, associatedavith a number of proteins
(Figure1.1)(Calado and Young, 2009

1.1.1 The structure of the telomere

The structure of theelomere is highly conserved ankkhaugh differences exist from
one organism to the next, there are many common features across even
phylogeneticallydiverse genomed hese important structural features are described

hereafter.

1111 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 wasdissbvered that
telomeres are made up of repetitive sequences in 1978, when Elizabeth Blackburn

noted that th&etrahymena thermophileelomere contained repeats of the sequence
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TTGGGG(Blackburn and Gall, 1938Although the precise sequence of the telomere

may vary from one organism t o hdrtentainse xt ,

various numbers of repeats of the sequence (T/A/H4§1)1-8 (Blackburn ad
Szostak, 1984Meyne et al.,

same sequence despite vast differences in chromosome size and number. For example

1980 Moreover, highly divergent species may share the

in humans and all other vertelbes studied, the telomere sequence consists of a
TTAGGG hexameric repeéieyne et al., 1989Moyzis et &, 1989. This sequence

is also common among fungi, slime moulds and phylogenetically diverse groups of
algae (Podlevsky et al., 2008Indeed it has been postulated that this may be the

ancestral motif of eukaryotic telomer@silneckova, 2014

Oy =

P _‘_-—Telomere

TIN2 bom1

&

RAP1 \(J Lo

5 -TPP1

Q&/\? \%‘/"m\, A /g - Shelterin

TRH/" w ?

e

T loop

Hexamer \a ‘J

Figurel.1l: 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 strandedrGi ¢ h 3 6 o0 v gtheldaublgstranded dupl@kavacic et

al., 201).

1.1.1.2 The T-loop

At the extreme termini of the chrasome, heG r i ¢ hof tBeGelomerqurotrudes

as a singt stranded extensipaoften termed the Gtrand overhang. This single stranded
extensiornvaries in length from species to speciesi®ghortethan the double stranded
tractand loops back to iade the double stranded duplex. This is known ascef.

At the base of the-Toop, the Gstrand overhang displaces the double stranded duplex,

forming adisplacement loop, or dbop (De Lange, 2004 (figure 1.2). This D-loop
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formation is thought to be similar to-lDop formation during initiation of homologous

recombinatior(Verdun and Karlseder, 20p6herefore 1t i s t hought that

may be involved in this invasion process, by creatisgcture similar to &olliday
junction (a structure involved in homologous recombamt(De Lange, 2004from
guanine rich &uadruplexes (a structure formed frdetrads of hydrogen bonded
guanine basg@¢Bochman et al., 2012Vebb et al., 20L3Villiamson et al., 1980 G-
guadruplexest the telomerenay form from single strands, double strands or four
strands of DNA, and may barallel or antiparallel. Depending on their conformation,
they mayfunction to promote or hinder telomergs® enzyme involved in telomere
length regulatiordiscussed in sectioh13.1) (Webb et al., 203,3Zahler et al., 1991

Zaug et al., 2005and to cap telomeréSmith et al., 201)L 1t is thought that regulation

of the Holliday junction by regulator of
overhang forms a fbop only along lengths of DNA belonging to the same
chromosome (as oppose to creating tangles between telomeres belonging to separate
chromosomesRTELL is an essentidelicase thahas been shown to be involved in
both DNA damage repair and telomere length maintenance. Indeed RTEL1 deficiency
results in shortened telomere length and genomic instabiioyvever the exact
mechanisms that enable RIEinhibition 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 nomomologous end joining (NHEJ) mechanisms which could result in
telomeretelomere fusions. In the yeast model this activity is mediated by
repressor/activator protein 1 interacting factoR2) and silent information regulator

4 (Sir4) however again, the exact mechanisms of their actions are unkdawrand
Cooper, 201p
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T-loop

D-loop

Figure1.2: The T-loop and the Bl o0 o p . The 36 end of the G rich strani
extension of the telomere. Thissfand overhang loops backtoformfa¥® op, and i nvades t he
stranded telomeric duplex, forming albop.

Although absent in many plant species (or present but very $\abbet al., 2013,

the G-rich overhangappears to be a conservediture across marspecieshowever
the size of thisverhangs variable In humans it is approximately 1280 nucleotides
(Makarov et al., 199AVright et al, 1997 however in budding yeast it varies between
12-14 nucleotides up to 5000 nucleotides during-ghase of the cell cycle, when
genome replication occu(gvellinger et al., 1998 Similarly the numberand identity

of the proteins that are involved in its formation may vary conside(gfgyand Price,
2003. Theseproteinsareknown as the shelteriromplex, and ardiscussed in more

detail in the next section.

1.1.1.3 The shelterin mmplex

In mammals, lhe shelterin amplex is made up of six pieins that are associated with
telomeric sequencde form the telosomeelomere repeat factor TRF1), telomere
repeat factor 2TRF2), telomere interacting protein Z1I(N2), protection of telomeres
1 (POTD), TIN2-POT1 interacting protein ITPPJ) andrepressor/activator protein 1
(RAPY) (figure 1.3. These proteingogether with the TTAGGG motiform the
structure of the telosomeand protect it from DNA repair machinery that might
otherwise recognise it as a double strand bréla&y are also respoie for telomere
maintenance by regafing the action of telomerasé/hile TRF1, TRF2 and POT1
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directly interact with the TTAGGG repeatmiammalian telomeresthers interact via
association with thedaighly specific proteinsRAP1is associated witiRF2and is
responsible for regulating telomere lengtthereasTIN2 may associate with TRF1,
TRF2, TPP1 and POTITINZ isthereforeresponsible fotethering of PP1 and POT1

to TRF1 and TRF2, and for tethering TRF1 to TRF2, which stabilises the associati
of TRF2 with the telomer@le Lange, 2005p

TPP1
TIN2

D-loop

Figure 1.3: The Shelterin Complex. Shelterin is made up 6 associated proteins; TRF1, TRF2, RAP1,
TIN2, TPP1, POTL1. Diagram taken frq@eseburg et al., 2010

The uniquehigh specificity of the lsdterin complexfor the telomeresequence stems
from multiple recognition folds within the comgt. TRF1 and TRF2 each have two
recognition sites for double stranded telomeric DNA, and may form homodaners
higher oligomersmediated by a telomere repeat fattomology (TRFH) domairilhe
carboxyterminal Myb domains in these two telomeric proteins are essential features
for binding to theelomere duplex. Although TRF1 and TR&2 related proteins that
share sequence similarity, their functions differ. TRF1 is thought to be involikd in
regulation of telomere lengdnd spans a large sequence, whereas TRF2 is involved in
stabilisation of the 9oop, by binding at the double strand and single strand junction
(Xin et al., 2008.

POTlbindswithst r ong speci ficity for single stran
internal endde Lange, 2005avia 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. THBOT1is the only proteinthat is able to bind to single stranded
telomere DNA. Similarlyto 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 argpmsible for the regulation of
separatesignalling pathways. While TRF2 is involved in regulating DNA repair
mechanisms via thataxia telangiectasia mutate®T(M) response, POT1 is involved

in regulation of DNA repair mechanisms via @taxia telangieetsia and adation 3
(RAD3) related proteirfATR) responséXin et al., 2008. This is discussed further in
section 1.1.1.3.1.

An additional role of POT/TPP1 heterodimers is thebility to regulate élomere
lengthvia regulation ofthe enzyme telomeras@€PP1 is required for recruitment of
telomerase, and to aid telomerase processinghéunore POT1 has beeshown to
inhibit G-quadruplexformation. Therefore it is likely that POT1 and TPP1 function
together toegulate telomere lengfiXin et al., 2008.

Another important feature @iPPlisits interaction withTIN2. TIN2 is involved in the
negative regulation of telomere length, and plays a key role in maintaining the
interactions ofthe telosome Since TIN2 also interacts with TRF1 and TRF2, it
provides a key link to associations witRPland POT1(Xin et al., 2008.

1.1.2 Telomere function

Since their discovery in the late 1930s, it has been cleaetbatdresare essential for
the maintenance ofegome stability Firstly they protect genes near the ends of
chromosome armfom degradation followinggach round ofeplication. Secondly
they play a significant role imaintaining genome stability preventing chromosome
fusion eventsThirdly, telomeres playraessentiatole in nuclear organisation, and in

genome segregation during mitosis and meiosis.
1.1.2.1 TelomereDNA replication:. The o6end rmgemd cati on

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

aid of helicase and topoisomrases This permitsaccess of DNA replication
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machinery, and most importantly DNA polymerase, the enzyme responsible for

catalsing the synthesis of new DNA.

Polymerase forma new DNA molecule made up of one original DNA strand, and one

new DNA strand. Br this reason DNA synthesis is described as semiconservative.
However, DNA pol ymer as e dimdognaawiththeaidofnct i on |
RNA primess (formedby the enzyme primase)h& action of polymerase works in the

same direction as thEogression of the replication fousngt h e 3 DNAtrasdd

as a templateThis resultsin the continuous synthesis of new DNAn t Y1 &8 6 50
direction, hence this known aghe leading stranfMeselson and &hl, 1958 Ohki et

al., 2001 Waga and Stillman, 1998However, sincdDNA exists as two antiparallel

strands, the complementary strand is rtaéedagainst the direction of polymerase

action Synthesis of this strankinown as the lagging strayid thereforediscontinuous

as it requiresrepeated synthesis of RNA primewghich are elongatedinto short

fragments (calld Okazaki fragmentsJhesearesubsequently ligated to form the new

DNA strand(Ogawa and Okazaki, 198Qkazaki et al., 1968Sakabe and Okazaki,

1966. Consequentlya length of DNA at least the size of the RNA primer is lost at the

50 end of the | agh#primg issemaovedrollowinghrepicationh e RN
(Watson, 197@ In reality however evidence showengths of DNA longer than the

size of an RNA primer missing at the 506 enc
implicates priming failureresulting inlack of polymerase activitgndcausing doss

of sequences at the extreme end of the telor(@@hki et al., 200 Alternatively,

replication fork stalling due to the presence of TRF1/TRF2 complé@&ki and

Ishikawa, 200% or fork slipping due to the presemufeG-quadruplexegKruisselbrink

et al., 2008Lopes et al., 201 Webb et al., 2003nay dso contribute to telomere loss

during replication of the genome

An additionalproblem 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,-@i€h overhang is an importantsttural feature

of telomeres,herefore tosolve this problem, the complementaryri€h strand of the

blunt end must be degraded in order to generateien®verhangLingner et al., 1995
Webbet al., 2013Wellinger et al., 1996 This is brought about in part mucleolytic
activity of the meiotic recombination 11 (MRE11)/radiatior0 §SRAD50)/nibrin
(NBS1) complex (théMRN compkex, which also produces single stranded overhangs
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during the process of DNA damage riepainder the control of cyclin dependent
kinases(Longhese, 2008 More specifically, this is achieved via MRE11, which

possesses four-erminalphosphoesterase motifs, single stranded DNA endonuclease,

356 DNA exonucl ease annding@divitiespilliaresetal., ng and
2000.Furt her mor e Apealol DNpo exeonued eaas®06 acti vi
it is thought that it is this activity specifically that is able to resect the C rich strand

(Lenain et al., 2006 Regulationof the resection procesly nucleolytic activityto

produce a G rich overhamgconsidered 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 peform this function(Lenain et al., 2006

Collectively, he phenomena describedbove are known as the end replication
problem, as the length of DNA is shortened following eggglication eventSince
telomeres are necoding sections of DNA repeats, wital genetic infemation is lost,
thereforen this way telomeres function to protect genes near the@mchromosome
arms from degradation Instead, the loss of telomeric sequences follgwaach
replication event ensues, urgilentually the length igeduced to such an extent that it
reaches critical telomere length. At this point, the cell leaves the cellioyGé&and
undergoes senescenaghich is described in more detail in section 1.1.2.THis
phenomenon was first described by Leonard Helyfh 1961, and thereforéhe finite
replicative capacity of the cell iiown agheHayflick limit (Hayflick and Moorhead,
1961) (discussed in section 1)2t 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 théeesks the cell cycland ceases to

divide (Hayflick, 1976 Sasaki et al., 1994lt 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 inibddbss and DNA damage markers), presence of
heterochromatic foci, secretion of signalling molecules, absence of proliferation

mar kers and senescence a(MsiozEspiaand Serrdno,gal act

2014). Senescence is an extremely important cellular response to damage, since it
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prevents the replication and spreading of damaged adlgoromotes their clearanc

by immune cellsThis is vital in ensuring the prevention of tumorigendsigddition
senescence plays an essemtbd during embryogenesis and tissue rendydimiting

the amount of tissue that is produddtuiozEspin and Serrano, 2014nterestingly

it appears that both senescence and apoptosis (which describes programmed cell death)
function to perform verysimilar roles during embryogenesis and tissue renewal.
However the mechanisnt®ntrolling their interactivity and the mechanisnvghich

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 endcapbn 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 agjtle (MufiozEspin and Serrano, 2014t is

thought that an accumulation of senescent cells drives the processnof dge 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
nontsenescent neighbouring cel&cencio 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 samiesglls is impaired

(MufiozEspin and Serrano, 2014

1.1.2.2 Telomeres andgenomestability:

Under normal circumstancea kreak in DNA would result in the recruitment and

action of DNA repair mechanisms.n Her man Mul |l er ds experi men
in 1938, annmportant observation that led him to the discovery ofneles, was that

inversion events never involved the veegd of the telomere fusing with another
chromosome. Furthermord3arbara McClintockconfirmedthis important function of

telomeres in 198 shortly after Muller Her observation®f maize chromosomes

showed thafusion event®nly occurredin brokenchromosomes, not unbroken ends

These pioneering observations led to the ithad telomeres are required to maintain

genome stabilityand that the cells ability to recognise telomeres as normal features,

rather than double strand breaks, is essetdialvoid inappropriate action of DNA
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repair mechanism@icClintock, 1939 Muller, 1938. Since these experiments, it has
been established that the ability of the telomere to ead2ldA 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 repapathwaysvia NHEJand homologous

recombination respective(yonghese, 2008

The mechanisms by which the shelterin complex is able to inhibit DNA iggethinvays

are largely unknown, but current evidence suggests that inhibitory action is
predominantly brought about throutite shelterin compleghysically blocking access

of DNA damage proteinattelomeric sequencétonghese, 2008For example, POT1
physically blocks the recruitment and accumulation of replication protein A (RPA)
along the singl e s twoullotdeemse rasalt AR madiatadn g |,
homologous recombinain based repaifLei et al., 2004Lei et al., 200h Similarly,
TRF2 possesses the ability to remodel
i nvasi on b yng leadieg ta3Tdop fmrvnationifAaniard et al., 200) This
hides the single stranded DNA overhang from accumulation of RPA resulthigRn
mediated repair. Furthermore, the formation of tHedp inhibits the accumulation of
Ku70-Ku86 complexes, which stabilise broken DNA ends in close proximity to one
another and stimulates fusion via DNA ligasg(@bstantini et al., 200 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 induadn 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 activatiorfBakkenist and Kastan, 200Benchi and de Lange, 2007
Karlseder et al., 2004Indeed, loss of TRF2 leads to ATM activation and upregulation
of p53, leading to p21 mediated cell cycle arrest via inhibition of cyclin diepgn
kinase 1 (CDK1) and subsequemtibition of retinoblastoma (RB(Karlseder et al.,
1999.

Severalotherproteins thatre involved in ATM and ATR mediated DNA repaire
found in association with the telosonteerefore the presence of an intact telomere

structure is extremely important in order to avimidppropriate actiorvlost notably,
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these include DNA protein kinase (DNAK) (which is made up of Ku and a protein
kinase catalytic subunjttumour suppressor protepb3, poly adenosine diphosphate
ribose polymeraseéPARP), Tankyrase 1 an@, excison repair crossomplementing
associated witheroderma pigmentosum grouglEERCC/XPH, radiation 51 RAD51),
werner WRN), andbloom BLM) (Bailey et al., 2001Bailey et al., 1999Bailey and
Murnane, 2006di Fagagna et al., 199Blande et al., 199%Hsu et al., 2000_ansdorp,

200Q Samper et al., 200&hu et al., 200D Many of these are also involved in
regulating telomere length; for example Mrell ofMi®N complex(which associates

with TRF2)is involved intheg ener at i on of a 306 overhang wh
telomeraséan enzyme responsible for telomere lengthening, discussed in more detall
in sectionl.1.3.1jBailey and Murnane, 2008.ansdorp, 2000Verdun et al., 2005

Zhu et al., 2000 Similarly, ATM (which is recruited by MRN) may phosphorylate
TRF1 resulting in its dissociation from the telomere endbling access of telomerase

to allowtelomereelongation(Wu et al., 200Y. IndeedATM knockout mice posess
drastically shortened telomeres and a large number of extrackwaomb telomeric
circles(Hande et al.,, 2001 Maintaining telomere length isxtremely important in
forming a functional telomereajnceshortened telomeresamot support the telosome

and thereforehromosome fusion evergnsue (as demonstrated in the mouse model)
(Blasco et al., 1997 Thus DNA damage response proteins are responsible for both
preventing and causing genomic instability evesntgltherefore it is essential that they

are tightly controlled by members of the shelterin complex.

Despite the risks associated with chromoséus®sn events, it must be appreciated that

such events can be oO6normal &6 and produce s
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 exévgs et al., 201 and

indeedthe human genomevhich shows fusion of ancestral chromosomé@sand 13

to give rise to human chromosom@jdo et al., 1991Kasai et al., 2000Furthermore,

the normal association of telomeres with one another and with components of the

nucleus plag avital rolein genome organisation and cellular division.

1.1.2.3 Telomeres and mclear organisation

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

the hypothesishat nuéear organisation is nerandomhas been frequentlgsted It
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is now well establishethat chromosomes occupy discrete territo(i@seemer et al.,
1993 Lichter et al., 1988Manuelidis and Borden, 198&lependst on the stage in the

cdl cycle and the cell typ€Funabiki et al., 1993Mayer et al., 2006 Such highly
specific nuclear orgasation has been shown to be conserved in eukar{Nmssser

et al., 2007 TsendAyush et al., 2000 and therefore it is unsurprisingatht serves a
functional role. Several studies have shown thelear organisation plays a pivotal
role in ensuring that appropriate regions of the genome are positioned in proximity to
replication and transcriptional cueBurthermore, it is considerethat nuclear
organisation is highly important in ensuring the correct orientaifochromosomes
within the nucles, which is important during cell divisionTherefore strict nuchker
organisation astto regulatenormal functioningof the genome(Cremer and Cremer,
2001, and abviation from this strict pattern of nuclear organisation is known to result
in several pathologiesncluding cancer(Kuroda et al., 2004and laminopathies
(Mewborn et al., 200). 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,
telomere clusterat one pole of the nucleus on the opposite side to the centromeres
(Funabiki et al., 1993Hilliker and Appels, 1989Hiraoka et al., 1990Mathog et al.,

1983 Sperling and Luedtke, 1981This is known as the Rabl configuratigmown in

figure 1.9, and is thoughto begin at anaphase and persist into interpfifassever

this appears to be species and cell type spef@iemer et al., 198Rabl, 188%. This
conformation is thought to be vital for ensuring the correct orientation of chromosomes,
which aids in the maintenance of genome intedMgnders et al., 199%arada and
Misteli, 2003).
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Centromeres bind
to Csil which bind
to transmembrane Nuclear pore
protein Sadl % Nuclear W
membrane
Sadl
MARSs of I Chromosome [ Csil (yeast)
chromatin bind to
lamins of Tluclear @® Centromere Lamin
matrix
@® Telosome
The telosome binds to (telomere/TRF1/ & LAP
lamins of the nuclear TRF2/ TIN2) -
matrix, nuclear pores
and via lamins to
LAPs

Figurel.4: The Rabl configuration. Centromeres (cokxlin red) clusteat one pole ofthe nucleuwvia
interactions with the nuclear membrane through Csil and €dtdmosome arms (coloured in blue)

are attached to lamins of the nuclear matrix via matrix attachment regions (MARsheres (coloured

in green) are orientatedwards the opposite pole of the nuclémgentromeres and attach to lamins of

the nuclear matrix via RF1, TRF2 and TIN2Telomeres 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 interactienwith the nuclear membranes essential for anchoring
chromosomes in the Rabl Confirguratidn.yeast, his occursvia interactios with

Cop9 Signalosome Interactor €4i1), which in turns binds to membrane spanning
proteinsmall nuclear ribonucleic pates (sn RNP) assembly defectivdSad). In
addition, t has been proposed that telomeres have a significant role in the organisation
of chromosomes into the Rabl orientation by providimtheranchorage pointgight
association of the telomere seqgae withlamins ofthe nuclear matrix has previously
been demonstrated, and has been shown to involvé aREFTRF2 proteins as well as
TIN2 (de Lange, 199Zaminker et al., 2009_uderus et al., 1998Neipoltshammer

et al., 199). Indeed disrufpon to nuclear lamins results ialbmere redistributiofDe

Vos et al.,, 20Q; GonzaleZSuarez et al., 2009Raz et al., 2008 Furthermore,
interactions of telomeres with lamin associated protg&iAPs) via laminsplays a key

role in anchoring telomeres place(Dechat et al., 2004_udérus et al., 1992Novo

and Londofievallejo, 2013 Shoeman and Traub, 1990n addition,several studies

have implicated the nuclear gocomplex in tethering of telomeres to the nuclear
periphery, which may behromosome specifiand dependent upon tiséagein the

cell cycle, and different telomere stat@ukata et al., 2013 The associationof
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 chromoséinedly,
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the Rabl configurationalso relies on chromasmechromosome interactions,
chromosome interactions witlamins via matrix attachment regions (MARs) and

chromosome interactions withe nuclear envelope via lami(Sowan et al., 2001

1.1232The 6chr omo coénudleariorgahisatioo d e |

In addition to telomere involvement in the Rabl configuratibe ,dhromocentric model

of nuclear organisatioshown in figure 1.5proposesa model in whiclcentromeres
localise in the interior of the nucleus to form a chromocenter, whereas telomeres cluster
at the nuclear peripherfdennings and Pcell, 1995 Zalensky et al., 1993 First
described in sperm nuclei (which wileldiscussed in more detail in section 1.4,1.1

the chromocentric model of nuclear organisatias ibeen seen in retinal cells of several
nocturnal mammalgSolovei et al., 2009 Saccharomyces cerevisidBupp et al.,

2007, Drosophila melanogastesalivary glands(Hochstrasser et al., 198@athog et

al., 1983 and inmouse lymphocyte@/Neierich et al., 2003

Ay,

Figure1.5: Diagrammatic representation thie 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 chromamtric models of nuclear organisation (which
specifically involve telomereshere are two other main models of nuclear organisation
which are not dependent upon the telomere. These indhedsize dependant model

and the gene density model. The size dependant ndedeftilesa system whereby
smaller chromosomes occupy the interior regions of the nucleus and larger ones the
periphery(Sun et al., 2000This has been observed in hamymphocytegSun et al.,

2000 and in human and chicken fibroblagBolzer et al., 2005Cremer et al., 2001

Habermann et al., 20D1Alternatively a gene density modieas 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 siggemer et al., 199roft et al., 1999 This
model has been shown human lymphoblasts and dermal fibrobla@syle et al.,
2001; Cremer et al., 20Q0roft et al., 1999Lukasova et al., 1999and in porcine
lymphocytes(Federico et al., 2004and primate lymphoblastgTanabe et al., 2004
Tanabe et al., 20020f course, evidence shows that some cell types fit both of these
models, including chicken fibbasts and porcine genom@oster and Bridger, 2005
Habermann et al., 20pland that others including some murine models fit neither
(Meaburn and Misteli, 2008 Nonetheless, it is widely considered that genome
organisation is nemandom, and igunctionally relevant for gene expression patterns
(Cremer and Cremer, 2001

1.1.2.4 Telomeres and cell division

During meiosistelomeres cluster under the nuclear envelope positioned toward the

centriole at the early leptotene stage of prophagéth centromeredispersed across

the nuclear periphery at the opposite poleThi s results in a o6boug
chromosomes within the nucleusnd is depena upon telomere association as a

group.lt is thought thathis telomere led bouquet formatiaf chromosmes within

the nucleuss essential for chromosomeairingandthe formation of the synaptonemal

complex (a protein matrix that reinforces the interaction between homologous pairs)

and meiotic recombination in mice and hum@gshli, 1994 Rasmussen and Holm,

1978 Scherthan et al., 1996Therefore, sch organisation afelomeres indicates an

important role of telomeres in the segregation of the genome into daughter cells during

meiotic divisiongBlackburn and Szostak, 198 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 ressilin maintenance of genome stability
correct nucleaarchitecture 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
repat 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 telorheyend
the critical length leads to cell senescemwdeere the cell exits the cell cycle in G1 and
ceases to dividéhe Hayflick limit) (Hayflick and Moorhead, 19§1However failure
of the cell to recognise this critical poletds to a numberf detrimentgesulting from

chromosome instability

Thus it is clear that telomere length must be maintained and regulatedamsgnmn

orderto perform normal function. There are tways in which this may be achieved:

The first and most prominent contributan telomerelength maintenance is via
telomerase, a key enzyme responsible for the synthesis of new telomere repeats
(Greider and Blackburn, 198€section 1.1.3.1)The second methauf telomere length
maintenances via alternative telomere lengthening (ALT) stratedigd.3.2) which

can be suldivided into recombination based Alfietrotransposon involvemerdnd

epistasis

1.1.3.1 Telomerasemediatedtelomere maintenance

The discovery of telomerase was a major braakigh in the study of telomeresd
eventually led to the award afNobel prize for Elizabeth Blackburn and her team in
2009. Telomerase isa ribonucleoprotein complexnade up of RNA subunits
(telomerase RNA componentERC)) and a reverse transcriptase catalytic subunit
(telomerase reverse transcriptaSERT)). Telomerae synthesises new repeats to the
strand running in the 56Y306 direction
synt hesi ses dedowerhardy ofshielongete. eThesTERT aatalytiotsunit
does this by copying thehort RNA template sequence in T&RC subunit(Greider

and Blackburn, 1989 which is also responsible rfaecognition of the telomere
sequence itselBynthesis of the complementary strand, is thought to occur via normal
lagging strand DNA synthesissing DNA polymeraséChan and Blackburn, 20p4
depicted in figure 1.60n page€ls.

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.
Thesedamage respongeoteins are in turn regulated by members of the telosbhee.
majority of studies that have unravelled telomerase regulation pathways have been
carried out in yeast models. These have identified that ARMATR DNA damage
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checkpoint proteingoromote telomerase activityThe recruitment of telomerase
throughATM, is viathe MRN damage compleyof whichNBS1 (a substrate for ATM
(Craven et al., 2T, Kastan et al., 2001 The MRNcomplex, has endonuclease activity

on DNA, which converts the DNA strand into a substrate for telomé¢Tasg&amoto

et al., 200 Thus the current model suggests that uncapping of telomeres as a result
of telomere sequendess,leads to recognition bpe DNA damage response pathway.
This in turn acts on the telomere structure, and promotes synthesis of new telomere
sequences vithe recruitmentand actionof telomeras¢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 fadhat short telorares are more likely to be extended by telomerase
than longer oneprovides support of thiBianchi and Shore, 20Q0Babourin et al.,

2007). Furthermore,n yeastRAP1 interacting factor 2 (Rif)referentially bindgo

long telomeres and inhibisTM (McGee et al., 2010
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A The telomerase complex
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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 RNamplate. Telomerase elongates the leading strand (C) and is then
transferred to another telomere for the process to repeat agdi@4iry et al., 2002

Alternatively, elomerase may be inhibited kglomeric repeatontaining RNA
(TERRA). This non-coding RNA is expressed from sulelomere and telomere
sequences of athromosomesand is associated with telomef@zzalin et al., 200}
TERRAmayacton telomerase order to suppress activiby acting as a competitive
inhibitor (Redon et al., 2030 or be inhibited by telomerasg#epending on their
feedback onone another(Arnoult et al., 201 This regulation of telomerase by
TERRA remains to be further characterigedke and Lingner, 2009

The complex interplay between telomerase and other components of the telosome
means thategulation of telomere lengthy telomerasés extremely tightly controlled.
Furthermore, lthough 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 turnoyBtackburn, 2000
Masutomi et al., 2003

1.1.3.2 Alternative lengthening of telomeres

In organisms where telomerase is not presentwhen telomerase expression is
repressedsynthesis of telomeric repeats must occur by some other nidaain
ALT strategies are viomologous recombinatiorretrotransposonsind epistasis
(Biessmann and Mason, 1997

1.1.3.2.1 Telomere lengthening by dmologous recombination

Telomere lengthening dyomologousecombination occsrin many cell typewhere
telomeraseexpression is repressed (e.g. tumour celiskhese cellstelomeres are

often heterogeneous in leng{Biessmann and Mason, 1997Although telomere
elongatiorusing this sygmhas been fairly well studigthe exact mechanisms are not

fully understood It has beenhy pot hesi sed t hat the 506 ove
belonging 6 one chromatid may invade theldop of the telomere belonging to the

homologous chromatid. This resklms a replication fork, which may be recognised by

polymerase, resulting in extension of the telonfeh®wn infigure 1.7. It is thought

that this process is regulated by RADEddiation 52 RAD52) andreplication protein

A (RPA) as well aghe MRN compleXHenson et al., 2002

Interestingly homologous recombination at telomeres may also serve to reduce
telomere length in cases where tetvase is present and telomeres are exceptionally
long. In yeast, aiMRN dependent mechanism generatesir¢les by homtmgous
recombinationmediated deletion of -Toops significantly reducing telomere length
back to wild type lengtlLi and Lustig, 1995 These extra chromosomaicircles can

in turn act as templates for homologous recombination mediated telomere lengthening
(Cesare and Griffith, 20QMatarajan and McEachern, 2008 similar mechanism has

also been shown in mammal®Wang et al., 2004 however, under normal
circumstancesku and TRF2 proteins regulate homologous recombinatiediated
telomere shorteninfCelli et al., 2006Sfeir et al., 201
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Figure 1.7: Alternative lengthening of telomeres by homologous recombination. RAD5SRADG2
regulate invasion of thed3 o v e r h a n-lpop iofrattetomerehpeeserit on a separate chromosome.
This forms a structure similar to a replication fork, allowing synthasd addition of more telomeric
repeats by DNA polymerase. Taken fr¢verdun and Karlseder, 2007

1.1.3.2.2 Telomere lengthening byatrotranspogion

Retrotransposon mediated ALTpsedominantly a feature ¢tfie chromosome ends of
Drosophila, which are made up of retestsposed element¥he length of hese
elements are regulated by both homologous recombination and transp@.stics)
1989. A single targeted transpdisin of several kilobases to the chromosome end
occurs due to the loss of endonuclease activity of the retrotransfiddason et al.,
2008. Thus it may aly reposition to DNA ends. Evidence for this model of telomere
lengthening is shown by the arrangementsuitingtin HTT) elementsat Drosophila
chromosome ends, wheteandem head to tail arrays with
chromosomend possesy ar i ab | e .TJlisprevesthatnewctransposons are
placedatthe chromosome end following different amousitsequence loss before the
arrival of a new sequendckevis et al., 1998

Interestingly telomere maintenance by transposition has been shown in rare cases in
telomerase deficient yeastheret he subt el omeri c mvéindnas been
RNA mediated proces@viaxwell et al., 2001 Similarly evidence shows théing

interspersed element&INE-1) may moveto dysfunctional telomeres inhhese

hamster gary (CHO) cells deficient in TRF2 cappin@lorrish et al., 200y
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1.1.3.2.3 The telomere position effect

In recent years, an increasing legkinterest has been paiddpigenetic mardrs found
at telomees and subtelomereBhese bromatin modificationgnvolving histones and
DNA sequencesit telomeres and subtelomerexlude DNA methylation, histone
methylation and histone hypoacetylati®@uch modiicationshave keen shown to play
a role inthe silencing of genesthat arein close proximityto the telomere. This
phenomenonknown as the telomere position effect (TREJs first observed in
Drosophila(Baur et al., 2001Gottschling et al., 199Qeviset al., 198%.

