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Abstract

Interphase cytogenetics by fluorescent in situ hybridisation (FISH) involves the study 

of chromosome copy number and nuclear organisation in non-dividing nuclei. It has 

found particular utility in studies of sperm and IVF embryos but would benefit further 

from multi-target strategies to detect numerous loci in the same nucleus. The purpose 

of this thesis was to develop such strategies then apply them to study the relationship 

between aneuploidy, nuclear organisation, male infertility and human preimplantation 

embryogenesis. Specifically:

• To ask whether novel inorganic nanomaterials Quantum Dots (QDs) could be 

used for FISH in the place of organic fluorochromes. Results suggest that, in their 

current form, QDs are sub-optimal for FISH despite some successful experiments.

• To develop alternative approaches using fast hybridising oligonucleotide probes 

labelled with organic fluorochromes to assess chromosome copy number and 

nuclear organisation for each human chromosome on the same nucleus. A 24 

chromosome FISH method was successfully developed in a four layer sequential 

experiment and applied to sperm and embryos.

• To use the above approach to test the hypothesis that severely infertile 

oligoasthenoteratozoospermic (OAT) males display altered nuclear organisation 

(manifested as different nuclear address of specific loci) compared to their normal 

counterparts. Results suggested the presence of a “chromocentre” in both fertile 

and infertile men, with slight alterations of this strict organisation in some OAT 

males.

• To use the above approach to assess the level of aneuploidy in “spare” human 

preimplantation embryos following PGS. Results suggested very high levels of 

abnormality mostly associated with mosaicism, further calling into question the 

efficacy of FISH for PGS.

• To test the hypothesis that altered nuclear organisation in human preimplantation 

embryos is related to increased aneuploidy. Differences between two groups, one 

with multiple abnormalities, the other with relatively few were apparent providing 

data on nuclear organisation in individual blastomeres and whole embryos.

Insight into the relationship between chromosome abnormalities and nuclear 

organisation in sperm and embryos is provided. Applications of the methodology 

involve sperm aneuploidy screening, “follow-up” of embryos, but probably not PGS.
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1. Introduction

1.1. Interphase cytogenetics and the FISH technique

1.1.1. Development of FISH and application of interphase cytogenetics

A tentative but nonetheless accurate statement by Tjio and Levan in 1956 about the 

number of chromosomes in human cells launched in essence the field of human 

cytogenetics. The impact of determining the correct number of chromosomes found 

almost immediate application with the realisation that some human disorders result 

from changes in chromosome number or appearance (reviewed in Trask, (2002)).

The power of cytogenetics was redoubled in the late 1960s by two simultaneous 

technological advances: First, staining protocols allowing the visualisation of 

chromosome specific bands termed “the barcodes of chromosome identification” 

(Caspersson et al. 1968; Sumner et al. 1971) and second, Pardue and Gall being the 

first to show that a form of repetitive DNA (satellite) could hybridise to denatured 

chromosomes in situ on glass slides using radioactive labelled DNA probes that were 

detected by autoradiography (Pardue & Gall 1969). These early ISH (in situ 

hybridisation) attempts suffered from drawbacks (unstable nature of isotopes, low 

resolution, long exposure time, and hazards from use of radioactive materials) but 

inspired the development of new techniques (Langer et al. 1981). That is isotope 

DNA/RNA probes gave way to safer, simpler to use, fluorescent labels and the birth 

of FISH (fluorescent in situ hybridisation).

FISH provided a direct link between the microscope and DNA sequence that 

revolutionised cytogenetics by introducing “molecular cytogenetics”. It involves the 

labelling of a DNA probe with a hapten (e.g. biotin or digoxigenin) that is hybridised 

in situ to chromosome spreads or interphase nuclei. Hybridisations are subsequently 

detected by an organic fluorescent molecule that has high affinity for the hapten 

(avidin for biotin, first reported by Pinkel et al. (1986) and anti-digoxigenin for 

digoxigenin as reviewed by Ekong and Wolfe (1998)). Alternatively, the DNA probe 

can be pre-labelled with a fluorophore enabling hybridisation and detection in a single 

step (direct approach). Figure 1.1 illustrates the principles and an example of FISH.
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Figure 1.1: The principle of FISH. A probe (a) is a cloned part of the genome recognising a whole 
or a specific region of a chromosome. Probes are labelled by various means (i.e. nick translation, 
PCR). Two labelling strategies (b) are commonly used, the indirect (left panel of figure) and the 
direct (right part of figure). Indirect labelled probes are labelled with a modified nucleotide that 
contains a hapten (e.g. biotin), whereas in direct labelling the probe is labelled with a 
fluorophore. The labelled probe and target DNA are denatured (c) and allowed to reanneal for 
the probe to seek out its complement in the chromosomal DNA (d). An additional step is required 
in indirect labelling (e) to visualise the non-fluorescent hapten (i.e. antibodies or binding affinity 
molecules for the hapten with a fluorophore, avidin-Cy3.). (f) Multicolour FISH on metaphase
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chromosomes (g) INTERPHASE CYTOGENETICS by FISH, note the copy number of each 
chromosome is discernable.
Image adapted from http;//www.nature.com/scitable/nated/eontent/35120/10.1038 nrg!692- 
fl mid l.jpg whereas the FISH image has been generated by myself.

Chromosome analyses by FISH have led to marked progress in cytogenetic research, 

through advancements associated with probes (labelling with distinctive fluorophores, 

or ratios of different fluorophores for multiplexing) and optics in fluorescence 

microscopy to resolve multicolour labelling.

FISH opened up the concept of interphase cytogenetics, allowing karyotype analysis 

to occur in nuclei even of non dividing cells. Conventional cytogenetics requires cells 

to be arrested in metaphase which is not always feasible (e.g. blastomeres from 

preimplantation embryos, sperm cells or cells from solid tumours). However with 

centromeric, or locus specific probes, chromosome enumeration can occur at the 

interphase level allowing diagnosis of copy number abnormalities (Pinkel et al. 1986), 

revealing structural rearrangements (e.g. translocations and inversions) (Dauwerse et 

al. 1999) or even resolving abnormalities that can only be resolved at the interphase 

level where DNA is packaged 10,000 fold more loose (e.g. a 1Mb duplication that 

causes Charcot-Marie tooth syndrome) (Trask 2002). Furthermore interphase FISH 

allowed the determination of the relative times at which specific DNA sequences are 

replicated during the S phase of the cell cycle (Trask 2002). The focus of this thesis is 

in the interphase cytogenetics of human sperm and embryo.

FISH both interphase and metaphase is an extremely powerful diagnostic and research 

tool with a wide spectrum of applications including: gene mapping (Lichter et al. 

1993), comparative genomics (Arnold et al. 1995) nuclear architecture (Cremer et al. 

1986) preimplantation (Griffin et al. 1991) and prenatal diagnosis (Julien et al. 1986) 

amongst others. However FISH like all techniques has inherent limitations imposed 
from the use of organic fluorochromes. Prospects with regards the potential use of 

inorganic fluorochromes (Quantum Dots-QDs) for FISH applications are explored in 
the following section.

1.1.2. Prospects for inorganic nanocrystals (e.g. Quantum Dots) for FISH

Nanotechnology has hitherto been closely affiliated with engineering since 

nanomaterials became the major components of computer chips (Chan 2006). Within
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the last ten years or so there has been a growing relationship between nanoscience and 

fluorescent biological imaging (Parak et al. 2003). Applications of fluorescent 

imaging have generated a tremendous drive to develop new probes for tagging 

molecules, enabling changes in their localisation, concentration and activities to be 

documented (Jaiswal & Simon 2004). However traditionally used organic 

fluorochromes face limitations affecting imaging and multicolour detection. A novel 

class of semiconductor nanocrystals termed Quantum Dots (QDs) (Miller et al. 1986; 

Reed et al. 1986) are inorganic fluorophores that provide a promising alternative to 

their organic counterparts.

QDs are composed of a semi-conductor core such as Cadmium Selenide (CdSe), 

Indium Phosphate (InP) or Lead Selenide (PbSe) (Lipovskii et al. 1997; Invitrogen

2006). This core is coated with a second semiconductor shell (usually zinc sulphide, 

ZnS) for the purposes of improving the optical properties of the nanocrystal (Michalet 

et al. 2005; Invitrogen 2006). To improve further the utility of QDs an extra polymer 

coating is attached that serves as a site for conjugation with biomolecule moieties. 

This brings the total size of the nanocrystal to 10-20nm (a few hundred to few 

thousand atoms). Figure 1.2 provides a schematic representation of a QD-conjugate.

Core (e.g. CdSe -  
determines colour)

♦  Shell (e.g. ZnS -
improves optical properties)

Biomolecule 
(e.g. Streptavidin)

Polymer Coating 
(provides water solubility & 
sites for biomolecule conjugation)

15-30 nm

Figure 1.2: Schematic representation of a QD-conjugant. In this case the biomolecule attached is 
a streptavidin.

The core material is chosen with respect to the required emission wavelength range 

(e.g. CdS for Ultraviolet-blue, CdSe for the visible spectrum and CdTe for the far red 

and near infrared) (QuantumDotCorporation 2006). In other words, the QD
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fluorescent colour relates to its size, which is controlled during synthesis (Chan et al.

2002). Figure 1.3 illustrates this association.

Figure 1.3: The tunable size of the nanocrystals that relates to the colour it emits. Small QDs emit 
towards the blue and large QDs towards the red. Adapted from a previous publication (Bailey et 
al. 2004).

Synthesis occurs by injecting liquid precursors (dimethyl cadmium and selenium 

powder dissolved in tributylphosphione) in hot organic solvent (Trioctylphosphine 

oxide-TOPO) at temperatures reaching 300°C (Murray et al. 1993). Nanocrystals 

initiate formation immediately and the colourless starting mix becomes coloured. The 

size of the nanocrystals is adjusted by changing the amount of injected precursors and 

crystal growth time in the hot TOPO mix (Michalet et al. 2001; Parak et al. 2003). A 

variety of core shapes can be synthesized, but they require an extra shell of a high 

band gap semiconductor material, typically ZnS, to stabilise the core and increase the 

quantum yield [QY-ratio of the amount of light emitted from a sample to the amount 

of light absorbed by the sample (Fu et al. 2005)] up to 80% (Chan et al. 2002; 

Alivisatos et al. 2005). The surface layer of the ZnS shell is however hydrophobic and 

insoluble in aqueous solutions (Michalet et al. 2005).

In terms of the optical properties of QDs, they have broad excitation and narrow, 

symmetric emission spectra. The spectral width of QDs (the full width at half 

maximum is 12nm), leads to less overlap between absorption and emission spectra 

(Chan & Nie 1998). Consequently, multicolour nanocrystals of different size can be 

excited by a single wavelength (excitation source) that is shorter than their emission 

wavelength (Green 2004; Alivisatos et al. 2005; Arya et al. 2005). Such an approach 

cannot be achieved with classical organic fluorophores because they have narrow 

excitation and broad emission that often results in spectrum overlap or red tailing
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(Dabbousi et al. 1997). Figure 1.4 compares the absorption and excitation spectra of a 

QD and an organic fluorochrome.

Figure 1.4: Absorption and excitation spectra of FITC (Fluorescein isothiocyanate) and a CdSe 
QD molecule. The relative size of the two fluorochromes is also illustrated. Adapted from (Bailey 
et al. 2004).

QDs produce significantly brighter fluorescence (2-11 times) (Larson et al. 2003) 

because of the large molar extinction coefficients (10-50 times larger than organic 

fluorophores) (Gao et al. 2005). Due to their inorganic composition they are more 

resistant to photobleaching than organic fluorophores (Alivisatos 1996; Bruchez et al. 

1998; Michalet et al. 2001; Jaiswal et al. 2003; Parak et al. 2005). Additionally QDs 

have a longer fluorescence half-life than typical organic dyes (Lounis et al. 2000).

An important photophysical property of QDs is blinking, a phenomenon where the 

nanocrystals alternate between an emitting (on) and non-emitting (off) state (Michler 

et al. 2000; Pinaud et al. 2006). This behaviour has been interpreted according to an 

Auger ionisation model (Efros & Rosen 1997). Blinking affects single molecule 

detection applications by saturation of the signal. However blinking suppression 

strategies have been reported (Hohng & Ha 2004; Lee & Osborne 2009).

Synthesis of QDs renders hydrophobic nanocrystals as it occurs in non-polar organic 

solvents (Michalet et al. 2005). However, for QDs to be useful in biological 

applications they need to be soluble in aqueous buffers since all experiments 

involving cells require water soluble conditions (Parak et al. 2005; Yu et al. 2006). 

This essentially means that the surface of the QD needs to become hydrophilic. 

Several strategies have been employed to achieve this and most rely on exchanging
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the hydrophobic surfactant molecules with bifunctional molecules that are 

hydrophobic towards the ZnS shell of the nanocrystal and hydrophilic on the other 

end (Michalet et al. 2005; Parak et al. 2005).

Commonly thiols (-SH) are used as the hydrophobic anchoring parts to ZnS and 

carboxyl (-COOH) as the hydrophilic (Pathak et al. 2001; Gerion et al. 2002). 

Alternative approaches include; surface silanisation (Bruchez et al. 1998; Gerion et 

al. 2001), coating the QD surface with amphiphilic polymers (Gao et al. 2004; 

Pellegrino et al. 2004), or polysaccharides (Osaki et al. 2004), phospholipid micelles 

(Dubertret et al. 2002), non charged molecules [i.e. dithiothreitol (Pathak et al.

2001) ], dendrons (Wang et al. 2002), peptides (phytochelatin related) (Pinaud et al. 

2004) and oligomeric ligands (oligomeric phosphines OPs) (Kim & Bawendi 2003). 

The effect of surface functionalisation on the optical properties of QDs is difficult to 

predict. In general however quantum yield and decay behaviour respond to this effect 

whereas shape and spectral position of absorption and emission are hardly affected 

(Resch-Genger et al. 2008). These strategies allow QDs to be conjugated with a 

variety of biomolecules including biotin (Bruchez et al. 1998), albumin (Gao et al.

2002) , antibodies (Goldman et al. 2002a), avidin (Goldman et al. 2002b) and 

streptavidin (Wu et al. 2003; Mason et al. 2005). Covalently linked 

avidin/streptavidin QDs are very popular amongst companies (e.g. Invitrogen, Evident 

Technologies); they take advantage of the strong affinity that avidin and streptavidin 

have for biotin, and the plethora of biotinylated reagents (e.g. antibodies, DNA 

probes) available (Dahan et al. 2003).

The unique optical properties of QDs have allowed them to be used both for in vitro 

and in vivo applications. With regard to the in vitro applications QDs were used in the 

detection of the cancer marker Her2 on the surface of fixed and live cancer cells (Wu 
et al. 2003) and the identification of the erbB/HER family of transmembrane receptor 

tyrosine kinases that mediate cellular responses to epidermal growth factor (Lidke et 

al. 2004). QDs have been used as cellular markers because they can be internalised by 

cells using a receptor (Chan & Nie 1998; Zheng et al. 2006) or by non-specific 

endocytosis (Parak et al. 2002). QD cell markers have been used in cell-cell 

interaction studies by creating unique colour tags for individual cell lines (Mattheakis 

et al. 2004). In addition, QD resistance to photobleaching has enabled 3D optical
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sectioning studies of the vascular endothelium (Ferrara et al. 2006), applications in 

cell motility assays for studying actomyosin function (Mansson et al. 2004) and 

phagokinetic tracking of small epithelial cells responsible for 90% of cancers (Parak 

et al. 2002).

Similarly for in vivo applications; peptide coated QDs have been used as means to 

deliver drugs to target molecule sites after injection (Akerman et al. 2002) and to 

study the behaviour of specific cells during early stage embryogenesis in Xenopus and 

Zebrafish embryos by microinjection of micelle encapsulated QDs (Dubertret et al. 

2002; Rieger et al. 2005). Gao et al. (2004) reported in vivo cancer targeting and 

imaging using QDs that were conjugated to an antibody for human prostate cancer 

and the use of near infra-red QDs have been used as contrast agents during a surgical 

procedure to map sentinel lymph nodes in the pig and mouse (Kim et al. 2004). 

Despite the challenges for QD technology (e.g. potential cytotoxicity), cancer 

research has already made extensive use of QD applications for in vivo tumour cell 

imaging (Takeda et al. 2008; Ballou et al. 2009; Ciarlo et al. 2009; Kang et al. 2009), 

surgical oncology (Singhal et al. 2010) and metastasis detection (Mahmoud et al. 

2009).

Given the potentially much-vaunted properties of QDs, they have been proposed as an 

ideal candidate for the study of chromosomes through adaptations of FISH protocols. 

It is noteworthy however that a PubMed search using terms such as “Quantum Dots 

FISH” or “Quantum Dots Fluorescent in situ hybridisation” yields few results, of 

which only 11 are actually QD-FISH studies. For the purposes of this literature review 

I have summarised (below) the key aspects of these studies.

Initially Xiao and Barker generated biotinylated probes from total genomic DNA and 
were able to detect it using QD605; they reported much brighter signals with QDs 

compared to organic fluorochromes, while they highlighted the importance of pH 

(optimal at 6-7) with regard to the buffer used to dilute the QD streptavidin conjugant 

(Xiao & Barker 2004b; Xiao et al. 2005). Chan et al. (2005) used direct labelling 

strategy to target specific mRNAs in mouse brain sections. This study raised the issue 

of the multiple streptavidin sites on the QD molecule that could interfere with 

hybridisation efficiency. Two studies with contradictory results with the use of QDs
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in detecting plant chromosomes highlight the importance of the type of QDs used. In 

the study by Muller et al. (2006) commercially available QD streptavidin conjugates 

were used unsuccessfully, in the plant Allium Fistulosum whereas, in the work of Ma 

et al. (2008), successful results were reported with QDs in maize chromosomes due to 

a different solubilisation strategy used by the authors to reduce the steric hindrance 

effect. Similar successful results without the use of commercially available QDs were 

reported by Wu et al. (2006) in Esherichia coli and by Choi et al. (2009) in 
Drosophila.

The importance of quality control test with regard to QD batches was also reported in 

the first direct QD-FISH study by Bentolila and Weiss (2006). Using analytical grade 

QD batches for a variety of QD-streptavidin conjugates they formed QD-DNA 

complexes by incubating biotinylated oligonucleotides at various molar ratios at room 

temperature for 30 minutes. Complexes were run on an electrophoresis gel and the 

optimum molar ratio was established. At the same time this assay confirmed binding 

of the DNA to the nanoparticles because of the motility shift that is caused by the 

formation of this conjugant. These probes were used to recognise the major (y) family 

of mouse satellite DNA. The novel feature in this study was the presentation of a dual 

colour QD-FISH using QD592 and 655 against centromere associated sequences 

(satellites). Reading between the lines of this paper however, data was presented only 

from two out of the five different QDs that were tried, probably due to technical 

difficulties or hybridisation failure of the remaining constructs. Nevertheless this was 

an important breakthrough for multicolour QD-FISH. In a recent study by Muller et 

al. (2009) a combination or organic and inorganic fluorochromes were used to 

increase multiplexing and the authors report also a batch variability regarding QD- 

conjugates arguing that further progress is anticipated in from the manufacturer’s 

point of view to increase QD robustness and reliability.

Thus although QDs are promising candidates for FISH applications, the number of 

available QD-FISH studies does not reflect their potential. In Chapter 3 of this thesis, 

various attempts to incorporate QDs in FISH either through indirect or direct 

detection, with a view to benefit from their optical properties, through multiplexing, 

are reported.
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1.2. Chromosome aneuploidy in the human gametes and infertility

1.2.1. Gametogenesis - brief overview

Meiosis is the most essential stage in gamete formation for all sexually reproducing 

organisms. It is characterized by two divisions (one reductional, one equational) that 

produce diverse haploid products (the gametes). Faithful execution is essential for 

fertility, for maintaining the integrity of the genome and normal development of the 

offspring (for most recent reviewed see the following: (Handel & Schimenti 2010)).

A pre-meiotic DNA replication round generates the initial gametocytes (with diploid 

chromosomal complement -  primary spermatocyte vs. primary oocyte). During 

prophase I, homologous chromosomes pair and exchange genetic material through 

synapsis. Once this process is completed they are held together via their crossovers. 

The end of the first meiotic division separates the homologous chromosomes and 

produces secondary gametocytes (two secondary spermatocytes vs. one secondary 

oocyte and a polar body). The second meiotic division separates the sister chromatids 

and produces four haploid spermatids in males and a haploid oocyte and another polar 

body in females.

Two extremely important differences should be considered with regard to male and 

female gametogenesis. In females, meiotic prophase is arrested before birth and is 

resumed in small oocyte populations at periodic intervals after puberty (until the 

supply or primarily oocytes is depleted), whereas in males there is continuous sperm 

production during the reproductive life span.

Furthermore, the second meiotic division is also different in timing and the end 

products. In males it occurs immediately after the end of the first division, with the 

production of the haploid spermatids, whereas in females, the timing of the division is 

coordinated with ovulation and fertilisation to yield the haploid oocyte (egg). Figure 

1.5 illustrates the mammalian meiosis, incorporating the concept of gametogenesis.
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Figure 1.5: Meiosis (inner part of figure) in mammals with key features of gametogenesis. Male 
germ cells are depicted with blue and female with pink. Results of the first meiotic division are 
shown in bottom right (two secondary spermatocytes vs. one secondary oocyte and a polar body- 
yellow sphere in pink germ cell). The products of the second meiotic division are shown at the left 
of the figure with 4 spermatids (blue circles with yellow spheres) for male (that differentiate to 
spermatozoa), whereas meiosis II for females completes upon fertilisation so that the fertilised 
egg can contain the two haploid pronuclei (bottom left pink circle with blue and pink spheres). 
Adapted by (Handel & Schimenti 2010).

Thus both spermatogenesis and oogenesis are complex processes with crucial 

differences in timing and highly differentiated end products. After introducing the 

concept of aneuploidy, its incidence in both gametes is discussed before focusing on 

male infertility.

1.2.2. Aneuploidy

Aneuploidy can be defined as the presence of an extra or missing chromosome in a 

nucleus. Most aneuploid conceptuses perish in utero, making aneuploidy the leading 

cause of pregnancy loss, nevertheless some survive to term making aneuploidy also 

the most common cause of mental retardation (Hassold & Hunt 2001).

As illustrated in section 1.2.1 meiosis is the process to generate haploid gametes 

through two rounds of division. In the first division the homologous chromosomes
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align, exchange genetic material (through crossovers) and segregate to opposite poles 

whereas in the second division the sister chromatids segregate generating the haploid 

chromosomal complement. Errors in either of the divisions result in abnormal patterns 

of segregation (non-disjunction) and aneuploid gametes as shown in Figure 1.6.

Figure 1.6: Chromosome non-disjunction and resulting aneuploid patterns in the gametes, 
occurring from MI (left panel) or M il (right panel). Image from:
http://www.bio.miami.edu/~cmallery/150/mendel/c8.15xl3.nondisiunction.ipg

1.2.2.1. Aneuploidy in sperm

Early attempts to study aneuploidy in sperm were carried out by fusing human sperm 

into hamster oocyte and karyotype the condensed sperm chromosomes (Martin et al. 

1991). Cumulative data from these experiments estimates that aneuploidy in 
spermatozoa of normal controls is 1-2% (Hassold et al. 1996). However the frequency 

of structural abnormalities seems to be higher with an average of 6-7% (Martin 2008). 

With the advent of FISH technology specific probes could be generated to assess 

chromosome aneuploidy in sperm in large numbers (interphase cytogenetics). 

Distribution of aneuploidy revealed that most autosomes had a disomy frequency of

0.1%, whereas there was a significant increase for disomy 21 (0.29%), 22 and sex 

disomy (0.43%) (Martin 2006). Thus aneuploidy can occur for all chromosomes;
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however the particular susceptibility of the chromosomes 21, 22 and the sex 

chromosomes has specific etiology. These chromosomes have one crossover (21 & 22 

due to their small size) and sex chromosomes due to restricted recombination in the 

pseudoautosomal region (Martin 2005, 2006, 2008). Failure of this single chiasma 

formation would not ensure proper segregation of chromosomes to opposite poles. 

Two early reports state that reduced XY recombination was observed in paternally 

derived XXY patients (Hassold et al. 1991; Lorda-Sanchez et al. 1992). Actual 

recombination frequencies between normal and disomy sperm cells were measured 

using PCR and markers to determine frequency of recombination. A significant 

decrease was observed for the disomic sperm (Shi et al. 2001).

The aforementioned results originate from studies in normal (fertile) males. However 

with the advent of intracytoplasmic sperm injection (ICSI) (Palermo et al. 1992) 

studies in males with fertility issues could be generated to test hypotheses of higher 

rates of chromosome abnormalities.

Moosani et al. (1995) were the first to report a higher degree of chromosomal 

abnormalities in men with impaired fertility compared to controls. The general trend 

from studying males with different types of infertility (e.g. oligo-, astheno-, terato-, 

zoosperia) is that they have an increased frequency of chromosome abnormalities 

varying from 2 to 10 times higher that control males (Martin 2005). In an elaborate 

review by Tempest and Griffin (2004) interphase cytogenetics results for all 

chromosomes have been summarised (between normal and infertile males) and the 

consensus for a correlation of sperm aneuploidy and male infertility despite inter­

study differences is highlighted. Since reduced recombination has been linked with 

increased aneuploidy, the same principle could be studied for infertile males for a 

possible link between reduced recombination and infertility. Using new 
immunocytogenetic techniques that allow the analysis of recombination foci during 

prophase I in the synaptonemal complex (SC -  the protein structure that links 

chromosomes during prophase I) Sun et al. (2005) reported reduced mean frequencies 

of recombination and increased frequencies of chromosomes without any 

recombination site in infertile males. This study has prompted more to investigate the 

relationship between reduced meiotic recombination and aneuploid gametes and
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several lines point towards an association; however research in the same individuals is 

required to further establish a firm causal link (Sun et al. 2008).

Finally a handful of studies have tried to establish a link between lifestyle habits (e.g. 

smoking, caffeine consumption), and disomy frequency but no consistent association 

has been found (Shi & Martin 2000; Martin 2003, 2006). The same applies to 

geographical differences. Furthermore, evidence for a small effect of increased 

paternal age on sex chromosome aneuploidy has been reported involving 2-fold 

difference between the oldest and youngest groups (cited in Martin (2008)).

1.2.2.2. Aneuploidy in OAT (OligoAsthenoTeratozoospermia) males

A specific category of males with increased number of studies in literature are the 

OAT males. According to Pang (1999) OATs are the patients with sperm 

concentration of less than 15 million per ml, motility of less than 41%, and normal 

morphology of less than 4.4%. Pang conducted one of the first interphase cytogenetics 

studies to compare aneuploidy for 12 autosomes and the sex chromosomes in OATs 

males undergoing ICSI and controls. An increased level (up to 30-fold) of aneuploidy 

(disomy, diploidy, nullisomy) for all chromosomes was found (Pang et al. 1999) in 

OATs which contributed probably to their infertility. The trend of higher incidence of 

aneuploidy in OAT males has been observed in other studies (Bernardini et al. 1997) 

(9 OATs with higher sex chromosome disomy), (Storeng et al. 1998) (4 OATs with 

higher sex chromosome disomy), (Pfeffer et al. 1999) (10 OATs with higher 

aneuploid rates for 1, 13, 18, 21, X, Y), (Ushijima et al. 2000) (8 OATs with higher 

disomies for chromosomes 13, 21, X, Y), (Gole et al. 2001) (5 OATs with higher sex 

disomy), (Zhang & Lu 2004) (10 OATs with higher aneuploid levels for 18, X, Y). 

The largest OAT cohort study was performed recently (Durakbasi-Dursun et al. 2008) 

where 30 OATs and 10 normal controls were studied for aneuploidy in 5 

chromosomes (13, 18, 21, X, Y) using a multicolour probe set. Increased rates of 

disomy for 13, 21, XY, YY, were reported for OATs compared to controls. Also total 

aneuploidy was significantly higher in OATs (Durakbasi-Dursun et al. 2008). The 

risk that these men have when undergoing ICSI was highlighted in all of the above 

studies. Moroever, since there has been a link between sperm chromosome 

abnormalities and the embryonic complement from infertile 46,XY and 47,XYY 

males (Rodrigo et al. 2009), sperm aneuploidy screening could be used as a
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prognostic test for couples undergoing ICSI (Petit et al. 2005) and are in the high risk 

categories (e.g. oligospermic, or OAT males) (Durakbasi-Dursun et al. 2008; 

Sanchez-Castro et al. 2009). This could improve genetic counselling.

Further to the evidence of higher chromosomal abnormalities in OAT males, two 

studies implicate functional defects in spermatozoa from OAT men. Corrales et al. 

(2000) suggested abnormal distributions of glycosidase proteins (important in 

fertilisation) in OAT sperm. Liu et al. (2004) purported greater DNA fragmentation 

and mitochondrial dysfunction in OAT sperm, highlighting the importance of 

selecting good quality sperm in ICSI for oocyte injection. Finally Plastira et al. (2007) 

argue for an age effect in OAT patients contributing to DNA fragmentation, poor 

chromatin packaging as well as a decline in semen volume, morphology and motility.

From the above information it is reasonable to argue that, since a high level of 

aneuploidy is observed in OAT patients, that is linked to infertility, it seems prudent 

to examine other chromosomally-related perturbations e.g. any relationship between 

altered nuclear organisation and infertility (see Chapter 5).

1.2.2.3. Aneuploidy in oocytes

When considering aneuploidy in oocytes, there are several timepoints in the oogenesis 

process that are implicated in the genesis of aneuploidy: First, the mitotic divisions of 

the germ cells before entering meiosis which imposes the first risk of chromosomal 

errors. Then during prophase I of meiosis where chromosomes recombine and 

exchange genetic material however this process halts until puberty, where on average 

one oocyte per month completes meiosis I and proceeds to meiosis II only if a sperm 

fertilises it. Failure of chromosome segregation during MI or Mil impose further risks 

of chromosomal error (Delhanty 2005; Hassold & Hunt 2009).

The incidence of chromosome abnormalities in oocytes is around 20% with regard to 

numerical abnormalities and 1% for structural abnormalities (Martin 2008). The fact 

that oocytes remain suspended in prophase for many years is probably key to 

understanding why increased aneuploidy is related to female age (Hunt 1998). Indeed 

the association between advanced maternal age and aneuploidy was recognised almost 

80 years ago by Penrose (Hassold et al. 1996). Numerous studies have confirmed the
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association estimating that in women under 25 years about 2% of clinically 

recognised pregnancies are trisomic, (Hunt 2006) whereas this value rises to 

approximately 35% in women over 35 years (Martin 2008). With regard to the 

presence of the extra chromosome in trisomies, most studies suggest that it is the 

result of maternal meiosis errors, with MI errors being more common than Mil errors 

(Hassold et al. 2007). However recently results from specific trisomies argue for 

patterns of non-disjunction; patterns that apply to all groups of chromosomes, patterns 

for a specific group of chromosomes (e.g. trisomies for acrocentric chromosomes 

originate from MI with recombination failure), patterns for specific chromosomes 

(e.g. trisomy 16 originates from MI but with no failure of recombination) (Hassold & 

Hunt 2009). Evidence from a pioneer study by Sherman and colleagues for trisomy 21 

found that 95% originates from maternal MI errors (Freeman et al. 2007).

As with errors occurring in sperm, reduced recombination seems to be associated with 

maternally derived cases of trisomy for 15, 16, 18, 21 and the sex chromosomes. 

Reduced recombination can lead to achiasmate homologues that are prone to mis- 

segregation (Delhanty 2005; Farfalli et al. 2007; Martin 2008). Furthermore, studies 

in foetal oocytes have revealed unusual crossover configurations conferring 

chromosome specific routes to age independent or dependent non-disjunction due to 

events occurring in foetal oogenesis (Cheng et al. 2009). Recently, Hulten and 

colleagues proposed a different hypothesis on maternal age effect on trisomy 21, by 

postulating that trisomy 21 oocytes have a delayed development in the pool of 

growing follicles and could be ovulated later in life than normal oocytes. If this 

hypothesis holds true then the age effect could be happening as a result of events 

occurring before oocytes enter meiosis (Hulten et al. 2008).

On a molecular level considerable attention has focused on the cohesion protein 
Smcip and whether age dependent aneuploidy could reflect the degeneration of 

cohesion complex components either because of lack of protein turnover or due to 

insufficient synthesis of replacement proteins during oocyte growth (Hunt & Hassold 

2008).

In sections 1.2.2.1 and 1.2.2.3, an overview of aneuploidy in human gametes was 

presented and Table 1.1 summarises the incidence of chromosome abnormalities.
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Gamete Numerical
%

Most common 
aneuploidy

Structural
%

Total
%

Oocytes 20 21,22, 16 1 21
Sperm 1-2 21,22, X, Y ~7 ~9

Table 1.1: Incidence of chromosome abnormalities in the human gametes. The % of numerical 
aneuploidy in oocytes originates from studies using surplus material from women with maternal 
age ranging from 22-42 (Martin et al. 1991) or 19-46 years (Pellestor et al. 2002). Adapted from 
(Martin 2008).

1.3. Male infertility

Infertility is defined as the inability to conceive after at least a year of unprotected 

coetus, and accounts for one in six couples (15%) wishing to start a family in the 

western world (Shah et al. 2003). In a multicentre study conducted by the World 

Health Organisation (WHO) it was concluded that in 20% of infertile couples, male 

factor was the predominant cause, 38% was originating from female, whereas both 

partners contributed in the 27% of cases (Seli & Sakkas 2005).

The causes of infertility can be divided to genetic, hormonal, age, lifestyle related; a 

result of surgery, or associated with abnormalities in semen parameters (Shah et al.

2003). Genetic causes account for about 15% of male and 10% of female infertility, 

while there is a 15-20% of infertility which is unexplained (idiopathic) (Seli & Sakkas 

2005; Ferlin et al. 2007).

1.3.1. Genetic causes of male infertility (numerical & structural)

With regard to the genetic causes, they can be further subdivided to numerical, 

structural abnormalities, but also causes inducing sperm DNA damage. As discussed 

in section 1.2.2.3 most numerical autosomal anomalies originate during maternal 

meiosis I. Males with trisomy 21 are azoospermic or severely oligospermic and they 
do not reproduce due to physical and psychosocial limitations (Egozcue et al. 2000). 

The most frequent chromosome aneuploidy regarding sex chromosomes in males is 

Klinefelter syndrome (KS), present in 5% of severe oligospermic and in 10% of 

azoospermic males (Ferlin et al. 2007). The syndrome causes arrest of 

spermatogenesis at the primary spermatocyte stage although occasionally later stages 

of sperm development are possible; and exists in two forms nonmosaic (47,XXY) and 

mosaic 47,XXY/46,XY (O'Flynn O' Brien et al. 2010). The extra X chromosome
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originates in paternal meiosis I from non-disjunction of the XY bivalent (>50%), or 

from maternal meiosis I or II (40%) and post-zygotically in the remainder (Griffin & 

Finch 2005). The advent of ICSI has enabled KS patients to father children (54 

normal births from 122 KS patients) but the risk of producing offspring with 

chromosome aneuploidies is significant due to elevated disomies in their sperm 

(Ferlin et al. 2007).

Present in 1 in 1000 males is 47,XYY, with fertility ranging from normozoospermia 

to near azoospermia. The origin of the extra Y chromosome seems to be from paternal 

meiotic II non-disjunction and causes aberrant hormonal balance in the gonadal 

environment affecting normal chorionic gonadotrophin function (Shah et al. 2003).

Reciprocal translocations affect fertility by imposing a constraint mechanism to the 

meiotic process through the formation of a pairing cross between the translocated 

chromosomes. They further reduce the chances of conception by the production of 

unbalanced gametes from unbalanced disjunction of the pairing cross (Griffin & 

Finch 2005). Autosomal translocations are found 4-10 times more in infertile men 

compared to normal (O'Flynn O' Brien et al. 2010). Robertsonian translocations, 

occur when two acrocentric chromosomes fuse and can affect fertility by impairing 

gametogenesis or by producing gametes with an unbalance combination of the 

parental rearrangements (Ferlin et al. 2007). In addition the frequency of reciprocal 

carriers in oligo-, and azoospermic males is seven times higher from newborns (Ferlin 

et al. 2007). Similar to translocations, inversions (rearrangement of a chromosome 

segment, thus changing the sequence of genes), can cause infertility, by imposing 

pressure on the meiotic time machinery by the formation of a pairing loop (thus 

impeding meiosis), through reduced recombination in the pairing loop or when 

recombination occurs within the loop leading to the generation of abnormal gametes 
(Griffin & Finch 2005).

1.3.2. Y microdeletions and specific gene mutations

Other important genetic causes of infertility are associated with microdeletions in the 

long arm of Y and specific gene mutations.
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Chromosome Y is a small largely heterochromatic chromosome that has retained 

through the course of evolution important genes for spermatogenesis, plus the all 

important SRY gene which is responsible for testis development (Ellis & Affara 

2006). Yq microdeletions are observed with a prevalence of 10-15% in non­

obstructive azoospermic patients and 5-10% in severe oligospermic males (Ferlin et 

al. 2007; O'Flynn O' Brien et al. 2010). A particular area of Y is involved in deletions 

associated with infertility termed AZF (azoospermia factor), which contains vital 

genes for spermatogenesis (Shah et al. 2003). Three subregions (AZF a-b-c) comprise 

AZF and most deletions occur in areas AZFb and AZFc (Shah et al. 2003; Ferlin et al. 

2007; O'Flynn O' Brien et al. 2010) (Figure 1.7).

J L J L

AZFa AZFb AZFc

g2 r3r4 g3

B  gr/gr deletion

Q  t  bl/b3 deletion Zj <
D i i gl/g3 deletion

gr/gr duplication

E

Figure 1.7: Y chromosome illustrating AZF regions with associated genes. The enlarged part 
illustrates common microdeletions in AZFc region. Adapted from (O'Flynn O' Brien et al. 2010).

Most of the microdeletions are generated by intrachromosomal homologous 

recombination between repeated sequence blocks that are organised as palindromic 

structures (Ferlin et al. 2007; Li et al. 2008). The complete deletion of AZFc removes
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8 gene families including DAZ (involved in spermatogenesis), which is the strongest 

candidate for the azoospermic phenotype of AZFc, whereas deletions in the AZFa 

region lead to Sertoli cell-only syndrome and complete deletions of AZFb or AZfb+c 

lead to azoospermia associated with Sertoli cell-only syndrome or pre-meiotic 

spermatogenic arrest (Ferlin et al. 2007). Several studies have tried to assess the 

infertility risk of a specific partial AZFc deletion termed gr/gr and the conclusion is 

not clear as out of the 15 studies, eight have shown an association with infertility or 

testicular cancer whereas seven have failed to show a link (Ravel et al. 2009).

Overall studies of the ART outcome in patients with AZFc deletion suggest a 

tendency towards decreased fertilisation rates but not a significant change in overall 

pregnancy and delivery rates compared to controls (Seli & Sakkas 2005).

Many genes have been studied for potential links to male infertility. A few of the 

clinically important ones include the CFTR (cystic fibrosis transmembrane 

conductance regulator) gene, the androgen receptor (AR), the INSL3 (insulin like 

factor 3) and LGR8 (leucine-rich repeat containing G-protein couple receptor 8) 

(Ferlin et al. 2007). Details of other candidate genes are reviewed in (Shah et al.

2003) and more recently in (O'Flynn O' Brien et al. 2010). Table 1.2 summarises the 

roles of the aforementioned four genes in male factor infertility.

Gene Location Role in infertility Treatment for 
patients

CFTR Chromosome
7

Mutation causes CBAVD (congenital 
bilateral absence of vas difference)- 
a form of obstructive azoospermia

ICSI (as long the female 
partner does not carry 

CFTR mutation) or PGD
AR Chromosome

X
Mutation causes what is collectively 

known as AIS (androgen 
insensitivity syndrome)

Mild AIS patients-infertile, 
Mutation also implicated in case of 

cryptorchidism, gynaecomastia

Hormone replacement 
therapy

INSL3 Chromosome
19

Linked to cryptorchidism 
Also possible link to Testicular 

Dysgenesis Syndrome

Surgery (usually in 
infancy)

LGR8 Chromosome
13

Linked to cryptorchidism 
(more evidence is required though)

Surgery

Table 1.2: Common genes implicated in infertility. Table shows the location of each gene, its 
potential role in infertility and possible treatments. Table compiled using information from the 
following: (Ferlin et al. 2007; O'Flynn O' Brien et al. 2010).
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1.3.3. Sperm DNA damage and infertility

A handful of reviews argue for possible links of sperm DNA damage (in the ejaculate) 

and male infertility (Zini & Libman 2006; Aitken & De Iuliis 2007; Varghese et al. 

2008; Delbes et al. 2009).

Three major mechanisms seem to be involved in DNA damage although they are not 

mutually exclusive. These involve chromatin remodelling by topoisomerase, oxidative 

stress and abortive apoptosis (Tarozzi et al. 2007; Aitken & De Iuliis 2009).

Normally during the chromatin remodelling in sperm (histones to protamines), 

naturally occurring breaks by topoisomerase II relief the torsional stresses as DNA is 

compacted and subsequently are resealed (Tarozzi et al. 2007). Alteration to this 

machinery of break and repair can cause altered chromatin structure and residual 

breaks in the DNA of sperm (Tarozzi et al. 2007).

Sperm DNA damage has been associated with high levels of reactive oxygen species 

(ROS); detected in the semen of 25% of infertile men (Zini & Libman 2006). The 

susceptibility to ROS damage stems from the presence of unsaturated fatty acids in 

the plasma membrane, necessary for membrane fluidity which is required in the 

acrosome reaction during fertilisation (Aitken & De Iuliis 2009). The only defence 

mechanism against ROS is the antioxidant ability of the seminal plasma, and the 

sperm chromatin compactness (Tarozzi et al. 2007). However free radicals can be 

produced both by defective spermatozoa and semen leukocytes thus inducing sperm 

damage and conferring to male subfertility (Zini & Libman 2006; Tarozzi et al. 2007; 

Aitken & De Iuliis 2009). The time of damage is still under debate but it is probably 

during the epididymal maturation as that is the longer exposure time that spermatozoa 

have to ROS (Tarozzi et al. 2007).

Furthermore, sperm DNA damage has been associated with a form of selective 

apoptosis that, under normal conditions, regulates the production of abnormal sperm 

in spermatogenesis and limits the population of germ cells to a number that can be 

supported by the Sertoli cells (Zini & Libman 2006; Tarozzi et al. 2007; Varghese et 

al. 2008). Over-expression of this process could lead to oligo- or azoospermia
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whereas under-expression could give rise to abnormal sperm, which could impair 

fertilisation (Varghese et al. 2008). Using a marker for apoptosis (Fas) it was found 

that less than 10% of apoptotic sperm exist in normospermic men whereas 

approximately 60% of oligospermic men have more than 10% of apoptotic sperm 

(Varghese et al. 2008). It has also been postulated that advancing age and cancer 

therapies are associated with reduced apoptosis and increase of DNA damaged 

spermatozoa (Zini & Libman 2006; Varghese et al. 2008).

Other factors implicated in sperm DNA damage and thus affecting the integrity of the 

sperm are presented in the following table.

Factors Effect Review
Age Spermatozoa with higher % of 

DNA damage in men older than 37 
years

Aitken & De Iuliis (2007)

Obesity Reduce quality of the semen Varghese et al.(2008)
Smoking Decrease in sperm counts, motility 

and increase in DNA damage
Zini & Libman (2006) 
Calogero et al.{2009)

Cancer treatment Impair spermatogenesis Zini & Libman (2006)
Environmental 
(air pollution, 

pesticides)

Increase sperm DNA damage Zini & Libman (2006) 
Aitken & De Iuliis (2007) 

Varghese et al.(2008) 
Barratt et a/.(2010)

Table 1.3: Other factors implicated in sperm DNA damage and reviews where they are discussed.

The emerging message from clinical studies with regard to sperm DNA damage is it 

has a detrimental effect on reproductive outcomes (lower IntraUterine Insemination 

pregnancy rates, higher pregnancy loss following IVF/ICSI) and that infertile men 

possess substantially more spermatozoa with DNA damage (Zini & Libman 2006; 

Barratt et al. 2010). Further examination is required to fully define the impact of 

sperm damage on reproductive outcomes and similarly to provide more information 
on the aetiology of infertility to be able to develop new treatments designed to help 

individuals with fertility problems.
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1.4. The cytogenetics of human preimplantation development and 

ARTs (Assisted Reproduction Techniques)

1.4.1. Background

New life begins with the union of the haploid sperm and egg during fertilisation 

leading to the formation of the diploid zygote. The single cell zygote undergoes 

mitotic divisions (cleavage divisions) and forms a differentiated population of cells at 

the blastocyst stage: The inner cell mass (ICM) that will give further rise to the foetus, 

and the trophectoderm (TE) that will form the placenta. Parturition at full term occurs 

after 40 weeks of ovulation (Figure 1.8).

Fertilization

Parturition 
(35-40 wk after ovulation)

Early blasocyst 
(4 -5  d after ovulation)

Implantation
(6 -8  d after ovulation)

Initiation and formation 
of functional placenta 
(13 d -10  wk after ovulation)

/
Continued placental 
and fetal growth

Figure 1.8: The timeline of in vivo fertilisation in humans. Adapted from (Dey 2010).

Human fertilisation however is relatively inefficient since around 30% of pregnancies 

result in spontaneous losses. In addition despite the growing of the human population 

(projected to be 9 billion by 2050), 15% of couples worldwide are childless because 

of infertility (Dey 2010). However with the advent of assisted reproduction techniques 

(ARTs) couples facing problems conceiving naturally are able to start a family. 

Central to this has been IVF, pioneered by Steptoe and Edwards; the 25th July of 2010
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marked the 32nd birthday of the first IVF baby Louise Brown at Oldham General 

Hospital (Steptoe & Edwards 1978). Since then an exponential increase in the number 

of IVF cycles has occurred (4,308 in 1985 vs. 46,829 in 2007-987% increase -  HFEA 

published data) leading to 11,091 successful births in 2007 alone, only in the UK 

(HFEA) and more than 3 million around the world (1978-2006 -  data from ivf.net).

1.4.2. IVF (In vitro Fertilisation)

The IVF procedure can be divided to 3 phases. First, through the use of a hormone 

(FSH-Follicle Stimulating Hormone) there is hyper-stimulation of the ovaries in order 

to produce a large number of eggs. During this treatment (could be up to 12 days) the 

progress is monitored using vaginal ultrasound scans and blood tests. The second 

phase is the collection of the eggs by ultrasound guidance under sedation and the use 

of a needle. The eggs are then mixed with the partner’s sperm in vitro and allowed to 

develop for 16-20 hours. In the third phase, eggs that have been fertilised (embryos) 

are removed from the culture medium and those that fit certain criteria (as determined 

by the embryologist) are transferred back to the uterus (number depends on maternal 

age) in the hope of establishing a pregnancy. Remaining embryos may be frozen to be 

used in another IVF cycle if suitable. The first published guidelines for IVF practise 

were published by Giannaroli et al. (2000) and an update was 

recently issued by Magli et al. (2008). Figure 1.9 illustrates the procedure of IVF.

Egg collection

Sperm Egg
/  \

V<*

Ovary
Embryo

Uterus

Figure 1.9: IVF procedure from egg collection to embryo transfer. Adapted from
http://www.babble.com/CS/blogs/strollerderbv/ivf.gif
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1.4.3. ICSI (IntraCytoplasmic Sperm Injection)

ICSI was developed in Belgium by Palermo et al. (1992). It involves the injection of a 

single sperm into an egg (that has produced through IVF) using a micropipette 1/14 of 

the size of a human hair (Sutcliffe 2000). Sperm can be either obtained from the 

ejaculate or after aspiration from the testis or epididymis. Figure 1.10 illustrates the 

concept of ICSI.

Figure 1.10: The procedure of ICSI using a real case (left) and a cartoon representation (right). 
Adapted from http://www.vermesh.com/images/art 03.jpg and
http://www.paciticfertilitycenter.com/images/lab icsi process fig3.gif

The growing number of babies born after the combined use of IVF/ICSI is presented 

in the following figure. In 2006 only in the UK 12,589 births from IVF/ICSI have 

been reported accounting for 1.5% of the babies born in the UK each year, whereas 

the worldwide estimate is 2 million (HFEA published data up to 2006).
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Year treatment cycle started

Figure 1.11: The number of births from 1992 to 2006 following IVF and ICSI treatments. 
Adapted from http://www.hfea.gov.Uk/2588.html#3042

ICSI is recommended to men with impaired semen parameters. The World Health 

Organisation (WHO) published in 1992 a set of guidelines for the classification of 

normal semen parameters, and Table 1.4 shows what is considered to be normal 
values.

Semen Parameter Normal Value
Volume 2.0 ml of more

pH 7.2-7.8
Concentration 20xl0(7ml

Total count 40x 1 Ob/ml
Motility 50% or more with forward progression

Morphology 30% or more with normal morphology
Vitality 75% or more live

White blood cells Less than lx l06/ml
Table 1.4: Normal semen parameter classification based on the WHO criteria. Information has 
been adapted from: http://www.gfmer.ch/Endo/Lectures 09/semen analysis.htm

Based on the above criteria men with impaired semen parameters can be classified 

into one of the following categories (Table 1.5).
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Category Definition
Normozoospermia All parameters (Table 1.4) with normal values

Aspermia No ejaculate
Asthenozoospermia Less than 50% with forward progression

Azoospermia No spermatozoa in the ejaculate
Oligoasthenoteratozoospermia <20xl0b/ml, <50% motile, <30% normal 

morphology
Oligozoospermia Concentration less than 20x 10b/ml
Teratozoospermia Less than 50% sperm with normal morphology

Table 1.5: Classification of semen parameters. Adapted information from
http://www.gfmer.ch/Endo/Lectures 09/semen analysis.htm

Despite the benefits from the use of ICSI in severe male infertility cases, concerns 

have been raised due to the possible high risk of chromosomal aneuploidies from 

paternal origin as natural selection is bypassed using ICSI. These concerns have been 

confirmed by reports highlighting higher incidence of sex chromosomal aneuploidies 

and structural de novo chromosomal abnormalities in children conceived after ICSI 

compared to normal population (Durakbasi-Dursun et al. 2008).

1.4.4. Preimplantation genetic diagnosis (PGD) techniques

The discovery of Down syndrome caused by a chromosomal defect sparked a close 

association between cytogenetics and the emerging new discipline of medical genetics 

during 1960s with the introduction of prenatal diagnosis performed for chromosome 

abnormalities and metabolic disorders (Ferguson-Smith 2008). Currently the two 

mainstream prenatal techniques are amniocentesis and chorionic villus sampling 

(CVS). These are both invasive procedures, offered to couples with a high risk of 

transmitting a genetic disorder and the probability of miscarriage following 

amniocentesis is around 0.5%, whereas for CVS is 1-2% (Wells & Delhanty 2001). 

Despite the technical difficulties that prenatal diagnosis techniques face, there are also 

emotional and ethical questions if an unfavourable diagnosis is made, as the 
prospective parents have to make a decision where to terminate pregnancy.

The alternative is offered by PGD, a method used to provide a genetic diagnosis in 

embryos or oocytes generated by IVF before a pregnancy has been established. Thus 

it enables identification and transfer of only unaffected embryos without the need to 

terminate a pregnancy (Kanavakis & Traeger-Synodinos 2002). PGD is offered to
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patients that are at a high risk of transmitting a genetic disorder or in couples where 

the female is of advance maternal age (>36), or couples with recurrent miscarriages 

(RM), repeated implantation failure (RIF) (Munne 2003; Thornhill et al. 2005).

Patients requiring PGD undergo IVF first so that many embryos can be generated, 

thus increasing the chances to identify a disease free embryo. Three days post­

fertilisation one or two cells (blastomeres) are biopsied from the 8-cell stage and are 

either placed in a tube so that PCR can be applied to test for monogenic disorders (e.g. 

Cystic Fibrosis) or are fixed on a glass slide and FISH is performed to detect copy 

number or structural abnormalities. Figure 1.12 illustrates the principle of PGD.

Figure 1.12: The principle behind PGD. A cell is removed at the 8-cell stage post fertilisation (left 
panel) and FISH (top middle) or PCR (top bottom) is performed to provide a diagnosis. 
Unaffected embryos are transferred back to the uterus (right panel) with the hope to establish a 
pregnancy. Adapted from (Braude 2006; Geraedts & De Wert 2009).

The first application of PGD using PCR was performed by Handyside et al. (1990) 

who applied sex selection in two couples with a risk of transmitting X-linked disorder, 

whereas the first interphase cytogenetics application of PGD was performed by 

Griffin et al. (1993) similarly to prevent risk of X-linked disorder. Further uses of 

PGD include; detection of monogenic disorders (e.g. Cystic Fibrosis), stem cell 

transplantation (HLA matching), mitochondrial disorders, translocations, numerical 

chromosome abnormalities (Geraedts & De Wert 2009) and social sexing at least in 

some countries (Egozcue 1993).
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Other possible sources of genetic material for PGD testing are the first and second 

polar bodies (however this provides only information from the maternal side) and 

cells from the blastocyst stage on day 5 post-insemination. A drawback here is that 

less than 40% of embryos survive in vitro to this stage and time constraints as 

embryos need to be transferred no later than day 6 (Geraedts & De Wert 2009). If 

analysis does not occur within this point then embryos need to be cryopreserved so 

that they can be used in a subsequent cycle. However freezing and thawing reduces 

significantly the chance for a successful pregnancy (Geraedts & De Wert 2009). The 

newly developed vitrification techniques could help overcoming this issue (Loutradi 

et al. 2008; Rezazadeh Valojerdi et al. 2009; Zhang et al. 2009). Furthermore, 

blastocyst biopsy receives more attention as the optimal stage for diagnosis due to the 

self-correction of aneuploid or mosaic embryos that seems to be happening in that 

stage of development (Barbash-Hazan et al. 2008).

To organise and collate the data from PGD in 1997 the European Society of Human 

Reproduction (ESHRE) PGD consortium was formed and since 1999 nine data 

collections with regard to PGD have been published. From this data it is clear that 

most PGD techniques have been performed to study chromosome aneuploidies or 

PGS (Preimplantation Genetic Screening) in preimplantation embryos. Figure 1.13 

presents the evolution of PGD treatments. The latest data (2008) presented in this 

year’s ESHRE meeting (Rome), showed that PGS still dominates the world of PGD 

with 60% of all cycles (Harper et al. 2010b).
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Figure 1.13: Summary of PGD treatments in the 9 reports by the ESHRE PGD consortium. 
Adapted from (Geraedts & De Wert 2009).

Thus PGS is considered in the next section, in the context of the recent debate as to 

whether it helps improving pregnancy rates.

1.4.5. PGS (Preimplantation Genetic Screening) and controversy

The main rationale for PGS is to increase the chance of a healthy pregnancy in sub- 

fertile patients undergoing IVF by screening for chromosome abnormalities. This is 

based on the fact that patients undergoing IVF with poor prognosis generate embryos 

with a high incidence of numerical abnormalities (60-70%) (Donoso et al. 2007). 

Thus if abnormal embryos can be identified and excluded and normal ones can be 

selected for embryo transfer, an improved pregnancy outcome should be expected at 

least in women with a high risk of chromosome aneuploidy (Fritz 2008).

The main indications for PGS are advance maternal age (AMA -  over 37 or 38 years), 
repeated implantation failure (RIF -  3 or more failed implantation attempts), repeated 

miscarriage (RM -  at least 3 attempts in normal karyotype patients) or severe male 

factor (SMF -  abnormal semen parameters) (Munne 2003; Donoso et al. 2007; Harper 

et al. 2010a).

PGS enables the assessment of the numerical chromosome copy number in cleavage 

stage embryos through the use of interphase cytogenetics. Although karyotype

■  PG S
□  social sexing
□  sexing for X-linked disorders
■  chromosomal abnormalities
■  monoqenic disease
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analysis of banded chromosomes would be ideal, cells would have to be arrested in 

metaphase and this is time consuming, has a low success rate and could lead to 

chromosome loss and thus misdiagnosis. Therefore interphase FISH in blastomeres 

has been the technique of choice because multiple chromosome specific probes can be 

labelled with different fluorochromes and used in the diagnosis of interphase nuclei 

(Griffin 1994; Handyside & Delhanty 1997).

The selection of probes predominantly used in the clinics is based on the incidence of 

chromosome abnormalities in spontaneous abortions and live births. Chromosomes 

13, 15, 16, 18, 21, 22, X and Y are the most widely used, enabling the detection of an 

estimated 72% of abnormalities found in spontaneous abortions (Donoso et al. 2007).

Over the years, PGS has become very popular with 75% of the PGD related 

procedures in the USA being PGS and 65% in Europe (Hernandez 2009). In the most 

recent ESHRE PGD consortium report this steady increase has been highlighted with 

3,900 cycles in 2007 alone compared to 116 in 1997-98 (Goossens et al. 2009).

Early studies using PGS reported an increase in implantation rates and at the same 

time, a reduction in trisomic offspring and spontaneous abortions (Munne 2003; 

Harper et al. 2008). However criticisms of these early reports focus on the fact that 

they were non-randomised, had poor experimental design, inadequate control groups 

few or no reports on delivery rates and relatively small patient numbers (Harper et al. 

2008). The first randomised controlled trial (RCT) that cast some doubts on the 

efficacy of PGS was by Staessen et al. (2004) where no difference in embryo 

implantation and pregnancy rates was reported between control and PGS patients.

