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Abstract

ABSTRACT.

Preimplantation genetic diagnosis (PGD) involves the genetic screening of 

cleavage-stage embryos generated by in vitro fertilisation (IVF), and has been 

introduced for couples at high risk of transmitting a genetic defect many of whom 

have experienced recurrent spontaneous or induced abortion. Prompted by growing 

patient demand, this study has centred on developing new approaches for PGD of 

chromosomal abnormalities using fluorescent in situ hybridisation (FISH). Dual and 

triple combinations of locus-specific FISH probes for chromosomes 13, 14, 15, 18 

and 21 were developed, and evaluated in seventy-one surplus IVF embryos. In the 

normally developing group (43 embryos), 67% were uniformly normal, 19% were 

diploid mosaic, 9% were aneuploid mosaic and 5% were chaotic. In the abnormally 

developing group (28 embryos), 21% were normal and 79% were chromosomally 

abnormal. PGD strategies were designed for fifty referrals involving chromosomal 

indications, 12% of which reached the embryo biopsy stage o f PGD whilst 18% are 

awaiting treatment. Over two thirds withdrew ft-om further treatment, reasons 

included: 26% losing contact with the Centre, 16% naturally conceived normal 

pregnancy, 10% electing for alternative treatment, 10% personal circumstances and 

8% IVF-related problems. Six couples underwent PGD, one gonadal mosaic for 

trisomy 21, two balanced reciprocal translocation carriers and three Robertsonian 

translocation carriers. Over ten IVF cycles, a total of 160 oocytes were retrieved and 

72% (53/74) of resulting embryos were biopsied. FISH analysis showed 15% of 

embryos were normal for the chromosomes tested, whilst 85% were chromosomally 

unbalanced, categorised as 50% aneuploid/mosaic and 35% chaotic. No clinical 

pregnancies resulted from three single and three double embryo transfers. From these 

data three distinct mechanisms were identified which appear to be implicated in the 

reproductive problems experienced by these patients: gonadal mosaicism with 

precocious chromatid segregation; increased abnormal meiotic segregation associated 

with terminal translocation breakpoints; and a high incidence o f chaotic chromosome 

distribution and division in early cleavage-stages.
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Introduction

1.1 Early Human Development.

Human reproduction has an unusually high failure rate for such a vital 

process. Hormone assays carried out on fertile women attempting to conceive suggest 

that only about one in four menstrual cycles actually results in implantation, with an 

estimated 20-25% of these conceptions lost before they are clinically recognised 

(Wilcox et al., 1988; Ellish et al., 1996). Even in confirmed pregnancies, a further 10- 

15% spontaneously abort before term at forty weeks, mostly occurring in the first 

trimester (Edmonds et al., 1982; Wilcox et al., 1988). This low fecundity in humans 

appears exceptional when compared to some other primate species studied, such as 

the baboon (D’Hooge et al., 1994; Stevens et al., 1997), and the evolutionary 

significance of this is open to debate. What is apparent however is the major role of 

chromosomal abnormalities in this pregnancy loss, as over half of all the spontaneous 

abortions examined show abnormal chromosome constitutions (Hassold et al., 1986; 

Eiben et al., 1990). The underlying basis for these chromosomal defects can be traced 

back to errors primarily in one of three stages in human development; gametogenesis, 

fertilisation or early embryogenesis.

1.1.1 Gametogenesis and Meiosis.

Cell division is a basic requirement for growth and differentiation throughout 

human development and for this to proceed normally relies on the precise replication 

and distribution of the cell’s DNA, packaged in forty-six chromosomes, to each 

daughter cell. In actively dividing somatic cells this takes place by a process of 

mitosis resulting in two chromosomally equivalent cells. During gametogenesis a 

specialised division, meiosis, operates involving a single round of DNA replication 

followed by two successive chromosome segregations, meiosis I and II (MI, Mil) 

(Fig 1.1). This results in a halving of the chromosome number (haploidy) which is 

restored to its diploid state again when male and female gametes fuse at fertilisation. 

Essentially the recombination of homologous chromosomes during meiosis facilitates 

the independent assortment of maternally and paternally derived genes in the 

gametes, so providing new combinations of genetic material in the next generation.
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Fig 1.1: Meiosis.

Introduction

Nuclear
Membrane

46(2n)' 46{2n)' 46(2n)Homologous
Chromoeomes

INTEHPHASE
(DNA Replicadon)

PROPHASE
(Leptolene and zygotene) 

Pairmp of cTiromatids

PROPHASE
(Pachytene and diptotene) 

Chiaamala toimallon 
and chromatid exchange

23(n)'46{2n)

23(nj'
Unique [___

Chromosomes

FIRST ANAPHASE
(Separation ol homologous 

ctwomosornes)

GenehcaUy unique 
haploid "daughter" cells

[0.23(h)
23(h) 23(h)

23(h)

23(h)

23(h)23(h) .23(h)

SECOND ANAPHASE
(Separation o( unique 

chromatids at centromere)

SECOND TELOPHASE
(Cytokinesis and nuclear 
membrane rekrmatron)

Fig 1.1; Meiosis is made up o f two divisions. Ml, a reduction division is dominated by an 

extended prophase stage during which the forty-six chromosomes (2n) condense and fonn 

twenty-three homologous pairs or bivalents, the close association allowing genetic 

recombination at sites called chiasmata. At metaphase 1, the bivalents line up on the 

metaphase plate orientated by attachment to the spindle then disjoin and segregate to opposite 

daughter cells during anaphase 1 and telophase 1. Mil, a mitotic-type division follows in 

which chiomosomes are again aiTanged on the spindle (metaphase II) before sepaiation and 

segregation o f sister chromatids to opposite poles during anaphase and telophase II. 

Cytokinesis produces four haploid products (n). (reproduced from Elder and Fleming, 2001).
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Introduction

1.1,1.1 Oogenesis.

Meiosis has an extremely extended duration in the female. It is initiated in the 

early embryo but is not completed until the moment of fertilisation any time from 

puberty up until the end of reproductive life some forty years later. Oogenesis begins 

during the sixth week of development when oogonia in the ovary start to proliferate 

mitotically and form primordial follicles, consisting of primary oocytes surrounded 

by a layer of somatic epithelial cells (Siracusa et al., 1985). These diploid oocytes 

then enter MI before arresting at diplotene of prophase I. Synchronised clusters of 

cells can be observed at various stages of this process up until the seventh month of 

fetal development, after this time however no new primary oocytes are formed 

(Uebele-Kallhart, 1978; Siracusa et al., 1985). At birth, as with most mammalian 

species, all oocytes are arrested in the germinal vesicle stage and remain in this 

quiescent state until puberty (Baker, 1963).

When the ovarian cycle begins, the hypothalamus produces gonadotrophin 

releasing hormones (GnRH) which trigger the anterior pituitary to release follicle 

stimulating hormone (FSH) and in later stages lutenising hormone (LH), which 

promote the growth and continued differentiation of between five to twelve follicles. 

At this time the surrounding follicular cells become columnar and proliferate 

secreting oestrogen, and a glycoprotein coat the zona pellucida covers the oocyte. In 

the progression from primary (preantral) to secondary (antral) follicle, a fluid filled 

space known as the antrum forms whilst the oocyte surrounded by cumulus cells 

becomes positioned eccentrically within the follicle (Wassarman and Albertini, 

1993). During this follicular maturation, the oocyte is transcriptionally and 

translationally very active accumulating high levels of mRNA and the cytoplasmic 

volume increases some 300-fold (Driancourt and Thuel, 1998). Around mid-cycle the 

high oestrogen levels cause a LH surge, which in turn causes resumption of meiosis 

and ovulation of the leading follicle 24-36 hours later. The primary oocyte completes 

MI, with uneven diakinesis resulting in extrusion of the first polar body (PBI), before 

arresting again at the metaphase stage of MIL It is now known as a secondary or Mil 

oocyte (Wassarman and Albertini, 1993). At ovulation the mature follicle ruptures to 

release the Mil oocyte surrounded by a layer of cumulus cells (the corona radiata)

16



Introduction

which is wafted into the uterine tube. Under LH influence the remaining follicle 

forms the corpus luteum which secretes progesterone to prepare the endometrial 

lining of the uterus for implantation. If fertilisation does not occur, oestrogen and 

progesterone levels fall and twelve to fourteen days later, menstruation begins 

(Moore, 1988).