TPE has also been shown in mammals, wheneai regulate and be regulated by
telomere lengtt{Baur et al., 200\ This is evident byhe fact thatoss of functionof

the proteins involved in TPBften results in telomere elongatigischoeftner and
Blasco, 2009 In turn, it has also been shown that the number of telomere repeats
directly regulates chromatin moiti&tions at the chromosome end, thekrhere
elongation results in increased TREBromatin modificationgKyrion 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
controlledby heterochromatin factors. Therefdreerochromatin disruptiommpedes

their abilityto regulate telomere$his has been hinted towards in a handful of studies
showing thafTRF1 overexpression leads to TPE reve(Kalering et al., 2002 and

that TIN2 is able to interact witheterochromatin protein HP1) (which promotes
histone methylationjKaminker et al., 2005

Furthermore DNA and histonamodifications by TPE also serte maintain genome
stability. Evidence shows that disruptions in chromatin modifications at the telomere
leads tachromosomenis-segregatiorfOpravil et al., 2001

Overall, it is clear that the telomere is a fundamentalpoirant feature of the genome,
which owes its diverse roles to its unique structame location in both the metaphase
and interphase nila. The complex interplay between components of the telosome,
which serves to regulate telomere length, plays anatalin telomere homeostasis in

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

Normal elomere homeostasscontrolled by a complex balance between attrition and
mechanisms of telomere lengtheninds discussed insection 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 cellulageingin vitro and highlighted aelationship between telomere
length andnormal organismalageingin vivo. Should this balance become unstable
howeverduring abnormal conditions, aberrant telomere length homeostasis can lead to

several undesired effects; most notablynorigenesigsection 1.2.2)

1.2.1 Normal telomere homeostasiand ageing

The study othow telomers arerelated to the process of ageing is a sulijezt has
received a great deal of attentidxiter thar discovery more than 75 years ago, it was
a further 40 years until Watson and Olovnikov proposed the idea of themiétion
problem, and how thimightbe relatedtd. e o n ar d sldlasegrfationfth&cells
replicative capacityHayflick and Moorhead, 196 McClintock, 1939 Muller, 1938
Olovnikov, 1973 Watson, 197 However, no formal link between telomere léng
and cellular aging wasmade until 1986when Smith and Cooke showed evidence of
longer telomeres on the sex chromosomes of spetticompared to adukomatic
cells(Cooke and Smith, 1986

Since this discoveryanumberof othershave confirmed the shortening of telomeres in
association with replicative capacity vitro, andin relation to chronological aga

vivo. Calvin Harley was one of the first to show that telomere length in fibroblasts
decreased with the number of passagad that the total number of passages before
entering senescence correlated which initial telomere length and don@taatgy et

al., 1990. A similar study by Allsopp also noted that telomé&rgth of fibroblasts
decreasevi t h age, and that in agreement with H
length correlated strongly with replicative capacity in culti&ksopp et al., 199p
Theseobservatios wereextendedn in vivoobservationshowingthat telomere length
was shortened as a function of age in ts#im, colorectal and blood samplédastie

et al., 1990Lindsey et al., 1991
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Interestingly these investigationsavealso highlighedthat although telomere length
generally decling as a function of age, in many studies data is somewhat scattered,
and therefore the correlation mayweak. 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 factétisopp et al., 1992
Hastie et al., 1990 The correlation between telomere length and replicative dgtpac

however,appears to be much strongétlsopp et al., 199p

In light of this, Leonard Hayflick proposed the idélaat telomere lengtis a more
accurate measure afaximumlongevity than lhe process of ageingle hypothesised

that elomeresmay simply act as a buffdior a reserve capacity of physiological
functionto ensure survival beyond reproductive matur@ince the process of ageing

is stochastic, involving many physiological and molecular changes, whereas telomere
attrition is not, the process of ageing may oduefiore the reserve capacity has been
extinguishedn vivo. Thus the process of ageing and inevitable death precedes complete
telomere losand theHayflick limit (Hayflick, 1998 2003. This s reiteratedby the
conflicting data that exists regarding telomere length and mortality. While some studies
show that telomere length doprovide a predictive measuwemortality (Cawthon et

al., 2003, other studies do n@Honig et al., P06, MartinARuiz et al., 200p

Nonetheless, telomere shortening following each successive round of replication is a
feature of normal functioning mitotic cell®nce telomeres have shortened to a critical
length in normal cellsATM/ATR, p53 andRB DNA damage regmse pathways are
initiated, whichresuls in senescencgHerbig et al., 2004Shay, 2008 The question

of whethershortenedelomere length is the causetbe effect of the pocess of ageing

(or both)has remained subjectof some debaté&Vhat is clear however, is that the two

are related to one anoth@llsopp et al., 1992Harley et al., 199(Hastie et al., 1990

This has provoked many to ask the question: At vgmant does telomere attrition
begin? The next sections are therefore dedicated to what is known about telomere

homeostasis from the earliest stages of life.

1211 Telomerehomeostasigiuring embryogenesis

As the genmes from thespernatozoon and ovunsombine duing fertilisationand

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
0 r e JlkEst edsures that the offspring have sufficient telomegserve to fulfil a
normal and healthy lifespan.

Following fertilisation, €lomere lengtlappears reduced the cleavage stage embryo
compared to the oocy{&urner et al., 2020 This possibly reflects telomere shortening
during prolonged meiotic arreswvhich becomegvident following DNA replication
subsequent to fertdation (Passos et al., 20P7After the cleavage stage, telomere
lengthreduces further ahé morula stage, theémcreases at the blastocyst stéerner

et al., 2019 when embryonic genome activation occurs and therefore telomerase
expression may increagkiu et al., 2007 Wright et al., 200)1. 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 vari@iioner et al., 2010 This is

in line with observations that telomerase activity in individual blastomeres also show a
high degree of variabilitf\Wright et al., 2001 Alternatively, his might be a result of
recombination based AL{Liu et al., 2007 Turner et al., 202,0Wright et al., 200},
chromosomal mosaicism (which is common in embry@slhanty et al., 1997or
differences in polarity and ability to activate the embryonic gendBdwards, 2005
Tesarik, 198%9
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Telomere length
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Oocyte Fertilised Cleavage Stage Morula Blastocyst  3-5 weeks 6-8 weeks 9-40 weeks

Oocyte (day 1-3) (day 4) (day 5-6)
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Figure 1.8: Telomere length changes following fertilisatidhrough 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 ajastrulation 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(t@stdd nine to 19 and weeks

23 to 36) show steady maintenance of telomere lengfRetal images adapted from
http://homepage.smc.edu/wissmann_paul/anatomy2textbook/

1.2.1.2 Telomere homeostasiduring fetal development

Very few studies have investigated teloméegth in the developing fetus, due to
limitations in sample material available. However a few important discoveries have
been madand these are illustrated in figure 1/8study by Youngremt al was the

first to measure telomere lethg in different tssues fromdtuses between 15 and 19
weeks gestation. Results showed that telomere lengths were variable betwses

but this was not associated with gestational age. The authors also concluded that
telomere length among different tissuesgnechronous during fetal life, which is lost

in extrauterine life. Interestingly however, this study observed no correlation between
telomere lengths of specific tissues and tel@se activity(Youngren et al., 1998
Holmeset 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 detecta@de chan
(Holmes et al., 2009

Taken together, the abowbservations are in line with the finding that telomerase

activity is present in many fdtdissues, including liver, lung, intestine, kidney, skin,
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muscle and adrenal glands between 16 and 20 weeks geg¥atight et al., 199%
Furthermore, a study by Ulanand Giudiceshowed that telomerase activity is present

in liver, lung, spleen, teist brain, kidney and heart at eighieeks gestatianThis is

lost intheheart after 12 weeks, and in brand kidney at 16 weeks, bgtmaintained

up to the latest stage of testing at 21 weeks in all other tigslemser and Giudice,

1997. Furthermore, éaterstudy by Cheng and colleagugl 3confirmed findings by
Holmeset al2009 and provided further insight into telomere length dynamics during
fetal development. Ithis 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 betve& 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 dm six weeks gestation until Meeks gestatio{Cheng et al.,

2013h Holmes et al., 2009

1.2.1.3 Telomere homeostasim the newborn

Studies investigating telomere length in the newborn generally show that while
telomere length is steady rilog fetal life, itbegins to decline from birth. Indeed it has
been postulated that events during birth itself may play a moieitiating telomere
attrition. Evidence for this has been shown in a study by Hoéak 2009, in which

it was found thapreterm infants shoeda steady decline in telomere lengthowing

birth, whereas telomere lengths of age matched feinsagero remained constant
(Holmes et al., 20091t is thoughtthat this maintenance of telomere length during
normal gestation is important in ensuring a supportive environment for development.
Indeed it has been postulated tlsaiort telomere length resulting from increds
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 shortenedemprefants

bom following preterm rupture of amniotic membrane in comparison to preterm infants
born with intact amniotic membrane and term born infévienon et al., 2012 Taken
togetherhese two studies highlight théie maintenance ad steadyelomere lengtin

the fetuss important teensure that thiull gestation period is complaeteandthat this
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maintenance of telomere lengih specific to lifein utero in normal pregnancies.
Following birth telomere attrition ensues regardless of whetieeinfant was carried

to full term. Interestingly, a&key study by Okuda showed that telomere length in the
newborn is highly variable among individual®kuda et al., 2002 This is not
surprising given that telomere lengths of fetudésungren et al., 1998nd embryos
(Turner et al., 201)0are also highly variable. Furthermore, Okwedaal. 2002 found

that telomere lengths of different tissues are highly synchronised, in keeping with
obsewations in the fetu§Okuda et al., 20Q2roungren et al., 1998

1.2.1.4 Telomere homeostasibeyond birth

The majority of studies investigating telomere dynamics throughout life have focused
primarily on telomere length from young adultkido old age. However, a minoriby
studies have investigated the rate of telomere attrition since birith Wave provided

valuable insights in to telomere dynamics throughout a lifetime.

The first study to do so was carried out by Freao#l colleagues in 199&is study
investigaed telomere lengths of newbomr@mparedo 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
adulthed, 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 neBamsk

et al., 1998 This patern also held true when telomere lengths of newborns were
compared to their parents, gdparents and gregrandparents. The largest difference

in telomere length was seen between the newborn and the parents. This difference was
reduced between parentsdagrandparents 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 Zeicleel 1999 who foundthat
averagdelomere attrition rates were higher between ag@sdd36 months compared
to telomere attrition over-80 yeargZeichner et al., 1999 Furthermore, Rufeet al
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also showed this characteristic pattern of highesragetelomere attrition rate up to

age four, and a decline in telomere attrition rate thereafter in lymphocytes and
granulocytegRufer et al., 199P Similar observations were shown by Lansdetl

2008 as illustrated in figure 1.@nd it appears that this pattds consistent among
other cell types includinpepatocytegTakubo et al., 2000and esophageal mucosa
(Takubo et al., 1999In addition, the percentage of long telomeres appears to decrease
over time(Guan et al., 20Q4wama 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 bas@tine et al., 2009 Benetos et al.,
2013 Nordfjall et al., 2009

1.2.15 Other factors affecting telomerehomeostasis

Telomere length is known to be highly variable among individuals, which is likely
reflective of both genetic and environmental influen(@&agboom et al., 1994Aside

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. Somef theseare listedn table 1.1on the next page
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Factors General observations References
influencing
telomere
length
Gender Women pasess longer telomeres than mehis may be a| (Kang et al.,, 1999

result of higher levels of estrogen, which has -a) Kyo et al, 1999
inflammatory andantioxidant properties, and is known | Simoncini et al., 2000
promote telomerase expression. Willeit et al., 2010
Ethnicity White individuals have slightly longer telomeres than blj (Diez Roux et al.,
and Hispanic individuals. However, this differerigsubtle | 2009
and therefore not statistically significant unless g
adjusted for other factors including age, sex, so
economic background and dBtyle factors (diet an
smoking)
Level of | High levels of psychaxial stress are associated w| (Epel, 2009 Epel et

psychosocial
stress

shortened telomeredue toincreased oxidative stress a
decreased telomerase activitfelomere lengthis also
inversely correlateavith major depressive disorddue to
increased inflammatory factordeading to increase
oxidative stress.

al., 2004 Simon et al.,
2006 Wolkowitz et
al., 2012

Level of
physical

activity

Those that engage in higher levels of physical actiy
possess longer telomerétigherlevels of physical activity
is associated with improved physical and psycholog
wellbeing, therefore it is likely that the effects of physi
activity are twefold on the positive correlation with
telomere length

(Cherkas et al., 2009
Ludlow et al., 2008
Puterman et al., 20]0

Obesity

Increasd adipose tissudn obese individualsncreases
inflammatory modulators which leads to oxidative streg
and telomere shorteningurthermoreincreasd body mass
leads to higher blood volumstimulating proliferation of
blood cellsand telomere shorteningelomere lengtls also
correlatel with body mass index (BMI).

(Das, 2004 Furukawa
et al., 2004Gardner et
al., 2005 Rupnick et
al., 2002 Valdes et al.,
2005

Smoking

Telomere length ishorter in smokers and -exmokersand
negatively associated with the amount of cigarettes sm
per year

(McGrath et al., 2007
Valdes et al., 2005

Alcohol
consumption

Telomere lengthare shortein alcohol abusers compare
to controls after age, gender, BMI, diet, job, genotd
exposure and soking habit adjustments. Anegative
correlationexistsbetween telomere length and the num

of units consumed per day

(Pavanello et al.

2011

Tablel.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 @atiams et al.,

2007 Batty et al., 2009Shiels et al., 201 Furthermore, transparent information is

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

for several paarmeters.

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 attritimmen 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 {@kuda et al 2003. This is likely a result

of a combination of both genetic and environmental influe(legboonet al., 199J.

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 curremtiifable information detailing

telomere length in ageelated disease processes provides some valuable insights.

1.2.1.6 Telomere homeostais in premature ageing diseases

Given the evidence of telomere shortening with each cell division and therefore the
association of telomere shortenwwgh ageing, it is perhaps unsurprising that sufferers

of premature ageing diseasesaaldisplayaberranttelomeres.Examples of these
include telomere shortening in patients with Hutchin&alfiord Progeria Syndrome
(Allsopp et al., 1992Benson et al., 2031Mecker et al., 2009 Nijmegen breakage
Syndrane (Ranganathan et al., 2008hiloh, 1997, Cockayne Syndrom@atenburg

et al., 2012, Dyskeratosis Congenif@lter et al., 2007 Mitchell et al., 1999Savage

et al., 2008Vulliamy et al., 2006Walne et al., 2007Yamaguchi et al., 20Q05Ataxia
Thelanogater (Metcalfe et al.,, 1996 and Do wn @\aziri®tyah,dl998 me
Furthermore, although shortened telomeres were rsarebd in Werner Syndrome or
Bloom Syndrome, an acceleration in telomere length decline has been ol{Baiive:d

et al., 2004Schulz et al., 1996rankiwski 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 ingtafiiim critically short
telomeres oifndividual chromosomes may lead to pathogené3&s and Murnane,
2003 Crabbe et al., 20QTrabbe et al., 2004

1.2.2 The role of abnormal telomere homeostasi® 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
developmen{Wright et al., 1989 The development of cancer cells is characterised by
chaotic genome instability, which manifests as dysfunctional cells thetbdeeto
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circumvent normal protective measureading tommortality. Due to the fact that the
eventual attritionof telomeresbeyond a critical level induces cellular senescence
telomeres are considered to play an important role in ensuring genorfiey stall
preventing tumorigenesi§he ability of cancer cells to ovenme senescence due to
the loss of normatelomere function is thought to be a key featureumdrigenesis

This occurs in a three step process: The iiirgthe shortening of telomeres or the loss

of telomere structure .@. telomere uncapping by loss of association with its protein
complex, or loss of-kbop formation). Loss of telomere structure is becoming
increagngly recognised as a key contribuiortumorigenesis over loss of telomere
sequence lengtfBellon et al., 2006Crabbe and Karlseder, 200&arlseder et al.,
2002 Oh et al., 2006Yamada et al., 20Q01However telomeric repeat sequences
accommalate these structures, thus, arguably, the length of the telomandasnental

in its function. Regardless, ultimately, a loss of telomere length and/or structure leads
to the second stage of cancer developmarayn as the crisis stage. this stagegdue

to the inappropriate action of NHEJ or homologpedted repairiIDR) mechanisms,
chromosome instabilitgnsuesThesemay lead to duplication of whole chromosomes
(leading to aneuploidygene arlification, translocations, inversions or deletigDe
Lange, 2005pZhu et al., 2008 Such complex chromosomal rearrangements, can add
further oncogenic potential via deregulation of oncogenes, or altered gene dosage
(Albertsonet al., 2003Cheung and Deng, 200Blowell, 1997 Rowley, 1999. This
second stagtirtherdrives malignant transformation via the ability to evade apaptosi
mechanismgWright and Shay, 1992In addition as more successive divisions occur,
telomeres shorten further, encouraging an accumulation of genomic instébéity
Lange, 2005p 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 teloam, however in some cases ddhieved by ALT
(Cerone et al., 200Muntoni and Reddel, 2005hay et al., 1991Indeedfelomerse
(which is not usally expressed in somatic celis)expressed in 90% of tumoyisim

et al., 1994 andthe amount of telomerase expressiftien correlates with malignant
potential and cancer stafféalchetti et al., 1999 angford et al., 199y

It is widely accepted therefore that telera shortening is a kaynderlying cause of
chromosome instability leading to can{@avoli et al., 201). More recentlyhowever,

emphasis has been placed on critical telomere length of specific chromosomes, rather
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than reduced average telomere length as a wWbad.ange, 1995Deng et al., 2003
derSarkssian et al., 2004 Such a hypothesis is supported by the observation that
chromosome fusions and strul aberratioawereobserved in the shortest teloras

in precrisis cells(Deng et al., 2003Hemann et al., 200)bFurthermore, increasing
levels of interest haveeen paid tahe role ofstochastic uncapping of telomeres,
leading to a change in telomere structametumorigenesig¢Blackburn, 200 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, 199%

1.2.3 Dysfunctional telomere homeostasiandcancer

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 telometesve been implicated many cancers, however there ar
exceptions to this rulén a recent metanalysis 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 canceies Stu
assessing telomere length and#bo d g ki nés | ymphoma, breast,
cancer were inconclusive, while studies on endometrial, prostate and skin cancer found
no association with telomere lendiVentzensen et al., 20(&and references then).

A separate studwvhich 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., 20108.

1.2.4 Dysfunctional telomerehomeostasis irother diseases

The relationstp between telomere length and the process of ageing and development
of cancer has sparkeduchinterest in the association of telomere length with other
disease conditionsThese are outlined inable 12 on page 34Many of theseas is

also the case witmost cancers, are consigd to be age related diseasdwrefore

they reflect the complex interplay between telomere homeostasisagettlated
cellular processes.urthermore, telomere length has been identified as an iodwft

the severity of sutdiseasegCawthon et al., 20QXKitada et al., 1995Willeit et al.,
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20103, and withmortality (Cawthon et al., 20Q3-itzpatrick et al., 200Honig 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 gweat 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. Taegin 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
Cardiovasculan Short telomeres ar| Telomere length ig (Aviv and Aviv, 1997
Disease associated with incidence ( associated with risk o] 1999 Cawthon et al.
cardiovascular diseas stroke, myocardial| 2003 Fitzpatrick et al.,

Specifically atherosclerosig
hypertension, vasculg
dementia and coronar
heart disease

infarction and mortality]
due to cardiovascula
disease

2007 Minamino et al.,
2002 Okuda et al., 20Q0
Salpea and Humphrie
201Q Samani et al., 2001
Serrano and Andrés, 200
Von Zglinicki et al., 2000
Wang et al., 2011

Lung Disease

Short telomeres ari
associated with idiopathi
pulmonary fibrosis ang
idiopathic interstitial
pneumonias

In most cases the cau
is unknown but thoght
to be heritable. 159
cases possess inherit
mutation in telomerase|

(Alder et al, 2008
Cronkhite et al., 20Q8de
Leonet al., 2010 Gribbin
et al., 2009 Tsakiri et al.,
2007

Liver Disease

Patients  with chronig
hepatitis or liver cirrhosis
possess shorter telomeres

Degree of telomerg
shortening is associate
with disease
progression

(Kitada et al., 1995
Wiemann et al., 2002

Diabetes

Telomeres are shorter |
patients with type 1 ani
type Il diabetes

Degree of telomerg
shortening is associate
with insulin sensitivity
and level of glycaemig
control in sufferers

(Adaikalakoteswari et al.
2007 Salpea et al., 201(
Salpea and Humphrie
201Q Uziel et al., 200y

Al zhei n

Disease

and T cel
lengths ar
reduced, howeve
hippocampus telomer|
lengths are lengthened |
Al zhei mer 6s
suggesting altered telome
length maintenance in thes
individuals

Leukocyte
telomere

Telomere length may
also be related to
mortality in
Al zhei mer o

(Hochstrasser et al., 201
Honig et al, 2006
Panossian et al 2003
Thomas et al., 2008k
Valdes et al., 2010

Dementia

Telomere shortening he
been observed in thog
suffering wth dementia

The risk of developing
dementia  and it
severity including
eventual mortality hag
been associated wit
telomere length in
stroke survivors

(Grodstein et al.,, 2008
MartinRuiz et al., 2006
Zekry et al., 201p

Par ki
Disease

ns

Average telomere length i
unrelated to risk of, othe
presence and severity ({
Parkinsonds

However, the range of

telomere lengths is altered

Rapid ageelatal
telomere shortening
occurs inPar ki f
disease patients. Th
correlaes with

oxidative stress levels

(Guan et al., 20Q8Wang
et al., 2008 Watfa et al.,
201)

Tablel.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
haplad gametes (spermatozoa or o@s)in the process of gametogersedio begin

this processprecursor cellgprimary sgrmatocytes or primary oocytes) initially
undergo a preneiotic division in which DNA replicate&.ollowing completion of this

pre-meiotic division, neiosis may then ensue

1.3.1 Meiosis

Meiosisis characterised by two cellular divisiossch that four genetically distinct
haploid products arise from one diploid c@lleckner, 1998 The first division is
reductional(meiosis I)resulting in a product containing half the genetic complement
of the mother celland the second equationalmeiosis II) Cellular division in this

way plays a central role in the shuffling of maternal and paternal genomes, resulting in
the irheritance of a random combinationgginesn the offspring. This is achieved by

the random segregation of chromosomes into daughter cells, programmed DNA
recombination and crossing over evefiisrasawa et al., 20D7The latter of these
characterises the importance of the lengthy prophase stage during the first meiotic
division, which is further suldivided into separate stagekeptotene zygotene,
pachytenediploteneand finallydiakinesis(Kleckner, 1996Roeder, 199) Theseare
illustrated in fgure 110 on the next page
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PROPHASE |

LEPTOTENE ZYGOTENE PACHYTENE DIPLOTENE DIAKINESIS
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e complex
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Duplicated Synapsis begins Synapsis complete; Synaptonemal complex Bivalent ready
chromosomes Crossing over occurs disappearing: chlasma for metaphase

start to condense visible

Figurel.10: Events during prophase | 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 homolaga@hromosomes. 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 synajptongptex
disappears and the nuclear envelope begins fragmentation. Green spots represent telomeres. Image

modified from https://studypiology.wikispaces.com/meiosis.

MEIOSIS |
Cytokinesis

Metaphase I Telophase I

Anaphase II Metaphase II Interkinesis

Figure 1.11: Events during Meiosis &nd 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 agattbgean
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 fronhttp://www.ib.bioninja.com.au/highdevel/topic10-genetics/10dmeiosis.html
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In the second meiotic division, sister chromatids are separated and migrate to opposite
poles of the cellThereforefollowing both meiotic divisions, one diploid parental cell

is able to produce four genetically distinct haploid daughter (€hen et al., 2008

Jones, 2008Kleckner, 1995 (shown in figure 1.1)l The result of these specialised

cellular divisions is the production of sperm or oocytéassold and Hunt, 2091

1.3.2 Spermatogenesis

Spermatogenesis is characterised by three different phases: The proliferative phase, the
meiotic phase and the differentiation phase.the proliferative phase, mloid
spermatogonia undergo mitotic division to produce diploid primary spermatocytes.
These then form two secondary spermatocytes following meipsikithin turn each
produce two haploid round spermatidgdowing meiosis Il Round spermatids then
ente the differentiationphase which involves the tight packaging of DNA, the
formation of the acrosome, removal of unnecessary organelles and eytoggasm,
formation of a tailand the ability to become motile. This differentiation occurs during
phases oftransition from roundo elongating spermatidand from elongatingo
elongaed spermatids, whictinally differentiate into fully mature spermatoz(achi

et al., 2000 Clermont, 1972Russell et al., 1993 anemura et al., 2009n malesthe
process of gametogenesis to produce mature sperm (whiictstiated in figure 1.2

on the next pageoccurgust prior to pubertySpermatozoa areontinuously produak

and thereforeneiosis | and Ibccurimmedidely consecutive to one anothéfilsche,

1974. As described in the next section, the timing of gametogenesis is altered in

females.
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Figure 1.122 The process of spermatogenesis. In the seminiferous tulfwitisin 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 Il, round
spermatids are produced which differentiate first into elbngaspermatids and then elongated
spermatids before finally differentiating into mature spermatozoa. Sertoli cells support this process of
gametogenesismage taken from http://intanriani.files.wordpress.com/2009/03/spermatogenesis.jpg

1.3.3 Oogenesis

The prodiction of female gametes involves glily complex process (shown iigdire
1.13 on the next pagewhich begins with mitotic division of primordial germ ceits
produce oogoni&n weeksfour to eight of gestation. @gonia then divide mitotically
to produce primary oocytés weeksnineto 20, whichbecome suounded by a single
layer ofgranulosa cellbetweerweeks 10and 30 toform primordial follicles.These
give rise to primary folliclesasgranulosa cells becarcuboidal and the oocygeows

a zona pellucidalheprimary oocyteéhenbegins ootidgenesis by undergoing meiosis
I, however it is arrested in the diplotene stage of prophase | untiltmmufallowing
puberty At the start of the menstrual cycle,-2@ primary follicles form secondary
follicles, howeverthe majaity of these follicles undergfllicular atresia, leavig one
dominant follicleto develop intoa gaafianfollicle. Ootidogenesis resumeas the
graafian follicleand the primary oocyte continues through meiosis | to produce a

secondary ooyte and a first polar body. Thgcondary oocyte immediately enters
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meiosis Il,but is arrested in metaphasetil fertilisation occurs. At around day 13, the
oocyte (now called thevum) is expelled from thergafianfollicle along with a
complement of cumulus cells 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 ¢ al., 1962 Sadler, 2011

//
[
Graafian follicle | 7 < —T
\’,,f‘i _\\[ﬂ, 7/ J
\ D) //A/( - .
// % — Degenerating
‘.»{V\Q ;/ corpus luteum
N\ (_;J S) (corpus albicans)
S —
7@,) ( Corpus luteum
Egg ™~ ./ Ovulation )
Developing corpus

luteum

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

Figurel.13: The process of oogenesis. The primary oocyte surrounded by a single layer of flat granulosa
cells makes up primordial follicle. These granulosa cells become cuboidal, and the primary oocyte
begins meiosis |, marking differentiation into a primary follicle. As granulosa cells increase in numbers
and theca cells are recruited, the primary follicle differentiatesa 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. Thesecondary 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/ovulafioal.jpg.

1.4 Telomerefunction in gametogenesis

During gametogenesigelomere distributiorplays a functional rolén leadng the
O0bouquet fneiosmahisiiseaha@cterised by the clustering of telomeres at
onepole under the nuclear enveloped the dispersion of centromeres at the opposite

pole, somewhat resemblingpauquet of flowers (figure 1.1d@n the next page
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Figurel14 The O6bouquetd configur at i ofchromdsentesdnenge | ed
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 boudomhation: Nuclear attzhment,
clustering of telomereand finally movement of telomerg8halla and Dernburg,
2008. Little is known about this process in humans, hesvein mice, telomere
movement along the nuclear envelope to form bouquet structuresdiated by a
meiosis specific protein known a&F1 binding proteinfERB1). TERB1posesses a
Myb domain and is therefore able to form a heterocomplex with TRFlegeibomere.
This interaction facilitatetelomere association witBadland uncoordinated protein
84 (Unc84)domain containing protein 1ISUNJ), and Sadl and Unc84 domain
containing protein 23UN2) proteins, which span accras® nuclear envelopé tum,
SUN proteins may interact with the cytoplasmic motor protdarsicht, adenine
nucleotide carrier 1 (ANQ), syne bmology (KASH) (forming a SUNKASH
complex)and n doing sothis interaction transmit®rces to the nucleus for chromatin
remodelling (Haque et al., 2006Sdhmitt et al., 2007 Stewart and Burke, 2014
Furthermore, TERBL1 recruits and birntdscohesn, which suppo# structural rigidity.
Mutation in TERB1 results in infertility in both males and femalgshibuya et al.,
20149).

Telomere led bouquet formation as désed above, is thoughb be essential for
chromosome pairing, recombination and synafisis et al., 2004, which is in turn
essential for fertility in males in particul&Billies, 1989. It is thought that asynapsis
leads to an accumulation of doubleasl break (DSB) repaiproteins,which are
recognised at cell checkpoints, leading to apoptosis. In additieiotic silencing of
ung/napsed chromatin (MSUGQgads to silencing of autosomal genes essential for

survival (Burgoyne et al., 2009

Page40of 261

bo



K. J. Turner Introduction

In additionto its distribution during gametogenesigveral lines of evidence have
shown that the length of the telomeaéso plays an important role in meiosis.
Concordance in telomere length among homologous chromosomes appears to play a
functional role in synapsis, homologous recombination and segre¢@toper et al.,

1998 Dernburg et al., 1990Nimmo et al., 1998 Several studies utilising telomerase
knockout mice have shown that telomere shortening results in meiotic arrest,
segregation errors, aneuploislignd apoptosis. More specifically, telomere loss causes
senescence and apoptosis in spermatocytes, and meiotic arrest in @fdeytiasn et

al., 2001lalLee et al., 1998L.iu et al., 2004.

1.4.1 Sex specific telomere regulation in gametogenesis

Although telomere distributiomluring 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 heredér.

14.1.1 Telomere distribution in male gametogenesis

During spermatgenesis, telomerekead the douqued formation of chromosomes
throughot the Eptotene stage of prophaseld mice, rats and humantlomeaes
redistribute following mid peleptotene, such that any interior telomeres move to
peripheral positions. Therefore at lateleptotene, telomeres are exclusively loealis

a the nuclear envelope. Duringptotenethrough to ygotene these peripheral
telomeres form tight clusters akromosomes adophe bouquet formation. By mid
zygotene telomeres of some cells remain clustered, however it is at this stage that
telomeres begirotdisperse once again.pachytene, telomeres remdudly dispersed

at the nuclear periphe(eyerFicca et al., 19985cherthan et al., 199%anemura et

al.,, 2009. Telomere movements during prophase in human spermatogenesis is
illustrated in figure 1.3 on the next pagdnterestingly, in cattle, telomeres remain
clustered in the bouquet orientation until late zygo{@&eifer et al., 2001L
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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 peptotene. 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 previowsly mertioned gudies in mouse havg&own that during meiosis, SUNs
essential in anchoring telomere clusters to the nuclear peripiesyserves a pivotal

role in ensuring homologous chromosome alignment, recombination and synapsis
Indeed deletiomf SUNL results in disruption to bouquet formation during meiosis and
result in infertility in males and femaléBing et al., 200Y.

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 stagemura et

al., 2009.