However the RCT study that initiated a huge debate with regard to the efficacy of 

PGS was published by Mastenbroek et al. (2007). The authors reported a significant 

decrease in pregnancy rates and live births following PGS in women of advanced 

maternal age. The study was however criticised (Cohen & Grifo 2007; Handyside & 

Thornhill 2007; Munne et al. 2007b; Munne et al. 2007c; Wilton 2007; Simpson 

2008; Sermondade & Mandelbaum 2009) on many levels. First the biopsy procedure 

and the high rate of biopsy failure (3%) was criticised. For instance, the large 

percentage of undiagnosed embryos (20%) that were used for transfer, resulted in 6%
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implantation in patients compared to 14% in the control group, showing a potentially 

detrimental effect of the biopsy itself (Cohen & Grifo 2007; Munne et al. 2007b; 

Wilton 2007; Simpson 2008). The need for safer biopsy was also underlined by 

Handyside and Thornhill (2007). Furthermore the number of embryos per patient 

seemed to be low judging from the average number of biopsied cells (4.8) indicating 

that many patients must have had 2 or 3 embryos, which is much smaller from the 

minimum number of embryos for biopsy (6-8) required to detect any increase in live 

birth rates after PGS (Munne et al. 2007c). Finally the exclusion of probes for 

chromosomes 15 and 22 in embryo selection (that account for 10% of abnormalities 

in human IVF embryos) was another reason for criticism (Munne et al. 2007b). This 

study prompted more RCTs (Chiamchanya et al. 2008; Hardarson et al. 2008; Jansen 

et al. 2008; Mersereau et al. 2008; Staessen et al. 2008; Twisk et al. 2008; Debrock et 

al. 2009; Garrisi et al. 2009; Schoolcraft et al. 2009b) and the following table 

summarises the general result from each them.

Study Sample Referral reason Outcome
Jansen et al. 

(2008)
Blastocysts Young infertile 

women (median 33.5 
years)

Study was terminated 
prematurely when no PGS 

advantage was shown
Twisk et al. 

(2008)
Blastomeres AMA (35-41 years) No benefit of PGS over 

standard IVF/ICSI
Mersereau et 

al.
(2008)

Blastomeres Young infertile 
patients (average 35.2 

years)

No statistically significant 
advantage of PGS, however 

slight improvement of live birth
rates

Hardarson et 
al.

(2008)

Blastomeres AMA (>38 years) Significantly lower clinical 
pregnancy rates with PGS-study 

stopped prematurely
Staessen et al. 

(2008)
Blastomeres Infertile females <36 

years
No difference in delivery rates 

between controls and PGS 
group

Debrock et al. 
(2009)

Blastomeres AMA (>35 years) No difference between controls 
and PGS group

Chiamchanya 
et al.(2008)

Blastomeres Two age subgroups 
32-39 years vs. over 
40 years (for both 

partners)

No control group used. PGS 
pregnancy rate was associated 

with high abortion rate.

Schoolcraft et 
al.(2009b)

Blastomeres AMA (>38 years) No improvement with PGS in 
pregnancy rates, trend towards 

decrease of spontaneous 
abortion in patients

Garrisi et al. 
(2009)

Blastomeres RPL (>35 years) Improved pregnancy outcome 
with PGS

Table 1.6: Summary of RCT studies with regard to PGS after the RCT from Mastenbroek et al. 
(2007). Note: AM A (Advanced Maternal Age), RPL (Recurrent Pregnancy Loss).
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Thus from Table 1.6 it is clear that according to the current RCT data there is no 

evidence for a benefit of PGS and this statement was confirmed by a meta-analysis 

study of the RCTs. That is Checa et al. (2009) concluded that, in women with poor 

prognosis or undergoing IVF, aneuploidy screening by PGS is associated with lower 

pregnancy and live birth rates.

There are several reasons as to why PGS has failed to show a positive outcome in the 

RCTs that have been performed. They can be categorised as either technical or 

biological. It is understandable that, because PGS is an invasive technique, biopsy is a 

key feature. Technically experienced embryologists should be able to perform biopsy 

of a cell in less than a minute when the embryos are in the biopsy dishes. Extended 

times of biopsy should be avoided (Cohen et al. 2009). A report on children born after 

blastomere biopsy suggests no added risk factors from biopsy compared to IVF/ICSI 

children without embryo biopsy (Liebaers et al. 2009). Furthermore, another 

important element associated with biopsy is the culture medium used. Beyer et al. 

(2009) found that, as a result of culture medium change improved PGS success rates 

could be observed in patients aged less than 40 years. The more complex medium 

contained components to help embryo osmoregulation and maintain its homeostasis 

and the authors argue that these compounds could mitigate some of the metabolic 

stress caused by the abscence of calcium and magnesium in the biopsy medium 

(Beyer et al. 2009). Although more studies are clearly required to further validate 

these statements, they highlight the importance of technical skills required for embryo 

biopsy, culture selection and fixation.

Once the biopsy has been performed the blastomere has to be fixed on a glass slide 

before analysis by interphase cytogenetics can occur. Two methods exist in order to 

prepare the blastomere, Tween:HCl and fixation using methanokacetic acid. Both 

methods require a high degree of expertise and if performed poorly can result in 

difficulties when diagnosing with FISH (“not real” signals, or dirt) (Wilton et al. 

2009). In a recent review it was argued that methanol:acetic acid method enables 

better blastomere fixation, with subsequently less overlapping FISH signals and fewer 

errors than by other methods (Cohen et al. 2009).
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FISH, like any laboratory technique faces a number of limitations. First the number of 

available fluorochromes that are within the visible spectrum is limited; also 

hybridisation can be subject to failure if the target DNA is inappropriately prepared or 

not fully denatured. In addition some probes (or fluorescent dyes) can demonstrate 

cross-hybridisation to sites on other chromosomes (or filters if it is a fluorescent dye) 

so it is essential for this information to be documented (Wilton et al. 2009) and prior 

validation of probes should be performed to record any undesired properties such as 

cross hybridisation. Also in cases where multicolour probes are used, it is important to 

analyse each signal under a dedicated filter to be able to distinguish overlapping from 

true signals. Overlapping signals can be a source of misdiagnosis especially for 

monosomies but this applies more to ratio labelled probes, rather than probes with 

individual fluorochromes per chromosomes (Donoso et al. 2007; Cohen et al. 2009; 

Wilton et al. 2009). Another difficulty, and source of misdiagnosis associated with 

FISH, is the interpretation of adjacent signals that are labelled with the same 

fluorochrome. Chromosome target DNA can alter its conformation leading to a “split 

signal” and it is occasionally difficult to differentiate between a split signal 

representing one copy of a chromosome and two signals representing two copies for 

that chromosome (Wilton et al. 2009). One possible solution is the introduction of a 

criterion in which separate signals need to be one signal’s diameter apart (Wilton et 

al. 2009). In addition, poor quality embryos have a higher probability of having 

degenerate interphase chromatin, apoptotic cells or cytoplasm that can interfere with 

FISH signals (Uher et al. 2009).

Despite the aforementioned technical difficulties regarding PGS the most important 

factor that could be responsible for the missing efficacy of PGS seems to be that of 

chromosome mosaicism.

The presence of mosaicism at cleavage stage embryos on day 3 has been reported to 

be as high as 57% (Donoso et al. 2007). These embryos are the consequence of 

mitotic errors post-zygotically and a major source of misdiagnosis in PGS, especially 

if one blastomere is analysed only (and gives an abnormal result), as it may not be 

representative of the remaining embryo (Donoso et al. 2007; Fauser 2008; Fritz 2008; 

Hernandez 2009). The high percentage of mosaicism in the 8-cell stage is reduced to 

30% in miscarriages, 20% in still births and 0.3% in newborns, indicating that during
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the process of development the embryo undergoes self-correction mechanisms based 

on cell cycle checkpoint control and apoptosis (Hernandez 2009). These mechanisms 

have been documented in the blastocyst stage but not during the early cleavage stage 

(Los et al. 2004; Hernandez 2009). This has been one of the reasons for arguing in 

favour of blastocyst biopsy, rather than cleavage stage biopsy and recently a 

pregnancy following trophectoderm biopsy has been reported (Krieg et al. 2009).

Despite the above disadvantages of PGS, there are still certain advantages. The 

identification of aneuploid embryos that are not transferred prevents high risk patients 

from having a miscarriage or a viable abnormal pregnancy. The same applies to 

trisomic conceptions and thus it helps patients with high frequency of aneuploid 

embryos to choose alternative options (e.g. donor gametes) to achieve a pregnancy 

(Harper et al. 2008).

Also studies that have followed the birth of children from PGS have shown similar 

prenatal and postnatal growth and health outcome in the first two years of life 

compared to ICS I children (Desmyttere et al. 2009). Recently a study examined the 

effect of PGS on neurodevelopmental outcome in children. The sample size was small 

nevertheless the conclusion was that PGS is not associated with a less favourable 

neurological outcome (Middelburg et al. 2010). With regard to the future of PGS, the 

investigation of new technologies (array based) alternative biopsy timing (polar body 

or blastocyst) and complete chromosome screening are the major goals. A multicentre 

RCT using polar body biopsy and array CGH has been proposed by the ESHRE PGD 

consortium for AM A patients and is underway (Geraedts et al. 2009; Harper et al. 

2010a). Initial results are encouraging (Fragouli et al. 2009; Schoolcraft et al. 2009a). 

Recently a novel diagnostic test (Karyomapping) that uses state of the art SNP (single 

nucleotide polymorphism) technology provides great promise to unify all PGD 
diagnostic tests (monogenic disorders, copy number variants) in a single platform 

(Handyside et al. 2009).

1.4.6. PGS and Interphase Cytogenetics

As seen in section 1.4.5, FISH for interphase cytogenetics has been used widely in the 

screening of embryos for aneuploidy. This usually involved the use of 9 probes in a 

two layer experiment (Thornhill et al. 2005). Screening for more chromosomes could
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provide a more comprehensive diagnosis in the detection of aneuploid embryos and 

provide both a clinical and a research benefit. Baart and colleagues showed the added 

value of aneuploidy detection by screening for 15 chromosomes in cryopreserved day 

4 and 5 embryos using three rounds of hybridisation (Baart et al. 2007). They used a 

mix of centromeric and locus specific probes in the first and third round, whereas the 

second layer comprised of centromeric probes only. They suggested that investigating 

6 extra chromosomes allowed them to detect mainly chromosome aberrations of 

mitotic origin leading to a higher percentage of mosaic embryos (Baart et al. 2007). In 

another study with research interest FISH was used to diagnose whole embryos and 

compare the diagnosis with the single cell embryos from day 3 that were found 

abnormal and thus were not transferred (DeUgarte et al. 2008). Out of 198 abnormal 

embryos 164 were confirmed when the whole embryo was analysed by FISH giving a 

positive predictive value of 83% signifying that 17% of embryos are misdiagnosed as 

abnormal on day 3 when they are in fact normal (DeUgarte et al. 2008). This could be 

very interesting as it would provide another means of confirming the high level of 

mosaicism in cleavage stage embryos and thus provide insight into how representative 

is the single cell with regard to the whole embryo. In this regard, a hitherto 

undemonstrated 24 chromosome FISH-based interphase cytogenetics screen would be 

of incredible value and this is one of the aims of this thesis (see Chapters 4 and 6).

Another study that showed the potential for increased number of chromosome 

screening was by Colls et al. (2009). Using three rounds of hybridisation and a mix of 

centromeric and telomeric probes in the last round, they screened for 12 chromosomes 

and they found that embryos diagnosed as normal for the initial chromosome panel (9 

chromosomes) had extra abnormalities that would not have been found without 

extended screening. They postulate however that due to the use of telomeric probes to 

the end and suboptimal conditions, the error rate was slightly higher from the 

percentage found for the 9 chromosomes alone (Colls et al. 2009). Thus the extended 

screening can be important in revealing other “non-common” abnormalities found in 

preimplantation embryos.

In the most recent study a 12-chromosome screen was used in blastocysts to compare 

screening efficiency between FISH and CGH, aCGH and SNP microarrays (Munne et 

al. 2010). Using a 10 and 12 probe panel the efficiency of detecting aneuploid
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blastocysts was 89 and 91% respectively compared to the 100% (in theory) that the 

comprehensive chromosome screen allows. However these methods have other 

drawbacks as high cost (double from FISH) and require blastocyst freezing to provide 

a diagnosis (Munne et al. 2010). Hence improved FISH tests can be tailored to 

different subgroups of patients and be price competitive with SNP arrays and CGH, 

although these techniques will eventually substitute interphase cytogenetics as the 

method of choice for PGD once technical optimisation is achieved and reagents drop 

significantly (Munne et al. 2010).

Thus although in terms of PGD, FISH will, most likely be eventually replaced in the 

future, research-wise it is still a valid cytogenetic tool. Using a complete chromosome 

screen in preimplantation embryos it would be possible to gain insight into the types 

of abnormalities occurring (e.g. monosomies, trisomies), the level of mosaicism from 

analysis of all chromosomes, and the relationship between nuclear organisation and 

chromosome abnormalities.

1.4.7. The future of PGD and Cytogenetics

Since its first application in 1993 for PGD by Griffin et al. (1993) to prevent X-linked 

disorders FISH has been a valuable diagnostic tool for almost 20 years. The limits 

imposed by the current number of chromosomes tested, the number of available 

fluorophores and the biology behind the current diagnosis platform (i.e. blastomere, 

mosaicism) are some of the reasons that the future of PGD (and PGS) are moving 

towards higher resolution techniques like array CGH.

Array CGH (aCGH) essentially scans the genome for gains or losses of chromosomal 

material through comparative hybridisation of a patient (usually labelled in green) 

DNA and a control DNA (usually labelled in red) into a selected set of pre-spotted 

genomic fragments (array). If the intensities of red and green are the same for one 

spot, then this region of the patient DNA is interpreted as normal or balanced. If the 

intensity of green has reached a threshold then duplication (gain) for that part of the 

patient DNA is suspected or inversely a deletion (loss) when the red has reached an 

appropriate threshold (de Ravel et al. 2007). With the advent of whole genome 

amplification technology (WGA), aCGH can be applicable to low quantities of DNA
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reaching the single cell level and used in detecting chromosome copy number and 

also copy number variations (CNVs).

However the future holds another challenge, to be able to have a single test that would 

allow detection of single gene disorders, copy number variants and the incidence and 

origin of chromosomal abnormalities simultaneously. A new diagnostic test currently 

receiving great attention is Karyomapping (Handyside et al. 2009). Karyomapping 

uses SNP genotype analysis (300,000 SNPs) of parents and offspring and allows the 

mapping of crossovers between parental haplotypes and the construction of a 

“Karyomap” which identifies the independent segregation patterns of parental 

chromosomes and also the recombination patterns. Hence at the same time 

information regarding a gene disorder, chromosome abnormalities (structural, 

numerical) and aneuploidy can be offered simultaneously through analysis of 

informative SNPs. Figure 1.14 shows the progress from low resolution to high 

resolution diagnostics.
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Figure 1.14: The progress in single cell diagnostics. At the top a blastomere from PGS with FISH 
showing monosomy for chromosome 13 (1 red signal). Information about copy number is offered 
for 5 chromosomes (5 different fluorophores). aCGH data analysis (middle) for all chromosomes 
showing a loss for chromosome 13 (red circle). A karyomap output (bottom) from 5 blastomeres 
for chromosome 13. Aneuploidy information (e.g. Monosomy 13-embryo 2, Trisomy 13-embryos 
3 and 4) origin of aneuploidy (e.g. Maternal-Biopsy 2, Paternal-Biopsy 3, 4) can be deduced 
immediately Karyomaps like that are produced for all chromosomes providing a complete 
diagnosis. Adapted from (de Ravel et al. 2007) for the aCGH data and (Handyside et al. 2009) for 
Karyomap data.

Page 39 of 228



D. Ioannou Introduction

1.4.8. Aneuploidy in human preimplantation embryos

Embryo development begins at fertilisation, which triggers completion of Mil in the 

oocyte and subsequent fusion of male and female pronuclei in the zygote. Paternal 

and maternal genomes replicate and the zygote undergoes mitotic divisions (cleavage) 

until the fourth day when it compacts to form the morula and begins to differentiate 

with the formation of the trophectoderm and inner cell mass of the blastocyst 
(Ambartsumyan & Clark 2008).

The incidence of chromosomal abnormalities is approximately 0.6% in newborns, 6% 

in stillbirths and 60% in spontaneous abortions (Martin 2008). Most abnormalities are 

lethal and do not survive to term, however certain chromosomal abnormalities do 

survive and the following table shows the major numerical abnormalities and 

incidence per 10,000 births.

Syndrome Abnormality Incidence per 
10,000 births

Lifespan of 
affected individual

Down Trisomy 21 15 40
Edward Trisomy 18 3 <1
Patau Trisomy 13 2 <1

Turner Monosomy X 2 (female births) 30-40
Klinefelter XXY 10 (male births) Normal

XXX XXX 10 (female births) Normal
XXY XYY 10 (male births) Normal

Table 1.7: Major copy number abnormalities that survive to term. Adapted from 
http://aenome.wellcome.ac.uk/doc wtd020854.html

With the advent of in vitro fertilisation (IVF) and interphase cytogenetics in 

determining copy number of individual chromosomes in a PGD setting, it was 

possible to study the aneuploidy rates at this early stage of development (early studies 

reviewed by Griffin (1996)). Munné et al. (2004) analysed 2000 embryos using 

probes for 14 chromosomes and found that the most frequently involved 

chromosomes in aneuploidy were 22, 16, 21 and 15, whereas the least involved were 

14, X, Y. They also reported higher rates of monosomy rather than trisomy. Another 

important finding from studies in embryos is that the predominant type of mosaicism 

affecting preimplantation embryos is the diploid aneuploid type arising from one of 

the first three division (probably first or second) (Delhanty et al. 1997; Daphnis et al. 

2005). In a recent study by Daphnis et al. (2008), embryos were compared to
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investigate the evolution of chromosome abnormalities between the cleavage and 

blastocyst stages The drawn conclusion was that a normal blastomere on day 3 is 

more likely to give rise to blastomeres with the correct chromosome complement on 

day 5, whereas an abnormal cell on day 3 suggests for a poor outcome on day 5.

To summarise the above, three trends seem applicable for aneuploidy in human 

preimplantation embryos (Munne et al. 2007a):

1. Aneuploidy increases in cleavage stage embryos with maternal age, 

irrespective of embryo morphology.

2. Post meiotic abnormalities (mosaicism, polyploidy, haploidy) increase 

with decreasing embryo development and increase dysmorphism.

3. Post meiotic abnormalities are the most frequent type of abnormalities.

On a molecular level a model for maintaining genomic integrity of preimplantation 

embryos suggest that human embryos inherit an elevated level of mitotic and cell 

cycle proteins from the oocyte to ensure that these factors are enough during cleavage 

stage (Ambartsumyan & Clark 2008). When these factors are limited and aneuploidy 

occurs the cell cycle checkpoint is not activated. The result of this is the accumulation 

of aneuploid cells. Upon lineage differentiation the cell cycle and mitotic checkpoint 

resume and severely aneuploid cells are eliminated. The outcome of this mechanism 

would be translated as spontaneous abortion or birth defects. However if aneuploid 

cells are completely removed upon differentiation then a possible euploid embryo 

might develop (Ambartsumyan & Clark 2008).

A 24 chromosome screen for human embryos would allow a number of these 

investigations to be taken a step further and address the issues of aneuploidy on a 

chromosome by chromosome basis. Moreover, it would allow the study of a hitherto 

under-explored area in preimplantation genetics -  that of nuclear architecture (or 

nuclear organisation) which is commonly assayed by determing the nuclear address of 

FISH signals in interphase nuclei.
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1.5. Interphase cytogenetics and nuclear architecture

The nucleus is a highly complex and compartmentalised organelle that accommodates 

a wide spectrum of actions, such as genome replication, transcription, splicing and 

DNA repair. The level of organisation can be considered with regard to chromatin 

(chromosomes), the interchromatin compartment and specialised structures 

(nucleolus, nuclear matrix). Chromosomes occupy distinct positions within the 

nucleus termed chromosome territories (CTs) (Cremer & Cremer 2001; Parada & 

Misteli 2002) and the position they occupy (usually defined radially i.e as “central”, 

“medial” or “peripheral”) with respect to the topology of the nucleus is often termed 

“nuclear address.” Thus nuclear organisation (for the purposes of this thesis) is 

defined as the spatial and temporal location of chromosomes in the interphase 

nucleus. “Nuclear architechture” refers to the organisation of both the chromatin and 

the nuclear proteins in the nucleus; while “chromosome position” and “nuclear 

address” are used interchangeably (as is common in the literature) to mean the part of 

the nucleus that the chromosome territory or specific locus occupies (e.g. central, 

medial, peripheral). A recurring theme of this thesis is the nuclear address 

(chromosome position) of loci used to assess aneuploidy in interphase nuclei, 

specifically to ascertain the relationship between chromosome copy number and 

nuclear organisation/architechture.

1.5.1. Brief historical perspective

The concept of the territorial organisation of chromosome originates from the late 19th 

century. It was Carl Rabl (1885) who first suggested it from studying epithelial cells 

from Salamandra maculate larvae. However it was Theodor Boveri (1909) who first 

coined the term chromosome territory (CT) from studying the roundworm Ascaris 

megalocephala. Boveri argued that each chromosome occupied a distinct part in the 

nuclear space of the interphase nucleus (Cremer & Cremer 2006a). Despite this early 
evidence for CTs, the concept fell into disgrace obscurity during the 1950s to the 

1970s. That is, it was mostly electron microscopy studies that argued for an 

unravelling of chromosomes in interphase nuclei into intermingling chromatin fibers 

with no sign of individual chromosomes (Cremer & Cremer 2006b).
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The first experimental evidence for the existence of CTs came in 1977 by Stephen M. 

Stack, David B. Brown and William C. Dewey where fixed cells from Allium cepa 

and Chinese hamster were treated with acetic acid, air dried, subjected to salt 

conditions and then Giemsa-stained. This treatment resulted in clumps of condensed 

chromatin reflecting interphase chromosomes (Stack et al. 1977). Furthermore 

Thomas and Christoph Cremer proved the existence of CTs using laser-UV-micro- 

irradiation experiments. Using a laser beam they induced local damage to a small part 

of a diploid Chinese hamster nucleus. If chromosomes had distinct territories only a 

few would be affected by damage, if the arrangement was random, many would be 

affected. The former was demonstrated and thus argued for a CT arrangement 

(Cremer & Cremer 2006b). With the advent of technology (mid 1980s onwards) and 

especially FISH direct visualisation of CTs was made possible. The generation of 

chromosomes specific probes, allowed scientists to delineate individual chromosomes 

in metaphase spreads and their territories in interphase nucleus. Also combination of 

3D-FISH and confocal microscopy allowed the spatial reconstruction of CTs (see 

Cremer & Cremer (2010) for more details on direct evidence of CTs).

Once the concept of CTs was re-discovered, researchers looked for patterns of 

proximity as these could provide functional advantages and thus were favoured by 

natural selection. Finding patterns like that and their functional implications constitute 

one of the major goals in nuclear organisation studies. Two major models that have 

attempted to address the radial position of chromosome territories are discussed 

below.

1.5.2. Models of chromosome position/nuclear address - Gene density 

model

It has been widely accepted that CT position in the interphase nucleus is non-random 

(Manuelidis 1990; Cremer et al. 2001; Marshall 2002; Oliver & Misteli 2005; Khalil 

et al. 2007; Meaburn & Misteli 2007). The first evidence to support a “gene density 

model” came by Croft et al. (1999), where the position of human chromosome 18 and 

19 was studied in lymphoblasts and dermal fibroblasts. Although similar in size, these 

two chromosomes are different in gene density with 18 being gene-poor and 19 gene- 

rich. Results showed that chromosome 18 was located at the periphery of the nucleus 

whereas chromosome 19 was located preferentially towards the nuclear interior.
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These observations were also confirmed in another study using 3D-FISH by Cremer 

et al. (2003). Additional evidence was presented in a study by Boyle et al. (2001), 

where human chromosome position was studied in lymphoblasts cells from normal 

and X-linked Emery-Dreifuss muscular dystrophy (X-EDMD) males, where emerin 

protein was lacking. They found that chromosomes 1, 16, 17, 19, 22 were positioned 

in the centre of the nucleus whereas chromosomes 2, 4, 13, 18 were more peripherally 

located and this preference was not altered in mutant cells. Furthermore, Lukasova et 

al. (2002) studied chromosome territory position in lymphocytes and found that the 

gene rich chromosomes 9, 17 were positioned close to the centre of nucleus, whereas 

chromosomes 8 and 13 were found close to the nuclear membrane. In the most recent 

study to support the gene density model, Federico et al. (2008) examined 

chromosome 7 in lymphocytes. This chromosome contains large block of both gene- 

dense and gene-poor regions. The gene-rich regions were exposed towards the 

interior, whereas the gene-poorest located towards the periphery.

The gene density model has also been observed in primates, where orthologous 

sequences to human chromosomes 18 and 19 were used and occupied positions 

similar to humans (Tanabe et al. 2002), in old world monkeys (Tanabe et al. 2005), 

rodents (cited in Cremer and Cremer (2010)), in chicken (however chicken also fits 

the size model -  below) (Habermann et al. 2001) and in cattle (Koehler et al. 2009). 

All of the above point to the notion that individual chromosome territories and 

loci occupy a specific nuclear “address” which can alter according to the cell 
type or related to disease. The concept of nuclear address is one of the core themes 

of this thesis.

The functional implications of the gene density model are associated with the 

transcriptional machinery and the separation of the nucleus to transcriptionaly active 
(gene rich chromosome areas) and transcriptionaly silent (gene poor areas) regions in 

order to enhance expression or repression (Foster & Bridger 2005; Meaburn & Misteli

2007). Evidence for this is suggested from the movement of specific genes from 

periphery to interior upon their activation (e.g. p-globin during differentiation of 

mouse erythroid cells) (Takizawa et al. 2008). However this topic is still under debate 

as there are genes that move towards the periphery upon activation (Takizawa et al.
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2008) or reports about transcription sites throughout the nucleus (Foster & Bridger 

2005).

1.5.3. Models of chromosome position/nuclear address - Chromosome size 

model

The size model with regard to chromosome position classifies chromosome territories 

according to their size, with the small chromosomes being close to nuclear interior 

and large ones towards nuclear periphery. This model initiated from observations in 

cells undergoing quiescence or senescence. Small chromosomes 13 and 18 were 

positioned towards the interior (Bridger et al. 2000) and large chromosomes X and 4 

were at the nuclear periphery (Foster & Bridger 2005).

In a study by Sun et al. (2000), in fibroblasts it was demonstrated that q-arms of small 

chromosomes were positioned in the interior (e.g. 19, 21) whereas q-arms of large 

chromosomes (e.g.l, 2), were positioned towards the nuclear periphery thus 

conferring upon a size model for position. Interestingly the authors’ postulate that the 

interior position of chromosome 21 is in concordance with the nucleolus position, 

since 21 is one of the nucleolus organiser region (NOR) chromosomes (remaining are 

13, 14, 15, 22) (Sun et al. 2000). Similar evidence is published for chromosomes 13 

and 15 (Kalmarova et al. 2007). The position of NOR chromosomes with regard to 

the nucleolus seems to be conserved through mitosis (Kalmarova et al. 2008).

Further support for the size model came by a 3D-FISH study by Bolzer et al. (2005) 

in flat-ellipsoid fibroblast and amniotic fluid cell nuclei, where all the chromosomes 

were studied. This pattern of position was in contrast to the density correlated position 

seen in the spherical lymphocytes. However gene-density correlated patterns were 

found when the distribution of Alu sequences were studied (Alu corresponds to GC- 
richness), with Alu-rich chromatin positioned in the nuclear interior and Alu-poor 

attached to nuclear envelope (Bolzer et al. 2005).

These are the current two models attempting to explain the radial arrangement of 

chromosomes in interphase nuclei. Each model seems to be cell type specific, 

although there are some systems where both models fit [e.g. chicken, New World 

monkeys -  (Mora et al. 2006)], others were none seems applicable [e.g. murine -
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(Meaburn et al. 2008)]. Bridger and Foster propose that these two models are not 

mutually exclusive, but chromosome position depends on the status of the cell and/or 

chromosome (Foster & Bridger 2005). In a recent review Cremer and Cremer argue 

that local gene density is a pivotal factor for the radial position of chromatin but also 

point that other parameters could be involved (e.g. replication timing) (Cremer & 

Cremer 2010). More studies in a range of organisms can only elucidate any link 

between radial positioning and functional implications in nuclear architecture.

1.5.4. Further models of nuclear architecture

The chromosome territory-interchromatin compartment (CT-IC) model divides the 

nucleus into CTs and the space between them, termed interchromatin compartment 

(IC). Initially the IC concept originated as the ICD (interchromosomal domain) 

proposed by Lichter et al. (1993) The ICD was described as the space expanding 

around CTs with little penetration into the actual CTs (Branco & Pombo 2007).

This model claims that active genes are located in the periphery of CTs in order to be 

accessible to transcription and splicing factors that accumulate in the IC. Conversely 

the inactive genes would be located in the interior of CTs and thus would have limited 

accessibility to the transcription machinery (Foster & Bridger 2005; Branco & Pombo 

2007; Heard & Bickmore 2007). However evidence that genes could be transcribed 

both inside and outside of CTs adjusted the ICD concept (no penetration of 

interchromatin domain to CTs) to the IC concept where the “sponge” like CTs are 

permeated by intraterritorial IC channels (Cremer & Cremer 2010) (Figure 1.15).
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richromatin
region

CTs

Figure 1.15: The CT-IC nuclear architecture model with CTs being permeated by the IC 
channels (left side of figure), for more efficient expression. Adapted from (Cremer & Cremer 
2010) .

Another level of separation between the condense CTs and IC is the perichromatic 

region (PR) (Figure 1.15 -  right side) which seems to be a thin layer of decondensed 

chromatin which represents the subcompartment where transcription, co- 

transcriptional RNA splicing and possibly DNA repair occurs (Cremer & Cremer 

2010). One important assumption that this model proposes is that small scale loops of 

50-200kbp built up the CTs. These are termed ~100kbp loops and their configuration 

changes depending on the transcriptional status of its genes (Cremer et al. 2006).

Another model proposed by Dehghani was based on electron microscopy studies is 

the lattice model (Figure 1.16), where there is intermingling between adjacent CTs. 

This intermingling is in the form of 10-30nm chromatin fibers (Branco & Pombo 

2007; Heard & Bickmore 2007).
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Figure 1.16: The lattice model of nuclear architecture with intermingling in the form of 
chromatin Fibers between neighbouring CTs. Adapted from (Branco & Pombo 2007).

One difference between the lattice and the CT-IC model is that the former argues 

against the presence of large chromatin free channels, essentially the IC becomes the 

space within the lattice of 10-30nm fibers (Branco & Pombo 2007).

The interchromatin network (ICN) model was the result of numerous observations of 

interchromosomal associations (reviewed in Branco and Pombo (2007)). This 

supports a flexible genome with a high degree of intermingling. The same authors 

reported intermingling regions reaching 19% of the nuclear volumes with more than 

one chromosome involved (Branco & Pombo 2006). Thus the ICN proposes that 

chromatin fibers and loops intermingle in a uniform way either in the interior of 

individual CTs or between neighbouring CTs (Cremer & Cremer 2010). Also it 

argues that the nuclear address and conformation will be defined by the tethering of 

inter or intrachromosomal associations with other nuclear landmarks like the lamina 

or the nucleolus (Branco & Pombo 2007). Evidence suggests that lamina interacting 

domains display low gene density and expression levels thus rendering them a 

chromatin repressive environment (Guelen et al. 2008; Reddy et al. 2008; Fedorova & 

Zink 2009). In addition the ICN proposes that double strand breaks (DSBs) formed in 

regions of intermingling will most probably produce interchromosomal 

rearrangements whereas DSBs somewhere else in the chromosomes will be 

responsible for intrachromosomal rearrangements (Branco & Pombo 2006). Figure 

1.17 illustrates the ICN model.
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B. Interchromosomal network model

2. Intrachromosomal contacts maintained by tethering
3. Intrachromosomal mixing by constrained diffusion
4. Interchromosomal contacts maintained by tethering
5. Interchromosomal mixing by constrained diffusion
6. Chromatin loop extends deeper into another territory

Figure 1.17: The Interchromosomal Network (ICN) model of nuclear architecture. Adapted by 
(Branco & Pombo 2006).

Despite the three models discussed above, none is fully supported by compelling 

experimental evidence (Cremer & Cremer 2010). The authors postulate that 

clarification about the speed and extent of chromatin movement is required and also 

confirmation or not of the functional tethering between IC and the PR as predicted by 

the CT-IC model but not by any other. These limitations can be addressed when 

resolution is improved in light microscopy. Recently a study was published using a 

technique called Hi-C that allowed mapping of the human genome at a resolution of 

IMbp allowing chromosomes to be visualised as a series of fractal globules 

(Lieberman-Aiden et al. 2009).

1.5.5. Nuclear organisation, nuclear address and cell differentiation

Cell differentiation is a process of specialisation where cells acquire a new phenotype 

to accomplish specific functions and it is accompanied by activation of a subset of 

genes and silencing of the remainder (Francastel et al. 2000). Thus it becomes a very 

appealing system in which to study nuclear organisation and gene expression.
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Changes in CT or locus position have been observed during differentiation. The 

immunoglobulin gene cluster repositions from the periphery (in non lymphoid cells) 

to the centre in pre-B cells, and a similar observation has been described for the 

Mashl locus during neural induction (both examples cited in Schneider and 

Grosschedl (2007)). In both these examples genes tend to localise in the periphery in 

their inactive state. Furthermore genes like HoxB 1 in mouse embryos undergo a shift 

towards internal location upon activation (Takizawa et al. 2008).

The notion seems to be that loci in positions relative to nuclear periphery or 

heterochromatin domains are linked with gene repression whereas repositioning of 

loci from nuclear periphery to interior or away from heterochromatin is correlated 

with gene activation (Takizawa et al. 2008; Szczerbal et al. 2009). However this 

suggestion is an oversimplification (it seems to be correlated more for genes whose 

activity is tightly linked to differentiation) and not universal based on three pieces of 

evidence: Biallelically expressed genes occupy different radial position in the same 

nucleus, RNA polymerase II transcription sites are distributed throughout the nucleus 

(thus transcription is not only occurring internally), and heterochromatin which is 

largely transcriptionaly silent can be found throughout the nucleus (Takizawa et al. 

2008). Nevertheless they are based on experiments with the P-globin gene which 

during its inactive form is in the periphery and remains there until the early stages of 

activation, and only then repositions towards the interior, it seems that internal 

position is not a requirement for activity and transcription alone does not drive 

position of a gene (Francastel et al. 2000). Chromosomal neighbourhood seems to be 

another factor determining whether a locus changes its position. Certain loci show 

preferred contacts with their neighbours in a phenomenon termed “chromosome 

kissing” implicated in both transcriptional activation and gene silencing (Cavalli 

2007).

Despite this debate with regard to radial position and expression, studies of nuclear 

architecture in cells undergoing differentiation can still provide important information 

regarding spatial genome organisation in relation to function. Kuroda et al. (2004) 

studied the relative positions of chromosomes 12 and 16 during adipocyte 

differentiation and found a close association of these two chromosomes in the 

differentiated adipocytes. This proximity could influence their involvement in
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translocations such as the t (12; 16). Although not a study on differentiation per se, 

Parada et al. (2004) studied nuclear position of 6 chromosomes in three different 

tissues and found considerable differences indicating a tissue-specific genome 

organisation. Szczerbal et al. (2009), found a correlation of gene expression and 

internal positioning for 6 porcine loci during adipogenesis. Marella et al. (2009b) 

investigated the radial arrangement of chromosomes 18 and 19 during human 

epidermal keratinocyte differentiation. They found repositioning of chromosome 19 

closer to the periphery (compared to chromosome 18) in the differentiated cells, plus a 

decrease in the interchromosomal associations of these two chromosomes. Recently a 

striking example of CT organisation was shown by Solovei et al. (2009) which seems 

to offer an advantage to the cells that the pattern is shown. More specifically in 

mammals adapted to nocturnal life, heterochromatin resides to the interior and 

euchromatin to the periphery during the differentiation of rod cells, whereas in diurnal 

animals this reorganisaton does not exist. The inverted pattern in the nocturnal 

mammals reflects an adaptation to low light conditions. This example shows that 

under a selective pressure nuclear architecture can be modified to accommodate 

specific functionality (Cremer & Cremer 2010).

In a very important study by Foster et al. (2005) chromosome position was 

investigated into different stages of spermatogenesis using porcine testes as a model 

system. It was found that the sex chromosomes repositioned from the periphery to the 

interior during cell differentiation from spermatocytes to mature sperm. It was argued 

that this non-random position could have a functional significance in the future 

expression of the paternal genome during embryo development (Foster et al. 2005). 

The consequences of nuclear organisation in spermatogenesis in humans is one of the 

topics of this thesis.

1.5.6. Nuclear organisation, nuclear address and disease

The link between the spatial position of a gene and its expression denotes the 

importance to maintain a stable architecture for proper functionality (Verschure

2004). There is evidence in the literature that nuclear architecture is altered in disease. 

Cremer et al. (2003) reported different patterns of CT position for 18 and 19 in 

normal and in tumour cell lines. In a more recent study by Marella et al. (2009a) they 

argued for a difference in CT association for chromosomes 4 and 16 in breast cancer
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lines compared to normal cells, suggesting that organisation is altered in cancer cells. 

In addition several studies have highlighted that certain translocations could be 

generated due to close proximity of the chromosomes involved. An example are the 

Robertsonian translocations due to the close proximity of the nucleolar associated 

acrocentric chromosomes (reviewed by Foster and Bridger (2005)).

A report by Petrova et al. (2007) analysed chromosome position of X and 1 in human 

cells having one copy and four copies of X chromosome. In the aneuploid cells 

(XXXY) the active X is closer to the periphery than in normal XY cells. Also in cells 

with XXXY the position of chromosome 1 shifts towards the periphery compared to 

normal XY cells. The authors argue for a possible involvement of nuclear changes 

induced by the presence of extra chromosomes in the development of diseases related 

to different polysomies (e.g. Down syndrome, Klinefelter) (Petrova et al. 2007). 

Another change in CT position was noticed for chromosome 17 upon infection of 

lymphocytes with Epstein-Barr virus (EBV) implying genome instability in host cells 

(Li et al. 2009). Other diseases where a possible perturbed nuclear architecture could 

be involved although not clear yet are promyelocytic leukaemia (PML), X-linked 

mental retardation and Huntington’s disease (Misteli 2005).

However the most common involvement of perturbed nuclear architecture and disease 

is found in laminopathies (Foster & Bridger 2005; Misteli 2005). Patients have a 

mutation in LMNA gene and phenotypes are associated with muscular dystrophy, 

lipodystrophies, neuropathies and premature ageing disease (Hutchinson-Gilford 

Progeria) (Misteli 2005). Recently it was shown that, in patients with mutations in the 

LMNA gene, positions of CT 13 and 18 are more interior than controls (Elcock & 

Bridger 2010). Possible explanations for the causative mechanisms of the disease 

purport that mutations in LMNA weaken nuclear integrity by exposing nucleus (more 
specific nuclear matrix) to mechanical stress or that mutations cause misregulation of 

genes (Foster & Bridger 2005; Misteli 2005).

If perturbed nuclear architecture is indeed manifested as altered chromosome (and 

thus gene) position, this could change the local gene environment and the availability 

of transcription factories thus leading to misregulation or even non-participation of
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some genes in transcription (Elcock & Bridger 2010). Further associated studies of 

gene position and expression will be able to confirm or refute this hypothesis.

One specifc aim of this thesis is to investigate chromosome loci position in sperm 

cells and preimplantation embryos, and to explore potential association between 

nuclear organisation with infertility and aneuploidy.

1.5.7. Nuclear architecture in sperm cells

Spermatogenesis can be summed up in three main phases; the mitotic proliferation of 

spermatogonia to produce spermatocytes, the meiotic divisions to produce round 

spermatids and spermiogenesis where the early spermatids are maturing to elongated 

spermatids.

It is during the last stage of spermiogenesis where reorganisation and compaction of 

the sperm chromatin occurs, as histones are being replaced first by transition proteins 

(Meistrich et al. 2003), followed by protamines (Ward & Coffey 1991). Quantitavely 

this can be expressed as 15% of chromatin still bound to histones whereas 85% bound 

by protamines (Wykes & Krawetz 2003). Work by Carrel and colleagues has shown 

that chromatin is still intact with histones in sperm enriched at important loci 

important for embryo development (e.g. genes for key embryonic transcription 

factors) (Carrell & Hammoud 2009). Figure 1.18 shows the compact nature of sperm 
chromatin.
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Figure 1.18: Sperm chromatin compaction. The top panel shows replacement of histones by 
protamines, whereas the bottom shows the arrangement of protamines and remaining histone 
associated chromatin. Adapted from (Ward 2009).

The major component of protamines is arginine which brings the abundance of 

positively charged -NH3+ groups into the protamines (Bjorndahl & Kvist 2009). The 

functional implication of this is that -NH3+ groups neutralise the negative charges of 

the phosphate groups in the DNA backbone allowing a higher degree of compaction 

of chromatin (Bjorndahl & Kvist 2009). This highly compacted DNA (10 6 fold 

compared to 10"5 fold offered by histones) provides an efficient packaging to facilitate 

proper delivery of the paternal genome to the egg (reviewed in Miller et a/.(2010)).

The cysteine residues of protamines confer extra stability in the sperm chromatin 

through intermolecular disulphide cross-links (Ward 2009). Ward also argues that 

sperm chromatin rearrangement (by protamines) is to ensure proper fertilisation (as a 

protective agent of the paternal genome) and not for embryonic development. 

Evidence for this was suggested from experiments where it was shown that
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protamines were replaced 2-4hrs post fertilisation by histones thus conferring access 

to the paternal genome (Ward 2009). Protamines also serve as the silent agents of 

gene expression during spermiogenesis (Ward 2009).

The nuclear organisation in human sperm has been extensively studied and well 

defined (Haaf & Ward 1995; Zalensky et al. 1995; Hazzouri et al. 2000; Tilgen et al. 

2001; Mudrak et al. 2005). The position of the chromosomes is non-random with the 

chromosomes clustering via the centromeres to form the chromocentre (well inside 

the nucleus) and the telomeres exposed towards the periphery, where they interact to 

form dimers (Zalensky et al. 1993; 1995; Luetjens et al. 1999; Solov'eva et al. 2004; 

Zalenskaya & Zalensky 2004).

Similar spatial organisation seems to be retained in other mammals as it is indicated 

by data from bovine (Zalenskaya & Zalensky 2004), mouse (Haaf & Ward 1995; 

Meyer-Ficca et al. 1998), pig, horse and rat (Zalenskaya & Zalensky 2004) studies.

The chromocentre was visualised using CENP-A immunolocalisation and FISH using 

a satellite probes for all chromosomes (Zalensky et al. 1993). It seems that the 

chromocentre is actually pericentric heterochromatin from different chromosomes, 

which has the tendency to aggregate (Martin et al. 2006b). The fact that CENP-A is 

found in mature spermatozoa [this protein exists in the context of nucleosome 

structure (Sullivan 2001)] indicates that centromeric DNA exists in both nucleosomal 

and protamine organisation, and this suggests that these regions of the chromosomes 

may not need to undergo through dramatic remodelling following fertilisation 

(Zalensky & Zalenskaya 2007).

With regard to the telomere structure, the dimers are formed between the p and q 

telomeres of each chromosome, conferring a hairpin loop structure (Figure 1.19) 

(Solov'eva et al. 2004; Mudrak et al. 2005). Zalensky and Zalenskaya argue that such 

a configuration could favour an ordered withdrawal of chromosomes via telomeres 

through their association with the sperm microtubule machinery (Zalensky & 

Zalenskaya 2007). The importance of telomeres in fertilisation has been shown in 

mice, where telomerase knockout disrupts reproductive function (Zalensky & 

Zalenskaya 2007).
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Figure 1.19: The hair-pin loop configuration of human sperm cells, with centromeres (red dots) 
in the interior and telomere (green dots) in the periphery. Adapted from (Mudrak et al. 2005; 
Zalensky & Zalenskaya 2007).

The positioning of chromosomes in human sperm has been studied both 

longitudinally and radially. A combination of data (Luetjens et al. 1999; Hazzouri et 

al. 2000; Zalenskaya & Zalensky 2004; Mudrak et al. 2005) arranges 11 chromosome 

territories in the following order starting from the acrosome with direction towards the 

tail: X, 7,[6, 15, 16, 17],1, [Y, 18] 2, 5, whereas chromosome 13 seems to occupy a 

random position. The functional implication of this could be that the order that 

chromosomes are being affected by the maternal cytoplasmic environment after 

fertilisation is specific (Zalensky & Zalenskaya 2007). The above sequence when 

expressed radially depicts chromosomes 7 and 6 being most peripheral and 

chromosomes 16 and 18 most internal. The functional implication now would be that 

the most peripheral chromosomes are first exposed to ooplasm and undergo earlier 

remodelling from others (Zalensky & Zalenskaya 2007).

It should be emphasized that the positions of the sex chromosomes relative to the 

acrosome are similar in sperm of all mammals (but not birds) implicating a functional 

significance with regard to paternal X inactivation (Greaves et al. 2003). Another 

piece of evidence for the significance of preferential location of the sex chromosome 

comes from Luetjens et al. (1999) who suggested that sperm used in ICS I that have 

not gone through acrosomal reaction, could impair chromatin decondensation located 

in the apical region (e.g. the sex chromosomes) and thus hinder progression to the first 

mitotic division of the zygote, hence causing mitotic errors translated as sex 

chromosome abnormalities in ICSI offspring.
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Emerging from these facts becomes the functional significance of the non-random 

position of chromosomes in human sperm and its possible impact on fertilisation. It 

has also been generally accepted that sperm of males with compromised fertility 

contain numerical chromosome abnormalities, malformations or structural 

rearrangements.

Zalensky and Zalenskaya (2007) argue for a different category of sperm chromosome 

abnormality with regard to atypical packing of CTs in sperm, aberrant positioning of 

chromosomes or even disturbed telomere-centromere interactions. Further to that it 

has long been postulated that sperm with chemically interrupted nuclear matrix 

(which mediates the attachment sites of compacted sperm chromatin) cannot produce 

viable offspring (Ward et al. 1999). Thus it seems plausible to investigate whether 

perturbed nuclear organisation in sperm is observed in men with impaired fertility by 

assaying chromosome position/nuclear address. Only a handful of studies have tried 

to investigate this possible link.

In a study from Sbracia et al. (2002) they investigated the longitudinal nuclear address 

of the sex chromosomes between normal and oligospermie males going through ICSI 

without finding a difference. Wiland et al. (2008) found inter-individual differences in 

centromere topology between normal males and reciprocal translocation carriers. 

Olszewska et al. (2008) compared longitudinal positions for chromosomes 15, 18, X 

and Y between control males and infertile patients without finding a difference in 

nuclear address. All these studies examined nuclear address in the longitudinal axis 

and argued that a larger number of individuals and more chromosomes were required. 

Thus far the only study which examined the radial position for 3 centromeres (X, Y, 

18) between normal and infertile males was by Finch et al. (2008b) where it was 

found that all centromeres occupied central positions in normal males but the sex 

chromosomes showed altered nuclear address in some of the infertile patients 

(adopting a pattern not discernable to a random distribution). To the best of my 

knowledge however this phenomenon has not been explored across all chromosomes 

in the human karyotype. One principal aim of this thesis is therefore to investigate a 

possible link between altered genome organisation (i.e. nuclear address of specific 

loci) and infertility by using a larger cohort of patients, by studying all chromosomes 

(see Chapter 5).
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1.5.8. Nuclear architecture in oocytes

As described in section 1.2.1 oogenesis is the process that produces the female 

haploid gamete. Studies on nuclear architecture in oocytes have been limited probably 

due to the difficulty in obtaining unfertilised eggs from natural cycles (Delhanty

2005). However a study by Zuccoti et al. (2005) looked at nuclear architecture in the 

developing mouse oocyte. Based on chromatin morphology two types of oocytes 

exist, the SN (surrounded nucleolus) and NSN (not surrounded nucleolus). Apparently 

the same morphology exists in human (Zuccotti et al. 2005). Three dimensional 

analysis of centromere position revealed differences in nuclear architecture between 

NSN (centromeres close to nucleolus) and SN (centromeres juxtaposed forming a ring 

around nucleolus), thus the authors suggested that nuclear architecture in oocytes is 

developmentally regulated (Zuccotti et al. 2005).

1.5.9. Nuclear architecture in human preimplantation embryos

As the American zoologist F.R.Lillie recognised in 1919 “The elements that unite are 

single cells, each on the point of death; but by their union a rejuvenated individual is 

formed, which constitutes a link in the eternal process of Life”. Fertilisation is the 

process that “saves” the sperm and the egg from death by creating the totipotent 

zygote. Very briefly, sperm binds to the zona pellucida of the egg and undergoes 

acrosomal reaction to enable it to penetrate zona pellucida and fuse to the egg 

cytoplasm (Alberts et al. 1994). The sperm also provides the centriole, which after 

replication it allows the chromosomes of both gametes to align in a single metaphase 

spindle for the first mitotic division of the zygote (Alberts et al. 1994; Palermo et al. 

1997).

A few studies have tried to address the nuclear restructuring during the early 

developmental stages of embryogenesis in animal model systems. Martin et al. 
(2006a) investigated genome restructuring in early mouse embryo development. They 

found that at the 2-cell stage pro-chromocentres are formed coinciding with a 

transcriptional burst. By the blastocyst stage these chromocentres have a definite 

spatial and temporal organisation and are maintained for proper regulation of 

differential gene expression (Martin et al. 2006a). Mudrak et al. (2009) analysed re­

modelling of sperm chromatin under the influence of Xenopus egg extracts by 

localisation of protamines, CENP-A, major a sattelite DNA and CTs. During the
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decondensation-recondensation process of sperm chromatin they observed 

relocalisation of centromeres and remodelling of CTs, arguing that this system could 

mimic in some aspects human fertilisation (Mudrak et al. 2009).

The first study to examine radial position in normal and abnormal human blastomeres 

using centromeric and locus specific probes was by McKenzie et al. (2004). Seven 

chromosomes were studied (13, 16, 18, 21, 22, X & Y), and nuclear addresses of 

specific loci in normal blastomeres was observed (13, 18, 21 and X were central; 16, 

22, Y favoured more peripheral locations). However in chromosomally aneuploid 

blastomeres all chromosomes seemed to show a tendency to occupy more peripheral 

positions. They proposed that localisation of signals in the periphery could be an 

indication of aneuploid cells undergoing apoptosis or that key functions like 

transcription of regulatory genes that maintain nuclear architecture has been altered 

(McKenzie et al. 2004). Similarly Diblik et al. (2007) studied the same chromosomes 

in blastomeres and found that, for all but chromosome 18, a random position model 

was evident in normal and abnormal blastomeres. Chromosome 18 shifted towards the 

periphery in abnormal blastomeres (Diblik et al. 2007). They also argued that the 

correlation of peripheral position and aneuploidy could be an extra selection criterion 

for unsuitable embryos for transfer in preimplantation genetic screening (PGS).

The most recent attempt to investigate nuclear organisation in human blastomeres was 

by Finch et al. (2008a). Chromosome radial position was examined for 8 loci (13, 15, 

16, 18, 21, 22, X and Y) between committed cells (lymphocytes), normal and 

abnormal blastomeres. Aneuploid cells showed a similar pattern of organisation with 

the committed cells, whereas blastomeres with no abnormalities showed a random 

model of positioning. The authors postulate that this could indicate a unique pattern of 

organisation for blastomeres with no abnormalities, linked to a more relaxed state of 
organisation, whereas copy number change is associated with entry into a state of 

organisation closely related to that of committed cells (Finch et al. 2008a). Both 

studies (Diblik et al. 2007; Finch et al. 2008a) argue for the use of chromosome loci 

probes because whole chromosome paints could have a higher risk of signal overlap 

and splitting plus single loci might illustrate possible positional changes between cell 

types easier.
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Thus from the above data it becomes clear that examining nuclear architecture during 

early embryogenesis could provide insight into the mechanisms of aneuploidy.

1.6. Thesis aims

1.6.1. Perspectives

As mentioned from the outset, interphase cytogenetics involves the determination of 

chromosome copy number and assessment of nuclear organisation (through the 

determination of nuclear address). A “healthy” nucleus clearly requires both correct 

chromosome copy number and appropriate nuclear organisation however, to the best 

of my knowledge any relationship between the two has yet to be established.

In order to investigate this, the appropriate tools are required and, as pointed out in 

section 1.1.1 multicolour approaches would greatly advance the study of nuclear 

organisation, particularly when cells are scarce such as preimplantation human 

embryos. One possible solution to this is through inorganic nanomaterials such as 

quantum dots (see section 1.1.2). Either by nanotechnology or by classical means a 24 

chromosome screen would be an excellent tool for asking a number of questions 

related to chromosome abnormalities in human sperm and preimplantation embryos.

As pointed out in section 1.2.2.1 the relationship between infertility and increased 

sperm disomy is well established however any link with nuclear organisation is less 

so. Even in pre-exisiting studies, the number of chromosomes that have been assayed 

is limited.

Among preimplantation embryos analysis of both chromosome copy number (see 

section 1.4.6) and nuclear organisation (see section 1.5.9) is limited to an even smaller 

set of chromosome pairs and thus evaluation of all chromosomes in the human 

karyotype is essential to further studies in this area. With this in mind, the following 

specific aims are proposed:
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1.6.2. Specific Aims

Given that both aberrant chromosome copy number and aberrant nuclear organisation 

(nuclear address) can lead to disease phenotypes; the principal objective of this thesis 

is to exploit whether these two phenomena are linked in human spermatogenesis and 

preimplantation development. The specific aims of this thesis were therefore as 

follows:

1. To investigate whether inorganic nanomaterials (quantum dots-QDs) can be 

used for FISH in place of organic fluorochromes with a view to multiplex 

experiments.

2. To develop a 24 chromosome aneuploidy screening approach applicable to 

single nuclei and of use for determining nuclear organisation.

3. To test the hypothesis that nuclear organisation is altered in men with severely 

compromised semen parameters by assaying loci for all chromosomes.

4. To apply the 24 chromosome FISH strategy to human blastomeres and assay 

the level of chromosome abnormalities and assess the efficacy of PGS.

5. To apply the 24 chromosome FISH strategy to investigate nuclear organisation 

in human blastomeres.

Expanding nuclear architecture studies in the whole of human karyotype could have 

future practical applications of assessing nuclear health and provide better infertility 

treatments or selection criteria of embryos from a preimplantation diagnosis setting.
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2. Materials and Methods

2.1. Samples

2.1.1. Sperm

Informed written consent was obtained from 10 chromosomally normal males from the 

donor insemination program at the London Bridge, Fertility, Gynaecology and Genetics 

centre and from 10 chromosomally normal OAT men undergoing male factor IVF 

treatment at the Embryogenesis Clinic in Athens, Hellas. Research was approved by the 

Research Ethics Committees of the University of Kent and carried out under the auspices 

of the treatment licence awarded by the HFEA and Hellenic National Authority of 

assisted reproduction (EAIYA) to the Bridge and Embryogenesis clinics respectively.

Table 2.1 and Table 2.2 present the information given by the clinics with regard to the 

semen parameters of the normal donors and males with OAT respectively. Samples are 

presented according to the order of processing.

Initial count Post-thaw
Sample Age [C]

106/ml
Motility
106/ml

Progression 
(Grades 1- 

3)

[C]
106/ml

Motility
106/ml

Progression 
(Grades 1-

3)
N1 37 60 35 2 22 7 2
N2 27 52 33 2-3 32 6 2
N3 33 52 33 2-3 No!5ost thaw conducted
N4 44 107 82 2-3 22 5 1-2
N5 41 45 39 2-3 20 4 2
N6 38 54 41 2-3 26 2 2
N7 25 48.6 43.6 2 17.9 5.7 2
N8 23 79 31 2 34 5 2
N9 35 100 90 3 52 16 2
N10 22 43 31 2-3 70 7 2

Table 2.1: Semen parameters for the 10 normal males participating in the donor insemination 
program at the London Bridge Clinic. Note: with regard to progression; 1-twiching, 2-progressive 
motility, 3- rapid motility.
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Sample Age Concentration
106/ml

Motility
%

Progressive
Motility

(%)

Abnormal
Forms

Previous
IVF

failed
attempts

OAT1 40 18 30 20 90 2
OAT2 29 10 20 10 95 0
OAT3 36 8 10 5 97 0
OAT4 41 6 5 1 98 1
OAT5 37 5 5 2 98 2
OAT6 50 5 5 1 96 4
OAT7 40 2 1 0.1 98 1
OAT8 34 1 5 2 100 1
OAT9 52 3 5 2 99 2
OAT 10 48 1.5 2 1 96 3

Table 2.2: Semen parameters for the 10 OAT males undergoing IVF treatment at the Embryogenesis 
Clinic in Athens, Hellas.

2.1.2. Sperm Sample Preparation

This method can be applied to fresh ejaculate or cryopreserved sperm samples. The 

sample was then washed in lOmM NaCl/lOmM Tris (0.58g NaCl/1.21g Tris per 1L) pH 

7.0 sperm wash buffer and then centrifuged for 7 minutes at l,900rpm (700g). 