On a molecular level, alterations in activity of the cyclin-cdk dimer, 

maturation or M-phase promoting factor (MPF) are central to this process. MPF, first 

characterised from amphibian oocyte extracts (Masui and Makert, 1971; Dunphy et 

al., 1988), is involved in key events in cell division such as nuclear membrane 

breakdown, chromosome condensation and arrest of transcription. During meiosis 

various regulatory pathways of MPF have been proposed, including down-regulation 

by cAMP-dependent kinase mediated phosphorylation and up-regulation by the 

protein kinase c-mos possibly via inhibiting cyclin degradation (Kubiak et al., 1993). 

Following this, LH is thought to release the prophase I arrest by disrupting 

follicle/oocyte gap-junctions causing a decrease in intracellular cAMP (Granot and 

Dekel, 1998). In support of this studies on in vitro maturation show oocytes 

prematurely removed from preantral follicles can spontaneously resume meiosis 

(Edwards et a l,  1969; Granot and Dekel, 1998) whilst this effect is blocked if cAMP 

levels are artificially maintained (Tomell and Hillensjo, 1993). The subsequent Mil 

arrest is likely to be a direct result of c-mos maintained high MPF activity as shown 

by the failure of this event in oocytes from c-mos deleted mice (Hashimoto et al., 

1994; reviewed in Heikinheimo and Gibbons, 1998).

The loss of female germ cells throughout a lifetime is evident considering that 

the seven million primordial follicles present in the five month old fetus are reduced 

to two million by birth and by puberty only 100-300,000 follicles remain. Of these 

perhaps a maximum of 400 will become Mil oocytes and of these few if any will 

actually fertilise, completing meiosis to become mature ova (Baker, 1963; Siracusa et 

al., 1985). Persistent degeneration of follicles, characterised by high levels of meiotic 

pairing anomalies (Speed, 1988), via apoptotic pathways continues to deplete the 

ovarian reserve until menopause (Faddy et al., 1992).
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1.1.1.2 Spermatogenesis.

Meiosis is not initiated in the male until puberty. Spermatogenesis begins 

when the Leydig cells under influence of LH secrete testosterone, which triggers the 

spermatogonia in the seminiferous tubules of the testes to proliferate mitotically and 

begin to differentiate to form primary diploid spermatocytes. These cells undergo MI, 

forming two secondary spermatocytes, which then complete Mil to become four 

haploid meiotic products known as round spermatids. Throughout spermatogenesis 

differentiating germ cells derived from common spermatogonia are linked by 

cytoplasmic bridges in a syncytial-type arrangement, and remain in close contact with 

somatic Sertoli cells extending from the basal lamina to the lumen of the tubules 

(Eddy and O’Brien, 1993). The spermatids then undergo a remodelling step, 

spermiogenesis, shedding the majority of cytoplasm and cell organelles to form 

spermatozoa consisting of a head region containing the condensed haploid nucleus, a 

mitochondrial sheath and a flagellum-like tail for motility. A specialised secretory 

vesicle associated with the Golgi apparatus, the acrosomal region, forms a cap over 

the anterior end of the nuclear membrane. The spermatozoa are then released into the 

lumen and pass to the epididymis for final maturation before ejaculation, the entire 

process taking approximately 60-70 days (Metz and Monroy, 1985; Eddy and 

O’Brien, 1993). This continues under gonadotrophin control throughout adult life into 

old age. In approximately 2% of men however this process is defective resulting in 

abnormally low sperm counts (<20x1 oVml, oligozoospermia) or total absence of 

sperm (azoospermia) (Hull et al., 1985). The discovery that some of these men were 

also deleted for a region of Yq termed AZF (azoospermia factor) (Tiepolo and 

Zuffardi, 1976) lead to characterisation of gene families involved in spermatogenesis, 

with those mapped including DAZ (Reijo et al., 1995) and RBM (Ma et al., 1993).

Of the 200-600 million sperm deposited near the cervical canal during sexual 

intercourse only a few hundred will complete the journey to the uterine tubes taking 

5-45 minutes, with the majority of the remainder becoming non-viable after 24 hours 

(Settlage et al., 1973). Prior to this human sperm undergo capacitation in the female 

genital tract, a prerequisite for fertilisation whereby glycoproteins are lost from the 

acrosomal region and motility increases (de Lamirande et al., 1997).
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1.1.2 Fertilisation.

Normal fertilisation takes place in the ampulla of the uterine tube usually 

within twelve hours post-ovulation, and begins when a single sperm reaches the 

secondary oocyte, and passes through the corona radiata before attaching to the zona 

pellucida. Although sperm binding has been described as occurring tangentially, 

recent electron microscopy (EM) of human oocytes shows head on binding may also 

be a common event (Magerkurth et al., 1999). Binding is mediated by at least three 

major glycoproteins, ZPl, ZP2 and ZP3 which make up the zona extracellular matrix 

(Longo, 1997). This process has been particularly well studied in the mouse 

homologues arranged as ZP2/ZP3 heterodimers cross-linked with ZPl dimers, and 

has shown that sperm/ZP3 binding initiates a cascade of signalling events culminating 

in exocytosis of the aero some (Bleil and Wassarman, 1983; Wassarman et al., 1999). 

The subsequent release of acrosomal hydrolytic enzymes allows the sperm to 

penetrate the zona and fuse with the oocyte plasma membrane, entering the ooplasm. 

Interestingly studies have shown that while recombinant human ZP3 (huZP3) induces 

the aero some reaction in human sperm (Brewis et al., 1998) surprisingly transgenic 

mice expressing huZP3 with mouse ZP1/ZP2 are fertile, with these ‘humanised’ 

zonae binding mouse sperm but not human sperm (Rankin et al., 1998).

The result of sperm penetration is activation of the MU oocyte to complete 

meiosis extruding the second polar body (PBII) to become a mature ovum, with a 

block on further sperm entry mediated by zonal and cortical reactions (Longo, 1997). 

This activation is characterised by well-documented Ca^  ̂ transients, the basis of 

which is thought to be a cytosolic sperm factor (Parrington et al., 1986; Swan et al., 

1990; Dozortsev et al., 1995) causing release of two separate intracellular Ca^^ stores 

which activate Ca^  ̂ dependent pathways to inactivate MPF, allowing meiosis to 

resume (Tesarik and Sousa, 1996; Heikinheimo and Gibbons, 1998). Fertilisation is 

completed as the male and female pronuclei form and migrate towards each other, the 

nuclear membranes break down and maternal and paternal chromosomes join the first 

mitotic spindle. In common with other mammals (with the exception of the mouse) 

this appears to result fi"om the paternally derived centrosome containing the proximal 

centriole (Longo et al., 1963; Schatten et al., 1986; Sathananthan et al., 1998).
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1.1.3 Preimplantation Development.

The preimplantation period of human development covers the events which 

take place from conception until the resulting embryo begins to implant five to six 

days later initiating pregnancy (Fig 1.2). Whilst early work in this field relied on the 

recovery of embryos from hysterectomies and provided very detailed morphological 

descriptions (Rock and Hertig, 1948; Hertig et ah, 1954; 1959), it was only with the 

introduction of in vitro fertilisation (IVF) techniques to treat infertility (Steptoe and 

Edwards, 1978) that reliable access to early embryos was possible and in-depth 

studies could be made. Consequently most of the information available comes from 

observations on in vitro embryonic development.