Once a mature spermatozoon is produced, it is well established that human sperm (and
many other mammaliasperm including mice, rats, pigs, cattle and horses) adopt a
chromocentric model of nuclear organisatftmannou and Griffin, 20L@ennings and
Powell, 1995 Zalensky et al., 1995Zalensky et al., 1993 This is achieved via
chromosomédendinginto hairpin structures, su¢hat centromeres are localisedte
nuclearinterior forming a chromocenter, and telomeres attach to the nuclear periphery
in dimer and tetramer clustefBalensky et al., 1995This clustering occurs via intra
chromosomal telomefelomere associatior($olov'eva et al., 200&Zalensky et al.,
1995, aided bya sperm specific telomere bind protein (STBP) comple(Zalensky

et al., 1997. Furthermoe, the interaction of telomeres with the nuclear membrane
mature sperms broughtabout with the aidf histone 2B family member W testis
specific H2BFWT). This sperm specifibistone 2B K12B) variant 6 a key component

of STBPand isresponsible fobindingto the telomeric DNA repedChurikov et al.,
2009 (shown n figure 1.160n 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 prof@meitis et al., 2000 Strict
nuclear organisatiom this wayanchors chromosome territoriealace, and provides
important replication and transcriptional cues during fertilisation and embryogenesis
(Sotolongo and Ward, 20pWard et al., 199%alenskaya et al., 2000
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Figure 1.16: Telomere anchoring at the nuclear periphery in mature sperm. H2BFWT binds double
stranded telomeric DNAepeats 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 abovenformationalong with the findings fronseveral other studiesahhave
assessed centromere positioning in sparimfertile malegFinch et al., 2008oannou
and Griffin, 2010, justify investigation into whether altered telomere distribution can
act as a marker ohaleinfertility. Howe\er, to datdew have addressed this hypothesis

particularly in humansOur current knowledge on this topic can be found in section

1.8

1.4.1.2 Telomere homeostasig spermatogenesis

Telomere lengtln spermis known to be extremely diver§Baird et al., 2006Turner
and Hartshorne, 20)&ndexceptionallylong canpared to somatic cells. Moreoyer
spermtelomere lengtlappeargo increase with ag@llsopp et al., 1992Baird et al.,
2006 Cooke and Smith, 198®e Lange et al., 199&imura et al., 2008

Interestingly, sveaal lines of evidence have suggested that telortegth inthe
offspring is paternally inherited, proposing a vital role for telomere length in male
gametegAviv et al., 2009 Njajou et al., 200;/Unryn et al., 200p This heritability of
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telomere length was shown to bemulativein a study investigating telomelength

in offspring from older fathers and grandfath@senberg et al., 20)2

It is thought that telomerasxpression in earlgerm cell precursormcounts for such
long telomeres in spermlLevels of telomeraseexpression increases from
spermatogoia to primary spermatocytes, buthen decreases in secondary
spermatocytesTelomerase is not expressed in spemisabr mature spermatozoa
(Bekaert et al., 20QZ&isenhauer et al., 199Yashima et al., 1998Thus although
mature spermatozoa possess longeonmieres thanspermatogonia,an inverse
relationship has been found between telomerase activity and sperm m@ahiyet

al., 200Q Eisenhauer et al., 199ujisawa et al., 1998It is hypothesised th&glomere
lengthening during maturation is predominantly mediated by homologous
recombination baseflLT. The fact the telomeres cluster in dimers or tetramers at the
nuclear periphery, is thought to induce recombination mechartisendpre thisplays

a key role in telomere lengthening in spdkifright et al., 1995

1.4.1.3 Telomeres distribution in oogenesis

Telomeres also play a key role ineiosis during oogenesify leadingbouquet
formationof chromosomedn humansand cattle reorganisation of telomeres during
female meiosis is tgely similar to that of male meiosi¢Bojko, 1983. In the
preleptotene stagelomeres show no apparent order in the nucleosever at the
leptotene stagéelomeres are localised at the nuclear periphery. During leptotene,
peripherally localised telomeres begin to cluster, until they are tightly associated at one
polein the bouquet arrangemet late leptotene/earkzygotene. Throughout zygotene

and intopachytene,dlomere clustering becomésosened until once again they are
dispersed at the nuclear periphery at late pachytene. Finally, in diplotene/dictyotene
oocytes in the primordial follicle, telomeres acattered throughout the nuclgioig

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 fametesis, which is
confirmed by distribution patterns of synaptonemal complex staiffifgjfer et al.,

2003. Interestingly, synapsis appears to occur at both terminal and interstitial sites of
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female meiotic chromosomescattle. In male cattleowever, synapsis seems to occur

exclusively terminallyPfeifer et al., 2003Pfeifer et al., 2001

1414 Telomere homeostasig oogenesis

In contrasto spermatogenesi®lomere length reduces through oogen@sisner and
Hartshorne, 2013Turner et al., 2010 Such an effect may be explained in part by the
fact the mitochondrial load is altered aadienosine triphosphat&TP) producton is
increased during oocyte maturation. This could potentially lead to oxidative stress

induced telomere attrition in the maturing oocjpeiran et al., 2011

Unlike spermatogenesis, telomerasexpressed in all stagef oogenesis. Wrighgt

al observed a trend showing that telomerase expression is highest in immature oocytes,
then reduces through the maturation and fertilisation pr@@éésght et al., 200} This
observation was confirmed in a later studyTayneret al 2013, and has also been
observed in cattle and rgBetts and King, 199%isenhauer et al., 199Xu 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 méests and King, 1999

Investigations intotelomere lengths andelomerase activityof cells supporting
oogenesis argparse, however some information is availabléovineand porcine
models. In cattle, telomere lengths of immature and mature cumulus cells are shorter
than those of immature and mature oocytes respectiidberdo et al., 2005
Furthermore, studies have shown trelomnerase activity is absent in ggeanulosa

cells of primordial follicles, but becomes active when follicles begin to growattiis
highestlevelsin pre-antral and small antral follicles in line with these being the most
proliferative, and then reduces again in later stages of follicular develoflragranos

et al., 1993

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 antrunaintain telomerase expressidris
observatn was correlated with elongating telomeogdy in those cells expressing
telomerase during folliculogenesixpression of TERT@peared to redistribute to the

cytoplasm of the oocyte during preantral to antral differentiation events of
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folliculogenesisjn line with observations that telomere length remaitable during

this time (Russo et al., 2006 This redistribution of TERT to the ooplasmmans
evident in MIl oocytes, which is thought to provide a stock of telomerase proteins to
the zygote following fertilisatioffRusso et al., 200&u and Yang, 2000

1.5 Telomerefunction beyondfertilisation

Following penetratiorof spermthrough cumulus cellévia hyaluronidase activity of
the sperm membrane proteiperm adhesion molecule 1 (SPAN@In et al., 1994,
fertlisation begins when a spermatoranakes contact witthe zona pellucida of an
ovulated ovumThis mntactresults in acrosome reaction, whretheasesiyaluronidase
and acrosinallowingdigeston ofthe zona pellucidanal fusion of the sperrand ovum
plasma membraiseln addition this actionprevens other spernfrom penetrating the
ovum (a phenomenon known as polysperth@mbert, 1985 After spem penetration
into the ovummaternal and paternal pronuclei can be sewhthe ovum isctivaed
resultingin a calcium influxMengerink and Vacquier, 20DIThis causes a signalling
cascadend the completion of meiosis Il, anohdlly the two haploid nuclei fuse to
form a diploid zygot€Dupont, 1998

Following fertilisation, the zygote begirie migrate through the fallopian tube toward
the uterus. During this time it undergoes mitotasion toproduce two daughter cells
called blastomeres, whicltontinue to divide to produdeur and thereight cells by
day three post fertilisatiorAt this stageknown as the cleavage stage, no growth
occurs By the fourth day, a moralis formed, whicltonsists of 16 32 blastomeres,
and on thdifth day the embrydegins to differentiate into a blastocyshisis evident

by the presence of a trophectoderm from which the plaegtithorm, and the inner
cell masgrom which the fetus will develo@mbartsumyan and Clark, 20p@utlined

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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4 days after retnieval 5 days after retricval 5.5 to 6 days afier retricval

Figurel.17: Embryogenesid-ollowing 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 182 blastomeres, the embryo is called a morula. Further divisibbastomeres
produces trophoblasts and the inner cell mass, which marks differentiation into the blastocyst
(http://www.maxhealthcare.in/newsletter/2010/januaryéivfipler.html?utm_source=ivf
simpler&utm_medium=Facebook&utm_campaign3FB

During the blastocysstagethe zona pellucida disintegrates ukisig in hatching,
allowing attachmenbof the trophectodernio 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 theo erdbry
formed. Thesegive rise to various specific tissues andjams in the process of
neuwulation and organogenesiét nine weeksgestation, recognisable featutesve
formedalong with functionabrgansand fom this point the developing infant is called
afetus(Sadler, 2011

1.5.1 Telomere distribution in fertilisation and embryogenesis

Telomere distribution during fertilisation events and embryogenesis is a largely
understudied syéct. Indeed only onesuchstudy has reported telomere distribution
and association patterns in human embryos derived from IVF cycles. In this study, the
number of telomere signals at different stages of preingtiant embryos was
recorded. These dathowthat the number of telomere signals appears to decrease
from oocyte totwo cell stage, increase through ttieee and four cell stage and
decrease again at thix cell stage. The number of telomere signals then increases again

through thesevencell stage and morula, before finally decreasing slightly in the

Page47of 261


http://www.maxhealthcare.in/newsletter/2010/january/ivf-simpler.html?utm_source=ivf-simpler&utm_medium=Facebook&utm_campaign=FB
http://www.maxhealthcare.in/newsletter/2010/january/ivf-simpler.html?utm_source=ivf-simpler&utm_medium=Facebook&utm_campaign=FB

K. J. Turner Introduction

blastocys{Turner ¢ 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 Telomerehomeostasisn fertilisation and embryogenesis

Although many have hypothesid that telomere lengthening during sperm maturation
plays a functional role in the paternal inheritance of telomere length in the offspring,
telomere legth of the female pronuclei haveeen shown to benger tharthat of the

male pronuclefollowing fertilisation Thisis in agreement with the observatitirat
telomeae lengths of mature oocyte®an fact longer tan those of sperm (Turner 2013),
contradictingthe notion that longer telomere length in sperm compensates for short
telomerein the oocytdKalmbach et al., 2093Given that oocytes are known to repair
damaged DNA of spermatozoa following fertilisati@ierijck et al., 2008Menezo,
2000, it is possiblethat in fact the opposite scenario may be tfliarner and
Hartshorne, 2013 Furthermore, somatic cell telomere length is known to be generally
longer in females compared to mal€éeif 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, andsameypared

to somatic cell telomere leng{illsopp et al., 1992Kimura et al., 2008Liu et al.,

2007 might not necessarillge true

Following fertilisation, €lomere length decreas¢hroughthe cleavageand 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 em@fjght et al.,
200)). During human embryogenesiglomerase activity appears to show a decline
following oocyte maturation at the zygote stage, and through all cleavage stames (
to 16 cell)andthe morula stage. At the blastocyst stage however, a sharp increase in
telomerase activity has been obseivevhich coincides with embryonic genome
activation. However, this data was produced from whole embryos. When telomerase
activity was calculai® on a cellby-cell basis throughout different stages of
embryogenesis however, a trend existed showing a deiclirectivity from the

immature oocyte through to the blastocyst s@@ygaght et al., 2001
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Overall, the findings outlined in the above sections suggegal role forfunctional
telomeres imormalgametogenesis, fertilisation and embryogenés support of this
evidence showingthat dysfunctional telomeres might kbevolved in fertility
complicationds becoming increasingly apparekiith this in mind it is possible that
telomere lengttand/or distribution patternsould act as a valuable tool tine fertility
clinic. The next section is theretodedicated to thipic, and how telomere biology

may prove aiseful aid in the detection and diagnosis of fertility complications

1.6 Infertility

Infertility is defined as dailure to achieve and maintain pregnancy following one year
of regular unprotected intercours&ccording to statistics from the World Health
Organisation (WHO)infertility affectsaroundone in six couples, with 38% arising
from maternal origin, 27% aing from contributions from both parents and 20%
arising from paternal origin The remaining 15 to 20%re idiopathic, in which the
exact cause is unknowf@ombhaire, 1987Seli and Sakkas, 20D5and therefore the
main aim of fertility research is to reduce this numbtwever, reports of male and
female contributions to infertility are highly variable within the literatihile some
indicate that the male contribution to infertility is over 508&li and Sakkas, 2005
others report that male contribution accounts doound 40% of infertility cases
(Sharma et al., 1999This is likely due to difficulty in differentiating true infertility
(in which the couple will never achieve pregnancy) and-feuiity (in which
fertilisation is possible, but difficulties areperienced)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 mostistizs regarding infertility have been
derived from clinics, which may underestim#te prevalence of infertility, since only

those whom have sought help are included in the(tfatae, 1999.

Infertility may occur due to a number of reasons, inclugimgsiological cause@ull

et al., 198% hormonal dysfunctioiBaird et al., 200 infection(Baird et al., 2002
Paavonen and Eggdfruse, 1999, lifestyle factors (Homan et al., 20QMedicine,
2004 Pasquali et al., 200Aand agd€Baird et al., 200R Furthermore, there are several

known genetc causesof infertility, including nunerical aberrations, reciprocal
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translocationsmicro-deletions and DNA damagEvenson et al., 20QRiebaers et al.,
2014 O'Flynn O'Brien et al., 201&hah et al., 20Q0Zini et al., 2002 (summarised in

table 1.3.

Geneth Cause of infertility Examples References
aberration
Hormone imbalance Downos S i
(trisomy 21), Klinefelter (Eglqzcue et lal., 19?
Numerical syndrome (47, XXY), Ferlin et al, 2007
Onalan et al., 2011
Turner syndrome (45 Shah et al., 2003
X), Hyper Y (47, XYY) "
Impaired gametogenesis du Reciprocal (Belangero et al., 2009
Structural to meiotic pairingdeficiency| translocations, inversiol Griffin and Finch, 2005
andreduced crossing over | events Mikelsaar et al., 2072
Reviewed i n QO00Fblr) Cystic fibrosis trans
2010 membrane conductand
regulator (CFTR),
androgen receptor (AR
insulin like factor 3
Single gene Eg\é?p;?czr orphandglsjaclgeea (O'Flynn O'Brien et al.
disorders i 201Q Shah et al., 2003
sensitive sex reversa
adrenal hypoplasiz
critical region, on
chromosome X, gene
(dax1), Kalmann
syndrome | (KAL1)
Impaired gametogenesis d (Antonelli et al., 2011
to meiotic pairing defects| Y chromosome micro| Ferlin et al., 2007/Khan
Micro- aneuploidy, hormonal deletion in thel et al.,, 20190 O'Flynn
deletion imbalances, reduced speln azoospermic facto| O'Brien et al., 2010
quality (AZF) interval Pandey et al., 201(Q
Yamada et al., 2030
Improper chromatin
packaging (reduce
DNA prqtamination in spern_"n) (Aitken _and De luliis,
damage oxidative stress apoptosis N/A 201Q Aitken and De
leading to mpaired luliis, 2006 2007
fertilisation and
developmental potential
Apoptosis due to meioti
silencing of unpaireqg ;
chromatin (MSUC), causin (Mahadevaiah et  al
: repression of autosomal gen 2008 Turner et al,
Asynapsis essentialfor survival, and/or N/A 2004a Turner et al,
. N 2004h Vincent et al.,
failure of meiotic sex
) > 2009
chromosome inactivatio
(MSCI) in males.

Tablel.3: Examples ofjeneticaberrations leading to infertilityheir effects and some examplé§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 dnhdtarisls

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 developmentuterq at birth and
throughout life. Evidence to support this hypothesisdiseussed in sectignl.5 and

1.85. For this reason, it is possible that telomere localisation and/or length may be a
useful role in assisted reproductive technologies, which is sisduhereatfter.

1.7 Assisted reproductive technologies

Advancements in our understandinghaman sexual reproduction hiesl to several
differenttreatment options for couples experiencing infertilithich offer solutions to
a variety of reproductive comphtions Collectively these are termedssisted
reproductive technologies (ART), and include techniques saghntrauterine
insemination (1U), in vitro fertilisation (IVF),intracytoplasmisperm injection (ICS|)
cryopreservation,preimplantation genetic diagosis (PGD) and preimplantation

genetic screening (PG8yooke and Fleming, 2009

In situations where the cause of infertility is of male origin.(&ldgere impotence is
the causepr in cases involving sperm donottll offers a simple straightforward
solution. In this case, semen is insertieectly into the recipientind fertilisation

occursin vivo.

In cases where the cause of infertility is more comphélk,may be necessaryn this
instance a women is usuahyperstimulated by daily injections of gonadotrophims
order to achieve sup®@vulation (where many oocytes are ovulated in one cythe.
effectiveness of this is assessagdtiansvaginal ultraonographyand if successful,
oocytes may be retrieved by ultrasotgudded transvagal aspiration of follicuhr
fluid. From this, a mature oocyte may be isolated anmhcubatedwith sperm(which
will have been assessed for fertility potential prior tormubation) permiting in vitro
fertilisation. The zygote is often allowed develop to the blastocyst g&a(at around

day five postfertilisation) beforeimplantation into the uteru&an Voorhis, 200Y.

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

Following oocyte retrieval as described abapmerm is injected directly into the oocyte
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in order to achieve fertilisatioffhis praess is illustrated in figure 81The zygde is
once again allowed to develop to blastocyst stagetro 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 uséd pierce the oocyte zona pellucida. The sperm cell is injected directly into
the oocyte to allow fertilisation. Taken from http://www.goivf.com/treatregriions/iviprocess/male
factoricsi-tese/

Following IVF or ICSlit is possible to cryopreserve embs, which allows the transfer

of a reduced number of embryos in any one given cycle, whilst retaining excess
embryos for sulequent attempts at implantatishould 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
pregnang (Cooke and Fleming, 2009In addition, cryopresertian 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 implar(@it et

al., 2000.

In addition to the above technologies, genetic anabfssgperm, 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 affectedveslaA list of such
disorders that can be tested for in PGD can be found at the following website:

http://guide.hfea.gov.uk/pgdhowever with new and emerging technologies in the

Pageb2 of 261


http://guide.hfea.gov.uk/pgd/

K. J. Turner Introduction

field, this list is evetevoling (Collins, 2013 Handyside et al., 2009 Similarly,

genetic analysis may also be offered to couples experiencing reconisgatrriage,
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 screengnand predominantly involves the detection of aneuploidy by @
several techniqug¥eltz et al., 2013Rubio et al., 2013 Given the role of telomeres

in preventing genomic instaliles leadig to aneuploidyand in appropriate
chromosome pairing and synapsis during misiqdiscussed in section 1.4t is
possible that telomere assessment might prove useful in PGS. For this reason, current
practicesin 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 whichromosomally normaémbryos may beroduced and
selected for transfer following IVRnd ICSI procedures, in order to improve the
chances of achieving and maintaining pregnandgfertile couples. There are several
sources of biopsied sample material for PGS that will reflect the genetic complement
of the developing embryo, each witlethstrengths and limitations. These include the
first and/or second polar bodies derived from the maturing oocyte, a single blastomere
from the cleavage stage embryo, dr@hectodernbiopsyfrom the blastocyst stage
embryo.lllustrations of lar bodyand blastomere biopsiean be seen ifigure 119

on page 55Although PGS is noable to be carried out on spergince techniques in

PGS render the sample unable to fisgian oocytescreeninghesperm ofan ejaculate

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

Analysis of the first polar bodlgas the advantage that it avoids removing embryonic
cells, which is prohibited in some parts of the w@H@brentinoet al., 2008Harton et

al.,, 2011 Kupker et al.,, 2001 This techniqueprovides information on the
chromosome number die¢ biopsied oocyte, whidhighlightswhether nordisjunction

has occurred during nasis | of @genesis thatould ultimately lead to aneuploidy in

the embryo. Since aneuploidy is thought to be largely due to errors in maternal meiosis
| (Gabriel et al., 20L1Hassold et al., 199@1assold and Hunt, 2002009 Kuliev et

al., 20095, first polar bodyanalysis provides a useful todhis being sal, aneuploidy
rescue has been observed in several cases in the developing €Kiige 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 PGS in addition tehe first polar bodycircumvents
the detrimental implications of missing maternal rseidl errorgKuliev et al., 2005
Kuliev et al., 201) However again, discarding offacted oocytes eliminates the
chance of aneuploidy resc(€uliev et al., 200% andthe potentialfor a successful
pregnancywith the birth of a healthy individual. Furthermore, biopsy of either the first
or second polar body ignores potential paternal origins of aneup(bliaton et al.,
201D).

Biopsyof up to two blastomeramn day three post fertilisation,fefs a solution to this
problemby enabling the investigatioof both maternal and paternal contributions to
the chromosomal compliment of the developing embiiough conflicting data has

been reported with regard to the safety of embryo biqpsy Vos et al., 2009
Hardarson et al., 20081astenbroek et al., 200RMunné et al., 2007Munné et al.,

2003, in general gidene showghat removal obneblastomere has no harnhiffects

of the developmental potential of the emb(Xe Vos et al., 2009Goossens et al.,
2008. Howeveragain, 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
(Colls et al., 200i/DeUgarte et al., 2008 anson et al., 200¥Harton et al., 2001 This
means that while one blastomere might show aneuploidy, this may not be indicative of

the embryo as a whole.

Analysis of biopsied material frothe 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 genoidefinson et al., 20).0Furthermore,
rather than analystf one or two cellsseveral cells may be analysed allowing for more
confidence in the results generaigthrton et al., 201l However,blastocyst stage
embryos mayalso be highly mosaic in chromosome complem@ielanska 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, 19833
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Figure1.19: 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 enfidgrtinsky and Kuliev, 200p

1.7.1.1 Techniqgues in PGS

Until recently, themost commortechniques employed in PGS wédhgorescencen

situ hybridisation (FISH) andrray comparative genomighridisation (aCGH). Both
techniques are based around similar principlésile 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 detedt but this is a lengthy procg$sannou and Griffin,

2010), aCGH allows detection of all chromosomes in one test, auithatively fast

turnaround time.

FISH involves the application of fluorescently labelledles 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, whictthare allowed to
hybridise before finally detecting chromosome copy number by visualising the signals
using a dedicated fluorescence microsc@darper and SenGupta, 2Q01Zhis is
shown in figure 1.20@n the next pagd-1SH was first used for PGD in 1998riffin et

al., 1993 and quickly adopted for PG8Munné et al., 2005 However, many
subsequent studies have shown that the FISH technique in PGS is not bédafiseth

et al., 2008 Mastenbroek et al., 200Bchoolcraft et al., 200%taessen et al., 2004
Staessen et al., 2008 his is thought to be due mairdye to technical erro@nd the
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fact that usually only three or fidhromosomes may be assessed rather than the whole
chromosome complemeriHarper and SenGupta, 2012nce then several other

options have been developed.

Denaturation

o ;‘ +

v

Hybridisation

|
_

Figure1.20: Fluorescencén 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 temperaturly @IS@)L 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 oboth the test DNA sample (usually labelled green) and a
reference DNA sample (usually labelled r¢de Ravel et al., 2007 These samples
are then allowed to hybridise selected spots of genomic fragments (an array), and
the colour ratio is determined in order to identifypg number ofvhole chromosomes
andor specific sequences within the test san{gdiepicted in figure 1.21 on the next
pagg. Therefore aCGH allows for aneuploidy screening as well as identification of
deletions and duplications of specific genes in RE§hel et al., 2010_e Caignec et

al., 2006 Traversa et al., 201Yanneste et al., 20D9
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Figure 1.21: aCGH. Top describes to aCGH priniciple: Test DNA labelled green and referenc
labelled red are allowed to hybridise to an array containing a number of genomic DNA fragme
ratio of red to green labelling indicates chromosome copy number,gbe sjane copy number. Tal
from http://www.ncbi.nlm.nih.gov/dbvar/content/overviewdottom shows an example of an output f
aCGH. The log ratio or reference DNA to test DNA (y axig)latted for each chromosome positior
each chromosome (x axis). Peaks above the line indicate gains and peaks below the line indic
Partial monosomy of chromsome five and partial trisomy of chromosome 8 is indicated by black
Red arrowsndicate monosomy for chromosomes 12, 21 an(Fi&entino et al., 2001

More recently, other approaches have evolved with the aim of increasing accuracy of
PGS.These include single nucleotide polymorphism (SNP) microalfengdf et al.,

2010a Treff et al., 2010 multiplex (RT-PCR based approach@seff and Scott Jr,

2013 Treff et al., 201® and next generation sequenc(igeff et al., 2013

1.71.2 PGS ontroversy

Much controversycontinues to surrouhthe use of PGS in ART in terms of its
effectiveness in improving pregnancy rates. While someies report that PGS does
improve siccess rates, othstudies report the opposite indeed negative effects of
PGS This debate remains very active to d&aderson and Pickering, 2008leicher
et al., 2014Harper et al., 20LMHarper and Harton, 2016larton et al., 201;3Jansen
et al., 2008 Mastenbroek et al., 2008cott Jr et al.2013 and as a result, the search

for new tools in ART continuesln light of the findings fromearlier studies
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investigating the effects of telomerdrdion and/or telomere mislocalisatioon the
reproductive potential in the mouse mogel et al., 2002aLiu 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 inuman ART.

1.8 Telomere assessmeni novel tool in PGS?

Following on fromthe observations made regarding telomere homeostasis in normal
reproduction(outlined in sectioa 1.4 andl.5), several investigators have sought to
determine whether telomere function is altered in couples experiencing fertility
complicationdMoskovtsev et al., 203durner and Hartshorne, 201 3\s 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

18.1.1 Telomeredistribution in male infertility

The nonrandom distribution of chromatin into digte chromosome territories is well
characterised in many cell typg&rener and Cremer, 20QEoster and Bridger, 2005

and isknown 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 organisatplays a functional role during the process of
differentiation(Cremer and Cremer, 201Boster et al., 200%<osak 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 st(Bliste et al.,

2002, Bridger and Kill, 2004 Cremer et al., 20Q3Varella et al., 2009Meaburn and
Misteli, 2009. Given the importance of nucleaganisation during differentiation and

in normal cellular functiona small number ostudies have addressed whethkered
nuclear organisation ismplicatedin relation to male infertilityDuring mammalian
spermatogenesig highly orderedset of nuclearreorganisation eventteads to a

chromocentric model of nuclear organisation in the mature spermatdzad and
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Ward, 1995 Hazzouri et al., 20Q0Mudrak etal., 2005 Zalensky et al., 1995 As
discussed insection 1.41.1, this promses a model whereby the centromeres are
clustered in the nuclear interior, and the telomeres reside in dimers or tetramers at the
nuclear peripher{Solov'eva et al., 200Zalensky et aJ.1995 Zalensky et al., 1993

It is thought thathis is important for providing replication and transcriptional cues
during fertilisation and embryogenegotolongo and Ward, 200Ward et al., 1999
Zalenskaya et al., 20D0and therefore it is possible that aberrant nuclear organisation
might represent an underlying caasénfertility. Given that impaired spermatogenesis

is implicated in many cases of male infertiliffoannou and Griffin, 2010 it is
plawsible that disruption to normal events in nuclear reorganisation might occur,
leading to aberrant nuclear architectuenmilarly, it is possible that aberrant nuclear
organisation is involved in the etiology of the 28% reported cases of idiopatimale
infertility (Seli and Sakkas, 20D5

Indirect evidence from the mouse modeeinds support to this hypothesis, since
chemically induced disruption the organisation of chromatin in the sperm nucleus
results in failed embryogenegi@/ard et al., 1990 Furthermore, mutation of SUN1
(which is responsible for guiding telomere led bouquet formation of chromosomes
during meiosis) results in impaired synapsis and crossing oeatg\and ultimately
apoptosigDing et al., 200Y. In addition, indirect evidence supporting tigothesis

that nuclear organisation is important for male fertility in humans comes from studies
showing thatoss oftelomeretelomere interaction@vhich arealsoa vital component

of telomere éd bouquet formation in meiosigs associated with infertility
(Moskovtsev et al., 2010Mudrak et al., 2005 Turner and Hartshorne, 2013
Moskovtsevet al 2010 hypothesised that loss of teloméetomere interactions may
either be the cause or the uksof loss of telomere repeatd/or their associated
proteins, which induces a DNA damage respagsalting in senescence or apoptosis
(Karlseder, 2003Moskovtsev et al., 201@hang et al., @07). Finally, it has also been
shown hat single nucleotidgpolymorphisms 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., 2009Ying et al., 2012

Although the above represent some insightful findirdiect evidenceof altered

nuclear organisation in relation to male infertililyhumans is sparse the current
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literature. While one study showed altered distribution of sex chromosomes by analysis
of centromeregFinch et al., 2008 another showed that centromedestribution
remains remarkablstable with impaired spermatogengsmmnnou and Griffin, 2010
Moreover, b datenone havelirectlyaddressed whether telomere localisatsaliered

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

1.8.1.2 Telomere homeostasis male infertility

In the telomerase deficient mouse model, previous studies have shown that there exists
arelationship between telomere length and nrekstility . These miceshow shortened
telomeresn spermand adecline in litter size with successive generatiorts awentual

sterility (Liu et al, 2002aLiu et al., 2002bLiu et al., 2004 Furthermore, aeduction

of telomere length as a result of telomerase deficiency is associated with reduced sperm
motility and sperm concentratiam mice(Liu et al., 2002h This is unsurprising given

that extensive apoptosigrior to the onset of prophase | sssociated with telomere
shorteningn early germ ck precursors otelomerasaleficient mice(Hemann et al.,

20013 Lee et al., 1998 These conclusions are further supportedhgyobservation

that critically short telomeres are also positively correlated with DNA sperm
fragmentation in male mic@Rodriguez et al., 20Q5Interestingly the shortening of
telomeres in telomerase deficient mice has been shown to Iéathtperipheral and
dispersed patterns of telomatestributionin the pachytene and diplotene stages of
prophase |. Thisn turn leads to inefficient tethering of chromosomes to the nuclear
membrane, which results in similar consequences to those ddsariBe&JN1 mutants

and stalling of meiotic progressighiu et al., 2002alLiu et al., 2004 Therefore these
studiesprovide 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.

Correlatiors between telomere lengtind male fertility in humansappeas to be less
transparent. While some studies have foanplositive association between sperm
fitness and telomere length, others have not. For example, a study by Sgatisond
thatswimrup selected sperm had longer telomeres and less DNA dg®ageso et

al., 2010Q. Furthermorestudies have shown that telomere length is shorter in males
with idiopathic idertility (Thilagavathi et al., 20)3 and that the merm of

oligozoospermic males possesshorter telomeres compared tahat of
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normozoospermic males of the same @ggrlin et al., 2018 Conversely however,
otherstudies havéound no association betweewmeralltelomere lengthn spermand
DNA fragmentation, or any semen paramégidnilagavathi et al., 2033Turner and
Hartshorne, 203). Although with that being saidphierestinglyone of these studies did
highlight that someoligozoospermic malegossessed subpopulation of sperm with
alteredtelomere length distribution$ioweveragain the presence of this subset of
sperm did nb appear to correlate with sperm motility, morphology or DNA
fragmentation index.Nonetheless, ikh a finding may be worthy of future

investigation.

1.8.2 Telomereregulation in oocytes of infertilefemales

1.8.21 Telomere distribution in female infertility

Very little information is available detailing the role of telomere distributicvoiytes
from women experiencingnfertility, probably due to tte fact that unlike sperm,
oocytes are difficult to obtain for research purposes. Studies in mice have diaiwn t
in similarity to males,SUN1 mutants(which lack the ability to orchestrate telomere
movements during bouquet configuration formati@mowed abse® of mature
oocytesand impaired chromosome alignment, recombination and syndpsss is

likely due b impaired meiotic even{®ing et al., 200Y.

1.8.2.2 Telomerehomeostasisn female infertility

Studies investigatinghertened telomeran telomerase deficient mice have concluded
that telomere shortening leadsnmpaired oogenesis, reducedcgte quality, improper
synapsis andhis-segregationresulting inincreased aneuploidyn oocytegLiu et al.,

2009. In addition, short telomeres may be responsible for directiyaiing a DNA
damage respongeading to the observed increase in apoptosis in oqoyteésh may

be exacerbated by msegegationevents Indeed,ovarian atrophyin telomerase
deficient miceand failure to ovulate despite exogenous hormone stimulatigint be
explained by apoptosiesuling from telomere losgLiu et al., 2002 All of these
features ultimately lead to reduced litter size and eventual sterility in late generation

telomerase deficientice (Herrera et al.,, 1999 ee et al.,, 1998 highlighting the
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importance of functional telomere length regulation and ultimately functional
telomeres.Telomerase activitytherefore likely plays a vital role in maintaining
functional tebmeresand preventing apoptosighis is presumablytrue in cells
supporting germ cell production and tanation (such as granuloszells)as well as the
oocyte itself(Lavranos efal., 1999 Liu et al., 2002a In support of thisreduced
telomerase activithias beenobservedn granulosa cells of large atretic follicles in rats,
suggesting that telomerase levels in thesks elcritical for healthy folliculogenesis
(Yamagata et al., 2002

In humanspocyteswith shorer maximuntelomerelengthhave been associatedth
cytoplasmic fragmentation iembrys from women undergoing IVF. This led the
authors to hypothesise that oocyte telomere length is predictive of embryo development
potentid (Keefe et al., 2007Keefe et al., 2005 Interestingly, however this study
showed no association between average telomere length and embryo fragmentat
which is in agreement with findings from othgfBurner and Hartshorne, 2013
Furthermore, telomere lengths were assessed in spare eggetbatot exposed to
spermthereforeheembryosassessedere derived from other eggs retrieved from the

same ptient

To circumvent this problem, it is possible to assess telomere lengths in polar bodies
which can act as a representative of oocyte genetic complement. Ineleettre
length hasbeenfound to be reduced in aneuplgdlar bodies compared ®bling
euploid polar bodies, which supports the notion that oowyitissshortenedelomees

may be pronea chromosome segregation erras,seen in the mouse mo(feteff et

al., 2011b. In line with thishypothess, older mothers who have givbinth to children
affected with Downds syn a@re mwen tq mossess e d
significantly shorter telomeres than age matched cor{doldand et al., 1998l55hosh

et al., 201

Given that telomerase is known to be expressed in oofaght et al., 200}, it is
possible that impaired mechanisms of telomere length regulation might play a role
and/or exacerbate tlubdservations described abowe point of facttelomerase splice
variants, whichhave been found in seveiaimortal cell types and tumours, are also
expressed in abnormal oocytes and embgyenner et al., 1999 Although these

variantsare present in some normal tissureaddition to commonly spliced telomerase
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the majority of normal tissues do not express these var{#ilian et al., 1997
Nakamura et al., 19971t is possible that the presence oédh splice variants might
impact telomere length maintenance in oocytes, contributing to their attrition and
resulting in genomic instability. In order for this to be ascertaim®gever it would

be necessarto investigate the presence of these spliagamts alongside telomere
length analysisandin relation to developmental potential of oocytes and embryos in

future experiments.