Supernatant was removed and resuspended in sperm buffer. This was repeated 3-5 times 

depending on the sample quality (pellet size and colour). The sample was then fixed in a 

drop-wise fashion using 3:1 methanol acetic acid to final volume of 5ml. Again it was 

centrifuged at 1,900rpm for 7 minutes and after removal of the supernatant the pellet was 

resuspended in fixative. The process was repeated for up to 5 times (pellet depending). 5 

to 20pl of the sample was spread on a Poly-L-lysine coated slide (allows better fixation of 

cells) and allowed to air dry at room temperature (RT). It was then checked with the aid 

of a phase contrast microscope for optimal density of cells and area of interest was 

marked with a diamond pen. Sperm FISH could then be performed as described in section

2.9. Sperm sample could be stored in fixative, like lymphocytes -20°C.

2.1.3. Blastomeres

Human embryos used in this thesis were from patients undergoing PGS for aneuploidy at 

the London Bridge Fertility Centre and Lister Fertility Clinic. London. Under normal
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circumstances, patients that undergo PGS can choose after diagnosis on the single cell 

level (day 3) whether to have follow up diagnosis on the embryos (whole embryo 

cultures, day 4 or 5) that were not applicable for transfer. If they opt from having follow­

up diagnosis, they can give consent for the use of these embryos in research purposes or 

for embryologists to train in whole embryo spreading (QC). This was the source of most 

of the embryos used in this thesis. In addition 8 follow-up whole embryos were obtained 

from the Abumeliana Clinic, in Libya (embryos 1, 2, 3, 5, 6, 7, 8, 9 -  Table 2.3) All 

patients gave informed consent for the use of their embryos for research purposes and this 

work was approved under the auspices of the treatments license awarded by the HFEA to 

London Bridge and Lister Fertility clinics, Libyan Ministry of Health, and the local 

research and Ethics committee of the University of Kent, all of whom provided approval 

for this work.

Table 2.3 provides information about the whole embryos used in this thesis. The order 

that the data is presented follows the processing order as material was becoming 

available.
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Whole
embryo

Female
Age

Male Age Day of spread 
(post­

insemination)

Number of 
blastomeres/whole 

embryo
1 - - - 9
2 - - - 25
3 - - - 23
4 32 34 5 64
5 - - - No cells found
6 - - - 18
7 - - - 16
8 - - - 11
9 - - - 36
10 42 37 6 28
11 42 37 6 12
12 42 37 6 11
13 42 37 6 7
14 42 37 6 21
15 42 53 7 28
16 43 42 5 13
17 44 49 6 28
18 44 49 6 Heavy debris on 

slide-no analysis
19 44 49 6 16
20 43 45 6 14
21 43 45 6 11
22 33 39 6 12
23 33 39 6 51
24 39 39 5 28
25 39 39 5 29

Table 2.3: Shows information for the whole embryos used in the positional studies in this thesis. 
Whole embryos within bold lines originate from the same PGS case.

2.1.4. Blastomeres (whole embryo preparation)

Whole embryos were spread using 0.1% Tween/O.OIN HC1 using a stripper® tip with an 

inside diameter of 175 microns to transfer whole embryos from the biopsy dish to the 

spreading solution drop in a clean poly-L-lysine slide. Gentle agitation was used to 

dissolve the cell membrane. Slides were allowed to dry and the estimated number of 

blastomeres making up the embryo was recorded. Slides could be stored at 4°C and were 

usually sent to the University of Kent within a day from spreading. Sequential FISH was

Page 65 of 228



D. Ioannou Materials and Methods

performed immediately in order to prevent embryo quality degradation from prolonged 
storing.

2.1.5. Lymphocytes

For the purposes of control, lymphocytes from a normal karyotype male (and female for 

specific experiments) were used from peripheral blood cultures. Research was approved 

by the Research Ethics Committees of the University of Kent.

2.1.6. Lymphocyte culture preparation from whole blood cultures

Prior to blood process the fume hood was radiated with UV for 20-30 minutes for 

sterilisation purposes. Blood was taken via standard phlebotomy using heparin tube (6ml 

maximum) from a healthy karyotyped donor.

Using 25cm2 tissue culture flasks (CELLSTAR), 1ml of peripheral blood was added with 

19ml of PB Max karyotype media (pre-warmed at 37°C) (Invitrogen-12557-039). This 

mixture was incubated at 37°C for 72 hours vertically in a 37°C incubator with 5% CCU. 

Cultures (after 72 hours) were gently mixed to dissolve the red cell layer formed at the 

bottom. 200pl of demecolcine solution (Sigma-D1925 - lOpg/mL in HBSS liquid, sterile- 

filtered, AFC Qualified) was added (to arrest cells in metaphase) and cultures were 

incubated for 40 minutes at 37°C. A KC1 (0.075M) solution was allowed to warm at 37°C 

during demecolcine incubation. Blood cultures were then transferred to 15ml falcon tubes 

by adding 10ml per falcon (each flask had 20ml of blood/medium in total). The cultures 

were centrifuged at l,900rpm for 5 minutes and supernatant was removed. The pellet was 

resuspended and using the warmed KC1 solution it was added in a drop-wise fashion to 

the resuspended blood pellet (in order to lyse red blood cells) to a maximum of 6ml with 

a timer of 12 minutes start at the first drop of KC1. Cultures were returned at 37°C for the 

remaining of the 12 minutes incubation. The next step was to fill tubes with fix (3:1 

methanol: acetic acid-freshly made) up to 14ml. Falcon tubes were gently inverted to mix 

the culture with the fixative. They were then centrifuged for 5 minutes at l,900rpm. 

Supernatant was removed leaving around 0.5-lml of fix to resuspend the pellet. The cells 

were then fixed in a drop-wise fashion to a volume of 5ml and centrifuged for 5 minutes
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at 1,900rpm between each fix step. This can be repeated for 3-5 minutes depending on the 

pellet and colour. Fixed lymphocyte cultures can be stored at -20°C.

Depending on the size of the pellet after fixing, slides were dropped using 0.5ml of 

culture. A drop of fix was added on the slides and allowed to air dry. Slides were checked 

for cells and metaphases before proceeding to FISH, which is decribed in subsequent 

sections 2.6, 2.7, 2.9, 2.10.

2.2. Probes

For the purposes of the experiments of this thesis different kinds of probes were used. In 

most of the experiments with QDs chromosome paints for human chromosomes 1, 2, X 

and Y were tested. In addition a custom made pancentromeric probe (Cambio 1965B-02) 

was tested together with a biotinylated oligonucleotide probe for chromosome 12 (Sigma 

Genosys).

In all of the experiments for investigating nuclear architecture (in sperm or pre­

implantation embryos) via chromosome position custom made multicolour probes 

targeting all chromosomes from Kreatech Diagnostics were used. These probes 

comprised of 4 different multicolour mixes each with sequences for 6 different 

chromosomes. Three of the mixes were made using centromeric probes, whereas the last 

mix had unique sequences (BACs) (Chapter 4).

2.3. G eneration of biotinylated chromosom e paints

2.3.1. PCR amplification (secondary amplification)

Chromosome paints from flow-sorted human chromosomes (sent from Department of 

Pathology, University of Cambridge) were used as a starting template for amplification. 
The degenerate primer used was 6MW (5’->3’ CCG ACT CGA G NNN NNN ATG 

TGG). Amplified material with this method was then labeled with biotin via nick 

translation and used in indirect FISH experiments. The PCR mix (total Volume: 50pl) and 

amplification conditions are presented in the following table:
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Mix component Amount used
(nO

PCR conditions

5X Buffer D (Invitrogen- 10 Stepl: (1 Cycle): 94°C for 3
K1220-01) minutes

6MW (20pM) (MWG) 5
dNTPs (2.5pM) (Invitrogen) 4 Step 2: (30 Cycles): 94°C for 1
Taq polymerase (15u/pl) (HT 0.2 minute

Biotechnology) 62°C for 1 minute
ddH20 28.8 72°C for 1.5 minutes
DNA 2

Step 3: (1 Cycle): 72°C for 8 
minutes 

Store at -20°C
Table 2.4: Showing the PCR amplification mix and conditions followed to amplify the template DNA.

2.3.2. Nick translation of chromosome paints

Amplified DNA material was labeled with biotin using nick translation. The following 

table shows the reaction components.

Reagent pi
Buffer NT [500mM Tris-HCl (pH 7.8), 50mM 

MgCl2,100pg/ml nuclease-free BSA]
5

B-mercaptoethanol 0.1M 5
dNTPs (2.5mM) 2.5

Biotin 16-dUTP (50nMol -  Roche) 2.5
DNA Polymerase I (500u -  Fermentas) 1

DNase ( 1:100) -  stock ( 1 mg/ml) 8
DNA (Amplified product) 26

Table 2.5: Nick translation reaction mix.

The mix was incubated at 16°C for 1.5-2 hours. The reaction was then paused by placing 

the mix on ice. An aliquot was run on an agarose gel (2%). If the fragments were <500bp 

then 5pl of 0.5M EDTA pH 8 were added to stop the reaction. Ethanol precipitation 

followed the labelling of the probes immediately after the nick translation reaction was 

stopped with EDTA.

2.3.3. Agarose Gel preparation

A 2% agarose gel (Invitrogen) was prepared by dissolving 0.6g of agarose in 30ml of 0.5 

X TBE (Tris-Borate EDTA buffer - Sigma T4415 10X concentrate). The liquid mix was
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microwaved for 40 seconds and lpl of ethidium bromide (Fisher Scientific) was added. 

The mix was then poured into the gel tank and allowed to set. The gel was run after each 

PCR and nick translation to ensure proper work of the reaction. A negative control (water 

only) was included to check for possible contaminations.

2.3.4. Ethanol precipitation (for 50-100pl reaction)

50|il of 5M ammonium acetate and 250|il of 100% ice cold ethanol were added to the 

stopped nick translation mix. The mix was vortexed and centrifuged briefly. It was then 

stored at -80°C overnight to allow DNA precipitation. The mix was then centrifuged at 

13,000rpm at 4°C (cold room) for 25 minutes. The supernatant was discarded and 200|il 

of 70% ice-cold ethanol were added, followed by another centrifugation at 13,000rpm at 

4°C for an additional 25 minutes. After the supernatant was discarded tubes were left 

upside down to air dry, with monitoring in order not to over dry the DNA pellet. lOpl of 

hybridisation mix [5ml of 100% Formamide (FA), 1ml of 20 X SSC (Saline Sodium 

Citrate) 2ml of 50% Dextran Sulphate, 2ml of distilled water, for a 10ml volume] were 

added and the mix was vortexed and centrifuged briefly. The sample was allowed to 

resuspend by staying at RT (Room Temperature) for 24 hours or incubate in a hot bath at 

50°C for 2 hours or 55°C for 90 minutes. The probes were then ready to FISH and could 

be stored at -20°C.

2.4. Quantum Dot (QD) samples used

In the course of experiments with QDs, commercially available streptavidin-conjugated 

QDs (Sav-QDs) were used to detect biotinylated chromosome targets. Throughout the rest 

of this chapter SAv-QDs will be termed QDs for simplicity. Table 2.6 illustrates the 

conjugates used.

SAv -  QD 
(lpM)

Company Colour
Description

QD520 Evident Technologies Amaranth Green
QD585 Invitrogen Red
QD600 Evident Technologies Fort Orange
QD620 Evident Technologies Maple Red Orange

Table 2.6: The SAv-QDs used in this thesis.
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2.5. Fluorescent in situ  hybridisation (FISH)

FISH was the main technique used throughout this thesis. Different versions of FISH 

were used depending on probes and detection agents. The general metaphase-interphase 

FISH (for indirect detection-thus probe was not labelled with a fluorochrome) is 

described below. This protocol was largely used in the QD (indirect) experiments.

2.6. M etaphase -  Interphase FISH (indirect approach)

2.6.1. Slide preparation and aging

Superfrost slides (VWR) were used and rinsed with 3:1 (methanol:acetic acid) and 

allowed to air dry. Lymphocyte cultures (already in fix as described in section 2.1.6) were 

centrifuged for 5 minutes at l,900rpm to concentrate the cells as a pellet. The volume of 

fix was reduced (usually from 5ml to l-2ml) and cells were resuspended. An aliquot of 

0.5ml was dropped on slides followed by a drop of fixative to spread the chromosomes. 

Once slide was air dried it was checked under phase contrast for quality and amount of 

metaphases (primarily) and nuclei. Good areas were under marked with a diamond pen.

Slides were then allowed to age in a hot block by selecting the following conditions: 75°C 

for 1 hour or 55-56°C for 2-3 hours or RT for 24 hours or 37°C overnight.

2.6.2. Pre-hybridisation washes

Slides were then dehydrated by washing in ethanol series (70, 80 and 100%) for 5 

minutes and then air dried. They were then treated with RNase (Promega -  stock 4mg/ml) 

by adding lOOpl of lOOpg/ml RNase mix (2.5pl of RNase -  97.5pl 2 X SSC per slide). A 

22x50mm coverslip (Menzel-Glaser) was placed and slides were incubated at 37°C for 1 
hour.

2.6.3. Probe preparation

35 minutes into the RNase incubation, the DNA probe was prepared by adding lpl of 

probe (chromosome paint) with 3pl of hybridisation mix and 1.5pl of human cot"1 DNA 

(Roche). The mix was centrifuged briefly and was denatured at 75°C for 5 minutes. It was
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then allowed to re-anneal at 37°C for 30-45 minutes before adding it onto the slide which 

by then had reached the hybridisation stage.

2.6.4. Denaturing

Once the RNase step was completed, slides were washed twice in 2 X SSC for 5 minutes 

each wash and passed another ethanol series wash for 2 minutes this time and allowed to 

air dry. The cells were then denatured at 70°C (in a pre-warmed solution) in 70%FA/2 X 

SSC (for a 50ml coplin jar this was 35ml of FA and 15ml of 2 X SSC). A digital timer 

was started once the first slide entered the solution. Slides were then washed with 70% ice 

cold ethanol for 2 minutes followed by a wash with 80 and 100% (RT) ethanol for 2 

minutes each. Slides were then allowed to air dry at RT.

2.6.4.1. Denaturing when using oligonucleotide probe (for centromere 12 -
QD indirect experiments)

Chromosome denaturation occurred by adding 125pil of 70%FA/2 X SSC (87.5pl FA -  

37.5|il 2 X SSC) per slide that was covered with a 24x50mm coverslip and incubated at 

80°C for 2 minutes. This was followed by washing slides with 70% cold ethanol followed 

by RT ethanol washes (80-100%) for 3 minutes each. Slides were air-dried and lOpil of 

the oligonucleotide-hybridisation mix was added per area and covered with an 18x18mm 

coverslip. Slides were incubated for 2 hours at 37°C without rubber cement sealing.

The oligonucleotide-hybridisation mix was made by adding 2pl of working stock of the 

oligonucleotide probe (cenl2) (lOOng/pl) in 98pl of oligonucleotide-hybridisation mix 

(20% FA, 2 X SSC, 10% Dextran sulphate, 60pg of salmon sperm DNA, and 100-200ng 

of probe).

2.6.5. Hybridisation

Probes were added to the specified marked area, and an 18x18mm coverslip was added (if 

less amount of probe was added i.e. 4pl a 13x13mm coverslip was used instead). The area 

was sealed with rubber cement (Fixogum) and slides were placed in a wet chamber 

(empty tip box with ddH20) at 37°C overnight.
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2.6.6. Post-hybridisation washes

Once the hybridisation period was over, the glue sealant was removed and slides washed 

in 2 X SSC to remove the coverslips. Slides were then washed in a pre-warmed (at 37°C) 

50%FA/2 X SSC solution (for a 50ml coplin that is 25ml FA plus 25ml 2 X SSC) for 20 

minutes. They were then transferred to 2 X SSC 0.1% Igepal for 1 minute at RT to wash 

out any remaining FA solution. The next step was to wash them in storage buffer (4 X 

SSC 0.05% Igepal) for 15 minutes (up to 3 days) at RT. Slides were then washed in block 

buffer [4 X SSC 0.05% Igepal, 2-3% BSA -  18ml of block buffer with 2ml of BSA 

(Sigma A9647-50g)] for 25 minutes at RT. The purpose of the block buffer was to reduce 

non-specific binding of the detection agent (in this case Cy3-streptavidin) in the following 

step.

2.6.7. Post-hybridisation washes when using oligonucleotide probe (for 

centromere 12 -  QD indirect experiments)

Slides were washed three times for 5 minutes (each time) in 20%FA/2 X SSC at 37°C 

(10ml FA and 40ml of 2 X SSC in a 50ml coplin jar). This was followed by three washes 

for 5 minutes each in storage at 37°C.

Detection with Cy3-streptavidin was as per subsequent section 2.6.8 whereas detection 

with QDs was as per subsequent section 2.6.9 but with a different wash after detection 

incubation.

Slides were washed with storage buffer 3 times for 5 minutes each time, followed by a 

three-5 minute wash with PBS/0.1% Tween 20 (50pl in 50ml coplin jar) in a shaker in the 

dark. A water rinse was done after; slides were air-dried and counterstained with DAPI.

2.6.8. Detection (using Cy3-streptavidin)

The detection mix was prepared during the block buffer wash, as decribed in section

2.6.6, and was kept at 4°C for 20-25 minutes and then centrifuged at 13,000rpm for 5 

minutes. Detection buffer consisted of 4 X SSC 0.05% Igepal, 1.5% BSA and Cy3- 

streptavidin. Cy3-streptavidin (Amersham Biosciences) was used at a dilution of 1:200. 

The amount of detection buffer per slide was lOOpl. Thus detection mix (including the
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fluorochrome) for one slide was made by adding 50jal of detection and 50pl of block 

buffer together with 0.5pl of Cy3 streptavidin. A coverslip was added and slides were 

incubated for 35 minutes at 37°C.

The coverslip was then removed and slides washed in fresh storage buffer (in the dark) 

for 10 minutes, followed by a brief rinse with ddH20. Slides were then air dried and 

counterstained using vectashield with DAPI (Vector Labs). A coverslip was added and 

slides were blotted for excess DAPI and stored at 4°C in a box.

2.6.9. Detection using QDs

The same protocol was used, but detection mix consisted of lpl of QD into 99pl of TNB 

buffer (0.1M Tris-HCl pH: 7.5, 0.15M NaCl, 0.5% BSA) per slide. A coverslip was 

placed after detection mix was added and incubation for 1 hour at 37°C ensued. Slides 

were then washed twice for 3 minutes in IX PBS in the dark (to prevent photobleaching 

of the fluorochrome). They were then air dried and counterstained with DAPI.

2.7. Metaphase -  Interphase FISH (direct approach)

The direct FISH approach was used following a published method by Bentollila and 

Weiss (2006). Prior to FISH probes (chromosome paints) had to be amplified using 

primary DOP-PCR, then labeled with a primer bearing a single biotin molecule and then 

used in the direct FISH experiment where the biotinylated probe would be incubated with 

a QD. The primary and secondary PCR amplification is described below followed by the 

direct FISH protocol.

2.7.1. PCR amplification (primary amplification)

Primary DOP-PCR was used to amplify DNA from the chromosome paints. This method 

uses 3 DOP primers and the end products (3 reactions one with each DOP primer) were 

pooled together to increase concentration. The pooled product was then purified with 

PCR purification protocol, described in subsequent section 2.7.3. The following table 

presents the three DOP primers used, the PCR reaction mix and conditions.
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DOP primers 
used

DOP1 : 5’ CCG ACT CGA GNN NNN NCT AGA 3’
DOP2: 5’ CCG ACT CGA GNN NNN NT A GGA G 3’
DOP3: 5’ CCG ACT CGA GNN NNN NTT CTA G 3’

PCR mix component Amount Used (pi) Conditions
*TAPS2 buffer + BSA + 

________ (3ME________
DOP priner (1,2 or 3) -

_______ 20pM_______
dNTPs -  2.5mM

* * Brij 58-1% 2.5
Amplitaq (Applied 
Biosystems) -  5u/pl

0.5

ddH20 32.5
DNA 0.5

* TAPS2 buffer:
TAPS2 salt solution (final volume: 96 ml):

250 mM TAPS (Sigma) pH 9.3 6.08 g
166 mM (NH4)2S 04 2.20 g

25 mM MgCb 5 ml of 0.5 M stock 
solution

Dissolve salts in 50ml water first. Adjust pH strictly to 9.3 
with concentrated KOH. Adjust the volume to 96ml using 
MilliQ water and UV-sterilise.
Transfer 960pl aliquots into eppendorf tube and store at -20 °C. 
Prior to use, add BSA (33 pl/ml) and 0- ME (7 pl/ml) to the 
buffer aliquots.
** Brij 58
Make 1% stock solution and UV sterilise.

Step 1: (1 cycle): 
94°C -  3 minutes

Step 2: (10 cycles): 
94°C -  1.5 minutes 
30°C -  2.5 minutes 

Ramp at 0.1°C/s to 72°C 
72°C -  3 minutes

Step 3: (30 cycles): 
94°C -  1 minute 

62°C -  1.5 minutes 
72°C -  2 minutes

Step 4: (1 cycle): 
72°C -  8 minutes

Hold at 12°C

Table 2.7: Shows DOP primers used, PCR master mix and conditions for primary amplification of 
DNA template (chromosome paints) prior to labelling with biotin.

2.7.2. PCR amplification using biotinylated primer (secondary amplification)

Once the template DNA was amplified as described in section 2.7.1 and products were 

pooled and purified, they were labelled using a 5’ biotinylated primer (Invitrogen). Table 

2.8 shows the sequence of this primer and the PCR master mix and conditions applied. 
The labelled DNA was then purified, quantified and used in conjugation with QD.
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Primer used : 5 ’ biotin-CCG ACT CGA GNN NNN NAT GTG G 3 ’
Mix component Amount used (pi)

5X Buffer D (Invitrogen-K1220- 
01)

10

5bio6MWDOPINV (20pM) 
(Invitrogen)

5

dNTPs (2.5pM) (Invitrogen) 4
Taq polymerase (15u/pl) (HT 

Biotechnology)
0.2

ddH20 28.8
DNA 2

PCR conditions
Stepl: (1 Cycle): 

94°C for 3 minutes

Step 2: (30 Cycles): 
94°C for 1 minute 
62°C for 2 minutes 

72°C for 2.5 minutes

Step 3: (1 Cycle): 
72°C for 8 minutes 

Store at -20°C
Table 2.8: Presents primer sequence, PCR master mix and conditions for labelling amplified DNA 
with a single biotin per primer site.

2.7.3. PCR product purification (QIAquick)

This was the method used to purify amplified DNA (via primary amplification described 

in section 2.7.1 or biotinylated DNA (via secondary amplification, described in section 

2.7.2). The purified biotinylated DNA was conjugated with a QD and used in direct FISH 

experiments. To the 50pl PCR reaction 250pl of Buffer PBI (Binding Buffer-Cat No: 

19066-QIAGEN), as the analogy was 5 volumes of PBI to 1 volume of PCR sample. The 

colour of the mixture was checked that it was similar to PBI.

A QIAquick spin column was placed in a provided 2ml collection tube and the DNA 

sample was applied to the QIAquick column and centrifuged for 30-60 seconds at 

17,900g (or 13,000rpm). The flow-through was discarded and the QIAquick column was 

placed back in the same tube. 0.75ml of wash buffer PE (Cat No: 19065-QIAGEN) were 

added to the column and centrifuged for 30-60 seconds at 17,900g (or 13,000rpm). The 

flow-through was discarded and an additional centrifuge step was carried to remove any 

residual ethanol (from buffer PE). The QIAquick column was placed in a clean 1.5ml 

microcentrifuge tube. DNA was eluted by adding 50pl of buffer EB (Elution Buffer- 

lOmM Tris-Cl, pH 8.5) to the center of the QIAquick membrane and centrifugation of the 

column for 1 minute at 13,000rpm. A more concentrated DNA was eluted by adding 30pl 

of EB and allowing the column to stand for 1 minute prior to centrifugation.
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Purified DNA could then be run on a 2% agarose gel for analysis as described in section

2.3.3.

2.7.4. Metaphase -  Interphase (direct approach) -  Pre-hybridisation 

treatment and QD-DNA complex

Lymphocyte cultures were dropped on slides and washed at 2 X SSC for 30 minutes at 

RT. During this incubation the QD-DNA construct was being made by using lpl of 

500nM QD with lpl of 50ng/pl biotinylated probe. The mixes were gently pulsed for 5 

seconds and were allowed to incubate at RT for a minimum of 30 minutes. Then formed 

constructs stayed on ice until usage.

Slides were removed from 2 X SSC and underwent pepsin treatment at 37°C for 4 

minutes (49ml ddPLO with 0.5ml IN HC1 and 0.5ml 1% pepsin). A wash with 2 X SSC 

for 10 minutes after pepsin was done followed by a cell dehydration step with 3 minute 

ethanol series wash at RT. Slides were then air-dried.

2.7.5. Purification of QD-DNA complex

The QD-DNA construct was purified (from unbound probe) using S300 columns 

(Amersham Microspin S-300 HR column Cat # 27-5130-01). A column was taken, the tip 

was cut and a transparent collection tube was applied at the bottom to collect the liquid. 

The column was centrifuged for 1 minute at 735g or 3,000rpm to equilibrate it with the 

buffer it came with, whereas the collection tube was discarded.

48pl of hybridisation mix (25% of deionised FA, 2 X SSC, 200ng/pl Salmon Sperm or 

Herring Sperm, 5X Denhardt’s, 50mM Phosphate Buffer ImM EDTA) were added to the 

QD-DNA construct (50pl Total Volume). This diluted down the complex concentration 

to lng/pl (It was 50ng in the QD-DNA prior to hybridisation mix addition). The total 

amount was added to the top of the column making sure not to touch the resin. The 

column was centrifuged for 2 minutes at 300rpm and the liquid was collected in a new 

tube.
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At that step QD-DNA complex was checked for fluorescence under a UV 

transilluminator. The tube was then stored in an ice-bucket until later usage.

2.7.6. Denaturation & Hybridisation

The next step was to prepare the 70% deionised FA/2 X SSC, in order to denature the 

slides (target sequences). In a 50ml volume that would be 35ml of deionised FA (stored at 

4°C), 5ml of 20 X SSC and 10ml of milliQ water. The solution was allowed to warm up 

at 70°C. Slides were then put in the denaturation buffer for 2 minutes at 70°C. This was 

followed by an ice-cold 70% ethanol wash and then by an RT 90% and 100% washes. 

Slides were then air-dried. While slides were air drying the QD-DNA complex was 

denatured at 65°C for 1 minute and then was briefly centrifuged and placed in the ice 

bucket. While the QD-DNA was denaturing the moist chamber for hybridisation was 

prepared by putting tissue paper and making 10ml of 25% deionised FA, 2 X SSC (2.5ml 

of deionised FA, 1ml of 20 X SSC and 6.5ml of ddH20). 5ml were placed on each box, 

by soaking the tissue in it. The QD-DNA complex (15pl) was pipetted to the target area 

of the slide and a 22x22mm coverslip was placed gently on top. The slides were baked at 

80°C for 3 minutes to prevent any reannealing of the DNA strand after denaturation. The 

slides were then put in the box, and rubber cement was used to seal coverglass. 

Hybridisation occurred on a 37°C incubator overnight.

2.7.7. Post-hybridisation washes

Rubber cement was carefully removed with tweezers and two coplin jars with 2 X SSC 

(pH: 7.0) were prepared and placed in a 37°C waterbath. Also TST buffer was prepared. 

The following table shows the TST composition.

TST buffer (for 500ml)
O.lMTris 6.05g/500ml Add Tris and NaCl and 20 X

0.15 M NaCl 4.4g/500ml SSC. Make pH 7.4; fill up to
0.05% Tween 20 250pl/500ml 500 with water. Autoclave.

20 X SSC 50ml/500ml + 450ml 
ddH20

Add tween.

Table 2.9: Preparation of TST for detection.
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Slides were put at 2 X SSC to allow coverslips to float off. Then they were transferred to 

TST buffer for two-10 minute washes at 37°C. Slides were then mounted with 90% 

glycerol and 10% PBS (40pl per slide). A coverslip was applied together with nail polish 

in the corners. Slides were ready to be stored or analysed.

2.8. Motility assay to investigate QD-DNA complex formation

To test for QD-DNA constructs formation the following gel was set up. The background 

was that “naked” DNA runs faster that QD-DNA than QD alone. Attachment of QD to 

DNA causes a negative charge increase (both DNA and QDs are negatively charged). 

Also by doing a gel like that the complex could be titrated and optimum QD 

concentration decided. The initial step was to prepare the following dilutions between QD 

and DNA (probe) which is presented in Table 2.10.

Lane no 1 2 3 4
QD amount 

(pi)
0 1 1:2 ratio 

(lpl of lpM 
QD+ lpl H20)

1:4 ratio 
(lpl of lpM 

QD + 3pl H20)
DNA amount 

(50ng/pl)
1 1 l 1

QD
concentration

- lpM 0.5pM 0.25pM

Table 2.10: Showing dilutions prepared between QD and DNA probe for motility gel.

The total volume for each construct was 2pl. They were then allowed to stand at RT for 

30 minutes. Once the incubation period had ended 5pl of 0.5 X TBE were added to the 

2pl reaction mix together with 2pl loading buffer (3ml of 100% glycerol, 2.5ml of 2 X 

TBE, 4.5ml of distilled water for a 10ml volume). All the samples were loaded to a 2% 

agarose gel and a water sample with lpl of orange G (Sigma) loading buffer (0.5ml of 

distilled water, 0.25ml 2 X TBE, 0.3ml of glycerol, 0.25g orange G) was run for 

navigation purposes (to know how far samples had run). 90V was applied and the gel was 

run for 30 minutes and checked under UV for fluorescence of the QD-DNA complexes.

2.9. Sperm FISH

With regard to QD experiments sperm FISH was used with chromosome paints and a 

pancentromeric probe. Most importantly sperm FISH was used when the fast hybridising
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probes from Kreatech Diagnostics were developed to assess the position of chromosome 

loci in normal and men with impaired semen parameters. The protocol was similar and 

follows hereafter. A lymphocyte slide was run parallel as a control.

Following sperm sample preparation, according to section 2.1.2 and optical density 

observation under a phase contrast microscope; slides were aged for 1 hour at 70°C in a 

hot block. Sperm cells were then dehydrated with the use of ethanol washes (70-80-100% 

for 3 minutes each).

Slides were then washed in lOmM DTT 0.1M Tris-HCl (pH: 8.0) (400pl of DTT in 40ml 

of Tris) to swell the sperm cells, at RT (in the dark) for 20-30 minutes and then rinsed in 

2 X SSC. This was followed by pepsin treatment. A pre-warmed at 37°C coplin jar; 

contained 49ml of ddH20  and 0.5ml of IN HC1. Before slides were added to the coplin 

jar, 0.5ml of 1% pepsin was added. Incubation in pepsin was for 20 minutes. Slides were 

then washed in ddH20  followed by rinse in PBS. The next step was to wash slides in a 

pre-made solution of 1% paraformaldehyde/PBS (1.34ml of 37% paraformaldehyde in 

49ml of PBS) at 4°C for 10 minutes. Slides were then rinsed with PBS followed by 

ddH20  in RT. Another ethanol series wash, was carried after at RT for 2 minutes each 

and slides were air dried

2.9.1. Probe preparation

When chromosomal paints were used, probe preparation was the same as described in 
section 2.3.

When the custom made pancentromeric probe (Cambio-1695-B-02), was used lpl of this 

probe was added to 11.5pl of hybridisation mix (Cambio information sheet) without any 

dextran sulphate (5ml of 100% Formamide (FA), 1ml of 20 X SSC, 4ml of distilled 

water, for a 10ml volume). The probe/hybridisation mix was denatured for 10 minutes at 

85°C and then quickly was placed on ice until it was ready to be applied.

With regard to the fast hybridising probes from Kreatech, the appropriate amount was 

aliquoted (usually l-1.3pl) and kept at 4°C until denaturation time.
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2.9.2. Dénaturation & Hybridisation

During this period slides were used for denaturing sperm cells at 70°C (+1°C for every 

additional slide, e.g. 3 slides-73°C) for 8 minutes. Denaturing was stopped by washing 

slides into 70% ice cold ethanol followed by and 80, 100% RT ethanol wash.

Probes were applied (either the chromosome paints or the pancentromeric probe) and 

coverslips were placed with rubber cement to prevent any probe leaking or drying out. 

Hybridisation occurred by putting the slides in a moist chamber at 37°C overnight.

2.9.3. Dénaturation & Hybridisation using Kreatech probes

Probes were denatured at 73°C for 10 minutes, then added onto the slide and sealed with 

parafilm®. This was followed by a co-denaturaton with the target cells (sperm or 

lymphocytes) at 75°C for 90 seconds inside a thermobrite® (Abbott Molecular). This was 

followed by hybridisation at 37°C for either 15 minutes (for the centromeric probes) or 

overnight (usually 16 hours) for the layer of probes that had the B AC sequences.

2.9.4. Post-hybridisation washes

For slides that were detected with Cy3-streptavidin post-hybridisation washes, blocking 

and detection are as described in section 2.6.8.

For slides that were detected with QDs procedure was the same as in section 2.6.9, with 

the only difference being that a different blocking buffer (PBS/BSA; 18ml PBS-2ml 2-3% 

BSA) was used to the normal one (4 X SSC 0.05% Igepal, 2-3% BSA).

2.9.5. Post-hybridisation washes using Kreatech probes

Once the hybridisation period was completed, slides were removed from hybrite and 

parafilm® was carefully removed. Slides were placed in 0.7 X SSC-0.3% Tween 20 

(35ml of 20 X SSC, 3ml of Tween 20 and 965ml of ddHaO) at RT, to allow the coverslips 

to float off. A pre-warmed waterbath at 72°C had a coplin with the same solution and 

slides were washed for 3 minutes. They were then transferred to 2 X SSC at RT for 2 

minutes. Slides were then briefly washed in ddH20  and then stained with 0. lng/ml DAPI 

in a PBS solution (5ml of 10ng/ml in 45 ml of PBS) for 10 minutes. They were then
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mounted with Vectashield only (Vector labs) and a coverslip was placed making sure that 

excess Vectashield is removed without leaving any bubbles. Slides were stored at 4°C for 

microscopy analysis.

2.10. Sequential FISH in preimplantation embryos

Once whole embryo slides were prepared as per section 2.1.4, a four layer sequential 

FISH assay using probes from Kreatech was developed in order to obtain as much 

information as possible from the blastomeres due to the nature of the material (limited 

compared to the plethora of sperm available). A lymphocyte slide was run in parallel for 

control purposes.

2.10.1. Pre-hybridisation treatment

Two solutions were prepared prior to treating slides, to allow them to stay in their 

respective temperatures for at least half an hour. A coplin jar containing 49ml of ddHoO 

with 0.5ml of 0.0IN HC1 was placed at 37°C and a 1% paraformaldehyde/PBS solution 

was prepared and placed at 4°C. In addition a vial of lOmg/ml pepsin (0.5ml) was taken 

out of -20°C to thaw.

Slides with whole embryos were washed in PBS for 3 minutes at RT. This was followed 

by a round of dehydration in 70-80-100% ethanol for 3 minutes each. Slides were then 

left to air dry. The thawed pepsin solution was added to the pre-warmed coplin jar at 

37°C, followed by the slides. Pepsin treatment was for 20 minutes. This was followed by 

a rinse in ddH20 and PBS and then slides were placed in the paraformaldehyde solution 

at 4°C for 10 minutes. During this incubation probes (for all layers) were aliquoted and 

left at 4°C until utilisation.

After paraformaldehyde treatment slides were rinsed in PBS followed by two ddH20 

rinses. Another round of dehydration followed and slides were allowed to air dry.

2.10.2. Probe denaturation and hybridisation of the first layer

Probes were denatured as described in section 2.9.3 and allowed to hybridise for 15 

minutes (first layer was a centromeric probe).
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2.10.3. Post-hybridisation washes and reprobing (second layer)

As described in section 2.9.5 with the only difference being that the wash in 0.7 X SSC, 

0.3% Tween 20 at 72°C was for 90 seconds and not 3 minutes (sperm only). Once slides 

were analysed under the microscope, excess immersion oil was wiped and slides were 

placed in 2 X SSC to allow the coverslip to float off. Slides were then washed for 30 

seconds in a pre-warmed ddfTO solution at 72°C to strip the current probe layer. This 

was followed by a dehydration round and the second probe layer was added as per section

2.9.3. The second layer hybridised for 15 minutes.

2.10.4. Remaining layers (third and forth)

A similar post-hybridisation sequence as in section 2.10.3 was followed but this time 

slides were washed for 50-60 seconds at 72°C in 0.7 X SSC, 0.3% Tween 20. Once slides 

were analysed, the same protocol for stripping and further reprobing was followed for the 

third layer. Hybridisation was for 15 minutes. The post-hybridisation sequence was 

followed as in section 2.10.3, but this time slides were washed for 30 seconds at 72°C in 

0.7 X SSC, 0.3% Tween 20. The forth layer was added once slides had been analysed and 

slides were left to hybridise overnight as that layer contained the unique sequence targets. 

The same post-hybridisation sequence as per third layer was followed and once slides 

were analysed for the last layer, were stored at 4°C.

2.11. Microscopy

Slides from all experiments were analysed on an Olympus BX-61 epifluorescence 

microscope equipped with a cooled CCD camera (by Digital Scientific -  Hamamatsu 

Orca-ER C4742-80) and using the appropriate filters.

With regard to QD work; QD filters were purchased by Chroma and the set included a 

long pass emission (E500LP) and narrow band pass emission filters at 525, 565, 585 

605nm.

With regard to work for assessing chromosome position 7 filters were used to 

accommodate all fluorochromes required (red, green, aqua, gold, blue, far red and DAPI) 

through the use of two communicating filter wheels (Digital Scientific UK).
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All images were acquired using SmartCapture software (Digital Scientific UK) and 

exported as .tiff files for further analysis.

2.12. Image Analysis -  Chromosome position/nuclear address

To be able to assess chromosome position in sperm 100 images minimum were captured 

for each chromosome for each patient (control and OAT). However, in preimplantation 

embryos the number of images analysed varied depending on the available number of 

cells.

The position of chromosomes with the nucleus was measured using an automated method 

published by Croft et al. (1999).

A macro written for ImageJ (Michael Ellis, Digital Scientific UK) split each image of a 

nucleus to separate RGB planes (red, green for signals and blue for counterstain) and then 

converted the blue image (representing the DAPI counterstain) to a binary mask from 

which concentric regions of interest (rings) of equal area were created (Skinner 2009).

Figure 2.1: A lymphocyte nucleus image converted to RGB planes before the application of the macro 
(left) and after (right) with the 5 rings of equal area formed.

Page 83 of 228



D.Ioannou Materials and Methods

The proportion of signal in each channel within each ring was measured relative to the 

total signal for that channel within the area covered by the binary mask (Skinner 2009). 

The output of these results was pasted to an excel spreadsheet for statistical analysis.

To compensate for the fact that a 3D object is observed under 2D (nucleus flattening) the 

proportion of signal within each shell was normalised against DAPI density (Boyle et al. 

2001) and the overall percentage of the normalised signal within each shell was 

calculated and a yj test was performed to test whether position for that chromosome was 

significant or random (non-random when p < 0.05)

The percentage signal within each shell was used to calculate an ‘overall’ position for the 

signal in each nucleus image (Skinner 2009). The median value of the overall positions 

for all nuclei with a specific probe was taken as the overall position for the probe (Skinner

2009).

Since data appeared to be non-normally distributed thus it was non parametric, median 

and interquartile ranges were calculated rather than standard error of the mean.

Page 84 of 228



D. Ioannou Results: Specific aim 1

3. Specific aim 1: to investigate whether inorganic 

nanomaterials (quantum dots - QDs) can be used for 

FISH in place of organic fluorochromes with a view to 

multiplex experiments

3.1. Background

As outlined in section 1.1.2 QDs, are a novel class of inorganic fluorochromes 

composed of nanometre scale crystals made of a semiconductor material. Due, in part, 

to their inorganic nature, they are much brighter that organic fluorochromes, resistant 

to photo decay, have narrow emission wavelengths (thus less spectral crosstalk) that 

can be controlled during particle size synthesis, and thus have great potential for 

FISH. This is particularly true for multiplexing experiments however only a handful 

of studies have tried to incorporate the use of QDs in FISH applications and thus the 

field is under explored.

If QDs could be used in FISH applications they could revolutionise the technique by 

generating brighter and more photostable probes. In addition multicolour probe sets 

with low or no spectral overlap could be generated and be used in multicolour 

experiments. This would be ideal to study chromosome copy number of a large 

number of targets as well as nuclear architecture, including (as is relevant for this 

thesis) human sperm and human preimplantation embryos.

3.2. Aims

Given the above rationale, specific aim 1 was broken down into 4 sub-aims thus:

Specific aim la: To test the hypothesis that the optical properties of QDs are 

consistent with the manufacturers claims using simple experiments that involve 

“spotting” small aliquots on a glass slide.

Specific aim lb: To investigate whether detection of biotinylated DNA is possible 

using streptavidin conjugated QDs, also using simple “spotting” experiments.
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Specific aim lc: To ask whether streptavidin conjugated QDs can be used for the 

detection of biotinylated probes in FISH experiments under a range of conditions 

(“indirect labelling”).

Specific aim Id: To develop strategies for the direct coupling of QDs to biotinylated 

probes (including oligonucleotides and chromosome paints) for the use in “direct” 

FISH experiments.

NB: Only streptavidin conjugated QDs were used in all these experiments and thus 

the term “QD” will be used throughout to mean “streptavidin QD conjugate” for 

simplicity and coherence.

3.3. Results

3.3.1. Specific aim la: To test the hypothesis that the optical properties of 

QDs are consistent with the manufacturers claims using simple 

experiments that involve “spotting” small aliquots on a glass slide

As stated in section 2.4 commercially available QDs were used that emit at different 

wavelengths. A minute drop was placed on glass slides and QD samples were 

observed under the bespoke detection filter sets to investigate whether emission was 

narrow as stated by the manufacturers. The following figure illustrates representative 

results from this “spotting assay” where several commercially available QDs and an 

organic fluorochrome (Cy3-streptavidin) were compared.
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Spectral Resolution of the QD and Cy3 samples

Barrier Filter (nm) 525 565 585 605

QD520
EVIDENT

QD585
INVITROGEN

QD600
EVIDENT

QD620
EVIDENT

Barrier Filter (nm) 452 480 535 555 605

Cy3

Figure 3.1: Spotting assay to investigate whether QD emission is as narrow as stated by the 
manufacturers. Samples were irradiated with UV light (from DAP1 filter), the dichroic mirror 
filtered out the UV but let through light above 500nm and different barrier filters were used.

The results showed that QD585 had the narrowest emission spectrum (peaked 

intensity at 585nm) with limited emission bleedthrough to neighbouring channels. In 

contrast QD520 peaked at 525nm but showed bleed through to other channels, as did 

QD620 (brightest signal at 605nm) whereas QD600 hardly fluoresced at all. Cy3 

demonstrated significant emission bleedthrough to neighbouring wavelengths 

confirming that organic fluorochromes are more subject to spectrum overlap. For this 

reason, most subsequent experiments were continued using QD585 from Invitrogen.
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3.3.2. Specific aim lb: To investigate whether detection of biotinylated 

DNA is possible using streptavidin conjugated QDs, also using simple 

“spotting” experiments

Following a similar “spotting” assay, biotinylated DNA was applied to a glass slide 

and dried and then a layer of streptavidin conjugated QD used to ask whether it could 

be detected. By dividing the glass slide into areas, different concentrations of probe, 

QD and FISH conditions could be tested at the same time in order to determine the 

optimum for later application. Figure 3.2 presents data to determine which QD sample 

would henceforth be used for a detection of a biotinylated probe in FISH experiments.

Fluorochrome
Cy3 QD 520 QD 585 QD 600

Figure 3.2: Results from a “spotting” experiment for the determination of which QD to use in 
FISH. QD585 was the only QD that detected the biotinylated DNA in comparison to 520 and 600. 
Cy3 control also worked well.

Thus, after repeating the experiment up to five times, it became clear that, from the 

available QD samples, only QD585 could detect the biotinylated DNA in these 

experiments. This QD was therefore henceforth used alone using the same approach 

to test further conditions such as the efficacy of a pre-detection block buffer (to 

reduce non-specific binding of the streptavidin conjugate), incubation time and 

temperature of detection.

After extensive testing and repeat experiments, results revealed that detection of the 

biotinylated probe could be achieved regardless of the incorporation of a pre­

detection blocking step and that such a step did not appear to increase signal 

specificity. Detection at 37°C rather than room temperature (RT) improved the 

brightness of signal which was clear by visual inspection and the optimum time was 

one hour. Finally, a 1:100 dilution of the stock (lpM) QD solution proved to be the 

optimum.

Page 88 of 228



D. Ioannou Results: Specific aim 1

Thus the “spotting” assays informed the configuration of FISH conditions and the 

selection of the most appropriate QD sample to use in the subsequent FISH 

experiments.

3.3.3. Specific aim lc: To ask whether streptavidin conjugated QDs can be 

used for the detection of biotinylated probes in FISH experiments 

under a range of conditions (“indirect labelling”).

Using a biotinylated human chromosome paint generated in the laboratory for 

chromosome 2 as described in section 2.3 and testing all conditions specified in 

section 3.3.2, results demonstrated that, QDs could be used for FISH experiments. 

Figure 3.3 illustrates these results.

a

Figure 3.3: Detection of human chromosome 2 paint using Cy3 (a) and QD585 (b and c). QD 
detection worked under two conditions |pre-detection block, lhr detection at 37°C (b) or no pre­
detection block, lhr detection at 37°C (c)|. Arrows point at chromosome 2 detected with QD585.

When experiments were successful (incidentally, they were less so, for a chromosome 

1 paint) the properties of QDs were apparent. Most notably the signals detection were
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significantly brighter (by visual inspection) than the Cy3 and resistant to 

photobleaching. That is, when Cy3 signals were exposed to UV light, decay occurred 

after 5 minutes, whereas for QD preparations no appreciable loss of signal was 

observed even after 1 hour of illumination. On the negative side QD signals were 

brighter around the periphery of chromosomes (i.e. like a fluorescent sheath-Figure 

3.4) and had more non-specific background than Cy3. Another factor was the 

apparent observation of the lack of reproducibility of the positive results, i.e. under 

the same conditions; identical experiments would not work even on parallel-processed 

slides.

Figure 3.4: Successful human chromosome painting experiment (chromosome 2, tetraploid cell) 
but with signals predominantly around the periphery of the chromosome (pseudo-coloured green 
for greater contrast), giving an impression of a fluorescent “sheath.”

Thus new strategies were attempted in order to improve the efficacy and reliability of 

experiments and to remove the “sheath” effect. Since QD molecules were larger than 

Cy3 (15-30nm vs. 2nm) attempts to reduce the effect of steric hindrance were applied 

by using a longer carbon atom biotin (biotin-21 -dUTP) instead of the normal (biotin- 

16-dUTP) to provide some extra space for the QD conjugate to bind. The results from 
this attempt are depicted in Figure 3.5.
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Figure 3.5: Detection of biotinylated (this time with the long carbon biotin) human chromosome 
paint 2 with a) Cy3 b-c) QD585 (no pre-detection block, lhr detection 37°C). Arrows point at 
chromosome 2 detected with QD585.

Although successful under specific conditions (no use of pre-detection block, 

detection at 37°C for 1 hour), the longer-arm carbon conjugate (biotin-21-dUTP) did 

not show a noticeable difference in hybridisation efficiency from the normal biotin 

(16-dUTP). Also lack of reproducibility was evident with this strategy as well.

Another attempt to reduce steric hindrance involved testing different ratios of labelled 

and unlabelled probes. As with the longer carbon biotin, the rationale was that if the 

biotin molecules were spread on the length of the chromosome paint then it would 

allow more efficient binding of QD conjugates thus reducing aggregation of QDs 

binding the same biotin molecule. Figure 3.6 illustrates the results from the different 

ratios of labelled and unlabelled probes.
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Ratio of Labelled : Unlabelled Probe
Normal I L : 1UN 2L : 1UN 3L : 1UN

Hsa 1 
Cy3

Hsa 1 
QD585

Hsa 2 
Cy3

Hsa 2 
QD585

Figure 3.6: Results with increasing ratio of the labelled against unlabelled probe. Hybridisation 
was successful for Hsal-QD585 at 1:1 and 2:1 whereas for Hsa2 results were less evident. Positive 
hybridisation results for Cy3 in all ratios. Arrows point at chromosomes 1 or 2 when detected 
with QD585. In these particular experiments higher background fluorescence was seen on the 
chromosomes.

As indicated in Figure 3.6 there was no increase in hybridisation efficiency (although 

QD detection was seen with specific ratios), as a result of altering the ratios, whereas 

successful detection was observed for all ratios with Cy3.

A component of the hybridisation buffer was also investigated. Dextran sulphate (DS) 

is used as a chelating agent to increase the signal intensity of the hybridised probe. In 

addition there was an indication (in the QD conjugant information sheet) that DS 

could promote QD aggregation. Thus, controlled experiments were run in the 

presence or absence of DS. The results are summarised in Figure 3.7.
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Figure 3.7: Results in the presence (left side) or absence (right side) of Dextran sulphate (DS) in 
the hybridisation-probe mix. Chromosome paints were detected using Cy3 and QD585. Cy3 
worked in either condition, whereas detection with QD585 was brighter and more specific in the 
presence of DS.

Detection of probes with QDs was improved with a concentration of 7.2% (w/v) DS 

in the final probe-hybridisation mix. With regard to Cy3, it could detect the 

biotinylated probe equally well under both conditions.

Other alternative strategies to increase efficacy of QD-FISH included the use of 

custom made pancentromeric probe (Cambio). In addition the use of a different cell 

type (sperm) with more densely packed DNA, different chromosome paints (for 

chromosomes X and Y) and the use of a biotinylated oligonucleotide probe for 

chromosome 12 (Sigma). The latter probe was pre-labelled with one biotin per 

binding site again to reduce steric hindrance. Figures 3.8 and 3.9 summarise the 

results obtained from the use of these probes. In general terms, after several months of 

experiments, despite the purported advantages of QDs, Cy3 indirect labeled always 

produced more specific and more reliable results.
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Figure 3.8: Results summary from the use of a pancentromeric probe in lymphocytes (top) and 
sperm (second from top). In addition paints for chromosomes 1 and 2 were used in sperm 
(bottom two). Detection with Cy3 is presented on the left whereas detection with QD585 on the 
right.
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Figure 3.9: Results summary from the use of chromosome paints X, Y and an oligonucleotide 
probe for centromere 12. Detection using Cy3 is presented on the left whereas detection with 
QD585 is presented on the right. Arrows point to chromosomes X and Y when detected by 
QD585 and oligonucleotide probe for centromere 12 when detected with Cy3.
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There was no detection of the pancentromeric probe with QD585 both in lymphocytes 

and sperm. However a signal was observed when QD585 was used to detect human 

chromosome 1 in sperm. There were successful results from the detection of human 

chromosome X and Y paints using QD585. With regard to the oligonucleotide probe 

for chromosome 12 there was not strong evidence of detection with QD585 despite all 

control experiments working reliably with all probes using Cy3. As with several 

previous attempts when a signal was observed with QDs this was not later 

reproduced.

Several more alternative strategies were attempted with no increased efficacy of QD- 

FISH, this included trying numerous batches of chromosome preparations, labelling 

probes with digoxigenin (and attempting detection with anti-digoxigenin), methods to 

increase cell permeability (fixation, pepsin) and use of alternative QD conjugates 

(QD520, QD605). The only intervention that we did observe that made a degree of 

success was the use of silicon coated plastic tubes and sonication of the conjugate 

prior to use. In both conditions we observed an (albeit temporary) improvement in the 

reliability of the results. Notwithstanding the repeated efforts to increase the 

robustness the approach, on the whole, outcomes were temperamental or 

unsuccessful. Figure 3.10 provides examples of some of the inglorious attempts.
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Figure 3.10: Some of the inglorious attempts using QDs. At the top, chromosome painting in 
human lymphocytes using QD520. No specific signal was seen and the area surrounding the 
chromosomes has high background (top left) which is bleeding through the red channel (top 
right). The bottom left image shows an attempt to visualise centromere of human chromosome 
12. There is evidence of hybridisation but the preparation has high background. The bottom 
right image depicts an attempt to detect chromosome paint 2; a bright signal is seen on every 
part of the slide excluding chromosomes.

It is worth noting that records from all QDs purchased were kept and results were 

obtained only through the use of Invitrogen samples (Lot 48184A, for QD585). In 

contrast, there were no results through the use of any of the Evident samples. On the 

whole, none of the interventions attempted had a significant impact on the indirect 
FISH approach since the outcomes were temperamental or unsuccessful. In general 

terms indirect, QD experiments were successful approximately 25-35% of the time 

compared to Cy3 controls that worked reliably and consistently.
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3.3.4. Specific aim Id: To develop strategies for the direct coupling of 

quantum dots to biotinylated probes (including oligonucleotides and 

chromosome paints) for the use in “direct” FISH experiments

As the indirect approach had a limited degree of success, direct conjugation of QDs to 

FISH probes was attempted. The strategy followed was based on a published method 

by Bentolila and Weiss (2006). Single biotinylated probes and QDs were incubated at 

room temperature and allowed to form a construct which was verified through a shift 

in DNA motility conferred by the conjugation of QDs, as per section 2.8. Following 

construct confirmation the conjugant was used in direct FISH as previously described 

in sections 2.7.4 to 2.7.7.

With direct help from the authors we were confident that QD-DNA constructs were 

generated initially for the oligonucleotide probe for centromere 12 and for 

chromosome paint 2 (through amplification and labelling as described in section 2.7).

The following figures illustrate motility assays to investigate the formation of QD- 

DNA construct using oligonucleotide probes (Figure 3.11) and human chromosome 2 

paint (Figure 3.12).
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As it can be seen in lanes 2-3-4 and 6-7-8 the QD-DNA travels faster from QD alone 

(lanes 1 and 5). These constructs were used in a direct FISH experiment, in mouse 

(QD605-y sat) and human lymphocytes (QD605-cenl2) but there was very little 

evidence of hybridisation in their respective target cells. Constructs between y-sat and 

QD605 were similar to the published study by Bentolila and Weiss and were used as a 

positive control.

1 2 3 4 5 6  7 8 9  10

1500bp

500bp

100bp

Lane Sample
1 DNA ladder (lOObp)
2 Biotinylated primer 

alone (50ng/pl)
3 Pooled DNA hsa2 

alone (no biotin)
4 QD 585 alone
5 QD + unbiotinylated 

Hsa2 (QDlpM)
6 QD + unbiotinylated 

Hsa2 (QD0.5pM)
7 QD + unbiotinylated 

Hsa2 (QD0.25pM)
8 QD + biotinylated 

Hsa2 (QDlpM)
9 QD + biotinylated 

Hsa2 (QD0.5pM)
10 QD + biotinylated 

Hsa2 (QD0.25pM)

Figure 3.12: Showing selected lines from the same gel and the index for each line of the gel on the 
right table.

The message from Figure 3.12 was that unbiotinylated DNA (Hsa2-lane 3) runs faster 

from QD alone (lane 4). The same applies to QD-DNA (lanes 8, 9, 10) compared to 

QD alone (lane 4) or QD with unbiotinylated DNA (lanes 5, 6, 7). However none of 

the constructs that were generated either with the oligonucleotide probes or 

chromosome paint were successfully hybridised in direct FISH experiments. As a 

control the biotinylated DNA was detected by Cy3 following indirect FISH to prove 

functionality. Figure 3.13 is an example of results following these attempts.
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Indirect Detection - Cy3 Direct Detection

Hsa 2 QD585

Figure 3.13: The successful detection of human chromosome 2 paint with indirectly Cy3 and the 
absence of hybridisation when it was used in a construct with QD585.

Despite repeated attempts to generate QD-DNA constructs employing a range of 

different conditions (stringency, incubation time, different DNA concentrations) 

without exception they ended in failure to hybridise using QD585.

3.4. Concluding remarks

The “take-home” message of this comprehensive appraisal of the utility of QDs for 

FISH (either indirect or direct approach) has been that, in their current form, QDs are 

not suitable materials for FISH applications. In both approaches many alternative 

strategies were employed to increase efficacy through the use of QDs. By and large
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this was not successful. Thus fast hybridising oligonucleotide probes (Chapter 4) were 

employed as an alternative to be used in the study of nuclear architecture in human 

sperm and preimplantation embryos.
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4. Specific aim 2: To develop a 24 chromosome aneuploidy 

screening approach applicable to single nuclei and of use 

for determining nuclear organisation

4.1. Background

As seen from Chapter 3 attempts to make use of novel fluorochromes (QDs) for FISH 

proved unsuccessful and thus experiments continued using traditional organic 

fluorochromes. As mentioned in section 1.4.6 for PGS, a 24 chromosome interphase 

cytogenetics strategy would be desirable but would have to be applicable for a single 

cell. Also, for sperm cells, to the best of my knowledge no studies have examined all 

chromosomes concurrently.

As mentioned in the last part of the introduction, section 1.5 onwards, chromosome 

position in the interphase nucleus is an indicator of nuclear organisation in a variety of 

cell types and developmental stages (Foster & Bridger 2005). It is widely accepted 

that chromosomes are organised in discrete positions that appear to be non-random in 

the nucleus (Cremer et al. 2001). Also evidence shows that alterations from those 

non-random patterns could lead to disease phenotypes (i.e. laminopathies) (Foster & 

Bridger 2005). As outlined in section 1.6 the principal aim of this thesis was to 

investigate whether a link exists between aberrant nuclear position and infertility 

(Chapter 5) or aneuploidy (Chapter 7), by expanding chromosome position assays into 

the entire human karyotype. Before this could be achieved however, an assay that 

examined loci from all the chromosomes was necessary.

4.2. Aims

Given the above rationale, the specific aims of this chapter were as fciHows:

Specific aim 2a: With the help of commercial partners, to design probe sets that 

target chromosome loci for all chromosomes.
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Specific aim 2b: To validate these probe sets and find optimum conditions for their 

usage, individually and (for when only single nuclei were available) in sequential 

hybridisation layers.

Specific aim 2c: To evaluate the efficacy of the probe sets on blastomere and sperm 

cells.