The zygote completes its first mitotic division in approximately 25-33 hours 

(Balakier et a/., 1993; Capmany et al., 1996), from then on cleavage proceeds rapidly 

with the 4-, 8-, and 16-cell stages completed as the embryo passes along the uterine 

tube and enters the uterus around day three post-conception. Throughout these early 

stages there is no growth so cleavage subdivides the embryo into progressively 

smaller blastomeres, which become increasingly tightly connected as compaction 

occurs to form the 16-cell morula (90-120h post-insemination) (Trounson et al., 

1982). Blastulation follows on day four characterised by formation of the blastocoel, 

a fluid-filled cavity which acts to divide the blastomeres into two distinct populations, 

the trophectoderm (TE) along the outer edge and the inner cell mass (ICM) which 

will form the embryo proper, located at one pole. As the zona pellucida degenerates 

the resulting blastocyst becomes fully expanded consisting of over a hundred cells 

(Hardy et al., 1989) and around day five superficially attaches at the embryonic pole 

to the endometrium. Implantation continues due to TE differentiation, progenitor of 

the placenta, into two layers the inner mitotically active cytotrophoblast and the outer 

invasive syncytiotrophoblast which proliferates to erode the endometrial tissues and 

secretes human chorionic gonadotrophin (hCG) to maintain the corpus luteum. At the 

end of the first week of development the ICM has begun to divide into the primitive 

endoderm or hypoblast layer facing the blastocoel with the cells below destined to 

form the primitive ectoderm or epiblast. By day ten the embryo is completely 

embedded within the endometrium (O’RahiUy and Müller, 1987, Moore, 1988).
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Fig 1.2: Human Preimplantation Development.
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Fig 1.2: The Carnegie staging o f  human embryogenesis divides the human preimplantation 

period into stages 1-5 (O’Rahilly and Muller, 1987) beginning with ovulation and fertilisation 

(stage 1, day 0) to early cleavage stages 2-cell to 16-cell (stage 2, day 2-3) and the free 

floating blastocyst (stage 3, day 4-5) ending with the initial attachment o f the hatched 

blastocyst to the posterior wall o f  the uterus (stage 4, day 5-6). Inset shows diagrammatic 

representations o f 2-cell to blastocyst stages (A to F) (adapted from Moore 1988).
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Mammalian embryogenesis is highly regulative with the emphasis on cell 

position and cell to cell interactions to specify fate, rather than the more rigid 

deterministic model of development seen in invertebrate embryos (Wolpert et al., 

1998). Experimental splitting of 2- to 8-cell embryos from a number of species 

demonstrates the totipotency of single blastomeres in these early cleavage stages to 

produce viable offspring (Tarkowski and Wroblewska, 1967; Willadsen, 1980; 

Johnson et al., 1995). In humans, this is evident from the birth o f healthy babies 

which have resulted from IVF embryos containing degenerating or lysed blastomeres 

(Trounson and Mohr, 1983). The exact stages at which such totipotency becomes 

progressively restricted to pluripotency before final terminal differentiation is the 

subject of debate (Gardner et al., 1996; Edwards and Beard, 1997; 1999). There is 

some evidence of polarity from the uneven distribution of some cytokine and 

transcription factor molecules following cleavage divisions, although the significance 

of this is unclear (Antczak and Van Blerkom, 1997; 1999). However the random 

injection of fluorescent tracer dye into human embryos cultured until the blastocyst 

stage clearly shows that blastomeres can give rise equally to either ICM or TE at least 

up until to the 8-cell stage (Mottla et al., 1995). Similarly in mouse chimaeras 

produced from the fusion of two different 4-cell embryos, cells of each type are later 

found contributing to tissues from both TE and ICM lineages (James et al., 1995).

In recent years gene expression studies using cDNA libraries constructed from 

human preimplantation embryos have begun to shed light on the genes important in 

early development and have shown the presence of sequences corresponding to 

known housekeeping genes and tissue-specific genes as well as completely novel 

ones as yet uncharacterised (Buraczynska et al., 1995; Adjaye et al., 1997; Daniels 

and Monk, 1997; Morozov et al., 1998). Although it is likely that transcripts from the 

embryonic genome influence development from very early stages (Daniels and Monk, 

1997), embryos treated with transcription inhibitors progress to the 4- to 8-cell stage 

presumably reliant solely on maternal mRNA/proteins and it is at that stage that the 

main switch from maternal to embryonic control is thought to occur (Tesarik et al., 

1986; Braude et al., 1988). This is in contrast to the earlier 2-cell stage embryonic 

genome initiation in the mouse (Flach et al., 1982) and later 16-cell stage in bovine 

embryos (Telford et al., 1990).
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1.1.4 /il Vitro Fertilisation (IVF) and Embryo Culture.

Infertility is defined as the inability to conceive after a year of attempting to 

do so, and is reported as affecting 13% of couples in European populations. This 

takes into account that 90% of couples with normal fertility will conceive within one 

year whilst 95% will be successftil after two years (Greenhall and Vessey, 1990). 

Common causes of infertility are ovulatory problems (21%), tubal damage (14%) and 

male factor (24%), but in as many as 28% of cases no obvious clinical basis can be 

found (Hull et al., 1985). Since 1978 and the birth of the first baby resulting fi*om 

pioneering work on IVF by Steptoe and Edwards, continuing advances made in the 

field of assisted reproduction have revolutionised the treatment available to such 

couples (Edwards et al., 1969; Steptoe and Edwards, 1970; 1978).

Although a variety of treatment protocols for IVF are routinely in use today, 

including those using natural cycles or limited stimulation with the anti-oestrogenic 

clomidene citrate, the majority rely on superovulation drug regimes which result in 

pituitary down-regulation allowing more precise control of the ovarian cycle 

(Rutherford et al., 1988). This involves the use of GnRH agonists (GNRHa) which 

bind to pituitary receptors with high afiSnity causing release of stored gonadotrophins 

before blocking all further release. Administration of exogenous gonadotrophin can 

then be controlled to promote the maturation of multiple follicles, usually taking nine 

to fourteen days. When the leading follicle has reached 18mm in diameter, hCG is 

given to complete oocyte maturation and 36 hours later oocyte retrieval is carried out, 

generally via ultrasound-guided transvaginal aspiration. Two variations on this 

approach are the short protocol in which the GnRHa and gonadotrophin are given at 

the beginning of the menstrual cycle making use of the initial endogenous 

gonadotrophin release, and the long protocol in which the gonadotrophin is not begun 

until pituitary suppression is complete allowing for greater control and flexibility 

(Tan et al., 1992). The resulting cumulus-oocyte complexes fi*om aspirated follicles 

are transferred to culture and inseminated four hours post-collection with a prepared 

sample of capacitated sperm (lOVml with normal motility). On average 50-70% of 

oocytes fertilise successfiilly with pronuclei formation commencing 8-14 hours later 

followed by the first cleavage division 30 hours post-insemination (Edwards and
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Purdy, 1982; Balakier et al., 1993). Normally fertilised zygotes are then cultured until 

day two or three at the 2-4 cell or 6-10 cell stages respectively before intrauterine 

embryo transfer (in the UK a maximum of three embryos may be transferred in any 

one cycle) (Rutherford et al., 1988). Cryopreservation of the supernumerary embryos 

(Trounson and Mohr, 1983) allows subsequent cycles of embryo transfer without 

ovarian stimulation and is now part of routine practice. The pregnancy rate varies 

between centres according to the patient group treated but overall the actual livebirth 

per cycle or Take home baby’ rate is about 20%, which declines rapidly as maternal 

age increases over 36 years (HFEA Annual Report, 2000). Obstetric and perinatal 

comphcations associated with IVF are largely attributable to the high incidence of 

multiple pregnancies at risk of pre-term delivery and low birthweight. No measurable 

detrimental effect of this technique on subsequent development has been found in 

follow-up studies, with major congenital abnormahty rates (about 2-3%) directly 

comparable to those seen in natural conceptions (SART, 1992; FIVNAT, 1995). 

Similarly although a single embryo cryopreservation study has suggested an 

associated abnormal increase in body weight in adult mice (Dulioust et al., 1995), 

human births jfrom cryopreserved/thawed embryos do not differ significantly from 

those for fresh IVF embryos or natural conceptions (Wennerholm et al., 1997).