As mentioned abovéglomerase activity and/or telomere length in cells supporting the
oocytemay also have a part in tlikevelopmental potential of the oocyderen that
these cells are responsible for communicaéind nourishment during gametogenesis
and ovulationln support of this, it has been shown trebinere éngths in cumulus
cells of fertilised oocytes that gm to produce good quality embryase longer than
those that gon to produce poor qualigmbryos(Cheng et al., 2013aln addition a
reduction of telomerase activity and telomere length in granulosa cells is associated
with occultovarian insufficiencyanda reduction irthe number of follicles produced

in IVF cycles(Butts et al., 2009 This offers explanation to the reduced replicative
capacity and increased apoptosis of granutmedbs in women with occult ovarian
insufficiency(Seifer et al., 1996Seifer et al., 1993

1.8.2.3 Telomere length and the maternal age affect

All of the features associated with telomere shortening in mice oodgsesibed above

appear to mirror reproducthageing in humar{&eefe and Liu, 2008.iu et al., 2002b

Liu etal., 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., 1996Wright and Shay, 1992nd further shorten with

age (Kalmbach et al., 2033 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 proteativetraception against the high risks associated

with pregnancy and childbirtfKalmbach et al., 2023

The maternal age affect describes the decreased reproductive potential experienced by
women in assgation with advanced maternal a@kefined as above age 3Tdeed
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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 aedigpl in the number of oocytes and

a reduction in oocyte qualiffporland et al., 1998aHassold and Hunt, 200Munné

et al., 2005Navot et al., 1991 Indeed, oocytes from older women are significantly
more likely to carry errors from meiosleading to aneuploid offspring. This is known

to be thdeading cause dfrst trimester pregnancy loss in huméBsué et al., 1977
Hassold et al., 1980

Given the vial role of telomere#n synapsis, recombination and segregation events
during meiosigCooper et al., 199®ernburg et al., 199%.iu et al., 2004 Nimmo et

al., 1999, it is thought that telomere dysfunction representsgnifcant contribution

to reproductive ageing in wome@urrent understanding suggests thegré are two
main mechanisms thaause this phamenon Firstly, it has been demonstrated that
oocytes are ovulated in the order that they adywced during fetabogenesis
(therefore those that are produced first are ovulated first and those tipaddueed

last are ovulated lasfyhose that are ovulated last are therefore produced from primary
cells that have undergone many more mitotic divisions, and haeddreslost a greater
number of telomere repeats due to the end replication prqBléwards, 1970Polani

and Crolla, 1991 Secondly, female gametes are exposed to a prolonged interval
between oogenesisi@ ovulation, during which timexidative stress due to reactive
oxygen specieROS)(originating in par from mitochondria) may have accumulated.
The fact that telomeres reside at the nuclear periphery in gametes may also render them
particularly susceptible to lig peroxidation(Passos and von Zglinicki, 200%ince
telomeres are G ricfand G rich sequences are known to be particularly susceptible to
oxidative damagk it stands to reason that as women amggative stress induced
telomere shortening leads to decline inreproductive potentia(Kawanishi and
Oikawa, 2004 Oikawa and Kawanishi, 199%astre et al., 200Zarin et al., 2002
Tatone et al., 2008 This has been demonstrated in a study showing tilatnere
attrition, leading to chromosome fusions and apoptosis, is associated with
mitochondrial dysfunction(Lansdorp, 1996 Furthermore,decreased telomerase
activity andtelomerdength in meiosis Il oocytes has bessociated with higher levels

of reactive oxygen species in oocytes older mice compared to yousgmice

(YamadaFukunaga et al., 20).3
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Similar observations of reduced telomerase activity have been seearies ofolder
women compared to younger women, and in relation to follicle depl@iomgawa

et al., 200), in agreement ith findings from animal modelamadaFukunaga et al.,
2013. However, ®idence of telomerdength attrition and reprvductive ageingn
womenis not so cleacut. One study that assessed telomere lengths in oocytes found
no correlation between telomere length and maternal(Bigener and Hartshorne,
2013, howevera secondstudythat measured telomere lengthsumulus cells found

that overall telomere length is negatively correlated with @Qleeng et al., 2013a
Furthermore, telomere lengths in cumubedis from meiosis | oocysewereshown to
belonger tharthosefrom meicsis Il oocytes in younger women, wherdais pattern

was not seem older womenln facttelomere lengths were nsignificantly different

in meiosis | and Il oocyte cumulus cells in older won@€heng et al., 2013aThe

latter study is perhaps unsurprising given that cumulus cells are mitotically, &ctive
nonetheless provides a valuable insight into telomere length involvement in human
female fertility. Further studies wible required in the future to ascertain whether
reproductive ageing due to telomerase deficiency and/or tedoatieition observed in

mice is indeegbart of reproductive ageing in women.

1.8.3 Leukocyte telomere length andnfertility

In addition to thestudy of how gamete telomere length and localisation is related to
fertility, a numberof studies have investigated leukocyte telomere lengtilation to
fertility. Interestingly, average telomere length measured from peripheral b®od
associated withreproductivelife span(Aydos et al., 2006 Furthermore, leukocyte
telomere lengths of both malesmd/or femalesare shorter in couples experiencing
idiopathic recurrent miscarriagéHanna et al., 20Q9Thilagavathi et al., 2023
Interestingy however averge leukayte telomere length isncreased in women
suffering with premature ovarian failu(OF) The authors conclude that the latter
finding may be an error due to low sample size, or that these patients experience an
overdl slower rate of proliferationeadirg to a reduced number of gametes, but an
increase in telomere length. Alternatively abnormal hormonal control in these
individuals might positively influence telomererigth (Hanna et al., 2009 Indeed,

long-term hormone replacement therapy in postmenopausal women has been shown to
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reduce the rate oélomere shortenin@ee et al., 200band etrogen has been shown

to reducenxidative damage to DNA and promote telomerase ac(kiyp et al., 1999

Overall, in recent yeatbe 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 thedtecomes 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 Telomeredynamicsand developmental outcome irART

Increased interest in the role of telomeres in reproduction and fertility potential over
the last few years has sparkesgnaall numbef studies to investigate the importance

of functionaltelomeres in developmental outcome.

Telomere distributionpatternsin the developing human embryo is a ldyge
understudied area, which is largely duettanical constraints. Furthermore, information
from natural conceptes is impossible to achieve, therefitedies in human embrgo
arelimited to use of those nanplantedfrom couples undergoing infertility treatments.
Theuseof telomere distribution patterns in embryo quality assessmémnitgsurrently
negligible, but may warrant investigation given the observations in a study by Turner
et al2010whom showed vaigg degrees of telomere clustering in the preimplantation

embryo(discussed in section 11.(Turner et al., 2010

A larger amount of information is available regarding the relationship between
telomere lengtlanddevelopmental potentiaf the embryolnformation on this subject
area obtained from model organissi®ws that, @mpared to wild type micehird and
fourth generatiotelomerase null mice exhibit a reduction in the percentage ofdedili

ova reaching cleavage stage. Embryos are gitsoerto developinto morulae and
blastocycst stage, and fewer celle presenin blastocyst embryosurthermore,he

rate of cytofragmeationis increased in telomerase null micempared to wild type
controlsandlargely coincidesvith 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 defigiesince 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 iguialityans

it has been founthattelomeres are shortenedilastomeres afleavage stage embryos

that are anquloid compared to blastomeres of cleavage stage embryos that are euploid.
Interestinglyhowever evidence shows thab differenceexistsin telomere lengths of
trophectodermibpsies of blastocysts that aareuploid canpared to those of euploid
blastocystslt is proposé that this is a byroduct oftelomerase mediated telomere
lengtheninghat occurs following genome activation of blastocyst stage empryei$

et al., 2011h Similarly, no differeace has beeabserved in blastocyst stage leyos
compared to embryos that arrested prior to blastocyst stage, suggesting that telomere
length does not play a role in the selectiondevelopmentally competent embryos
(Mania et al., 2014Treff et al., 2011 Thus the presence of senescent cells in these
embryos, which may coriiute to developmental arrest, cannot be attributed to
telomere shortenindgerhaps instead, it is possible thdbss of telomere structure may
have resulted iellular senescence and developmental arffldstnann et al., 2001b
Mania et al., 2014Stewartet al., 2003 however this remains to be investigated
Interestingly,evidence shows thathile telomere lengths of abnormeglls within
blastocysts araot different to normal cells from the same blastocyst, telomere length
is shortened in abnormal cells of morulae theatearrested prior to blastocyst stage
compared to normal cells from the same emifMania et al., 2014 However, since
overall no difference in telomere length exists l@sw developmentally normal and

arrested embryos, thegnificance of this has yet to be uncovered.

Mania et al 2014 also noted that embryos from couples clasdifunder advanced
maternal ager recurrent miscarriage had shorter telomeres than those classified under
repeated IVF failuréMania et al., 2014 This association of shorter telomere length

in embryos from couples experiencing recurrent miscarriage correlates with reduced

leukocyte telomere tegth in parent¢Hanna et al., 2009

Studies assessing telomerase actiuityeation to embryo qualityin humanshave

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 prese@fi@plice variants may affect its function
(Brenner et al., 1999This hypothesis confirm&ndings by Wrightet al, whoshowed

that althoughtelomerase 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. Therefdlee level oftelomerase activityis not
associated with embryo development poterfidtight et al., 200}

Overall, findings outlined in the above sections indicate that functional telomeres are
required for gametogenesis, fertilisation and embryogenesis. This previdesace to
suggest that some form of telomere analysis (e.g. analysis of telomere length and/or
nucleardistribution patterns) may possibly be used in future PGS strategies to screen
for chromosomally, genetically and developmentally normal embrfyoghermore,

the above findings, along with evidence showing a relationship betlys&mctional
telomerehomeostasis and disease procegsescribed in section 14), provoke

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

1.8.5 Telomere length in pregnancy complications

As mentiond in section 1.5telomere length appears to beabdished during the
blastocyst stage of embryogenesisd remains stableuring fetal development
However,studies assessing the effects that a complicated growth environment during
gestation might have dnfant telomere length are limited. During pregog, €veral
complications can arise including gestational diabetes, high blood pressure, pre
eclampsia, infection, intrauterine growth restrictiGRyGR) and preterm labour
(https:/lwww.womenshealth.gov/pregnancy/yeme pregnant/pregnaney
complications.tml). Given that aberrant telomere length maintenance is associated
with altered tissue function in several disease processes (outlined in sezdnitlis
possible that telomere length is altered in association with pregnancy complitration.
point d fact, evidence shows thalomere legth isinvolved in the pathogenesis of
pregnancies complicated by IUGR cases where IUGR is caused by placental
insufficiency or preeclampsia,@ducedelomere lengths have been shawplacental
trophoblastslt is thought thathis is the result of oxidative stress, which mamgtcibute

to increasd telomere loss and increased cellular senescence in the placenta, ultimately
leading to growth restriction of the fet(Biron-Shental et al., 201@avy et al., 2009
Toutain et al., 2013 Interestingly the above observation does nesult intelomere
length alterations in the infant, admere length in small for gestational age babies
resulting fromlUGR appeato be unaffected compared to appropriately grown infants
(Akkad et al., 200p
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Also worthy of mention onthis topic is the fact that in many cases, placental
chromosomal mosaicism is associated with IU@ERati et al.,, 2005Lestou and
Kalousek, 1998 Robinson et al., 1997 Given the role of telomeres in guiding
chromosome pairing and segregation év@anders et al., 199%arada and Misteli,

2002, it is tempting to speculate tha link may be found between these two
observationslt has also been noted that telomere aggregates are present in placentas
of women experiencing pieclampsia during pregnancy. These telomere aggregates
appear toform independently of telomere lengtibut represent dysfunctional
telomeres, which can lead to breakdgelgefusion cycles and eventualgpoptosis

or senescend&ukenikHalevy et al., 2000 It is possible that this may also be linked

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

Conversely, eidence shows that diabetes during pregnancy does not affect telomere
length.Cord bloodtelomere lengths from athers with type I,yipe Il or gestational
diabetesare not altered compared to mothers who do not suffer with digloatess et

al., 201Q. 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 contrgGross et al., 20Q9Interestingly however, telomesa
activity is upregulated in cord blood from mothers witlpé | or gestational diabetes
compared to controls. It is possible that tbiservation reflects altered telomee
homeostasiswhich might explain the lack of altered telomere Iémgn cord blood

samplegCross et al., 2090

One of the most important risk facscassociated with pregnancy complioas isthat

of premature birthhowever the effects of preterm birth on newborn telomere length is
largely unknown. One study has shown tigddmere lengthof preterm infants born
with intact membrane is altered cpared to preterm infants born following preterm
rupture ofthe membrane. It is proposed that this difference is dubkdmultiple risk
factors associated with oxidative strésading to membrane ruptyrehich might in

turn reducdelomere lengths in #se infants. Thereford is postulated thapreterm
rupture d themembrane significantly impactslomere length in the newbofienon

et al., 2012 However, what effecthis might impose on the newborn is generally
unknown. Thenext 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 representstanesting topicWhile telomere
length in the fetus is highly synchronised and tightly maintaiteldmere length
rapidly declinesfter birth This poses the questioDoes telomere attrition occur as a
result of an extrauterine growth environmentisat programmed to begin at a defined
stage of maturity (i.e. at full gestational agH)the former is correct thehow might

this affecttelomere length ithe preterm infant?

Evidence from the current literature suggests thihbagh overaltelomere lengths of
preterm infantgborn at less than 37 weeks gestatiarg not different to full term
controls correlative data showa reduction in telomere length with increasing
gestational agéFriedrich et al., 2001Menon et al., 2012 Furthermore, correlative
data shows rapid and significant decline in telomere length amaegerm infants

born between 27 and 32 weeks gestational(gedrich et al., 2001 Moreover,a
longitudinal studythatassessed telomere lengths at different time points in the same
preterm infants found significantdeclire in telomere lengtin the weeks following

birth (Holmes et al., 2009 This represents an interesting findisgice in addition to

the wellestablished morbidities associated with preterm birth (namely respiratory and

neurocognitive disorders), a number of others are emerging which characterise an

6ageddé phenotype in the priereadpuoseiissdeant .

partitioning(Modi et al., 2009Uthaya et al., 20Q5/asu V and N, 2009 ectopic fat
deposition asntrahepatocellular lipidThomas et al., 2008a&/asu et al., 2013
hypertension(Bhat et al., 2012VanDeVoorde and Mitsnefes, 2014nd insulin
resistance(Tinnion et al., 2018 Thesemorbidities arestrongly associated with
metabolic syndrom@Liu et al., 2010Parkinson et al., 20)3morbidity and mortality
(Jacobs et al., 201Boster et al., 2008 imposing a significant public health concern
Since telomere length is assochteith the process of ageing and with several disease
conditions(including those listed above), it is possible that early telomere attrition
mi ght represent the underlying cause of
infant. With this in mind, it is possible that telomere length mightaaetnovel 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 morbiditieslowever, although the aforementioned information from the

current literatureprovides the basis for this rational® date none have explored

Pager0of 261

Tt



K. J. Turner Introduction

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

1.9 Techniques for elomereassessment

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 divese organisms, and by the presence of complex regulatory
mechanisms controlling their structure. Whte gradual loss of functional telomeres

are a part of normal homeostasis, disruption to normal control mechanisms resulting in
aberrant telomere homeositamay have devastating effects. These include but are not
limited to tumorigemsis, premature ageing disorders, fertility complications and
pregnancy complications which may in turn impact on telomere length in the newborn.
These observations provideioatale 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 whehesample size for telomere length analysis is limited,
such as in single cells for PGS, or small samples from newb@&aseral
methodologes 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 telomeldength analysis, which is an important consideration for

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

19.1.1 Telomere restriction fragment analysis

In the early 1990s Calvin Harley developed the first technique to measure average
telomere lengthby measuring telomere restriction fragmerise process involves
restriction digest ofnontelomeric DNA leaving the telomere sequence intact.

Telomere containing DNA fragments are then separated according to their size by gel
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electrophoresis, andetet¢ed bystandard southerblotting 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 equipmenis required, which reduces the costs involved.
Furthermore, several kits based this technique areaw 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 reprded as a smear of telomeric DNA

fragments.

Disadvantages of TRF analysis however, include that it is reliant segaation of
telomere fragments on an agarose gel, wiposes two maimproblems Firstly,
complete DNA digestion is imperative in order to avoid esstimating telomere
length. Secondlythe inclusion ohontelomeric sequencesljacento the telomere but
downgream of the restriction sitgill impact on the resolving capabilities digested
fragmentgfigure 122). Therefore, any ariationidentifiedin telomere lengtimay in

fact beattributable to sequences other than the telomset. One of thesourcesof

this variationarises from the highly dynamic nature of the -selbmeric region,
resulting in variable quantities of repeat sequences, which may be anywhere between
2.5 and 6 KbgLevy et al., 1992 Furthermore, hypervariable regions within the-sub
telomere create restriction site polymorphisfiiefford and Trask, 2002 Finally,
variable numbers of telomere repeat variants exist at the proximal 1kb of the telomere
(Baird et al., 199p Taken togetherhiese factors maynpose a strong influence on the
resolving capabilityf the TRF fragmenthus it is importanthat these artaken in to

consideratiorwhen resultare interpretedRiethman et al., 2005

Centromere Telomere
variants

Telomere Restriction Fragment

Figure 1.22. Representation of netelomeric sequences inclusive in telomere restriction fragment
analysis that may contribute to variability among individuals. Green represents true TTAGGG telomere
repeats, yellow represents telomeepeat variants, red represents-gelbmeric sequences and blue
represents the rest of the chromosome @ranner et al., 2014
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The most notable drawback of this methodolbgwever s 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 avdiliaialky,

TRF analysis is time consuming and labour intense. mteegrocedure takesaund

three days to conhete, andhenumberof samples thatan be analysed at any one time

is restricted by the size of the agarose gberefore itis necessary to perform a large

number of experiments in order to study a popofat

19.1.2 Slot blot analysisand hybridisation protection assay

A solution to some of the shortcomings ®RF analysis was offered by the
development of a slot blot based methodology in 1997. In this technique, DNA is
blotted directly onto a nylon membraneithvout 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 isheal 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 measur@ryant et al., 199y

Similar to this assay is the hybridisation protectiomggblPA). In this instance, rather
than measuring centromeric DNA content, a familyegfetitive sequences known as
alu sequences are used instead,doagate a ratio of telomere tm®NA (Nakamura
et al., 1993

The advatage of theseechniqusis that only the telomeric DNA sequence is targeted
in telomereintensity measurements. Thus thoids artefacts that may arise from a
nortrtelomeric component of telomere restriction fragments. Furthermore, calculation
of T/C ratos (or telomere/alu ratio)ircumvents anynaccuracies imuantitation 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 effesesfci

the two probes are equ&urthermore, high quality DNA is not essential for accurate
guantification of telomere length by slot btwtHPAanalysis. Indeed fragmented DNA
still produces a signatpresentativef anintact samplewhich is not the ase for other
telomere length technigs such as TRF analy$Bryant & 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 numberetit available is too low

for DNA extraction(Norwood and Dimitrov, 1998 Therefore since slot blot analysis
negates theneed 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 thetwehniqus is that they lacksensitivity and
reproducibility.In repeat experiments using the same sample, variations of up to 1Kb
have been reportgtNorwood and Dimitrov, 1998

1.9.13 Quantitative real-time polymerase chain eaction

Quantitative eattime polymerase chairaction (QRTPCR)enables thgquantification
of the number of copiesf@ sequence of interest. Tlegcle thresholdCt) of the
reaction(defined as the point at whi¢heamplification wirve raises above baseljnge
determinedrom anamplification curveandis directly proportionte to the number of
copies of target sequenpeesent in the sample to begin with.

In 2002 Richard Cawthon developed a novel and increasipgpular gRTPCR
approach for telomere length analygl€awthon, 200 Ca wt hon éPER qRT
approachs able to determine relative telomere length by ascertathd/S ratio,

which representthe factor by which the samplender investigatioriffers from a
reference DNA sample in its ratio of telomere sequence copy number (T)ngle si
copy gene copy number (Sis is determined by a standard gRTR reaction using

two pairs of primers inwo separate amplification reactions; one pair to amplify the
telomere sequence and one pair to amplify the single copy gdamatively, it is
possible to amplify both sequences within the same reaction using a multiplex approach
developed subsequenlyo Cawt honos ®hemaiadvantagepfth® t o c o |
multiplex gRTFPCR procedurés that it significantly reduces inaccuracies due to inter
assay plat¢o-plate variation, and it reducdbke total timeand cost of the assay
(Cawthon, 2009

The advantages of using qHPICR over other telomere length analysis techniques

include the clear and objeeti interpretation of T/S ratiogurthermore, in similarity

Pager4 of 261



K. J. Turner Introduction

to slot blotand HPA analyse there are no contributions of ntlomeric sequences

to relative telomere length calculated, since the primers inclatedpecific to the
sequence of interesthis 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, gfPCR is highly sensitive, and therefore it

can be carried out with as little as five nanograms of DNA, which makes this technique
acessible to studies where sample size is lim({teeff et al., 2011p Lastly, qRF

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 samplesn 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 ggiires 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. Filnermore, it is important to appreciate that the reference gene may
be subjectto copy number variation within a population, which will significantly
impactthe relative telomere length results calculatextly, QRFPCR 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 includedssaleOne

can then plot two standacdirves for each reaction: One includihg cycle thesholds

of each of these knowragjainst the telomere DNA content in base pairs, and one of

the cycle thresholds of each of these knowns against copy number ofgleecopy

gene. From these standard curves, the researcher can extrapolate absolute telomere

length per copy of the genome of unknoW@&Callaghan and Fenech, 2011

Page75of 261



K. J. Turner Introduction

19.14 Single telomere length aalysis

Single Telomere Length Analysis (STELA) is a ligatipolymerase chain reaction

(PCR approach, dvelopedspecifically to measure telomere lengths of individual
chromosomes. Unlike the gRACR 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 quidied from the PCR products by southern blotting. The

process bSTELA is described in figure 1.28n the next pagdriefly, it involves the
annealing of a O6teloretted linker to the (
comprised of 7 bases complementary to the telomere hexameric repeat followed by 20
norrtelomere bases. The linker is then ligated to the Caichmp | e ment ary 56 s
creating a permanent tag at the telomere. This permits PCR amplification of the

tel omer e, using a Oteltai-telomemcampoaentot o pr i m
the telorette, and a second primer specific to thetesigimere pstream. Following

PCR amplification, the products are resolved according to size on an agarose gel and
guantified by southern blottingaird et al., 1995Baird et al., 2008

In previous studies, STELAas proved successful for measuring telomeres of several
specific chromatidincluding: XpYp, 2p, 11q, 12q and 1{Baird et al., 2003Britt-
Compton et al., 20Q6&ing et al., 2009 One of the advantages of STELA, is that it is
able toidentify the range of telomere lengths olaromatid of interest within a given
population, as well as the overall mean telomere length for that particular chromatid.
The disadvantagef STELA howeve, is that it may only be used for chromosomes in
which the sultelomere is extensively characterised, and these may ndtdxtive of
overall critical telomere length. In additiom,is not possible to accurately determine
telomere lengths above 20kdpe to limitations of the amplification stéPaird et al.,
2003. As a resultithe accuracy of average telomere length calculated using this

technique is questionable.
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Key
O Subtelomeric & Telomereic DNA
B Telorette linker
Subtelomer specific primer
B Teltail primer
—_— Primer amplification
Figure1.23: Mol ecul ar basis of single telomere | eng

linker to theG-rich 3" overhang of the telomere, which is ligatedtotreCc h 5E str and.
primer and a primer specific to the sidbomere region primes synthesis of the telomere in a PCR
reaction. Finally telomere length is quantificatied by geltedbghoresis and southern blottiiGurner

et al.,2014).

In order to solve the restricted use of STELA to the chromosomes of well need
subtelomeres, LETELA (universal mgle telomerelengthanalysis) was developed

for the measurement of all telomeres in a single assaynidhod,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 sttielomeric regionsreates sticky ends in thothe telomere
containing fragment and the intggnomic 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. Adaiguence is
then ligated to the linkers, which tags the ends of thetedomere and the intra
genomic fragments. This filler sequence is complimentary to the earlier ligated linker
tags. Therefore upon denaturation of the double strands in subsequiera Bable
hairpin structure is formed in the intggnomic sequence, inhibiting the amplification

of the intragenomic fragment, but permitting amplification of the telorraetaining
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fragment. This is because neither the telorette linker nor the GtreH omer i ¢ 30
overhang are complimentary to the filler sequence and therefore no hairpin structure is
formed(Bendix et al., 2010

!
i

Intragenomic fragments Subtelomere & telomere fragments

= =

. - —

Intrageomic DNA Restriction site digest
Subtelomeric & Telomereic DNA

Linker sequence

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

Teltail primer

EEEERBOO @

Figurel1.24: Molecular basis of universal single telomere length analysis. (1) Restriction enzyme digest

creates sticky ends in both the telomeoataining fragment and the intragenomic DNA fragment. (2)

Linkers are then ligated to these sticky ends, and fillerssabsequently ligated to the linkers. A
6teloretted |linker is then annealed to the 3E overh
of the telomerecontaining fragment. (3) In the first stage of each PCR cycle, dsDNA is denatured into

sinde 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 inhibitetijlst amplification of the telomereontaining

fragment is permitted. Synthesis is primed using a
linker, and a primer designed to anneal to the filler sequ@naeer et al., 2014

The benefit of USTELA, is that it is able to evaluate the ambof 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 telorergth, 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 howeves,that it is prone to insufficient amplification of
longer telomeres combined with preferentiaipdification of short telomeres, which
renders USTELA unsuitable formeasuring mean telomere lendtBendix et al.,
2010. Furthermore, the contributiorms$ subtelomerevariation must additionally be
considered when using this technidBeown et al., 1990Ijdo et al., 1992Riethman,
2009 Rudd, 2013 (Levy et al., 1992Mefford and Trask, 2002

Taken togetherhe advantage of both STELA techniques is that they doeopiire

large quantities of DNA;approximately 10 nanogms 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 lybridi sation

Quantitative Fluorescencen situ Hybridisation (QFISH) offers a modification of
standird Fluorescent in situ Hybridison (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 complimentarg sequence of interest
allowthe researcher to confirm the presence of the sequence of interest, and to visualise
where that sequence is in the genome. Telomere length analysiISHPowever,

utilises a protein nucleic acid (PNA) probe complimentary to the telomere sequence.
The uncharged backbone of the probe (as opposaadhiarged DNA probe backbone)
linked by peptide bondsffers more stable duplex formation with target DNA. This is
becaus hybridisation of the probe with the DNA strand is favoured, whilst reannealing
of denatured DNA is disfavoured, resulting in increased hybridisation efficiencies over
standard FISHEgholm et al., 1993 ansdorp et al., 199@ielsen et al., 1991 As a

result, the amout of telomere sequence present is easily quantified, since it is

positively correlated witkthe intensity of the fluorescent signal generdtiggire 125).
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Figure1.25: Example of a GFISH 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 telomerelengths from each individual chrsome in a population of cells,
allowingthe researcher to address whether specific telomeres on specific chromosomes
are affected under the conditions of the research &iagecest. Secondly the probe is
complimentary to the telomere sequence only, thereforeetoimeric regions are
excluded. Pdraps the most notable advantaige direct comparison with other
technologies availableowever is that QFISH is inclusive of lag telomeres. Indeed

it is the preferred method of choice in the study of mouse telomeres, which are known
to be very long. Furthermore, it dosst require large sample sizésiage capturand
analysisof ten metaphase cell®oon et al., 1999 or 40-200 interphase cells
considered acceptableowever telomere length of individual chromosomes cabeot

ascertained in interphase cellPe Pauw et al., 1998

One of the disadvantages ofRJSH for telomere length analysis however, is that it
requires highly specialised and costly equipment. Secondly, by definitiels is
hybridisation reliant Improper assay optimisation and/or poor technique results in
signal free ends (SFE), which lead to underestimation of telomere |Setbndly

and arguably more importantly, telomeres of individual chromosomes may only be
detected in cells that may Imeetaphase 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 rearcher, 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 imperatiee in
accurate determinatiorof telomere length, since inherent riaions between
experiments caroccur due to altered optical alignment, variable hybridisation
efficiencies and the age of the microscope laf@prliacGarnier and Londofio
Vallejo, 2011 Poon et al., 1999Vong and Slijepcevic, 200Zijlmans et al., 199/

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 @FISH in that it greatly reduceise time taken to capture and analyse images.
Indeed itwas the first telomere length method utilised as a clinical (dleér et al.,

2007). In this case, cells are hybrididwith the PNA probe in suspension (as opposed

to being fixed on a&lide as in standard-QISH), and e intensity of the fluorescent
signalsis quantified using flow cytometry. Such a technique is samomated and
therefore enables the analysis of maniscat one time(Baerlocher et al., 2006
Furthermore, simltaneous GFISH and antibody staining techniques allows the
researcher to identify telomere lengths of different cell types within a population of
cells (Baerlocher and Lansdorp, 2Q03owever, this requires extreme ca® the
unfixed cells are considerably more fragile. Furthermore, the cytoplasm must be left
intact, which ofterresults indifficulties in telomerdength determinatin, due to non
specific hybridiation of the probe to components of the cytoplgdveser et al.,
2009.

1.9.1.6 Primed in situ labelling
Primedin situlabelling is a technique that combined-(&H and qRTPCR techniques

for telomere length analysis. Oligonucleotide sequences that are complimentary to the
telomere sequence are annealed to denatured metaphase chromosomes or interphase
cells. DNA polymeras then extends these oligomers using fluorescdabelled
nucleotides. Fluorescent signals may then be measured using a fluorescent microscope
and appropriate computer softwaleavoie 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
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(Lavoie et al., 2008 This has led to several modifications of the protocol including
multiple cycles of amplificationMusio and Rainaldi, 1997and double stranded
PRINS, vwhere primers for both the forward and reverse telomere strands are included
in the reactior{Yan et &, 2004.

The advantage of PRINS overRK)SH, is that it is quicker and more cost effective
(Gosden and Lawson, 199Koch et al., 1991 Wilkens et al., 199/ 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 tospatific primer annealgand
extensionGosden and Hanratty, 1993

In conclusion, it is clear that the method of choice for telomere lengtlysisas
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 impiartant
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 igndkeaffmann et al., 200 pyridopoulos

et al., 2008

1.9.2 Measuring telomere distribution

As discussed in sections 1.8321.4 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 meiodtsis possible therefore that a loss of cell
function can be determined by assaying for telomere distribution withinutieus,

which might prove a useful todfhe most effective way in which this can be achieved

is through FISH experiments using a galomeric probe. The basis of this procedure

is the samas that outlined in section 1195, however cells are assayed in interphase

as oppose to metaphase. Furthermore, it is not necessary to calibrate the experiment,
since no quantitative measuremeonitfluorescence intensity are requiréthages 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 cha assessed for telomere localisatising

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 localigat can be assayading longitudinalOlszewska et

al., 2008 Sbracia et al., 2002 spatial(Zalenskaya and Zalensky, 2Q004r radial

(Boyle et al., 2001Croft et al., 1999Finch et al., 2008loannou and Griffin, 2010
Skinner et al., 200%nalysis asdepicted in figure 1.26

A B C

Figurel1.26: 2D analysis of signal distribution within the sperm nucleus. A: Longitudinal distribution of

basal (b), medial (m) and apical (a) regions of the sperm nu@lssewska et al., 2008B: Spatial

di stribution where L and | r epr 4&emgesentsthdrggmetryong and s
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 ax¢&alenskaya and Zalensky, 2Q0€: 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 positiqiittadin 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 measaments the position of the signal can be ascertained (for examples of freely
available software able to perform these measuremen{$aseeiccelli 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 isbject
flattened into a 2D image and therefore its accuracy is compromisenle are
mathematical models designed to compensate for this dBesgtle et al., 2001
Skinner et al., 2009however 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 ceflsat can feasibly be analysed is often dramatically

reduced.