4.3. Results

4.3.1. Specific aim 2a: With the help of commercial partners, to design 

probe sets that target chromosome loci for all chromosomes

Coupled with the expertise of Kreatech Diagnostics in labelling probes directly with 

fluorochromes, it was decided, through discussion with all partners, that the best 

strategy to attempt would involve 4 layers of probes each targeting sequences for 6 

chromosomes. Commercial probe sets use the 5 known fluorochromes (Red, Green, 

Gold, Aqua and Blue) were already in existence; in addition to these a Far Red 

fluorochrome was employed as well. It was decided that this basic strategy allowed 

for the fewest number of sequential hybridisations to each layer while avoiding the 

complications of mixing fluorochromes. Probe sets (6 chromosomes) were divided 

according to whether centromeric probes were available or not (non centromeric 

probes requiring longer hybridisation). That is, chromosomes 5, 13, 14, 19, 21, 22 do 

not have unique centromeric sequences and thus were placed in the same probe mix 

(that would require longer hybridisation) whereas the others (three sets of 6) formed 

the centromeric mixes. The probe choice strategy was also to use the brightest probe 

with the less robust fluorochrome (e.g. Blue and Aqua). Conversely for chromosomes 

that had small size satellites corresponding to their centromeres (e.g. 2, 3, 4 and 20) 

they were allocated to strong fluorochromes and distributed in the three centromeric 

layers.

The following table presents the information regarding the final set of probes and the 

targeting sequence for each chromosome.
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Color “a” Layer
centrom eric

“ P” Layer 
centrom eric

“ y ”  Layer 
centrom eric

“to” Layer 
unique sequence

DY405
blue

SE 7  (7p l 1- 
q l l )

SE 11 ( l l p l l -  
q l l )

SE 1 8  (18p l 1-
q l l )

CD 37 (19q 13)

DY415
aqua

SEl(lqh) SE 9 (9qh) SE 1 6  (16p l 1-
q l l )

EGR1 (5q31)

DY495
green

SE 6 (6p l 1-
q l l )

SE 20 (20pl 1- 
q l l )

SE 2 (2 p l 1- 
q l l )

DSCR (21q22)

DY547
gold

SE 8 (8pl 1- 
qll)

SE 12 (12p l 1- 
q l l )

SE X (X pl 1-
q l l )

BCR (22q 11)

DY590
red

SE 3 (3pl 1- 
q l l )

SE 10 (lO pl 1-
q 11)

SE Y (Yql2) RB (13q l4 )

DY647 
far red

SE 4  (4p 11- 
q l l )

SE 1 7  (17p l 1- 
q 11)

SE 1 5  (15p l 1- 
q l l )

IGH (14q32)

Table 4.1: Probe names and targets for each of the 4 layers comprising the 24 panel. Each layer is 
displayed by having the chromosome in the lowest excitation spectrum first. Bold (under each 
layer) indicates the chromosome number.

Ergo, specific aim 2a was achieved and a probe set for all chromosomal loci was 

designed. The fact that three layers could hybridise within 30 minutes due to the 

nature of target provided us with the potential to screen all chromosomes within 24 

hours, something that could have implications within a diagnostic setting. For the 

purposes of this study, probe sets were designated “Alpha” (7, 1, 6, 8, 3, 4), “Beta” 

(11, 9, 20, 12, 10, 17), “Gamma” (18, 16, 2, X, Y, 15) for the centromeric probes and 

“Omega” (19, 5, 21, 22, 13, 14) for the unique sequence set. Figure 4.1 shows a 

sample of experiments performed on lymphocytes for each layer.
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Figure 4.1: A representative sample of lymphocytes from validation experiments with each probe 
layer to assess probe efficacy.

4.3.2. Specific aim 2b: To validate these probe sets and find optimum 

conditions for their usage, individually and for (when only single 

nuclei were available) in sequential hybridisation layers

The full probe set was validated for efficacy against lymphocytes from a 

karyotypically normal male. Tables 4.2-4.5 display the results of this validation and 

the % of correct ploidy for all probes per layer.

Chromosome Two Signals One Signal No signal Success Rate %
7 102 1 0 99
1 97 6 0 94.1
6 100 0 0 100
8 99 4 0 96.1
3 103 0 0 100
4 101 2 0 98

Overall success rate: % of cells with correct ploidy 90.29
Table 4.2: Hybridisation efficiency results for probe set “Alpha” after scoring 103 lymphocytes.
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Chromosome Two Signals One Signal No signal Success Rate %
11 98 5 0 95.14
9 98 5 0 95.14

20 101 2 0 98
12 103 0 0 100
10 102 1 0 99
17 98 5 0 95.14

Overall success rate: % of cells with correct ploidy 82.5
Table 4.3: Hybridisation efficiency results for probe set “Beta” after scoring 103 lymphocytes.

Chromosome Two Signals One Signal No signal Success Rate %
18 100 3 0 97
16 96 7 0 93.2
2 99 4 0 96.1
X 103 0 0 100
Y 103 0 0 100
15 100 3 0 97.0

Overall success rate: % of cells with correct ploidy 86.4
Table 4.4: Hybridisation efficiency results for probe set “Gamma” after scoring 103 lymphocytes.

Chromosome Two Signals One Signal No signal Success Rate %
19 100 3 0 97.8

99 4 0 96.11
21 102 1 0 99
22 101 2 0 98.05
13 99 4 0 96.11
14 93 8 2 90.29

Overall success rate: % of cells with correct ploidy 76.69
Table 4.5: Hybridisation efficiency results for probe set “Omega” after scoring 103 lymphocytes.

Hybridisation efficiency was above 90% for each chromosome probe, with the Green, 

Red and Gold fluorochromes having the highest efficiencies per layer. Blue and Aqua 

had similar efficiencies with Blue being slightly higher. The efficiency of Far Red 

was satisfactory with the lowest % observed in the unique sequence probe layer 

(“Omega”). As part of the process of developing a sequential hybridisation strategy 
certain parameters where investigated for optimisation and are summarised in Table

4.6.
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Parameter
Investigated

Suggestion
from

manufacturers

Rationale for 
Investigation; 
Importance

Experiment
Performed

Outcome

Probe Denature probe Reduce the exposure Compared probe Higher efficacy
dénaturation and target cells time of target cells efficacy between two with separate

and at 85 °C for 5 to high conditions: dénaturation of
hybridisation minutes.

Hybridisation
temperatures; • Separate 

dénaturation of
probe followed 
by a shorter co-

at 37°C for 15 Crucial for probe only (73°C dénaturation
minutes for 

layers “a-ß-y 
“& overnight 
(16 hours) for 

layer “to”

reprobing since 
target cells would 

have to be exposed 4 
times to high 
temperature 
conditions

for 10 minutes) 
ensued by a shorter 
co-denaturation 
with target cells (90 
seconds at 75°C)

• Co-denaturation of 
probes/target (75°C 
-  3.5 minutes) 

Hybridisation 
temperature always 

37°C

with target cells.

Actual Display of the Investigate any Using a temperature- Actual
temperature machine was deviation from read probe temperature
of short co- 75°C for 90 display readings; • 10 second interval (dénaturation)

dénaturation - seconds and readings of 2.5°C lower
hybridisation 37°C for Better monitoring of temperature during from display,

in
Thermobrite®
(hybridisation

chamber)

hybridisation the temperature the dénaturation 
time

•  1 minute interval 
readings during the 
hybridisation 
period

Compared with 
display/adjust if

necessary

Hybridisation 
(0.9°C lower 
from display) 

When conditions 
where adjusted 

to match display 
-  probes did not 

work. Thus 
maintained 

current settings.
Stringency of 0.4 X SSC Certain Compared a high Better

post- fluorochromes had stringent (0.4 X SSC) performance and
hybridisation suboptimum to a lower stringent less

wash performance with 
current condition 

(i.e. did not work or 
bleedthrough);

Improve conditions

condition (0.7 X SSC) bleedthrough 
using the lower 

stringent 
condition

Counterstain Antifade (no Presence of DAPI Tested a series of Blue
concentration DAPI) was required for the different DAPI fluorochrome

(DAPI) positional studies to 
account for the 

difference in DNA 
concentration;

Use of appropriate 
concentration so that 

the blue
fluorochrome could 

be observed

concentrations 
(ranging from 1500, 

200, 50, 10, 0,1 ng/ml)

was visible with 
no issues under 
0.1 ng/ml DAPI

Table 4.6: Summarises of all the technical conditions investigated to increase probe efficacy and
performance.
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As depicted in Table 4.6, important parameters were investigated to improve probe 

performance. The most important was the use of a separate dénaturation (probe only) 

condition followed by a short co-denaturation with the target cells. The monitoring of 

temperature (which showed evidence that the “actual” dénaturation temperature was 

closer to 73°C and thus matched the temperature of probe dénaturation), the 

stringency level of post-hybridisation wash and the concentration of the counterstain 

were also optimised and the validation results on Tables 4.2-4.5 are by taking into 

account all the optimised parameters.

Once probe sets were validated with lymphocytes as individual layers, attempts were 

made to incorporate them in a sequential FISH strategy of four layers. Tables 4.7-4.10 

outline how each individual layer performed in three reprobing assays, providing 

information on signal efficiency and ploidy status. In optimising the strategy, the main 

decision to make was whether to hybridise “Omega” first or last. As a result of much 

experimentation involving the alteration of many of the parameters outlined in Table

4.6, it was determined that hybridisation of “Omega” as the first layer led to extensive 

cell loss and absence of signal, whereas 15 minute hybridisations of “Alpha, Beta, 

Gamma” kept the nuclei more intact for a final “Omega” layer. An additional reason 

for having the “Omega” layer last was that this layer occasionally produced 

“fluorescent blobs” at random. These “blobs” could be superimposed on a cell and 

thus “stealing” the true signal fluorescence. By having this layer last, this 

phenomenon was reduced and any blobs were not further transferred to other layers. 

A further point of consideration was that it was not possible to analyse 100 cells for 

each layer prior to reprobing as this led to extensive cell loss. Thus in the following 

experiments, only 10 cells were counted however the identical experiment was 

repeated on 3 separate occasions (Assays 1-3).

Page 108 of 228



D. Ioannou Results: Specific aim 2

Probe set “Alpha” 
7, 1,6, 8, 3, 4

Assay 1 
(10 cells)

Assay 2 
(10 cells)

Assay 3 
(10 cells)

Cells with signals per 
layer

9/10 -  signals for 
all 6

10/10- signals for 
all 6

10/10 -  signals for 
all 6

Correct ploidy in layer 8/10-correct 
ploidy for all 6

10/10-correct 
ploidy for all 6

10/10-correct 
ploidy for all 6

Details of remaining 1/10 -  one signal 
for 7

Other details (e.g. damage 
or cell not found)

1/10-ce ll 
damaged

*

Correct ploidy % per 
assay per layer

80% 100% 100%

Table 4.7: Performance of probe set “Alpha” in the reprobing assays. This layer was the first 
layer in the hybridisation sequence.

Probe set “Beta” 
11 ,9 ,20, 1 2 ,10, 17

Assay 1 
(10 cells)

Assay 2 
(10 cells)

Assay 3 
(10 cells)

Cells with signals per 
layer

9/10 -  signals for 
all 6

9/10 -  signals for 
all 6

10/10-signals for 
all 6

Correct ploidy in layer 8/10 -  correct 
ploidy for all 6

8/10 -  correct 
ploidy for all 6

9/10- correct 
ploidy for all 6

Details of remaining 1/10 -  one signal 
for 12

1/10 -  one signal 
for 20, 12

1/10-o n e  signal 
for 20

Other details (e.g. damage 
or cell not found)

1/10-ce ll 
damaged

1/10-ce ll 
damaged

Correct ploidy % per 
assay per layer

80% 80% 90%

Table 4.8: Performance probe set “Beta” in the reprobing assays. This layer was the second layer 
in the hybridisation sequence.

Probe set “Gamma” 
18, 16,2, X, Y, 15

Assay 1 
(10 cells)

Assay 2 
(10 cells)

Assay 3 
(10 cells)

Cells with signals per 
layer

9/10 -  signals for 
all 6

7/10 -  signals for 
all 6

10/10 -  signals for 
all 6

Correct ploidy in layer 8/10 -  correct 
ploidy for all 6

7/10-correct 
ploidy for all 6

10/10 -  signals for 
all 6

Details of remaining 1/10- no clear 
signal for X

1/10 -  no clear 
signal for Y 

1/10 -  no clear 
signal for X

Other details (e.g. damage 
or cell not found)

1/10 — cell 
damaged

1/10 -  cell not 
found

Correct ploidy % per 
assay per layer

80% 70% 100%

Table 4.9: Performance of probe set “Gamma” in the reprobing assays. This layer was the third 
layer in the hybridisation sequence.
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Probe set “Omega” 
19, 5, 21, 22 ,13, 14

Assay 1 
(10 cells)

Assay 2 
(10 cells)

Assay 3 
(10 cells)

Cells with signals per 
layer

9/10 -  signals for 
all 6

8/10 -  signals for 
all 6

10/10- signals for 
all 6

Correct ploidy in layer 8/10 -  correct 
ploidy for all 6

7/10 -  correct 
ploidy for all 6

8/10 -  signals for 
all 6

Details of remaining 1/10 -  one signal 
for 5, 13

1/10 -  no clear 
signal for 14 

1/10 -  no clear 
signal for 19

1/10 -  one signal 
for 13

1/10 -  one signal 
for 21

Other details (e.g. damage 
or cell not found)

1/10-ce ll 
damaged

1/10-ce ll not 
found

Correct ploidy % per 
assay per layer

80% 70% 80%

Table 4.10: Performance of probe set “Omega” in the reprobing assays. This layer was the forth 
layer in the hybridisation sequence.

From the above results the average percentage of correct ploidy for each of the layers 

throughout the reprobing assays was calculated. For probe set “Alpha” it was 93.3% 

for probe set “Beta” it was 83.3%, for probe set “Gamma” it was 83.3% and for probe 

set “Omega” it was 76.67%. Table 4.11 gives an account of the number of cells with 

correct ploidy for all chromosomes as a result of the 3 assays and Figure 4.2 illustrates 

a nucleus with correct ploidy for all chromosomes after reprobing.

Chromosomes Assay 1 Assay 2 Assay 3
targeted 10 cells 10 cells 10 cells

46/46 6 5 7
45/46 1 3 2
44/46 1 - 1
42/46 1 1 -

40/46 - - -

No result-cell 1 1 -

loss or damage
SUM (46/46) 6/10 5/10 7/10

Table 4.11: Correct ploidy efficiency in the experiments testing the reprobing strategy.
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Figure 4.2: Correct ploidy for all chromosomes in a nucleus from control lymphocytes.

The average overall success of the 24 chromosome screening (Table 4.11) in control 

lymphocytes was 60% or 18/30 cells with correct ploidy status for all chromosomes, 

33.3% of cells displaying correct ploidy for less than 46 chromosomes (lowest being 

42/46) and 6.67% of cells being subject to damage.

4.3.3. Specific aim 2c: To evaluate the efficacy of the probe sets on 

blastomere and sperm cells

Blastomeres (especially from whole embryos with good spreading) appeared more 

tolerant with regard to nuclear integrity after 4 layers of hybridisation. The reprobing 

strategy worked well as from 360 blastomeres (from 17 whole embryos) 250 

blastomeres provided successful hybridisation results in the fourth layer (69.44%).
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Unlike with the lymphocytes, assessment was made by visual inspection only, as the 

chromosome copy number in each of the blastomere nuclei was not known. Figure 4.3 

depicts a blastomere after 4 layers of reprobing.

Figure 4.3: A blastomere after 4 layers of hybridisation. This was a normal blastomere for most 
of the chromosomes. Monosomy for chromosome 2 (one green signal -  bottom left) was the only 
abnormality.

With regard to the sperm heads, each probe set was used in individual FISH 

experiments (i.e. without reprobing) and a minimum of 100 cells were captured per 

layer. Table 4.12 provides the overall efficiency per probe layer in both normal and 

OAT males and Figure 4.4 presents a sperm cell with the 4 different probe layers 
used.
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Probe Normal (%) OAT (%)
Alpha 100 100%
Beta 100 99.8

Gamma 100 100
Omega 99.9 99.04

Table 4.12: Overall probe layer efficiencies in normal and OAT males.

From Table 4.12 it becomes clear that each layer had high efficiency when used as an 

individual layer in sperm.

4.4. Concluding remarks

Following the lack of success of quantum dots (Chapter 3) as a means of generating 

multicolour preparations, the approach described here provided the means through 

which the remaining three chapters (on chromosome copy number and nuclear 

organisation in sperm and blastomeres) could proceed. The assay to determine 

efficiency resulted into a complete 24 screening with 60% success (46/46), equivalent 

to a greater than 95% success rate for each individual probe but nonetheless mindful 

of the fact that around 40% of the cells would not be completely correctly diagnosed.
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5. Specific aim 3: To test the hypothesis that nuclear 

organisation is altered in men with severely compromised 

semen parameters by assaying loci for all chromosomes

5.1. Background

As outlined in section 1.3, male factor infertility is a complex phenomenon with 

multiple causes, many of which are chromosomally related (Shah et al. 2003; 

Tempest & Griffin 2004; Griffin & Finch 2005). To date however, an association 

between chromosome position in the nucleus (nuclear organisation) and infertility 

remains under-explored. Nuclear organisation in spermatogenesis has nonetheless 

been extensively studied in sperm as discussed in section 1.5.7, revealing a defined 

nuclear architecture with chromosomes adopting a “hairpin” structure with their 

centromeres pointing towards the interior and the telomeres towards the periphery 

(reviewed in Zalensky and Zalenskaya (2007)). That is the 23 centromeres cluster into 

a compact position well inside the nucleus with the sex chromosomes adjacent 

(Zalensky et al. 1993; Zalensky et al. 1995; Zalenskaya & Zalensky 2004). It seems 

reasonable to hypothesise that, since during spermatogenesis a highly ordered set of 

nuclear organisation events are set in place to prepare sperm for fertilisation, any 

alterations in the nuclear organisation should be evident in at least a subset of the 

population with compromised fertility. This link has yet to be established fully, 

however preliminary results from my laboratory (Finch et al. 2008b) for three 

chromosomes (X, Y and 18) suggested that sex chromosomes adopt a more random 

position in infertile men compared to controls. The principal aim of this chapter was 

to study the nuclear address of specific (mostly centromeric) chromosome loci 

(representing each of the chromosomes) in the sperm heads of men with normal 

parameters and to test the hypothesis that this position is altered in sperm of men with 

impaired fertility [i.e. with OligoAsthenoTeratozoospermia (OAT)]. Specifically, the 

question was asked whether a non-random pattern of distribution could be established 

in each male and, if so, which part of the nucleus was preferentially occupied. If the 

primary hypothesis is correct then it could form the basis for a screening test for 

certain types of infertility.
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5.2. Aims and hypotheses

Given the above, the primary purpose of this chapter (Specific aim 3) was to assess 

the relative nuclear organisation for 24 chromosome loci (18 of which were 

centromeric, 6 locus specific), in the sperm nuclei of 10 men with normal semen 

parameters and in 10 men with OAT to test the following hypotheses:

Specific aim 3a: That the nuclear position of all loci tested is non-random in all 

control males and hence a strict nuclear organisation is apparent in human sperm.

Specific aim 3b: That each locus tested has a defined and consistent nuclear address 
in each of the control males analysed.

Specific aim 3c: That centromeric and sex chromosomal loci are the most centrally 

located in the sperm head.

Specific aim 3d: That the nuclear position of the loci is altered in OAT males, either 

from a non-random, to an apparently random pattern, or to a different, nuclear 

address. Patients and controls were analysed individually and as two collective 

groups.

Specific aim 3e: That increased disomy levels in sperm (i.e. the proportion with a 

greater number of extra chromosomes) are correlated with increased altered nuclear 
organisation.

As outlined in section 2.12, in order to assess nuclear position a new methodology 

was applied that utilised a novel plug-in for Image J analysis package (Skinner et al. 

2009). That is, applications of accepted approaches for 3D extrapolations from 2D 

data (Federico et al. 2008) asked two questions i.e. after analysis of 100+ signals, 

could a non-random pattern of distribution be detected? (Chi-square test); and if so, 

which shell (1-5) was predominantly represented in the distribution.

Specific aims 3a-3d are considered together in the following results section.
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5.3. Results

5.3.1. Specific aims 3a-3d:

In total, 25,776 signals for all 24 chromosomes were analysed from 10 different men 

with normal semen parameters. On average for each probe layer (each layer had 6 

chromosomal targets) 107 images were analysed. Essentially this translates to 107 

data points (signals) recorded and analysed per loci per control (slightly more than 

100 sperm heads were captured and analysed in case there was an absence of signal or 

an ambiguous signal to ensure a minimum of 100 for each). With regard to men with 

OAT, 25,047 signals for all 24 chromosomes were analysed from 10 different men. 

On average for each probe layer 104 images (data points) were analysed. Figure 5.1 

illustrates an example of the result of a FISH experiment using the 4 probe layers (6 

chromosomes each) in sperm, while Figure 5.2 presents the analysis principle once 

images where captured after FISH.

Figure 5.1: Examples of sperm FISH results using the multicolour probe sets.
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The following figure displays the principle behind image analysis used for the nuclear 

address in this thesis.
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Figure 5.2: The image analysis principle. A hundred images like (A) where acquired. These 
images were exported in Red-Green-Blue combinations. Red and Green corresponded to signals 
and Blue to DAPI counterstain (B), then ring analysis was run using the image J plug-in macro 
(C). A log result for the three channels (red, green, blue) was outputted (D) and the log file was 
pasted to an excel template (E). Graphs were generated for each chromosome (in this example 
chromosomes 4 and 3) showing the preferential position of the captured signals (F & G).

As a result of this study 480 graphs were produced (24 chromosomes x 20 men in 

total because of space constraints and reader empathy they are not all displayed here 

but are present in their entirety in Pi2ital appendix A). The results are however 

summarised in Tables 5.1 and 5.2 for normal and OAT males respectively. Moreover,
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a summary of the pooled results for a) normal controls and b) OAT men is given in 
Figures 5.7-5.14.

In each individual control male all chromosomal loci positions were non-randomly 

distributed (p<0.05 by chi-squared test). This was also the case for the vast majority 

of chromosomes in most of the OAT patients. However 4 chromosome loci in 4 

different OAT patients showed a distribution that was not statistically distinguishable 

from random, meaning that either 100 cells were not enough to reach significance or 

that indeed their position was random. These chromosome loci were the centromeres 

of chromosomes 4, 6 and 12 plus the locus specific probe on chromosome 13. The 

chromosome 13 locus displayed a pattern not discernable from random in three OAT 

patients. The following Figures (5.3-5.6) are representative samples of radial position 

regarding chromosome loci Y and 13 in each of the 10 normal and OAT males. It 

should be noted that in all the graphs presented in this chapter (n) indicates the 

number of nuclei analysed, average position refers to the median value (since our data 

set is not parametric) and p indicates results of the jf test against a random 

distribution. All p values were considered statistically significant when p<0.05 (4d.f.), 

otherwise (p>0.05) were considered as Not Discernable from a Random Distribution 

Pattern (NDRDP). Furthermore, in all the graphs presented in this chapter, the 

following criteria are used in order to classify the signals depending on the shell of 

preference: Peripheral -  Shell 1 or 1/2, Peripheral/Medial -  Shell 2 or 1-3, Medial -  

Shell 3, 2/3, or 3/4, Central/Medial -  Shell 4 or 3-5, Central -  Shell 5 or 4/5.

Page 118 of 228



D. Ioannou Results: Specific aim 3

60 

_  50 

1> 40

I*30
e
S 20 

a  10 

0

Radial position for chromosome Y in the 10 different normal males
Average position =4.24 

n= 105 

p = 2 66E-15

1 2  3 4

Periphery «  Shell »  Interior

Chromosome Y - NI

Average position = 4.47 

n = 103 
p=  6 95E-15

2 3 4

Periphery «  Shell »  Interior

Chromosome Y - N3

Average position = 4 00 
n = 102 

p = 1 32E-08

2 3 4

Periphery «  Shell »  Interior

Chromosome Y - N5

Average position = 4 09 
n = 102 
p= 3 82E-11

1 2 3 4 5

Periphery «  Shell »  Interior

Chromosome Y - N7

Average position = 4 00 
n = 100 

p=  5 26E-09

1 2 3 4 5

Periphery «  Shell »  Interior

Chromosome Y - IN?

S 20 

¿10 
0

60

_  50 

g> 40 

§>30 

§ 20 

10

50 
45 

_  40 
= 35 
“  30 
I  25 120 ë 15
û- 10 

5 0

Average position = 4 42 

n = 102 
p=  1 75E-21

Periphery

3

Shell

Chromosome Y - N2

Average position = 4 49 
n = 103 

p=  1 13E-18

2 3 4

Penphery «  Shell »  Interior

Chromosome Y - N4

Average position = 4 00 

n = 100 
p=  1 70E-10

2 3 4

Periphery «  Shell »  Intenor

Chromosome Y - N6

Average position = 4.20 
n = 100 
p=  7 79E-11

2 3 4

Penphery «  Shell »  Interior

Chromosome Y - N8

Average position = 4 00 
n= 103 
p=  2 70E-09

2 3 4 5

Periphery «  Shell »  Interior

Chromosome Y- MO
Figure 5.3: Preferential position for the Y centromeric probe in each of the 10 normal males.

Page 119 of 228



D. Ioannou Results: Specific aim 3

Radial position for chromosome Y in the 10 different OAT males
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Figure 5.4: Preferential position for the Y centromeric probe in the 10 OAT males.
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13

Radial position for chromosome 13 in the 10 dillerent normal males
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Figure 5.5: Preferential position for locus 13 in the 10 normal males.
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Radial position for chromosome 13 in the 10 different OAT males
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Figure 5.6: Preferential position for the locus on chromosome 13 in the 10 OAT males. Position 
was not discernable to a random distribution pattern for patients 3, 4 and 10.

Assessing radial position for all individual graphs resulted in Tables 5.1 and 5.2 

hereafter.

Locus Shell Shell Shell Shell Shell Shell NDRDP
3 3-4 3-5 4 4-5 5

X 0 0 0 2 3 5 0
Y 0 0 0 1 1 8 0
1 0 0 1 0 4 5 0
2 0 0 2 3 1 4 0
3 0 1 3 1 2 3 0
4 0 0 2 0 3 5 0
6 1 2 2 0 4 1 0
7 0 0 0 0 6 4 0
8 2 0 1 1 5 1 0
9 0 0 0 3 1 6 0
10 0 0 0 2 4 4 0
11 0 0 1 1 1 7 0
12 0 0 1 1 4 4 0
15 0 0 0 0 1 9 0
16 0 0 0 0 3 7 0
17 0 0 0 0 3 7 0
18 0 1 1 1 2 5 0
20 0 0 0 0 3 7 0
5 0 2 2 1 4 1 0
13 1 3 3 1 2 0 0
14 0 0 1 0 4 5 0
19 0 0 0 0 1 9 0
21 0 2 2 0 2 4 0
22 0 0 0 1 5 4 0

Total 4 11 22 19 69 115 0
Table 5.1: The preferential shell position for each locus in each of the control males. 
Chromosome loci assayed have been divided for presentational reasons, into sex chromosomes 
first, then the centromeric probes and then the unique sequence (BAC) probes. In each cell of the 
table, the numbers represent the number of men in which a certain pattern was seen. There were 
no cases in which a pattern of distribution for a particular locus in a particular male was seen in 
shells 1 or 2 (the outermost shells) or a not discernable from a random distribution pattern 
(NDRDP).
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Locus Shell
2-4

Shell
3

Shell
3-4

Shell
3-5

Shell
4

Shell
4-5

Shell
5

NDRDP

X 0 0 0 0 0 1 9 0
Y 0 0 0 0 0 3 7 0
1 0 0 0 0 0 3 7 0
2 0 0 0 2 2 3 3 0
3 0 4 0 3 2 0 1 0
4 1 0 3 2 0 1 1 2
6 0 3 2 2 0 2 0 1
7 0 0 0 2 1 4 3 0
8 0 0 0 3 2 0 5 0
9 0 0 0 1 2 3 4 0
10 0 0 0 0 1 5 4 0
11 0 0 0 2 0 3 5 0
12 0 1 1 2 2 3 0 1
15 0 0 0 0 1 2 7 0
16 0 0 0 0 1 1 8 0
17 0 0 0 0 1 1 8 0
18 0 0 1 2 4 2 1 0
20 0 0 0 0 0 3 7 0
5 0 1 3 1 2 3 0 0
13 1 1 2 1 1 0 1 3
14 0 0 0 0 0 3 7 0
19 0 0 0 0 0 2 8 0
21 0 2 2 3 2 1 0 0
22 0 0 0 0 0 4 6 0

Total 2 12 14 26 24 53 102 7
Table 5.2: The preferential shell position for each locus in each of the OAT males. Chromosome 
loci assayed have been divided for presentational reasons, into sex chromosomes first, then the 
centromeric probes and then the unique sequence (BAC) probes. In each cell of the table, the 
numbers represent the number of men in which a certain pattern was seen. Some differences 
(shaded) between control and OAT are apparent: The occurrence of not discernable from a 
random distribution pattern (NDRDP), for certain males (chromosomes 13, 12, 4 and 6), the 
appearance of a significant number of signals in shell 2 (chromosomes 13 and 4) and, for 
chromosome 7, less of a tendency to occupy the most central shells in OAT males.

The results suggest evidence for a chromocentre (specific aims 3a, 3b and 3c) for all 

chromosomal loci assayed in both categories of men. Most centromeric probes appear 

to be centrally located in both controls and OATs and the sex chromosomes are also 

centrally located (specific aim 3c). Among the non-centromeric autosomal probes, 

those where the loci were close to the centromere (chromosomes 14, 19, 21, 22) were 

consistent, by and large with a chromocentric pattern whereas those at a locus further 

away from the centromere (5, 13) displayed a more medial position. No probes were 

seen predominantly in shells 1 or 2 (with the exception of 2 OAT patients where
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distributions roughly equally among shells 2-4 were seen). When comparing control 

vs. OAT males both the tables (above) and the graphs below (Figures 5.7-5.14) were 

compared. The subsequent graphs indicate the pooled data per chromosome probe for 

the normal controls (left) and the OAT males (right).

Total radial position for chromosomes 1,2,3 in Normal and OAT males
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Figure 5.7: Pooled distribution of nuclear position for loci 1, 2, 3 in 10 normal (left) and in 10 
OAT (right) males.
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Total radial position for chromosomes 4,5,6 in Normal and OAT males
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Figure 5.8: Pooled distribution of nuclear position for loci 4, 5, 6 in 10 normal (left) and in 10 
OAT (right) males.
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Total radial position for chromosomes 7,8,9 in Normal and OAT males
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Figure 5.9: Pooled distribution of nuclear position for loci 7, 8, 9 in 10 normal (left) and in 10 
OAT (right) males.
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Figure 5.10: Pooled distribution of nuclear position for loci 10,11,12 in 10 normal (left) and in 10 
OAT (right) males.
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Total radial position for chromosomes 13,14,15 in Normal and OAT males
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Figure 5.11: Pooled distribution of nuclear position for loci 13,14,15 in 10 normal (left) and in 10 
OAT (right) males.
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Total radial position for chromosomes 16,17,18 in Normal and OAT males
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Figure 5.12: Pooled distribution of nuclear position for loci 16,17,18 in 10 normal (left) and in 10 
OAT (right) males.
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Total radial position for chromosomes 19,20,21 in Normal and OAT males
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Figure 5.13: Pooled distribution of nuclear position for loci 19, 20, 21 in 10 normal (left) and in 10 
OAT (right) males.
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Figure 5.14: Pooled distribution of nuclear position for loci 22, X, Y in 10 normal (left) and in 10 
OAT (right) males.

It should be noted for Figures 5.7-5.14 that, when taken as a group, distributions for 

all chromosomal loci in both normal and OAT were significantly non-random.

By considering the Tables (5.1-5.2) and the graphs (Figures 5.7-5.14), we can make 

some general inferences about the overall effect of severely compromised semen 

parameters on nuclear organisation (specific aim 3e). When considered individually, 

some differences between control and OAT are apparent; these are shaded in the
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Table 5.2. The occurrence of apparently patterns not discernable from a random 

distribution for certain males [chromosomes 13 (OAT 3, 4 &10), 12 (OAT 8), 4 (OAT 

8 & 10) and 6 (OAT 10)] suggest that, while not a widespread phenomenon, a 

tendency to a breakdown in nuclear organisation for certain chromosomes, for certain 

men may be a factor associated with reduction in fertility. The appearance of a 

significant number of signals in shell 2 [chromosomes 13 (OAT 5) and 4 (OAT 1)] 

and, for chromosome 7, less of a tendency to occupy the most central shells in OAT 

males is further evidence that an effect may be real and measurable but not overt, and 

not a general rule. Considering the pooled data in the graphs, while all display clearly 

non-random pattern in the two groups, noticeably, there are several centromeric loci 

that display, overall, a different nuclear organisation in controls compared to OAT 

males. Some of the changes are subtle, e.g. chromosome 8 is roughly equally 

represented in shells 4-5 in normal males whereas in OAT males it predominantly 

occupies shell 5. In others however the difference is a whole shell (shell 5 in normal 

males compared to shell 4 in OAT -  chromosomes 4, 12 and 18) or more i.e. 

chromosomes 6 and 3, the latter showing a difference of two shells. Two specific loci 

that also occupy a central position in normal males (those of chromosomes 5 and 21 ) 

predominantly occupied shell 4 in the OAT males. No differences, individually or 

collectively, were apparent when the sex chromosomes were compared between 

control and OAT group.

With respect to the hypotheses outlined in specific aims 3a-d therefore the nuclear 

position of all loci tested was found to be non-random in all control males, thereby 

providing evidence of a strict nuclear organisation in human sperm heads. Each locus 

tested had a defined and consistent nuclear address in each of the control males 

analysed with the centromeric and sex chromosomal loci centrally located. Several of 
the locus specific probes were also centrally located however those further from the 

centromeres displayed a more medial organisation. The nuclear position of the loci 

assayed appeared not to be altered in OAT males as a general rule however, for 

individual chromosome centromeres there was evidence of a breakdown in the strict 

organisation of the chromocentre. Moreover, in individual OAT patients, there was 

evidence of a breakdown in organisation for individual loci and/or evidence of 

differences in nuclear address.
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5.3.2. Specific aim 3e: That increased disomy levels in sperm (i.e. the 

proportion with a greater number of extra chromosomes) are 

correlated with increased altered nuclear organisation

In order to address specific aim 3e, the disomy frequencies for a subset of the 

chromosomes (X, Y, 2, 13, 21, and 22) was determined to derive an overview of the 

overall disomy rates in the cohort. The disomy rates are summarised in Table 5.3 and, 

for each patient, a comment on the nuclear organisation is given.

Page 134 of 228



D. loannou Results: Specific aim 3

Sample
Se

x d
iso

m
y

Di
so

m
y

2

Di
so

m
y

13

Di
so

m
y

21

Di
so

m
y 2

2

Di
pl

oid
y Total disomy 

(%) for 5 
chromosome 

pairs

Comments on 
nuclear 

organisation

N1 6 0 0 0 1 0 0.7 Medial position 
for 5,6,13

N2 1 0 0 2 1 0 0.4 Most
centromeres

central
N3 3 0 1 3 0 0 0.7 Most

centromeres
central

N4 2 0 4 0 0 0 0.6 Medial position 
for locus 21

N5 1 0 0 3 1 0 0.5 Medial for 
3,13,18

N6 1 0 4 3 1 1 0.9 Medial for 6,8,13
N7 1 1 0 2 2 0 0.6 Medial for 8
N8 1 1 5 3 1 0 1.1 Most

centromeres
central

N9 2 2 0 2 0 0 0.6 Medial for loci 
5,13

N10 1 1 3 1 0 0 0.6 Medial for 6,21

OAT1 17 0 3 8 5 2 3.3 Medial for 
3,4,5,6,13,18,21

OAT2 8 3 2 6 7 4 2.6 Medial for 4,6,13
OAT3 22 5 5 9 0 4 4.1 Medial for 6,12 

and Random for 
13

OAT4 8 1 0 6 1 0 1.6 Medial for 
3,5,6,21 and 

Random for 13
OAT5 21 5 4 8 2 0 4.0 Medial for 6,13
OAT6 22 8 1 8 0 4 3.9 Medial for 

3,4,12,21
OAT7 8 4 0 4 0 0 1.6 Medial for 4,5
OAT8 4 3 0 3 0 0 1.0 Medial for 13,21 

and Random for 
4

OAT9 6 7 0 4 0 1 1.7 Medial for 
centromere 3

OAT 10 1 1 0 2 0 1 0.4 Medial for 5 and 
Random for 

4,6,13
Table 5.3: The disomy scoring for each of the chromosomes investigated the total disomy % and 
a general comment on the nuclear organisation for each patient.

The disomy levels for most control males where of similar value, (4 controls with the 

same value of 0.6), whereas for OAT patients the values were significantly higher.
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With regard to nuclear organisation the results for controls suggest that with 

increasing disomy levels there is some breakdown into nuclear organisation (from the 

chromocentre pattern) with certain chromosomes adopting a medial position. Locus 

specific probes for 13, 5 which are located further away from their centromeres seem 

to be two common loci adopting a medial position with increasing disomy. 

Chromosome 6 seems also to be prone in adopting a medial position.

A similar observation can be made for OAT patients. More chromosome loci seem to 

be prone in adopting medial positions with increasing disomy levels. This seems to be 

true for centromeres 3, 4, 6 and for the autosomal locus specific probes further apart 

from their centromeres 13, 21 and 5. There was not an increase in the chromosome 

numbers adopting a distribution not different to random (for patients) with increasing 

disomy. Thus a trend of more chromosomes being prone to breakdowns in nuclear 

organisation seems to be noticeable in patients than in controls.

5.4. Concluding remarks

Nuclear organisation was investigated in 10 control and 10 men with compromised 

semen parameters. Both categories show evidence of the presence of a chromocentre 
arrangement.

The occurrence of apparently random patterns for certain OAT males suggest that, 

while not a widespread phenomenon, a tendency to a breakdown in nuclear 

organisation for certain chromosomes, for certain men may be a factor associated with 

reduction in fertility.

In addition a breakdown in genome organisation related with increased disomy levels 

seems to be more evident in OAT males, with more chromosomes adopting a medial 

position. The phenomenon seems to be less evident in normal males.

Page 136 of 228



D. Ioannou Results: Specific aim 4

6. Specific aim 4: To apply the 24 chromosome FISH 

strategy to human blastomeres and assay the level of 

chromosome abnormalities and assess the efficacy of PGS

6.1. Background

As mentioned in section 1.4.5 the assessment of chromosomal aneuploidy in human 

embryos by interphase cytogenetics has only been performed using a limited sub-set 

of chromosomal probes. Chapter 4 however outlined a means by which 24 

chromosome FISH could be achieved in a 4-layer, 6-fluorochrome strategy, producing 

46/46 signals in known diploid cells in approximately 60% of the cells. As also 

outlined in section 1.4.6 there is some concern about whether results produced from 

PGS cases accurately predict the existence of euploidy or aneuploidy in the rest of the 

remaining embryo.

6.2. Aims and hypotheses

Given the above rationale, the primary purpose of this chapter was to assess 

chromosome copy number for loci from all 24 chromosomes in human 

preimplantation embryos with a view to achieving the following specific aims:

Specific aim 4a: To assess chromosome copy number in human cleavage stage 

embryos on a cell-by-cell basis for all human chromosomes (bearing in mind that, in 

control cells, 46/46 signals are seen in approximately 60% of control cells).

Specific aim 4b: To test the hypothesis that, as suggested by previous studies, the 

majority of human embryos are (mosaic) chromosomally abnormal for at least one 

chromosome.

Specific aim 4c: To test the hypothesis that chromosome loss is more common than 

chromosome gain and that certain chromosomes are more prone to aneuploidy than 

others.
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Specific aim 4d: To test the hypothesis that PGS diagnosis (for 8 chromosomes) is an 

accurate predictor of the ploidy status of the rest of the embryo.

6.3. Results

6.3.1. Specific aim 4a: To assess chromosome copy number in human 

cleavage stage embryos on a cell by cell basis for all human 

chromosomes

In this study, 25 human embryos (day 5-6, average number of cells per embryo was 

18) were assayed and spread on to glass slides with a view to assaying using the 24 

chromosome FISH protocol developed in Chapter 4 (as described in section 2.10) 

Sequential FISH was performed in 20/25 (in 1/25-no cells were found, in 2/25-there 

was a lot of debris, and in 2/25-the embryos were put to different use -  see Table 6.1). 

Out of the remaining 20 embryos, successful sequential hybridisation results were 

obtained in 17/20 (in the remaining 3 embryo spreads the sequential experiment had 

to be terminated due to poor embryo quality and technical difficulties -  Table 6.1). 

The total number of blastomeres that produced successful FISH signals in all 4 layers 

(same cells probed 4 times) was 250 cells out of a possible 360 (intact cells after the 

FISH experiment), thus the reprobing efficiency was 69.44%. Table 6.1 summarises 

the entire whole embryo cultures used, providing information on the initial total 

number of blastomeres (per embryo-before FISH), commenting on whether reprobing 

was successful and the efficacy (over 4 layers based on the cells that were intact after 

FISH). It also comments on the procedure when appropriate. It should be noted that 

chromosome copy number (and thus nuclear address, see Chapter 7) of chromosome 

19 was evaluated in a few number of cells due to a technical fault of the manufacturer 

resulting in the wrong locus being incorporated in the initial probe mix.
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Embryo
ID

Starting 
number of 

blastomeres

Was
reprobing
successful
(overall)

Intact 
blastomeres 
after FISH

Number
of

reprobed
cells

Efficacy (%) 
of reprobing 
(based on the 

intact
blastomeres)

Comment

1 9 N/A N/A N/A N/A Cell under 
heavy debris- 

NO FISH
2 25 Yes 12 8 66.66
3 23 Yes 19 16 84.21
4 64 Yes 64 63 98.4
5 0 N/A N/A N/A N/A No cells found
6 18 Yes 12 9 75
7 16 Yes* 14 0 0
8 11 Yes 8 6 75
9 36 Yes 36 33 91.66
10 28 Yes** N/A N/A N/A Experiment 

stopped after 
2nd layer due 

to cell 
clumping

11 12 Yes** N/A N/A N/A

12 11 Yes 11 3 27.27
13 7 N/A N/A N/A N/A Experiment 

stopped after 
1st layer due to 

cells being 
damaged

14 21 Yes 21 9 42.85
15 28 Yes 28 16 57.14
16 13 Yes 13 13 100
17 28 Yes 28 16 57.14
18 4 N/A N/A N/A N/A Cells under 

heavy debris- 
NO FISH

19 16 Yes 16 11 68.75
20 14 Yes 14 11 78.57
21 11 Yes 11 6 54.54
22 12 N/A N/A N/A N/A Embryos used 

for different 
research 
purpose

23 51 N/A N/A N/A N/A

24 28 Yes 26 11 42.30
25 29 Yes 27 19 70.3

Totals 515 360 250 69.44
Table 6.1: Overall representation of the 25 whole embryos, from which 17 (not shaded) were used 
to assay chromosome copy number (and nuclear address- see Chapter 7). Note: “Yes*” denotes 
that reprobing worked overall, however there was no same blastomere with FISH results in all 4 
layers. “Yes**” refers to partial success of the reprobing since the experiment was stopped due to 
technical difficulties.

For most of the embryos, reprobing worked effectively however in 4 experiments the 

reprobing had to be stopped due to cell aggregation or damage. The following figure 

presents a blastomere from whole embryo culture 4, after being probed four times.
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Figure 6.1: A representative blastomere after 4 layers of reprobing.

The following array of Tables (6.2-6.18) illustrates the chromosome copy number 

results for each blastomere within the 16 whole embryos that gave successful FISH 

results over the 4 layers. The tables also provide a per-cell comment on the copy 

number for each blastomere and an overall comment for the whole embryo. For the 

whole embryos that the wrong chromosome 19 locus probe was used (as mentioned, 

we were assigned a chromosome 15 probe in error) a (-) has been used in order for it 

not to be taken into account. Whole embryo 7 is included in the following tables, 

despite not providing results from reprobing (no same blastomere with results over the 

four layers -  this is denoted with an asterisk in the table for embryo 7), however it 

was used for the nuclear address experiments (Chapter 7), thus it is presented for 

completeness.
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Em
bryo

n£1 Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
2 i Gain/loss several chroms. M u ltip le  21 2 3 3 3 2 3 2 3 0 0 0 1 0 2 1 1 3 2 - 3 6 2 1 1
2 2 Gain/loss several chroms 2 3 4 3 2 2 0 3 2 2 1 3 3 2 2 1 3 2 - 1 3 2 3 3
2 3 Loss o f several chroms. Trisomy 7 2 2 0 0 1 0 3 1 2 2 2 2 2 2 1 1 2 0 - 2 1 2 1 1
2 4 Loss o f several chroms. Tris 3, Tetras 9 1 2 3 0 1 2 0 2 4 3 2 2 2 2 2 0 2 2 - 2 1 2 1 1
2 5 Loss o f several chroms. Trisomy 11,22 1 2 0 0 1 0 2 1 2 2 3 2 2 2 2 1 2 2 - 2 1 3 1 2
2 6 Extensive gain/loss, Tris, Tetras, Pentas 1 4 1 0 3 2 0 2 4 3 0 3 4 3 0 2 3 0 - 4 2 5 2 2
2 7 Loss o f several chroms. Trisomy 10,22 0 2 1 0 2 1 0 1 1 3 1 2 2 2 0 2 2 2 - 1 1 3 1 1
2 8 Loss o f several chroms. Trisomy 15,22 2 2 1 0 2 1 1 1 1 1 0 2 2 1 3 1 2 0 - 1 1 3 1 2

General comments for embryo 2: Male cell. Independent chromosome loss for 1, 3, 4, 6, 7, 9, 10, 11, 15, 16, 18, 20. 21. Chromosome gain for 2, 4, 9, 17, 20, 21, 22, X  and Y . Possible mitotic 
non-disjunction for chromosomes, 3, 5, 6, 8, 9, 10, 11, 12, 14, 15, 20, 21.________________________________________________________________________________________________________

Table 6.2: Chromosome copy number results for whole embryo 2.

Em
bryi

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
3 1 Extensive chroms. loss 1 2 0 1 1 1 1 1 1 1 2 2 1 1 1 1 1 1 - 2 1 1 1 0
3 2 Extensive chroms. loss 1 1 2 1 1 1 0 1 2 1 1 1 1 1 1 1 1 1 - 1 1 1 1 1
3 3 Extensive chroms. loss. Trisomy 9 1 1 1 1 1 1 1 1 3 2 2 2 1 2 1 0 1 1 - 1 1 1 1 0
3 4 Extensive chroms. loss 1 1 0 1 0 1 1 1 0 1 1 1 1 1 1 0 1 1 - 1 1 1 1 0
3 5 Extensive chroms. loss 1 2 1 1 1 1 1 1 2 1 2 1 1 1 2 2 1 1 - 2 1 1 1 0
3 6 Extensive chroms. loss 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - 2 1 1 1 1
3 7 Extensive chroms. loss 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 - 2 1 1 1 0
3 8 Extensive chroms. loss 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 0 - 2 1 1 1 1
3 9 Extensive chroms. loss 1 1 0 1 1 1 1 1 0 1 1 0 1 0 1 0 1 1 - 0 1 1 0 1
3 10 Extensive chroms. loss 1 1 I 1 1 1 1 1 2 I 2 1 1 1 2 2 1 0 - 1 1 1 I 1
3 11 Extensive chroms. loss 1 2 1 1 2 1 1 2 1 2 2 2 2 2 1 2 2 2 - 1 1 2 1 0
3 12 Extensive chroms. loss 2 2 0 1 1 1 1 1 2 1 1 1 2 2 2 0 1 2 - 1 2 2 1 1
3 13 Extensive chroms. loss. Trisomy 22 1 2 0 0 0 0 2 2 1 1 2 1 2 1 1 1 1 0 - 2 1 3 1 0
3 14 Extensive chroms. loss 1 1 0 0 1 1 1 0 1 1 1 1 1 1 ! 1 1 1 - 2 1 1 2 0
3 15 Extensive chroms. loss 0 2 0 0 1 0 1 1 1 2 1 1 2 2 1 1 2 0 - 1 2 2 1 1
3 16 Ext. chroms. loss, Tetras 12, 21,22 0 2 1 1 2 1 2 2 0 2 0 4 2 0 2 0 2 2 - 2 4 4 0 0

General comments for embryo 3: Male cell. General extensive chromosome loss. Gain o f chromosome 21? Possible mitotic non-disjunction for chromosomes 9, 22. 

Table 6.3: Chromosome copy number results for whole embryo 3.
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E
m

b
ry

o

n
2L

Comments per-cell Number o f signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
4 i Extensive chroms. loss, Tris. 9,14,15,20 2 2 2 1 2 2 1 2 3 1 1 1 2 3 3 2 2 1 - 3 2 2 1 1
4 2 Extensive chroms. loss, Trisomy 4 2 1 2 3 2 1 1 2 1 2 2 2 2 2 1 2 2 2 - 1 2 2 1 1
4 3 Extensive chroms. loss, Tetrasomy 9 2 2 1 1 2 1 1 2 4 2 2 1 2 2 2 2 1 2 - 1 2 2 1 1
4 4 Extensive chroms. loss. Trisomy 8 2 2 1 1 0 2 1 3 1 2 2 1 2 1 2 1 1 1 - 1 0 1 1 1
4 5 Loss for 3,15,20, Trisomy 8, Tetras 16 2 2 1 2 2 2 2 3 2 2 2 2 2 2 1 4 2 2 - 1 2 2 1 1
4 6 Trisomy 2,5,6,7,17, Tetrasomy 15 2 3 1 2 3 3 3 2 2 2 2 2 2 2 4 1 3 2 - 1 2 2 1 1
4 7 Loss for 3,7,9,20 Trisomy 15,16 2 2 1 2 2 2 1 2 1 2 2 2 2 2 3 3 2 2 - 1 2 2 1 1
4 8 Extensive chroms. loss. Tris 15,16 2 1 2 1 2 1 1 2 1 1 2 1 2 2 3 3 1 2 - 1 1 2 1 1
4 9 Extensive chroms. loss. Tris 4,11 2 1 1 3 2 2 2 2 2 2 3 1 2 2 1 2 2 1 - 2 2 2 1 1
4 10 Extensive chroms. loss. Tris 13, Penta 5 2 1 1 1 5 2 2 2 2 2 2 1 3 2 1 1 1 2 - 2 2 1 1 2
4 11 Extensive chroms. loss, Trisomy 15 2 2 1 1 2 1 1 2 2 1 2 1 2 2 3 2 1 2 - 2 2 1 1 1
4 12 Gain/loss several chroms. 2 2 1 2 3 2 3 2 2 2 1 2 2 3 4 3 2 4 - 2 3 3 1 2
4 13 Extensive chroms. loss 2 1 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 1 - 1 1 2 1 1
4 14 Extensive chroms. loss. Trisomy 2 1 3 1 1 2 1 2 2 1 1 2 1 2 2 1 2 1 1 - 1 2 2 1 1
4 15 Extensive chroms. loss 2 2 2 2 2 1 1 2 2 2 2 1 2 2 1 2 1 2 - 1 2 2 2 1
4 16 Extensive chroms. loss, Trisomy 8 2 2 2 1 2 2 1 3 2 1 2 2 2 1 2 2 1 1 - 1 1 2 1 2
4 17 Loss for 4,7.10,17 Trisomy 2,9 2 3 2 1 2 2 1 2 3 1 2 2 2 2 2 2 1 2 - 2 2 2 1 1
4 18 Extensive chroms. loss 0 2 1 1 1 1 1 2 2 1 2 2 1 1 1 2 1 1 - 1 2 2 2 1
4 19 Extensive chroms. loss, Trisomy 2,11 2 3 2 1 2 2 2 2 2 1 3 1 2 1 2 2 1 2 - 2 2 2 1 1
4 20 Ext. chroms. loss, Tris 2,6,8,11, Tetra 5 1 3 1 2 4 3 1 3 1 1 3 1 2 2 2 2 1 2 - 1 2 2 1 1
4 21 Extensive chroms. loss, Tris 7,9 2 2 1 2 2 1 3 1 3 2 1 2 2 2 2 2 2 2 - 1 2 2 1 1
4 22 Extensive chroms. loss. Tris 11.18,Y 2 2 1 1 1 2 1 2 2 1 3 1 2 1 2 2 2 3 - 1 2 2 2 3
4 23 Gain/loss several chroms. 2 2 2 1 2 4 1 2 1 2 3 2 2 3 2 2 2 4 - 1 3 3 1 2
4 24 Extensive chroms. loss. Tris 16 1 1 2 1 2 1 2 1 1 2 1 2 2 2 2 3 2 2 - 1 2 2 1 1
4 25 Extensive chroms. loss. Tris 1,16 3 2 1 1 2 2 2 2 1 2 1 1 2 2 2 3 1 2 - 1 2 2 1 1
4 26 Extensive chroms. loss. Tris 9.11,12 1 2 2 2 2 2 1 1 3 1 3 3 2 2 1 2 2 2 - 1 2 2 1 1
4 27 Extensive chroms. loss 2 2 1 1 2 2 1 1 1 2 2 2 2 2 2 1 1 2 - 1 2 2 1 1
4 28 Gain/loss several chroms. Multip le 18 2 2 1 1 4 2 3 1 2 2 2 1 5 2 2 3 2 6 - 1 2 4 1 1
4 29 Extensi ve chroms. loss, Tris 10,11.12 1 2 2 1 2 1 2 2 2 3 3 3 2 1 1 1 2 2 - 1 1 1 1 1
4 30 Loss for 15,18.20. Gain for 9,12,17 2 2 2 2 2 2 2 2 3 2 0 3 2 2 1 0 3 1 - 1 2 2 1 1
4 31 Gain/loss several chroms. 1 4 1 2 3 2 2 3 1 1 1 1 2 4 3 3 2 3 - 1 4 3 2 2
4 32 Gain/loss several chroms 1 3 1 2 3 2 1 2 1 1 2 2 3 4 2 3 1 3 - 1 3 5 1 1
4 33 Extensive chroms. loss, Trisomy 11 2 2 1 1 2 1 1 1 1 2 3 2 2 2 2 2 2 2 - 1 2 2 1 1
4 34 Extensive chroms. loss. Trisomy 9,11 2 2 1 1 2 1 2 1 3 1 3 1 2 2 2 2 1 2 - 2 1 2 1 1
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4 35 Extensive chroms. loss, Trisomy 2,12 1 3 1 1 2 2 2 1 1 1 2 3 2 2 1 2 1 2 - 1 2 2 1 1
4 36 Extensive chroms. loss, Tetrasomy 2 2 4 1 2 2 2 2 2 2 1 2 1 2 1 2 0 1 2 - 1 2 1 1 1
4 37 Extensive chroms. loss 2 1 1 2 2 2 1 1 2 1 2 1 2 2 2 2 1 2 - 1 1 2 1 1
4 38 Extensive chroms. loss 1 1 1 1 2 1 0 2 2 1 2 1 2 2 2 2 2 2 - 2 2 2 2 0
4 39 Extensive chroms.loss. Trisomy 15 2 2 1 1 2 2 2 1 1 2 1 2 2 2 3 2 1 2 - 1 2 2 1 1
4 40 Loss for 4,7.12, Trisomy 1 3 2 2 1 2 2 1 2 2 2 2 1 2 2 2 2 2 2 - 2 2 2 1 1
4 41 Extensive chroms. loss 1 2 1 1 2 2 2 2 2 2 0 2 2 2 1 2 2 2 - 1 2 2 1 1
4 42 Extensive chroms. loss, Tetrasomy 16 2 1 1 1 2 2 1 2 2 2 2 2 2 2 1 4 2 1 - 1 2 2 1 1
4 43 Extensive chroms. loss, Trisomy 11 2 1 2 2 2 1 1 2 1 2 3 2 2 1 0 1 2 1 - 1 2 2 1 1
4 44 Loss for 3,7,12, Gain for 4,15 2 2 1 3 2 2 1 2 2 2 2 1 2 2 3 2 2 2 - 2 2 2 1 1
4 45 Extensive chroms. loss 2 2 2 1 2 2 1 2 1 2 1 2 2 2 1 2 2 2 - 1 2 2 1 1
4 46 Extensive chroms. loss 2 1 1 1 2 2 1 1 2 2 2 1 2 2 2 2 1 1 - 0 1 2 1 1
4 47 Extensive chroms. loss, Tris 2,15,18 1 3 1 1 1 2 2 2 1 2 1 2 1 2 3 2 2 3 - 1 1 2 1 1
4 48 Extensive chroms. loss 1 1 1 2 2 2 2 2 2 2 2 2 2 2 1 1 1 2 - 1 2 2 1 1
4 49 Extensive chroms. loss, Tris 1,16 3 1 1 1 2 1 1 1 2 2 1 1 2 2 1 3 2 1 - 1 2 2 1 1
4 50 Extensive chroms. loss, Tris 8 2 1 1 2 2 1 1 3 1 2 1 0 2 2 2 1 1 2 - 2 2 2 1 1
4 51 Extensive chroms. loss, Tris 11 1 2 1 2 2 1 0 1 2 1 3 1 2 1 1 1 2 2 - 1 2 2 1 1
4 52 Extensive chroms. loss 2 2 1 2 2 2 1 2 2 1 2 1 2 2 2 1 1 2 - 1 2 2 1 1
4 53 Extensive chroms. loss 2 2 1 1 2 2 1 2 2 2 2 2 2 2 1 0 1 0 - 1 2 2 1 1
4 54 Extensive chroms. loss, Tris 15,21 2 2 2 1 2 2 1 2 1 2 2 2 2 1 3 2 1 1 - 1 3 1 2 1
4 55 Extensive chroms. loss 2 2 1 1 2 2 1 2 1 1 1 1 2 2 2 2 1 1 - 1 2 2 1 1
4 56 Extensive chroms. loss 2 2 1 2 2 2 1 2 1 1 2 2 2 2 2 2 1 2 - 1 2 2 1 1
4 57 Extensive chroms. loss. Trisomy 2 1 3 1 1 2 2 1 1 1 2 1 2 2 2 2 1 2 2 - 1 2 2 1 1
4 58 Extensive chroms. loss 2 2 1 2 2 2 1 2 2 2 2 1 2 2 1 1 2 1 - 1 2 2 1 1
4 59 Extensive chroms. loss 2 1 1 1 2 2 2 1 1 2 2 2 2 2 2 2 1 1 - 2 2 2 1 1
4 60 Gain/loss several chroms. 1 4 1 1 4 3 2 2 1 1 3 2 2 4 3 1 3 2 - 2 4 4 1 1
4 61 Gain/loss several chroms. 1 2 2 2 4 3 1 1 2 2 3 2 3 4 4 2 2 4 - 1 4 4 I 1
4 62 Gain/loss several chroms. 1 3 3 1 2 2 I 2 1 4 3 3 2 4 1 1 1 2 - 1 2 4 1 2
4 63 Gain/loss several chroms. 2 3 2 2 4 1 2 3 1 2 3 2 3 4 1 1 1 1 - 1 3 4 2 1

General comments for embryo 4: Male cell. Independent chromosome loss for 3, 4, 7, 9, 
9. 11, 15, 16.