The improvement of in vitro culture conditions to better reflect those in vivo 

has been the subject of intense research in an attempt to increase the success rate of 

IVF. Embryos in vitro often show morphological abnormalities including cytoplasmic 

fragmentation and multinucleate or anucleate blastomeres and have a high incidence 

of developmental arrest, particularly during the 4- to 8-cell stages, with fewer than 

half of all embryos reaching the blastocyst stage by days five to seven (Bolton et al., 

1989; Hardy et al., 1989; Winston et al., 1991). The possibihty that this represents a 

natural selection for normal embryos with greater potential for implantation has lead 

some groups to work towards increasing the blastulation rate with sequential defined 

media (Gardner et al., 1998; Behr et al., 1999) or co-culture with feeder cells such as 

human ampullary cells (Bongso et al., 1989), granulosa cells (Plachot et al., 1993), 

Vero cells (Ménézo et al., 1990) or bovine uterine fibroblasts (Wiemer et al., 1989). 

These studies have produced blastocyst rates which vary considerably (17-85%), but 

few report rates above 50% with many less than 30%. Although there is evidence of a
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relationship between morphology and developmental potential, many blastocysts 

examined are abnormal (Bolton et al., 1989; Hardy et al., 1989; Winston et al., 1991; 

Dokras et al., 1993), and whilst some studies have shown higher implantation rates 

(Scholtes and Zelmaker, 1996; Gardner et al., 1998; Milki et al., 2000) others have 

found no difference compared to cleavage-stage transfers (Bolton et al., 1991; 

Huisman et al., 2000). Data from centres who routinely carry out blastocyst transfer 

suggest that a benefit of this approach is that fewer embryos can be transferred 

without reducing the pregnancy rate (Huisman et al., 2000).

Micro-assisted fertilisation techniques based on IVF technology have been 

developed specifically to address the problem of male factor infertility. These include 

partial zonal dissection (PZD) (Malter and Cohen, 1989), sub-zonal insemination 

(SUZI) of a single sperm into the perivitelline space (Laws-King et al., 1987) and 

now the technique of choice, intracytoplasmic sperm injection (ICSI) directly into the 

ooplasm (Palermo et al., 1992). In addition to ejaculated sperm, ICSI has been 

adapted for use with immature sperm extracted from the epididymis (MESA) 

(Toumaye et al., 1994) or testes (TESE) (Devroey et al., 1995), elongated spermatids 

(ELSI) (Fischel et al., 1995) and round spermatids (ROSI) (Tesarik and Mendoza, 

1996) allowing even azoospermie men to father children. These infertile men are a 

diverse group exhibiting various testicular histology ranging from Sertoli-only types 

to varying degrees of meiotic and maturation arrest. Obstructive cases include 

congenital bilateral absence of the vas deferens (CBAVD) associated with cystic 

fibrosis mutations (Chillon et al., 1995), whilst non-obstructive cases show a well- 

documented two to ten fold increase in the incidence of karyotypic abnormalities, half 

of which involve the sex chromosomes, compared to the general population 

(Chandley et al., 1975; Retief et al., 1984; Scholtes et al., 1998) as well as an array of 

Y chromosome deletions (Tiepolo and Zuffardi, 1976; Reijo et al., 1995). For this 

reason a cause for concern in recent years with the increasing routine use of ICSI is 

that by-passing the natural barriers to fertilisation could result m fetal abnormahties 

(Cummins and Jequier, 1994). These fears appeared to be confirmed with reports of 

an increase in sex chromosome aberrations in ICSI babies (Bonduelle et ah, 1995; 

1998; In’t Veld et al., 1995; Toumaye et al., 1995) and the inheritance of paternal 

chromosome rearrangements (Testart et al., 1996; In’t Veld et al., 1997; Meschede et
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a i,  1997) and Y deletions (Kent-First et al., 1996), however with the exception of 

hypospadias no overall increase in major congenital abnormalities has been noted 

(Wennerholm et al., 2000). As a precaution routine karyotyping is now recommended 

prior to ICSI (Martin, 1996; Persson et al., 1996; Rosenbusch et al., 1996).

1.1.5 Ethical and Legal Aspects of Human Embryo Research.

The superovulation protocols used for IVF treatment by necessity produce a 

large surplus of cleavage-stage embryos for transfer. Spare normally developing 

embryos may be cryopreserved for future cycles, or with informed patient consent 

either donated to other couples, discarded or be made available for research. 

Abnormally fertilised embryos or those resulting from normal fertilisation but 

showing retarded or arrested in vitro development are routinely discarded from IVF 

cycles and so pose fewer ethical constraints. Embryos donated for research are a 

valuable resource to study human preimplantation development as well as providing 

the opportunity to improve IVF culture conditions and test therapeutic approaches 

such as preimplantation genetic diagnosis (PGD) (Edwards, 1982). For the sake of 

clarity, particularly for public perception, these early preimplantation stages are often 

referred to as pre-embryos to distinguish them from later post-implantation 

embryonic and fetal stages resulting from induced abortion.

Scientific research on human embryos is an emotive issue. The ethical debate 

is centred on what moral or legal status should be endowed during early embryonic 

development, and the varied responses to this question reflect the variety of cultural, 

religious and moral beliefs held in today’s society. This essentially becomes a matter 

of, when does human life and personhood begin? (Rennet and Harris, 1997). 

Religious doctrine varies on this point, Islam views the first feeling that life exists in 

the womb as significant, Judaism attaches importance to the actual potential of the 

embryo for implantation but the fetus is only considered a separate being at birth 

whilst Roman Catholicism recognises life as beginning at the moment of conception 

and as such all embryo research is unacceptable (Schenker, 1998). Two options are 

that either the pre-embryo in common with other human tissues has no moral status, 

or that conversely the pre-embryo represents a new human being and so has full
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moral status. An intermediate position to these is the one most widely accepted in 

which the pre-embryo represents potential human life and as such should be afforded 

appropriate ethical consideration and respect (Fasouliotis and Schenker, 1998).

Public concern world-wide has been particularly focused on this area in recent 

years with the wide media coverage given over to advances in reproductive and 

genetic technology, prompting speculation on what may be possible in the future. The 

‘shppery slope’ scenario involving an increasingly permissive approach to embryo 

and fetal experimentation is at the forefront of these fears. Consequently most 

countries where this technology exists now have in place, or are in the process of 

defining, ethical guidelines or legislation to regulate human embryo research.

In the UK, one of the first countries to develop such legislation. The Human 

Fertilisation and Embryology Act (1990) based on the recommendations of The 

Wamock Report (1984) allows pre-embryo research for five purposes under hcence 

granted by the statutory authority, namely increasing knowledge and developing 

treatment for (1) infertility, (2) congenital disease, (3) miscarriage, (4) contraception 

and (5) diagnosis of genetic defects before implantation. This final section covers 

PGD. Research is only permitted up to fourteen days post-conception at the stage 

immediately proceeding formation of the primitive streak, a seemingly arbitrary 

choice but one which signifies the last stage at which twinning may occur. Prohibited 

are reproductive cloning, inter-species fertUisation or transfer of human embryos into 

other species and gene therapy in the pre-embryo.

A survey reviewed by Schenker (1998), shows pre-embryo research is carried 

out in eight other European countries including Denmark, Spain and Sweden where 

similar legislation exists as well as Belgium, Czech Republic, Greece, Finland and 

Russia. At present such work is prohibited in Austria, Germany, Israel, Norway and 

Switzerland. Legislation in France places much stricter controls on all types of this 

work but has recently allowed PGD under specific circumstances linking it to prenatal 

diagnosis rather than embryo research (Vivifie and Nisand, 1997). In the USA, the 

legality o f such research is more complicated since both federal and state laws apply 

as well as recommendations of other bodies such as The American Fertility Society 

Ethics Committee. Federal law prohibits funding for any research on human embryos 

and as such all work is carried out by private institutes (Vivifie and Pergament, 1998).
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1.2 Chromosomal Abnormalities.