1.10Thesis rationale

Telomere biology specificallyn relation to fertility and early lifein humansis
becomingan increasingly popular topibowever 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 mroductive ageing in women has been hypothesised, limited data
is available in supporof 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 studglomere 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 investigdiothermore, how
telomere biology isegulated during embryogenesis, and how this might implicate
telomere biology in the newborn is largely understudiBterefore, @iture studies
would benefit from a deeper understanding of how these complex structures are
involved in the process of ageinpe pathogenesis of disease and in fertilBych
information mght shed light on the validitpf telomere length and/or distribution

patterns as indicators of fertility potential, and as biomarkeiaflomt health outcome.
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1.11Thesis Aims

With the aforementionedationale in mind, the specific aims of this thesis were as
follows:

1. To test the hypothesis thi@tomere distributions altered in the sperm heads

of maleswith compromised semen parameters

2. To optimise a gRAPCR approach for assayingdeiere length using small
quantities of starting material

3. To investigate the telomere theory of reproductive ageing in women by
addressing a series of hypothepertaining to telomere length in first polar
bodies and cleavage stage embryos in relatioomé&ernal age, and
generation of aneuploidy

4. To test the hypothesis that preterm babies have significantly reduced

telomere length by term equivalent age compared to their term born

counterparts
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2 Materials and Methods

2.1 Materials

In order to asseshromatin packagindelomere distributiomnd telomere interactions

with proteins at the nuclear membranaperm (specific aim 1), control semen samples

were recruited from The Bridge Féityr Centre (London, UK) fom 13normal fertile

males. In adition to this semen samples from six infertii@ales were recruited from
Embryogenesis (Athens, GreecBatients were identified as fertile or infertile based

on analysis of semen parameters by trained andrologisted&ridge Fertility Centre

or Embryogenesis respectively. Thoseittp er m concentration of (
and/ or % motility of O 20% and/or % nor mal
infertile. All semen donors provided written and informed consent for use of their

samples in research. This was carried out uhdeman fertilisation and embryology

authority HFEA) license 0700/L70Q.8-c awarded to the Bridge Fertility Centre. Use

of semen sampleBom 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 telamdength in first polar bodiemndembryos in relation to
maternal age arttie incidence of aneuploidgpecific aim 3)whole genome amplified
DNA from biopsiedblastomers and first polar bodies thaere surplus to requirement
were donated from couples undergoing IVF treatment at Genesis Genetics
(Nottingham, UK). These sampgleinderwent whole genome amplification using the
SurePlex DNA Amplification System (Illlumina), and were assessed for presence of
aneuploidy using the SurePlex 24sure kit (lllumina) by personnel at Genesis Genetics.
Leftover WGA material was then transpatte the University of Kent (UKClpr PCR
purification and relative telomere length analysfsgRT-PCR.AIl patients consented

to biopsy procedures and aCGH analysis of chromosome copy nuanbehe use of
surplus sample material for reseamlrposesThis 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 4igilele infants were recruitetdy
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research staff from the William Harvey Hospital (Ashford, UK) (WHH) or the Queen
Elizabeth Queen Mother Hospital (Margate, UREQMH) following ethics approval

from Surrey Research Ethics committee (10/H1109/51) and informed consent.
Sampling involved draing an exra 1-1.5ml blood fronpreterm 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 pyoses (for example suspected jaundiB&od sampling was carried

out using standard phlebotomy technisjbg research staff at WHH and QEQMH.
Sampleswere anonymised by research nurses at WHH and QEQMd the study

remained blinded until analysis df patient samples was complete

2.2 Methods

2.2.1 Spermsample preparation

Sperm samplesvere prepared fosubsequent procedurby firstly washingin sperm
buffer (10mM NaCl/10mM Tris pH7)Yollowed by centrifugatiorat 1900rpm for five
minutes. The supernatant was removed taking care rdistirb the pelletandthe
pellet wasresuspended in sperm buffdthis process was repeated a further three to
five times depending on the quality of the sample (assessed biz¢hand colour of
the pellet). Following the final centrifugatipeperm samples were fixed by adding
6mlisof ice cold 3:1 methanol:acetic acid in a drop wise fashanilst agitating the
tube. The samples were centrifuged again at 1900rpm for fivaesirthe supernatant
was removed and the pellet was again resuspended and fixed. This eat®dep
further two times. 8mples were then stored-a20°C until theywere used for telomere

and H2BFWTdetection and chromatin assessmexgeriments.

2.2.2 Telomeredetectionin sperm: FISH

In orde to assess telomere distribution in sperm nu@pecific aim 1la part ofe
semen samples stored in fixative-20°C were centrifuged at 1900rpm for five minutes
and the appropriate volume of supernatant was rem@eggendant on the size of the

pellet)to produce the desirembncentration of cells
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2221 Slide preparation

Glass polylysine slides (VWR) were cleaned by immersion in methanol and marked
underneath with a diamond marker to indicate the location of the sarhplslide was
labelled appropriately and 8ul of the sample was dropped onto the marked area,
followed by 8pulof fresh fixative when the sample appeared graliys was carried

out in order to ensure that sperm cells did not fix to the slide in clungadl®fmaking
subsequent analysis difficult. Finally, before proceeding with the FISH protocol, the
slide wasnspected usingphase contrashicroscopyto check for optimum density and
quality of the sperm cells.

2.2.2.2 Ageing of slides and prenhybridisation washes

Slides were aged on a hot plate for 1 hour 87€hen incubated in an ethanol series
(70%, 80% then 100%) for two minutes eaclorder to dehydite the sperm nuclei.
After air-drying, slides were incubated in prearmed pepsin solutioat 37PC for 20
minutesto remove proteins, allowing access of the prabesperm DNA Pepsin
solution was made up dBmldouble distilled waterddHO) plus 500l of one molar
hydrochloric acid (LMHCI). Addition of 5004l 10mg/miof pepsinto this solution
occurred inmediately prior to us@ order to maximise enzymatic activityollowing
the pepsin washslides were incubated iphosphate buffered salin®BS for five
minutes and rinsed by brief immersion in de®l. Nex, slides were incubated in 4%
paraformaldehyd (made up in PBS) af@ for 10 minutes, rinsed by brief immersion
in ddHO, and incubated in PBS for five minut&ides werethen incubated again in

an ethanol sergfor two minutes each, and-aried.

2.2.2.3 Probe preparation and DNA denaturation

During the precding ethanol serigeenough 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 8% for 10 minutesOncethe programme was

complete, the probe was kept on ice until use.

When slides were dry, sperm cell nuclegre denatured in 70%rdmamide (Sigma

Aldrich) (made up in 2x saline sodium citrate (Sg&J 7-7.5, at 7%C for two minutes.
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Immediately after thisslides were immersed in ice cold 70% ethanol for two minutes,
followed by 80% and subsequently 100% ethanol for two minutes each at room
temperatureThis allowedthe dehydration of sperm nuclei as welk @romoting

reannealing of short repetitive, ngpecific sequences.

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

37°C overnightto allow hybridisation of the probe

2224 Posthybridi sation washes and detection

On the following day, rubber cement was carefully removed using tweezers, and the
slide was incubated in 0. BSC plus 0.3% Tween until the cover slip floated off. Slides
were subsequently washed inqvarmed 0.7x SSC plus 0.3% Tween at@Tor 10
minutesin order to remove angxcess uhybridised probeAfter this,samplesvere
washed in storage buffer (0.486 plus 0.05%gepal) for two minutes, before adding
90ul of detection mix (50ul 2x SSC plus 40mg/ml Marvel powdered, Byl storage
buffer and 3pl septavidirCyanine3 (Cy3) (Amershanbiotechnology). A 22 x 50mm
cover slipwas applied, and slidegereincubated in the dark in a humid chamber at
37°C for 45 minutesbefore washing off excessrbounddetection mix in three five
minute incubations in storage buffer. Lastly, slides were rinsed by brief immersion in
ddH0O, airdried in the dark, and @drop of \ectashiel® with 4 -®,diamidine2-
phenylindole DAPI) (Vector Labs) was applied. A 22 x 50mmvecslip was gently
pressed onand fluorescence microscopy ensu2d fluorescence microscopy was
carried outusinga BX61 Olympus microscope equippetdh a charge coupled device
(CCD) camera. Images were captured with the appropriate filters under a 100x
objective using SmartCapture software (Digital Scientiff®r each patient a total of
100 nuclei were captured and analygedr 3D image captureglls were inspected
under an Olympus IX71 microscope equipped with a CCD camera, uilan&po

100x OTIRFMSP 1.45 NA lens mounted on a PIF@@xis focus drive (Physik
Instrumente, Karlsruhe, Germanyells wereilluminated using LED light sources
(Carn Research Ltd, Faversham, UK) with appropriate filters (Chroma, Bellows Falls,

VT). The best plane of focus for the trenof the cells was identifieaind 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 @maand 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 nielear decondensation with dithiothreitol

After slides were aged at €D for one hour, they were placed in a coplin jar containing
10mM dithiothreitol (DTT) (Melfad) made up in 0.1M Tris pH 7, for 30 minutes in
the dark. Following ttg, slides were rinsday brief immersionn 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 (Na®H) f
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 posians were identifiedn at least 100 sperm cells from 13 control
males and six infertile malassing a custom designed macro (designed by Michael
Ellis, Digital Scientific) in ImageJfreely available fromhttp://imagej.nih.gov/ij)

based on that of Croét al. (Croft et al., 1999 This macro is capable of splitting the
area of the nucleus into five concentric rings of equal @teawn in figure2.1). The
number of signals in each ring was themmelly counted and record@da 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 mathematical
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models were adopt: The wlumetric model which calculates the volume of the
nucleus and includes compensation factors for the pressures applied to the nucleus
during the FISH procedure amohage capture; anché DAPI density modelwhich
normalises the signals in each ring against the intensity of the D&iRIis that given

ring.

File Edit Font

Figure2.1: 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 drawohAtes was performed to test the
hypothesis that signals are distributexirrandomly within thespermnucleus.

2.2.2.7 3D image analysis

Images for each filter were first deconvolved using the AutoQivedia Cybernetics)

3D deconvolution function, and then uploaded iatfseely available software called
Nemo for 3D analysi@annuccelli et al., 20)0Once opened in Nemo, each cell in the
image was identified and analysed for several measurements. Thasarengents

were exported into a Microsoftxgéel spreadsheet for easyanipulation of data. The
measurements of interest included: Distance from the centre of the telomere signal to
the ceitre of the nucleus (distance 1) agidtance from the centre of the telomere to

the borer of the nucleus (distance ghown in figure 2). For each patient 380

sperm nuclei were analyse8perm samples from a total of six fertile control patients

and five infertile patients were analysed in this way.

In order toconfirm 2D localisation of telomeres by 3D image analydistance 1 was
added to distance 2 ancethdistance 2 was divided by teemof distance 1 and 2.
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The resulting valusvasmultiplied by 100 This was repeated for all telomere signals

in all cells of all images. The results were thenugexd into frequency bins of20,
20.1-40, 40.1-60, 60.1-80 and 80.4100 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, wvitalues in the lower bins {20) reflecting
peripheral localisatiorand those in the higher bins (8@.Q0) reflecting a central
localisation. Again, chi® statistical tests werperformed to test the hypothgdsihat

telomeres are distributed noandomly 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 bcalisation of H2BFWT in sperm

To assess histone 2B familWy testis specific (H2BFWT) distribution in sperm
(specific aim la part thrgesemen samples stored in fixative-20°C were preared

and dropped onto a clean péisine glasslide as describeith section2.2.21. Each
experiment included a positive control (a sample known to stain well) and a negative
control {n which no primary antibody was appliedjollowing each incubatiostep

slides were allowed to mostly, but not qaletely dryin 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 wasvashed 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 (S14) antibody plus 10% donkey serum in PBS) was applied (efaept

the case othe negative conttcslide). After incubation for onéour, slides were
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washed three times in PBS for five minutes each, and then 150l secondary antibody
solution was applied (1:100 dilution of Santa CFlzorescein isothiocyana{€ITC)
labelled donkey anyoat IgG antibody Ips 5% donkey serum in PBSJlides were
incubatedfor 45 minutes in the dk before washing a furthehree tines in PBS for

five minutes eachkinally slides wererinsed by brief immersion in ddkO and one
drop of Vectashiel® with DAPI was applied A 22 x 50mm coverslip was applied,
and for 2D analysis,slides were inspectednder appropriate filterasing a BX61
Olympus microscope equipped with a CCD camera under a 100x objéaiiveach
patient 100 rhagesequating to100 nucleiwere captted usng SmartCaptui@
software For 3D analysis, @ls were inspected under an Olympus IX71 microscope
equipped with a CCD camera, undeP&nApo 100x OTIRFMSP 1.45 NA lens
mounted on a PIFO@axis focus drive (Physiknstrumente, Karlsruhe, Germany).
Cellswereilluminated using LED light sources (Cairn Research Ltd, Faversham, UK)
with appropriate filters (Chroma, Bellows Falls, VThe best plane of focus for the
certre of the cells was identifiednd 61 images were captured in 0.1uM step sizes
through he cell (30 images either side of the central position) for each filter using

Metamorph softwar@Violecular devices)

2.2.3.1 2D H2BFWT signal localisation

H2BFWT localisation was determinedan least 100 cells from spontrol patients in

a similar manneto that described in section 2.2.2l®wever a more automated process
was adopted. Images were uploaded imageJ and an updated custorade macro
(described in detail by loannat al. and Skinneeet al. (loannou and Griffin, 2010
Skinner et al., 2009 was appkd. Firstly, the image wa split into green and blue
channels representing H2BFWT signals and DAPI staining respectiMatymacro
then convertedhe blue inage to a binary mask from which five rings of equal area
were created. Finallyhe proportion okignal in each ring in each chanmrelative to
the total signal was measuradd thedata wasexported intdMlicrosoft Excel for data
manipulation in the same way that telomere signal positioning was deteriob.
statistical test was carried outtest the hypothesis that H2BFWT Idisation in the

sperm nucleus isonrandom.
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2.2.3.2 3D H2BFWT signal localisation

3D localisation of H2BFWT was measuredidi 50 cellsfrom six control patients

the same way th&D telomere localisation was captured amalysed (dscribed in
section2.2.2.7. Images for each filter were deconvolved using the AutoQG@&nt
deconvolution function, and then uploadetb Nemo for 3D analysiglannuccelli et
al., 2010. Again, measurements of thestance from the centre of t2BFWT signal

to the centre of the nucleus (distanceabddistance from the centre of th2BWFT
signalto the borer of the nucleus (distance @&hown in figure 2.Pwere recorded and
exported into a Microsoft Excel s@asheetDistance 1 was added to distance 2 and
then distance 2 was divided by themof distance 1 and @igure 2.2) The resulting
valuewasmultiplied by 100and the results wegrouped intathe samefrequency bins

as described in section 2.2.2Finally the percentage of sigls in each bin was
calculated andhis was plotted in a bar chart to represent the tendency of telomere
localisation within the sperm nucleus chi? statistical test was performed to test the

hypotheses that H2BFWT is localised at the nuclear periphery.

2.2.4 Telomere and H2BFWT caglocalisation

Semen samples stored in fixative-26°C were prpared and dropped onto a clean
poly-lysine glass slide adescrbed in section 2.21. 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 knowst&in 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 primaryoalytincubation was

included.

22.4.1 Telomere detection by FISH

Initially, all slides (except control two) wersubjected to the FISH procedures
describedin section2.2.2 (without nuclear swellingHowever, 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

Paged4 of 261



K. J. Turner Materials and Methods

stepswere performedn exactly the same way. Howevellowing post hybridisation
washing, Bdes wereimmediatelywashed in PBS for five minuteend allowed to
almost but not completelyry.

2.24.2 H2BFWT detection by immunofluorescence

Subsequent to FISH detection of telometlks,immunofluorescence prata ensued
exactly aglescribedn section 2.2.3n order to detect H2BFWTexcept in the case of
control slide 1 (in which only telomere detection was carried @litslides received
the same treatment, apart from control slide three, in which no priardilyody
incubation step was included.

2.2.4.3 2D Fluorescence microscopy

Images were captured as described entisn 2.2.26 and analysed bwverlaying
images taken under the Cya3 filtgvhich detects telomereg)ith images taken under
the FITC filter(which detects H2BFWT,)in order to observe whether telomeres co
localised with H2BFWT.

2.2.5 Sperm dairomomycin Az staining

In order to assess chromatin packaging in human sperm iisjodific aim 1b part

ong, chromomycin A (CMA3) staining was performed to test f@rotamine
deficiency in sperm (a measure of chromatin packagi@ginen samples stored in
fixative at-20°C were prpared and dropped onto a clean plglsine glass slide as
describedn section2.2.21. A positive control sample was included inetperiments
undertaken. In this positive control experiment sperm cells were decondensed by
immersion of the slide in pr@armed DOmM freshly madeDTT (Melford) for 20
minutes at 3%C. Thepositive control slide wawashed in PBS for five minutes, rinsed

by briefly immersing in ddbD and airdried. From thereafter all slides were treated

the samavay.

Chromomycin A from Streptomyces griseusas dissolved in M | vaneds sol ut i
(0.2M disodium orthophosphate heptdigte, 0.1M citric acid, 10mMnagnesium
chloride (MgCt) pH7) to a final concentration of 0.25mg/ml. 100pul diis CMA3

solution wasapplied to each slide and a 22 x 50mm cover slip placed on top. After
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incubation for 20 minutesn the dark slides were incubated for 30 seconds in
Mlvaneds sol uti on (inatmeddarfa One arope af \edashiel® r y
(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 fiér under a 100x objectivelmages were captured using
SmartCaptur@ software.For each patient a total of 100 nuclei were captured, and the
percentage of positively stained nuclei was calculated (indicated by bright yellow
staini ng) .-tesdwaéerforched riot teststhe hypothesis that infertile males

possess a greater percentage of positively stained nuclei.

2.2.6  Optimisation of qRT-PCR relative telomere length aalysis

In order to assess average relative telomere length from small starting quantities
DNA, a gRFPCR protocol originally dscribed by Cawthon 2009 wasagted and
optimised for use with the Rotgrere Q realtime PCR machine f&cific aim 2a). In
this reactionrelative telomere lengtrsimeasured by determining the factor by which
the DNA sample of interest differfom the reference DNA sample in its ratio of
telomae sequence copy number (T) to the copy numbesioighe copyeferencegene

(S) (Cawthon, 200%

Telg and Telc primers were used to amplify the telomarsl @ch reaction also
contained primers designed to amplify part of a single copy gene sequence (beta
globin). The designf eachprimer is shown in table 2. Both primer pairgontain GC
clamps in order to modify their melting temperature, such that multiplexRER can

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

Telc | TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA (Cawthon,
Hbgu | CGGCGGCGGGCGGCGCGGGCTGGGCGGCTTCATCCACGTTCACCTT 2009
Hbgd | GCCCGGCCCGCCGCGCCCGTCCCGCCGGAGGAGAAGTCTGCCGTT

Table2.1: Primer design for amplification of the single copy gene-gédhin for gqRFPCR analysis of

relative telomere length in infants.

In order tooptimise reaction specificity and efficiensgeveral commercially available

mastermixes were tested. Thase outlined in table 2.2n addition, a combination of

different primer concentrations wetrialled (outline in table 2.8n the next page).

Table2.2: Different mastermixes tested during optimisatiomBfT-PCR analysis of relative telomere

length.

Mastermix

Supplier

SYBR®Gr een JuiguBe ady Mi

Sigma Aldrich

Power SYBR® Green Master Mix

Life Technologies

QuantiTect SYBR®&Green PCR Kits Qiagen
QuantiFast SYBR@&sreen PCR Kit Qiagen
RotorGene SYBR®Green PCR Kit Qiagen
i QE S Y Gr&eBESupermix Bio-Rad
LightCycler® 480 DNA SYBR Green | Maste| Roche
Sensi Mi xE ROBKIE No Bioline
Sensi Fast E-ROXKWRE No | Bioline

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

Table2.3: Different primer concentrations trialled (in nm) during optimisation of multiplex ¢FRIR

analysis of average relative telomere length

As discussed further in chaptertde optimuncycling conditions for multiplex gRT

PCR were achieved using the components adlinn table 2. Therefore all

subsequent experiments were undertaken using these components.
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Volume Final
Component Supplier Concentration (V)] Concentration
Telg Eurofins MWG Operon 1.25uM 1 50nv
Telc Eurofins MWG Operon 1.25uM 1 50nv
Hbgu EurofinsMWG Operon 1.25uM 1 50nv
Hbgd Eurofins MWG Operon 1.25uM 1 50nv
2x Sensi Mi X 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 207 0.625ng/ul 5 1007 3.125ng

Table2.4: Components of multiplex gRPPCR set up for relative telomere length analysis in infants.

2.2.6.1 Setting upgRT-PCR and cycling conditions

In apre-decontaminateBCR cabinetenough mastermix was made up for all reaction
and 20ul was dispensed into edthmltube (Qiagen) 5ul of PCR grade water was
added to the no template negative control tubes, and the lidsefuhes were closed.
The remaining tubes were transported to a different laboratory for the additiph of 5
DNA. A two-fold serial dilution of the referend@NA sample (AMS Biotechnology)
wasassayedh order to plot a standard curgéthe log DNA concentration against the
cycle threshold (@ automaticfunction of the Rotorgene Q softwarejo confirm
accepablereaction efficiencyin each reactiorfbetween 95105% with an R value
above 0.95). Bference DNA was dilutetb a concentration of betwee®rig/ul to
0.312%g/ulin ddHO immediately prior to setting up the reaction in otdagivefinal
amouns of betweenb0ng and 1.85ng of DNAupon adlition of 5ul into each tube
All reactions were set up triplicate After addition of DNA to each reaction, the lids
of the tubes were closed, and the samples were loaded into aGoterQ 2 plex
gPCR machinéQiagen).

Cycling conditions are outlined ifigure 2.3 on the next pageAn initial hold
temperature at 9& promoted activatiorof the DNA polymerasefollowed by two
cycles at 94C and 49C for 15 seconds eachatiow annealing and extension of Telg.

In the subsequent 40 cycles Telc prihsynthesis of thdelg product formed in the
previous step via annealing at6Xollowed by extension at 7@. Datawascollected

at 72C under Cycling A in the RoteBene Q SoftwareAlthough betaglobin
amplification may occur at this temperature, the cycle threshold of this product is much

later tharthat ofthe telomere, thus differentiating the two produdtsincubation step
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at 82C meltedthetelomere product whilst still aleing annealing of Hgbu and Hgbd
due to their high melt temperatures imposed by GC clamptension and signal
acquisition of the single copy gene product &8®&asrecorded in Cycling B in the
RotorGene Q Softward=inally a meltcurveanalysis wa peformed by incubating for

one second and acquiring siggbetween 72 and 95C.

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

Figure2.3: Cycling conditions of the multiplex gRPCR for relative telomere length analysis

After completion of the cycle, the reaction efficiency was assessed using the Rotor
Gene Q Series Softwarurthermorethe melt curve was assessed to check that only
the expected produsthad 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 qRACR product sizeproducts were run on &3agarose gel. Thi

was prepared by dissolving 5@Ultrap ur e E Agar ose ridaiTist r ogen)
acetate (40mMIiethylenediaminetetraacetic agiEDTA) (1mM) (TAE) by heating for

90 seconds in a microwave. After allowing the solution to cool slightly, 1ul SYBR safe

(GE Healthcag) was added and thelstion was mixed andpoured intoa cast

containing a compband allowed to set. Once the gel was fully set, the comb was
removed and the cast appropriately @poned in the gel tank. SufficieMAE was

poured into the tank to cover the gel, and subsdtyjusamples premixed with an

appropriate volume of 6x loading buffer (Promega) were loaded into the wells. The

outermostwells were loaded with 5ul of 56®p DNA ladder (Promega) premixed
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with 1ul 6x loaling dye. The gel was run for 4Binutesat DV 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 analysisof telomere lengthin single cells

In order to assegslomere length invhole genome amplified DNA fromsingle cells

a singleplexgRT-PCRpr ot oc o | was adapted ff6Rn Cawt ho
assay for telomere length analy@ilescribed in section 2.2,6end optimised for use

with the Rotorgene Q reatime PCR machingspeific aim 2b) In this assay,
telomeres were amplified in a separate reaction to amplification of the reference
sequenceDue to the facthatsingle cells contain only one copy of thenomewhole
genome amplificationWGA) prior to qRFPCR B necessarto generate the required
input quantity of DNA.In order to reduce the risk of inaccuracies in telomere length
guantitation as a result of allele dropout during WGA, and for differences in
chromosome numibga multicopy reference gendujpwas detecte(ilreff et al, 2011)
instead of a single copgferencegene (hgb), as utilised by Cawthon 2q@&wthon,
2009.

2.28.1 gRT-PCR components
Primer desigafor amplification of the telomeres shown in thle 2.1 in section 2.8.

Primer designs for amplification ¢fie multicopy reference gene are show table
2.5.

Name Design Reference
AluF GACCATCCCGGCTAAAACG (Treff et al.,
AlUR | CGGGTTCACGCCATTCTC 2011h

Table2.5: Primer design for amplification of a multicopy reference geomfsingle cells

In order to optimise specificity and efficiency of each amplification reaction, three of
the best performing commercially available mastersiixientified in section 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 teSteelse are outlined in
tades 2.7 and 2.8

Mastermix Supplier
RotorGene SYBR®Green PCR Kit | Qiagen
Sensi Mi xE ROBKE | Bioline
Sensi Fast E-ROXMIR E| Bioline

Table2.6: Different mastermixetested during optimisation of gRFCR analysis of relative telomere
length from single cells.

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

50 50

Table2.7: Primer concentrations tested for amplification of the mutlicopy reference sequence for
telomere length analysis by gHPICR in single cells.

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

Table2.8: Primer concentrations tested for amplification of the telomere in telomere length analysis by
gRT-PCR from single cells.

As discussed in chapter the optimum reaction conditions for amplification of the
telomere and mulktopy reference sequence are outlined in tableEaéh reaction run
includedsix two-fold serial dilutions ofa reference DNAIn order to assess reaction
efficiency (concentrations ranging from 10ng/ul to 0.3125ng/ul in order to give a
final input DNA ranging from 50ng 1.625ng) All referencesamples were run in

triplicate.
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Volume
Component Supplier Concentration | (ul) Final Concentration
Telg OR AluR Eurofins MWG Operon 2.5uM 1 100rv
Telc OR AluF Eurofins MWG Operon 2.5uM 1 100rv
2x Rotor Gend&Q
SYBR Green PCR Kit | Qiagen N/A 12.5 1x
PCR grade water Qiagen N/A 5.5 N/A
Patient DNA N/A 5ng/ul 5 25ng
Reference DNA N/A 207 0.625ng/ul | 5 1007 3.125ng

Table 2.9: Reaction contents for telomere mlticopy 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 grimere

substituted for AluF and AluR prime(at the same concentrationTasg and Telc).

2.2.8.2 Setting up the gRT-PCR reaction

Each reaction was set up as described in section 2.Qr&eIeactior{in triplicate)was
set up containing primersedigned tamplify the telomere anadlowing completion
of this run, a second reaction was set up containing primers designed to amepdify t

multicopy reference gene.

2.2.8.3 gRT-PCR c¢ycling conditions

After the reaction was set up, the telomseguencevas amplifiedm a Rotor Gen&)
reattime PCR machinéQiagen)under the cycling conditions outlined figure 2.4
An initial hold temperature at 96 promoted activatiorof the DNA polymerase
followed by two cycles at 9€ and 49C for 15 seconds each. Tlilowedamealing
and extension of Telg. In the subsequent 40 cydlels is able to prime synthesis of
the product formed in the previous step via annealing°@ &#2lowed by extension at
74°C. Data is collected at 7@. A melt curve was performed at the end of the cycle.
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Figure2.4: PCR cycling conditions for telomere amplification in WGA samples from cell line DNA or

biopsied single cells.

In order to optimise cyclingonditions for the amplification of the multicopy reference

sequence, the cycling temperatures and durations alithin@ble 2.10 on the next page

were trialled.
Ste Temperatures tested | Hold duration time
P °C tested
Polymerase activation (as pel 5 mi
. mins
manufacturer recommendatiol 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 acquisitic 75 10 sec
77

Table2.10: 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 fomulticopy reference gene amplificatiomas
achievedinder the conditions outlinedfigure 2.50n the next pagégain, incubation
at 9%C allowedfor activation of the DNA plymerase. Subsequent cycling aP@b

Pagel03of 261



K. J. Turner Materials and Methods

60°C and 77C allowed for denaturatiorf double stranded DNA, annealing of primers
and polymerase extension respectively. A melt curve was performed at the end of the
cyclein order to assess whether the products formed during the reaction matched the
profiles of the expected product (preserafeone 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 VWé&lAline
DNA and biopsied single cells

Following completion of each cycline reaction efficiency was assessed using the
Rotor-Gene Q Series Softwar&he software performs this by plotting the log DNA
concentration against the cycle threshold (Ct)efach 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 reacti@pecificity. This was carried out as

described in section 22.

2.2.9 Validation of telomere length analysis irsingle cells

Prior to analysis of telomere lengths in polar bodies and embryo bidgpgexsfic aim
4), it was necessary to ascertain whether wigdaome amplification faithfully
represerdgd telomere DNA (specific aim RcTo confirm true representation of
telomere length following WGADNA samples from aneupldicell lines (MCF7 and
A431) (AMS Biotechnology)euploidcell lines(male and female) anknown trisomy

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

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

2.29.1 Whole genome amplificationof control DNA

Control DNA samples were first diluted to 15pg/ul in DNA fregOH 1l of this was
placed in a DNA free 0.2ml tube, and 4ul of cell extraction buffer was added. An
extraction cocktail was then prepared by addition of 24l extraction enzjutierd

buffer to 1ul cell extraction enzyme. Subsequetitig 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 98 for four minutes.

During this incubationiime, a preamp cocktail was prepared and mixed, containing
24ul Suréllex preamp buffer and 1ul SuleR preamp enzyme. After completion of

the incubation steps, 5ul of preamp cocktail was added to each tube, and they were
returned to the thermal cyclerrfaycling under the following conditions outlined in
table 2.1

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

Table2.11: SurePlexpreamp 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 ogponents were prepared. Thisnsisted of

25ul SuePlex amplification buffer, 0.8ul of SurePlex amplification enzyme and 34.2ul

of nuclease free water. The amplification cocktail was mixed prior to adding 60ul to
each tube. The entire solution was then mixed by pipetting before returning to the

thermal cgler using cycling conditions outlined in tabld 2.
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Number Temperature Time
cycles (°C) (seconds)
1 95 120
95 15
14 65 60
75 60

Table2.12: SurePlex amplification cycling conditions for whole gen@nmlification of cell line DNA

Lastly, products were purified using the QIAquick PCR purification kit (Qiagen) as
described in sectioR.29.2, and DNA quantity and quality walsenassessed usiray

Nanodrop spectrophotometer.