12, 17, 20. Chromosome gain for 11, 14. 15. Possible mitotic non-disjunction for chromosomes 2, 6, 8,

Table 6.4: Chromosome copy number results for whole embryo 4.
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Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
6 1 Loss for 14,15,17,20, Trisomy 3, 2 2 3 2 2 2 2 2 2 2 2 2 2 1 1 2 1 2 - 1 2 2 1 1
6 2 Loss for 10,15,16,17, Trisomy 9 2 2 2 2 2 2 2 2 3 1 2 2 2 2 1 1 1 2 - 2 2 2 1 1
6 3 Extensive chroms. loss, Tetras 9 2 1 1 1 2 1 2 2 4 2 2 2 2 1 2 0 2 2 - 2 1 2 1 1
6 4 Extensive chroms. loss 2 2 1 1 1 2 1 2 2 2 2 1 2 2 2 2 2 2 - 1 1 2 1 1
6 5 Extensive chroms. loss 2 1 2 1 1 2 2 2 1 2 2 1 1 2 1 0 2 2 - 1 1 1 1 2
6 6 Extensive chroms. loss 2 1 1 1 2 1 1 2 2 2 2 2 1 2 2 2 2 2 - 1 2 2 2 1
6 7 Ext. chroms. loss, Tris 15, Tetra X 2 2 2 1 0 2 1 2 2 2 2 2 1 1 3 1 2 2 - 1 2 2 4 1
6 8 Extensive chroms. loss, Tetra 9 2 2 2 2 1 2 1 2 4 2 1 2 1 0 1 2 2 2 - 1 2 2 2 0
6 9 Loss for 20, Tetrasomy 15 2 2 2 2 0 3 2 2 2 2 2 2 2 2 4 2 2 2 - 1 2 2 1 1

General comments for embryo 6: Male cell. Independent chromosome loss for 2, 3, 4, 5, 6. 7. 13, 14, 15, 16, 20. Chromosome gain for 9, X. Possible mitotic non-disjunction for chromosomes 3,
6, 9. 15.

Table 6.5: Chromosome copy number results for whole embryo 6.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
7 1 Loss for 7,20 2 * 2 0 * 2 1 2 2 2 2 2 * * * * 2 * - 1 * * * *
7 2 Loss for 6,8,20 2 * 2 2 * 1 2 1 2 2 2 2 * * * * 2 * - 1 * * * *
7 3 Loss for 4,20 2 * 2 1 * 2 2 2 2 2 2 2 * * * * 2 * - 1 * * * *
7 4 Extensive chroms. loss 1 * 2 2 1 2 1 2 2 1 2 2 1 1 * * 2 * - 1 1 2 * *
7 5 Extensive chroms. loss 1 * 1 1 2 2 1 1 2 2 2 2 2 2 * * 2 * - 1 2 2 * *
7 6 Loss for 9,20 2 * 2 2 * 2 2 2 1 2 2 2 * * * * 2 * - 1 * * * *
7 7 Loss for 8,20 2 * 2 2 * 2 2 1 2 2 2 2 * * * * 2 * - 1 * * * *
7 8 Loss for 3.4,6,15 2 2 1 1 * 1 2 2 2 2 2 2 * * 1 0 2 2 - 2 * * 1 1
7 9 Loss for 2.4,6,16 2 1 2 1 * 1 2 2 2 2 2 2 * * 2 1 2 2 - 2 * * 1 1
7 10 Loss for 7 2 2 2 2 * 2 1 2 2 2 2 2 * * 2 2 2 2 - 2 * * 1 1
7 11 Loss for 2.4,7,15 2 1 2 1 * 2 1 2 2 2 2 2 * * 1 0 2 2 - 2 * * 1 1
7 12 Loss for 1,2,4,8 1 1 2 1 * 2 2 1 2 2 2 2 * * 2 2 2 2 - 2 * * 1 1
7 13 Loss for 4,11, Trisomy 3 2 2 3 1 * 2 2 2 2 2 1 2 * * 2 2 2 2 - 2 * * 1 1
7 14 Loss for 8 2 2 2 2 * 2 2 1 2 2 2 2 * * 2 2 2 2 - 2 * * 1 1

General comments for embryo 7: Male cell. Independent chromosome loss for 2, 4, 20.
Table 6.6: Chromosome copy number results for whole embryo 7. The (*) refers to non obtainable results for that particular chromosome/layer through reprobing.

Page 144 of 228



D. Ioannou Results: Specific aim 4

Em
bryo

nSL Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
8 i Loss for 2,9,13,17,22 2 1 2 2 2 2 2 2 1 2 2 2 1 2 2 2 1 2 - 2 2 1 2 0
8 2 Loss for 5,13,14,21, Pentasomy 9 2 2 2 2 1 2 2 2 5 2 2 2 1 1 2 2 2 2 - 2 1 2 1 1
8 3 Extensive chroms.gain 4 2 4 1 4 4 4 5 4 3 6 2 3 3 0 0 3 0 - 2 6 4 3 1
8 4 Extensive chroms. loss 1 2 1 1 2 1 1 2 2 2 2 1 2 1 2 0 2 0 - 1 1 1 1 1
8 5 Loss for 1,3,6.14. Trisomy 4,9,11, 1 2 1 3 2 1 0 2 3 2 3 2 2 1 2 0 2 0 - 2 2 2 1 0
8 6 Extensive chroms. loss. Trisomy 9 1 1 1 2 2 1 1 2 3 2 2 1 2 1 2 1 2 1 - 1 2 2 2 0

General comments for embryo 8: Unclear gender. Independent chromosome loss for 2, 3, 4, 5, 6, 7, 13, 14, 16, 20. Chromosome gain for 9, X. Possible mitotic non-disjunction for chromosomes 
3, 6, 9.

Table 6.7: Chromosome copy number results for whole embryo 8.

Table 6.8: (below & overleaf) Chromosome copy number results for whole embryo 9.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
9 1 Extensive chroms. loss 2 2 2 2 2 2 1 1 1 2 2 1 2 2 1 2 2 1 - 2 1 1 1 1
9 2 Extensive chroms. loss. Trisomy 2 2 3 1 2 2 2 2 2 1 2 1 2 1 1 2 2 2 2 - 2 2 1 2 1
9 3 Extensive chroms. loss, Trisomy 2 2 3 2 1 2 1 1 1 1 2 2 1 2 2 2 2 2 1 - 1 1 1 I 1
9 4 Extensive chroms. loss 1 2 2 2 2 1 1 1 1 1 1 2 2 2 1 2 1 1 - 1 2 1 1 0
9 5 Loss for 3,4,13,18, Trisomy 16 2 2 1 1 2 2 2 2 2 2 2 2 1 2 2 3 2 1 - 2 2 2 1 1
9 6 Extensive chroms. loss 1 1 0 1 2 2 1 1 2 0 1 2 1 1 1 1 0 1 - 1 2 2 1 1
9 7 Extensive chroms. loss 1 1 1 1 2 2 1 2 2 I 1 2 1 1 1 1 1 1 - 0 2 1 1 1
9 8 Extensive chroms. loss. Trisomy 12 1 2 1 1 2 2 0 1 1 1 1 3 1 1 1 2 1 2 - 1 1 1 1 1
9 9 Extensive chroms. loss 2 2 1 2 2 2 2 2 1 2 1 1 2 1 2 2 1 2 - 1 2 1 2 2
9 10 Extensive chroms. loss 1 2 2 2 1 1 2 1 1 1 1 0 1 1 2 2 1 2 - 1 1 1 1 0
9 11 Extensive chroms. loss 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 - 2 1 1 2 1
9 12 Extensive chroms. loss 1 1 1 1 2 2 1 2 1 1 1 2 1 1 2 1 1 1 - 0 2 1 2 0
9 13 Extensive chroms. loss 1 1 1 2 1 2 1 1 1 1 2 1 1 1 1 2 1 1 - 2 1 1 1 1
9 14 Extensive chroms. loss 1 1 1 2 1 2 1 1 2 2 2 2 1 1 1 1 1 1 - 2 1 1 1 1
9 15 Extensive chroms. loss. Trisomy 15 1 2 1 1 2 2 2 1 1 1 1 2 2 2 3 1 2 1 - 1 2 2 2 0
9 16 Extensive chroms. loss, Trisomy 1,13 3 1 1 1 2 2 1 2 2 2 2 2 3 2 1 2 1 2 - 1 2 2 1 1
9 17 Extensive chroms. loss 2 2 1 1 2 1 2 2 1 2 1 2 2 2 1 I 1 2 - 1 2 2 2 0
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9 18 Loss for 3.4.15,18.20 2 2 1 1 2 2 2 2 2 2 2 2 2 2 1 2 2 1 - 1 2 2 1 I
9 19 Loss for 8.9, Trisomy 20 2 2 2 2 2 2 2 1 1 2 2 2 2 2 2 2 2 2 - 3 2 2 1 1
9 20 Extensive chroms. loss, Trisomy 5, 1 2 1 2 3 2 1 1 1 2 1 1 1 1 1 2 1 2 - 1 2 1 0 1
9 21 Loss for 8,9, Trisomy 20 2 2 2 2 2 2 2 1 1 2 2 2 2 2 2 0 2 2 - 3 2 2 1 1
9 22 Loss for 6,9,20, Trisomy 15 2 2 2 2 2 1 2 2 1 2 2 2 2 2 3 2 2 2 - 1 2 2 2 0
9 23 Extensive chroms. loss 2 1 1 2 1 2 2 2 2 1 1 2 2 2 2 2 2 2 - 1 2 2 1 1
9 24 Extensive chroms. loss 2 2 1 1 2 2 2 1 2 1 1 2 2 2 1 2 2 2 - 2 2 2 2 0
9 25 Loss for 6.9,14,15,18, Tris 3,14, Pent 

20
0 2 3 2 2 1 2 2 1 2 2 2 2 3 1 1 2 1 - 5 2 2 2 0

9 26 Extensive chroms. loss. Trisomy 14,15 2 2 1 1 2 1 1 2 1 1 2 1 2 3 3 1 2 2 - 1 2 1 1 1
9 27 Loss for 3,8,9,10,20, Trisomy 14 2 2 1 2 2 2 2 1 1 1 2 2 2 3 2 2 2 2 - 1 2 2 1 1
9 28 Extensive chroms. loss. Trisomy 14 1 2 1 1 1 2 1 2 1 2 2 1 2 3 1 1 2 1 - 2 2 2 2 1
9 29 Extensive chroms. loss. Trisomy 15 1 2 1 2 2 2 1 1 1 2 1 2 2 2 3 2 2 2 - 1 2 2 2 0
9 30 Extensive chroms. loss, Trisomy 1,14 3 1 1 1 2 1 2 1 1 1 1 2 2 3 2 2 1 1 - 1 2 2 1 1
9 31 Extensive chroms. loss 2 2 1 2 2 2 1 1 1 2 1 1 2 2 1 1 2 2 - 2 2 2 1 1
9 33 Extensive chroms. loss, Trisomy 14,15 2 2 2 1 2 1 1 1 2 2 2 1 2 3 3 1 2 2 - 1 2 2 1 0
9 33 Extensive chroms. loss, Trisomy 15 2 1 1 1 2 2 2 2 1 1 1 2 2 2 3 1 2 2 - 1 2 2 2 0

General comments for embryo 3: Male cell. Independent chromosome loss for 3, 4. 8. 9, 11 15, 20. Chromosome gain for 14, 15. Possible mitotic non-disjunction for chromosomes 14, 15.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
12 1 Extensive chroms. loss 2 1 1 1 2 1 2 2 1 1 2 1 2 1 1 1 1 2 - 1 1 2 1 1
12 2 Extensive chroms. loss. Trisomy 15 2 1 1 1 2 1 1 1 2 2 2 1 2 2 3 1 1 2 - 1 2 2 1 1
12 3 Loss for 10,12,15,17,20 2 2 2 2 2 2 2 2 2 1 2 1 2 2 1 2 1 2 - 1 2 2 1 1
General comments for embryo 12: Male cell. Independent chromosome loss for 2, 3, 4, 6. 10, 12, 15. 16, 17. 20. Chromosome gain for 15. Possible mitotic non-disjunction for chromosome 15.

Table 6.9: Chromosome copy number results for whole embryo 12.
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ffl
3tr
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Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
14 1 Gain/loss several chroms 3 2 1 1 0 3 3 3 2 1 3 3 3 2 4 1 1 2 - 1 3 6 0 2
14 2 Loss for 3,14,20,22, Trisomy 21 2 2 1 2 2 2 2 2 2 2 2 2 2 1 2 2 2 2 - 1 3 1 1 1
14 3 Extensive chroms. loss 1 2 1 2 2 1 2 2 1 2 1 2 1 1 2 2 2 2 - 2 2 1 2 1
14 4 Extensive chroms. loss, Tetrasomy 22 2 1 2 2 2 2 1 1 2 1 2 1 2 2 2 1 2 2 - 1 2 4 1 1
14 5 Gain/loss several chroms 1 1 2 2 2 3 1 4 2 2 2 3 1 0 2 1 3 4 - 2 1 2 0 2
14 6 Gain/loss several chroms 1 1 3 3 3 1 0 3 2 3 2 2 1 1 2 2 3 4 - 2 2 4 1 1
14 7 Gain/loss several chroms 1 3 3 1 1 1 3 3 4 3 3 3 3 1 3 4 3 4 - 2 2 2 2 1
14 8 Extensive chroms. loss, Tris 22, Tetra 7 1 1 1 2 2 2 4 1 1 1 2 2 2 2 1 1 2 2 - 1 1 3 1 1
14 9 Extensive chroms. loss, Tris 22 2 1 1 1 2 2 0 1 1 1 2 1 2 2 1 1 1 2 - 1 1 3 1 1
General comments for embryo 14: Male cell. Independent chromosome loss for 1,2, 3, 10, 16, 20. Chromosome gain for 7, 8, 12, 17, 18, 22. Possible mitotic non-disjunction for chromosomes 
3,6, 7,8, 10, 12, 13, 17,21,22,

Table 6.10: Chromosome copy number results for whole embryo 14.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
15 1 Extensive chroms. loss. Trisomy 9,11 2 1 1 1 2 1 2 1 3 2 3 2 2 2 2 2 2 2 - 2 1 2 2 2
15 2 Extensive chroms. loss, Trisomy 11,18, 1 2 0 2 2 2 1 2 1 1 3 2 1 2 1 1 2 3 - 2 1 1 1 2
15 3 Loss for 13.15.17,20,21, Trisomy 5,11 2 2 0 2 3 2 2 2 2 2 3 2 1 2 1 2 1 2 - 1 1 2 1 2
15 4 Extensive chroms. loss 2 2 0 1 2 1 1 1 1 2 2 2 2 2 0 1 2 1 - 1 1 1 1 1
15 5 Extensive chroms. loss 2 2 2 1 2 1 2 1 2 2 2 2 2 2 2 0 1 2 - 1 1 2 2 2
15 6 Loss for 11 2 2 0 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 - 2 1 1 1 1
15 7 Loss for 10,11,14,16,20, Trisomy 15 2 2 0 2 2 2 2 2 0 1 1 2 2 1 3 1 2 2 - 1 2 2 1 1
15 8 Extensive chroms. loss. Trisomy 11 1 2 1 1 2 2 2 2 1 2 3 2 2 2 1 1 2 2 - 1 1 2 1 1
15 9 Loss for 7 2 2 0 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 - 2 2 2 1 2
15 10 Extensive chroms. loss. Trisomy 2,16 2 3 1 1 2 2 0 2 1 2 1 2 2 1 1 3 1 1 - 2 1 2 1 2
15 11 Extensive chroms. loss 2 2 0 1 2 2 2 2 2 1 2 1 2 2 1 2 2 2 - 1 1 2 1 1
15 12 Extensive chroms. loss 2 2 0 1 2 2 1 2 1 0 0 1 2 2 1 1 2 2 - 0 1 2 1 1
15 13 Extensive chroms. loss 2 2 0 1 2 2 2 2 1 1 1 1 2 2 1 1 2 2 - 1 1 2 1 1
15 14 Extensive chroms. loss 2 1 1 1 1 2 2 2 2 1 1 2 2 2 1 2 2 2 - 0 1 2 1 1
15 15 Loss for 4,10,15,20,21 2 2 0 1 2 2 2 2 2 1 2 2 2 2 1 2 2 2 - 1 1 2 1 1
15 16 Extensive chroms. loss 2 2 0 2 2 1 0 1 2 2 2 1 2 2 2 1 2 2 - 1 1 2 1 1
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| General comments for embryo 15: Male cell. Independent chromosome loss for 3,4. 15, 16. 20. 21. Chromosome pain for 11. Possible mitotic non-disjunction for chromosome 11. 
Table 6.11: Chromosome copy number results for whole embryo 15.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
16 1 Loss for 1,2,22 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 - 2 2 1 1 1
16 2 Loss for 2,11,20,21 2 1 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 - 1 2 1 1 1
16 3 Extensive chroms. loss 2 1 2 2 2 2 2 2 1 2 1 2 2 2 2 2 2 2 - 1 1 1 1 1
16 4 Extensive chroms. loss. Trisomy 18 1 1 2 2 2 2 1 1 2 2 2 2 2 2 1 2 1 3 - 1 2 1 1 1
16 5 Extensive chroms. loss 2 1 2 2 2 2 1 2 2 2 2 2 1 1 2 1 2 2 - 1 1 1 1 1
16 6 Extensive chroms. loss, Trisomy 11 2 1 2 2 1 2 2 2 1 2 3 2 2 2 2 1 2 2 - 1 1 1 1 1
16 7 Extensive chroms. loss. Trisomy 9 2 1 2 2 2 1 2 1 3 1 2 2 2 2 2 1 2 2 - 1 1 1 1 1
16 8 Loss for 2,4,21,22 2 1 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 - 2 1 1 1 1
16 9 Loss for 2,14,18,20,22 2 1 2 2 2 2 2 2 2 2 2 2 2 1 2 0 2 1 - 1 2 1 1 1
16 10 Loss for 2,20 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 - 1 2 2 1 1
16 11 Loss for 2,11,14,21,22 2 1 2 2 2 2 2 2 2 2 1 2 2 1 2 2 2 2 - 2 1 1 1 1
16 12 Extensive chroms. loss 2 1 2 2 2 1 2 2 2 2 2 2 2 1 2 1 1 1 - 1 2 1 1 1
16 13 Extensive chroms. loss 1 2 2 2 2 2 2 1 2 2 2 2 2 2 1 2 1 1 - 1 1 1 1 1
General comments for embryo 16: Male cell. Independent chromosome loss for 2, 20, 21,22.

Table 6.12: Chromosome copy number results for whole embryo 16.

Em
bryo

n Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
17 i Extensive chroms. loss 2 1 0 2 2 2 1 1 1 0 2 2 2 1 1 0 2 0 - 2 0 0 1 0
17 2 Loss for 8,11,12,14, Trisomy 7 2 2 2 2 2 2 3 1 2 2 1 1 2 1 0 0 2 2 - 0 2 2 1 1
17 3 Extensive chroms. loss 1 2 2 2 2 2 0 1 2 2 2 1 1 2 2 2 1 1 - 0 2 2 2 0
17 4 Extensive chroms. loss, Trisomy 2,4 2 3 2 3 2 2 2 1 1 1 2 2 2 2 2 1 2 1 - 0 1 1 2 0
17 5 Gain/loss several chroms 2 3 2 2 2 4 1 2 2 4 1 4 2 1 3 1 1 0 - 0 2 2 2 0
17 6 Gain/loss several chroms 2 2 4 4 1 3 2 1 3 4 1 3 3 1 4 2 1 1 - 0 2 2 2 0
17 7 Extensive chroms. loss. Trisomy 2,9 2 3 2 1 2 1 2 1 3 2 2 2 1 0 2 1 2 1 - 2 2 2 2 2
17 8 Extensive chroms. loss. Trisomy 4 2 2 2 3 1 2 2 1 1 2 1 2 1 0 0 0 1 0 - 2 1 1 2 0
17 9 Extensive chroms. loss 2 1 1 2 1 2 2 1 1 2 2 2 1 1 2 1 2 0 - 0 2 1 2 0
17 10 Loss for 8,16,17,18, Tris 22, Tetras 21 2 2 2 2 2 2 2 1 2 2 2 2 2 0 2 1 1 1 - 2 4 3 2 0
17 11 Gain/loss several chroms 2 2 3 2 2 3 2 1 3 2 2 4 3 1 3 2 2 1 - 1 2 1 2 0

Page 148 of 228



D. Ioannou Results: Specific aim 4

17 12 Extensive chroms. loss. Trisomy 5,10, 2 1 1 2 3 1 2 1 2 3 2 2 0 1 2 1 2 1 - 1 2 1 1 0
17 13 Extensive chroms. loss, 2 2 2 2 1 2 2 1 1 2 2 2 0 0 2 1 2 1 - 1 2 2 2 0
17 14 Gain/loss several chroms 3 4 2 3 2 2 2 2 2 2 3 3 0 3 3 1 2 1 - 2 1 3 2 0
17 15 Extensive chroms. loss. Trisomy 21 2 1 2 2 1 1 2 1 1 1 1 2 0 1 1 1 1 2 - 1 3 2 2 0
17 16 Gain/loss several chroms 4 3 5 4 1 4 2 2 2 2 4 3 0 1 3 1 1 1 - 2 2 2 1 0
General comments for embryo 17: Female cell. Independent chromosome loss for 8, 14. 16, 18, 22. Chromosome gain for 2. 4. 12, 15. Possible mitotic non-disjunction for chromosome 2, 9.

Table 6.13: Chromosome copy number results for whole embryo 17.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
19 1 Extensive chroms. loss, Tris 6, Tetras 8 2 1 2 2 1 3 2 4 1 1 0 2 0 1 2 0 2 0 - 0 1 2 1 1
19 2 Extensive chroms. loss 1 1 1 1 2 1 2 2 1 2 1 2 0 1 1 1 2 1 - 0 2 1 1 1
19 3 Extensive chroms. loss, Trisomy 18 2 1 1 1 0 1 1 2 0 2 0 1 1 0 1 1 1 3 - 0 1 1 1 1
19 4 Extensive chroms. loss, Tris 7,8,12 2 2 1 1 2 1 3 3 1 1 0 3 2 1 1 2 1 0 - 0 2 2 1 2
19 5 Extensive chroms. loss 1 2 0 1 2 1 1 1 0 1 0 2 2 1 1 0 2 1 - 1 1 2 1 1
19 6 Extensive chroms. loss, Trisomy 22 0 1 1 0 2 1 2 1 2 1 0 1 1 0 1 1 2 1 - 0 2 3 1 1
19 7 Extensive chroms. loss, Tetrasomy 10 2 1 1 2 2 2 2 3 2 4 2 1 1 0 1 1 2 2 - 0 1 1 1 1
19 8 Gain/loss several chroms 2 2 2 2 2 2 3 4 2 3 0 4 2 1 1 1 0 4 - 0 1 2 1 1
19 9 Gain/loss several chroms 4 4 1 2 3 3 3 3 2 2 0 4 0 3 2 0 2 3 - 0 2 3 0 1
19 10 Extensive chroms. loss, Tris 2,17,18,21 1 3 1 2 2 1 1 1 2 2 0 2 2 2 2 2 3 3 - 0 3 2 2 1
19 11 Ext.chroms. loss, Tris 10,11, Tetra 9 1 2 1 2 2 2 2 2 4 3 3 2 1 2 2 2 1 2 - 0 1 2 1 1
General comments for embryo 19: Male cell. Independent chromosome loss for 2, 3, 6, 10, 13, 14, 15, 16, 21. Chromosome gain for 8, 18. Possible mitotic non-disjunction for chromosomes 7, 
8, 18.

Table 6.14: Chromosome copy number results for whole embryo 19.

Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
20 1 Extensive chroms. loss 2 2 1 2 0 2 2 2 1 1 1 1 0 1 1 2 2 2 2 1 1 1 2 0
20 2 Extensive chroms. loss 2 2 2 1 2 2 1 2 2 2 1 1 1 1 2 2 1 2 2 2 2 1 2 0
20 3 Extensive chroms. loss, Trisomy 8 1 1 2 2 1 2 2 3 2 1 1 1 1 1 2 2 1 2 0 1 1 1 2 0
20 4 Extensive chroms. loss, Trisomy 21 2 1 2 1 1 1 2 2 2 1 1 1 0 0 1 2 1 2 0 1 3 1 2 0
20 5 Extensive chroms. loss 2 1 2 1 1 1 1 2 2 1 1 1 1 1 1 1 2 2 0 2 2 1 2 0
20 6 Extensive chroms. loss 2 1 2 1 2 1 2 2 1 1 0 1 0 1 2 1 1 1 2 1 2 1 2 0
20 7 Extensive chroms. loss 1 2 1 2 1 2 1 1 1 2 0 1 1 1 1 0 2 2 1 1 1 1 2 0
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20 8 Extensive chroms. loss, Trisomy 8 1 2 2 2 2 2 2 3 1 1 0 2 1 1 1 1 2 2 2 2 2 1 2 0
20 9 Extensive chroms. loss 2 2 2 2 2 1 1 2 2 2 1 2 1 1 1 1 1 2 2 2 2 1 2 0
20 10 Extensive chroms. loss 1 1 0 1 2 1 1 2 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1
20 11 Extensive chroms. loss 1 2 1 2 1 1 1 2 2 2 0 2 1 1 1 1 1 1 0 1 0 1 1 1
General comments for embryo 20: Female cell. Independent chromosome loss for 5, 6, 7. 10, 11, 12, 13, 14, 15, 16, 17, 19, 20, 22.

Table 6.15: Chromosome copy number results for whole embryo 20.

Em
bryo

n Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
21 i Extensive chroms. loss 2 2 1 1 2 1 1 2 1 2 0 1 1 1 2 2 2 2 0 1 2 1 2 0
21 2 Extensive chroms. loss 1 2 2 2 2 2 1 1 1 2 2 1 1 2 2 2 2 2 1 0 1 2 2 0
21 3 Extensive chroms. Loss, Trisomy 5 2 2 2 1 3 2 1 2 2 2 2 2 1 1 2 2 2 1 1 1 1 2 2 0
21 4 Extensive chroms. loss 1 2 2 1 2 2 1 2 2 1 0 2 1 2 1 2 2 2 0 0 1 2 2 0
21 5 Extensive chroms. Loss, Trisomy 22 2 2 2 1 2 2 1 2 2 2 1 2 2 2 2 1 2 2 1 1 1 3 1 0
21 6 Extensive chroms. Loss, Trisomy 22 2 2 1 2 2 2 1 2 2 2 1 2 1 2 2 1 2 1 0 1 1 3 2 0
General comments for embryo 21 : Female cell. Independent chromosome loss 4, 7, 13, 20, 21. Chromosome gain for 22. Possible mitotic non-disjunction for chromosome 22.

Table 6.16: Chromosome copy number results for whole embryo 21.

Em
bry'

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
24 1 Extensive chroms. loss 1 2 2 0 2 0 2 1 1 1 1 0 2 2 2 0 1 1 2 1 2 2 1 1
24 2 Extensive chroms. loss 1 2 1 0 0 1 I 1 1 2 2 0 0 2 1 0 0 0 0 1 0 1 1 1
24 3 Extensive chroms. loss 2 2 1 0 0 0 1 1 1 1 0 1 0 0 1 0 0 1 0 0 0 1 1 0
24 4 Extensive chroms. loss 1 1 0 0 1 0 1 1 1 1 0 1 1 1 2 1 1 2 0 1 0 1 1 1
24 5 Extensive chroms. loss 1 2 2 0 2 0 i 2 2 1 0 1 0 1 2 0 1 2 0 1 1 2 1 I
24 6 Extensive chroms. loss 0 2 1 0 0 1 2 2 2 1 1 0 0 0 0 0 1 1 0 0 2 2 1 0
24 7 Extensive chroms. loss 0 2 2 0 2 1 1 1 2 1 0 0 1 0 2 0 1 1 1 1 2 2 1 2
24 8 Extensive chroms. loss 1 2 1 0 0 1 0 2 2 1 1 0 0 2 2 1 1 2 0 1 2 2 1 1
24 9 Extensive chroms. loss 1 1 1 0 0 1 0 2 1 1 0 0 0 1 2 1 1 1 0 1 2 2 1 1
24 10 Extensive chroms. loss 2 1 1 0 0 2 0 2 1 2 2 0 2 2 1 0 1 1 2 0 0 2 1 1
24 11 Extensive chroms. Loss, Trisomy 1,2,3 3 3 3 0 1 2 0 2 0 1 1 0 0 1 2 0 1 2 1 1 1 2 2 1
General comments for embryo 24: Male cell. Independent chromosome loss for 2, 3, 4, 5, 6, 7,9, 10, 11, 12, 13, 14, 16, 17, 18, 19, 20,21.

Table 6.17: Chromosome copy number results for whole embryo 24.
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Em
bryo

Cell

Comments per-cell Number of signals per chromosome

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
25 1 Extensive chroms. Loss, Tetrasomy 2 2 4 1 0 2 2 1 2 2 1 1 0 1 1 2 2 2 2 1 1 2 2 2 0
25 2 Extensive chroms. loss 1 2 2 1 0 1 1 2 2 2 2 1 1 1 2 0 1 2 0 1 2 2 1 0
25 3 Extensive chroms. loss 1 2 1 1 2 1 2 2 1 2 1 2 2 2 2 2 1 2 0 1 2 1 2 0
25 4 Extensive chroms. loss 1 2 1 2 1 1 2 2 2 2 1 1 1 2 2 1 2 1 2 1 1 1 2 0
25 5 Extensive chroms. loss 1 2 2 0 2 0 1 2 1 2 0 1 0 1 1 0 1 1 0 1 1 2 2 0
25 6 Extensive chroms. loss 2 2 1 1 0 0 1 2 2 1 0 0 0 2 2 2 0 2 0 1 2 2 2 0
25 7 Extensive chroms. loss 0 2 1 0 0 0 2 2 1 2 0 1 0 1 2 1 0 1 0 1 2 2 2 0
25 8 Extensive chroms. loss 2 2 1 0 0 0 2 2 2 2 0 1 0 0 2 0 0 2 0 I 1 2 2 0
25 9 Extensive chroms. loss 0 2 2 0 0 0 1 2 2 2 0 2 0 0 2 0 2 2 0 1 0 2 2 0
25 10 Extensive chroms. loss 2 2 0 0 0 0 1 1 2 2 0 2 0 0 2 1 1 1 0 0 0 2 1 0
25 11 Extensive chroms. loss 2 2 2 0 0 0 2 1 1 2 0 1 0 0 1 1 0 1 0 1 0 2 2 0
25 12 Extensive chroms. loss 1 2 1 0 0 1 0 2 2 2 1 1 0 0 2 2 2 2 0 1 0 2 2 0
25 13 Extensive chroms. loss 2 2 1 1 0 1 1 2 2 1 0 1 0 0 I 1 1 2 0 1 2 2 2 0
25 14 Extensive chroms. Loss, Trisomy 8 2 2 1 0 2 1 1 3 2 2 0 1 0 0 1 2 2 2 0 1 0 1 2 0
25 15 Gain/loss several chroms 3 3 1 0 0 1 2 2 2 4 2 3 0 0 4 1 2 3 0 2 0 3 4 0
25 16 Extensive chroms. loss 0 2 1 0 1 1 2 2 1 2 0 1 0 2 2 0 1 2 0 1 2 2 2 0
25 17 Extensive chroms. loss 2 2 1 0 1 1 1 2 2 2 2 2 1 1 1 1 2 2 0 1 2 2 2 0
25 18 Extensive chroms. loss 0 2 2 1 2 0 1 2 2 2 1 2 0 1 2 1 2 2 0 2 2 2 2 0
25 19 Extensive chroms. gain 4 3 4 0 2 3 4 3 2 3 0 2 2 1 4 2 3 3 2 2 2 2 3 0
General comments for embryo 25: Female cell. Independent chromosome loss for 3, 4, 5, 6, 7. 11, 12, 13, 14, 16, 17, 19, 20. Chromosome gain for 2. Possible mitotic non-disjunction for 
chromosome 2, 3, 7.

Table 6.18: Chromosome copy number results for whole embryo 25.
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An immediate conclusion from the above tables is that aneuploidy was present in 

every whole embryo (and indeed possibly every blastomere) that was examined 

through the reprobing assay. In the following section I examine the nature of the 

abnormalities and the chromosomes that were more prone to aneuploidy from the 

above data set.

6.3.2. Specific aim 4b: To test the hypothesis that, as suggested by 

previous studies, the majority of human embryos are (mosaic) 

chromosomally abnormal for at least one chromosome

As seen from Table 6.1, in section 6.3.1 once the chromosome copy number was 

assayed in the 17 whole embryos, there was strong evidence suggesting that, at least 

this subset of embryos were all chromosomally abnormal. Indeed, no single nucleus 

showed 46/46 signals and consistent patterns (other than widespread chromosome 

loss).

6.3.3. Specific aim 4c: To test the hypothesis that chromosome loss is more 

common than chromosome gain and that certain chromosomes are 

more prone to aneuploidy than others

Table 6.19 summarises the data from Tables 6.2-6.18 and under each ploidy status 

refers the number of cells (out of 250) that this occurred.
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Chrom Normal Monosomy Trisomy >3
No

signal
Blastomeres 
analysed (n)

1 143 82 8 6 11 250
2 143 75 24 8 0 250
3 84 126 9 5 26 250
4 95 109 10 2 34 250
5 160 48 11 7 24 250
6 127 90 13 4 16 250
7 104 113 11 3 19 250
8 139 87 19 4 1 250
9 116 102 15 9 8 250
10 139 91 11 5 4 250
11 109 76 26 2 37 250
12 126 90 16 5 13 250
13 142 63 11 2 32 250
14 121 87 13 6 23 250
15 113 96 25 8 8 250
16 105 94 11 3 37 250
17 125 106 12 0 7 250
18 138 74 11 8 19 250
19 10 7 0 0 30 47
20 64 152 4 2 28 250
21 134 85 11 7 13 250
22 144 77 16 12 1 250
XY 133 3 14 9 0 159*
XX 52 20 12 2 0 86

Total
signals/
status 2766 1953 313 119 391 TOTAL

% 49.86% 35.21% 5.64% 2.15% 7.05% 99.91*
Table 6.19: Overview of the ploidy status of the 250 blastomeres (from 16 whole embryos) that 
provided successful hybridisation results over the 4 layers of reprobing. The category of >3 refers 
to the blastomeres with polyploidy (more than 3 copies) for the specific chromosome. Note: *Five 
blastomeres with signals that cannot be classified to any of the above categories for XY are not 
included in the above table. They account for 0.09% of all chromosomes per cell analysed 
(5/5,547).

Thus, from the 5,547 chromosomes per cell analysed monosomy was present in 

35.21% (1,953 signals), trisomy was present in 5.64% (313 signals), whereas no 

signal was present at 7.05% (391). Polyploidy was present in 2.15% of cells. Hence, 

even when the expected number of single signals was taken into account (by 

extrapolation of control lymphocyte data, chromosomal loss (monosomy) occurred at 

a frequency several times greater than chromosome gain (trisomy) in this population 

of embryos (specific aim 4c). It should also be noted however that 74% of cells 

(185/250) had correct status for the sex chromosomes, whereas monosomy (XO, YO)
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or trisomy (XXY, XYY, XXX) occurred at a similar frequency (9.2 and 10.4% 

respectively).

From Table 6.19 certain conclusions can be drawn with regard to which chromosomes 

are more prone to aneuploidy (specific aim 4c) and Tables 6.20-6.21 depict the least 

and most aneuploid chromosomes for trisomy and monosomy (as shown in Table 

6.19). The % of the frequency (out of 250 cells) is shown as well for each category.

Trisomy %
19 0.00
20 1.60
1 3.20
3 3.60
4 4.00
5 4.40
7 4.40
10 4.40
13 4.40
16 4.40
18 4.40
21 4.40
17 4.80
6 5.20
14 5.20
9 6.00
12 6.40
22 6.40
8 7.60
2 9.60
15 10.00
11 10.40

Table 6.20: % trisomy by chromosome. Chromosome 19 is shaded due to the small number of 
cells assessed.

Page 154 of 228



D. Ioannou Results: Specific aim 4

Monosomy %
19 2.80
5 19.20
13 25.20
18 29.60
2 30.00
11 30.40
22 30.80
1 32.80

21 34.00
8 34.80
14 34.80
6 36.00
12 36.00
10 36.40
16 37.60
15 38.40
9 40.80
17 42.40
4 43.60
7 45.20
3 50.40

20 60.80
Table 6.21: % monosomy by chromosome. Chromosome 19 is shaded due to the small number of 
cells assessed.

Chromosome 11 was the most prone to trisomy (10.4%) followed by 15 and 2 (10 and 

9.6% respectively). Trisomy 21 was observed in only 4.4% of the cells analysed 

(Table 6.20). By contrast, the chromosome with the highest frequency of chromosome 

loss was 20 (60.8%) followed by chromosomes 3, 7, 4, 17 and 9 (all above 40%), 

(Table 6.21). Two chromosomes labelled with weak fluorochromes (Aqua and Blue) 

for 16, 11 where the chromosomes for which no signal (nullisomy or hybridisation 

failure) could be seen.

6.3.4. Specific aim 4d: To test the hypothesis that PGS diagnosis (for 8 

chromosomes) is an accurate predictor of the ploidy status of the rest 

of the embryo

As stated in section 2.1.4 the whole embryo preparations used in this thesis originated 

from clinical PGS cases. These embryos were not used for transfer due to the 

diagnosis of abnormality from biopsy on day 3. Normally a follow up diagnosis using 

the same set of probes (as in the single cell level) would provide a confirmation (or 

not) of the initial diagnosis. The opportunity to do this as well as provide evidence for 

other potential abnormalities (that the current test would not detect) was however
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explored here. The following table presents the PGS results from a single blastomere, 

compared to the results on the whole embryo (24 chromosome screening) and 

illustrates any additional abnormalities found (in bold). Additional abnormalities are 

reported only when the percentage exceeds 50% of the amount of cells that the 

diagnosis was made.

Embryo PGS Diagnosis 24 chromosome diagnosis 
(in bold)

Confirmation of PGS

4 No result (poor 
embryos)

Monosomy 3,4,7,20 N/A

10 Trisomy 15 No result (poor fixed embryos) N/A
11 Monosomy 21 No result (poor fixed embryos) N/A
12 Trisomy 15 

Monosomy 16, 
XY

Monosomy 15 
Normal 16 

XY
Monosomy 3,4,6,10,12,17,20

No for 15,16 
Yes for XY gender

13 Trisomy 13 
No result XY

No result (poor fixed embryos) N/A

14 Trisomy 22 
Monosomy 18 
No result XY

Trisomy & Tetrasomy 22 
Normal 18 

XY
Monosomy 2,14

Partial for 22
No for 18

15 Monosomy 21, 
XY

Monosomy 21, 
XY

Monosomy 4,15

Yes

16 Monosomy 21,22, 
XY

Monosomy 21,22, 
XY

Monosomy 2,20

Yes

17 Monosomy 18 
XXX

Monosomy 18 
XX

Monosomy 8,14,16

Yes for 18 
No for X

18 Trisomy 22 
Monosomy 21

No result (embryos under heavy 
debris)

N/A

19 Nucleus not found Monosomy 3,6,14,15,21 N/A
20 Monosomy

13,15,16,22
XX

Monosomy 13,15,16,22 
XX

Monosomy 9,11,12,14,20

Yes

21 Trisomy 22 
Monosomy 13,16 

Nullisomy 21 
No result X,Y

Normal 16,22 
Monosomy 13, 
Monosomy 21 

XX
Monosomy 7,20

No 16,21,22 
Yes for 13

24* No result Monosomy 1,3,4,6,7,8,10,17 N/A
25* Nullisomy 7 Monosomy 7 

Monosomy 3,20
Yes

Table 6.22: Comparison of results from PGS diagnosis (single cells) and 24 chromosome 
screening. The initial PGS diagnostic test used for 24 & 25 was polar body array CGH.

In terms of whether the single cell was a representative of the whole embryo, at least 

in the data set presented on Table 6.22 (and for the chromosomes investigated on the 

single cell level), in 7 of the embryos a correlation could not be made due to an
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unclear result either in the PGS, or in the follow-up. In seven of the remaining 

embryos the diagnosis was confirmed (if only partially) and, in one case (embryo 12) 

a trisomy 15 in the biopsied blastomere but monosomy 15 in the follow up embryo 

might suggest a mitotic non-disjunction error.

6.4. Concluding remarks

The results herewith presented demonstrate a proof of principle for the use of a 24 

chromosome FISH based aneuploidy screening for use on to whole embryos of single 

blastomeres for PGS. Most or all embryos and individual blastomeres appeared to be 

chromosomally abnormal with apparent chromosome losses more frequent rather than 

gain. In addition the original diagnosis made on some of the single blastomeres (day 3 

- from which the whole embryos developed) allowed us to compare the efficacy of 

single cell diagnosis and our 24 chromosome approach, confirming the PGS in some 

but not all cases.
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7. Specific aim 5: To apply the 24 chromosome FISH 

strategy to investigate nuclear organisation in human 

blastomeres

7.1. Background

Previous results from my own laboratory (Finch et al. 2008a) have demonstrated that 

FISH experiments can also be used to assess the spatial and temporal localisation of 

chromatin (nuclear address) in the interphase nucleus of blastomeres (as outlined in 

section 1.5.9) and correlated with whether the cell (or indeed the embryo) is 

chromosomally normal or abnormal. Again however, such experiments have been 

limited to a small subset of chromosomes, indeed, as outlined in section 1.4.8 very 

few studies have investigated nuclear architecture through means of chromosome 

position assays in the interphase nucleus of preimplantation embryos. Unlike in sperm 

cells where there is a plethora of available cells to study, blastomeres are of limited 

availability. A further drawback of previous work (McKenzie et al. 2004); (Finch et 

al. 2008a) is that “home-made” assays were used to measure mean chromosome 

position. As outlined in this thesis (section 2.12) a novel methodology to analyse 

radial position has been used and thus more accurate assessments of relative nuclear 

positions in blastomeres is now possible. If chromosome position is a reliable marker 

of nuclear health, then it can be assumed that significant alterations from “normal” 

levels in human preimplantation embryos could be suggestive of aberrant or arrested 

development and related to the mechanisms leading to numerical chromosome 

abnormalities (Finch et al. 2008a). Finch et al. (2008a) restricted analysis to 

individual cells, again using a subset of chromosomes, and suggested that cells that 

were apparently chromosomally normal were more prone to random patterns of 

nuclear organisation whereas those that were aneuploid had defined chromosome 

positions. With a 24 chromosome assay (Chapter 4) and a sufficient number of cells 

per embryo the association between aneuploidy and nuclear organisation in early 

human development may be assessed more fully, not only on a cell-by-cell basis, but 

also on an embryo by embryo basis.
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7.2. Aims and hypotheses

Given the above rationale, the primary purpose of this chapter was to assess relative 

nuclear organisation for loci from all 24 chromosomes in human preimplantation 

embryos with a view to achieving the following specific aims:

Specific aim 5a: To assess the relative nuclear position of 24 chromosomal loci in 

individual blastomeres and ask whether those that are chromosomally abnormal 

display different patterns of nuclear organisation compared their more “normal” 

counterparts.

Specific aim 5b: To assess the relative nuclear position of 24 chromosomal loci and 

ask whether in whole embryos there is a relationship between increased chromosome 

abnormality and altered nuclear organisation.

Specific aim 5c: To test the hypothesis that the radial position of the chromosomal 

loci differs between different types of cells (specifically lymphocytes, sperm, and 

blastomeres).

Specific aim 5d: To test the hypothesis that human embryos adopt a “chromocentre 

pattern” of nuclear organisation similar to human sperm and mouse preimplantation 

embryos.

7.3. Results

7.3.1. Specific aim 5a: To assess the relative nuclear position of 24 

chromosome loci in individual blastomeres and ask whether those 

that are chromosomally abnormal display different patterns of 

nuclear organisation compared their more “normal” counterparts

In all the previous studies examining nuclear organisation in human preimplantation 

embryos, blastomeres were classified as normal based on ploidy from either 5 

chromosomes (13, 18, 21, X, Y) (McKenzie et al. 2004), 7 chromosomes (13, 16, 18, 

21, 22, X, Y) (Diblik et al. 2007) or 8 chromosomes (13, 15, 16, 18, 21, 22, X, Y) 

(Finch et al. 2008a). In essence this is what happens at the clinical level with PGS.
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The results presented in this thesis expanded upon the above, with all loci from all 

chromosomes examined both for ploidy and nuclear address. Nonetheless, in this 

study, as no single blastomere had 46/46 correct signals, the cells were divided on 

their “relative” levels of abnormality. In these studies therefore, 50 blastomeres were 

placed in the “normal” group by virtue of the fact that they had no more than 40% of 

the signals with apparent monosomy. Fifty is consistent with the minimum standard 

number used on most nuclear organisation studies; all remaining blastomeres 

comprised the “abnormal” group. The following graphs present the results from the 

analysis of nuclear organisation for each locus in the “normal” group (on the left) and 

the “abnormal” group (on the right). It should be noted that for every graph (n) 

indicates the number of nuclei analysed, average position refers to the median value 

(since our data set is not parametric) of the assigned shell (1-5) and p indicates results 

of the x“ test against a random distribution. All p values were considered statistically 

significant when p<0.05 (4d.f.), otherwise those p>0.05 were considered as Not 

Discernable from a Random Distribution Pattern and thus assigned the status 

“NDRDP.” The same rules of classification of signals (depending on the shell of 

preference) as in Chapter 5 have been applied for all graphs presented here. Thus 

Peripheral -  Shell 1 or 1/2, Peripheral/Medial -  Shell 2 or 1-3, Medial -  Shell 3, 2/3, 

or 3/4, Central/Medial -  Shell 4 or 3-5, Central -  Shell 5 or 4/5.
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Chromosome position for normal and abnormal blastomeres
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Figure 7.1: Chromosome position for loci 1, 2, 3 and 4 when analysed on a cell-by-cell basis. On 
the left is the “normal” blastomere group, whereas on the right is the “abnormal” group.
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Chromosome position for normal and abnormal blastomeres
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Figure 7.2: Chromosome position for loci 5, 6, 7 and 8 when analysed on a cell-by-cell basis. On 
the left is the “normal” blastomere group, whereas on the right is the “abnormal” group.
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Chromosome position for normal and abnormal blastomeres
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Figure 7.3: Chromosome position for loci 9, 10, 11 and 12 when analysed on a cell-by-cell basis. 
On the left is the “normal” blastomere group, whereas on the right is the “abnormal” group.
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Chromosome position for normal and abnormal blastomeres
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Figure 7.4: Chromosome position for loci 13, 14, 15 and 16 when analysed on a cell-by-cell basis. 
On the left is the “normal” blastomere group, whereas on the right is the “abnormal” group.
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Chromosome position for normal and abnormal biastomeres
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Figure 7.5: Chromosome position for loci 17,18, 20 and 21 when analysed on a cell-by-cell basis. 
On the left is the “normal” blastomere group, whereas on the right is the “abnormal” group. 
Locus 19 has been removed from this analysis due to a small number of cells.
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Chromosome position for normal and abnormal blastomeres
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Figure 7.6: Chromosome position for loci 22, X, and Y when analysed on a cell-by-cell basis. On 
the left is the “normal” blastomere group, whereas on the right is the “abnormal” group.

The following table summarises the results from the cell-by-cell analysis done on 

blastomeres from the 17 whole embryos.
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Classification 
of locus

Chromosome “Normal” Abnormal

Sex
chromosome

X Central Central/Medial
Y Central Central

Centromeric 1 Central/Medial Central
2 Medial Central
3 Medial Central
4 NDRDP Central
6 NDRDP Central
7 Central Central
8 NDRDP Central/Medial
9 Central/Medial Central
10 Central Central
11 Central Central
12 Central Central
15 Central Central
16 Central Central
17 Central Central
18 Central/Medial Central
20 Central Central

Non-
centromeric

22 Central Central

21 Central Central
19 NDRDP* NDRDP*
14 Central Central
5 NDRDP Peripheral/Medial
13 NDRDP Central

Table 7.1: Comparison of the radial position for all loci (except 19) based on the cell-by-cell 
classification of blastomeres to “normal” and abnormal. Note: NDRDP: not discernable from a 
random distribution pattern. *Too few cells were analysed for chromosome 19 to reach statistical 
significance.

One conclusion from this data is that the “NDRDP” designation occurred more 

commonly in the “normal” group (i.e. for the probes for chromosomes 4, 5, 6, 8 and 

13) whereas this was not seen for any locus in the abnormal group. Moreover there 

was clear evidence of a deviation from the mostly central positions occupied by the 

probes in the “abnormal” group with the loci occupying more medial positions for 

chromosomes 1, 2, 3, 9 and 18. This would suggest that the nuclear organisation is 

more “relaxed” in nuclei that are relatively chromosomally normal.
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7.3.2. Specific aim 5b: To assess the relative position of 24 chromosome 

loci and ask in whole embryos whether there is a relationship between 

increased chromosome abnormality and altered nuclear organisation

As seen in section 6.3.2 all of the embryos assessed appeared to be chromosomally 

abnormal and mosaic. In order to classify them into roughly equally sized groups of 

relatively “normal” and “abnormal” embryos (i.e. with similar numbers of 

blastomeres), for the purposes of this thesis, the proportion of chromosome pairs with 

the normal diploid number was expressed as a proportion of the total. That is, “100%” 

would indicate that all cells had 24/24 chromosome pairs with the normal diploid 

number in all cells; “0%” would indicate no cells with a normal chromosome number 

for any chromosome. By this classification the embryos were grouped in to those with 

>50% (the “normal” group) and those with <50% (the “abnormal” group) (Table 7.2). 

The relative position was investigated for the 17 embryos (Table 7.2) and graphs for 

all the chromosomes (per classification category) are presented in Figures 7.7 to 7.12.

Embryo
ID

Proportion of 
chromosome pairs 

normal diploid

Designation

2 39.89 Abnormal
3 21.43 Abnormal
4 55.33 “Normal”
6 66.67 “Normal”
7 76.21 “Normal”
8 51.59 “Normal”
9 52.38 “Normal”
12 53.97 “Normal”
14 42.86 Abnormal
15 60.41 “Normal”
16 70.69 “Normal”
17 47.62 Abnormal
19 35.49 Abnormal

20** 39.67 Abnormal
2i** 56.06 “Normal”
24** 26.85 Abnormal
25** 40.67 Abnormal

Table 7.2: Classification of whole embryos according to aforementioned criteria (“normal” and 
abnormal). Note: Chromosome 19 was included (in determining “normal” and abnormal 
embryos) for embryos 20, 21, 24, 25 (**), since there were sufficient cells with results.

Using the above criteria, nine whole embryos were classified in the normal category 

and eight in the abnormal. It should be noted that during each hybridisation layer 

every effort was made to diagnose all cells, however this was not always possible, due
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to embryo fixation problems (e.g. debris) or microscopy issues (e.g. fluorescent 

debris).

The following Figures (7.7-7.12) present the results for each chromosome in the 

“normal” (>50%) and abnormal (<50%) category for whole embryos. As stated 

previously, in every graph (n) indicates the number of nuclei analysed, average 

position refers to the median value (since our data set is not parametric) and p 

indicates results of the test against a random distribution. All p values were 

considered statistically significant when p<0.05 (4d.f.), otherwise (p>0.05) were 

considered as Not Discernable from a Random Distribution Pattern (NDRDP).
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Chromosome position for blastomeres when categorised as whole embryos
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Figure 7.7: Chromosome position for loci 1, 2, 3 and 4 when analysed on a whole embryo basis. 
On the left are the “normal” (>50%) whole embryos, whereas on the right are the “abnormal” 
(<50%) whole embryos.
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Chromosome position for biastomeres when categorised as whole embryos
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Figure 7.8: Chromosome position for loci 5, 6, 7 and 8 when analysed on a whole embryo basis. 
On the left are the “normal” (>50%) whole embryos, whereas on the right are the “abnormal” 
(<50%) whole embryos.
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Chromosome position for blastomeres when categorised as whole embryos
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Figure 7.9: Chromosome position for loci 9, 10, 11 and 12 when analysed on a whole embryo 
basis. On the left are the “normal” (>50%) whole embryos, whereas on the right are the 
“abnormal” (<50%) whole embryos.
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Chromosome position for biastomeres when categorised as whole embryos
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Figure 7.10: Chromosome position for loci 13, 14, 15 and 16 when analysed on a whole embryo 
basis. On the left are the “normal” (>50%) whole embryos, whereas on the right are the 
“abnormal” (<50%) whole embryos.
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Chromosome position for blastomeres when categorised as whole embryos
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Figure 7.11: Chromosome position for loci 17, 18, 19 and 20 when analysed on a whole embryo 
basis. On the left are the “normal” (>50%) whole embryos, whereas on the right are the 
“abnormal” (<50%) whole embryos.
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Chromosome position for blastomeres when categorised as whole embryos
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Figure 7.12: Chromosome position for loci 21, 22, X and Y when analysed on a whole embryo 
basis. On the left are the “normal” (>50%) whole embryos, whereas on the right are the 
“abnormal” (<50%) whole embryos.

Page 175 of 228



D. Ioannou Results: Specifc aim 5

When results are summarised from Figures 7.7-7.12, then the radial position for each 

locus is as presented in Table 7.3.

Classification 
of locus

Chromosome “Normal”
embryos

Abnormal
embryos

Sex
chromosome

X Central/Medial Central/Medial
Y Central Central

Centromeric 1 Central/Medial Central
2 Central/Medial Central/Medial
3 Central Central/Medial
4 Central/Medial Central
6 Peripheral/Medial Central
7 Central Central/Medial
8 Central/Medial Medial
9 Central Central/Medial
10 Central Central/Medial
11 Central Central
12 Central Central
15 Central Central
16 Central Central
17 Central Central
18 Central Central/Medial
20 Central Central/Medial

Non-
centromeric

22
Central Central

21 Central Central
19 NDRDP NDRDP
14 Central Central
5 Peripheral/Medial Bimodal
13 Central Central

Table 7.3: Comparison of the radial position for all loci based on whole embryo classification. 
Note: NDRDP refers to not discernable from random distribution pattern.

The results suggest that, in both categories of embryos, loci occupy distinct positions 

within the nucleus (with the exception of the chromosome 19 locus for which there 

were too few cells). Differences between the groups are however subtle, with a 
central/medial position in the “normal” group but a central one on the “abnormal” 

group (chromosomes 1 and 4) or vice versa (chromosomes 3, 7, 9, 10, 18, 20). Other, 

slightly more marked differences include chromosomes 5, 6, and 8.
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7.3.3. Specific aim 5c: To test the hypothesis that the radial position of the 

chromosomal loci differs between different types of cells (specifically 

lymphocytes, sperm, and blastomeres)

In the current study, nuclear organisation was investigated primarily in lymphocytes, 

in sperm from normal and patients with OAT (Chapter 5), and human preimplantation 

embryos (this chapter). In the control lymphocytes (from a karyotypically normal 

male) the position of the loci was recorded by capturing 103 cells per chromosome. In 

addition position for the sex chromosomes was recorded from a karyotypically normal 

female. Table 7.4 summarises the radial position results from the different cell types.

Loci Lymphocytes Sperm
(normal males)

Sperm  
(OAT males)

Blastomeres
(pooled)

X NDRDP Central Central Central/Medial
Y NDRDP Central Central Central
1 NDRDP Central Central Central
2 Central Central Central Central/Medial
3 NDRDP Central Central/Medial Central/Medial
4 NDRDP Central Central/Medial Central/Medial
6 NDRDP Central/Medial Central/Medial Central
7 NDRDP Central Central Central
8 Peripheral Central/Medial Central Central/Medial
9 Central Central Central Central
10 Peripheral Central Central Central
11 45% central vs. 

25% peripheral
Central Central

Central
12 NDRDP Central Central/Medial Central
15 Central Central Central Central
16 Central Central Central Central
17 Central Central Central Central
18 NDRDP Central Central Central
20 Central Central Central Central

22 Central Central Central Central
21 Central Central/Medial Central/Medial Central
19 Central Central Central NDRDP
14 Central Central Central Central
5 NDRDP Central/Medial Medial Peripheral/Medial
13 Central/Medial Central/Medial Central/Medial Central

Table 7.4: Comparison of radial positions in all different cell types. The position results for X is 
the sum of positions for X from XY and XX lymphocytes, whereas the position results for Y are 
only from the XY cells. It should be noted that graphs with total radial position for the different 
cell types are presented in the Digital Appendix B.

Comparing the position between the different cell types observations suggest that 

sperm and blastomeres (or whole embryos) seem to have a clear pattern of nuclear
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organisation, as depicted by the fact that all loci occupy distinct positions that are, by 

and large, central. This is in contrast with the more random pattern seen in 

lymphocytes.