The idea of a chromosomal basis for genetic inheritance dates back to the turn 

of the last century, but it was not until the 1950s that the human chromosome number 

was correctly identified as forty-six (Tjio and Levan, 1956), and the connection of 

deviations from this number with genetic disease could be made (Lejeune et aL, 

1959). Since these early observations, the field of cytogenetics has progressed rapidly 

as a result of technical innovation in cell culture and chromosome banding (Moorhead 

et al., 1960; Caspersson et al., 1968; 1969) to the routine karyotyping carried out 

today in modem diagnostic laboratories (Rooney and Czepulkowski, 1992) (Fig 1.3).

Chromosomal abnormalities comprise cytogenetically detectable alterations in 

this normal karyotype, and may be either stmctural in nature involving physical 

rearrangements of chromosomes, or numerical involving the loss or gain of individual 

chromosomes (aneuploidy) or whole chromosome sets (polyploidy). In cases where 

more than one genetically distinct cell line is present, there may be either a common 

or separate zygotic origin (mosaicism and chimaerism respectively). Altogether such 

abnormalities are seen in approximately 1% (0.6-0.9%) of livebirths (Hook and 

Hamerton, 1977; Nielsen and Wohlert, 1991; Jacobs et al., 1992) and have a 

considerable impact on human health, being responsible for an estimated 25% of 

mental deficiencies and 10% of congenital malformations (Baird et al., 1988; Hook, 

1992) (Table 1.1). This however represents only a fraction of the recognisable 

chromosome abnormalities found in earlier stages of development, with frequencies 

of 60% in early spontaneous abortions up to twelve weeks of gestation, 10% in later 

abortions from twelve to twenty weeks and 5% in stillbirths (Hassold et al., 1986; 

Eiben et al., 1990). The advent of IVF providing access to preimplantation embryos 

has allowed this cytogenetic analysis to be extended to even earlier stages of 

development, however technical difSculties exist. Karyotyping studies applying 

conventional colchicine and hypotonic treatment to surplus whole preimplantation 

embryos or individual blastomeres rarely produce more than one or two analysable 

metaphases per embryo, and even then the resulting chromosomes are often 

contracted making banding impossible. From this approach the incidence of 

chromosomal abnormalities in IVF embryos varies from 11-40% (Angell et al., 1986;
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Plachot et al., 1987; Papadopoulos et al., 1989; Zenzes et al., 1992a; Jamieson et al., 

1994; Clouston et al., 1997), with much higher rates of up to 80% reported for 

abnormally fertilised or morphologically poor embryos (Wimmers and Van der 

Merwe, 1988; Bongso et al., 1991; Pellestor et al., 1994). Overall this progressive 

decrease seen in the frequency o f chromosome aberrations from conception to term 

reflects the strong uterine selection against chromosomal imbalance and illustrates the 

major role such events play in human pregnancy loss.

Table 1.1: The frequency of chromosomal abnormalities in newborns.

Chromosome Abnormality Frequency per 1000 Livebirths

Autosomal Trisomy

trisomy 13 (Patau syndrome) 0.08

trisomy 18 (Edward syndrome) 0.15 1.4

trisomy 21 (Down syndrome) 1.2

Triploidy 0.02

Sex Chromosome Aneuploidy, Male

XXY (Klinefelter syndrome) 1.2

XYY 1.2 2.5

other 0.15

Sex Chromosome Aneuploidy, Female

45,X (Turner syndrome) 0.3 I 1.4
XXX 1.1 jI

Structural Rearrangement, Unbalanced (2n=46) 0.3

Extra Structurally Abnormal Chromosome (2n=47) 0.4

Total Unbalanced (averaged fo r both sexes) 4.0(1 in 250)

Structural Rearrangement, Balanced

reciprocal translocations 2.5

Robertsonian translocations 1.0 4.3

inversions 0.8

Total 8.3 (1 in 120)

Reproduced from Gardner and Sutherland, (1996).
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Fig 1.3: The G-banded Karyotype.
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Fig 1.3: The G-banded karyotype, the basic tool of modem cytogenetics, shown here from 

metaphase chromosomes o f male peripheral lymphocytes pretreated with trypsin before 

Giemsa staining. The normal diploid constitution (2n = 46) consists o f 46 chromosomes, 22 

pairs of autosomes and one pair of sex chromosomes (XY in males, XX in females), the 

primary constriction or centromere divides the chromosome into two arms, the shorter 

designated p and the longer q, each terminating in a telomere. Chromosome classification is 

standardised through the International System for Human Cytogenetic Nornenclature (ISCN 

1995) according to size, centromere position and banding pattern. Normal variable regions 

are found near the centromeres, particularly o f  chromosomes 1, 9 and 16, the p arm and 

satellites o f the acrocentric chromosomes and Yq.
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1.2.1 Numerical Chromosomal Abnormalities.

Aneuploidy, the presence of one or a few chromosomes in abnormal copy 

number, is by far the most significant type of chromosomal defect in terms of human 

cost, accounting for 70% of the spontaneous abortion data as well as contributing 

substantially to early infant mortality (Hassold and Jacobs, 1984; Hassold et al., 

1986). Such an alteration in copy number of a whole chromosome in effect alters the 

dosage of each gene product produced and the phenotypic consequences of this 

imbalance during early development are generally severe, unless attenuated by 

mosaicism with a normal cell line. This is evident from the vast majority of aU 

aneuploid conceptions which spontaneously abort before term leaving only frill 

aneuploidies involving the sex chromosomes and trisomies (3 copies of a homologue) 

of chromosomes 21,18 and 13 represented in the livebom population (Hassold and 

Jacobs, 1984). These potentially livebom autosomal trisomies present as clinically 

distinct multiple malformation syndromes, but only Down syndrome (trisomy 21) 

shows any real viability, Edward and Patau syndromes (trisomies 18 and 13), being 

invariably lethal in the perinatal period (Hook, 1982; Goldstein and Nielsen, 1988). In 

contrast sex chromosome imbalance appears less detrimental to development, 

presumably buffered to a large extent by X inactivation and the heterochromatic 

content of Yq. In livebirths these include essentially phenotypically normal females 

XXX and males XYY, mildly dysmorphic infertile females XO (Turner syndrome) 

and males XXY (Klinefelter syndrome) and very rarely cases of increasing polysomy 

X or Y associated with increasing malformations and mental retardation 

(Kleczkowska et al., 1988; Nielsen and Wohlert, 1990; Kassai et al., 1991) (Table 

1.1).

A consequence of such high levels o f aneuploidy is selection for the loss of 

additional chromosomes or duplication of missing chromosomes, which can result in 

disomic constitutions including homologues o f the same parental origin (uniparental 

disomy, UPD) (Warburton, 1988; Engel, 1993). This compensatory mechanism can 

reveal regions of genomic imprinting, where parental genomes contribute 

differentially to development mediated by DNA méthylation, the classic example 

being Prader-WiUi and Angelman syndromes resulting from maternal and paternal 

UPD 15 respectively (NichoUs, 1994). On a wider scale (uniparental diploidy) this
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imprinting is apparent from the non-viability of mammalian digynic embryos (two 

female pronuclei) forming ovarian teratomas of disorganised fetal tissues and diandric 

embryos (two male pronuclei) forming an overgrowth of extra-embryonic tissues 

known as a hydatidiform mole (Szulman and Surti, 1978a, b; Farrington et al., 1984).

Although the overall chromosome abnormality rate is 50% in spontaneous 

abortions, this ranges from a low of 30% for maternal ages up to 29 years to a high of 

82% for ages 40 and above. This significant maternal age effect is caused solely by an 

increase in trisomies which make up about two thirds of all karyotypic abnormalities 

in spontaneous abortions, most commonly of chromosomes 16 (22%), 22 (18%) and 

21 (10%), other trisomies such as 1,5 and 19 are rarely if ever identified (Hassold et 

al., 1980; 1986; Hassold and Chiu, 1985; Eiben et al., 1990). From this it has been 

estimated that at least a third of clinically recognised pregnancies in women over 40 

years are trisomie (Hassold and Chiu, 1985), which translates to a 1 in 25 risk of a 

Down syndrome birth at 46 years compared to that of 1 in 1000 at 30 years (Cuckle et 

al., 1987). Monosomy, the corresponding loss of one homologue, would seem to 

disrupt development at even earlier stages prior to recognisable pregnancy loss as 

45,X (10.5%) is the only monosomy represented in the spontaneous abortion data, 

with a conspicuous absence of autosomal monosomies (Hassold and Jacobs, 1984). 