2.29.2 WGA product purification

After WGA, amplified products from validation cell lisavere 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 tove times the volume of amplified product

was added to each product. This resulted in a colour change in the SurePlex
amplification products, indicating a sshtisfactory pHtherefore 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 s#paxate 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 caower reagents andimers to wash
through the filter in the column as flow through. Columns were thassembled 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 residuala&@hts 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 ofREff@hich

would affect the purity of the final product and in turn affect downstream telomere

length analysis by gRPPCR. After this, each column was assembled intoandlENA
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free Eppendorf tube and@l buffer EB was applied. The columns were lefstand

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
guantified using a Nanodrop spectrophotometer, and the purity was assessed by
evaluatinghe 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 st@@Caintil use

in the gRFPCR assay for telomererigth analysis in single cells

2.29.3 Determination of relative telomere length

gRT-PCR analysis of relative telomere length was carried out as described in section
2.28. Each DNA samig was assessed in triplicateheTamount of telomere sequence
present was assessed by averaging the triplmatie thresholdvalues br both the
telomere and the reference gene reactions, before using the standard comparative
method (Z*?§ to determinghefold change in telomere copy number (representative

of relative telomere length) between the reference sample and thewmisampe

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

Fold Change - -Qunknown tel Ct unknown alu Ct} (ref tel Cti ref alu Ct))

Equation2.1: Comparative method for fold change calculation between a reference and an unknown
sampl e. 6tel d refers to the telomere seapuence amp
seguence reaction, 6refd refers to the reference DN

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

To test the hypotheses thaverall, relative telomere length is altered in polar bodies
and embryos in wonmeof advanced maternal age (specific aims 3a andjBi}PCR
analysis was performed usingurified WGA DNA from first polar body and
blastomere biopsies as described in sec2.28. 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 twdold serial dilution of réerence DNA in order to monitor reaction
efficiency.Relative telomere lggth wascalculated using the cycle threshold values of

the polar body or embryo sample and the cycle threshold vaiulesreference DNA
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as oref 6 21nA setqudaettadodds petformed to assess statistical

significan@ of any differences observed.

2.2.11 DNA extraction from whole blood

For the analysis adverage telomere length in newbo(specific aim 4a) DNA was

extracted from whole blood samplada standard phlebotomyechniques using
Lithium Heparin VacutainersE (Becton Dicki
extraction were stored a80°C for up to 1 week prior to DNA extraction. DNA was

extracted fronbetweerb00ul and1ml of whole blood using a DNA isolation kit from

mammal i an bl ood (Roche) following the manu

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 tenperature, before pipettifgdOpl of blood into alabelledDNA free 2ml tube

(or two 2ml tubes when the volume was more than 500 8)nl ofred cell lysis buffer

was addedo each sampland tubes were agitated gently at room temperature for 10
minutes. Nextthe tubes were spun2@00rpm for 10 minutes, anddlsupernatant was
removed and discarded appropriatelyirkon® (VWR). In order to lyse white blood
cells, he clear pellet remaining in the tulodowing centrifugation (representing white
blood cells) was vortexet dissolve the cells in the residligjuid, and 1mlof white

cell lysis buffer was added to each tube. The tubes were incubatef@Cafo85L0

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 temperdtefere
addition of 5ul of 4amg/mRNase (Promegap each tubeSubsequentiytubes were
incubated at 3C for one houso that any RNA in the sample was degraddds 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 A00DOpm for 10 mintes.This
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meant that precipitated protein was pelleted at the bottom of the tube, allowingyecove

of DNA from the supernatarity subsequent DNA precipitation and purification.

2.2.11.3 DNA precipitation

600l aliquots of the supernataindm section 2.2.1.2 were pipetted into fresh 2ml
tubes.1.2mls of 100% ethanol wakenaddedo each aliquotand tibeswere inverted
several timesintil the DNA hadprecipitated. Samples wecentrifuged at 1000rpm
for 10 minutego pellet the DNAbefore washinghe pellets irl.5mls of ice cold 70%
ethanol. Each tube wésencentrifugedagainat 1Q000rpm for five mnutes before air
drying the pellet, and rsuspendingit in 200ul Tris Diaminoethan&etraacetic acid
(EDTA) (TE). In order to dissolve thBNA, tubes were incubated at°€5for 30

minutes.Samples werstored at 4C until use.

2.2.12 Average relative telomereength analysis in newborns

To test the hypothesis that telomere length is reduced in preterm infants compared to
term born controlgspecific aim 4 and 4k average relative telomerength analyses
wereperformedusing the MMgRTPCR protocol optimisedhisection 2.2.8vith DNA
extracted from whole blood as described in section 2.2fior to use in MMqRT

PCR, he DNA concentration and puritf each sample/as assessed using a Nanodrop
spectrophotometer. Samples were then diluted to a concentratng/ipfi in DNA

free water, and 5ul was added to a reaction tube. Each patient DNA sample was assayed
in triplicate. Inaddition, a twefold serial dilution of reference DNA was also assayed

in triplicate with each MMgRIPCR run in order to monitor reactiafficiency.
Relative telomere length (T/S ratios) of unknown patient samples aeteemined

from thecycle thresholdof the telomere and single copy gene reactions @gjngtion
2.1.Howevet he o6 unknown veeteuveplacesitrdunkihowesingleacbpy 6
reference sequence cycle threshold and reference DNA single copy reference sequence
cycle threshold respectivelfCawthon, 200 Results were compatefor statistical

significance tessing a studentos t
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2.2.13 Lymphocyte metaphasepreparation

For the neasurenent of individual telomere lengs of p and g arm of each
chromosomen newborns (specific aim 4c),etaphase preparations were made from
whole blood drawn from infang recruitedat 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 clp#imd then sprayed with

70% industrial methylated spir(IMS) in order to sterilise the working areall 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 9.5mid prewar med PB MaxE Karyotypi
(nvi t rogenE, Fischer Scientific) in a T25
transferred to a 3T incubator with 5.5% C®for 72 hous in order to allow

proliferation of lymphocytes and to ensure that cells were actively dividing (which is

essential for metaphase preparatidfgllowing incubation,metaphase preparat®n
wereproduced by first resuspending the cell layer formed at tlattbm of the flask

by gentle agitationand subsequentlgddition of 100U of 10ug/ml Demecolcine

(Sigma Aldrich) The flask was then returned to the incubator for 40 minaotesder

to arrest dividing cells in metaphabsefore transferring the entirelture into a sterile

15ml falcon tubeand centrifugng at 1900rpm for five minutes.

After centrifugation, the supernatant was removed and disposed of appropriately,
taking care not to disturb the pellet. The pellet thasre-suspended in a small resadu
volume of culture media, andiaer set at 12 minutes watarted at the time of adding
6misof prewarmedhypotonic solution (0.075M KCIHypotonic solutionvasadded

in a drop wise fashion whilst agitating the tubadthenthe tube was then retwed to

the incubator for the remainder of the 12 minutesrder 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 8dldmehanol:acetic
acid, by gentle pipetting down the side of the tubeorder to fix the chromosomes
gently. The tube was inverted several times to mix the layers that had fantethen
centrifugation at 1900rpm for five minutes ensued. Subsequitigupernatant was

removed taking care not to disturb the pellet. The pellet was agasuspended in a
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small residual volumebefore further addition of 6mls ice cold fixative in a drop wise
fashionwith gentle agitationAfter this, the sample was defuged agin at 1900rpm

for five minutesand the proceswasrepeated three to five times depending on the
guality of the sample (assessed by the size and colour of the pellet). Samples were

stored at20°C in 6mlsof fixative until use.

2.2.14 1L5178Y-R and LY5178Y-Scell culture

Mouse ymphoma cell ines L5178¥R and L5178Y¥S with known telomere lengths
were kindlydonated by Predrag SlijepceviBrgnel UniversityUK) for use inthe
calibration of quantitative fluorescenmresitu hybridisation (QFISH) telomerength
analysis experiments (specific aim 4djor both cell lines 30-70,000 cells
cryopreserved in liquid nitroggim 1ml cryopreservation medimade from90% fetal
calf serum, 10%imethylsulfoxide DMSO) (Sigma)) were thawed at 37 and seeded
in 8ml prewarmedRoswell Park Memorial Institute mediufRPMI) media (Sigma),
supplemented with 1mbf newborn calf serum (Sigma) and 10Gfl 10,000U/ml
penicillin, 10rmg/ml streptomycin (Gibco). Cells weirecubated at 3C with 5.5% CQ
andpassaged every 48 hours by removing 1nalf culture and placing it o 9ml of
prewarmed fresh media. Metaphase prepaas were produced adescribedin
section2.2.13. All procedures were carried out following aseptic technique practices

in a presteilised class 3 laminar flow cabinet as descriimesection2.2.13.

2.2.15 Quantitative Fluorescencen situ Hybridisation

To test the hypothesis that telomere lengths of individual chromosomarendsiuced
in pretermnfantscompared to term born contr@pecific aim 4c), gtient lymphocyte
metaphase preparationsnd calibration mouse lymphoma cell linanetaphase
preparationgL5178Y-R and L5178Y¥S)were assessed by quaative fluorescencim
situ hybridisation (QFISH).

2.2.15.1 Slide preparation

Preparationstored in fixative at20°C were centrifuged at 1900rpm for five minutes,
and the appropriate volume of supernatant was remiovedier to obtain a suitable

concentration of cellgdepending on the size of the pellet)poly-lysine glass slide

Pagelllof 261



K. J. Turner Materials and Methods

was cleanedby immersing in methanol, dried, and marked with the diamond marker
on the underside. The slide was labelledd briefly passed through stedrefore
dropping 8plof sample onto the marked area. When the sample appeared grainy, a
further8ul of fresh fixdive 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 cytopksiiowing this, slides was immersed

in an ethanol series (70%0% then 100%) for two minutes each, air dried and

inspected under phase contrast to check the mitotic iadexthe quality of the prep

2.2.15.2 Ageing of slides and prenhybridisation washes

Metaphase preparation slides were aged & 8vernightbefore proceadg with the
manuf act ur egidckided im SetomarecRNA &I8H Kit (Dako). Briefly,
slides were incubated in tris buffered saline (TBS) for two minitesrder to re
hydrate the samplesnd then fixed in 3.7% formaldehydmade in TBS)for two
minutes in order to preserve structure and ensure that samples were not lost from the
slide during subsequent step®llowing fixation, slides were incubated twice in TBS
for five minutes each, before incubation inqwarmed pepsin solutiofdescribed in
section2.2.22) at 3PC for 10 minutes.This was carried out in order t@move
cytoplasmic proteins, whicimay result in high background staining, and to allow
efficient access of the probe to DNA sequen@ég next step involved a further two
washes inTBS for five minutes each, and subsequently incubation in an ice cold

ethanol series for two minutes eaglorder to dehydrate the metaphase preparations.

2.2.15.3 Denaturation and hybridisation

After slides had aidried, Jul of FITC labelled PNA probe was pifhed onto the
marked area and a cover sWi@asapplied and sealed using Fixogum rubber cement.
Chromosomes were then denatured on the heat bloclR@tf@0five minutes before
allowing hybridisation of the probe at room temperaturebfetween two andour
hours. All procedures hereafter were carried out in thetdaakoid photobleaching of

the probe
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2.2.15.4 Posthybridisation washes and detection

After hybridisation, rubber cement was carefully removed with tweezers, and the cover
slip allowed to float off irrinse solution. Excess thmybridised probe was washed off

in prewarmed wash solution at 85for 10 minutesFinally, slides were incubated in

an ice cold ethanol series for two minutes eathdried, and mounted in 10jadf
vectashiel® with DAPI. A 22 x 50mm coverslip was pressed onto the slide, and sealed
with nail varnish. Telomere signals were then visualised and captureeb@srhéges

using aBX61 Olympus microscope equipped with a CCD camera and appropriate
filters for DAPI and FITC detern under a 60x objective. At least 10 metaphases were
captued per patient, and at least fimeetaphases were captured from each of the
L5178Y-R and L5178YS control cell lines included with the experiment.

2.2.15.5 QFISH control slide preparation

Alongside @ch experimenta control slide containing 3ifteshly dropped0.2uM
TetaSpeckE microspheres (Lif eOvasmepatethl ogi es)
order to calibrate against slight variation in capture system performance between
experiments.These were ppared 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 hours. The beadsere then mounted by pipettid@ul of

glycerol onto the slidand pressing 22 x 50mm cover slip on top. The cover slip was

then sealed using nail varniahd images were captured as described above.

2.2.15.6 QFISH imageanalysis

QFISH Images were analysed based goreviously publishednethod(Wong and
Slijepcevic, 2004 Briefly, QFISH was performedn six separate occasionssing
metaphases from mouse cell lines L517¥nd L5178Y¥S previously shown to have
telomere lengths of approximately 48kbp and 7kbp respeciivaijrath et al., 200
Following image capture of at least 10 metaphasesges were converted tob#

using ImageJ, anttlomere fluorescence intensity values were measured using TFL
Telo softwardfreely available fronittp://www.flintbox.com/public/project/502The
average fluorescence values for each of the cell lines were then dividediby the
respective expected telomere length to provide two conversion factors. These

conversion factors were aaged to produce a final conversion factor.
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Images of the fluorescent beads were also convertedita8ing ImageJ and analysed
using TFL-Telo, for each of the experiments performed with the mouse cell lines, and
with patient samplesThe aveiage fluorecence values of the fluorescemtads
captured irthe 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 dagriations 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 lengtlAt least five netaphase imageBom unknown patient
samples were ewerted to &it using ImageJ, karyotyped with the aid of SmartType2
(Digital Scientific), and then imported to TFLelo for fluorescence intensity analysis.
Raw fluorescence values fl@lomeres on the and g arms aiutosomesvere exported

into Microsot Excel, multiplied by the calculated correction value, and then this
corrected value was converted to absolute telomere length by dividingltieeby the
conversion factof-ollowing untblinding of the study.@lomere lengths of p and g arms
from eachautosomal 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 gragheareassessed
using a multivariatandysis 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 aimSB).chromosome
measurements were omittédm this analysis, since not all patients possesseaea
homologous pair (some were males) therefore an averagefealp@nd 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% ae solely attributable to male factors, and in many other cases, a male origin
contributes to infertility alongside female fact¢&eli and Sakkas, 20P5The 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 categorigShah et al., 20Q3with chromosomal causes further sub
divided into balanced translocations, inversions, Y chromosome deletions, sex
chromosome trisomy andewated levels of sperm dison(riffin and Finch, 200p

As pointed out in section 1B loannou and Griffifloannou and Griffin, 20)thave

also argued that another chromosomally related factor, that of nuclearsatigani
should be altered in the sperm headlsa certain subseatf infertile men. To date

however here 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 dictatethat 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 spermatogesss. 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 interioff the nucleus to form a chromocenter, and telomeres reside
in dimers or tetramers at the nuclear periph@slensky 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., 2000Zalenskaya et al., 20R0A sperm specific histone 2B variant
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known as histone 2 family W testgpecific (H2BFWT) has been shownlte essential
in facilitating this interaction(Churikov et al., 2004 Indeed, point mutations in
H2BFWT have previously been associated with idiopathic male infelfileg et al.,
2009 Ying et al., 201»

This strict level of nuclear organisation is thought to be essential for fertilisation and
embryogenesis, therefore it is reasonable to hypothesiseetbenere 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 orgamdatimale factor
infertility (as dicussed in section 118l). While one study has found altered sex
chromosome positioning thesperm é severely oligozoospermimales(Finch et al.,

2008, another mee recent study investigating the position of di&omosomes
(including sex chromosomes) found that nuclear organisation in sperm is more robust,
and is not alteredhiinfertile malegloannou and Griffin, 20101f the positions of the
centromeres are largely unaltered in oligozoospermic males, and ceet dbe
rationale that nuclear orgaationshouldbe 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 alter@ddrtile 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 relatiomade 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 fertti®lson
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3.2 Specific aims

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

la.To test the hypothesis that telomeres arenamaomly distributed (predominantly
at the nuclear periphery) in the sperm heads of normally fertile males:
T Using extrapolations of two dimensional data

1 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 motibcalise hereby

suggesting a functional interaction

le. To test the hypothesithat 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 packagimdjorganisation of the sperm head is
altered in males with compromisegmen parameters and thus that altered nuclear

organisatiormay be consideredraarker of male infertility

1f. To test the hypothesis that any alteration in nuclear organisationdreteréile and

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

3.3.1 Specific aim la: Totest the hypothesis that telomeres are nen
randomly distributed (predominantly at the nuclear periphery) in

the sperm heads of normally fertie males

3.3.1.1 Extrapolations of 2D data

A biotin labelled paftelomere sequence specific probe (TTAGGGN) 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 (materiaisd 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

see 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 therspxenns

(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 assesseaalbwing 2D analysis using thBAPI density and volumetric
models (outlined in section 2.2.2.6). Figure 3.2 clearly indicates that telomeric

sequences preferentially localise ramdomly and towards the nuclear periphery of
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the sperm heads. Both models confirmagaighly statistically significant nerandom
distribution of telomeres (p= <0.00001), and this result was observed for all
normozoospermic males, both individualbgé supplementary data in sect®hfigure

1), and when data was pooled (figure 3.2).

Median position = 2.18 Median position = 1.47
gD te!:yPoolad controls DAPI n=1324 2D tel: Pooled controls volumetric n=1324
ensil
P= 4.54E-07 P= 3.64E-06
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Figure3.2: 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 chianalysis.

While both means of providing a 3D extrapolation of 2D data gave the same basic
pattern, the mediar(svhich indicate the ovall tendency of signal localisatiomjere
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 sugsetrof

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 figurelGva

Figure 3.3: Gallery of example images depicting O6randombd
subpopulation of sperm nuclei (blue). The number of telomere spots is much greater than other spe
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. Reswdtamong control males ranged from O to 20%, however all but three

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

SamplelD | % nuclei O 16
Cil 0
Cc2 11
C3 2
C4 3
C5 2
C6 10
C7 2
C8 8
Co 1
C10 1
Cl1 1
C12 20
C13 2

Average 48+1.6

Table3.1: Percentage of nuclei representing a-papulation of sperm cells with 16 or more telomere
signals dispersed throughout the nucleus.

3.3.1.2 Direct evidence from 3Dpreparations

3D image capture ananalysis of FISH was carried out in-30 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\s®al 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 180rotation 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 aedlgad 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 thid®e signals were nerandomly
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 periptenyed out using Nemo
(described in section 2.2.2.7) in sperm nuclei from different individuals, and when data

was pooled as a group.
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Figure3.5: 3D distribution of telomeres in normal fertile matktermined by FISH. p value represents
statistical significance of a peripheral localisation of telomeres followirfgachilysis

Taken together therefore, both 2D and 3D data provides strong evidence that the
telomeres are closely associated with thelear 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 la 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 wibhout 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 resuitsaltered telomere distribution patterns.

3.3.2.1 Extrapolations of 2D data

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

Figure3.6: Example images d€lomere distribution (red) in sperm nuclei (blue) of 1swollen sperm

(&), 10mM DTT swollen sperm (b) and 0.5M NaOH swollen perm (c). While telomere staining patterns
appear to be similar in neswollen and 10mM DTT swollen sperm, 0.5M NaOH swollen spsraw a

more random distribution of signals, with a much higher overall number of telomere signals.

Following 2D analysis using DAPI density and volumetric compensation matéls,
analysis showed that while average telomere localisation inswoten (o
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 (= >0.05). Similar to observations in specific aim 1a, overall

median localiation of telomeres in both neswollen 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 thiénree means of preparation.
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Figure 3.7: 2D telomere distribution patterns in newollen (no treatment), 10mM DTT swollen and
0.5M NaOH swollen sperm nuclei, as determined by FISH analysissing DAPI density (left) and
volumetric (right) models. Chp values are shown in each graph representation. Both models show a
preferentially peripheral distribution of telomeres in +svollen and10mM DTT swollen sperm,
however0.5M NaOHswollen spernshow a random distribution of telomeres.

When compared to one another, telomere distribution irsmailen sperm compared
to 10mM DTT swollen sperm were not significantly different. This was true using both
DAPI density and volumetric models (p valué®wn 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 showrabid 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

Table3.2: Statistical analysesf telomere distribution in sperm treated with either 10mM DTT or 0.5M
NaOH compared to nemeated sperm as ascertained by FISH and using DAPI density or volumetric
models. Values indicated represent p values derived frofranhlysis. While telomere distribution is

not altered illOmM DTT swollen sperm nuclei compared to Apeated sperm, telomere distribution in
0.5M NaOHswollen sperm nuclei is significantly difference to both other groups. These observations
are true foiboth 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, spermeaated 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 betweensumilen and minimally
swollen sperm, the percentagespérm cells neresenting a sydmpulation of cells with

16 or more telomere signals in 10mM DTT swollen sperm was twice that ef 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 > 16 telomere signals
30 100

25 =
20 70

15 50
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5 " 20
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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) in4sawollen sperm (bluelOmM DTT swollen sperm (réd

and 0.5M NaOH swollen sperm (orangBon-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 subopulaton of sperm nuclei with above 16lomere signals. 0.5M NaOH
swollensperm 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 3Dpreparations

Following 3D analysis in six of the control males, as with 2D analgsigjore
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 NaOleswo
sperm remained predominantly peripheral, this was not as pronounced as those of non
swollen or 10 DTT swollen sperm. Followinghi? analysis, the distribution of
telomeres in norswollen and 10mM DTT swollen sperm were not statistically
significantly different from another (® 1), however both were significantly different
from that of 0.5M NaOH swollen sperm (p = 0.0003 and p = G.088pectively).

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 telataéing. 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 resualtsigmificantly

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

3.3.3 Specific aim 1c. To test the hypothesis that H2BFWT also
clustersat 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 evidencdioiferization of telomeres in previous studies
(Zalensky et al., 1993However, it was noticed that the average numbeelofrtere
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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 indicativeref mo
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 ithgivolocalisation of H2BFWT.

H2BFWT localiséion 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 weteiresl 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.

Figure3.10: H2BFWT distribution in human sperm as determinethiomunofluorescence 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 botlshowed a nomandom 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 sho@eataining 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 saninedian positions of H2BFWat the nuclear
periphery.
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Figure3.11: 2D H2BFWT localisation in sperm of normal males as determined by immunofluorescence
experiments using DAPI density (left) and volumetric (right) compensation models drahalysis to
determine statistical significance of nrandom distribution (p values shown in graphical
representation). While the general trend representing H2BFWT localisation is slightly different among
the two models, the median position shows perigHecation 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 213).
movie can be found in the electronic appendix (movieAgpin, the overall median

position of H2BFWT staining appeared to be peripheral.
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Figure 3.12: Graphical representation of 3D analysis of H2BFWT localisation as determined by
immunofluorescence experimentslach? analysis to determine statistical significance of-namdom,
peripheral distribution (p value shown in graph).

® @ @ -]
Figure 3.13: Still images from 180rotation 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 uhctional

interaction

The previouwbservations 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, aldathgtlve 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 haatlydir
investigated whether telomereslocalise with H2BFWT in the human sperm nucleus.
Therefore to address this, experiments were undertaken to detect telomerapaising
telomeric probe and H2BFWT usinglSH 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 fevalsigverlap.

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 gstéirein
middle row of images display telomere staining only, while the bottom row of images show H2BFWT
staining oveilaid with telomere staining. As can be seen in the bottom row of images, whilst both
telomeres and H2BFWT are predominantly located ahtlwdear 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 anchogrthe telomeres to the nuclear membrane.

3.3.5 Specific aimle. To test the hypothesithat nuclear (telomere)
organisation is altered in infertile malescompared to their normal

counterparts

One of the reasons why loannou and Griffin (2010) argue stronglynticdéar

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 midggenith
compromi sed semen parameters (sperm concerl
percentage motility O 20% and/ or percentag:¢
to that of normal fertile males (the same control semen samples from fertile males

assased 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 statusqusy

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, &tkens;

details of which are summarised in table 3.3.

Sample | Sperm concentration | Percentage| Percentage | Percentage normal
ID (x10°%/ml) motility | progressivity morphology
11 20 20 10 5
12 0.8 0 0 5
13 18 20 5 2
14 60 45 25 5
15 2 5 0 5
16 2 10 5 8

Table3.3: Semen parameters of males included in the infertile cohort.
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3.35.1 Telomere distribution using 2D telomere FISH

Nuclear organisation was assessed by investigating 2D telomere distribution patterns
in the spermheadsof 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 distributionresults did not reach the statistically significant valsimg cht
analysissuggesing 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). Comparinghese 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 themedian 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 illustratestte differences between both groups and both modes of analysis (the

upper portion is a repeat of figure 3.2).
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Median position = 2.18 Median position = 1.47
2D tel: Pooled controls DAPI n= 1324 2D tel: Pocled controls volumetric n= 1324
density
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Figure3.15: 2D telomere distribution in sperm of infertile males (lower graphdptermined by FISH
followed by analysis using DAPI density (left) and volumetric (right) compensation models. p values
represent statistical analysis of a mandom position of telomeres using £HBoth are compared to
controls (upper graphis repeat offigure 3.2). In both analyses, control males showedraaodom
patterns and a preference for the nuclear periphery, infertile males showed patterns not statistically
different from random.

Surprisingly, after 3D analysis of telomere distribution in580sperm 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.

Median position = 1.25
3D tel: Pooled infertiles n= 181

P= 1.72E-42

90
80
70 -
60 -
50 -
40 +
30 ~
20 ~

10
) - =
2 3

Periphery << Shell =>> Interior

Percentage signal

4 5

Figure3.16: 3D telomere distribution in pooled data from sperm of infertile males. p value represents
chi? statistical significance of nerandom, preferentially peripheral distribution of telomeres.
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3.3.5.2 Proportion of cells with> 16 signals

In section 3.3.1 itvas 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 increasesiumber 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 givesulke re

of the previais sectionAs 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 RZrisf¥e than

four times thabf the controls.

Sample ID % nuclei O16 t
11 11
12 38
13 13
14 12
15 12
16 49
Average 225+6.8

Table3.4: Percentage of nuclei with a larger number of dispersed telomere sigapégim 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 sggimakperm nuclei of
infertile males (11vs 8,p0 . 03 ) wh e n-ted was empldyec $inilarly the
percentage of nuclei with 16 or more signals was significantly different in controls
compared to infertle males @0 . 002 ) wh e Aedavaspdrforrdegl.nt 6 s t
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a b
Average number telomere signals pooled Average % sperm nuclei with > 16 signals in
infertiles vs pooled controls control vs. infertile males
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Figure 3.17: Comparison of overall average number of telomere signals (a), and peecehtaglei

with greater than 16lomere 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 anlangeer 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 aboveobservation showingn association between altered nuclear organisation
and male factor inféiity is most likely mediated by an increased proportion of cells
with randomly distributed telomeres. This leads us to questemmechanism by which

this phenmenon 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 historeriantand the telomeres in nornfaktile controls, it

does not presenfmomising 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 Chromomygg¢@MAS3) staining of sperm

nuclei as described isection 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 been associated with a breakdowntéfomere
organisation irthe 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 thi 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 -testtwaddtleen ¢aédsout for statistical analysis. Réts can be
seen in figure 3.18.

a b

CMA3 staining
30

25

20

15

10

% positively stained nuclei

mcontro]l m in.fertiles

Figure 3.18: Example images of negatively stained (a) and positively stained (b) sperm nuclei after
chromomycin A3 (CMA3) staining. b: Graphical representatiothepercentage of positively stained
sperm nuclei in fertile controls (blue) compared to sperm nuciefatile maleqred)following CMA3

staining. Infertile males possess a higher percentage of positive CMA3 staining (error bars represent
standard errgr

As shown in figure 3.18b, infertile males showed a significantly higher percentage of
positivelys ai ned sperm nuclei than notestm@ad cont r ¢
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 theusedeveloped
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 inghra spnormal

males, as previously demonstrated in humans and many other mammalian species
(Zalensky et al., 199%Zalensky et al., 1993 Although this norrandom distribution

of telomeres has been well acceptete these earlier studies, conversely 3D analysis

of telomere localisation in a study by Hazzoetial 2000 did not observe telomere
distribution at the nuclear periphery, but rather found that telomeres were dispersed
throughout the nucleus. However,thre Hazzouri study only 13 cells were analysed

for telomere distribution, and these were subjected to harsh swelling procedures (1M
NaOH for 5 minutesYHazzouri 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 wébiafqn 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 cquo'ssible that the results
presented here might arise due to the preferential binding of thelpamere probe to

more accessible telomeres at the nuclear periphery, along with a lack of binding to any
inaccessible telomeres that might reside in the imtesf 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 swédlaimiques. 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 ofisgerm

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 sarch of the current literature identified H2BFWT as a likely candidate

as an anchor molecu{€hurikov et al., 2004 However, to the best of my knowledge,
confirmation of the presence of H2BFWT in the intact sperm nuclear menbnéxe

is misshg 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 fran the nuclear membrane fraction of human sp@hurikov et al., 2004
However despite ctocalisation of green fluorescent protein (GFP) tagged
recombinant H2BFWT with telomeres when expressed in a Chinese hamster ovarian
(CHO) cell line, and anffinity for this histone 2B variant for double stranded telomere
repeat sequences (as shown in a previous ref@t)rikov et al., 2004 no such
observation was confirmed here in human sperm heads. Instead, while telomeres were
localised in closgroximity 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 theesult of a technical artefact, given that sperm cells are subject to
dehydration and denaturation at°’@5during the FISH protocol prior tis staining.
Therefore it is possible that aspects of the FISH procedure may have disrupted any
native interactionbetween 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 ctocalise 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 nude

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

Pagel37of 261



K. J. Turner Telomere distribution within the sperm nucleus

semen parameters. Thesdeservations 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 alted 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 aneupl@tiszewska et

al., 2008, and centromere positions of chromosomes 7, 9, X an@ré found to be
altered in sperm from carriers of reciprocal translocatipihdand 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
spermatogenesisoannou 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 miile versus immotile sperm, but a greater percentage of central
radial positioning in motile versus immotile speffiadin et al., 2013 Many of these
discrepancies might be explained by the fact that spdisnace highly heterogeneous

in any given ejaculate, with up to 25% intedividual variation among even fertile

men (Alladin et al., 2013 Sadeghi, 2014Sakkas et al., 199%iland 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 iatgotdless 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 afredre distributn.

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 infertigs.mal
Indeed it is well documented that sperm of infertile males possess higher incidence of
aneuploidy compared to sperm of fertile mgf@alogero et al., 200Pang et al., 1999
Pfeffer et al., 1999Tempest and Griffin, 2004/egetti et al., 2000 In order to address

this question, future studies should assess telomere position in combination with
anauploidy, via FISH experiments using a p@fomeric probe in combination thi
chromosome specific probeBurthermore, 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 CMA3 staining and telomere distribution

CMAS staining in this study showed that overall, chromatin packaging was altered in
this particular cohort of infertile males coarpd 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 ofesp nuclei with improper chromatin packaging,

as identified by a greater percentage of cells positively stained with GNMakgour

et al., 2000 Kazerooni etal., 2009 Lolis et al., 1996 Salsabili et al., 2009 Since

CMAS3 is known to bind to GC rich sequences in the minor groove of the DNA helix,
which is additionally the binding site for protamifi@erman et al., 1985a positive

CMAS3 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 hggitéd by positive CMAS3 staining, has
been associated with aberrant semen parameters, poor fertilisation rates and poor
embryo qualityn humangEsterhuizen et al., 2000anpour,2014 Manochantr et al.,

2011, Sadeghi et al., 200%akkas et al., 199&@andemami et al., 20} urthemore,

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 reduceticlearcompaction, increased levels of DNA damage, and although
they are able to produce pronuclei following ICSI, few embryos are able to develop to
blastocyst stageéCho et al., 2003Cho et al., 20011 Taken together therefore, evidence
from the protamine deficient mouse model and CMA3 stainipg®xents 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 if@uzlet al., 2008 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 staispdrm in infertile males was lower
than that observed in other similar studisinochantr eal., 2011 Zandemami et al.,
2012. However, this might be explained by thevlsample size (13 controls and six
infertile males) in this study compared to that of others. Furthermore, previautsrep
show a heterogeneous nature of CMAS3 staining among control and infertile groups

(Olszewska et al., 201Javalaee et al., 2014Alternatively, user subjectivity might
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additionally explain intestudy discrepancies. For these reasons, the use of CMA3
staining in fertility assessment remains under def#agarwal and Said, 200Hada et
al., 2014.

In the current study, the percentage of sperm nuclei displagsitiye CMAS3 staining

(21%) wasvery similarto 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 CMA 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.&). In concordance with this, while newollen 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 perntage of sperm nuclei with greater th&signals in norswollen

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 chromatipackaging 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 CMAS3 staining, might cause altered telomere
telomere interactions that normally résn telomere dimers and tetraméBolov'eva

et al., 2004 Zalensky et al., 1993This being the case, a more objective approach in
telomere signal assessment mighvedhe 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 paralletwCMA3 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 distrituin 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 thiege8D analysis only assessed
30-50 cells from each patieind 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 hetween 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 smatltelomere 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 deconwahg. 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 3Dmeasurements, | may have, inadvertently @ickhe 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 telostedoenere
interactions (as identified by CMA3 staining, and the effect of artificial swelling

procedures on telomere staining patterns).