7.3.4. Specific aim 5d: To test the hypothesis that human embryos adopt a 

“chromocentre pattern” of nuclear organisation similar to human 

sperm and mouse preimplantation embryos

Furthermore most centromeric loci adopt a central position in human blastomeres 

(pooled results). With regard to the autosomal locus specific probes, one of the 

furthest away from the centromere (locus 5) adopts a medial position in blastomeres 

(remaining loci are central) suggesting the presence of a chromocentre in human 

embryos similar to mouse embryos.

7.4. Concluding remarks

In this chapter, the nuclear address for loci from all chromosomes was assessed by 

classifying whole embryos, and on a cell-by-cell basis. It seems that the nuclear 

organisation in blastomeres is more akin to that of sperm than lymphocytes and that 

differences in nuclear address are more apparent when blastomeres are compared on a 

cell-by-cell, rather than an embryo-by-embryo basis.
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8. Discussion
Overall, this thesis was successful in the fulfilment of proposed aims, by providing 

insight into the use of novel inorganic fluorochromes for FISH applications, 

developing a FISH based 24 chromosome screen with multiple uses both research and 

potentially clinical and, for the first time, expanding into the entire karyotype nuclear 

organisation studies in sperm and human preimplantation embryos. More specifically:

• A thorough investigation into the use of quantum dots for FISH applications 

revealed, by exploiting many different strategies (both indirect and direct 

labelling), that QDs are not in their current state at an optimum for use in 

FISH.

• As a result of the appraisal of QDs, novel strategies were developed using fast 

hybridising oligonucleotide probes labelled with organic fluorochromes. A 24 

chromosome interphase cytogenetics assay was developed in a four layer 

sequential experiment. This assay was designed for general use but, for the 

purposes of this thesis, in determining chromosome copy number and nuclear 

address in the interphase nuclei of human sperm and embryos.

• Nuclear organisation for every human chromosome was investigated in the 

nuclei of sperm from men with normal semen parameters and compared with 

nuclei from men with impaired semen parameters (OAT). Results suggest that, 

while not a widespread phenomenon, there is a tendency to alteration in 

nuclear organisation for certain chromosomes, in certain infertile men. By 

contrast, the nuclear organisation was consistent and ordered in control males 

suggesting that, for certain men, altered nuclear organisation may be a factor 
associated with reduction in fertility.

• The level of aneuploidy was assessed in whole embryos not required for 

transfer following PGS. Results suggested very high levels of abnormality 

mostly associated with mosaicism, further calling into question the efficacy of 
FISH for PGS.
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• Nuclear organisation of each human chromosome in the interphase nuclei of 

human preimplantation embryos was investigated with regard to its 

relationship with increased aneuploidy. Differences between two groups, one 

with multiple abnormalities, the other with relatively fewer abnormalities, 

were revealed. This study provides some of the first evidence regarding the 

nuclear organisation of individual blastomeres as well as whole embryos.

8.1. Specific aim 1: To investigate whether inorganic nanomaterials 

(quantum dots -  QDs) can be used in place of organic 

fluorochromes with a view to multiplex experiments

8.1.1. Optical properties of QDs; from theory to practise

During the course of the experiments, certain properties of QDs were immediately 

apparent. When experiments were successful, signals were brighter (by visual 

inspection) than the Cy3 counterparts and resistant to photo-decay as was seen by 

exposing the signals to UV light. However a perplexing issue was that the emission 

spectra of the QDs appeared to be not as narrow as the manufacturers claimed, since 

“bleed-through” between channels was observed, despite making use of narrow band­

pass filters. Apparently this phenomenon is not as uncommon as the literature might 

suggest (Bentolila, L pers. comm.) and could be a batch variable. Controlling the size 

of the core during synthesis (that will tune the colour that the QD will emit) requires 

high technical skills and sometimes nanoparticles are larger than expected. 

Addressing the QD size control is important in particular for multicolour detection or 

imaging and could hold the key to the success of multicolour experiments in QD- 

FISH. Moreover abnormalities in their shape (failure of quality control) could result in 

the same effect (Bentolila, L pers. comm.). An additional possible explanation for this 

emission bleed-through to other channels was that QDs were not monodisperse (or the 

batches used were not), in other words different sized-QDs existed in the same 

solution mix. Simple “spotting” experiments confirmed this. Figure 8.1 shows a 

QD605-conjugate dissolved in hybridisation mix where different QD populations 

could be observed under the different band pass filters.
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Figure 8.1: QD605 dissolved in hybridisation mix and viewed directly under the microscope using 
four barrier filters: 525 nm (blue), 565 nm (green), 585 nm (red) and 605 nm (far red but pseudo­
coloured purple for the purposes of this figure). The image represents a merge of all four filters. 
The QDs are predominantly purple (as would be expected), but a smaller number of green, blue 
and red QDs are seen. The discrete appearance of QDs of one or other of the colours indicates 
there is a mixed population of QDs. Adapted from (Ioannou et al. 2009).

The different colours seen in the figure above represent different size QDs that emit at 

longer (towards the red -  large QDs) or shorter (towards the blue -  small QDs) 

wavelengths. These findings are consistent with those of Bawendi and colleagues who 

have tried to address monodispersity of QD preparations (Murray et al. 2000). All 

these technical features that were attributed to the chemical synthesis of the QDs 

maybe require more experimental attention in order to improve QD synthesis. Of 

course we cannot rule out the possibility that bleed-through and monodispersity are 

batch-specific problems, we did not, after all, test more than 3 or 4 batches for each 

QD. However I saw no evidence of batch-specific variance; future similar 

experiments similar to these on a larger number of batches would address this issue.

A further QD feature that I observed was “blinking”; a phenomenon unknown in 

conventional FISH where the QD alternates between an emitting (on) and non­

emitting (off) state (Michler et al. 2000; Pinaud et al. 2006). Blinking has been 

explained according to an Auger ionisation model (Efros & Rosen 1997) and affects 

single molecule detection applications by saturation of the signal. It may however be 

suppressed by using thiol groups to passivate the QD surface (Hohng & Ha 2004; 

Bentolila & Weiss 2006). A second phenomenon, photobrightening, where the 

fluorescence intensity increases rapidly at the first stage of illumination and then
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stabilises, can impose a limit on quantitative studies (Gerion et al. 2001). Both of 

these properties are associated with mobile charges on the surface of the QDs (Fu et 

al. 2005). It is also noteworthy that, although preparations often displayed blinking, 

they could go to an irreversible photo-darkened state without easy explanation. The 

latter statement was mostly observed in the direct conjugation attempts of QDs with 

DNA.

8.1.2. The message for QD-FISH

The message from the comprehensive appraisal of the utility of QDs for FISH has 

been that, in their current form, QDs are not suitable material for FISH applications. 

Further evidence can be found in the fact that traditional fluorochromes have not, for 

any application, been replaced by QDs, despite the great potential of the latter. The 

number of peer-reviewed studies pertaining to QD-FISH remains few and I am 

unaware of any company marketing QD labelled FISH probes. Based on the 

experience gained from the use of QDs (in both indirect and direct experiments) and 

following discussions with colleagues from other interested groups, lack of 

reproducibility appears to be a distinguishing feature of QD-FISH in contrast to the 

more robust applications with organic fluorophores-streptavidin conjugates. Although 

I would not claim that every possible avenue with respect to QD-FISH has been 

explored; parallel QD based experiments (mostly in avian and human cells) paints a 

general picture of a non-reproducible approach when QDs are used in place of organic 

fluorochromes.

The unreliable nature of QDs (at least for FISH) is perhaps not totally unexpected as 

other colleagues have had similar experiences to my own (Bruchez 2007; Muller et al. 

2009). There is clearly a challenging set of conditions with regard to intracellular 

delivery of QDs and, since there are no reliable FISH protocols for this, individual 

adaptations need empirical establishment (Resch-Genger et al. 2008). If this were 

achieved then the reliability may well improve and the benefits of QDs observed in 

this and other studies (e.g. increased brightness, resistance to photo-bleaching) may be 

properly realised.

Taking all the above into account it is possible to speculate about reasons for the lack 

of reproducibility of QD-FISH results. Clues about QD size and chemistry during
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synthesis may be a starting point: QDs vary in size (this is the basis of the fluorescent 

colour that they emit) from 2 to 10 nm. A Cy3 molecule on the other hand is <2 nm in 

size (Bailey et al. 2004). This may explain in part why my successful FISH 

experiments gave the impression of larger fluorescent particles and why there was a 

greater degree of background for most experiments. It might also explain an observed 

fluorescent ‘sheath’ effect seen on some metaphases (Ioannou et al. 2009) and why 

certain preparations gave bright signals in decondensed interphase nuclei, but not in 

highly coiled metaphase chromosomes. That is, steric hindrance may have led to 

signals being brighter in areas where the chromatin is less compact (e.g. at the edge of 

the chromosomes and/or in the interphase nucleus), indeed steric hindrance has been 

an issue reported in many studies (Bentolila & Weiss 2006; Muller et al. 2006; Ma et 

al. 2008; Choi et al. 2009). If this were true, I might have expected to see an 

improvement when the ratio of labelled to unlabelled dUTPs was used and/or when I 

made use of a “longer arm” biotin dUTP. This was not the case. Again however a 

general background of intermittent success may have masked any appreciable 

difference seen in any given experiment. Furthermore as QD-streptavidin conjugates 

were used throughout these experiments it is worth pointing out that it is not entirely 

clear how streptavidin binds on the actual polymer site of the QD. For this reason the 

number of free streptavidin sites varies per individual QD (10 to 15). Incidentally, 

these sites can break off from the nanoparticle (for no reported reason) rendering the 

probe unstable or even detached, with immediate effect on the hybridisation signal 

(Bentolila, L pers. comm.). I am also informed that QD streptavidin conjugates can 

easily degrade (a batch-specific attribute) and this can be due to barely discernable 

temperature changes during storage. Additionally I am given to understand that QDs 

are prone to adhere to tubes sides and tips (Chan, P pers. comm.). My attempts to 

reduce this problem using siliconised tubes and regular sonication met with a degree 

of success however did not eliminate the technical issues completely.

8.1.3. Success of other labs using QDs and the future

A possible reason to explain the positive results arising from groups that have 

published in this area (Xiao & Barker 2004a; Bentolila & Weiss 2006; Ma et al. 2008) 

is that their labs were equipped with the ability to synthesise and batch-test their own 

conjugates (a luxury not afforded to most groups) and were not dependent on 

commercial suppliers. Ma et al. (2008) suggested that the QDs that they used were
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significantly smaller than those available commercially and may thus have reduced 

steric hindrance and increased hybridisation ability. Several laboratories (Xiao & 

Barker 2004a; Bentolila & Weiss 2006; Ma et al. 2008) have however generated QD- 

oligonucleotides conjugates and report that, during the time of annealing, steric 

hindrance has little effect but it may limit the QDs access to the target at the time of 

detection (Bentolila & Weiss 2006; Ma et al. 2008). This may provide a possible 

explanation for my lack of success in generating usable conjugates. Furthermore 

negative hybridisation was potentially caused by unbound QD left over after the 

incubation between QD and DNA (to generate a conjugant) that prevented the 

complex to enter cells and hybridise (acted as a competitor). Excess cytoplasm around 

the chromosomes cannot solely be blamed as pepsin treatments were introduced to 

reduce it.

Taking all of the above into consideration, the future of QD-F1SH requires further 

research and interaction within the interested groups. Advances in nanomaterial 

synthesis (regarding uniformity and size control) and solubility will assist conjugation 

to biomolecules. Yao et al. (2006) described a new generation of nanocrystals called 

“FloDots”. These are dye-doped silica nanoparticles that possess all QD optical 

properties but, due to the silica matrix that encompassed the dots, it is easier to make 

them water soluble and, according to the authors, the silica surface could be modified 

to contain functional groups for bio-conjugation. In addition, a study by Choi et al. 

(2007) introduces a novel class of nanocrystals, “C-dots” that could be 2-3 times 

brighter than QDs, less toxic and an ideal material for in vivo applications and cancer 

studies. Time will tell whether these or novel nanocrystals will be used robustly in 

FISH applications.

8.2. Specific aim 2: To develop a 24 chromosome aneuploidy 

screening approach applicable to single nuclei and of use for 

determining nuclear organisation

8.2.1. The need for alternative strategies to QDs

As outlined in section 8.1 it became clear that, despite the comprehensive appraisal 

for the use of QDs in FISH applications, these novel fluorochromes were not, in their
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current state, suitable. An alternative strategy therefore was developed in the form of a 

multicolour protocol that would target all chromosomes. With help from Kreatech 

Diagnostics, four multicolour probe combinations containing target loci for six 

chromosomes in each mix were designed and tested. The rationale for having four 

layers (probe mixes) rather than any other combination was to reduce the effect that 

the cycling of denaturation/hybridisation would have into the target cells as eventually 

the probe mixes would be incorporated in a single FISH experiment to be able to 

assess nuclear address in preimplantation embryos (Chapter 7).

The presence of highly repetitive sequences (a satellite) makes the centromere an 

attractive target for the generation of probes for this application as it allows rapid 

chromosome specific detection for most chromosomes and gives bright signals (due to 

the repetitive nature of the target). The use of centromeric probes is commonly seen in 

FISH studies (Egozcue et al. 1997; O'Keefe et al. 1997; Sbracia et al. 2002; Finch et 

al. 2008b; Olszewska et al. 2008) and most companies market centromeric probes 

either for individual chromosomes or as part of a multiprobe mix (e.g. Kreatech 

http://www.kreatech.com/Default.aspx?tabid= 134. Abbott Molecular (ex Vysis) 

http://www.abbottmolecular.com/ChromosomeEnumerationProbes 5 1 12,aspx. and 

Cytocell www.genycell.com/images/productos/brochures/lpe .pdf). Centromeric 

targets were used for 18 out of 24 probes, however chromosomes 5/19, 13/21 and 

14/22 share similarities into their repetitive sequences and thus cannot be 

discriminated using centromeric targets. As a result of this, all these chromosomes 

were incorporated into one layer, using unique sequence specific probes (the so-called 

“omega” layer) which required overnight hybridisation.

The most important feature that made a significant impact into the efficacy of probe 

hybridisation was the choice of a longer separate denaturation step (probe only, 73°C 
for 10 minutes) followed by a much shorter codenaturation (probe and target cells- 

75°C for 90 seconds) before hybridisation was performed. This was possible because 

the probes were not pre-denatured when manufactured, which allows also their 

storage at 4°C and reduces the effect from thawing/freezing, since other commonly 

used (e.g. Abbott) are recommended for storage at -20°C. Probes had higher 

efficiency with the separate denaturation; correct ploidy for all 6 chromosomes was 

82.5%-90.29% for the centromeric probe combinations compared to 53%-62% when
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co-denaturation of probe and target was used. Individually, each chromosome probe 

hybridised at high efficiency rates with some at 100% success rate (X, Y, 3, 6, 12 -  

Tables 4.2, 4.3, 4.4 -  Chapter 4) and the remaining having efficiencies above 90%. 

When results are looked at collectively (% of overall correct ploidy per probe set) the 

centromeric probe combinations (“alpha”, “beta” and “gamma”) respectively had 

90.29% (1, 3, 4, 6, 7, 8), 82.5% (9, 10, 11, 12, 17, 20) 86.4% (2, 15, 16, 18, X, Y) 

overall correct ploidy, while the combination containing BAC probes (“omega”) had a 

76.69% efficiency. The overall efficacy in the “omega” combination seems to be 

reduced because of chromosome 14, that in 8/103 cells, had only one clear signal. 

However as it was demonstrated when these probes were used individually to assess 

the radial position in the sperm of control and OAT males (Chapter 5) they had high 

efficiencies (99.9% in controls and 99.71% in OAT males; Table 4.12, Chapter 4).

With regard to the four layer reprobing strategy, the strategy that was adopted was to 

use first the centromeric probe combinations (“alpha”, “beta” and “gamma”) and 

subject the target cells (lymphocytes or blastomeres) to short periods of hybridisation, 

followed by an overnight hybridisation with the “omega” layer. The validity of this 

decision was confirmed when the signal efficiency was compared when the “omega” 

layer was used first, followed by a centromeric probe layer (data not shown). An 

additional reason for having the “omega” layer last was that this layer produced 

greater fluorescent background than the others resulting in background “blobs” on the 

nucleus.

An important parameter that was observed during evaluation of reprobing was the 

spreading of the target cells that is the evaluation assays used a small (controlled) 

number of cells that were distantly apart. Lymphocytes were less tolerant than 

blastomeres into the denaturing/hybridisation cycles that caused some cells to swell 
and lose their integrity. Under the controlled assays, in three separate experiments 

6/10 cells showed correct ploidy for all 46 chromosomes, while for cells without 

correct ploidy for all chromosomes it was mostly failure of the probe to hybridise to 

both chromosomes (apparent monosomy, presumably due to overlapping signals) 

rather than complete absence of hybridisation. On the whole, the reprobing assay in 

blastomeres produced brighter signals that were easier to analyse, confirming the 

tolerant nature of these nuclei to the repeated hybridisation compared to lymphocytes.
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8.2.2. Applications and limitations of the 24-FISH based interphase 

cytogenetics screening

As discussed in the introduction, section 1.4.5, there is considerable controversy over 

the current use of FISH for PGS as data from the RCTs suggests that it does not 

increase pregnancy rates (Mastenbroek et al. 2007; Twisk et al. 2008; Schoolcraft et 

al. 2009b). High resolution techniques such as array CGH and SNP genotyping seem 

to be the future of diagnostics but are still at a validation point and are expensive 

(Harper & Harton 2010). Despite this, an interesting paradox is forming as there are 

papers that support the use of FISH through the screening of more chromosomes in 

more layers (DeUgarte et al. 2008; Colls et al. 2009; Mir et al. 2010b; Munne et al.

2010) that could help identify more abnormalities in a PGS setting. Thus it can be 

postulated that there may be still a room for 24 chromosome FISH aneuploidy 

screening [until the high resolution SNP techniques become accessible to all or 

concurrently with other techniques (e.g. array CGH)]. The 24 chromosome FISH 

aneuploidy screen developed here would allow screening within the clinical window 

required for transfer of embryos on day 5.

Furthermore there are other advantages of the use of a 24 chromosome interphase 

cytogenetics aneuploidy screening other than PGS of a single cell. That is, screening 

of whole embryos for follow up of non-transferred embryos can provide insight into 

whether the single cell is a representative of the whole embryo and highlight other 

abnormalities. In addition it can be used in conjunction with other techniques (array- 

based) as a means of comparison and provide concordance rates for each technique. 

Recently a study by Munne et al. (2010) showed using a 10-12 chromosome FISH 

test kit allowed the detection of up to 91% of abnormalities in blastocysts, that 
compares well to the theoretical 100% potential of the array based techniques. In this 

year’s ESHRE meeting (Rome 2010) a paper was presented with high concordance 

rates of FISH and array CGH in abnormal blastomeres analysed from day 3 (with 

FISH) and compared with array CGH results on day 4 (using blastomeres from the 

embryo cultures that were diagnosed abnormal using FISH on day 3) (Mir et al. 

2010a). These rates reached 92.3% providing additional evidence that a robust 

comparison of techniques needs to be performed.
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A potential drawback from the current 24 chromosome screening described in Chapter 

4 of this thesis, comes from the incorporation of the Far Red fluorochrome, which is 

not visible by eye. This could be a problem in the clinical setting if operators are 

unused to scoring signals that they cannot see. Finally this type of screening could 

find applications in the study of genome organisation for instance with its association 

with cancer since there is evidence in literature for perturbed genome organisation in 

certain tumours (Foster & Bridger 2005). Another application is for the determination 

of nuclear address in sperm and embryos and asking whether it is related to 

aneuploidy in blastomeres. This formed the basis of the investigations in specific aims 

3 and 5 (Chapters 5 and 7).

8.3. Specific aim 3: To test the hypothesis that nuclear organisation is 

altered in men with severely compromised semen parameters by 

assaying loci for all chromosomes

As described in the introduction, section 1.5.7 of this thesis, nuclear organisation in 

sperm has been extensively studied and well defined (Flaaf & Ward 1995; Zalensky et 

al. 1995; Hazzouri et al. 2000; Tilgen et al. 2001; Mudrak et al. 2005). The position 

of the chromosomes is non-random with the centromeres clustering at the nuclear 

centre to form the chromocentre (well inside the nucleus) and the telomeres located 

towards the periphery where they interact to form dimers (Zalensky et al. 1993; 

Zalensky et al. 1995; Luetjens et al. 1999; Solov'eva et al. 2004; Zalenskaya & 

Zalensky 2004). Furthermore, nuclear organisation has been associated with disease 

when altered patterns have been observed as per section 1.5.6. A highly ordered set of 

nuclear organisation events take place in spermatogenesis (through chromatin 

remodelling) to prepare it for fertilisation. Thus any perturbations could affect this 

process and be evident in a subset of a population with compromised fertility 

(Luetjens et al. 1999; Zalensky & Zalenskaya 2007) such as those with OAT. This 

possible link is yet to be fully established through alterations of the radial position of 

chromosomes in men with compromised semen parameters. Thus far, preliminary 

evidence for altered radial position of the sex chromosomes in men with OAT has 

been reported by my own laboratory (Finch et al. 2008b). One aim of this thesis was
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to focus specifically on men in the OAT category, since there is well-established 

evidence of high aneuploidy levels in their sperm as per section 1.2.2.2 which 

contributes to their compromised fertility status. In addition it seemed logical to 

expand the observations on radial position for all chromosome loci. The results 

suggest that specific loci occupy a different radial position in some OAT males from 

the strict organisation seen in controls as follows:

8.3.1. Nuclear address of all chromosome loci in the sperm of men with 

normal semen parameters

The general conclusion from assessing radial position for all the loci in normal control 

males is that they consistently adopt specific addresses, thus providing evidence of a 

highly ordered level of nuclear organisation. Furthermore, all centromeric loci adopt 

central positions confirming strong evidence of the presence of a chromocentre in 

sperm (Zalensky et al. 1995; Zalenskaya & Zalensky 2004). Further evidence of this 

model is provided by the non-centromeric autosomal probes that are located close to 

their centromeres (loci 14, 19, 21, 22) that also occupy central positions, whereas the 

loci located further away from their centromeres (5, 13) adopt more medial positions. 

This pattern of organisation is consistent by and large, when results are analysed on a 

per-patient basis. Exceptions to this include the centromeric loci for chromosomes 6 

and 8 that do not occupy quite such a central position in certain control males. Further 

evidence for this model would be provided by the examination of telomeric probes 

and such work is ongoing in the laboratory at present.

8.3.2. Positioning of all chromosome loci in the sperm of men with OAT

The results from the OAT males, when examined collectively, suggest that certain 

loci occupy different positions compared to controls. These changes are subtle for 

some loci (e.g. the centromere of chromosome 8 -  half a shell difference, 5 vs. 4/5), 

intermediate [e.g. the loci on chromosomes for 4, 12, 18, 5, 21 -  are in predominantly 

different positions to the order of one shell (4 vs. 5)], or more overt [e.g. the 

centromeres for 3 and 6 that occupy different positions to the order of two shells (3 vs. 

5)]. The general message therefore was that certain loci tended to occupy a less 

central position in OAT males. Thus this could be evidence of a breakdown in the 

chromocentre arrangement associated with OAT. A similar kind of observation, with 

alterations in the occupied area of the chromocentre in infertile men has been
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observed in a study assaying the longitudinal position of 4 chromosomes compared to 

normal controls (Olszewska et al. 2008). It would also be interesting to investigate 

whether these differences could be manifested through sperm DNA damage assays; 

e.g. comet assay (Tarozzi et al. 2007).

When results are examined on a per-patient basis, there is evidence of some patterns 

that are not discernable from a random distribution for 3 centromeric loci (4, 6 and 

12) and for a non-centromeric locus (13q 14) in specific OAT males. Indeed the non- 

centromeric locus for chromosome 13 showed a pattern not discernable from a 

random distribution in 3 OAT patients (3, 4 and 10). By contrast, all the control males 

displayed clear evidence of non-random pattern. It is worth pointing out that patient 

10 had three loci (4, 6, 13) displaying this apparently “random” pattern. When the 

details (age/semen parameters) of this patient are looked into more detail, he was the 

third oldest (48 years, oldest was 52), second lowest in terms of sperm count (1.5ml x 

106, lowest was 1.0ml x 106) and motility (2%, lowest was 1%). However a 

statistically significant correlation between the observations of patterns not 

discernable from a random distribution and semen parameters (or age) could not be 

established. Thus it can be concluded that in both categories of men, a strictly ordered 

level of nuclear organisation (chromocentre) is evident in the sperm heads overall 

however individual loci in OAT males appear to be somewhat different. The presence 

of loci with positions not discernable from a random distribution in certain OAT 

males suggests that the phenomenon of breaking from the strict organisation may be 

patient-specific.

8.3.3. Comparison of results with the previous study

The only available study of which I am aware that has assessed radial position of 

chromosome loci in normal and men with impaired semen parameters is by my own 

laboratory (Finch et al. 2008b). The two studies have some methodological 

differences that are highlighted in the following table.
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Study Finch et a/.(2008b) Current

Target Sample Many categories of 
infertile men 

(including OATs)

OATs only

Sample Size 9 Controls -  2 OATs 
(plus different types 

of infertile men)

10 Controls -  10 OATs

Chromosomes
assessed

X,Y,18 All 24

Assay type Manual -  [see 
Methods of Finch et 

al.(2008b)

Automatic -  (Section 
2.12)

Probes Centromeric for 
18,X,Y

Centromeric for all but 
5, 13, 14, 19,21,22 and 

Y
Table 8.1: Comparison for the two studies assessing radial position of chromosomes in normal 
and infertile men.

There are three main inferences that can be drawn by comparison of the two studies. 

Overall results from both suggest that, in control males, chromosome loci occupy 

distinct positions that appear to be central. The same can be said for the OAT patients 

(although the overall number of patients in the previous study (Finch et al. 2008b) 

was lower from this one) where all commonly investigated loci have non-random 

positions. Inter-patient differences exist however with two of the normal males 

demonstrating apparently “random” patterns for X and Y in previous study (Finch et 

al. 2008b) and similarly for one OAT patient for the centromere of the X 

chromosome. No apparently random pattern was seen for any of these loci in this 

study in either normal or OAT males. However an important message from the 

previous study (Finch et al. 2008b) was that overall the sex chromosomes were prone 

in displaying patterns not discernable from random, in certain infertile men, a feature 

not apparent for the centromere of chromosome 18. This was not observed in this 

study (although only one category of infertile men was examined) and explanations 

could lie within the methodological approach used. However it would be important to 

extend these complete assays to other types of infertile men.
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8.3.4. Sperm disomy and nuclear address

There is now over ten years of evidence from the literature (Bernardini et al. 1997; 

Storeng et al. 1998; Pang et al. 1999; Pfeffer et al. 1999; Ushijima et al. 2000; Gole et 

al. 2001; Tempest & Griffin 2004; Zhang & Lu 2004; Durakbasi-Dursun et al. 2008) 

confirming that OAT males have significantly higher levels of aneuploidy in their 

sperm compared to normal controls. All the above studies have suggested that there 

might be a risk for these males when undergoing ICS1. My results from assaying 

disomy levels for 5 chromosomes (2, 13, 21, 22, X and Y) were that OAT males had 

significantly higher rates of disomy (and diploidy) than normal males. When disomy 

frequencies were investigated in combination with the radial position of chromosome 

loci, a trend for some loci to break from the strict organisation of the chromocentre as 

disomy increased in both controls and OAT man can be implied. However more 

chromosomes were involved in this altering of position in the OAT patients compared 

to controls (chromosome loci 3, 4, 5, 6, 13, 21 vs. 5 and 13). There was not an 

increase in the not discernable from random distribution patterns when disomy levels 

increased in either group.

8.3.5. Technical notes criticism and future prospects

This study has expanded in many ways upon the initial radial assessment previously 

performed (Finch et al. 2008b); that is by looking at all the chromosomes and 

focusing on a specific cohort of men with impaired fertility (OAT). The methodology 

presented in this thesis, to assess the radial position is more robust since the creation 

of the computer programme that divides the sperm head into 5 areas of equal area 

(from which signal position is assessed) is not based on a “home-made” template 

manually overlaid on the nucleus: rather it is a direct representation of the nucleus 

shape and size through the “pixel translation” of the DAP1 counterstain into the 

borders of the nucleus. Thus any surface perturbation in the shape of the nucleus (e.g. 

corners, “pointy bits”) can be better captured (the same applies to the scoring of the 

signals, as they are measured through the intensity of the pixels and a better 

representation of the signal output in its respective rings can be generated).

In addition the sample size has been more controlled since 10 patients have been 

looked at in each category and the number of images captured was nearly identical 

(n=107 in controls vs. n=103 in OATs). By capturing similar number of cells, an
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important parameter (cell number) is kept at a constant, which becomes important 

with regard to the statistical significance of the results (since similar numbers are 

compared). Furthermore, since the results presented here are extrapolations of 3D 

objects from 2D images, by having a higher number of cells the 2D effect is 

somewhat reduced. Evidence that 2D data extrapolation provides a good 

correspondence of the 3D image comes from recent studies (Federico et al. 2008). 

Also the DAPI normalisations of all the results to account for the difference in DNA 

content are a better fit for each nucleus since they are based on the pixel intensity (of 

the blue counterstain) found under each of the 5 rings. Hence they are nucleus- 

specific rather than average standardised values from assessing a number of cells. 

Another important difference is that every individual cell analysed has been captured 

(>8,000 images). Although labour intensive, due to DNA compactness in sperm, 

signals can be found on different focal planes, which becomes difficult to visualise if 

more than one cells are in the same focal/capture plane. By capturing each cell this is 

eliminated and offers a better representation of the signals (plus single cell capturing 

is compatible with our analysis software, whereas multi-cells on a capture plane are 

not analysable).

To the best of my knowledge this is the first study that looks into the radial position of 

all chromosome loci in normal and men with impaired fertility (specifically OAT). 

The differences in topology for certain chromosomes in certain OAT men could be 

due to the breaking down of the strict organisation in chromosome migration, present 

in meiosis (Olszewska et al. 2008). The disturbance in this strict organisation could be 

due to the presence of aneuploidy (e.g. disomic) chromosomes that have as a 

consequence the topological changes observed for certain loci in OAT. Turner et al. 

(2006) described a mechanism for the silencing of unsynapsed chromatin (MSUC) as 

a control measure to prevent the gamete from excessive aneuploidy, it could be that in 

infertile men this controlling mechanism is not operating efficiently enough. 

Furthermore, if chromosome topology is the result of arrangement on the basis of 

transcriptional activity (Olszewska et al. 2008) then if this activity is altered in 

infertile men resulting in different topology, then this becomes the causative 

mechanism of incorrect chromosome segregation in male meiosis. Zalensky and 

Zalenskaya (2007) propose that, apart from the nuclear malformations or 

chromosome/chromatin defects, a new class of sperm chromosome abnormality

Page 193 of 228



D. Ioannou Discussion

related to atypical packing of territories and/or aberrant nuclear position could have an 

impact on fertilisation and early development. This underlines the necessity for more 

studies with regard to nuclear address in sperm.

A study that looked into 30 sperm from a fertile donor using a 3D technique was 

recently published showing proof of principle (Manvelyan et al. 2008) for this 

approach. It remains to be seen whether this will find widespread applicability. A 

great advancement for the radial assessment of chromosome position would be from 

automating the capturing process which is the most time consuming and demanding 

due to the nature of the sperm cell. The concept of automated scoring is under 

explored (Perry et al. 2007) and difficulties arise from the need to “train” the software 

to capture in similar manner to the operator. This “training” could be facilitated by the 

use of a library of images. Currently I have a significant number of images captured 

from this study and the prospects of using them for developing automated capturing 

software for sperm cells are explored. Automated sperm screening would offer great 

insight into nuclear address concurrently with the assessment of chromosome copy 

number in sperm which has been adopted by some clinics especially for men with 

high risk due to impaired semen parameters (e.g. OAT). Finally based on my results 

screening for the position of loci 4, 6, 12 and 13 in infertile men could be indicative of 

whether chromosome position can constitute another semen parameter for 

investigation or ultimately a diagnostic test for infertility.

8.4. Specific aim 4: To apply the 24 chromosome FISH strategy to 

human blastomeres and assay the level of chromosome 

abnormalities and assess the efficacy of PGS

As mentioned in the introduction, section 1.4.8 the assessment of chromosome 

aneuploidy in human embryos has previously been attempted using a limited subset of 

probes (Munne et al. 1995; Delhanty et al. 1997; Munne et al. 2004).

Flere, the aim was to expand such studies using the methodology from Chapter 4, and 

evaluate the levels of aneuploidy, for all chromosomes, from whole embryos spread 

on average on day 5 or 6 post fertilisation. It should be noted that, for most of the
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embryos, a single cell had previously been biopsied on day 3 (post fertilisation) and 

used for aneuploidy screening using probes for 8 chromosomes (i.e. PGS). Thus 

comparison of the single cell result with the result from the remaining embryo has 

been made; further insight into the accuracy of PGS on the single cell level is also 

provided.

8.4.1. Assessment of chromosome copy number in whole embryos

Chromosome copy number was assessed in 250 blastomeres from 17 whole embryos. 

The most striking finding was that there was no blastomere with correct ploidy for all 

chromosomes. There are certain reasons that could explain this lack of 46/46 correct 

ploidy. From a methodological point of view, results from Chapter 4 in control 

lymphocytes suggest a 60% of cells with correct ploidy (46/46) after reprobing. 

Furthermore, the whole embryos were spread using HChTween and there is evidence 

in the literature that this method is not as good as methanokacetic acid in terms of 

producing nuclei with large diameter and thus better signals with less overlapping 

(Velilla et al. 2002). Thus failure of hybridisation (i.e. apparent chromosome loss) 

could be a side effect of the spreading method. From a biological perspective human 

embryos generated via IVF protocols have a high degree of abnormalities (>50% in 

cleavage stage) (Delhanty 2005) and in addition all whole embryos used in this study 

were not applicable for transfer after PGS and thus might be expected to have high 

levels of abnormalities. This fact supports the statement that if an embryo has 

abnormal chromosome complement on day 3 it has a high probability for a similar 

status on day 5 (Daphnis et al. 2008). It would be interesting to have follow up 

analysis from non-transferred embryos with correct chromosome complement (e.g. in 

cases where 3 or more embryos with correct status were available), but this is 

extremely difficult in an IVF setting as these embryos would be frozen and used on 

subsequent cycles pending the result of PGS. Moreover, some of the whole embryos 
could have been arrested due to chromosome abnormalities (Munne et al. 1994a). 

Thus a combination of the aforementioned reasons could account for the lack of 46/46 

ploidy status. This was the reason that I could not apply the mosaic classification 

criteria (Delhanty et al. 1997) and an alternative set of criteria was selected to classify 

whole embryos for the purposes of nuclear address. This study also highlights the 

difficulties (methodological, biological) for the use of this FISH-based approach in a 

PGS setting.
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8.4.2. Mosaicism and types of aneuploidy in whole embryos

Despite not using the previously described mosaic classification criteria for describing 

the mosaic status (e.g. normal, minor mosaic, major mosaic, chaotic) of whole 

embryos, the patterns seen in the individual blastomeres from most point towards the 

diploid/aneuploid mosaicism being the most common type of mosaicism seen in 

preimplantation embryos (Munne et al. 1994b; Delhanty et al. 1997; Daphnis et al. 

2005). According to Munne et al. (1994b) this form of mosaicism originates in the 

first few cleavage divisions and it persists due to failure of cell cycle checkpoints 

during the cleavage stage (e.g. checkpoint that allows mitosis to proceed after 

successful chromosome segregation) (Delhanty & Handyside 1995). This type of 

mosaicism is also observed in the blastocyst stage (Bielanska et al. 2005). According 

to Daphnis et al. (2005) this type of mosaicism arises due to mitotic non-disjunction 

which confers reciprocal chromosome loss or gain in the daughter cells, with 

chromosome duplication and anaphase lag being also postulated as possible 

mechanisms.

The ability to evaluate copy number for all chromosomes in individual cells allows 

preliminary investigations into asking whether there are chromosome-specific 

mechanisms of error, (i.e. is there a greater likelihood of certain chromosomes to be 

involved in mal-segregation event). Chromosome loss was seen primarily in the 

current data set for most chromosomes in all embryos, with gains being observed at a 

much lower frequency. The fact that more monosomies were observed (35.21%) 

compared to trisomies (5.64%) seems to be in accordance with previous data (Munne 

et al. 2004) and also suggests it as the predominant mechanism (chromosome loss) 

leading to this type of mosaicism. However the presence of certain nuclei (within 

embryos) that contained monosomies and trisomies for the same chromosome seems 

to confirm that mitotic non-disjunction is another mechanism involved in the 

generation of these mosaic embryos.

With regard to trisomy, chromosomes 11 and 15 were the most prone to trisomy 

(10.4% and 10%), whereas chromosome 21 was one of the least involved (4.4%). 

When looking at monosomies, chromosome 20 dominated with 60.8% frequency and
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was followed by chromosomes 3, 7, 4, 17 and 9 (all above 40%). More studies are 

needed to evaluate and confirm these results, but they provide proof of principle for 

comparisons with chromosomal error in embryos (foetuses) at later stages of 

development. Hassold and Hunt (2001) reported that different aneuploidies are 

represented among spontaneous abortions including trisomies for nearly all 

chromosomes, but trisomies 16, 21 and 22 contribute to 50% of all the observed 
trisomies.

The high level of monosomy for chromosomes 15, 16, 21, 22 (all above 30%) seems 

to be in agreement with previous data (Munne et al. 2004). Furthermore, the fact that 

most of the cells had correct ploidy status for the sex chromosomes is also in 

concordance with previous data (Munne et al. 1995; Marquez et al. 2000; Munne et 

al. 2004). Thus, in summary, the results presented here argue that the dominant 

mechanism for the presence of mosaicism was chromosome loss (occurring post- 

zygotically), followed by chromosome gain, and some individual examples for 

chromosomes with mitotic non-disjunction.

8.4.3. The efficacy of PGS

The accuracy of single cell diagnosis from a PGS setting was evaluated for a subset of 

embryos in this study. Out of the 15 cases, results from both day 3 and whole embryo 

were available in 8 (53.3%). In the remaining 7, either results were not obtained on 

day 3 (3/7) or not with the 24 screen due to poor fixed embryos (4/7). A full PGS 

confirmation (for the chromosomes looked at on the single cell level) was seen in 4/8 

cases. In the remaining 4 there was either a partial or no confirmation. On the whole 

however, based on the full results from the 24 chromosome screen, no single cell 

would qualify to be transferred and thus, from this perspective, day 3 diagnosis was 

correct. In a study by DeUgarte et al. (2008), day 3 diagnosis was compared with 

whole embryos a positive correlation was identified for 83% of the cells, whereas 

17% was misdiagnosed as abnormal on day 3. This is another piece of evidence that 

confirms the high level of mosaicism on cleavage stage and highlights the importance 

of the comparison between single cell and whole embryo diagnosis. Potentially all 

clinics that offer PGS for aneuploidy could encourage their patients in having follow 

up diagnosis by highlighting the benefits in terms of providing a more complete 

diagnosis and future advice. However one should take into account that this would
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add to the cost of the treatment and sometimes is subjected to personal ethical 

constraints.

The second clear conclusion was that additional abnormalities could be diagnosed 

with the 24 chromosome screen in all the cases where the single cell result was 

compared to diagnosis from the whole embryo. This provides further weight to the 

suggestion that additional chromosome screening is required, in order to improve the 

diagnostic potential of PGS until the high resolution techniques (SNP arrays) become 

widely available (Colls et al. 2009; Munne et al. 2010). Even if PGS does turn to high 

resolution techniques, follow up analysis of non-transferred embryos by FISH (or a 

combination of techniques) can be an added research and clinical tool into the 

evaluation of the whole embryo on a cell by cell basis, something prohibitively 

expensive by array-based approaches.

8.5. Specific aim 5: To apply the 24 chromosome FISH strategy to 

investigate nuclear organisation in human blastomeres

Using the methodology developed in Chapter 4, as well as assessing chromosome 

copy number in blastomeres, I also investigated the radial position for all chromosome 

loci, taking into account patterns both for individual cells, and for whole embryos. 

These investigations expanded on previous studies assessing the radial position of loci 

in blastomeres comparing also relative nuclear patterns between abnormally classified 

blastomeres/whole embryos and those with relatively few abnormalities (McKenzie et 

al. 2004; Diblik et al. 2007; Finch et al. 2008a).

8.5.1. Assessment of nuclear address in individual blastomeres: How do 

results compare to previous studies?

In the previous studies investigating nuclear address in blastomeres, classification of 

cells as “normal” or “abnormal” was relatively easy since they all were based on the 

diagnosis from 5-8 chromosomes (McKenzie et al. 2004; Diblik et al. 2007; Finch et 

al. 2008a). Since, in this study, all chromosome loci where investigated and no 

individual blastomere showed correct ploidy for all chromosomes different 

classification criteria were used to differentiate the two groups. Here, blastomeres 

were classified according to the “relative” levels of abnormality. Thus in the “normal”
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category, single blastomeres (that had successful hybridisation over the 4 layers), with 

less than 40% of the total signals as monosomies were placed. This translated to 

correct ploidy for at least 15 pairs of chromosomes including the sex chromosomes 

Also the total number of such cells was 50, i.e. that of previous studies designed to 

assess nuclear address as a “minimum number” (Foster et al. 2005) [NB, n=33 in the 

(McKenzie et al. 2004) study, n=49 in the (Diblik et al. 2007) study]. The remaining 

blastomeres made up the abnormal category. When results are compared in both 

groups, only the relatively “normal” blastomeres showed evidence for some loci 

adopting patterns not discernable from a random distribution (loci 4, 6, 8, 13 and 5) 

whereas all loci in the abnormal category adopt defined positions that were mostly 

central (22/24 loci). Furthermore, certain loci in the “normal” group of blastomeres 

adopt more medial positions (loci 1, 2, 3, 9 and 18) than their abnormal counterparts 

implying a more “relaxed” nuclear organisation in the relative “normal” blastomeres 

and consistent, in broad terms, with previous results from my own laboratory (Finch 

et al. 2008a).

Thus far, the total number of studies (including this one) that have assessed radial 

position for certain loci is four. The current study and that of Finch et al. (2008a) 

study are more comparable in some aspects of the methodology (they are, after all, 

from the same laboratory) since they both take into account the difference in 

chromatin distribution within a nucleus and thus results are normalised (through 

different means). The remaining two studies (McKenzie et al. 2004; Diblik et al. 

2007) do not take into account this chromatin difference. In addition, in all 3 previous 

studies (McKenzie et al. 2004; Diblik et al. 2007; Finch et al. 2008a), there are subtly 

different means to analyse the relative position of signals in nuclei, with (McKenzie et 

al. 2004) using a 5-concentric ring with increasing diameter sizes (thus shells of 

different areas), (Diblik et al. 2007) used a 9-concentric ring model, whereas (Finch et 
al. 2008a) used a concentric ring of 5 shells of equal area. All the above models had to 

“best-fit” the ring template on top of the nucleus, whereas, in this study, a concentric 

5 shell ring was still used but it was designed to “retro-fit” on the nucleus, thereby 

better taking into account any shape alterations. Moreover the chromatin 

normalisation values for each ring (shell) took into account the actual amount of 

chromatin in each nucleus (from counterstain pixel intensity) rather than standardised 

values obtained from a number of cells (Finch et al. 2008a). Another difference of this
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study compared to the previous 3 is that the blastomeres used in this study were 

biopsied from embryos on day 5-6 post fertilisation, compared to blastomeres from 

day 3-4 in the previous studies.

The following table summarises all the relative radial position with regard to the 

common loci investigated in the four different studies.

Study McKenzie et al.
(2004)

Diblik et al. 
(2007)

Locus
13
15
16

18

21
22
X

Normal Normal Abnormal
Central Random Random
N/A
Peripheral

Central

Central
Peripheral
Central

Peripheral

N/A
Peripheral

Peripheral

Peripheral
Peripheral
Peripheral

Peripheral

N/A N/A
Random Random

Central Random

Random Random
Random Random
Random

Random
Table 8.2: Comparison of the radial position in four different studies for 8 loci. Note: The grey 
shaded boxes denote concordance data between different studies for the Normal blastomeres. 
The H  shaded boxes denote concordance for two studies, although there is also a different 
concordance for the remaining two studies (e.g. 21, X). The shaded boxes denote
concordance of data between different studies for the Abnormal blastomeres.

Thus the current study with regard to the abnormal blastomeres resembles more the 

results from the Finch et al. (2008a) study (loci 15, 16, 21 and 22). With reference to 

the “normal” blastomeres, my results for locus 13 agree with both the others (Diblik et 

al. 2007; Finch et al. 2008a), whereas results for loci 18, 21 and X agree with the 

other study (McKenzie et al. 2004). Nevertheless, it appears that the “relaxed” nuclear 

organisation proposed by the previous work of my lab (Finch et al. 2008a) seems to 

be apparent (although less obvious when all chromosomes are looked at) in the 

relatively “normal” blastomeres of this study, while all loci in the abnormal 

blastomeres group occupy distinct positions without any evidence of “random” 

distribution of the sex chromosomes as suggested previously (Finch et al. 2008a).

Aside from the methodological differences between the current and the Finch et al. 

(2008a) study (normalisation, cell number) that could partially explain the differences 

in the results, the different levels of mosaicism observed in each category of
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blastomeres could be also responsible. That is, different population of cells could 

account for not reaching significant levels due to different locations of the loci 

investigated.

8.5.2. Assessment of nuclear address in whole embryos

The results discussed in the previous section analysed individual blastomeres nuclei, 

partly to report on all chromosome loci and also to further expand on the previous 

studies. However nuclear organisation (for all loci) is something that, to the best of 

my knowledge, had not yet been measured between whole embryos.

Since all the whole embryos assessed were abnormal and mosaic, in order to classify 

them into roughly equal sized groups I classified them according to their relative 

normal diploid number when expressed as a proportion of the total. Using this manner 

of analysis, two categories were generated (i.e. >50% of chromosome pairs diploid in 

the first group; and <50% of chromosome pairs diploid in the abnormal group). This 

constituted 9 and 8 whole embryos in each group respectively.

The results suggest that, in both categories, all loci (excluding chromosome 19 due to 

too few cells being analysed) occupy distinct nuclear addresses. There are subtle 

differences between the two groups with loci for chromosome 1 and 4 occupying a 

central/medial position in the “normal” group but a more defined central position in 

the abnormal group. The reverse was observed for loci 3, 7, 9, 10, 18 and 20. In 

addition loci 5, 6 and 8 are also involved in different positioning between the two 

groups.

Thus nuclear address differences were, nonetheless, more evident when blastomeres 

were analysed on a per cell basis, rather than a whole embryos basis. A biological 
explanation for this could be the dramatic changes that occur in nuclear architecture 

and chromatin structure at the beginning of development (Martin et al. 2006a), and 

could be manifested as non defined positions in the nucleus; however as these 

rearrangements are completed by the blastocyst stage, it could be that by then the 

positions become more defined, resembling the strict positions observed in the 

“normal” and abnormal whole embryos. Study of more embryos would be required to
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make confident claims about any differences and associations between aneuploidy 

and nuclear address.

8.5.3. Assessment of nuclear address in whole embryos: Is there evidence 

of a chromocentre formation?

Further analysis of the total data set suggests that the presence of a chromocentre in 

human preimplantation embryos is analogous to that seen in sperm as all centromeric 

loci adopt mostly central positions and the same can be said for most of the autosomal 

loci, with locus on chromosome 5 (distally located from the centromere) occupying a 

peripheral/medial position. Although a chromocentre has not been demonstrated on 

day 1 or 2 human embryos, its presence has been shown in mouse day 1-2 cells (pro­

chromocentre), that becomes a mature chromocentre by the blastocyst stage due to the 

changes in pericentric chromatin, activation of replication and chromatin structure 

(Martin et al. 2006a). This “mature” chromocentre establishment appears to occur 

concurrently with the onset of zygote transcription thus conferring a functional 

significance for the regulation of gene expression (Martin et al. 2006a). Thus, for the 

first time, I report the presence of a chromocentre formation in day 5-6 human 

embryos and it would be interesting to further explore its potential functional 

significance for gene expression in the newly developing zygote. Two of the previous 

studies (McKenzie et al. 2004; Diblik et al. 2007) showed no evidence of a 

chromocentre, whereas in the other (Finch et al. 2008a) there is some evidence for a 

chromocentre in the abnormal blastomeres from the central position that loci for 

chromosomes 15 and 16 occupied.

8.5.4. Nuclear address in different cell types (all chromosome loci)

As part of this thesis, nuclear organisation was compared in different cell types, 

including lymphocytes, sperm (controls and OATs) and whole embryos. The results 
suggest that sperm and whole embryos have a similar nuclear organisation compared 

to lymphocyte nuclei. That is, all chromosomal loci occupy distinct positions in sperm 

and blastomeres, whereas in lymphocytes there is evidence for pattern not discernable 

from a random distribution. More specifically, the sex chromosome loci appear to be 

“random” in lymphocytes compared to the central positions in sperm and embryos. 

Most of the remaining centromeric loci, have central or central/medial positions in 

sperm and embryos whereas loci for 1, 3, 4, 6, 7, 12 and 18 adopt a distribution not
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discernable from a random position pattern in lymphocytes. Finally the non- 

centromeric autosomal loci (those close to their centromeres) have a central or 

central/medial position in all types of cells. Nevertheless the locus on chromosome 5 

occupies a defined (mostly medial) position in sperm and embryos but an apparently 

“random” one in lymphocytes, whereas the most distally (from the centromere) 

located locus of chromosome 13 has a central/medial position in lymphocytes and 

sperm, but a more defined central position in blastomeres.

When the results in lymphocytes are compared to previous studies that have assessed 

the nuclear organisation of whole chromosome territories in proliferating 

lymphoblasts and fibroblasts (Croft et al. 1999; Boyle et al. 2001; Cremer et al. 2003; 

Meaburn et al. 2005) there are some similarities (i.e. the interior position of loci 15, 

19 and 22), and discrepancies (with whole territories for 13, 18, X ,Y being 

peripherally located compared to a pattern not discernable from random in the 

lymphocytes of this study). This difference could be due to the different probes used 

in this study or that more cells were required in order for the “random” pattern of 

these chromosome loci to be shifted into a more distinct position.

In this study, human embryos most resemble the sperm cells (both in terms of 

chromocentre formation and distinct position) rather than the other somatic cells. An 

obvious explanation for this resides with the classification of blastomeres to their 

relative normal and abnormal groups as the number of chromosomes investigated 

increases. A blastomere normal for 8 pairs of chromosomes does not necessarily mean 

that it will be normal for all 23 and vice versa. Furthermore the level of mixed 

population of cells (i.e. mosaic) is different when single cells from day 3 are evaluated 

compared to blastomeres/whole embryos from days 5 or 6.

8.5.5. Technical notes, criticism and future prospects

In this study, embryo spreading was performed using HChTween method. A clear 

observation was that, when embryo cells were not well separated, they tended to swell 

after the 1st or 2nd hybridisation round leading to no discernable borders between them 

(e.g. embryos 10, 11 and 13 - Table 6.1) and low hybridisation efficiencies. However, 

when spreading was optimum, all cells reprobed without a problem (e.g. embryo 16, 

Table 6.1). Whether the sub optimal conditions of embryo spreading are associated
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with the method, the operator or the day (post fertilisation) of spreading is not clear. 

One piece of evidence from the literature with regard to the spreading method, 

suggests that methanol/acetic acid, although technically demanding, gives the best 

results in terms of nuclei with a large diameter, which in turn results into better 

signals and less overlapping (thus FISH errors) (Velilla et al. 2002). Studies directly 

comparing the approach adopted in this thesis with the methanol acetic acid approach 

are yet to be performed.

The use of different types of probes (e.g. telomeric) will provide a better 

understanding on the position of whole chromosome territories and also confirm 

abnormalities seen by using a different reference point. Potentially reprobing 

protocols can include more layers if blastomeres are tolerant enough. My personal 

experience has shown that blastomeres can be used in 5 layer FISH experiments (data 

not shown) pending good spreading. Obviously more time dedicated to protocols like 

this can improve (together with the testing of embryo spreading techniques) their 

efficacy and reproducibility.

8.6. Concluding Remarks

This thesis has attempted to use interphase cytogenetics to provide further insight 

primarily into the chromosome copy number and nuclear organisation of sperm and 

embryos in order to assess whether altered nuclear organisation is associated with 

infertility (in sperm) or aneuploidy (in human embryos). It has expanded on previous 

interphase cytogenetic studies by, for the first time, investigating all chromosomes in 

the karyotype. The future of nuclear organisation and infertility seems promising if 

methodologies like the one described here become fully automated to provide the 

basis for determining levels of aneuploidy in sperm (concurrently with radial 
position). However the biggest promise comes from the novel high resolution 

techniques (SNP arrays) that will take over, as DNA from men with elevated sperm 

aneuploidy could be used in genome association studies to identify candidate SNPs or 

CNVs that could be associated with infertility. Furthermore using a strategy such as 

Karyomapping (Handyside et al. 2009) can provide insight into the origin of sperm 

aneuploidy (e.g. reduced recombination, or altered recombination patterns in infertile 

men) and the nature of abnormalities (numerical or structural). The hope is to be able
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to understand better the different types of infertility and provide better diagnoses to 

men undergoing ICSI.

With regard to aneuploidy the use of the new diagnostic techniques (array or SNP 

based), together with alternative biopsy techniques (polar body or blastocysts), 

advancement in freezing of embryos (i.e. vitrification) coupled with well-designed 

trials can help provide better, complete diagnosis which will help to increase 

implantation but more importantly the take-home baby rates. Also important research 

questions into the origin and type of aneuploidy can be addressed at the same time.

FISH has put interphase cytogenetics and preimplantation diagnosis onto the map of 

the research world by addressing important insights into the early spermatogenesis 

and embryogenesis; however the new techniques that FISH is giving way to promise 

to fill the empty parts of this map and navigate towards treatment of infertility and 

more complete diagnostics.
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10. Appendix

10.1. Publications and activities arising from work presented in this 

thesis

10.1.1. Publications (as 1st author)

Ioannou D, Tempest HG, Skinner BM, Thornhill AR, Ellis M, Griffin DK. (2009) 
Quantum dots as new-generation fluorochromes for FISH: an appraisal. 
Chromosome Research 17:519-530.

Ioannou D, Griffin DK. (2010) Nanotechnology and molecular cytogenetics: the 
future has not yet arrived Nano Reviews. Vol.l. 
http://www.nano-reviews.net/index.php/nano/article/view/5117

Ioannou D, Griffin DK. (2010) Male fertility, chromosome abnormalities, and 
nuclear organisation. Cytogenetic Genome Research. 
http://content.karger.com/ProdukteDB/produkte.asp?doi= 10.1159/000322060

A hard copy of the manuscripts is included at the end of this Appendix.

10.1.2. Other publications (my contribution is specified under each paper)

Finch KA, Fonseka KG, Abogrein A, Ioannou D, Handyside AH, Thornhill AR, 
Hickson N, Griffin DK .(2008) Nuclear organization in human sperm: 
preliminary evidence for altered sex chromosome centromere position in 
infertile males. Hum Reproduction 23:1263-1270.
(Did the experiments to address reviewers’ comments for publication)

Finch KA, Fonseka G, Ioannou D, Hickson N, Barclay Z, Chatzimeletiou K, 
Mantzouratou A, Handyside A, Delhanty J, Griffin DK. (2008) Nuclear 
organisation in totipotent human nuclei and its relationship to chromosomal 
abnormality. J Cell Science 121:655-663.
(Did the experiments to address reviewers’ comments for publication)

Skinner BM, Robertson LBW, Tempest HG, Langley E, Ioannou D, Fowler K, 
Crooijman RPMA, Hall AD, Volker M, Grfffin DK. (2009) Comparative 
genomics in chicken and Pekin duck using FISH mapping and microarray 
analysis.BMC Genomics 10:357. 
http://www.biomedcentral.com/1471-2164/10/357 
(Assisted with probe preparation and microscopy)

Morris WB, Stephenson JE, Robertson LBW, Turner K, Brown H, Ioannou D, 
Tempest HG, Skinner BM, Griffin DK (2007) Practicable approaches to 
facilitate rapid and accurate molecular cytogenetic mapping in birds and 
mammals. Cytogenetic Genome Research 117: 36-42.
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(Assisted with probe preparation and microscopy)

10.1.3. Published abstracts

Ioannou D, Ellis M, Tempest HG, Griffin DK .The use of quantum dots in place of 
organic fluorochromes for FISH: Prospects and pitfalls. Chromosome 
Research, Volume 15, Supplement 2, August 2007, Page S16.

Ioannou D, Vetter M, Thomas L, Finch K, Abogrein A, Thornhill AR, Handyside 
AH, Griffin DK. Multi-colour FISH in 17 minutes: Towards 24 chromosome 
aneuploidy screening in under 24 hours. European Journal of Human Genetics, 
Volume 16, Supplement 2, May 2008, Page 176. 
https://www.eshg.org/eshg2008/downloads/ESHG2008AbstractBook.pdf

Fonseka GF, Ioannou D, Skinner BM, Ellis M, Griffin DK. Manual vs. automated 
methods to assess nuclear organisation. Chromosome Research, Volume 16, 
Issue 7, October 2008, Page 1050.

Ioannou D, Tempest HG, Skinner BM, Thornhill AR, Ellis M, Griffin DK. Quantum 
dots as new-generation fluorochromes for FISH: an appraisal. Chromosome 
Research, Volume 17, Issue 4, August 2009, Page 572.