Studies typing DNA polymorphic markers mapping close to the centromere show 

clearly that the origin of these trisomie conceptions lies predominantly with errors in 

meiosis during maternal gametogenesis. Most cases (ranging from 60-100%) of 

trisomies 13, 16, 21 and X, originate from maternal MI errors whilst the majority 

(60%) of trisomy 18 originates from maternal Mil errors (Hassold et al., 1987; 1995; 

Antonarakis et al., 1992; Bugge et al., 1998; Thomas et al., 2001). A paternal origin 

is only indicated in a few percent of these trisomies, but is responsible for about half 

of XXY cases (Jacobs et al., 1988) as well as the majority of 45,X cases where over 

80% show a missing paternal X (Hassold et al., 1988). Mitotic errors in 

embryogenesis are implicated in 5-20% of cases, but this may be underestimated as 

errors in pre-mitotic divisions during gametogenesis may also appear as being of 

meiotic origin (Antonarakis et al., 1993). Although cytogenetic techniques are more 

difficult to apply to gametes, with Mil oocyte chromosomes of poor morphology and 

sperm nuclei requiring labour-intensive hetero specific fertilisation techniques to yield 

metaphase chromosomes (Rudak et al., 1978), the limited data support the higher
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incidence of maternally-derived aneuploidy. Whilst frequencies vary according to 

study, on average sperm karyotypes show 1-4% aneuploidy compared to 15-20% seen 

in oocytes (Martin ei al., 1991; Pellestor et a l, 1991; Jacobs, 1992; Benkhalifa et a l,

1996). In part this reflects the higher sensitivity of mammalian spermatogenesis to 

meiotic disturbances compared to oogenesis, good evidence of which has been shown 

in the mouse (LeMaire-Adkins et a l, 1997; Odorisio et a l, 1998).

The precise mechanisms acting to generate aneuploidy are still not completely 

understood, but it is clear that aberrant patterns in chromosome or chromatid 

association and separation during cell division hold the key to subsequent 

nondisjunction (Fig 1.4). During meiosis I it is vital that the bivalents held at 

chiasmata remain associated until all are correctly aligned on the metaphase plate and 

anaphase can begin. This explains why a large number of trisomies are associated 

with meiotic nondisjunction of achiasmate or low exchange chromosomes, as shown 

by the reduced recombination maps (Warren et a l, 1987; Sherman et a l, 1991; 1994; 

Hassold et a l, 1995), which fail to physically hold bivalents together leading to 

random segregation of univalents. From observations of extra or missing single 

chromatids in Mil oocytes, Angell (1994; 1997) has suggested that a consequence of 

this may be premature univalent division followed by random chromatid segregation 

as an important cause of aneuploidy. It is now apparent that both the frequency of 

recombination and the position of these events along different chromosomes may 

effect the likelihood of malsegregation. From studies of nondisjoined chromosomes 

21, a general correlation has been noted between reduced recombination and an 

enrichment for distal exchanges in MI errors and increased recombination and more 

proximal exchanges in Mil errors (Hawley et a l, 1984; Lamb et a l, 1996). Meiotic 

mutants in Drosophila and yeast provide good models for this and show that more 

distal exchanges may not be sufficient to ensure normal orientation and segregation of 

bivalents, particularly when associated with smaller chromosomes whilst in contrast 

more proximal and particularly pericentric exchanges may act to interlock bivalents 

preventing their normal disjunction (Koehler et a l,  1996a,b; Ross et a l,  1996). Lamb 

et a l, (1996) proposes from this a two hit system to explain the predominance of 

maternal MI errors in human trisomy. The first event establishes a susceptible pairing 

configuration in fetal meiosis whilst the second event is an age-related impairment of
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Fig 1.4: Chromosome Malsegregation.
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Fig 1.4: Three basic ty pes of chromosome malsegregation can occur during either meiosis or 

mitosis, a Nondisjunction: homologous chromosomes or chromatids fail to disassociate and 

segregate together to one pole at anaphase, shown here during meiosis I (MI) or meiosis II 

(M il) h Premature separation, division or failure to pair: chromosomes or chromatids 

disassociate prematurely and randomly segregate, shown here for a univalent during MI. c 

Anaphase lag: chromosomes are excluded from the segregation process or lost subsequent to 

delayed segregation to one pole, shown here during mitosis.
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the meiotic process, such as defective spindle apparatus (Battaglia et al., 1996), which 

gives an increased risk of nondisjunction. This general interpretation is broad enough 

to encompass other factors that may contribute to spindle disturbances linked to 

aneuploidy such £is hormonal imbalance and reduced intrafollicular vascularity 

(Gaulden, 1992; Van Blerkom, 1998).

Polyploidy, the presence of additional chromosomes sets (n), is not 

uncommon in early development with 12% of karyotypic abnormalities in 

spontaneous abortions showing triploidy (3n = 69) and 9% tetraploidy (4n = 92) 

(Hassold et al., 1986; Eiben et al., 1990). However the resulting severe chromosomal 

imbalance means that abortion almost always occurs in the first or second trimester 

and although intrauterine survival is enhanced with mosaicism for a diploid line 

(Carakushansky et al., 1994), progression to term is rare (Book and Santesson, 1960; 

Cassidy et al., 1977). An imprinting effect is evident in the triploid phenotype, 

particularly involving placental morphology, with those of diandric origin 

characteristically large and molar (partial mole) and those of digynic origin small, 

underdeveloped and nonmolar (Szulman and Surti, 1978a, b; Jacobs et al., 1982; 

Zaragoza et al., 2000). Polyploidy can arise like aneuploidy fi-om errors in cell 

division, though in this case involving the abnormal distribution of a whole 

chromosome set rather than single chromosomes or alternatively fi'om polyspermy, 

fertilisation with more than one sperm. Dispermy the main cause of triploidy in 

abortuses (Jacobs et al., 1978; Zaragoza et al., 2000) is also a fi*equent occurrence in 

IVF embryos, as noted by the presence of three pronuclei (3PN), although in part this 

reflects the much higher (up to x500 fold) sperm concentrations used for insemination 

in vitro compared to in vivo. Triploidy may also result fi*om complete nondisjimction 

at MI or Mil, and in digynic cases this meiotic failure can take the form of non

extrusion of a polar body nucleus which then becomes incorporated into the embryo 

(Penrose and Delhanty, 1961; Zaragoza et al., 2000). Tetraploidy and higher orders of 

ploidy result from any meiotic or post-zygotic mitotic failure in cytokinesis following 

DNA replication. Although tetraploid cells seen in early cleavage embryos have been 

considered abnormal their presence particularly in later blastocyst stages may 

represent early syncytiotrophoblast lineages (Angell et al., 1987).
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1.2.2 Structural Chromosomal Abnormalities.

Structurally abnormal chromosomes are formed from the rearrangement, 

deletion or duplication of chromosomal segments during cell division, commonly 

meiosis, leaving the karyotype either genetically balanced or unbalanced. Such 

aberrations may be familial or de novo in nature with an estimated mutation rate of 

1x10'^ (Jacobs, 1981) and are seen in 5% of spontaneous abortions (Hassold et ah, 

1986; Eiben et al., 1990) and between G.2-0.6% of livebirths, the majority balanced 

(Hook and Hamerton, 1977; Nielsen and Wohlert, 1991; Jacobs et al., 1992). In 

contrast to the bias towards a maternal origin for numerical chromosomal 

abnormalities, structural anomalies (and genetic mutations in general) appear to arise 

more frequently during paternal meiosis (Chandley, 1991). Sperm karyotyping data 

resulting from hetero specific fertilisation studies show that this frequency may be as 

high as 13%, although the possibility that this may be an artefact of this particular 

technique has been suggested (Martin et al., 1991; Jacobs, 1992).