This sty 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 organisatias 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 tesinee

more and more sophisticated and in demand (e.g. with advanced optics using
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intracytoplasmic morphological sperm injecti¢iMSI) and screening for sperm
disomy,and/ormarkers for DNA integrity e.diyaluronic A binding KHAB) antibody)
then a simpledst based around the position and number of visible telomeres may well

find a place in the market.
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4 Specific aim 2: To optimise a gRTPCR approach for
assaying telomere length using small quantities of starting

material

4.1 Background

The study of telomere letlyghas become increasingly popular since the discovery of
its involvement in cellular senescencetie 1960s and 70€Hayflick and Moorhead,
1961, Olovnikov, 1973 Watson, 197@ 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 indlegingle 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 lengthgametes, embryos and

newbornsareextremely 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 quantitativeimealpolymeras

chain reaction (QRPCR) apprach (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. Thbreie 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 numhbeirafle copy
reference gene (S), referred to as the T/S (@swthon, 20022009. 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. Furt her originagprotocole c e nt
have been developed for telomere length analysis in single(€edf et al., 2011b

Wang et al., 2013b

The main disadvantage of the (tfRCR 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 interetsteand
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 betwe2d5%%

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 cyclwiger

in which the change in fluorescence signal is plotted against the change in temperature.
This identifiesthe temperature at whidhe double stranded products dissociate, as
represented by a peak in the melt curve. The position of the peak onothis pl
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 usuall
indicates the amplification of nespecific 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 ensurkethat t
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 d&ihand Coetzer, 2004With the above

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

4.2 Specific ams:

2a.To optimise a multiplex gR'PCR assay for telomere length analysis from low
guantities of genomic DNA template extracted from whole bldimin

newbornsusing the Rotegene Q reatime PCR machine

2b.To optimise a singleplex gRPCR assay for telomelength analysis from
whole genome amplified DNA from single cells using the R@ene Q real

time PCR machine

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

whole genome amplification using the SurePlex DNA amplification
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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 bloodfrom newborns, using the

Rotor-gene Q realtime PCR machine

The volume of blood that cdye sampled from newbornsvsry low, therefore it was
decided that gR-PCR offered the most practical approach for telomere lengtiisasal

in this study populatiorit was also decided that a multiplex approach, in which both
the telomere and the singlepy reference gene are amplified in the same reaction tube,
offered more accuracy in average relatelemere length determinatioherefore 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 performandéese are outlined in tables 4.1 ari2t 4

Mastermix Supplier
SYBR® Green JumpStdrtTaqReadyMix Sigma Aldrich

Power SYBR® GreeMaster Mix Life Technologies
QuantiTect SYBR Green PCR Kits Qiagen
QuantiFast SYBR Green PCR Kit Qiagen
RotorGene SYBR Green PCR Kit Qiagen
i QE S Y Br&eHE Supermix Bio-Rad
LightCycler® 480 DNA SYBR Green | Roche

Master

Sensi Mi xXE SRORRtE N Bioline
Sensi Fast E-ROXYWRE Bioline

Table 4.1 Different mastermixes tested for optimisation of multiplex fRIR analysis of average
relative telomere length. The mastermix highlighted in Igalee 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

Table4.2: Different primer concentrations trialled (in nm) during optimisation of multiplex-f&R
analysis of average relative telomere length. The concentration combination highlighted in bold
performed the best and therefore tosicentration was used in subsequent analyses.

Overall, the reaction performed the best when usin§ten s i Mi x E KRB RE No
Kit. It was also found that, due to the multiplex nature of this assay, it was necessary

to reduce primer concentrations in ortieeliminate primer complexes, which resulted

in reaction ovesefficiencies. For example, the presence of a primer complex was
clearly visible in the no template control reactidiTC) upon melt curve analysis
following cycling conditions using 150nm céeh primer, evidenced by a third peak in

the middle of the graph (figure. Such an event led to reaction efficiencies of 118%

for telomere amplification, and 113% for the refererssmuence amplification
(depicted irfigure 4.2).

dF/dT

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 gRIR analysis of relative telomere length. The peaks

to the far left andight 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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Telomere Reference sequence
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= ; : M=-2.958 = : : M=-3.052
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Figure4.2: Reaction efficienciegshown in the red boxe$dr telomere (left) and reference sequence
(right) following multiplex gRFPCR conditions using 150nm for each telomere and reference sequence
primer pair. Bottreactions show ovezfficiencies (118% for telomere and 113% for reference sequence
respectively).

When primer concentrations were reduced to 50nm each, thispsaific peak in the

melt curve disappeared (figude3) and the reaction efficiencies felithin acceptable
range (102% for telomere amplification and 100% for single copy reference sequence
amplification), as shown in figure.4. These efficiencies were monitored in every
experiment undertaken with patient samples, and proved to be congistigith the
acceptable range and approximately equal.

dF/dT

e

pl 73 74 75 % i 78 7 80 8 82 <] 84 85 86 a7 88 89 90 9 92 93 94 %5 % a7 98 99 100 10

Temperature °C

Figure4.3: Melt curve analysis following thermal cycling for multiplex amplification of the telomere
and single copy gene sequences. Both the teloamapdicon peak (left) and the single copy reference
sequence amplicon peak (right) are in line with those reported by Cawthon et al 2009.

Pagel4d7of 261



K. J. Turner Telomere length analysis by gHPICR

Telomere sequence Reference sequence
& "

Cycling A .Green (Page 1)
R=0.99254
R*2=0.98513
M=-3.286
B=21.278
Efficiency=1.02

w
(=1

195 Cycling B.Green (Page 1)
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16
18.5 . +
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Cycle threshold
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Figure4.4: Reaction efficiencieéshown in the red boxgf 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 8, only two peaks are visible upon melt curve analysis in the
optimised mutliplex gqRIPCR reaction, which are in line with the expected melting
profiles for the telomere and single copy reference sequence amp(Cawshon,

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 fluorescenceaignal at temperatures below’88 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 thesamperatures. 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 lagertthe telomere cycle thresheldd
therefore at the time oélomere amplicon signal acquisition, no single copy reference
sequence amplicons are present. In order to confirm that this is the cause of the high
background fluoresmce in the melt curve analyges opposgto presence of non
specific productshhe reaction products were run on a 3% agarose gel (as described in

section 2.7). The results othis are shown in figure.8on the next page.
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150bp
100bp

50bp

Figure 4.5: Gel electrophoresis gfroducts formed following multiplex gqRPCR. Two bands are
present representing the expected sizes of the telaamersingle copy reference seque amplicons
(79bp and 106bp respectively)

Figure 4.5confirms the presence of only two products, whichresent 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 iradsay(as described

in section 2.8) are optimal for sensitive and specific analysis of average relative
telomere length using the RotGene Q reatime PCR machine. Furthermore, intra

and inter assay variances were 2.3% and 0.9% respectively, ingicatieptable

repeatability and reproducibility.

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

single cells using the RotoiGene Q realtime PCR machine

Telomere length analysis from whole genome amplified DNA derived from single cells
can be achieved using a singleplex gRTR assay, in which the telomere and
reference gene amplification reactions are performed in separate tubes on separate
experiment rugs. However, it musbe 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 herefore set out to address these points.
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Results from specific aim &liminated the use of several commercially available
mastermixesaind several primer concentration combinations for amplification of the
telomere sequence due to poor performaiterefoe theoptimisation of reaction
conditions for telomere amplificationin singleplex gRTPCR was more
straightforwardThree of the best performing mastermixes identified fepercific aim

1 were trialled(shown in table 8), dong with threeof the best prformingprimer
corcentration combinations (tabledd. However, optimisation of the reaction designed

to amplify the multicopy reference sequence was more complicated and involved
identification of a suitable mastermfitom those outlined in table 3 that were also
compatible with telomere amplification), optimisation of prirmmencentrations (table

4.5) and optimisatia of cycling conditions (table.@).

Mastermix Supplier
Rotor-Gene SYBF Green PCR Kit Qiagen
Sensi Mi xE SROBKIE N Bioline
Sensi Fast E-ROXWRE Bioline

Table4.3: PCR mastermixes trialled for qRACR analysis of relative telomere length from WGA DNA.
The kit highlighted in bold generated the best reaction perforntbacefore this was used in subsequent
reactions.

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

Table4.4: Primer concentrations trialled for amplification of the telonsamguence. Details highlighted i
bold generated the best performance and were therefore included in all subsequent reactions.

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

Table 4.5: Primer concentrations trialled for amplification of the multicopy reference sequence. D
highlighted in bold generated the best performance and were therefore included in all subsequent re
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Step Temperatures tested’C Hold duration time tested
5 mins
Polymerase activation (as per
manufacturer recommendation 95 i
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

Table4.6: Different cycling conditions attempted for the amplification of the multicopy reference gene
for relative telomere length analysis in WA2NA derived from single cells. Cycling conditions
highlighted in bold gave the best reaction performance.

Overall, the RotoiGene ¥YBR® Green PCR Kit performetest when taking into
account the reaction efficiencies from both sets of primer pairs. Hotdlotnere and
multicopy reference gene amplification, primer concentration at 100nm each was found
to generate good reaction efficiency (98% and 103peaetively) as shown in figure

4.6. However this was only the case for the multicopy reference segifieycéing
conditions were set with an annealing temperature @ & 15 seconds and signal
acquisition at 7%C. A raised annealing temperature and/or a raised annealing duration
and/or a reduced signal acquisition temperature resulted in anefficernt

amplification. An exarple of this is shown in figure. 4.
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Telomere sequence amplification Reference gene amplification
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Figure 4.6: Reaction efficiencieg¢detailed within the red boxegf telomere amplification (left) and
multicopy reference gene (righBeaction efficiencies are close to 100% and are approximately equal,
confirming optimal amplification conditions for quantitative analysis of relative telomere length.

Reference sequence

% M R Cycling A.Green (Page 1):
A : R=0.99979

e R o e s s sy me e nen e RA2=0.99957

o j===TRengepmnarafzascssznss M=-2.676

o R S s S B=9.734

T T essssrnesy il S EUECE Paggresssas Efficiency=1.36

Cycle threshold

10> 10 10" 16
Log DNA concentration

Figure 4.7: An example of poor reaction conditions resulting in an -@fficient reaction of 136%
(calculated by the RotgBene Q software and shown in tleelbox to the top right of the graph) for the
multicopy reference sequence. This particular reaction waedarut using the Rotgtene SYBR®
Green PCR Kit, with primer concentrations at 100nm each and a cycling condition as follows:
Polymerase activation at 95 for 5 mins, melting at 9& for 15 secs, annealing at°60for 60 secs and
signal acquisition at(PC for 10 sec.

Furthermore, in order to confirm the specific amplification of solely the expected
products and the absence of primer complexes ofspeaific activity, melt curve
analysis was performed using the Regene Q software following each tetere or
reference gene reaction. These gave consigtgnits as outlined in figure& While

both reactions produced melt curves with a raised baseline of background fluorescence
intensity at lower temperatures (sometimes indicating the presence -specific
product formation), a clear peak could be observed at the expected melting
temperatures of each of the target products fdrf@awthon, 2009Nicklas and Buel,

2006.
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Figure4.8: 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 acqe@itamntlie x

axis. Both melt curves indicate a single peakeegnting 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 nspecific product formation (which would indicate

that the calculated reaction efétncy 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.27. As presented in figure.d, this confirmed the presence of a
single product at the expectedesiaf the telomere amplicon (79bp) or tlederence

gene amplicon (127bp).

150bp
150bp
100bp 100bp

50bp 50bp

Figure4.9: Agarose gel electrophoresis dfiaeferencgleft) 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 irdssay variation was 0.6% and inéesay
variation was 4.6%. Taken together, these results show that | was successful in
optimising a gRTPCR based approach for relative telomere length analgsng
whole genome antified DNA derived from single cells, using the Roi8ene 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 4R in several control DNA
samples from known euploid, aneuploid and chaotic cell lines both before and after

WGA.APearsondés correlation coefficient was

As shown in figure 4.0, the relative telomere length of unamplified DNA correlated
well with relative telomere | ength=0f WGA |
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 indieathat the multiplex gR-PCR protocol for relative
telomere length analysis originally published by Cawthon 2009 can be adapted for use
with the Rotorgene Q reatime PCR machine. This was achieved usingBlatine
Sensi Mi x E-ROXIBIRt Nwi t Is pridharseguencesdor 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 wermesel 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 aogpls representing the expected product
sizes, which confirmshe specificity of the reactioand adds further weight to the
accurate determination of relative telomere length in this way. Although melt curve
analysis showed a high baseline of backgroluatéscence 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 ditpn, 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 Retoe Q reatime PCR machine

(formerly known as the Corbett RotGene 6000) for relative telomere length analysis

(Brouilette et al., 2007ee et al., 2014Mainous Il et al., 2010Salk et al., 2013the

majorityd t hese have utilised Cawthonds earli el
best of my knowledge only one other study has utilised the f&#oe Q reatime

PCR machine for relative telomere length analysis using multiplexREBR (Aini et

al., 2014. Howeverthis 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 Rtor-gene Q reatime PCR machineandtlei ol i ne Sensi Mi xXE S
No-ROX kitt o replicate Cawthonds original publ

described in this publicatiott was important that this optimisation was carried out,
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since differences in aetion 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 othé®l 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 pettors and
plateto-plate variationCawthon, 2009 Thus taken together, these results show that
the optimised protocol outlined in sectior2.B. for qRT-PCR analysis of relative
telomere length is an accurate and convenient methodology for assessing telomere

length inlow sample sizes fromewborns.

4.4.2 Singleplex gRT-PCR for telomere length analyss in single

cells

Telomere length analysis in single cells représem even more difficult challenge
than telomere length analysis from the small sample sizes assocititatewborns.

Until recently the only method allowing the possibility for telomere length analysis in
single cells was quantitative fluorescemeesitu hybridisation (QFISH), howevegs
identified later in chapter 5 and by otheltss is proneto produdng highly variable
results (Lansdorp et al., 1996Wong and Slijepcevic, 2004and is therefore not
particularly well suited to such stedi. However, with the emergence of new
technologies in whole genome amplification from single cells, the quantification of
telomere length using a qRPCRapproach has become possible. Indeed other studies
have shown that gRIPCR offers reduced inter anatiaassay variation compared to
QFISH (O'Sullivan et al.,2000, 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 sincéhe use of a single copy reference gene in specific aim 1 is not
compatible with WGA DNA. This is becaus®GA is susceptible to single locus
dropout, which could affect the reference sequence.

Formerly, one other study has attempted to develop aRER baed approach
including a preamplifcation step in order to measure telomere length in single cells

(Wang et al.,, 2013aWang et al., 2013b Alternatively, one other study has also
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attempted to adapt Cawthondés original prot
DNA using a miticopy reference sequengéreff et al., 2011 The latter however

was achieved using afféirent thermal cycling machirend 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) andregefalu)

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, théelomere amplicon melt curve presented here is very similar to that
observed previously by Treét al2011. Unfortunately, no melt curve analysis for the
multicopy reference gene is provided in Tr e
in a report byWangetal2013. Wangods melt curve anal ysi
background fluorescence seen here, however a considerably higher concentration of
primers was used in Wangbés experiments, wh
product and therefore reced 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 -@ffcient reaction.

Nonetheless, gel electropheig confirmed amplification of single products with

expected sizes from both telomere and multicopy reference amp({Cawshon, 2009

Nicklas and Buel, 20Q6Treff et al.,, 2011pWang et al., 2013b indicating high

specificity of each reaction. Therefore in summary, results frosnsection indicate

that the cycling conditions and reaction chemistries optimised in this chapter are

suitable for telomere length analysis from WGA DNA using the RGeme 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 itsstig the
SurePlex amplification system (llluminajs able to accurately represent the telomere
andrefererce copy sequences for accurate determinaifaielative telomere length
Results in section.d.3 confirm that gRTPCR analysis of relative telomere length
usng WGA DNA correlates well with that of unamplified DNA. These findings are in
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agreementvith those reported by Treét al 2011, who reported similar correlations
using DNA amplified with the GenomePlex single cell WGA4 Kit (SigmE)us,
experiments conducted in this study, and in that of Tee#l 2011 show that whole
genome amplificatioms 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 qRIPCR.Although Treffet al2011 had already reported accurate
representation of rative 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 valate the protocol optimised in the current study using
DNA amplified with theSurePleXWGA technology employed in this study.

45 Conclusion

In conclusion therefore | was successful in the fulfillingttireespecific aims of this
chapter. Moreover, optimisation of each of these assays formed a technology basis from
which other chapters in this thesis could proceed. Thépiex gRT-PCR approach
optimised in section 4.3.1 is suitable for telomere length analysis in the newborn
(chapter 6), and the singleplex ¢tfFR*TCR based approach optimised in section 4.3.2 and
validated in section 4.3.3 is suitable for use with WGA ostjimg 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 byaddressing a series of
hypotheses pertaining to telomere length in first polar
bodies and cleavage stage embryas relation to maternal

ageand 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 ake. However, the exact causes of reproductive ageing in women
remains a subject of investigatiGdassold and Hunt, 20Q1Initially, it was believed

that an gerelated 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 LippmarHand, 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 environmelfHassold and Hunt, 20D1in 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 chromosdkmesvn as aneuploidy), which

is the leading cause of pregnancy loss and mental retardation in conceptuses that

survive(Hassold and Hunt, 2001

Several hypotbses have attempted to explain this decline in oocyte potential, including

the o6l imited oocyte pooldé& hypothesi s, whi
alongside a depletion in the number of oocytes, as well as a decline in the quality of
oocytes(Dorland et al., 1998d&reeman et al., 20QBlassold and Hunt, 200Munné

et al., 2005Navotetal., 1991 Al t ernati vely, the o6two hité
depletion in oocyte quality with age results from the multiple opportune stages for

errors to occur in meiosis. That is, errors may occur prepatdalling 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 Il. Therefore, bérdas that are susceptible to errors
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might arise prenatally during meiosis | (and are thereforaragpendent) followed

by age dependant abnormal processing of the bivdlenhb 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 suppdili $ation and embryogenesibhis
telomere shortening may be the result of a combination of the end replication problem
in mitotically active precursor cells during gestati(dwards, 1970Polani and

Crolla, 199}, and prolonged exposure to oxidative stress during the interval between
oogenesis and ovulatigRassos and von Zglinicki, 200%siven 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 ageimgpmen(Cooper et

al., 1998 Dernburg et al., 199K eefe et al., 200K eefe et al., 2006.iu et al., 2004

Nimmo et al., 1998 This is highlighted in the mouse model, where telomerase
deficient mice appear to mor the characteristics of this phenomer(diu et al.,

200243 Liu et al., 2002bLiu et al., 2004. Furthermore, women that have given birth

to infants affected by trisomy 21 (Downoés
compared to age matched conti@®rland et al., 1998kGhosh et al., 200

However, despite a credible rationale for the telomere theory of reproductive ageing in
women, very few studies have assessed telomere lengtiurnman @cytes 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 ddhistis largely dued restrictions

in access to sample material, and the technical challenges of measuring telomeres in
single cells. Furthermore, those that have attempted to overcome these iyaites
conflicting data. While leefe et al 2005 showed that oocyte telomemndth is
predictive of embryo development potentileefe et al., 2005 Turneret al 2013

found that oocyte telomefength was not associated with IVF outcomerner 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. Ths 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 IVitTecgflet al.,

20110. However details addressing telomereglbnin polar bodies and embryos in
relation to maternal age were absent. Interestiraipther recent study found that
telomere lengths in day 5 embryos derived from women of advanced maternal age are
reduced compared to those from younger wo(Mamia et al., 2014 However in this

study, allembryos 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 developnid@fiight et al., 2001leading to an increase

in telomere length at this stag@é&reff et al., 2011pTurner et al., 201 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 taisethe gRT-PCR methodologyleveloped in specific aim 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 test the following hypotheses
3a. Telomere lengths 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 &wnpared to their younger

counterparts

3c. Telomere length isignificantly shortem first polar bodieshat are involved in

chromosome segregation erreammpared to sibling euploid first polar bodies

3d. Telomere is length significantly shorter in aneuplbliastomeres compared to

euploid blastomeres from sibling embryos
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5.3 Results

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

Care Fertility Nottinghm, UK) can be found in tables 5.1 and tor first polar bodies

and blastomeres respectively.

Number of Number of
Patient euploid polar aneuploid . Chror_nosomes . . Chror_nosomes .
D 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

Table5.1: Anonymised patient details and results of aneuploidy screening in first polar bodies following
prei mplantation
isTmtragpcablé (r.eo neeoesiod @aabodydanallablé).

assessment
ng

i nvol vi

usi
four

ng

or

the 24

Sur e
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Number of | Number of
: . . 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)(gq21.31
20 43 2 2 X0 qter),+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)(g23.3qgter)
33 36 2 2 45:-9 47:+16
34 33 2 2 del(8)(g22.1qter);22 | -8,del(15)(g25.1qter)
122 38 2 2 del(1)(p21.1pter),+22 | del(2)(q33.2qter);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)(pl2.1pter),
137 32 2 2 del(13)(g31.2gter), complex
del(16)(qll.2qter)
143 41 2 2 complex 44:-4,-21
144 33 2 2 +14,+22 del(1)(p32.3pter);10
163 33 2 2 +5,+21,+22 complex
171 27 2 2 dup(1)(pl2qter),+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

Table5.2: Patient details and results of aneuploidy screening in blastomeres biopsied from cleavage

stage embryos following assessment using the 24 Sure preimplantation gemeti®@ e ni ng ki t. o6com
refers to aneuploid results involving four or more
availabl e), 6del 6 refers to a deletion with the chr
and the portion delt e d identified in the second bracket s, o}

chromosome involved identified in the first set of brackets hadobrtion duplicatedlentified in the
second brackets
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5.3.1 Specific aim3a. To test the hypothesis thatelomerelength 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 aavailability) from a cohort of womeaged35 or undercompared

to those of women agealer 35 therefore defined as advanced maternal(A@A) .

Polar bodies assessed were made up of a mixture of both euploid and aneuploid
samples. Relative telomelength was assessed by a gRTR protocol optimised as

part of pecific aim 2 (sesection 2.8). Data from all par bodies from women under

35 wereaveraged and comparedn@eandata from all polar bodies originating from
women agedver 35, and analyskfor statistical significance usingsh u d e #test.6 s t

Results are summarised in figefe1to 5.3

Relative telomere length first polar bodies in women < 35

1.2
0.8

05

0.4 n ~
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OI I iil ||Ii||-I | sl .00 Iili
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P FE & o2& PP ¥ F PR RSP TR TP o ‘«“'q\‘f‘q\‘%w‘%ﬁ‘ﬁ’@c‘

Relative telomere length (2-44¢)

N [N

Patient ID

Figureb5.1: 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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Figure5.2: Relative telomere lengths in first polar bodies from women aged35. Error bars represent
standard error from the mean

Average relative telomere length of aneuploid and
euploid first polar bodies

0.25
0.20
0.15
0.10

0.05

0.00

Relative telomere length (2™44Ct

m=<35 1=35

Figure5.3: Average relative telomere length of allstipolar bodies from wome3b years oldr under
compared to women of advanced maternal Rgsults show that telomere length is slightly shorter in
first polar bodies from womeabove 35 years old, however this difference is not statistically significant
(p = 0.48) Error bargepresent standard error from the mean

Results indicate that relative telomere length in first polar bodies of womlul Af

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 ltenere length (shown in figure.4 showed no correlation

betwen t he two (Pearsondés correlation coeffi
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Relative telomere length in first polar bodies
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Figure5.4: Relative telomere lengths of aneuploid and euploid first polar bodies in relation to maternal
age. Results indicate ramrrelation between relative telomere length of first polar bodies and maternal
age.

5.3.2 Specific aim3b. To test the hypothesis that telomere length is
significantly shorter in blastomeres derived from women of
advanced maternal age (over the age of 35) conmea to their

younger counterparts

Relative telomere length was assessed in single blastomeres biopsied from a total of 48
embryos from couples in which t@man was 35 years old or un@erda total of42
blastomeres were assessed for telomere length from couples in which the wasnan

of AMA. Relative telomere length in each blastomere was measured bR @RTas
described in section 28). from WGA DNA (amplified using the SurePlex DNA
amplification kt, Illumina), using the comparative methg8chmittgen and Livak,

2008. From each woman in each cohort an equal number of aneuploid and euploid
blastomeres were assessed for relative telomere I€ngtltwo aneuploid and two

euploid)

As indicated in figure 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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Figure5.5: Relative telomere length in blastomeres of cleavage stage embryos from women under the
age of 35. Error bars represent standard error from the.mean

Relative telomere length in blastomeres from women =35

1.8
16
14
1.2

Relative telomere length (2™-AACt)

0.8
0.6 z
0.4
=
=

v II I 11 il ii
0 i | | II____il"l—*_=l"l'

o9 a m 90 =S A= fa o Qo @ v a RS- =] @0 S a= @

NAaNAdNadNAdNaNadaNNSNaamn Mo SNad SN NS NSNS ST NN

L B T B I T T I T B B B B B I A I I B B VI ]
Patient ID

Figureb5.6: Relative téomere length in blastomeres of cleavage stage embryos from weoraethe
age of35. Error bars represent standard error from the mean
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Relative telomere length in blastomeres
035
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Figure5.7: Average relative telomere length in all blastomeres fyoonger women compared to those
from women of advanced maternal age. Relatalentere length is slightly shortém blastomeres
derived from couples in which women were younger however this difference was not statistically
significant (p = 0.37) (bottomError bars represent standard error from the mean

To confirm this finding, relative telomere length measured from each blastomere was
plotted against maternal age (figure8p Results showed than line with results in

figure 5.6, no correlatiorexisted between the two (r = 0.16, p = 0.14).

Relative telomere length in blastomeres
18
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Relative telomere length (244
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Figure5.8: Telomere length in blastomeres from cleavage stage embryos in relation to maternal age.
Results show no correlation.

Overall, evidence shows thdttugh 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 nddtatisticallysignificant and therefore telomere leingt

in the cleavage staganbryo doe notappear to beelated to maternal age.
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5.3.3 Specific aim3c. 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-intgvidual
telomere lengths, a paired analysis was performed by compheageragedlomere

length of euploid polar bodies from each womanthmaverage 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 lengthgoof t
aneuploid and two euploid first polar bodies respectively. Therefory, those
patients from whontwo 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 wksger in other women (figure.9. Thus

overall, the average telomere length of aneuploid first polar bodies (0.13) was almost
identical to average telomere length in euploidtfpolar bodies (0.14) (figure ).

| ndeed a p atestrevdaled ro statigtically 8ignifidantfdience (p = 0.80).

Relative telomere length in aneuploid vs. euploid polar bodies

01

-l aamn Iiilliiiii ol s
4 2 72 2 7 35 46 59 73 75 82 84
Patient ID

mEuploid  ® Aneuploid

Relative telomere length (2"-44Ct)

Figure5.9: 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 stenaeartietween the two
aneuploid or euploid polar bodies assessed
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Average Relative telomere length in aneuploid vs.
euploid polar bodies
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Figure5.10: Overall average relative telomere length of all aneuploid first polar bodies in comparison
to all euploid first polar bodies ssssed 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 Specificaim3d. To test the hypothesis that telomere length
Is significantly shorter in aneuploid blastomeres compared to

euploid blastomeres from sibling embryos

Telomere length was assessedlastomeres derived fromneuploid embryosnd
compared to that oduploid enbryos, whilst controlling for natural inténdividual
variation in telomere length as well as maternal and paternalhgewas carried out

by comparingelative telomere leng#in sibling embryos generated in the same IVF
cycle. From each couple, tweuploid and two aneuploid embryo samples were
available, therefore the average telomere lergftithe two eudoid embryos was
compared to the average telomere lengttheftwoaneuploid embryos. A total of 84
embryos from 2Touples were assessed. A pdire s t u dest was @itdised 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.bl indicate that relative telomere length in aneugplo
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
embiyos (0.23) compared to euploid embryos (0.24) was not statistically significantly
different (p = 0.53)This is illustrated in figure .32

Relative telomere length in euploid embryos vs. aneuploid

— embryos
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Figure 5.11: Average relative telomere length of blastomebégpsied 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 atto aneuploid blastomeres assessed

Average Relative telomere length in euploid embryos
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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 #riotthvd study group.
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5.4 Discussion

5.4.1 Telomere length in relation to maternal age in polar bodies

The resultsshownin section 53.1indicatethat relative telomere length of first polar
bodies in younger women is not different to that of womell\dA . Since polar bodies
ought to be reflective of the oocyte in terms of genetic complement, this finding is in
line with observations using-QISH analysis, which found that oocyte telomere length

is not correlated with maternal ag€urner and Hartshorne, 2013ndeed results
shown here also conclude that telomere length is not correlated with maternal age.
However, in the study by Turneand Hartshorneimmature, 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 podies compared

to 26 oocyes) 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 elomerase is expressed in oocytes at all stages of oogenesis in fWrightet
al., 200} and other mammalg¢Betts and King, 1999Eisenhauer et al., 1997
Furthermore, it is additionally possible that telomere length may beameed in the
oocyte by mechanisms of alternative lengthening of telomeres, however evidence for

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

Alternatively, it is important to consider that the abogsults mape 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 agédlsopp et al., 1992Lansdorp, 2008Nordfjall 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 thdyds from wonen

in their 30sand 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 ndie representative of a normal population. For ethical reasons it is not

possible to obtain female gametes froealthy, fertile womeand therefore any study
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population suffers this limitation. Although it is possible that a proportion of women
included n this study were pursuing fertility treatmdor male factor infertilityand
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 theltmopy reference gene used relative
telomere length analysis between subjects. It has previoesly documented that
inherent differences in copy number of alu repeats exist amongst indivitlicktas

and Buel, 20060tieno et al., 2004 This interindividual heterogeneity in alu copy
number could cause profound effects on subsequent relative telomere length
guantification. Traditionallyrelative quantitation of telomere length using gRCR

takes advantage of a single copy reference ¢g€aathon, 20022009, 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 folldWa#y

(Treff et al., 2011p Use of a multicopy reference gene is thought to reduce
susceptibility to this effec{Treff et al., 2011p however the possibility of under
representation of one or both target sequences cannot be excluded. It will be interesting
to seawhat the future holds for improvements to techniqu&¥@A 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 n single cells by gqRIPCR has been developed. This relies on a pre
amplification step, as oppasto WGA prior to telomere length quantitatigwang 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®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 attemptdssess 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 eryb, since observations from a study by Maeiaal 2014
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showed that telomere length is reduced in embryos derived from wonsdviAofat

day five post fertilisation. However all of these embryos were diagnosed as aneuploid
and not all embryos developed hetsame rateM a n i studysncluded blastocysts,
morulae and arrested embryos, therefore the contributions of aneuploidy and/or
developmental delay cannot be excluded from the reduction in telomere length
observedMania et al., 2014 The latter of these has been related to reduced telomere
length in day 3 embryodeefe et al., 2005 Furthermore, the study by Mang4 al

2014 only studied a total of 35 embs from 7 couples, whereasthe present study a

total of 86embryos from 2 couples were assessed.

One possible explanation for tirereased telomere lengtibservedn embryos from

women of AMAhere is the paternal contribution to telomere lengtihéndeveloping
embryo. Several studies have previously identified that paternal age is positively
correlated with sperm telomere lengflsopp et al., 1992Baird et al., 2006Turner

and Hartshorne, 20)and that telomere length in the offspring is paternally inherited
(Kimura et al., 2008Njajou et al., 2007Unryn et al., 200p However, details of
paternal age in the present study were not available and therefore could not be assessed

in relaion 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 teimere lengtl{Treff et al., 2011pTurner et al., 2010Nright et al., 200},

it is possible that recombination based mechasishielomere lengthening may play

a role in earlier cleavage stage embrflds et al., 2007. Although this has not been
demonstrated in human embryos, it pasviouslybeen observed in midgiu et al.,

2007). This being the case, it may be that shortened telomeressetinghe cleavage
stage embryo irrespective of possible shortened telomeres derived from maternal

origin.

Finally, it is important to consider technical aspects infihgings 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 theeesmnbryo. Many studies
before this have identified that embryasd in particular cleavage stage embjyos
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prone to mosaicisr{Colls et al., 2007DeUgarte et al., 20Q0&1arton et al., 2011 in

which daughter ells are not identical.evious studies have also shown that telomere
length is not identical among different blastomeres of the same erfiuyeer and
Hartshorne, 2013 Thus it B 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 fmognembryo in the
present studgnd therefore this phenmenon could not be explored. Although there is
some evidence to show that mosaicism is reduced in the blastocyst €wbligoet

al., 2014 Munné et al., 2005and 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 Clisier 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.