Griffin DK, Ioannou D, Gabriel AS, Tempest HG, Grigorova M, Taylor J, Dunmore 
B, Clemente E, Affara N, Handyside AH, Thornhill AR. Novel perspectives 
on 24 chromosome diagnosis in human preimplantation embryos. 
Chromosome Research, Volume 17, Issue 4, August 2009, Pages 561-562.

Ioannou D, Fonseka GF, Ellis M, Meershoek E, Handyside AH, Thornhill AR, 
Griffin DK. 24 chromosome PGS: Position not quantity. Reproductive 
BioMedicine Online Volume 20, Supplement 1, May 2010, Pages S23-24.

K.G.F. Fonseka, Tempest H, Ioannou D, Ellis, M, Handyside A, Thornhill A, Griffin 
DK. The organisation of the genome in sperm heads of men undergoing 
chemotherapy for testicular cancer and Hodgkin's lymphoma. Human 
Reproduction, Volume 25, Supplement 1, June 2010, Pages i71-i72.

10.1.4.Presentations & Prizes

Invited oral presentation, “Towards a QD-FISH system”, QD Symposium, London, 
January 2007.

Invited seminar, “Imagine all 24”, The Fondon Bridge Fertility & Gynaecology 
Centre, Fondon, February 2008.

Final Year PhD presentation, “Multicolour strategies for assessing nuclear health: 
Questions and applications in reproductive medicine”, University of Kent, 
Postgraduate Symposium, June 2009.
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Best pitching for investment in a Dragon’s Den template presentation (with D.K. 
Griffin). “Diagnosis of 24 chromosomes in 24 hours in IVF embryos”, 
University of Kent, February 2008.

10.1.5.Conferences (nature of presentation)

• International Chromosome Conference (ICC) XVI, August 2007 (Amsterdam, 
the Netherlands).

Ioannou D, Ellis M, Tempest HG, Griffin DK .The use of quantum dots in place of 
organic fluorochromes for FISH: Prospects and pitfalls. (Poster Presentation)

• International Chromosome Conference (ICC) XVII, June 2009 (Boone, USA).

Ioannou D, Tempest HG, Skinner BM, Thornhill AR, Ellis M, Griffin DK. Quantum 
dots as new-generation fluorochromes for FISH: an appraisal. (Poster 
Presentation)

• European Human Genetics Conference, May 2008 (Barcelona, Spain).

Ioannou D, Vetter M, Thomas L, Finch K, Abogrein A, Thornhill AR, Handyside 
AH, Griffin DK. Multi-colour FISH in 17 minutes: Towards 24 chromosome 
aneuploidy screening in under 24 hours. (Oral presentation by DK Griffin)

• International Congress Preimplantation Genetic Diagnosis (10th), May 2010 
(Montpellier, France).

Ioannou D, Fonseka GL, Ellis M, Meershoek E, Handyside AH, Thornhill AR, 
Griffin DK. 24 chromosome PGS: Position not quantity. (Poster Presentation)

10.1.6.Other Activities

• Kreatech Diagnostics Newsletter, October 2009. Promotional flyer to advertise 
the 24-probe panel which was developed, validated and used in this Thesis 
(Chapter 4).
http://www.kreatech.com/LinkClick.aspx?fileticket=gRdqfcCTFio%3d&tabid 
= 1775

• Active member since April 2008 in the PGS diagnostic team at the London 
Bridge, Fertility & Gynaecology Clinic. Performed FISH-based PGS (>100 
cases), provided diagnosis and reported back to clinics.
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Abstract In the field of nanotechnology, quantum 
dots (QDs) are a novel class of inorganic fluo- 
rochromes composed of nanometre-scale crystals 
made of a semiconductor material. Given the 
remarkable optical properties that they possess, 
they have been proposed as an ideal material for 
use in fluorescent in-situ hybridization (FISH). That 
is, they are resistant to photobleaching and they 
excite at a wide range of wavelengths but emit light 
in a very narrow band that can be controlled by 
particle size and thus have the potential for multi­
plexing experiments. The principal aim of this
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study was to compare the potential of QDs against 
traditional organic fluorochromes in both indirect 
(i.e. QD-conjugated streptavidin) and direct (i.e. 
synthesis of QD-labelled FISH probes) detection 
methods. In general, the indirect experiments met 
with a degree of success, with FISH applications 
demonstrated for chromosome painting, BAC map­
ping and use of oligonucleotide probes on human and 
avian chromosomes/nuclei. Many of the reported 
properties of QDs (e.g. brightness, ‘blinking’ and 
resistance to photobleaching) were observed. On the 
other hand, signals were more frequently observed 
where the chromatin was less condensed (e.g. around 
the periphery of the chromosome or in the interphase 
nucleus) and significant bleed-through to other filters 
was apparent (despite the reported narrow emission 
spectra). Most importantly, experimental success was 
intermittent (sometimes even in identical, parallel 
experiments) making attempts to improve reliability 
difficult. Experimentation with direct labelling 
showed evidence of the generation of QD-DNA 
constructs but no successful FISH experiments. We 
conclude that QDs are not, in their current form, 
suitable materials for FISH because of the lack of 
reproducibility of the experiments; we speculate why 
this might be the case and look forward to the 
possibility of nanotechnology forming the basis of 
future molecular cytogenetic applications.

Keywords quantum dot • nanotechnology • FISH • 
chromosome painting • semiconductor
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Abbreviations
BAC(s) bacterial artificial chromosome(s)
BSA bovine serum albumin
DAPI 4',6-diamidino-2-phenylindole
ddH20 double-distilled water
DS dextran sulfate
DOP degenerate oligo primed
DTT dithiothreitol
dUTP 2'-deoxyuridine 5'-triphosphate
FA formamide
FISH fluorescence in-situ hybridization
FITC fluorescein isothiocyanate
HFEA human fertilization and embryology 

authority
MAA mercaptoacetic acid
NIR near infrared
PBS phosphate-buffered saline
QD quantum dot
QD-FISH quantum dot fluorescence in-situ 

hybridization
RT room temperature
PCR polymerase chain reaction
SERT serotonin transporter protein
SSC saline sodium citrate
UV ultraviolet

Introduction

Traditionally associated with engineering and 
physical science (e.g. in computer chips), ‘nano­
technology’ is a research field that manipulates 
and creates structures of particles with dimensions 
smaller than 100 nm (Chan 2006). Within the last 
decade, however, there has been a growing interac­
tion between nanotechnology and biology (Parak et 
al. 2003), particularly in fluorescence microscopy. 
One novel class of inorganic fluorophores arising 
from nanotechnology and useful in fluorescent 
microscopy are ‘quantum dots’ (QDs) (Miller and 
Chemla 1986; Reed et al. 1986). QDs are composed 
of nanocrystals of a semiconductor material (e.g. 
either cadmium sulfide (CdS), cadmium selenide 
(CdSe), indium phosphate (InP) or lead selenide 
(PbSe)) at the core (Lipovskii et al. 1997). This is 
coated with a (usually zinc sulfide, ZnS) shell that 
improves the optical properties (Michalet et al. 2005; 
Invitrogen 2006); plus an extra polymer coating that

serves as a site for conjugation with biomolecule 
moieties. This brings the total size of the nanocrystal 
to 10-20 nm. The core material is chosen according 
to the emission wavelength range that is targeted (e.g. 
CdS for ultraviolet-blue, CdSe for the visible spec­
trum and CdTe for the far red and near infrared 
(Quantum Dot Corporation 2006); thus fluorophore 
colour is size-dependent and controlled during 
synthesis (Chan et al. 2002).

A unique property o f QDs is their broad 
excitation and narrow symmetric emission spectra. 
The full spectral width of QDs at half maximum is 
12 nm and leads to less overlap between absorption 
and emission spectra (Chan and Nie 1998). Thus 
different QDs can be excited by a single wavelength 
shorter than their emission wavelength (Green 2004; 
Alivisatos et al. 2005; Arya et al. 2005). Such an 
approach cannot be achieved with classical organic 
fluorophores because they have narrow excitation 
and broad emission that often results in spectrum 
overlap or red tailing (Dabbousi et al. 1997). QDs 
produce significantly brighter fluorescence (2-11 
times) (Larson et al. 2003) because of the large 
molar extinction coefficients (10-50 times larger 
than those of organic fluorophores) (Gao et al. 
2005). Due to their inorganic composition they are 
more resistant to photobleaching than organic fluo­
rophores (Alivisatos 1996; Bruchez et al. 1998; 
Michalet et al. 2001; Jaiswal et al. 2003; Parak et 
al. 2005) and have a longer fluorescence half-life 
than typical organic dyes (Lounis et al. 2000).

There are many in vitro applications using QDs 
reported in the literature. For instance: detection of 
the cancer marker Her2 on the surface of fixed and 
live cancer cells (Wu et al. 2003), targeting the 
serotonin transporter protein (SERT) in transfected 
HeLa cells and oocytes (Rosenthal et al. 2002), and 
identifying the erbB/HER family of transmembrane 
receptor tyrosine kinases that mediate cellular 
responses to epidermal growth factor (Lidke et al. 
2004). QDs have been used as cellular markers 
because they can be internalized by cells using a 
receptor (Chan and Nie 1998; Zheng et al. 2006) or 
by non-specific endocytosis (Parak et al. 2002). QD 
cell markers have been used in cell-cell interaction 
studies by creating unique colour tags for individual 
cell lines (Mattheakis et al. 2004). In addition, QD 
resistance to photobleaching has enabled 3D optical 
sectioning studies of the vascular endothelium
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(Ferrara et al. 2006), applications in cell motility 
assays for studying actomyosin function (Mansson et 
al. 2004), and phagokinetic tracking o f small 
epithelial cells responsible for 90% of cancers (Parak 
et al. 2002).

The optical properties of QDs have also been 
exploited for in vivo uses. For instance, as a means to 
deliver drugs to target molecule sites after injection 
(Akerman et al. 2002) and to study the behaviour of 
specific cells during early stage embryogenesis in 
Xenopus and Zebrafish embryos by microinjection of 
micelle-encapsulated QDs (Dubertret et al. 2002; 
Rieger et al. 2005). Gao et al. (2004) reported in vivo 
cancer targeting and imaging using antibody- 
conjugated QDs for human prostate cancer and QDs 
have been used as contrast agents during surgery to 
map sentinel lymph nodes in the pig and the mouse 
(Kim et al. 2004).

Given the potentially much-vaunted properties of 
QDs, they seem as ideal candidates for the study of 
chromosomes through adaptations of FISH protocols. 
Since its inception, FISH has continuously evolved 
but, as with all experiments involved in fluorescent 
microscopy, faces limitations imposed from the use of 
organic fluorophores. The number of available fluo­
rochromes and their broad emission spectra make 
multicolour experiments difficult to resolve due to 
overlapping and the rapid photobleaching of organic 
fluorochromes. Published work related to QD-FISH is 
currently limited. Xiao and Barker (2004b) utilized 
biotinylated total genomic DNA on human metaphase 
chromosomes detected using streptavidin-conjugated 
QDs. Comparisons between detection with QDs and 
organic fluorochromes (Texas Red-streptavidin and 
FITC-streptavidin) showed that QD probes were 
significantly more photostable and 2-11 times 
brighter than organic fluorochromes. Furthermore, 
they applied this technique to detect the Her2 locus 
in low-copy human breast cancer cells, demonstrating 
that QD-FISH has the potential to become a medical 
diagnostic tool. A similar indirect labelling approach 
has been used on plant chromosomes (Muller et al. 
2006) with limited success. Chan et al. (2005) 
developed a direct labelling approach to target 
specific mRNAs in mouse brain sections. Biotinylated 
labelled oligonucleotides were conjugated with QD- 
streptavidin in the presence of biocytin to block 
excess streptavidin sites that could result in oligonu­
cleotide cross-linking. Bentolila and Weiss (2006)

using a biotin-streptavidin strategy, labelled oligo­
nucleotide probes with QDs; in this case complexes 
were analysed using gel electrophoresis and the 
optimum molar ratio of QD-DNA was used against 
the major (y) family of mouse satellite DNA in 
both interphase and metaphase preparations. In 
addition they also used oligonucleotides labelled 
with different coloured QDs to target two classes of 
repetitive DNA in the centromeric region. Their 
results showed that QD-based probes are more 
efficient at hybridization than organic fluoro­
chromes and have great potential in multicolour 
assays. Furthermore, Jiang et al. (2007) generated 
QD-genomic DNA probes to visualize gene ampli­
fication in lung cancer cells, while the most recent 
study involving direct labelling of maize chromo­
somes was published by Ma et al. (2008), in which 
QDs were solubilized with an MAA (mercaptoacetic 
acid) monolayer and then a thiol-DNA to create 
probes. Apparently, with this method, the probes 
were small enough to hybridize with the DNA 
sequences. This study also highlights the problem 
of steric hindrance regarding QDs and that pH (Xiao 
et al. 2005), ionic strength and formamide (FA) 
could affect the affinity of QD-probes for chromo­
somal targets (Ma et al. 2008).

Given the potential of QD-FISH, it is puzzling how 
few studies (notwithstanding the above) there are in 
this area. Clearly more studies are required to explore 
the use of QD-FISH. For instance, we are aware of no 
published data using QD-labelled probes to target 
whole chromosomes (chromosome painting) either in 
two dimensions or in 3D nuclear organization studies. 
The overall aim of this study was to therefore to 
explore the use QDs in the place of organic 
fluorochromes, specifically with a view to using 
QDs in multiplex experiments (i.e. to target multiple 
regions simultaneously).

The specific aims of the current study were thus 
as follows: (a) to ask whether streptavidin-QD 
conjugates could be used for the detection of 
biotinylated (or digoxigenin) labelled probes in 
‘indirect’ FISH labelling experiments under a 
range of conditions; and (b) to develop strategies 
for the direct coupling of QDs to biotinylated 
probes (including oligonucleotides and chromo­
some paints) for use in ‘direct’ FISH experiments 
(with the ultimate goal of performing multiplex 
experiments).
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Materials and methods

Biological material

Lymphocytes from peripheral blood cultures and 
sperm from freshly ejaculated semen samples formed 
the basis of target material for most of the experiments. 
Both cell types were obtained after written consent 
from a chromosomally normal male donor. Research 
was approved by the Research Ethics Committees of 
the University of Kent and carried out under the 
auspices of the treatment licence awarded by the 
Human Fertilization and Embryology Authority 
(HFEA). Whole blood was cultured in PB Max™ 
Karyotyping Medium (12557-013 Gibco/BRL, Invi- 
trogen UK) arrested in metaphase using colcemid 
(D1925, Sigma, St Louis, MO, USA) then swelled 
and fixed to glass slides using 75 mM KC1 and three 
changes of 3:1 methanol-acetic acid. Fresh ejaculate 
was washed in 10 mM NaCl/10 mM Tris pH 7.0 sperm 
wash buffer and then centrifuged for 7 min at 
1900 rpm. The supernatant was removed and resus­
pended up to 5 times depending on the pellet size and 
colour. The sample was then fixed in a drop-wise 
fashion using 3:1 methanol-acetic acid to final volume 
of 5 ml. The process was repeated up to 5 times (pellet 
dependent) and 5-20 p.1 of the sample was spread on a 
poly-L-lysine-coated slide (631-0107, VWR, West 
Chester, PA, USA) (for better fixation of cells) and 
air dried at room temperature (RT). In addition, 
cultured embryonic fibroblasts from chicken and 
turkey were used; cells were suspended in metaphase 
using colcemid, trypsinized, swelled and fixed for 
cytogenetic analysis by standard protocols. For all 
experiments performed with avian samples or human 
lymphocytes, superfrost glass slides (AG00008232E, 
Menzel-Glaser, Braunschweig, Germany) were used.

QD-streptavidin conjugates

Two suppliers were used for these experiments, 
Invitrogen, Carlsbad, CA, USA (QD525 and 
QD585) and Evident Technologies, Troy, NY, USA 
(QD520, QD600 and QD620).

Source of probes

In early experiments, a commercially available pan- 
centromeric probe (1695-B-02, Cambio, Cambridge,

UK) was utilized, as were bacterial artificial chromo­
somes (BACs) from chicken labelled with biotin by 
nick translation. Also, in-house chromosome paints 
were generated from flow-sorted human and chicken 
chromosomes (a kind gift from the Department of 
Pathology, University of Cambridge). The degenerate 
primer 6MW (5'-> 3' CCG ACT CGA GNNN 
NNN ATG TGG) was used in a standard DOP-PCR 
experiment to generate sufficient material, which 
was then labelled with biotin or digoxigenin via 
nick translation and used in indirect FISH experi­
ments. A custom-made DOP-PCR primer labelled 
with biotin (through a C6 linker; Invitrogen, 
personal communication 2009) was used to generate 
DOP-PCR products with a single biotin on each 
length of DNA for direct QD conjugation experiments 
(Invitrogen). In addition, for direct labelling experi­
ments (and for indirect FISH), an oligonucleotide 
probe specific for a region on chromosome 12 with a 
single biotin molecule attached to the 5' end was 
used. The biotin was incorporated during synthesis 
through biotin phoshoramidite by linking the 5' OH to 
the phosphorus atom (Sigma Genosys, personal 
communication 2009).

The following protocol (Bentolila and Weiss 2006) 
was used to couple streptavidin-conjugated QDs to 
biotinylated oligonucleotides and chromosome paints 
labelled with a single biotin molecule. Direct coupling 
requires probes to have a single biotin (per primer 
binding site) to prevent QD aggregation and therefore 
unspecific signals. PCR products were purified using 
a QIAquick spin column (Qiagen, Valencia, CA, 
USA) following the manufacturer’s instructions. QD: 
DNA constructs (i.e. FISH probes labelled with QDs) 
were made by mixing 1 p.1 of 500 nM QD with 1 p.1 
of 50 ng/pl biotinylated probe. These were gently 
vortexed for 5 s, allowed to incubate at room 
temperature for a minimum of 30 min and stored on 
ice until ready for use. The QD:DNA construct was 
purified (from unbound probe) using S300 columns 
(GE Healthcare UK S-300 HR) following the manu­
facturer’s instructions. In order to establish that the 
QD-DNA complex still had fluorescent activity, the 
tube was checked for fluorescence under a UV 
transilluminator. To test for QD:DNA construct 
formation, standard 2% agarose gel electrophoresis 
was used under the premise that ‘naked’ DNA has 
greater mobility than QD-conjugated DNA and than 
QD alone.
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For all experiments, 100-200 ng/ql of probe was 
dissolved in standard hybridization buffer (50% 
formamide (20% for oligonucleotide probe), 
2><SSC, 10% dextran sulfate, 60-200 pg of salmon 
sperm DNA). For direct FISFI experiments, form- 
amide was reduced to 25%, dextran sulfate was 
removed, and 5x Denhardt’s solution together with 
50 mM phosphate buffer, 1 mM EDTA were 
included. For the commercial pancentromeric probe, 
the manufacturer’s standard hybridization buffer was 
used and the probe was denatured at 85°C prior to 
use according to the manufacturer’s guidelines.

FISH

Slides containing metaphase preparations were dehy­
drated in an ethanol series, air dried and treated with 
100 pg/ml RNase under a coverslip (Menzel-Glaser) 
at 37°C for 1 h, then washed twice in 2x SSC for 
5 min each, before a second ethanol series and air 
drying. Slides bearing sperm preparations were 
washed in 0.1%DTT, 0.1% Tris-HCl (pH 8.0) at 
room temperature for 20-30 min to swell the sperm 
heads and then rinsed in 2x SSC. This was followed 
by pepsin treatment in a pre-warmed at 39°C Coplin 
jar with 49 ml of ddH20 , 0.5 ml of 1 N HC1, 0.5 ml of 
1% pepsin for 20 min. Slides were subsequently 
washed in ddH20  followed by rinsing in lx PBS 
before incubation in 4% paraformaldehyde/PBS (pH 
7.0) at 4°C for 10 min; slides were then rinsed with
1 x PBS followed by ddH20  at room temperature and 
another ethanol series was carried out at RT for 2 min 
each and slides were air dried.

The cells were then denatured at 70°C in 70% 
form am ide/2x SSC (pH 7.0) for 2 min (8-10 min for 
sperm) before washing with 70% ice-cold ethanol for
2 min followed by 80% and 100% ethanol for 2 min 
each prior to air drying.

Labelled probe in hybridization buffer (10 p.1) was 
denatured at 65-85°C for 1-10 min, then added to a 
specified marked area under a 18x18 mm coverslip, 
which was sealed with rubber cement and hybridized 
at 37°C overnight. For direct labelling experiments, 
the slides were heated at 80°C for 3 min to prevent 
any reannealing of the DNA strand after denaturation. 
The rubber cement was removed and slides were 
washed in 2x SSC to remove the coverslips. Slides 
were then washed in 37°C 50% formamide-2x SSC 
solution for 20 min (2x5 min in 20% formamide-2x

SSC solution at 37°C for oligonucleotide probes), 
then for 1 min in 2x SSC, 0.1% Igepal (v/v) at RT. 
For indirect FISH, slides were incubated in storage 
buffer (4x SSC, 0.05% Igepal (v/v)) for 15 min, then 
in blocking buffer (4x SSC, 0.05% Igepal (v/v), 3% 
BSA (w/v)) for 25 min at RT. The detection mix (QD- 
conjugated streptavidin for experiments and Cy3- 
conjugated streptavidin for controls) was prepared at 
4°C for 20-25 min before use, centrifuged at 
1300 rpm for 5 min, then applied to the slide under 
coverslip and incubated for 35 min at 37°C. For QD 
conjugates the detection mix consisted of 1 ql of QD 
in 99 pi of TNB buffer (pH 7.5) (0.1 M Tris-HCl, 
0.15 M NaCl, 0.5% BSA (w/v)) per slide; for 
controls, the detection mix was Cy3-streptavidin in 
blocking buffer diluted 1:200. The coverslip was then 
removed and slides were washed in fresh storage 
buffer (in the dark) for 10 min, followed by a brief 
rinse with ddH20 . Slides were then air-dried and 
counterstained using Vectashield with DAPI (Vector 
Laboratories, Burlingame, CA, USA). Direct FISH 
experiments had post-hybridization washes of 2x 
10 min in TST buffer (0.1 M Tris, 0.15 M NaCl, 
0.05% Tween 20 (v/v), 2x SSC pH 7) at 37°C then 
proceeded straight to the ddH20  stage following post­
hybridization washes.

Variations to protocol

In order to improve the efficacy and reliability of the 
QD experiments, various FISH conditions were 
altered, including removal of the block buffer step 
and changing the temperature and time of the post­
hybridization washes.

To test the hypothesis that the presence or absence 
of dextran sulfate in the hybridization mix affected 
subsequent binding of QD conjugates in indirect 
FISH experiments (the direct QD FISH hybridization 
mix did not contain dextran sulfate), controlled 
experiments with and without dextran sulfate in the 
hybridization mix were performed.

To minimize steric hindrance of the biotin, biotin- 
21-dUTP was used in place of biotin-16-dUTP in 
both direct and indirect experiments. Also, the effects 
of different ratios of biotin labelled and unlabelled 
probes were assessed to minimize steric hindrance.

To determine whether there was a hapten-specific 
effect (i.e. whether biotin per se, was the best 
hapten to use) we attempted to detect digoxigenin-
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labelled probes with mouse anti-digoxigenin anti­
body followed by a layer of QD-conjugated goat 
anti-mouse antibody.

To test the hypothesis that QD conjugates were 
aggregating and adhering to the sides of the tube, 
we performed controlled experiments sonicating the 
conjugates before use and using siliconized tubes 
and pipette tips.

To test the hypothesis that use of DAPI as a 
counterstain could affect visualization of the QDs, 
experiments were performed with and without 
DAPI.

Results

Indirect labelling

Use of streptavidin-conjugated QD525 and QD585 
produced a degree of success in generating analys­
able preparations for FISH experiments. Figures 1, 
2, 3, 4, 5 and 6 demonstrate successful experiments 
(some compared with Cy3 controls). We were 
successful in hybridizing chromosome paints from 
both human and birds to metaphases and interphases 
of the same species (Figs. 1, 2, 3 and 4); BAC clones 
for chicken chromosomes successfully hybridized 
(Fig. 5); and the oligonucleotide sequence specific 
for chromosome 12 gave a reproducible signal 
(Fig. 6).

By and large, when results were successful, the 
properties of QDs were apparent. Most notably, the

preparations were significantly brighter by visual 
inspection than Cy3 preparations and were resistant 
to photobleaching. That is, when Cy3-labelled prep­
arations were exposed continuously to light, photo- 
bleaching occurred after about 5 min. On the other 
hand, when QD preparations were exposed to light, 
no appreciable loss of signal was seen after one hour 
of exposure.

We also observed that preparations displayed the 
phenomenon known as ‘blinking’; that is, when 
samples were visualized the fluorescent signal repeat­
edly appeared to switch ‘on and off’. In general terms, 
QD preparations in these experiments had more 
background than was observed for Cy3 preparations. 
Also, there was a notable difference in the appearance 
in the fluorescent signal from QD compared to Cy3, 
which is perhaps best explained with an analogy: Cy3 
signals gave the impression of examining fluorescent 
‘dust’ compared the fluorescent ‘rocks’ impression 
given by the QDs. It was noticeable that, in many 
chromosome painting experiments, the QD signal was 
brighter around the periphery of the chromosome, 
giving the impression of a fluorescent ‘sheath’ 
(Fig. 3); moreover, in selected cases, a bright signal 
was visible in the interphases of the cell but not the 
metaphases. Another point of note was that the 
emission spectra of the QDs did not appear to be as 
narrow as the manufacturers claimed. That is, despite 
the use of narrow band-pass filters, QD525 and 
QD585 each showed a significant ‘bleed-through’ 
into the channel of the other. Most importantly, 
however, it was noticeable that, while the Cy3

Fig. 1 Detection o f biotinylated human chromosome paint 2 with a Cy3-conjugated streptavidin; b QD585-conjugated streptavidin. 
The Cy3-labelled probe gives a more specific signal with less background
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Fig. 2 FISH o f turkey chromosome 1 paint to turkey 
chromosomes using QD525-conjugated streptavidin

controls worked successfully with rare exceptions, 
success from equivalent QD experiments was notably 
intermittent. In particular identical QD experiments 
could often be perfectly successful on one day but 
unsuccessful on the next or, even more confusingly, 
identical experiments run in parallel would work for 
one slide but not the other on a regular basis. As an 
overall estimate, indirect QD experiments were 
successful 25-35% of the time when controls gave 
an acceptable result (>95%).

■o «

10 pm

Fig. 3 FISH o f chicken chromosome 2 paint to a chicken 
tetraploid chicken metaphase using QD525-conjugated strepta­
vidin. Hybridization signals are brighter at the periphery o f 
chicken chromosome 2 where the chromatin is less condensed

Fig. 4 Turkey nucleus showing hybridization o f turkey chro­
mosome 4 paint detected by QD525-conjugated streptavidin

In general terms, amidst this background of 
intermittent success, we were unable to identify any 
particular factor that would improve the success of the 
experiments. Controlled studies varying hybridization 
times and temperatures did not especially favour QD 
experiments on any occasion. There was no apprecia­
ble difference whether or not the blocking buffer and/ 
or dextran sulfate in the hybridization mix and/or

Fig. 5 Hybridization o f a BAC  probe to terminal chromosome 
2p in chicken using QD525-conjugated streptavidin. Arrow­
heads indicate the specific hybridization sites (2p)
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Fig. 6 FISH hybridization o f an oligonucleotide probe for the centromere o f human chromosome 12 on human metaphases detected 
by a QD585-conjugated streptavidin; b Cy3-conjugated streptavidin

DAPI in the mountant was used. We did observe good 
signals through the use of biotin-21-dUTP; however, 
this was, at least by visual inspection by a number of 
observers, not noticeably different from the use of 
biotin-16-dUTP, nor did our efforts to vary the 
relative concentrations of labelled versus unlabelled 
probes allow us to draw firm conclusions. The only 
intervention that we observed to demonstrate a degree 
of success was the use of silicon-coated Eppendorf

Fig. 7 Agarose gel (selected 
lanes from the same gel) 
showing differential motility 
o f amplified biotinylated 
D N A (lane 3), QD alone 
(lane 4), and QD:DNA con­
struct at varying concentra­
tions (lanes 5-7). The 
differential motility seen in 
lanes 5-7 indicates that the 
construct was successfully 
generated. Lane 1 is a 100 bp 
ladder and lane 2 is blank

tubes and sonication of the conjugate prior to use. In 
both scenarios we observed an improvement (albeit 
temporary) in the reliability of the results.

Direct FISH

Efforts to conjugate streptavidin-QDs to biotinylated 
DNA were initially encouraging. Figure 7 demonstrates 
a noticeable shift in the mobility of the DNA-QD
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construct compared with either biotinylated DNA 
alone or streptavidin QD alone. These results were 
reproduced on approximately 20 occasions for both the 
oligonucleotide chromosome 12 probe and the chro­
mosome paints; however, repeated attempts at subse­
quent FISH experiments (employing a range of 
different conditions of stringency, hybridization buffer, 
etc.) without exception ended in failure (despite known 
Cy3 conjugate controls working reliably).

Finally, it is worth noting that records from all QDs 
purchased were kept and results were obtained only 
through the use of Invitrogen samples (Lot 48184A, 
for QD585). In contrast, there were no results through 
the use of Evident samples.

Discussion

To the best of our knowledge, this is the first study to 
demonstrate a comprehensive appraisal of the utility of 
QDs for FISH experimentation. That is, while several 
studies have demonstrated the use of QDs in FISH, as 
with the majority of studies in the literature, there may 
be a tendency to present only the positive data. QD- 
based FISH studies are conspicuous mostly by their 
absence (Xiao and Barker 2004a; Bentolila and Weiss 
2006; Ma et al. 2008); that is, if QDs had fulfilled their 
promise they would, at least in part, have replaced 
organic fluorochromes. One would expect orders of 
magnitude more QD-FISH papers in the literature and 
several companies marketing QD-labelled probes, 
which—at the time of writing—is simply not the case.

While we would not claim that we have explored 
every possible avenue with respect to QD-FISH, we 
have extensive experience in FISH over many years 
and have, for the last three or four of them, been 
running parallel QD-based experiments, mostly in 
avian and human cells. Put simply, lack of reproduc­
ibility appears to be the hallmark of QD-FISH in 
contrast to the more robust applications with antibody 
conjugates for cell labelling. This is possibly because 
of incomplete technical knowledge of the factors 
associated with penetration of a QD probe into a 
complex structure such as a chromosome or nucleus. 
Furthermore, in commercially available QD- 
streptavidin conjugates we are yet to understand 
many chemical and physical factors that are well 
understood for organic fluorophore conjugates (e.g. 
FITC, Texas red and the Cy dyes).

For these reasons we conclude that, for indirect 
FISH, QD-conjugated streptavidin (at least in its 
current form) is an unsuitable material compared with 
equivalent Cy3 conjugates. For direct labelling, 
despite recruiting the services of leading proponents 
involved in QD conjugation (L. A. Bentolila, personal 
communication 2007), we were unsuccessful in 
generating a single successful FISH preparation by 
this means. It seems reasonable to suggest that, had 
we continued our attempts, we would eventually have 
met with a degree of success; however, given the 
intermittent success of the simpler indirect approach, 
we are not confident that the experiments would have 
been reliable. In addition, we have gone to the lengths 
of canvassing like-minded groups who would benefit 
from the use of QDs and organized symposia to share 
knowledge and experience. Without exception, the 
message we have received from our colleagues is of a 
similar experience to our own. In addition, recent 
studies (Bruchez 2007) also hint at the unreproducible 
nature of QDs for FISH and stress the need for 
tailored protocols established by empirical means. If 
this were achieved, then the reliability might well 
improve and the benefits of QDs observed in this and 
other studies (e.g. increased brightness, resistance to 
photobleaching) might be properly realized.

It is of course appropriate to speculate why QDs 
lack reproducibility in FISH applications. One 
possible explanation is their size. QDs vary in size 
(this is the basis of the fluorescent colour that they 
emit) from 2 to 10 nm. A Cy3 molecule on the 
other hand is <2 nm in size (Bailey et al. 2004). 
This may explain in part why our successful FISH 
experiments gave the impression of larger fluores­
cent particles and why there was a greater degree of 
background for most experiments. It might also 
explain the fluorescent ‘sheath’ effect seen on some 
metaphases (Fig. 3) and why certain preparations 
were successful at interphase but not at metaphase 
(Fig. 4). That is, steric hindrance may have led to 
signals being brighter in areas where the chromatin 
is less compact (e.g. at the edge of the chromosomes 
and/or in the interphase nucleus). If this were the 
case, we might have expected to see an improvement 
when we reduced the ratio of labelled to unlabelled 
dUTPs and/or when we made use of a ‘longer-arm’ 
biotin dUTP; however, we did not. Again a general 
background of intermittent success may have 
masked any appreciable difference seen in any given
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experiment. The steric hindrance problem was 
reported also by Muller et al. (2006) in their attempts 
to use streptavidin-conjugated QDs to target plant 
chromosomes.

It is not entirely clear how streptavidin is bound 
to the polymer site of the QD; the number of free 
streptavidin sites per QD varies from 10 to 15 and 
they are prone to de-conjugation for reasons not 
completely understood (L. A. Bentolila, personal 
communication 2007). We are also aware that QD 
streptavidin conjugates can be prone to degradation (a 
batch-specific attribute) and this can correlate with 
even subtle changes in temperature during storage. 
Additionally, we are given to understand that QDs are 
prone to adhere to tubes sides and tips (P. Chan, 
personal communication 2005). Our attempts to 
reduce this problem using siliconized tubes and 
regular sonication met with a degree of success 
(confirming this theory in part), but did not complete­
ly eliminate our technical problems.

A further complicating factor was that the emission 
spectrum of the QDs used appeared to be not as narrow 
as the manufacturers claimed, in that we observed 
‘bleed-through’ from red to green channels and vice 
versa, despite using narrow band-pass filters. Anec­
dotal evidence suggests that this phenomenon is not 
uncommon (L. A. Bentolila, personal communication 
2007) and could vary from batch to batch. As we 
understand it controlling the size of the core during 
synthesis (which will determine the colour that the 
QD will emit) is an imperfect process and can lead to 
QDs being smaller or larger than expected. Moreover, 
abnormalities in QD shape (failure of quality control) 
could result in the same effect (L. A. Bentolila, 
personal communication 2007). Such a phenomenon 
can potentially lead to a mixed population of QDs in 
any given batch. These findings are consistent with the 
work of Bawendi and colleagues who have tried to 
address monodispersity of QD preparations (Murray et 
al. 2000). Supplementary Fig. SI illustrates this phe­
nomenon in that the different colours seen represent 
individual QDs that emit at longer wavelengths 
(towards the red-large QDs) or shorter wavelengths 
(towards the blue-small QDs). All these technical 
features that were attributed to the chemical synthesis 
of the QDs possibly require more experimental 
attention in order to improve QD synthesis.

Another observed QD feature was ‘blinking’, 
which is not seen in conventional FISH (as shown

in Supplementary Movie S2). Blinking is a phenom­
enon in which the QD alternates between an emitting 
(on) and non-emitting (off) state (Michler et al. 
2000; Pinaud et al. 2006). This behaviour has been 
interpreted according to an Auger ionization model 
(Efros and Rosen 1997). Blinking affects single­
molecule detection applications by saturation of the 
signal; however, one study suggests that this behav­
iour of the QD can be suppressed by passivating the 
QD surface with thiol groups (Hohng and Ha 2004). 
Photobrightening, wherein QD fluorescence intensi­
ty increases in the first stage of illumination and then 
stabilizes, can impose limitations on quantitative 
studies (Gerion et al. 2001). Both of these properties 
are associated with mobile charges on the surface of 
the QDs (Fu et al. 2005). It is also noteworthy that, 
although preparations often displayed blinking, they 
could go to an irreversible photodarkened state 
without easy explanation.

One possible explanation for the success of the 
groups that have published in this area (Xiao and 
Barker 2004a; Bentolila and Weiss 2006; Ma et al. 
2008) is that they possessed the facility to synthesize 
and batch-test their own streptavidin QD conjugates 
(something that we, in common with most groups, do 
not currently have). In other words, they did not use 
commercially available streptavidin QDs. Ma (Ma et 
al. 2008) specifies that the QDs used were smaller 
than commercial ones, and that could help avoid 
steric hindrance and confer hybridization ability. 
Several authors (Xiao and Barker 2004a; Bentolila 
and Weiss 2006; Ma et al. 2008) used oligonucleo­
tides to generate QD-DNA conjugates and highlight 
that, during the time of annealing of the QD-DNA 
probe to the target, steric hindrance has little effect 
but it may limit the QD’s access to the target at the 
time of detection (Ma et al. 2008). This could also 
explain our negative results during direct FISH. A 
further complication of their application in biological 
environments is that QDs behave not as molecules but 
as nanocolloids (Resch-Genger et al. 2008).

Taking all of the above into consideration, the 
future of QD-FISH requires further research and 
interaction within the interested groups. Advances in 
nanomaterial synthesis (regarding uniformity and size 
control) and solubility will assist conjugation to 
biomolecules. Yao et al. (2006) described a new 
generation of nanocrystals called ‘FloDots’. These are 
dye-doped silica nanoparticles that possess all QD
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optical properties but, owing to the silica matrix that 
encompassed the dots, it is easier to make them water 
soluble and, according to the authors, the silica 
surface could be modified to contain functional 
groups for bioconjugation. In addition, a study by 
Choi et al. (2007) introduces a novel class of 
nanocrystals, ‘C-dots’, that could be 2-3 times 
brighter than QDs, less toxic and an ideal material 
for in vivo applications and cancer studies. Time will 
tell whether these or novel nanocrystals will be used 
robustly in FISH applications.

Nanotechnology has the potential to revolutionize 
the use of FISH in a wide range of molecular 
cytogenetic applications including gene mapping, 
clinical diagnostics, comparative genomics and 
microarray. The ability to multiplex much more 
effectively with a single excitation wavelength with 
bright, narrowly emitting fluorochromes that do not 
fade is highly desirable. QD-FISH will, in time, 
probably be seen as a significant stepping-stone 
towards this goal. Nanotechnology quite possibly 
holds the key to future of molecular cytogenetics. 
That future however, is not yet with us.
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Abstract
Quantum dots (QDs) are a novel class of inorganic 
fluorochromes composed of nanometer-scale crystals made 
of a semiconductor material. They are resistant to photo- 
bleaching, have narrow excitation and emission wavelengths 
that can be controlled by particle size and thus have the 
potential for multiplexing experiments. Given the remarkable 
optical properties that quantum dots possess, they have been 
proposed as an ideal material for use in molecular cytoge­
netics, specifically the technique of fluorescent in situ 
hybridisation (FISH). In this review, we provide an account 
of the current QD-FISH literature, and speculate as to why 
QDs are not yet optimised for FISH in their current form.

Keywords: qua n tu m  d o t; nano technology; F ISH ', im aging

N anotechnology has to date been closely 
affiliated with engineering since nanomaterials 
became the major components of computer 

chips (1). Within the last 10 years or so, however, there 
has been a growing relationship between nanoscience 
and fluorescent biological imaging (2). Applications of 
fluorescent imaging have generated a tremendous drive 
to develop new probes for tagging molecules, enabling 
changes in their localisation, concentration and activities 
to be documented (3). However, traditionally used 
organic fluorochromes face limitations affecting imaging 
and multicolour detection.

A novel class of semiconductor nanocrystals, termed 
quantum dots (QDs) (4, 5), are inorganic fluorophores 
that provide a promising alternative to their organic 
counterparts. In this review, we will provide a brief account 
of QD properties and applications, then turn our focus on 
QDs and their applications for studying chromosomes -  
principally through the use of the technique ‘FISH’ 
(fluorescent (or fluorescence) in situ hybridisation). 
We appraise the current literature and offer possible
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explanations as to why QDs are not yet optimised for 
FISH in their current form.

Quantum dots (QDs): core concepts

Synthesis
QDs are composed of a semiconductor core such as 
cadmium selenide (CdSe), indium phosphate (InP) or 
lead selenide (PbSe) (6, 7). This core is coated with a 
second semiconductor shell (usually zinc sulphide -  ZnS) 
for the purpose of improving the optical properties of the 
nanocrystal (7, 8). To improve further the utility of QDs, 
an extra polymer coating is attached that serves as a site 
for conjugation with biomolecule moieties. This brings 
the total size of the nanocrystal to 10-20 nm (a few 
hundred to a few thousand atoms). Fig. 1 shows a 
diagram of the structural components of a QD conjugate.
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Schematic representation of a QD conjugate.

The core material is chosen with respect to the required 
emission wavelength range (e.g. CdS for UV-blue, CdSe 
for the visible spectrum and CdTe for the far red and near 
infrared N1R) (9), thus fluorophore colour is size 
dependent and controlled during synthesis (10). Synthesis 
occurs by injecting liquid precursors (dimethyl cadmium 
and selenium powder dissolved in tributylphosphione) in 
a hot organic solvent (trioctylphosphine oxide -  TOPO) 
at temperatures reaching 300°C (11). Nanocrystals initi­
ate formation immediately and the colourless starting mix 
becomes coloured. The size of the nanocrystals is 
adjusted by changing the amount of injected precursors 
and crystal growth time in the hot TOPO mix (2, 12). A 
variety of core shapes can be synthesised, but they require 
an extra shell of a high band gap semiconductor material,

typically ZnS, to stabilise the core and increase the 
quantum yield [QY, ratio of the amount of light emitted 
from a sample to the amount of light absorbed by the 
sample (13)] up to 80% (10, 14). The surface layer of the 
ZnS shell is, however, hydrophobic and insoluble in 
aqueous solutions (8).

Optical properties
The most characteristic optical property of the QDs is 
that their colour is size dependent and thus controlled 
during synthesis (10). This arises as a result of the 
quantum confinement phenomenon (15), which refers 
to the spatial confinement of charge carriers (electrons 
and holes) within a semiconductor (16).

Because the physical size of the semiconductor nano­
crystal is considerably reduced to be much smaller than 
the natural radius of the electron-hole pair, when a 
semiconductor is excited to emit light, the energy 
required to confine this excitation within the nanocrystal 
is higher, leading to a shift in emission in shorter 
wavelengths (i.e. towards the blue of emission) (13). To 
better understand this, an example of two different-sized 
CdSe QDs of 2.3 and 5.5 nm will be considered (Fig. 2).

Another unique property of QDs is their broad 
excitation and narrow symmetric emission spectra. The 
spectral width of QDs (full width at half maximum is 12 
nm) (18) designate that multicolour nanocrystals of 
different sizes can be excited by a single wavelength 
(excitation source) that is shorter than their emission 
wavelength (14, 19, 20). This cannot be achieved with 
classical organic fluorophores because they have narrow

(a)
I--------------- 1 r -

(b)

Conduction
band

Band gap

Valence
band

Energy

I
I ! i JI —

Macroscopic
crystal

Quantum dots

Antibonding
orbitals

Band gap

Bonding
orbitals

Conduction
band

Band gap

Valence
band

Energy

1

5 Z .

7 Y T

i z

O
5.5 nm 2.3 nm

The size-dependent luminescence of quantum dots. Larger QDs have narrow band gaps (red QD, b) comparing to small 
QDs (blue QD, b). In the example discussed, the 5.5 QD emits orange light (longer wavelength 590 nm), whereas the 2.3 QD 
emits turquoise light (shorter wavelength 500 nm). Adapted from Jonathan (17).

2
(page number not for citation purpose)

Citation: Nano Reviews 2010, 1: 5117 - DOI: 10.3402/nano.v1 ¡0.5117



Nano-FISH

excitation and broad emission that often results in 
spectrum overlap or red tailing (21). Fig. 3 compares 
excitation and emission spectra between an organic 
fluorophore and a QD.

QDs are reported to produce two to eleven times 
brighter fluorescence than organic fluorophores (23) 
because of the large molar extinction coefficients (10-50 
times greater) (24) and, because QDs are inorganic, they 
are not prone to photo-bleaching (25, 26). Moreover, the 
two-photon action cross-section of QDs (linked to direct 
measure of brightness) is significantly higher compared 
with organic fluorophores (approximate value of 45,000 
Goeppert-Mayer units, GM) (23). Moreover, QDs have a 
longer fluorescence lifetime (10-40 ns) (27) than typical 
organic dyes, which can decay after a few nanoseconds.

The aforementioned optical properties relate mostly to 
the inorganic nature of QD and provide great potential; 
however, some photophysical properties can impose 
limitations on QD use.

Blinking is a phenomenon where the QD alternates 
between an emitting (on) and non-emitting (off) state (28, 
29). This behaviour has been interpreted according to an 
Auger ionisation model (30). Blinking affects single 
molecule detection applications by saturation of the 
signal. Hohng and Ha (31) carried out the first demon­
stration of blinking suppression by passivating the QD 
surface with thiol groups. Other strategies for blinking 
suppression are recently reviewed elsewhere (32). Photo- 
brightening, where QD fluorescence intensity increases at 
the first stage of illumination and then stabilises, can 
impose limitations on quantitative studies (33). Both 
these properties are associated with mobile charges on the 
surface of the QDs (13).

Water solubility
Synthesis of QDs renders hydrophobic nanocrystals as it 
occurs in non-polar organic solvents (8). However, for 
QDs to be useful in biological applications, they need to 
be soluble in aqueous buffers since all experiments 
involving cells require water-soluble conditions (34, 35).

This essentially means that the surface of the QD needs 
to become hydrophilic. Several strategies have been 
employed to achieve this and most rely on exchanging 
the hydrophobic surfactant molecules with bifunctional 
molecules that are hydrophobic towards the ZnS shell of 
the nanocrystal and hydrophilic on the other end (8, 34).

Commonly, thiols (-SH) are used as the hydrophobic 
anchoring parts to ZnS and carboxyl (-COOH) as the 
hydrophilic (36, 37). The strategy of using mercaptohy- 
drocarbonic acid to solubilise QDs has been applied in 
DNA immobilisation on the surface of the QD (38), 
FRET studies (39) and immunolabelling of proteins (40). 
Alternative approaches include surface silanisation (33, 
41), coating the QD surface with amphiphilic polymers 
(42, 43), or polysaccharides (44), phospholipid micelles 
(45), non-charged molecules [i.e. dithiothreitol (36)], 
dendrons (46), peptides (phytochelatin-related) (47) and 
oligomeric ligands (oligomeric phosphines -  OPs) (48). 
The effect of surface functionalisation on the optical 
properties of QDs is difficult to predict. In general, 
however, QY and decay behaviour respond to this effect 
whereas shape and spectral position of absorption and 
emission are hardly affected (49). These strategies allow 
QDs to be conjugated with a variety of biomolecules, 
including biotin (41), albumin (50), antibodies (51), 
avidin (52) and streptavidin (25, 53). Covalently linked 
avidin/streptavidin QDs are very popular amongst com­
panies (e.g. Invitrogen, Evident Technologies); they take 
advantage of the strong affinity that avidin and strepta­
vidin have for biotin, and the plethora of biotinylated 
reagents (e.g. antibodies, DNA probes) available (54).

Quantum dot (QD) applications in biology 
(in-vitro and in-vivo)
The robust optical properties alone of QDs make them 
powerful substitutes for organic fluorophores for a 
variety of biological applications. For the purposes of 
this review, we will refer to some of the in-vitro and in-vivo 
published applications of QDs. However, in order to

Comparison of absorption and excitation spectra between FITC (Fluorescein isothiocyanate) (blue) and a CdSe QD 
(green). Adapted from Bailey et al. (22).
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provide a broader aspect of their potential applications 
and limitations, we have summarised them in Table 1.

The first published study in a biological context was 
labelling of nanocrystals with F-actin using the biotin- 
streptavidin bridge (41). Tokumasu and Dvorak (55) 
used this approach to label human erythrocytes for 
immunocytochemistry purposes, Wu et al. (25) used 
QD -streptavidin probes linked with IgG to detect the 
cancer marker HER2 on the surface of cancer cells, 
whereas Rosenthal et al. (56) used serotonin-labelled 
nanocrystals (SNACs) to target the serotonin transporter 
protein (SERT) in transfected HeLa cells and oocytes in- 
vitro. The erbB/HER family of transmembrane receptor 
tyrosine kinases (RTKs) that mediate cellular responses 
to epidermal growth factor (EGF) were studied using a 
QD-EGF conjugate that was specific in activating the 
EGF receptor (57).

Additionally, QDs have found applicability as cellular 
markers given their inherent ability to be internalised by 
cells, using either a receptor (18, 58), non-specific 
endocytosis (59) or, for in-vivo injection, under the 
guidance of peptides (60). A more recent example of a 
peptide able to carry QDs in living cells is allatostatin, 
which was conjugated to streptavidin QDs and delivered 
without aggregation inside 3T3L1 and A431 cells (61). 
They can be employed for studies of cell-cell interaction 
by creating unique colour tags for individual cell lines 
(62), they can be encapsulated in micelles to track 
embryogenesis in frog or zebra fish embryos (45) for 
3D optical sectioning investigations of the vascular 
endothelium (63), for cell motility assays of actinomyosin 
function (64) and for phagokinetic tracking of small 
epithelial cells that cause numerous cancers (65). In all 
these experiments, labelling of cells with QDs is appar­
ently non-harmful to the cell (59).

The tunable size of QDs has allowed the use of NIR 
QDs as contrast agents during a surgical procedure to 
map sentinel lymph nodes (SLN) in pig and mouse (45, 
66). Using this technique, the surgeon is provided with 
visual guidance during SLN mapping that minimises

incision and dissection inaccuracies, enabling real-time 
confirmation of complete resection (67). Despite the 
challenges for QD technology, cancer research has 
already made extensive use of QD applications for in- 
vivo tumour cell imaging (68-71), surgical oncology (72) 
and metastasis detection (73).

Quantum dots (QDs) and their potential for 
molecular cytogenetics
The term ‘cytogenetics’ refers to the study of chromo­
somes. For both research and clinical applications, the 
recognition of specific chromosomal patterns has wide­
spread applications. From the mid-1980s, cytogenetics 
entered the molecular era through the development of the 
technique known as FISH (74-76). FISH allowed for 
direct DNA sequences to be visualised on chromosomes, 
the principal application being gene mapping, but with 
many more besides, including chromosome painting, 
advanced diagnostics and comparative genomics. Most 
FISH experiments use biotinylated probes and 
(strept)avidin-fluorochrome conjugates for detection. 
Moreover, the use of coloured fluorophores allow for 
the detection of several DNA sequences in the same cell, 
culminating (with some judicious mixing of colours) with 
many multicolour applications. FISH techniques have 
thus continuously been adapted but, as with many 
fluorescence microscopy applications, face limitations 
imposed by the use of organic fluorophores. These 
include the number of available fluorochromes and their 
broad emission spectra that make multicolour experi­
ments difficult to resolve because of spectrum over­
lapping and photo-bleaching. Thus, given the 
aforementioned properties of QDs, they are, potentially, 
most suitable candidates for the study of chromosomes 
through adaptations of FISH protocols, particularly as 
the conjugation of QDs and streptavidin is already widely 
reported. Indeed, QD-FISH has the potential to revolu­
tionise FISH by overcoming many of the inherent 
difficulties from the use of organic fluorochromes. It is 
noteworthy however that a PubMed search using terms

QD applications and limitations

Q D  a p p lic a tio n s T a rg e t /a p p lic a t io n P o te n tia l lim ita tio n s  fo r  Q D s  (all c a te g o r ie s )

In -v itro  im a g in g  

In -v iv o  ta rg e tin g

B io a n a ly tic a l a s s a y s  

O th e r  a p p lic a tio n s  

(n o n -life  s c ie n c e s )  

F u tu re  a p p lic a t io n s

F ix e d  c e lls , t is s u e s , in tra c e llu la r  o rg a n e lle s  •

C e lls , t is s u e s , tu m o u rs  in a n im a ls  •

F lo w  c y to m e try , m ic ro a rra y s  •

L E D s , te le c o m m u n ic a t io n s , q u a n tu m  c o m p u ­

te rs , c ry p to g ra p h y , a n t i-c o u n te r fe it  te c h n o lo g ie s  

G e n e /d ru g  d e live ry , g e n e  e x p re s s io n , b io s e n s o rs

C y to to x ic ity  a n d  h o w  th e y  a re  m e ta b o lis e d  In th e  b o d y  

(fo r u s e  in h u m a n  m e d ic a l im a g in g )

S iz e  -  Q D s  a re  b ig g e r  fro m  o rg a n ic  flu o ro p h o re s  im p o s e s  

lim ita tio n  o n  ta rg e tin g  fo r  in -v iv o  a n d  p o te n tia lly  in  s itu  

s tu d ie s , p lu s  o n  th e  s u c c e s s  o f  m u lt ic o lo u r  e x p e r im e n ts  

B lin k in g  s u p p re s s io n
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such as ‘Quantum Dots FISH’ or ‘Quantum Dots 
Fluorescent in situ hybridisation’ yields few results, of 
which only 11 are actually QD-FISH studies. Table 2 lists 
these studies from February 2004. The purpose of the 
current paper is to review these studies and provide 
insight, from our own experience, why they are so few in 
number, despite the enormous potential of QD-FISH.

A review of the quantum dot-fluorescent in situ 
hybridisation (QD-FISH) literature 
In the initial study, Xiao and Barker (77) made use of 
biotinylated total genomic DNA as a probe on human 
metaphase chromosomes. The probe was detected using 
streptavidin-conjugated QD605 (infrared). Direct 
comparisons of detection with QDs and organic fluor­
ochromes (Texas Red and Fluorescein) showed that QD- 
FISH was significantly more photostable and brighter 
than the more traditional approaches. More specifically, 
they noticed that after 2 h of continuous illumination 
there was a moderate loss of the QD signals (30%) 
compared to the more severe 73% and 89% loss for Texas 
Red and FITC, respectively. In addition, they made an 
initial observation regarding the pH and buffer used, as 
with a more alkaline pH (8.3) for the buffer used to dilute 
the QD conjugate, there was failure of signal detection in

centromeres with QD probes. This did not seem to affect 
the organic fluorochromes. The importance of pH was 
further explored in a short correspondence by the 
authors, where signals from QD-FISH were at an 
optimum when the buffer pH was between 6 and 7 (78). 
Furthermore, they applied this technique to detect the 
clinically important locus of HER2 in low copy human 
cells and breast cancer cells, demonstrating that QD- 
FISH has the potential to become a medical diagnostic 
tool. They underlined the potential of QD probes stating 
that although expectations were raised, more evaluation 
of QDs was required entering a clinical setting (79).

Chan et al. (80) used direct labelling strategy to target 
specific mRNAs in mouse brain sections. This study 
raised the issue of the multiple streptavidin sites on the 
QD molecule that could interfere with hybridisation 
efficiency. For this reason, a competitive blocker of 
streptavidin, biocytin was used, in the presence of which 
they labelled their oligonucleotide probes. The authors 
reported that the use of QDs enabled them to observe the 
details of mRNA expression in the sub-cellular level 
because of the better image resolution. This study was the 
first to claim direct labelling of QDs with DNA 
(specifically oligonucleotides).

The total number of QD-FISH studies to the best of the authors’ knowledge

A u th o rs T y p e  o f  s tu d y C o m m e n t P M ID P u b lis h e d  D a te

X ia o  a n d  B a rk e r R e s e a rc h F irs t F IS H  a p p lic a t io n  in h u m a n  m e ta p h a s e  s p re a d s 1 4 9 6 0 7 1 1 F e b ru a ry  2 0 0 4

X ia o  a n d  B a rk e r R e v ie w R e v ie w  o n  Q D -F IS H  p o te n tia l a n d  c o m m e n ts  

fro m  th e ir  p re v io u s  s tu d y

N o t in d e x e d  

fo r  P u b M e d

D e c e m b e r  2 0 0 4

C h a n  e t  a l. R e s e a rc h F irs t d ire c t  la b e llin g  o f  Q D s  w ith  D N A  to  d e te c t  

m R N A  ta rg e ts  in m ic e  b ra in  s e c tio n s

1 6 2 2 4 1 0 0 O c to b e r  2 0 0 5

X ia o  e t  a l. C o r re s p o n d e n c e Im p o r ta n c e  o f  p H  fo r  Q D -F IS H 1 6 1 7 9 9 1 5 O c to b e r  2 0 0 5

W u  e t  al. R e s e a rc h Q D - F IS H  a p p lic a t io n  in E. c o li 1 6 6 2 5 6 7 4 A p ril 2 0 0 6

M ü lle r  e t  al. R e s e a rc h Q D -F IS H  a t te m p t  o n  p la n t c h ro m o s o m e s 1 6 7 7 6 8 3 5 J u n e  2 0 0 6

T h o lo u li e t  a l. R e s e a rc h A p p lic a t io n  o f  Q D -F IS H  o n  m R N A  ta rg e ts  fro m  c lin ic a l b io p s ie s 1 6 8 9 3 5 1 9 S e p te m b e r  2 0 0 6

B e n to li la  a n d  

W e is s

R e s e a rc h D ire c t la b e llin g  a n d  firs t u s e  o f  m u lt ic o lo u r  Q D -F IS H  

fo r  m ic e  s a te llite  fa m ilie s

1 6 6 7 9 5 6 4 S e p te m b e r  2 0 0 6

J ia n g  e t  a l. R e s e a rc h Q D -F IS H  fo r  th e  a n a ly s is  o f  c a n c e r -re la te d  g e n o m ic  

a b e rra t io n s  in b a s ic  re s e a rc h  a n d  c lin ic a l a p p lic a t io n

1 8 2 8 3 8 0 0 D e c e m b e r  2 0 0 7

K noll B o o k  c h a p te r T h is  c h a p te r  p ro v id e d  g e n e ra l p ro to c o ls  a b o u t  s lid e  p re p a ra t io n ,  

p ro b e  la b e llin g  a n d  a  s m a ll a m o u n t  o n  in d ire c t d e te c t io n  o f  a  

c h r o m o s o m e  lo ci u s in g  Q D s

1 7 2 3 7 5 2 9 2 0 0 7

M a  e t  al. R e s e a rc h D ire c t Q D -F IS H  a p p lic a t io n  in m a iz e 1 8 0 4 6 5 6 9 D e c e m b e r  2 0 0 7

C h o i e t  a l. R e s e a rc h Q D - D N A  p ro b e s  fo r  d ire c t  lo c a liz a tio n  a n d  q u a n tif ic a tio n  o f g e n e  

e x p re s s io n  in  s itu

1 9 5 1 7 4 8 9 J u n e  2 0 0 9

M ü lle r  e t  al. R e s e a rc h C o n c u r re n t  u tilis a tio n  o f  Q D s  a n d  o rg a n ic  f lu o ro c h ro m e s  fo r  

m u ltip le x  e x p e r im e n ts  in 4 P i m ic ro s c o p y

1 9 5 5 6 7 8 6 J u n e  2 0 0 9

lo a n n o u  e t al. R e s e a rc h A n  a c c o u n t  o f  Q D -F IS H  e x p e r im e n ts  (b o th  in d ire c t a n d  d ire c t  

la b e llin g ) w ith  p o s s ib le  re a s o n in g  a s  to  w h y  Q D -F IS H  is n o t fu lly  

o p tim is e d  y e t

1 9 6 4 4 7 6 0 J u ly  2 0 0 9
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Wu et al. (81) were the first to report the successful 
application of QD-FISH without using the commercial 
streptavidin-QD conjugates, but by coating naked QDs 
(synthesised in their laboratory) with mercaptoacetic acid 
(MAA) to render them water soluble. This was followed 
by competitive displacing of QD-surface-confined MAA 
molecules with thiol single-stranded DNA complemen­
tary to their plasmid target of interest. By using this 
technique, they created highly monodisperse QD DNA 
probes and because both the single-stranded DNA and 
the MAA coating were negatively charged, the generated 
repulsion between those molecules would keep the single- 
stranded DNA away from the QD surface, facilitating 
hybridisation in the Escherichia coli bacterium for the 
first time.