Cases with unbalanced karyotypes are in effect partially aneuploid and 

assessing the likely outcome of any such constitution can be undertaken by measuring 

the imbalance as a proportion of the whole genome, with less than 1% of the haploid 

autosomal length (HAL) often viable (Daniel, 1979; Cohen et al., 1994). As a general 

trend partial trisomies and positive G-band rich imbalance show greater 

developmental potential than the corresponding monosomies or negative G-band 

imbalance (Schinzel, 1994). Balanced forms however are not associated with any 

adverse phenotypic effects unless extremely rarely a gene disruption, cryptic deletion 

or functional imbalance (UPD) is indicated (Maraia et al., 1991; Bonthron et al., 

1993; James et al., 1994), although some reports have indicated a link between de 

novo apparently cytogenetically balanced rearrangements and increased risk of 

congenital defects (Jacobs et al., 1974; Warburton, 1991). As a result most cases are 

only identified if a couple presents with a history of chromosomally abnormal 

conceptions. These reproductive problems arise due to abnormal meiotic segregation 

and/or production of recombinant chromosomes at gametogenesis, the degree of 

which varies according to the chromosomes involved, the size and location of the 

rearranged segments, whether complete synapsis is achieved, the position of 

crossover events and the individual (reviewed in Gardner and Sutherland, 1996). This
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number of variables means that whilst some of these couples appear to have little 

difficulty in achieving a normal pregnancy, or suffer only a slight reduction in 

fertility, others produce such a high proportion of inviable gametes that they are 

rendered effectively infertile. Balanced karyotypic rearrangements are often linked 

with impaired spermatogenesis, especially in cases of severe oligozoospermia 

(<10xl0^/ml), with at least 4-7% of ICSI referrals in this category (Retief et al., 1984; 

Bourrouillou et al., 1985). This may result fi-om disturbances caused by the meiotic 

pairing configurations adopted by rearranged chromosomes, particularly to the X-Y 

bivalent (Forejt, 1979; Johannisson et ah, 1993). Recent work has shown that a 

meiotic quality control mechanism exists to cause apoptosis in mammalian 

spermatocytes with unsynapsed chromosomes but interestingly that this is p53 

independent (Odorisio et al., 1998). In other cases spermatogenesis proceeds 

normally and the reasons for this discrepancy are unclear, indeed reports show both 

fertile and infertile men in the same family with the same translocation (Palmer et al., 

1973; Rosenmann et al., 1985). Little evidence however has been found to support 

any general interchromo somal effect for structural rearrangements in both male and 

female carriers and any unrelated aneuploidies in their children are likely to be 

entirely random events (Martin et al., 1991; Schinzel et al., 1992; Estop et al., 2000).

Structural rearrangements which have been encountered in couples referred 

for PGD include chromosomal translocations and inversions and more rarely 

chromosomal insertions or ring chromosomes. Chromosomal translocations are the 

most common type of rearrangement, present in balanced form in 1 in 300-500 

newborns. More than half of these involve reciprocal translocations resulting from 

exchange of segments between two non-homologous chromosomes forming two new 

derivative chromosomes, and as breakpoints can occur theoretically at any point each 

case represents a unique event with its own risk of imbalance at birth (Fig 1.5a). The 

only exception to this is the frequently found constitutional translocation 

t(ll;22)(q23;qll), in which over a hundred unrelated families have been reported 

(Fraccaro et al., 1980; Iselius et al., 1983). The remainder of translocation cases 

involve Robertsonian fusions o f two acrocentric chromosomes forming a single 

derivative chromosome with varying loss of short arm material without phenotypic 

effect (Fig 1.5b). The majority of all these occur between chromosomes 13 and 14 

(74%) or chromosomes 14 and 21 (8%) whilst the remaining eight other possible
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Fig 1.5: Eight types of balanced rearrangements are illustrated. Chromosomal translocations a 

Reciprocal, h Robertsonian, c Insertions (/) interchromosomal, (//) intrachromosomal 

between-arm and (//7) intrachromosomal within-arm. d  Chromosomal inversions (/) 

pericentric and (//) paracentric, e Ring chromosome.

A, B -  Norm al homologue. der, ins, inv, r -  Rearranged chromosome. —► Breakpoints.
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non-homologous fiisions together account for the rest (Therman et aL, 1989). 

Formation is thought to occur predominantly during maternal meiosis and whilst most 

t(13;14) and t(14;21) cases show consistent breakpoints, highly variable breakpoints 

have been found in the less common translocations (Page et al., 1996; Page and 

Shaffer, 1997). This may reflect the presence of homologous repetitive sequence on 

chromosomes 13 and 21 which is inverted on chromosome 14 and may cause 

preferential pairing (Therman et al., 1989). During meiotic prophase I, balanced 

translocations may adopt characteristic conformations to facilitate synapsis such as 

trivalent arrangements for Robertsonian translocations and quadrivalents for some 

reciprocal translocations. At anaphase these two arrangements can segregate in a 

number of possible ways, with eight possibilities for a quadrivalent and four for a 

trivalent, but only alternate segregation of derivative chromosomes and normal 

chromosomes to opposite poles will result in the production of normal or balanced 

gametes (refer to Chapter 3 Figs 3.8, 3.11). Where a quadrivalent is formed, the 

lengths of the centric and translocated segments can be used to predict the most likely 

segregation mode with a pachytene diagram (Jalbert et al., 1980), a useful tool for 

assessing the theoretical range of gametes produced.

Chromosomal inversions form fi'om a double break in a chromosome with the 

resulting segment rejoined in a reversed orientation, either with or without 

involvement of the centromere (pericentric or paracentric respectively) (Fig 1.5d). 

Excluding the common inversions of heterochromatin generally considered normal 

variants, inversions occur in about 1 in 2-5000 births. During meiosis complete 

synapsis is achieved by the formation of an inversion loop, with the larger the 

inverted segment the more likely a cross-over event will lead to the production of 

recombinant chromosomes. In this event, pericentric inversions can produce four 

gamete types; normal, inverted, and two recombinants duplicated and deleted for the 

distal segments (refer to Case An, Fig 3.12). With a large inverted segment, these 

unbalanced regions will be small and offspring carrying the recombinant 

chromosomes may be viable (Daniel, 1981). Examples of families with repeated 

conceptions of this nature are known, such as those with several children with Cri du 

chat syndrome or Wolf Hirschhom syndrome (Beemer et al., 1984; Kleczkowska et 

al., 1987; Villa et al., 1995). In contrast paracentric inversions are not typically
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associated with the birth of affected children as the possible recombinants are acentric 

or dicentric and with a few rare exceptions in the literature are lethal (Mules and 

Stamberg, 1984; Worsham ef a/., 1989).

Other structural rearrangements much less commonly encountered include 

chromosomal insertions which involve the translocation of a single segment to 

another chromosome (interchromosomal) or to new position on the same 

chromosome (intrachromosomal), either in the same orientation with respect to the 

centromere or inverted (Fig 1.5c). Of these the interchromosomal type predominates 

with very few intrachromosomal cases reported although this may be an 

ascertainment bias with some within-arm insertions confiised with inversions (Madan 

and Menko, 1992; Van Hemel and Eussen, 2000). The meiotic behaviour of an 

insertion is difficult to predict with certainty since a number of outcomes are possible 

depending on whether complete synapsis is achieved and the position of cross-over 

events. Small inserted segments may be excluded from pairing resulting in 

incomplete synapsis or heterosynapsis (Goldman et al., 1992), whilst larger insertions 

may adopt quadrivalent or loop conformations for complete synapsis according to the 

insertion type (Gardner and Sutherland, 1996) (refer to Case Fa, Fig 3.13).