5.4.3 Telomere length and aneuploidy in first polar bodies

compared to sibling euploid fird polar bodies

Results from section 3.3 illustrate that analysis of relative telomere length in relation
to chromosome complement revealedsigmificantdifference between aneuploid and
euploid first polar bodies. This observation is in contradicticthat observed by Treff

et al 2011 whom showed that telomere length is reduced in aneuploid polar bodies
compared to sibling euploid polarbo®@ s. However , sonlyning&polarf f 6 s
bodies were assessed, and these were made up of a mixtust ahdi second polar
bodies(Treff et al., 2011} Given that one of the proposed contributors to telomere
shortening in women cAMA 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 casesecond polar bodies may be mordedifve of

the telomere theory of reproductive ageing in wortiassos et al., 20R7That keing

said, Treffet al2011 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 meid¢Sabriel et al., 201, Hassold

and Hunt, 200t therefore if dysfunctional telomeres were atgpbial case of

aneuploidy, itshould be evident in first polar bodies.
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One possible explanation for the ohsdion found here could be thahile shortened
telomeres may result in impaired synapsis and recombination events leading to
aneuploidy, such an event ikdly limited to those chromosomes with critically short
telomeregHemann et al., 200} Since qRTPCR 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 chromosome@Hemann et al., 200)b

Alternatively, once again, it is possible that telomerasalternative mechanisms of
telomere lengthening may be active in the oocyte, resulting in stable telomere lengths.
This being the caséhe events leading to aneuploidy must occur by some means other
than those directly resulting from shortened telomereas, igefficient checkpoint

mechanisms during meiogiBurgoyne et al., 200Wang and H66g, 2006

5.4.4 Telomere lengthand aneuploidy in blastomeres

Results demonstrated in sectiorB3 show that telomere length is not different in
aneuploid embryos comaped to sibling euploid embryoBrevious stués have shown

that reduced telomere length is associated with chromosome instghitandi et al.,

2000 and impaired synapsis and recombination in female gametes in the mouse model
(Liu et al, 2004 Scherthan, 2097 which is in turn linked to aneuploidy.iu et al.,

2009 in the embryo However, the resultgresented irspecific aim3c suggest that
telomere shortening is not related to feenadproductive ageing in humas.light of

this, it is not surprising that my results also show that telomere shortening is not related

to aneuploidy in the cleavage gégaembryo.

This finding contradicts that which has previously been shown by draf2011who

showed that telomere length is reduced in aneuploid cleavage stage embryos. However
in this study, only 18 embryos (nine aneuploid and nine euploid) froralactonine
couples were assessadhereas in the current study &hbryos (2 aneuploid and 2
euploid) from a total of 2Icouples were assessed. Thus it is possible that the

di screpancies in these data mighudy. be due t

Nonethelessit is possible that paternal contribution to embryo telomere length
(Kimura et al., 2008Njajou et al., 200;/Unryn et al., 200§ telomerase activity and/or

recombination based mechanisms of telomere lengthening in the ethhryet al.,
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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 blastomergdurner and Hartshorne, 20181ay render the
analysis of one blastome from each embryo nemepresentative of the embryo as a

whole.

5.5 Conclusion

To the best of my knowledgdis is only the seconfhnd largeststudy to address
telomerelength in human female gametes and the firstdotite same in human
cleavage stagembiyos in relation to maternal ageis also the largest study to address
telomere length in female gametes and cleavage stage embryos in relation to

chromosome segregation errors.

Analyss of relative telomere length in bothist polar balies and cleavage stage
embryosprovides no evidence for the involvementeibmere lengtlin reproductive

ageing in women. Telomere lengths app@&abé 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 relatichMé or the incidence

of aneuploidy. Similarly, no difference was obseruadtelomere lengths among
cleavage stage embryos derived from womerAMIA 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 ag@imigen.
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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 termborn 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 UKlangham et al., 20Q09The incidence

of preterm birth is steadily increasing in western countries, and although survival rates

are improving, morbidity rates have remained relatively [i@@bsteloe et al., 2012

Moore et al., 201 posing a significant public health concern. Alongside the well
documented morbidities associated with preterm birth including respiratory and
neurodevelopmental sequelaenumber of others are beginning to emerge, which
constitute an O6agedd phenotype in preterm
infants, preterm infants demonstrate altered body fat distrib(itianli et al., 2009

Thomas et al., 20088Jthaya et al., 20Q5/asu V and N, 2009 hypertensioriBhat et

al., 2012 VanDeVoorde and Mitsnefes, 2014nd insulin resistanc@innion et al.,

2013. These features are strongly linked with adverse metabolic health and, as such,
present complications that persist into adulth@@®lJong et al., 201 Parkinson et al.,

2013 Thomas et al.,, 20)1Thislog t er m mor bi di t y-pratesti gnat ur €

infant is reminiscent of premature ageing in these individuals.

At present, the identification of the long term health outcomes-preterm infants
requires careful clinical and developmental follow up,oiming 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 ineat®st 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 coul lausible 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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Friedrichet 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 gestatiofFriedrich et al., 2001 Unfortunately however, this study could not
drawthis 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-individud 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 Friedrichodos conclusio
between 23 and53weeks gestatiofiHolmes et al., 2009Interestingly this finding was

not evident among agmatched étuses, suggesting that the event ofgrre birth itself

might impact telomere length in some infafit®lmes et al., 2009 Although these
studies combined provide interesting amdiuable 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 newborraimt. Such analysis could provide
key insights into the genetic aepteterml ogy of
infants. In addition, this information might identify whether telomere length could be
utilised as a biomarker and/or a prognostic fonhssessing 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 ofdlthapter were as follows:
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6.2 Specific aims

4a.To recruit up to 30 preterm infants and

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

4b.To use the gR-PCR protocol developed in speciéion 2 to test the hypothesis
that the telomeres of preterm infants are significantly shorter than they were at

the time that they were born

4c. Using the same methodology to test the hypothesis that at term equivalent age,
preterm infants have reduced averagjative telomere length compared to term

born controls

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 ageatarnal body mass index and/or mode of

delivery

4e.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 atbh r t h and @Aat ter mo age ar

equivalent number of termborn 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 bornlsomére 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 ancdollect the samplefrom

the hospital. Following informed written parental consent, preterm irtfantsatless

than 32 weeksompletedjestation were recruited from the neonatal unit at the William
Harvey Hospital. Term born (342 weeks gestation) healthgfants 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 casgsiliot thtisdy 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 ifepemcture 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 wereued 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 sarhglassigning a code to the sample.
Thus al |l samples were fAblindedo upon col |l e
origin of samples prior to processing. In order to assess average relative telomere
lengths in infants, DNA was extracted from 500pl vehblood using a DNA isolation

kit for mammalian blood (Roche) as described in sectiori2.Zlinical details and

average relative telomere lengths recorded from each patient are outlined éltable
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Patient Average relative Gestational Bif‘h ) Materna_l body Maternal ag
Group D telomere Ie_:ngth ape (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 1.0 31.1 1.8 CS (non-labour) - 20
4 0.7 29.0 11 CS (labour) 30.5 31
5 20 29.0 16 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
Prit.e:]m at™ g 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 2.4 25.9 0.8 CS (labour) - 45
16 0.6 24.1 0.8 Vaginal 27.7 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 0.8 274 11 Vaginal 20.6 29
term 35 10 27.1 0.8 CS (labour) - 32
equivalent 37 1.0 309 11 CS (labour) 25.4 37
age 38 1.3 25.3 0.8 Vaginal 25.1 24
42 11 30.9 0.8 CS (non-labour) - 26
6Q 1.2 29.1 15 CS (non-labour) 25.7 32
70 1.3 29.1 1.0 CS (labour) 25.7 32
19 0.8 40.9 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 39.4 3.6 - 18.9 18
23 0.9 41.4 33 CS (labour) 233 17
24 13 40.6 3.8 - 21.3 33
25 1.0 39.7 39 CS (labour) 37.2 35
26 0.8 40.4 34 Vaginal 22.8 25
28 10 40.4 3.9 Vaginal 24.2 39
31 0.9 40.3 33 CS (labour) 26.8 29
32 20 40.6 3.9 Vaginal 42.6 37
33 11 374 35 CS (labour) 37.9 40
CJ:::;‘IS 34 07 374 33 CS (labour) 379 40
36 0.8 374 2.6 Vaginal 315 32
39 0.7 40.6 4.2 - 21.6 38
40 10 39.3 3.7 CS (labour) 21.0 31
41 04 41.7 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 0.6 419 35 Vaginal 329 -
8Q 0.7 38.3 2.3 Vaginal 18.7 -
9Q 13 37.0 2.8 Vaginal - -
10Q 0.5 41.9 3.0 Vaginal - -
11Q 0.4 40.4 31 - - -

Table6.1: Patient information and relative telomere length (T/S ratio). CS (labour) refers to delivery by
caesarean section following labour, CS @elour) refers to caesarean section in the absence of labour.
Wher & a so, porinboamatiori was available.
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6.3.2 Specific aim 4b.To use the gRFPCR 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 relativdelomere length was assessed by quantitativetiraal polymerase

chain reaction (QRPCR) as described in section 21 15 preterm infantsampled

within 48 hours of birth and 10 preterm infants sampled at term equivalent age. Results
are shown in figre 6.1 on the next pageThe preterm at birth group displayed a range

of telomere lengths (T/S ratios) from 0.55 to 2.78, wheregzr#term infants sampled

at termequivalent age displayed a range of telomere lengths from 0.76 to 1.77. Despite
these diferences however, a ShapWdilk 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 ineach cohort, it was deemed appropriate to conthareeanssaluesof the two

sampé populations. Indeed preteinfants 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 er m equi val ent ai@gs. Howe
revealed that this difference was not significant (p = 0.10).
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Average relative telomere length in preterm Average relative telomere length in preterm
infants sampled at birth infants sampled at term equivalent age
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Figure6.1: Average relative telomere length (as determined by T/S ratio followingR{ER) in preterm
infants sampled at birth (top left) and preterm infants sampled at term equivalent age (topé&ght).
telomere length is longest in preterm infants sampledrit bhottom), however this difference is not
significant (p = 0.10). Error bars represent standard efritre 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 reléive telomere length compared to term born

controls

In order to compare averagdateve telomere lengths in terborn babies with that of
preterm infants at term equivalent age, again average relative telomere length was
assased by qRIPCR, this time i25 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
ShapireWilk test also confirmed normality within this population (p = 0.13), and
therefore it was deemed appropri&beperform 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 fifie Howeveras t udent 6 s
test confirmed that again, this diffecenwas not significant p = 0.07).
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Figure6.2: Average relative telomere length (as determined by T/S ratio followingREBR) in preterm

infants sampled at term equivalent age (top left) compared to term born controls (topMiegnt).

telomere length is longest in preterm infants (bottom), howthigrdifference 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 gestional age, birth weight,

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

Following measurement of average relative telomere length byR{ER, reslis were
assessed in relatida gestational age, birth weight, maternal age, maternal inadsg
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 résuare illustrated in figures 6.3,.46and 5.
Furthermore a uwmariate ANOVA revealed no relationship between telomere length

and mode of delivery in any of the study groups (p = 0.60 for preterm infants sampled
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at birth, p = 0.94 for preterm infants sampled at term equivalent age, 8 sQefm

borninfants).
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Figure6.3: Correlation between gestational age (top left), birth weight (top right), maternal boc
index (bottom let) and maternal age (bottom hiy with relative telomere lengtliT/S ratio) a
determined by gR'PCR in preterm infants sampled at birth. No correlation is present amongs
the variables tested
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determined by gRPCR in preterm infants sampled at term equivalent age. No correlation is
amongstny 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 aterm

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 reduceckterm
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 measuremeit of p an
g arms can be obtainedue to the significantvork load requiredor QFISH analysis

(as described in section 2.8) ltelomere lengths of individual chromosome arms were
assessed in a subset of the group, i.e. five preterm infants sampled at bipttetéue

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, kgotyped with the aid of SmartType 2 (Digital Sciermjfi
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and analysed for telomere fluorescence signal intensity usingT€ELT/S ratio(see

section 2.2.16)6 Figure 66 shows an example of a QFISH image and karyotype.
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Figure 6.6: Example of an imagacquired following QFISH procedures (top left) and detection of
chromosomes and telomeres for fluorescence analysis of telomere spots-TreldHtop right). The
raw QFISH image was karyotyped with the aid of SmartType 2 (bottom) in order to assign smeno
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 consistdatiger 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 lendthoon et al., 199%ong and Slijepcevic, 2004

This high level of variation meant thaespite the observed pattern, a multivariate
ANOVA confirmed that telomere length was not statistically different between specific
chromosome arms of specific chromosomes within ggpaor between groups (p =
0.92. Thus there is no apparent effect of telomere length alteration in any one specific
chromosome arnm any of the groups assessed. In other words | could find no evidence
to support the hypothesis that any individual telomergés significantly shortened

in premature babiesResults are shown in figurer6

In the analysis shown, for the most p#ng signal intensities for the terborn babies

was around twice that of the other two groups. Given that the R{ER results
indicated that there was no overall difference between the groups, thetsvad Iesults
appear at oddsn point of fact the ®@ISH was only meant as a means of determining
the relative lengths of individual p and q arm telomeres compared to one another,
within the same patient or group. It is theoretically gaesihat preparations from

term born babies produce higher hybridiea efficiencies for some unbeknownst
technical reason that is not related to telomere fengor this reason, in figure& |
manipulated the data so that the mean overall telomere length in each group was the
same. This normalisation factor was c#dted 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 telema from any particular chromosome

was significantly shorter nor longer in any of the grougss is illustrated in figure

6.8 and confirmed by multivariate ANOVA (p = 0.92

Pagel89of 261



Telomere length in the newborn

K. J. Turner

‘ueaw ay} JO J01I3 prepuels Juasaidal sieq 10113 'sethoib uaiayip
Byp| 219W0|9) UO 10818 J1J19ads BWOSOWOIYD OU MOYS S} NSal 8Say] 810818y "WJe SWOoSowoIyd 8y} J0 SWOoSowoIyd ay) jgsajpiebal sdnoifiaylo yioq o}
2dw 09 s]0U02 WLIB) Ul JIabuoPARUFISIRY 21w ol ‘Ajejwis “abe jusiealinba wia) 1e pajdwes sjuejul wisiald pue yuiq 1e pajdwes sjuejul wiaiald usamiaq
) Ajrewixoidde Apuaisisuod si yibua| alswoja10souuolyd yorea wolj swie b pue d jenpiaipul e Buowy (pasg)osuod uloq wial pue (mojahbe uajeainba wia)
pajdwes sjuejul wis1yydidar|@e|dwes sjuejul widaid ul swoOsSowoIyd yores woly sue b pue d jenpiaipul jo syibus| aiawola) ainjosqeabelany 2 9ainbi4

wlm 93 Juateambs Wi 1B taaIg Iq 18 W21 W

WL 2WOosOwoIy D
DTT dTZ0TTdTIZ00C d0Z 06T d6T DBT d8T LT dLTDIT d9TDSTdSTOPT AT DETJETDZT JZTOTTAITD0T dOT D6 d6 U8 d8 DL dL D9 d9 DS dS OF dF DE d€ DT 4T OT dT

A 'H_,H_

=
H

ST

(q1) 3uay a1owo]d] s3eIoAY

¢
STWIOQAMAU Ul [)SUI] JI3TI0[3) NN[OSE ITLIIAY

Pagel90of 261



‘ueaw ay Jo Jo1Id
puels Juasaldal sieq 1ejugls ate swie b pue d renpiaipul jo syibus| aiawolal ‘sdnolb |e Buowy (pas)onuod uiog wial pue (mojjafke Jusfeainba wia) 1e pajdwes
juejul wJaaid epmEPlunag siuejul wislaid ul SWOSOWO0IYd yoea wolj swie b pue d [enpiaipul jo syibus| a1awold) aInjosae abelane pasijewloN g8'9ainbi4

Telomere length in the newborn

K. J. Turner

W m a8e waeamba W) B W21 IIq 18 WI2Ig m
TLIe 2aostmonD
0V dCZ0LZdLZ 00T d0Z 06T dbL VST d8TOLT d/TDIT d9T VST dST OPL dPT DELJET VET dCTOITdITDO0L 40T D6 db D8 d8 Of df D9 d9 0S5 d5 OF d¥ DE dE D¢ d¢ O dl

0
| | | | | | | | .z
- | - - - - - | -
1 d 4 i ! ! ! ! ! 9 M
i 1 i H M 3 i i i i i g 2
- s -+ H H == |_| H H =+ H H H H — N B nﬁ 01 m
T SN SRS Y P, A ! R ] [iIBAL | L 2
= i | R | el T a4 2
L 1 -+ = = = =1 =14 - y1 &
+ 91 QM
8l =

SUI0QMIU Ul YISUI[ IIWOA] PISI[EULIOU ITRIIAY

Pagel91of 261



K. J. Turner Telomere length in the newborn

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.
Nonethegss, | 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
represats 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

thefield of neonatology.

6.4.2 Relative telomere length inpreterm 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 aigepreterm 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 falving birth (Friedrich et al., 2001Holmes 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 tha

natural variation in telomere lengfAllsopp et al., 1992Hastie et al., 199@kuda 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 #so0 possible that other studies may have -@stimated 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., 2001Holmes et al., 200%have utilised TRF analysis, which is a
technique that also easures the highly variable selomeric region, and therefore
differences in TRF length cannio¢ solely accountable to differences in true telomere
length(Baird et al., 1995Levy et al., 1992Mefford and Trask, 20QRiethman 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 analf@imningham et al., 2013
Zanet et al., 2013

In addition, there arseveral biological factors that may lead to an eastimation 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 ramdations on the results obtained. Preterm infants have previously
been shown to possess alterémbd cell compositior{Berrington et al., 2005and it

is well known that telomere lengths are not equal among different cell(tfp&mann

et al., 2009 Lansdorp, 2008Spyridopoulos et al., 2008Finally, as described in
section 12.15, there are many factors besides replicative history that might affect
telomere length. These include genetic, epigenetic and environmental influences, along
with exposure to adative stress, inflammation or infection, which could influence

leukocyte cell turnover rate and in doing so affect telomere I€Agiia et al., 2009.

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 e 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, theoverall trend observed here would gain statistical power.
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6.4.3 Relative telomere length inpreterm infants at term equivalent

agecompared to term born controls

As shown in figure 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. Tlerefore, although telomere length likely declines following
preterm birth based on evidence reported here and by dffreedrich et al., 2001
Holmes et al., 20QMenon et al., 201)2this does not result in shorter averagenee
lengthby term equivalent aga 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 neonatolog

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 bloo
sampling in the term group may haakkectedtheir telomere lengths e.g. the presence

of infection(Aviv et al., 20061lmonen et al., 2008 awelec et al., 200¥allejo et al.,

2009). However, it is equally likely these remikcan be explained by the possibility
that telomere attrition rate is the sameuteroas it isex 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 widata presented here. Although this scenario
contradicts what has previously been found by Holeted 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 future investigations.

Overall, based otthe information from sections 6.3iRis unlikely that average relative
telomere length can act as a biomarker for the aged phenotype associated with
premature birth. However, both sections provide interestidgianal information to

what it currently known about telomere regulation in this largely uagplored 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 studiebave shown that telomere length in the preterm infant is correlated
with gestational age, birth weight and maternal gekad et al., 2006Friedrich et

al., 2001 Holmes et al., 20Q9Menon et al., 2012 however in the present study, no
such correlations werebserved. It is unlikely that this effect is due to telomere
maintenance mechanisnamsuterg 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 infawhen sampled at birth. Furthermore, a study by Cleéng

al 2013 showed that telomerase expression gradually decreases in the developing fetus
(although this study assessed fetuses between six and 11 weeks gg€iheog) et

al., 2013h. Based on the data shown in section 4b, the most probable explanation for
this finding is the small range in the parameters studied fenklighly 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 newlfbim et al., 2013 Okuda et

al., 2002 and other study populatiofalisopp et al., 1992Hastie et al., 199@Rufer

et al., 1993

When telomere length was assessed in relatitine same criteria desbed above in

term born controls, results showed that again, telomere length was not correlated with
gestational age, birth weight or maternal age. These findings aretisd pgreement

with others whaalso found that telomere length was not associatéu 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 materna(fddead et al., 2006
Okuda et al., 2002 Given that infant telomere length ought to be influenced by both
matenal 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 inhgKietura

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 e@livery 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 datpresented in this section, these results indicate that overall, in a given
population, telomere length remains remarkably stable despite the patghteice

of factors known to féect neonatal health outcome. However, the high level of
variation amongelomere 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 Telomerelengths of individual chromosome arms

Data presented in section 6.3s21gget 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 contributorcétiular senescence and loss of tissue
function associated with ageirfg§aragher and Kipling, 1998emann et al., 2001b
Martens et b, 200Q 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, resultsom 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 resultsere 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 bpusa®Ti),

results vere normalised against this variability as described itioge6.3.5. As shown

in figure 68, 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., 201,2Poon et al., 1999Vong and Slijepcevic, 2004the overall result

is likely reflective of the biological system under assessment.

Of course it is possible thahe 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 reisit this topic. Indeed, others recommend that at lea010
metaphases are analysed for each indivifRabn et al., 1999Vong and Slijepcevic,

2004, however due to time restrictions, it was not possible to do this in the present
study. Nonetheless, this study represents tre¢ &f 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 pratyatompared to

those born at full term.

6.5 Conclusion

On the whole, results from this chapter indicate that while averagedet 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 geerlomere 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 is 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 organisatiowas 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 thianwrganisation is
altered inthe sperm head®f 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
guantities 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 gRFCR analysis of telomere length from
genomic DNA, and singleplex gRFCR analysis of telomere length from
whole genome amplified material were optimised for use with the Rjetos
Q realtime PCR machine. A search of the literature published at the fime o
writing indicated that these experiments have not been optimised for use with
the Rotorgene Q reatime 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 outcanigom 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 gRFPCR 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 healtHyll term infants. gRTPCR 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 tel@m¢han 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 texg#ored 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 repeatediveresrh

the wider implications of these results will be discussed hereafter.

7.1 Biomarkers of ageing and ageelated disorders

Since it was discovered that the proliferative capacity of the cell might be related to
telomere shortening as a result of incompl&®A replication (Hayflick and
Moorhead, 19610lovnikov, 1973 Watson, 197@ a large collection of studies have
attempted to investigate whether this phenomenon is involved in the procebslaf ¢

and organismal ageing. While many have showed that telomere shortening is related to
the process of ageirg vitro andin vivo (Allsopp et al., 1992Cawthon et al., 2003
Frenck et al., 199&arley et al., 1990Hastie et al., 199Q.indsey et al., 1991Rufer

et al., 1999 others have shown no such relationghprris et al., 201,2Honig et al.,

2006 Martin-Ruiz et al., 2011MartinRuiz et al., 200p Therefore the usefulness of
telomere length as a biomarker of ageing is still widely debated and largely unknown
(Mather et al., 2021Sanders and Newman, 202n Zglinicki, 2013. 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
consideratins(Aviv et al., 2006 Mather et al., 201, 1Sanders and Newman, 2018s

Pagel99of 261



K. J. Turner General discussion

a result of these, many have argued that in fact telomere length is not a useful indicator
of biological ageingAviv et al., 2006 Baird, 2005 Shiels, 2010von Zglinicki and
Martin-Ruiz, 2009, which is further supported by previous observations that
senescence may occur in the absence of telomere(Hmglick, 1998 2003.
Alternatively, others have argued thaglycome analysigDa |l | 6 Ol i 0),oet al
cell cycle regtlators cyclin dependant kinase inhibitor 2A (CDKN2A) and cyclin
dependant kinase inhibitor 1A (CDKN1A) may act as more accurate biomarkers of
aging(GingelkLittlejohn et al., 2013Koppelstaetter et al., 20pBathai et al., 2033

With the above information in mind, given that results from this thesis suggest that
telomere length cannot act as a biomarkertlierhealth outcom® associated with a
prematurely aged phenotypethe preterm infant, it would be interesting to pursue the
aforementioned alternative biomarkers of ageing in light afepbenotypegBhat et

al., 2012 Thomas et al., 2008&innion et al., 2013Uthaya et b, 2005 VanDeVoorde

and Mitsnefes, 2034/asu V and N, 2000 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 expresdterns

and may influence the adult phenoty@®dfrey et al., @07, Norman, 2010Nuyt and
Alexander, 20090zanne and Constancia, 200[ is also known that the process of
ageing and the pathogenesis of age related diseases is related to changes in epigenetic
statugCalvanese etal., 200D 6 Aqu i | a ;Eragaand Esteller2 200F8r this
reason, it would be interesting to investigate the possible influence of epigenetic

modification in the preterm infant on neonatal outcome.

Results from this thas 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 sthanisms 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 er@wsyjoyne

et al., 2009 Wang and Ho66g, 20060ne that was not investigatedrées nuclear
organisation in the oocytduring maturationand in particular telomere distribution,
which is known to play a key role in synapsi®. the best of my knowledge this has

not been previously addressed in humérspractical reasonshowever 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 syngpsigy et al., 200Y. This indicates

that telomere distribution may be important ia thithful 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 treatingelds much to be uncovered.

7.2 Diagnostics in male infertility

In addition to improvements in preimplantation genetic screetaogniques, the
search for improvements in the currently available tools for diagnosis of infertility
continues. In 460% of muples experiencing reproductive difficulties, a male factor

is at least a part ahe underlying caus€Sharma et al., 1999This may arise from
genetic, hamonal or physical complicationepweverin many casethe exact cause

in unknown (idiopathic). This has been reported to range anywhere between
approximately 15% and 50% of male infertility caegne, 1998 Kumar et al., 2006

Seli and Sakkas, 20D5Several 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 stresgBenedetti et al., 201,2Chen et al., 203,35uz et al., 201,3Novotny et

al., 2013 Sharma et al., 1999sperm DNA fragmentatioSharma et al., 20}0
metabolomicgJayaraman et al., 201Ldnd proteomic§Amaral et al., 2013Barazani

et al.,, 2014Rahman et al., 201Xu et al., 2012Zhao et al., 2007 Despite these
advances howey, referenceanges are difficult to establish, and therefore much
research istill required. As dentified in this thesis, nuclearganisation in the sperm
headalso 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 infe(ksfin et al., 2013

Thilagavathi et al., 20)3however 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 distributiorakie 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 d@keicher et al., 2014
Harper and Harton, 201&cott Jr et al., 2033While the origin of conflicting data
regarding PGS efficacy is likely to be in part down to the mosaic nature of the
preimplantation embry(Bielanska et al., 200Zolls et al., 200/Hanson et al., 2009
Harton et al., 200)] technical errors in the methodology used are also likely to impact
on the diagnosis madelarper et al., 203Mastenbroek et al., 201 Northrop et al.,
2010. As a result, methods oktkcting genetic abnormalities are continuously being
developed and improved in order to enhance the chances of pregnancy in couples
undergoing ARTThis raises the question of whether assaying either telomere length
(as in chapter 5) or telomere distritout (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
aneuploidiegGriffin 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., 1993astenbroek et al., 200Bchoolcraft et al., 2IB; Staessen et

al., 2004 Staessen et al., 2008ince this time, the FISH protocol has been adapted
for comprehensive aneuploidgreening of all 24 chromosom@gsannou et al., 2012
loannou et al., 20)1however, the labour intensive and time consuming nature of this
protocol render it unsuitable in the PGS settivgre blastomeres still being screened
routinely by FISH then it would have been relatively simple to ask whetloendee
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 tne window, allowing fresh transfer of selected embryos and
improved accurac{Hellani et al., 2008Wells et al., 2008 Evidence shows that use

of aCGH in polar bodies, blastomeres ooptiectoderm biopsies has improved
pregnancy rate and resulted in successful live b{Rregouli et al., 201,0Geraedts et

al., 2011 Yang et al., 201R Alternatively, a qRTPCR based approach has been
developed for the comprehensive screening of copy number in all chromqJoeiés

and Scott Jr, 2013[reff 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 rd#&®zina et al., 203INorthrop et al.,

201Q Scott Jr et al., 201 reff et al., 2010aTreff et al., 2010 Detection of genetic
errors in this way was the basis for a now commercially availaldienplantation
genetic diagnosis programme known as Karyomapping. Téusinique 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 sibliffglandyside et al., 201®andyside et al., 2009
Finally, many have focused on the application of the ndatively inexpensive next
generation sequencing techniques in K&8rentinoet al., 2014Martin et al., 2013

Treff et al., 2013Wang et al., 2014Wells et al., 201 Nonethéess, degite the
developmenbf these novel tools for complete genetic screening in ART, it remains
unclear how effective these techniques really are in achieving theiii gbat is, in
improving IVF success raté&leicher et al., 203,4Mastenbroek and Repping, 2014

Thus the emergence of wetlunded angroperly 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 thesfront of our horizonWhat 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 biologytlwdast 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 disedye large
continues to be a mystery. Future studies should focus on generating robesicesfer
ranges in order toecognise telomere length as a biomarker for ageing or specific
disease condition@viv et al., 2006 Mather et al., 20L,1Sanders 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 hedelomeres as a
result of epigenetic modifications) has been extensively studied in yeast and
Drosophila models (Blasco, 200Y, however relatively little is known of its
mechanisms and effes in mammalsparticulaty 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 t

the process of ageing atite develoment of diseaséBaur et al., 2001l TPE is able

to bothregulate and be regulated by the length of the telomereidver, again, much

of the mechanisms surrounding this regulation in mammals is yet to be identified
(Blasco, 2007 Dan et al., 2014Episkopou et al., 2014GarciaCao et al., 2004
Gonzalo et al., 2006Of particular interest in light dhe data pgsented irthis thesis

is the potential involvement of human homologues of the yabstt information
regulator §ir) proteins in TPE, which are known to-tmalise with the telomere at the
nuclear peripheryBlasco, 2007 Palladino et al., 1993 This defines an additional
functionally relevant role of telomere distribution at the nucleanbrane in telomere
length maintenanggalladino et al., 1993It would be interesting to ascertain whether
similar mechanisms are involved in the human sperm nucleus, and whethertairn

has ramifications forpaternal telomere length maintenance and contribution to
offspring telomere length. In addition, it is tlghu that the first part of the paternal
genome to respond to oocyte activation signals is the telor{&aésnskaya 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 ceveloping human embryo. While several studies have implicated a paternal
inheritance of telomere leng{Kimura et al., 2008Njajou et al., 2007Unryn et al.,

2005, more recent evidence has shown that in fact oocyte telomere length is longer
than that of sperrfrurner and Hartshorne, 201&nd that infants born to older mothers
possess longer telomer@sm et al., 2013. This suggests that telomere length is tightly
maintained dring oogenesis, which suppotte data presented in chapteiCurrent
evidence shows thatollowing fertilisation telomere length is reset in the embryo
predominantly via telomerase activity which increases at the blastocyst stage alongside
embryonicgenome activatio(irreff et al., 2011pWright et &, 200J). It has also been
shown that TPE plays a role in telomerase regulation in human embryonic stem cells
(Zeng et al., @14, 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
degreeglepending on the stage of developm@nirner et al., 2010 This may have
implications fortelomere 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 ottelomeres 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 coninued 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 lifenglcations.
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 makéilibyf, and

the direct impactof 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 regulatiorand 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 maintaigitelomere sticture would aid such

research

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

3. The investigation of alternative neair es of predicting the
observed in preterm infants. This might include analySepigenetic markers,

cell cycle egulators or Nylycome analysis

4. Improvement of telomere length analysis techniques, particularly technigues in
the analys 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
observed in preterm infants. Currently #gafale 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 techniqueare extremely labour intensive

7.6 Personal perpectives 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-oékged disorders (i.e.

a decline in female reproductive potential with age, and in the pathagehege
related disease conditions associated with premature bD#gpite the credible
rationale behind each of the hypotheses tested within this thesis, it is surprisiimg that
reality, only one of these has proved corrdResults have showthat telomere

distribution ishighly organisedwithin the sperm nucleus of normal males, and is
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disrupted in infertile males. For this reason itikely that the correct packaging of
chromatin within the sperm nucleus, which includes proper organisationeof th
telomeres isnvolved in nale fertility potential. @ the other hand however, results
show thatelomere 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 gaiinetes

and embryos, and highariation in individual attrition rates in the newborn are likely

to be behind thee observationsThe exact mechanisms involved in the complex
interplay between telomere attrition and telomere maintenance, and how these
medianisms may interelate 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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