In 2006, Muller et al. (82) made the first attempts on 
plant chromosomes. An indirect approach to detect non­
coding sequences in the plant Allium fislulosum was used, 
but with limited success. Although different strategies 
were employed to improve the performance of QDs (slide 
preparation, pepsin treatment to increase cell permeabil­
ity), few results were forthcoming with either QD 605 
streptavidin conjugate or by a QD 565 anti-Rabbit IgG 
conjugate. The offered explanation for the intermittent 
success was the phenomenon of steric hindrance owing 
to the large size of the nanocrystals (compared to the 
organic fluorophores).

The wide application of tissue staining by QDs was 
shown in another study where multiple mRNA targets in 
formalin-fixed bone marrow biopsies were targeted using 
QD-streptavidin conjugates, allowing quantitative char­
acterisation of gene expression sites using non-bleaching 
fluorochromes (83). Testing different molar ratios be­
tween QD and oligonucleotide probes, the authors 
reported the highest signal intensity when a ratio of 1:2 
(QD:probe) was used. Furthermore, there was evidence 
of QD signals still present in the bone marrow tissue even 
after 18 months of storage. This was not true for the 
control Cy3-stained tissue.

In September 2006, the first paper describing multi­
colour FISH using QDs was published by Bentolila and 
Weiss (84). Using analytical grade QD batches for a 
variety of QD -streptavidin conjugates, they formed QD- 
DNA complexes by incubating biotinylated oligonucleo­
tides at various molar ratios at room temperature for 30 
min. Complexes were run on an electrophoresis gel and 
the optimum molar ratio was established. At the same 
time this assay confirmed binding of the DNA to the 
nanoparticles because of the motility shift that is caused 
by the formation of this conjugant. These probes were 
used to recognise the major (y) family of mouse satellite 
DNA. The novel feature in this study was the presenta­
tion of a dual colour QD-FISH using QD592 and 
655 against centromere-associated sequences (satellites).
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Reading between the lines of this paper, however, data 
was presented from only two of the five different QDs 
that were tried, probably due to technical difficulties 
or hybridisation failure of the remaining constructs. 
Nevertheless, this was an important breakthrough for 
multicolour QD-FISH. Furthermore, QD525 was not 
used at all in the hybridisation experiments as it showed 
an irreversible spectral shift. The success of this study in 
detecting centromeric regions with QDs was in sharp 
contrast with the study by Xiao and Baker (77), where 
most of these regions could not be detected. The authors 
believed that this could be due to the variable steric 
hindrance effects during the FISH procedure. Another 
important aspect was the observation of partial loss of 
QD probes fluorescence over time. However, this was not 
an irreversible phenomenon as intensity could be fully 
restored after re-exposure to UV light. The clear message 
from this study was the great potential of QD-FISH 
probes to become a sophisticated toolbox that could be 
applied for high-resolution studies on chromosome 
binding through the use of spectrally distinguished QDs.

More recently, successful use of QD-FISH was 
reported by Jiang et al. (85). In this case, selected probes 
were used in lung cancer specimens to visualise gene 
amplification, offering another potential diagnostic tool 
for the study of genomic aberrations in cancer cells. Also 
in 2007, a methodology book was published entitled 
‘Quantum Dots’ Applications in Biology, where Chapter 
5 was dedicated to QD-FISH. It provided protocols for 
the preparation of human metaphase chromosomes, 
probe labelling by nick translation, standard FISH and 
indirect detection of a specific region on human chromo­
some 22 using anti-digoxigenin QD655 (86). Some key 
points from this chapter to enhance hybridisation effi­
ciency included the importance of cell preparation (good 
chromosome spreading), formamide quality, tempera­
ture, pH and exposure of the probe to the denaturation 
solution.

In a more specialised investigation, QD-FISH was 
applied successfully on maize chromosomes (87). In 
contrast to the Muller et al. (82) study where the 
conclusion was that QD-streptavidin conjugates could 
not successfully detect plant chromosomes, successful 
hybridisation was indeed reported, albeit with QD probes 
prepared somewhat differently. That is, the nanoparticles 
were coated with MAA and the oligonucleotide was 
attached via a metal-thiol bond. The authors tried to 
address the possible steric hindrance problem by keeping 
the oligonucleotide probe further away from the QD 
surface using a homo-polymer of thymidine sequence. By 
doing this, it was claimed that modification of the 
hydrodynamic diameter of the bioprobes was small 
enough to penetrate into maize chromosomes. Moreover, 
the authors emphasise the improved impact of their own
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solubilisation strategy on these modified QD probes 
(MAA-coated) compared to the commercially available 
polymer-coated QD streptavidin ones. Mirroring the 
report by Xiao and Barker (77), this study highlights 
the importance of pH, ionic strength and formamide to 
increase the affinity of QD probes to chromosomal 
targets. Although the report by Ma et al. (87) declared 
a preference for the MAA coating of QDs compared to 
the polymer-coated ones, Choi et al. (88) used polymer- 
coated QDs that maintained high QY and photostability 
in their FISH experiments. They coupled the DNA 
oligonucleotides via a l-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (EDC) molecule and were 
able to visualise gene targets in Drosophila.

The only study that we are aware of to make use of 
both organic and inorganic fluorochromes in an attempt 
to increase the number of colours on a single cell was 
published by Muller et al. (89). One of the objectives of 
this report was to show the capability of QD probes in 
4Pi microscopy, a technique that can push the resolution 
limits to 100 nm or even less, thereby requiring high 
photostable fluorophores. Although a combination of 
QDs and traditional fluorophores could be combined for 
the visualisation of chromosome painting probes (max­
imum multiplexing was achieved using three QDs and 
three traditional fluorochromes), there was some batch 
variability concerning QD conjugates that manifested as 
different signal intensity results even in parallel experi­
ments. Thus, the authors argue that further progress is 
anticipated from the manufacturer’s point of view to 
increase QD robustness and reliability.

Our own experience in quantum dot-fluorescent in 
situ hybridisation (OD-FISH)
Given the obvious potential of QD-FISH, we have been 
somewhat puzzled how few studies exist in this area. 
Around 2006, we began to explore the use of QDs in 
place of organic fluorochromes, specifically with a view to 
using QDs in multiplex experiments [i.e. to target multiple 
regions simultaneously, see Ioannou et al. (90)]. Our own 
research questions pertain to chromosome copy number 
and nuclear position of chromosome territories in human 
sperm (91) and preimplantation embryos (92) and

possible links between aberrant nuclear organisation 
and infertility and/or aneuploidy. In preimplantation 
embryos specifically, cells are few in number and ethically 
sensitive; thus as much information as possible should be 
derived from them. Our other interests relate to genome 
organisation and evolution in birds (93-96) and fish (97— 
99), which have large numbers of small chromosomes that 
are not easily cytologically distinguishable. In all the 
above, clear bright signals amenable to multiplexing 
would be of great advantage in advancing our work, 
particularly if probes could be labelled directly with QDs. 
Some of our original work was published last year (90) 
and the following summarises aspects of it.

Our first clear observation was that the emission 
spectra of the QD samples (from both Invitrogen and 
Evident Technologies) appeared not to be narrow as the 
manufacturers claimed them to be. We established this by 
simply spotting diluted aliquots of the QD-streptavidin 
conjugates to a slide and observing them under the 
microscope. Indeed there appeared to be significant 
emission bleed-through into other filters (Fig. 4).

All QDs appeared to show significant bleed-through to 
other filters but, from visual inspection, QD585 appeared 
to have the narrowest emission. As a control, the Cy3- 
streptavidin (organic dye) also showed significant emis­
sion bleed-through to other channels, not dissimilar to 
some of the QDs. We therefore continued experiments 
mostly using QD585 (7).

Our initial results were very encouraging when biotiny­
lated probes were detected using the QD585-strepavidin 
conjugate (7). Fig. 5 demonstrates this in chromosome 
painting experiment compared to a Cy3 control.

When results were successful, the reported properties 
of QDs were plain to see. In particular, preparations were 
noticeably brighter than Cy3 preparations and did not 
fade upon inspection. That is, when Cy3-labelled pre­
parations were exposed continually to the fluorescent 
lamp, photo-bleaching occurred after about 5 min. By 
contrast, when QD preparations were exposed to UV 
light, no noticeable loss of signal was seen, even following 
1 h of exposure. We also noticed that, in several 
chromosome painting experiments, the QD signal was 
brighter around the periphery of the chromosome -  a sort

QD520 (supplied by Evident) spotted on to a glass slide, excited by a UV filter and then detected with barrier filters at 
525, 565, 585 and 605 nm, respectively. Although under the green barrier filter (525 nm) the brightest fluorescence is observed, 
significant bleed-through is seen on the other filters indicating that the emission spectrum is not as narrow as is usually 
purported for QDs.
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Successful FISH experiments on human chromo­
some 1 using biotinylated chromosome 1 paint with 
C'y3 streptavidin conjugate control (upper) and QD585- 
streptavidin conjugate (lower). QD585 signals were brighter, 
though more ‘patchy’ and with a greater amount of back­
ground. Adapted from Ioannou et al. (90).

of fluorescent ‘sheath’ (Fig. 6). Moreover, in two or three 
cases, a bright signal was observed in the less condensed 
interphase nuclei of the cell, but not in the highly coiled 
metaphase chromosomes.

On the negative side, in general terms, QD preparations 
in these experiments had more non-specific background 
than were observed for Cy3 preparations and we 
can confirm a similar observation by Muller et al. (89) 
on identical experiments giving different levels of hybridi­
sation efficiency. Even more confusingly, our experiment 
would regularly work on one slide but not the other 
identically processed in parallel. In general terms, indirect

QD experiments were successful approximately 25-35% of 
the time, compared to Cy3 controls that worked reliably 
and consistently.

In attempts to improve the efficacy and reliability of 
our experiments, various FISH conditions were system­
atically altered. These included removal of a ‘blocking’ 
step prior to the addition of the conjugate and changing 
the temperature, pH and time of the post-hybridisation 
washes. These did not usually improve QD experiments 
and the same applied when controlled experiments were 
performed in the presence or absence of dextran sulphate 
(a component of hybridisation buffer used to chelate the 
hybridised probe and make the signal stronger). In an 
attempt to minimise steric hindrance, a longer carbon 
chain (biotin-21-dUTP) was used instead of 16-dUTP, 
and different ratios of biotin labelled and unlabelled 
probes were assessed. No noticeable difference was 
observed between the two biotins and there was no 
indication of more efficient hybridisation in any of the 
different ratios tested.

Several more alternative strategies were attempted with 
no increased efficacy of QD-FISH; these included trying 
numerous batches of chromosome preparations, labelling 
probes with digoxigenin (and attempting detection with 
anti-digoxigenin) and methods to increase cell perme­
ability (fixation, pepsin). The only intervention that we 
did observe that had a degree of success was the use of 
silicon-coated plastic tubes and sonication of the con­
jugate prior to use. In both conditions, we observed an 
(albeit temporary) improvement in the reliability of the 
results. Notwithstanding the repeated efforts to increase

Successful chromosome painting experiment (chro­
mosome 2, tetraploid cell) in chicken, but with signals 
predominantly around the periphery of the chromosome, 
giving an impression of a fluorescent ‘sheath’. Adapted from 
Ioannou et al. (90).
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the robustness of our approach, on the whole, outcomes 
were temperamental or unsuccessful. Fig. 7 shows some 
of our inglorious attempts.

This limited degree of success was, however, relatively 
encouraging compared to our attempts to conjugate QDs 
directly to FISH probes. Our direct conjugation strategy 
of DNA to QDs was based on recently published material 
(84) and, with the direct help of the authors, we were 
confident that we had made successful conjugates (estab­
lished by mobility shifts on agarose gels). Such conjugates 
were generated for chromosome paints and oligonucleo­
tide probes recognising the centromeres of chromosomes, 
however repeated attempts at subsequent FISH experi­
ments (employing a range of different conditions of 
stringency, hybridisation buffer, QD:DNA concentration 
ratios and incubation times) without exception ended in 
failure (despite considerable success with Cy3 conjugate 
controls).

Quantum dot-fluorescent in situ hybridisation (QD- 
FISH): where does this leave us?
The message through our comprehensive appraisal of the 
utility of QDs for FISH has been that, in their current 
form, QDs are not suitable materials for FISH applica­
tions. If further evidence were needed, it can be found in 
the fact that traditional fluorochromes have not, for any 
application, been replaced by QDs, despite their great 
potential. There are few peer-reviewed studies pertaining 
to QD-FISH and we are unaware of any company 
marketing QD-labelled FISH.

In our experience (and following discussions with 
colleagues from other groups), lack of reproducibility 
appears to be a distinguishing feature of QD-FISH in 
contrast to the more robust applications with organic 
fluorophore-streptavidin conjugates. That is, while we 
would not claim that we have explored every possible 
avenue with respect to QD-FISH, we have nonetheless 
extensive experience in FISH over many years and have 
been (for the last three to four years) running parallel 
QD-based experiments (mostly in avian and human 
cells). Our collective experience paints a general picture 
of a non-reproducible approach when QDs are used in 
place of organic fluorochromes.

The unreliable nature of QDs (at least for FISH) is 
perhaps not totally unexpected as other colleagues have 
had similar experiences to our own (89, 100). There is 
clearly a challenging set of conditions pertaining to 
intracellular delivery of QDs and, since there are no 
reliable FISH protocols for this, individual adaptations 
need empirical establishment (49). If this was achieved 
then the reliability may well improve and the benefits of 
QDs observed in this and other studies (e.g. increased 
brightness, resistance to photo-bleaching) may be prop­
erly realised. With all this in mind, we can speculate 
about reasons for the lack of reproducibility of QD-FISH

Citation: Nano Reviews 2010, 1: 5117 - DOI: 10.3402/nano.v1i0.5117

(A) Chromosome painting attempt in human lym­
phocytes using QD520. No specific signal was seen and the 
area surrounding the chromosomes had a very high back­
ground (left), moreover the background signal bled through 
into the red channel (right). (B) Attempts to visualise the 
centromeres of human chromosome 12. There is some 
evidence of hybridisation and detection but the preparation 
has a very high background. (C) A bright red signal is seen 
on every part of the slide apart from the chromosomes! This 
was another attempt at human chromosome painting for 
chromosomes 1 and 2.
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results. Clues about QD size and chemistry during 
synthesis may be a starting point.

QDs vary in size (this is the basis of the fluorescent 
colour that they emit) from 2 to 10 nm. A Cy3 molecule 
on the other hand is <2 nm in size (22). This may explain 
in part why our successful FISH experiments gave the 
impression of larger fluorescent particles and why there 
was a greater degree of background for most experiments. 
It might also explain an observed fluorescent ‘sheath’ 
effect seen on some metaphases (90) and why certain 
preparations gave bright signals in decondensed inter­
phase nuclei, but not highly coiled metaphase chromo­
somes. That is, steric hindrance may have led to signals 
being brighter in areas where the chromatin is less 
compact (e.g. at the edge of the chromosomes and/or in 
the interphase nucleus), indeed steric hindrance has been 
an issue reported in many studies (82, 84, 87, 88). If this 
were true, we might have expected to see an improvement 
when we reduced the ratio of labelled to unlabelled 
dUTPs and/or when we made use of a ‘longer-arm’ biotin 
dUTP. This was not the case. Again, however, a general 
background of intermittent success may have masked any 
appreciable difference seen in any given experiment. 
Furthermore, as QD-streptavidin conjugates were used 
throughout these experiments, it is worth pointing out 
that it is not entirely clear how streptavidin binds on the 
actual polymer site of the QD. For this reason, the 
number of free streptavidin sites varies per individual QD 
(10-15). Incidentally, these sites can break off from the 
nanoparticle (for no reported reason) rendering the probe 
unstable or even detached, with immediate effect on the 
hybridisation signal (Bentolila, L personal communica­
tion). We are also informed that QD streptavidin 
conjugates can easily degrade (a batch-specific attribute) 
and this can be due to barely discernable temperature 
changes during storage. Additionally, we are given to 
understand that QDs are prone to adhere to tubes sides 
and tips (Chan, P personal communication). Our attempts 
to reduce this problem using siliconised tubes and regular 
sonication met with a degree of success; however it did 
not eliminate our technical issues completely.

Another confounding issue was that the emission 
spectra of the QDs did not appear to be as narrow as 
the manufacturers claimed, in that we observed ‘bleed- 
through’ between channels, despite making use of narrow 
band-pass filters. Apparently, this phenomenon is not as 
uncommon as the literature might suggest (Bentolila, L 
personal communication) and could vary from batch to 
batch. Controlling the size of the core during synthesis 
(that will tune the colour that the QD will emit) requires 
high technical skills and sometimes nanoparticles are 
larger than expected. Addressing the size control is 
critical in particular for multicolour detection or imaging 
and could hold the key to the success of multicolour 
experiments in QD-FISH. Also, abnormalities in their
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shape could result in the same effect (Bentolila, 
L personal communication). An additional possible ex­
planation for this emission bleed-through to other 
channels was that QDs were not monodisperse. Simple 
spotting experiments confirmed this statement. Fig. 8 
shows a QD605-conjugate dissolved in hybridisation mix 
where different QD populations could be observed under 
the different band-pass filters.

The different colours seen in Fig. 8 represent different­
sized QDs that emit at longer (towards the red - large 
QDs) or shorter (towards the blue -  small QDs) 
wavelengths. These findings are consistent with those of 
Murray and colleagues, who have tried to address the 
monodispersity of QD preparations (101). All these 
technical features that were attributed to the chemical 
synthesis of the QDs may require more experimental 
attention in order to improve QD synthesis. Of course, we 
cannot rule out the possibility that bleed-through and 
monodispersity are batch-specific problems; after all, we 
did not test more than three or four batches for each QD. 
However, we saw no evidence of batch-specific variance.

A further QD feature that we observed was ‘blinking’ -  
a phenomenon unknown in conventional FISH where the 
QD alternates between an emitting (on) and non-emitting 
(off) state (28, 29). Blinking has been explained according 
to an Auger ionisation model (30) and affects single 
molecule detection applications by saturation of the 
signal. It may, however, be suppressed by using thiol 
groups to passivate the QD surface (31, 84). A second 
phenomenon, photo-brightening, where the fluorescence

QD605 dissolved in hybridisation mix and viewed 
directly under the microscope using four barrier filters: 525 
nm (blue), 565 nm, 585 nm (red) and 605 nm (far red but 
pseudo-coloured purple for the purposes of this figure). The 
image represents a merge of all four filters. The QDs are 
predominantly purple (as would be expected), but a smaller 
number of green, blue and red QDs are seen. The discrete 
appearance of QDs of one or other of the colours indicates 
there is a mixed population of QDs. Adapted from Ioannou 
et al. (90).
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intensity increases rapidly at the first stage of illumination 
and then stabilises, can limit quantitative studies (33). 
Both these properties are associated with mobile charges 
on the surface of the QDs (13).

A likely reason to explain the positive results arising 
from groups that have published in this area (79, 84, 87) is 
that their laboratories were equipped with the ability to 
synthesise and batch-test their own conjugates (a luxury 
not afforded to most groups). Ma et al. (87) suggested 
that the QDs that they used were significantly smaller 
than those available commercially and may thus have 
reduced steric hindrance and increased hybridisation 
ability. Several laboratories (79, 84, 87), however, have 
generated QD-oligonucleotide conjugates and report 
that, during the time of annealing, steric hindrance has 
little effect but it may limit the QDs access to the target at 
the time of detection (84, 87). This may provide a possible 
explanation for our lack of success in generating usable 
conjugates. Furthermore, negative hybridisation was 
potentially caused by unbound QD left over after the 
incubation between QD and DNA (to generate a 
conjugant) that prevented the complex entering cells 
and hybridising (acted as a competitor). Excess cyto­
plasm around the chromosomes cannot solely be blamed 
as pepsin treatments were introduced to reduce it.

Taking all this into consideration, further research is 
essential. Advances in nanomaterials synthesis (regarding 
uniformity and size control) and solubility will assist 
conjugation to biomolecules. Moreover, a new generation 
of nanocrystals (FloDots, C-dots) has already been 
mentioned in the literature (102, 103). There may well 
be a future for a marriage between nanotechnology and 
molecular cytogenetics. Like all good marriages, however, 
a little patience may be required.
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Abstract

Numerous studies have implicated the role of gross genom­
ic rearrangements in male infertility, e.g., constitutional an- 
euploidy, translocations, inversions, Y chromosome dele­
tions, elevated sperm disomy, and DNA damage. The prima­
ry purpose of this paper is to review male fertility studies 
associated with such abnormalities. In addition, we specu­
late whether altered nuclear organization, another chromo- 
somal/whole genome-associated phenomenon, is also con­
comitant with male factor infertility. Nuclear organization 
has been studied in a range of systems and implicated in 
several diseases. For many applications the measurement of 
the relative position of chromosome territories is sufficient 
to determine patterns of nuclear organization. Initial evi­
dence has suggested that, unlike in the more usual 'size-re­
lated' or 'gene density-related' models, mammalian (includ­
ing human) sperm heads display a highly organized pattern 
including a chromocenter with the centromeres located to 
the center of the nucleus and the telomeres near the periph­
ery. More recent evidence, however, suggests there may be 
size- and gene density-related components to nuclear orga­
nization in sperm. It seems reasonable to hypothesize there­
fore that alterations in this pattern may be associated with
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male factor infertility. A small handful of studies have ad­
dressed this issue; however, to date it remains an exciting 
avenue for future research with possible implications for di­
agnosis and therapy. C o p y r ig h t  © 2010 S. K arge r A G , Basel

M ale  Infertility and  Genetics

Infertility, the inability to conceive after at least a year 
of unprotected coitus, accounts for 1 in 6 couples wishing 
to start a family in the western world [Shah et al., 2003], 
In around 20% of infertile couples male factor is the pre­
dominant cause, 38% originates from the female, both 
partners contributing in around 27% of cases, whereas 
the remaining 15% is unexplained [Seli and Sakkas, 2005; 
Ferlin et al., 2007]. The causes, however, can be classified 
as genetic, hormonal, age-related, lifestyle-related, a re­
sult of surgery or trauma, or associated with abnormal­
ities in semen parameters [Shah et al., 2003]. Genetic 
causes account directly for at least 15% of male factor in­
fertility and can be further subdivided to constitutional 
aneuploidy, structural abnormalities, single gene disor­
ders, and multifactorial traits [Griffin and Finch, 2005], 
More recently, associations with increased aneuploidy in 
the sperm heads and sperm DNA damage have also been 
made [Tempest and Griffin, 2004], This study has a dual 
purpose: first, it reviews male fertility studies associated
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with chromosomal abnormalities and DNA damage; sec­
ond, it speculates whether altered nuclear organization, 
a further chromosomal/whole genome-associated phe­
nomenon, is also related to male infertility.

Male Infertility and Constitutional Chromosome
Abnormalities
Males with trisomy 21 are azoospermic or severely oli- 

gospermic and they do not usually reproduce due to 
physical and psychosocial limitations [Egozcue et al., 
2000]. The most frequent constitutional aneuploidy relat­
ing to infertility in males, however, is Klinefelter’s syn­
drome, present in 5% of severe oligospermic and in 10% 
of azoospermic males [Ferlin et al., 2007], Klinefelter’s 
syndrome causes arrest of spermatogenesis at the pri­
mary spermatocyte stage, although, occasionally, later 
stages of sperm development are observed. It exists in 2 
forms: non-mosaic (47,XXY) and mosaic 47,XXY/46,XY 
[O’Flynn O’Brien et al., 2010], The extra X chromosome 
originates in paternal meiosis I from non-disjunction of 
the XY bivalent (>50%) or from maternal meiosis I or II 
(40%) and post-zygotically in the remainder [Griffin and 
Finch, 2005], The advent of ICSI has enabled Klinefelter 
patients to father children (54 normal births from 122 
patients), but the risk of producing offspring with chro­
mosome aneuploidies is significant due to elevated diso­
mies in their sperm [Ferlin et al., 2007]. The chromosome 
constitution 47,XYY is present in 1 in 1,000 males, with 
fertility ranging from normozoospermia to azoospermia. 
The extra Y chromosome originates from paternal mei- 
otic II non-disjunction and causes aberrant hormonal 
balance in the gonadal environment affecting normal 
chorionic gonadotropin function [Shah et al., 2003],

In terms of structural chromosome abnormalities that 
affect fertility, autosomal translocations are found 4-10 
times more in infertile men compared to normals 
[O’Flynn O’Brien et al., 2010], Robertsonian transloca­
tions occur when 2 acrocentric chromosomes fuse and 
can affect fertility by impairing gametogenesis or by pro­
ducing gametes with an unbalanced combination of the 
parental rearrangement [Ferlin et al., 2007]. Similarly, in 
reciprocal translocations and inversions infertility can 
ensue through temporal impositions on the meiotic ma­
chinery caused by the formation of the pairing cross or 
loop, through reduced recombination in the pairing cross 
or loop, and/or through the production of chromosom- 
ally abnormal gametes [Griffin and Finch, 2005],

Microdeletions in the long arm of the Y chromosome 
are observed with a prevalence of 10-15% in non-ob­
structive azoospermic patients and 5-10% in severe oli­

gospermic males [Ferlin et al., 2007; O’Flynn O’Brien et 
al., 2010]. A particular region of the Y chromosome that 
is involved in deletions associated with infertility is 
termed AZF (azoospermia factor) and contains vital 
genes for spermatogenesis [Shah et al., 2003]. AZF is com­
prised of 3 sub-regions (AZF a, b and c), and most dele­
tions occur in AZFb and AZFc [Shah et al., 2003; Ferlin 
et al., 2007; O’Flynn O’Brien et al., 2010], Most of the mi­
crodeletions are generated by intra-chromosomal homol­
ogous recombination between repeated sequence blocks 
that are organized as palindromic structures [Ferlin et al., 
2007; Li et al., 2008]. Complete deletion of AZFc removes 
8 gene families including DAZ (involved in spermatogen­
esis) which is the strongest candidate for the azoospermic 
phenotype of AZFc, whereas deletions in the AZFa re­
gion lead to Sertoli-cell-only syndrome, and complete de­
letions of AZFb or AZFb+c lead to azoospermia associ­
ated with Sertoli-cell-only syndrome or pre-meiotic sper- 
matogenic arrest [Ferlin et al., 2007], Several studies have 
tried to assess the infertility risk of a specific partial AZFc 
deletion termed gr/gr. The conclusion is not clear as out 
of the 15 studies 8 have shown an association with infer­
tility or testicular cancer and 7 have failed to do so [Ravel 
et al., 2009]. Overall, studies of the assisted reproduction 
outcome in patients with an AZFc deletion suggest a ten­
dency towards decreased fertilization rates but not a sig­
nificant change in overall pregnancy and delivery rates 
compared to controls [Seli and Sakkas, 2005].

Sperm Disomy Levels and Infertility
Cumulative data from human hamster fusion assays 

[Martin et al., 1991] estimates that aneuploidy in sperma­
tozoa in normal controls is 1-2% [Hassold et al., 1996]. 
However, structural abnormalities are higher, i.e., 6-7% 
[Martin, 2008]. With the advent of FISH technology, spe­
cific probes have assessed sperm chromosome disomy 
(nullisomy being indistinguishable from FISH failure) in 
larger numbers. These studies suggest that most auto- 
somes have a disomy frequency of 0.1%, whereas there is 
a significant increase for disomy 21 (0.29%), 22 (0.25%), 
and sex chromosome disomy (0.43%) [Tempest and Grif­
fin, 2004; Martin, 2006], Thus, aneuploidy can occur for 
all chromosomes. However, there is a particular suscep­
tibility of certain bivalents possibly due to the fact that 
they usually have a single chiasma. Indeed, non-disjunc­
tion of the sex chromosomes has been associated with 
reduced recombination in the pseudoautosomal region, 
both in paternally derived XXY patients [Hassold et al., 
1991; Lorda-Sanchez et al., 1992] and XY disomic sperm 
[Shi et al., 2001; Martin, 2005, 2006, 2008],
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Moosani et al. [1995] were the first to report a higher 
degree of chromosomal abnormalities in men with im­
paired fertility compared to controls. In a comprehensive 
review by Tempest and Griffin [2004], disomy results for 
all chromosomes studied are summarized (comparing 
normal and infertile males). The consensus, despite inter­
study differences, is a correlation between sperm aneu- 
ploidy and male infertility. In general terms, most studies 
have observed an increase in the level of sperm disomy 
with increased severity of infertility; most chromosome 
pairs are affected, particularly the XY bivalent [Tempest 
and Griffin, 2004], Since reduced recombination has 
been linked with increased aneuploidy in trisomic off­
spring, it seems reasonable to assume that the same prin­
ciple would apply for a possible link between reduced re­
combination and infertility. To address this, Sun et al. 
[2005] used immunocytogenetic techniques that allow 
the analysis of recombination foci during prophase I in 
the synaptonemal complex. They reported reduced mean 
frequencies of recombination and increased frequencies 
of chromosomes without any recombination foci in infer­
tile males.

A specific category of males studied with respect to the 
relationship between sperm disomy and infertility are 
OATs, i.e., patients with sperm concentration of less than 
15 million per ml, motility of less than 40%, and normal 
morphology of less than 4% (OligoAsthenoTeratozoo- 
spermia). Pang and colleagues conducted one of the first 
FISH studies to compare aneuploidy for 12 autosomes 
and the sex chromosomes in OAT males undergoing 
ICSI. An increased level (up to 30-fold) of disomy for all 
chromosomes studied was found [Pang et al., 1999], The 
observation of higher incidence of aneuploidy in OAT 
males has also been observed in other studies [Bernar- 
dini et al., 1997; Storeng et al., 1998; Pfeffer et al., 1999; 
Ushijima et al„ 2000; Gole et al., 2001; Zhang and Lu, 
2004]. The largest OAT cohort study was more recent 
[Durakbasi-Dursun et al., 2008], Thirty OATs and 10 
normal controls were studied for aneuploidy of 4 chro­
mosome pairs (13, 18, 21, XY), and increased rates of di­
somy for 13,21, XY, and YY were reported for OATs com­
pared to controls. It has been suggested that non-disjunc­
tion of specific chromosome pairs may be associated with 
specific semen parameters [Tempest et al., 2004] and that 
screening for sperm aneuploidy could become a prognos­
tic test for couples undergoing ICSI [Petit et al., 2005; Du­
rakbasi-Dursun et al., 2008; Sanchez-Castro et al., 2009], 
There may even be avenues for possible therapy [Tempest 
et al., 2008].

Male Fertility, Chromosome
Abnormalities, and Nuclear Organization

Sperm DNA Damage and Infertility
In addition to sperm aneuploidy, evidence of DNA 

damage is also apparent in association with male infertil­
ity. Liu et al. [2004] reported greater DNA fragmentation 
and mitochondrial dysfunction in OAT sperm, high­
lighting the importance of selecting good quality sperm 
in ICSI for oocyte injection. Moreover, Plastira et al.
[2007] provided evidence for an age effect in OAT pa­
tients contributing to DNA fragmentation, poor chroma­
tin packaging, as well as a decline in semen volume, mor­
phology, and motility. A number of other studies also ar­
gue for possible links of sperm DNA damage and male 
infertility [Zini and Libman, 2006; Aitken and De Iuliis, 
2007; Varghese et al., 2008; Delbes et al., 2010],

Three major mechanisms, which are not mutually ex­
clusive, seem to be involved in DNA damage: chromatin 
remodeling by topoisomerase, oxidative stress, and abor­
tive apoptosis [Tarozzi et al., 2007; Aitken and De Iuliis, 
2010], Normally during chromatin remodeling in sperm 
(histones to protamines), naturally occurring breaks by 
topoisomerase II relieve the torsional stresses as DNA is 
compacted and subsequently are resealed [Tarozzi et al.,
2007] . Alteration to this machinery of break and repair 
can cause altered chromatin structure and residual breaks 
in the DNA of sperm [Tarozzi et al„ 2007].

Sperm DNA damage has also been associated with 
high levels of reactive oxygen species (ROS) detected in 
the semen of 25% of infertile men [Zini and Libman, 
2006], The susceptibility to ROS damage stems from the 
presence of unsaturated fatty acids in the plasma mem­
brane, necessary for membrane fluidity which is required 
in the acrosome reaction during fertilization [Aitken and 
De Iuliis, 2010], The only defence mechanism against 
ROS is the antioxidant ability of the seminal plasma and 
the sperm chromatin compactness [Tarozzi et al., 2007], 
However, free radicals can be produced both by defective 
spermatozoa and semen leukocytes, thus inducing sperm 
damage and conferring to male infertility [Zini and Lib­
man, 2006; Tarozzi et al., 2007; Aitken and De Iuliis, 
2010], The point in time at which the damage occurs is 
still under debate, but it probably happens during epi- 
didymal maturation, as this is the longer exposure time 
that spermatozoa have to ROS [Tarozzi et al., 2007].

Sperm DNA damage has also been associated with a 
form of selective apoptosis. Under normal conditions, 
this regulates the production of abnormal sperm in sper­
matogenesis and limits the population of germ cells to a 
number that can be supported by the Sertoli cells [Zini 
and Libman, 2006; Tarozzi et al., 2007; Varghese et al.,
2008] . Overexpression of this process could lead to oligo-
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or azoospermia, whereas underexpression could give rise 
to abnormal sperm which could impair fertilization [Var- 
ghese et al., 2008], Using a marker for apoptosis (Fas) it 
was found that less than 10% of apoptotic sperm exist in 
normospermic men whereas approximately 60% of oligo- 
spermic men have more than 10% of apoptotic sperm 
[Varghese et al., 2008]. It has also been postulated that 
advancing age and cancer therapies are associated with 
reduced apoptosis and increase of DNA damaged sper­
matozoa [Zini and Libman, 2006; Varghese et al., 2008],

Taken together, factors implicated in sperm DNA 
damage include age, obesity, smoking, and cancer treat­
ment, i.e., those not dissimilar to factors causing in­
creased sperm disomy [Aitken and De Iuliis, 2007],

The emerging message from clinical studies with re­
gard to sperm DNA damage is that it has a detrimental 
effect on reproductive outcomes (i.e., lower intrauterine 
insemination pregnancy rates and higher pregnancy loss 
following IVF/ICSI) and that infertile men possess sub­
stantially more spermatozoa with DNA damage [Zini 
and Libman, 2006; Barratt et al., 2010], Further examina­
tion is required to fully define the impact of sperm dam­
age on reproductive outcomes and similarly to provide 
more information on the aetiology of infertility to be able 
to develop new treatments designed to help individuals 
with fertility problems.

Nuclear O rgan ization

Correct chromosome copy number and absence of 
DNA damage are both indicators of a ‘healthy’ nucleus. 
Another marker of nuclear health is the appropriate spa­
tio-temporal organization of the chromatin and associated 
proteins in the interphase nucleus (nuclear organization).

The nucleus of any eukaryotic cell is a highly complex 
and compartmentalized organelle that accommodates a 
wide spectrum of actions such as genome replication, 
transcription, splicing, and DNA repair. The level of or­
ganization can be considered with respect to chromatin 
(chromosome territories), the interchromatin compart­
ment, and specialized structures (e.g., nucleolus, nuclear 
matrix).

Chromosome Territories and Nuclear Organization
Even when decondensed in the interphase nucleus, 

each chromosome occupies a nuclear distinct territory 
and, in most cells, this territory is preferentially located 
at a specific position within the nucleus [Cremer and Cre- 
mer, 2001; Parada and Misteli, 2002], Indeed, measuring

the relative position of chromosome territories is perhaps 
the best-known means of assaying for levels of nuclear 
organization, and perturbations in the normal patterns 
can be an indicator of a disturbed nuclear health [Croft 
et al., 1999].

The concept of the territorial organization of chromo­
somes in interphase nuclei originates from the late 19th 
century. It was Carl Rabl [1885] who first suggested it; 
however, it was Theodor Boveri [1909] who first proposed 
the term ‘chromosome territory’ (CT). Boveri argued that 
each chromosome occupied a distinct part in the nuclear 
space during interphase [Cremer and Cremer, 2006], The 
first experimental evidence for the existence of CTs came 
in 1977 when fixed cells treated with acetic acid and high 
salt resulted in clumps of condensed chromatin reflecting 
interphase chromosomes [Stack et al., 1977], With the ad­
vent of FISH, direct visualization of CTs was possible, and 
later a combination of 3D-FISH on intact nuclei and con- 
focal microscopy allowed the spatial reconstruction of 
CTs [Cremer and Cremer, 2010], Once CTs became easy 
to visualize and measure, researchers looked for patterns 
of proximity and organization. It became widely accepted 
that CT position in the interphase nucleus is non-random 
[Manuelidis, 1990; Cremer et al., 2001; Marshall, 2002; 
Oliver and Misteli, 2005; Khalil et al., 2007; Meaburn and 
Misteli, 2007], and 2 major models have been used to de­
scribe the radial position of chromosome territories: the 
gene-density model and the size model.

Croft et al. [1999], using paints for human chromo­
somes 18 and 19 in lymphoblasts and dermal fibroblasts, 
described observations best-fitting a gene density model 
(gene-rich chromosomes nearer the nuclear centre, gene- 
poor ones at the periphery). These observations were sup­
ported by Lukasova et al. [2002] for chromosomes 9, 17, 
8, and 13 and by Cremer et al. [2003] using 3D studies. In 
a more recent study to support this model, Federico et al.
[2008] studied chromosome 7 in lymphocytes which con­
tains large blocks of both gene-dense and gene-poor re­
gions. More gene-rich regions were located towards the 
interior, whereas the gene-poorest regions were aligned 
towards the periphery. This model has also been observed 
in primates where orthologous sequences to human chro­
mosomes were used and occupied similar nuclear posi­
tions to humans [Tanabe et al., 2002, 2005]. The func­
tional implications are that gene-rich chromosomes may 
be more associated with the transcriptional machinery. 
Moreover, the separation of the nucleus to transcription­
ally active (gene-rich chromosome areas) and transcrip­
tionally silent (gene-poor) regions may be important to 
enhance expression or repression [Foster and Bridger,
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2005; Meaburn and Misteli, 2007]. Evidence for this mod­
el is supported from the movement of specific genes from 
the periphery to the interior upon their activation (e.g., 
(3-globin during differentiation of mouse erythroid cells) 
[Takizawa et al., 2008], Despite some evidence with re­
gard to spatial position and gene activity, functional rel­
evance still remains elusive as positional changes of any 
given locus are affected by more than one mechanism. 
Furthermore, different genes adopt different behaviors, 
thus prohibiting the application of universal rules 
[Takizawa et al., 2008]. A recent commentary by Misteli
[2009] supports the use of more global approaches (rath­
er than single-gene interrogations) to further understand 
the mechanisms of genome organization. In addition, it 
suggests that combined cytological and computational 
approaches point to the conclusion that genomes are self­
organizing entities.

The alternative to the gene density model simply clas­
sifies chromosome territories according to their size, 
with the small chromosomes being close to the nuclear 
interior and large ones towards the nuclear periphery 
[Bolzer et al., 2005], This model has been observed in fi­
broblasts with elliptoid nuclei, and recently Skinner et al. 
[2009] distinguished a size-based from a gene-density- 
based model in embryonic fibroblasts of chicken -  a spe­
cies previously reported as fitting both models [Foster 
and Bridger, 2005].

Foster and Bridger [2005] propose that these 2 models 
are not mutually exclusive but dependent on the status of 
the cell and/or chromosome. In a recent review, Cremer 
and Cremer [2010] argue that local gene density is a piv­
otal factor for the radial position of chromatin but also 
point that other parameters could be involved (e.g., rep­
lication timing). As will be discussed in a subsequent sec­
tion, however, the nuclear organization of mammalian 
sperm is somewhat different to either of these models.

The space between the CTs is termed the interchroma­
tin compartment [Cremer et al., 2006], Active genes are 
thought to be located in the periphery of CTs near the in­
terchromatin compartment in order to be accessible to 
transcription and splicing factors [Foster and Bridger, 
2005; Branco and Pombo, 2007; Heard and Bickmore, 
2007], However, evidence suggests that genes can be tran­
scribed both inside and outside the CTs necessitating the 
description of ‘sponge-like’ CTs permeated by intrater­
ritorial interchromatin compartment channels [Cremer 
and Cremer, 2010].

Possibly separating the CTs and interchromatin com­
partment is the proposed ‘perichromatic region’ -  a thin 
layer of decondensed chromatin thought to represent the

Male Fertility, Chromosome
Abnormalities, and Nuclear Organization

subcompartment where transcription, co-transcriptional 
RNA splicing, and possibly DNA repair occurs [Cremer 
and Cremer, 2010], If this is the case, one important as­
sumption of this model is that small scale loops of 50-200 
kb built up in the CTs whose configuration changes de­
pending on the transcriptional status of its genes [Cremer 
et al., 2006], An alternative model, however, is the lattice 
model that suggests that there is intermingling of 10- 
30-nm chromatin fibers between adjacent CTs [Branco 
and Pombo, 2007; Heard and Bickmore, 2007],

Nuclear Organization and Disease
Boyle et al. [2001] were, to the best of our knowledge, 

the first to investigate human chromosome repositioning 
associated with disease. They studied lymphoblasts from 
normal and X-linked Emery-Dreifuss muscular dystro­
phy (X-EDMD) males, where emerin protein is lacking, 
without observing significant changes in nuclear loca­
tions of specific CTs. Cremer et al. [2003] reported differ­
ent patterns of CT position for chromosomes 18 and 19 
in normal and in tumor cell lines. In a more recent study, 
Marella et al. [2009a] argued for a difference in CT asso­
ciation for chromosomes 4 and 16 in breast cancer lines 
compared to normal cells. In addition, several studies 
have highlighted that certain translocations could be 
generated due to close proximity of the chromosomes in­
volved. Petrova et al. [2007] analysed the position of chro­
mosome X and 1 in human cells having 1 copy and 4 cop­
ies of the X chromosome, respectively. In the polysomic 
cells (XXXY) the active X appears to be closer to the nu­
clear periphery than in normal XY cells. Also in XXXY 
cells the position of chromosome 1 appears to be more 
towards the nuclear periphery compared to normal XY 
cells. Another change in CT position was noticed for 
chromosome 17 upon infection of lymphocytes with Ep- 
stein-Barr virus (EBV) implying genome instability in 
host cells [Li et al„ 2010], Other diseases where a possible 
perturbed nuclear architecture may be involved are pro- 
myelocytic leukaemia (PML), X-linked mental retarda­
tion, and Huntington’s disease [Misteli, 2005],

The most well-described involvement of a perturbed 
nuclear organization and disease is found in laminopa- 
thies [Foster and Bridger, 2005; Misteli, 2005]. Patients 
have a mutation in the LMNA gene, and phenotypes are 
associated with muscular dystrophy, lipodystrophies, 
neuropathies, and the premature aging disease Hutchin­
son-Gilford progeria [Bridger and Kill, 2004; Misteli, 
2005]. Recently, it was shown that in patients with muta­
tions in the LMNA gene positions of the territories of 
chromosomes 13 and 18 are more interior than in con­
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trols [Elcock and Bridger, 2010], Possible explanations for 
the causative mechanisms of the disease suggest that mu­
tations in LMNA weaken nuclear integrity by exposing 
the nucleus (more specifically the nuclear matrix) to me­
chanical stress or that mutations cause misregulation of 
genes [Foster and Bridger, 2005; Misteli, 2005].

If a perturbed nuclear architecture is indeed manifest­
ed as altered CT (and thus gene) position, this could 
change the local gene environment and the availability of 
transcription factories thus leading to misregulation or 
even non-participation of some genes in transcription 
[Elcock and Bridger, 2010], To the best of our knowledge, 
however, the association between nuclear organization 
and male infertility remains underexplored.

Nuclear Organization and Cell Differentiation
Changes in CT or individual locus position have been 

observed during differentiation in several systems. The 
immunoglobulin gene cluster repositions from the nucle­
ar periphery (in non-lymphoid cells) to the nuclear center 
in pre-B cells, and a similar observation has been de­
scribed for the Mashl locus during neural induction 
[Schneider and Grosschedl, 2007], Furthermore, genes 
such as HoxBl in mouse embryos undergo a shift towards 
internal location upon activation [Takizawa et al., 2008], 
The notion seems to be that loci in positions relative to 
the nuclear periphery or heterochromatin domains are 
linked with gene repression, whereas repositioning of loci 
from the nuclear periphery to the interior or away from 
heterochromatin is correlated with gene activation 
[Takizawa et al., 2008; Szczerbal et al., 2009], This model 
may, however, well be an oversimplification and not uni­
versally applicable. Biallelically expressed genes occupy 
different radial position in the same nucleus, RNA poly­
merase II transcription sites are distributed throughout 
the nucleus (thus transcription is not only occurring in­
ternally), and moreover heterochromatin, which is large­
ly transcriptionally silent, can be found throughout the 
nucleus [Takizawa et al„ 2008], Based on experiments 
with the (3-globin gene, which during its inactive form is 
in the periphery and remains there until the early stages 
of activation and only then repositions to the interior, it 
seems that internal position is not a requirement for ac­
tivity, and transcription alone does not drive the position 
of a gene [Francastel et al., 2000]. Chromosomal neigh­
borhood seems to be another factor determining whether 
a locus changes its position. Certain loci show preferred 
contacts with their neighbors in a phenomenon termed 
chromosome kissing’ implicated in both transcriptional 
activation and gene silencing [Cavalli, 2007],

Studies of differentiation are not limited to individual 
loci but have involved CTs, too. Kuroda et al. [2004] stud­
ied the relative positions of chromosomes 12 and 16 dur­
ing adipocyte differentiation and found a close associa­
tion of these 2 chromosomes. This proximity could influ­
ence their involvement in translocations such as t(l2; 16). 
Parada et al. [2004] studied the nuclear position of 6 chro­
mosomes in 3 different tissues and found considerable 
differences indicating a tissue-specific genome organiza­
tion. Szczerbal et al. [2009] found a correlation of gene 
expression and internal positioning for 6 porcine loci 
during adipogenesis, and Marella et al. [2009b] investi­
gated the radial arrangement of the territories of chromo­
somes 18 and 19 during human epidermal kératinocyte 
differentiation. The latter found repositioning of chro­
mosome 19 closer to the periphery (compared to chromo­
some 18) in the differentiated cells, plus a decrease in the 
interchromosomal association of these 2 chromosomes. 
Recently, a striking example of CT organization was 
shown by Solovei et al. [2009]. They demonstrated that 
the nuclear architecture of rod photoreceptor cells differs 
fundamentally in nocturnal compared to diurnal mam­
mals. That is, the rods of retinas from diurnal mammals 
adopt a gene density model. Paradoxically, the rods of 
retinas from nocturnal mammal display a pattern that is 
inverted, i.e., the heterochromatin localizes towards the 
nuclear center, whereas the euchromatin lines the nucle­
ar periphery. It is suggested that this adaptation occurs so 
that the nuclei can help the cell channel light efficiently 
toward the light-sensing rod outer segments. This exam­
ple provides evidence that, under selective pressure, nu­
clear architecture can be modified to accommodate spe­
cific functionality [Cremer and Cremer, 2010].

Another striking example of chromosome reposition­
ing in differentiation was provided by Foster et al. [2005] 
in porcine spermatogenesis. It was found that the sex 
chromosomes repositioned from the nuclear periphery to 
the interior during cell differentiation from spermato­
cytes to round spermatids. It was argued that this non- 
random position could have a functional significance in 
the future expression of the paternal genome during em­
bryo development.

Nuclear Organization in Sperm Cells
Spermatogenesis can be divided into 3 main phases: 

the mitotic proliferation of spermatogonia to produce 
spermatocytes, the meiotic divisions to produce round 
spermatids, and spermiogenesis where the early sperma­
tids are maturing to elongated spermatids. It is during the 
last stage, spermiogenesis, when reorganization and com­
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paction of the sperm chromatin occurs. Histones are first 
replaced by transition proteins [Meistrich et al., 2003] 
and then by protamines [Balhorn, 1982] inawaythat 15% 
of chromatin remains bound to histones whereas 85% is 
bound by protamines [Wykes and Krawetz, 2003], Chro­
matin still associated with histones in sperm enriches im­
portant loci essential for embryo development (e.g., genes 
for key embryonic transcription factors) [Carrell and 
Hammoud, 2010],

The major component of protamines is arginine which 
is responsible for the abundance of positively charged - 
NH3+ groups [Bjorndahl and Kvist, 2010]. The functional 
implication of this is that -N H 3+ groups neutralize the 
negative charges of the phosphate groups in the DNA 
backbone allowing a higher degree of compaction [Bjorn­
dahl and Kvist, 2010], This highly compacted DNA (10~6- 
fold compared to 10_5-fold offered by histones) provides an 
efficient packaging to facilitate proper delivery of the pa­
ternal genome to the egg [reviewed in Miller et al., 2010]. 
The cysteine residues of protamines confer extra stability 
in the sperm chromatin through intermolecular disul­
phide cross-links [Ward, 2010]. Ward also argues that 
sperm chromatin rearrangement by protamines functions 
to ensure proper fertilization (as a protective agent of the 
paternal genome) and not for embryonic development. It 
is also suggested that protamines serve as the silent agents 
of gene expression during spermiogenesis [Ward, 2010].

The nuclear organization in human sperm has been 
extensively studied and well defined [Haaf and Ward, 
1995; Zalensky et al., 1995; Hazzouri et al., 2000; Tilgen et 
al., 2001; Mudrak et al., 2005], The position of the chro­
mosomes is non-random with the centromeres clustering 
in the nuclear center to form the ‘chromocenter’ and the 
telomeres exposed towards the periphery where they in­
teract to form dimers [Zalensky etal., 1993,1995; Luetjens 
et al., 1999; Solov’eva et al., 2004; Zalenskaya and Zalen­
sky, 2004]. Similar spatial organization seems to be re­
tained in other mammals as it is indicated by data from 
cattle [Zalenskaya and Zalensky, 2004], mouse [Haaf and 
Ward, 1995; Meyer-Ficca et al., 1998], pig, horse, and rat 
[Zalenskaya and Zalensky, 2004]. A recent study by Tsend- 
Ayush et al. [2009] argues for non-random positioning of 
12 chromosomes in the sperm of chicken which is in con­
trast to some earlier observations made by Greaves et al. 
[2003] who suggested that the organization was random.

A chromocenter in human sperm was first visualized 
by CENP-A immunolocalization and FISH using an al­
pha-satellite probe for all chromosomes [Zalensky et al., 
1993], It seems that the chromocenter contains pericen­
tric heterochromatin from different chromosomes and

Male Fertility, Chromosome
Abnormalities, and Nuclear Organization

has the tendency to aggregate [Zalensky et al., 1995]. The 
fact that CENP-A is found in mature spermatozoa [Sul­
livan, 2001] indicates that centromeric DNA exists in 
both nucleosomal and protamine organization, and this 
suggests that these chromosomal regions may not need 
to undergo dramatic remodeling following fertilization 
[Zalensky and Zalenskaya, 2007].

With regard to the telomeres, dimers are formed be­
tween the p and q telomeres of each chromosome, confer­
ring a hairpin loop structure [Solov’eva et al., 2004; Mu­
drak et al., 2005], Zalensky and Zalenskaya [2007] argue 
that such a configuration could favor an ordered with­
drawal of chromosomes via telomeres through their as­
sociation with the sperm microtubule machinery. The 
importance of telomeres in fertilization has been shown 
in mice where telomerase knockout disrupts reproduc­
tive function [Lee et al., 1998],

In addition to the studies of the radial nuclear organi­
zation of chromosome territories, the polar nature of a 
sperm cell allows the position of chromosomes to be 
studied longitudinally. A combination of data from sev­
eral studies [Luetjens et al., 1999; Hazzouri et al., 2000; 
Zalenskaya and Zalensky, 2004; Mudrak et al., 2005] ar­
ranges 11 chromosome territories in the following order 
head-tail: X, 7, [6, 15, 16, 17], 1, [Y, 18], 2, 5, where chro­
mosome 13 seems to occupy a random position. The 
functional implication of this could be related to the or­
der that chromosomes are being affected by the maternal 
cytoplasmic environment after fertilization [Zalensky 
and Zalenskaya, 2007]. This might also apply to the pe­
ripheral chromosomes being the first to be exposed to 
ooplasm that undergoes earlier remodeling [Zalensky 
and Zalenskaya, 2007], It should also be emphasized that 
the positions of the sex chromosomes relative to the acro- 
some are similar in sperm of all mammals (but not birds), 
implicating a functional significance with regard to pa­
ternal X inactivation [Greaves et al., 2003]. The aforemen­
tioned studies were performed on flattened nuclei with 
the known disadvantage of having to compromise for the 
3D nucleus shape to a 2D flattened object. Recent emerg­
ing evidence from Manvelyan et al. [2008], who studied 
3D nuclear architecture in 30 sperm cells, argues for a 
possible correlation of chromosome position with size 
and gene density.

Nuclear Organization and Assisted Reproduction -
Some Conclusions and Thoughts
If we accept that the non-random positioning of chro­

mosomes in human sperm has functional significance 
and a possible impact on fertilization, then it follows that
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men with altered nuclear organization in their sperm 
heads might have fertility problems. In other words, al­
tered nuclear organization might be a measurable pheno­
type in the sperm of infertile men, perhaps explaining 
idiopathic (i.e., unexplained) infertility in some cases 
[Mudrak and Zalensky, 2006]. Relatively early evidence 
implicated the possible importance of nuclear organiza­
tion in assisted reproduction and its possible association 
with aneuploidy [Luetjens et ah, 1999], The authors sug­
gested that sperm used in ICSI that have not gone through 
the acrosomal reaction could impair chromatin decon­
densation located in the apical region and thus hinder 
progression to the first mitotic division of the zygote, 
hence causing non-disjunction errors (translated as an­
euploidy) in ICSI offspring.

If we compare the above evidence with the well-estab­
lished reports of perturbations in nuclear health associ­
ated with male infertility (i.e., increased levels of sperm 
disomy and compromised DNA repair as mentioned 
above), the indirect evidence to support the hypothesis of 
altered nuclear organization as a correlate of male infer­
tility becomes more convincing. Indeed, it seems likely 
that altered nuclear organization would correlate with in­
creased sperm disomy and/or altered DNA repair. In­
deed, Zalensky and Zalenskaya [2007] argue for a differ­
ent category of sperm chromosome abnormality related 
to atypical packing of CTs in sperm, aberrant positioning 
of chromosomes, or even disturbed telomere-centromere 
interactions. Furthermore, it has long been postulated 
that sperm with a chemically interrupted nuclear matrix 
(which mediates the attachment sites of compacted sperm 
chromatin) cannot produce viable offspring [Ward et al.,

1999], Direct evidence is, however, somewhat lacking and 
only a handful of studies have tried to establish this pos­
sible link.

Sbracia et al. [2002] investigated the longitudinal posi­
tion of the sex chromosomes between normal and oligo­
spermie males going through ICSI without finding a dif­
ference. Wiland et al. [2008] found inter-individual dif­
ferences in centromere topology between normal males 
and reciprocal translocation carriers, and Olszewska et 
al. [2008] compared longitudinal positions for chromo­
somes 15, 18, X, and Y between control males and infer­
tile patients without finding a difference in nuclear posi­
tion. All these studies examined position in the longitu­
dinal axis and argued that a larger number of individuals 
and more chromosomes were required. Thus far, the only 
study of which we are aware that examined the radial po­
sition for 3 chromosomes (centromeres of X and 18 and 
the long arm of the Y) is that of our own laboratory [Finch 
et al., 2008a]. It was suggested that all centromeres occu­
pied central positions in normal males, but the sex chro­
mosomes showed altered positions (a more random dis­
tribution) in some of the infertile patients. We are in the 
process of examining a larger number of chromosomes 
in a larger number of males [Ioannou and Griffin, unpub­
lished results] and have extended these studies to human 
embryos in a further attempt to establish a link between 
non-disjunction and nuclear organization [Finch et al., 
2008b], The possible association between altered nuclear 
organization and male infertility remains an exciting 
area for further research with possible implications for 
improved screening, diagnosis, and therapy. Time will 
tell.
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