Also rare in the livebom population are ring chromosomes which arise from 

breakage in both chromosome arms and subsequent fusion of the free ends, with any 

loss of distal segments determining the degree of partial monosomy (Fig 1.5e). 

Almost all form de novo (Kosztolanyi et al., 1991) and although cases of completely 

normal individuals with autosomal rings have been described (McGinniss et al., 

1992; Wintle et al., 1995; Paoloni-Giacobino et al., 1998; Case Ev, 3.3.7), most are 

associated with severe phenotypic abnormalities with only X chromosome rings 

showing viability. These phenotypic effects are apparent even with minimal deletions 

or apparently ‘complete rings’, as mitotic instability can result in mosaicism for 

monosomie cell lines as well as a variety of ring-derived markers, with severe growth 

failure being a common occurrence (Kosztolanyi, 1987; Sigurdardottir et al., 1999). 

In the fraction of cases where reproduction is an option, meiotic and mitotic 

disturbances presumably lead to high levels of gametic chromosomal imbalance and 

impaired fertility (see Case Ev, 3.3.7), although reports of stable familial rings show 

that this is not inevitable (Kosztolanyi et al., 1991; McGinniss et al., 1992).
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1.3 M olecular Cytogenetic Analysis.

The range of laboratory techniques available to detect chromosome 

abnormalities is constantly expanding to keep pace with the ever-growing demands of 

diagnosis and research. Whilst conventional banded karyotyping allowing detailed 

analysis of chromosome number and morphology remains the definitive technique in 

this field, newer molecular cytogenetic approaches based on fluorescent in situ 

hybridisation (FISH) are becoming increasingly important.

FISH involves the reassociation of denatured labelled probe DNA with target 

DNA fixed onto a slide. This powerful but relatively simple technique allows direct 

visualisation of a specific DNA sequence onto metaphase chromosomes, interphase 

nuclei or DNA strands and has become an invaluable tool in many areas of 

diagnostics and genome mapping. Although this approach using radio-isotope 

labelled probes was developed in 1969 (John et al., 1969; Pardue and Gall, 1969), it 

was the introduction of simplified fluorescent detection systems in the 1980s 

(Manuehdis et al., 1982; Cremer et al., 1986; Pinkel et al., 1986; Lichter et al., 1988) 

which allowed this technique to find a wider use outside specialist research 

laboratories and lead to the diversification in related techniques seen today (Lichter 

and Cremer, 1992). This same period saw the introduction of another key technique, 

the polymerase chain reaction (PCR), which allows a specific DNA sequence in a 

sample to be amplified many million-fold using oligonucleotide primers and a 

thermostable DNA polymerase (Saiki et al., 1985). Together FISH and PCR now 

form the mainstay of genetic analysis.

1.3.1 Principles of FISH.

FISH relies on the property of single strands of DNA to hybridise to 

complementary target strands and form a stable DNA hybrid duplex when perfectly 

base-paired. The first step in this process usually concerns increasing the accessibility 

o f the probe DNA to the sample on the slide by some form of pretreatment with 

proteolytic enzymes and/or RNase digestion. This is followed by dénaturation of 

probe and sample DNAs which are then left to reanneal under optimal conditions, the
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length o f time depending on probe type. The stringency with which the probe binds is 

controlled during post-hybridisation treatment by varying the temperature, ionic 

strength and concentration of formamide washes to destabilise and remove 

imperfectly base-paired probe/target duplexes. In this way only probe bound stably to 

its complementary target remains (Fig 1.6).

Various molecular methods can be employed to incorporate a labelled- 

nucleotide into the probe DNA, including nick translation, end-labelling and PCR 

(Rigby et al., 1977). Originally the choice of label was limited to haptens such as 

biotin and digoxygenin which then require the application of fluorophore-linked 

immunoglobin reagents (Langer et al., 1981). This immunocytochemical detection of 

‘indirectly-labelled’ probes allows the flexibility to amplify a weak FISH signal, 

where necessary by sequential applications and is especially useful for visualising 

smaller probes. More recently nucleotides conjugated directly to fluorophores have 

been made available allowing ‘directly-labelled’ DNA probes to be produced which 

can be visualised immediately post-hybridisation (Wiegant et al., 1991; 1993). This 

advance not only simplifies and reduces the protocol time but also eliminates the 

problem of non-specific binding of immunoglobin reagents, which can result in high 

background fluorescence. Fluorophores commonly used are those based on 

fluorescein (green) or rhodamine (red), although this selection has widened 

considerably in the last few years with the introduction of a new generation of 

commercial fluorophores such as the Cyanine dyes (Yurov et al., 1996). These can 

then be detected by standard fluorescence microscopy with the option of employing 

the increasingly sophisticated computerised systems now available for image 

analysis.

DNA probes for FISH can be obtained fi'om cloned fi'agments of cDNA or 

genomic DNA amplified in suitable vector systems or directly by PCR. Vectors 

commonly used in increasing order of insert size (200b-1.5Mb) include plasmids, 

cosmids. Pis, PI derived artificial chromosomes (PACs), bacterial artificial 

chromosomes (BACs) and yeast artificial chromosomes (YACs). Probes are defined 

according to the nature of DNA sequence and can be divided into four broad groups. 

Repeat-sequence probes consist of short cloned fi'agments of DNA that is present in 

multiple copies in the centromeric, pericentric or telomeric regions of chromosomes.
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Fig 1.6: Fluorescent/7i sfVw Hybridisation (FISH).
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Fig 1.6: Triple colour FISH using three probes, one labelled with biotin (B), one with 

digoxygenin (D) and one labelled 50:50 o f each (B/D). Following dénaturation, nuclear and 

probe DNAs re-anneal, the stringency controlled during post-hybridisation washes. 

Combined Immunocytochemical detection is shown here with avidin-FITC (green) and anti- 

digoxin-TRlTC (red), a 50:50 ratio producing orange. FISH signals are analysed via 

fluorescence microscopy with nuclear DNA detected using the counterstain DAPI (blue).
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Due to their repetitive nature all repeat probes hybridise rapidly to target sequence, in 

some cases in less than an hour and are particularly suitable for direct labelling, 

producing intense FISH signals. These include the widely used a-satellite probes 

which hybridise specifically to the centromeres of individual chromosomes (Willard, 

1985). Such specific centromeric probes are available for the majority of 

chromosomes, although some also co-hybridise to another chromosome which shares 

homologous sequence (chromosome pairs 5 and 19, 13 and 21, 14 and 22) (Fig 1.7a).

Locus-specific probes consist of unique or low copy number sequence which 

hybridises to specific chromosomal loci such as those encoding genes. Depending on 

the type of clone, these probes may range fi'om small cDNA fi'agments in plasmids to 

much larger blocks of genomic DNA in YACs. In contrast to repetitive probes, the 

hybridisation time is extended, usually overnight, to allow the less abundant copy 

number sequence to reanneal and indirect labelling with signal amplification may be 

required. An additional consideration for probes containing genomic DNA is the 

presence of interspersed repetitive sequence such as the human Alu sequence which 

hybridises to all chromosomes resulting in a R-band type pattern and loss of the 

specific probe signal. This problem is overcome by chromosomal in situ suppression 

(CISS) (Lichter et al., 1988) in which an excess of unlabelled competitor DNA such 

as Got'* DNA, the most repetitive fi*action of the genome, is added to the probe DNA, 

denatured and left to pre-anneal. This step allows the competitor DNA to rapidly bind 

to and block repeat sequence in the probe whilst leaving the unique sequence single

stranded and able to hybridise to the sample (Fig 1.7b).

More recently a new group of FISH probes have been developed which 

consist of sequence specific for the sub-telomeric region 100-300kb from the end of 

each chromosome arm. This panel of forty probes in cosmid, PI and PACs was 

isolated using a range of techniques based on half-YAC cloning (National Institutes 

of Health and Institute of Molecular Medicine Collaboration, 1996). In this method 

relying on fimctional complementation in yeast, haft-YACs containing just one 

functional telomere were ligated to human genomic DNA resulting in selection for 

only those clones with human telomeric DNA inserts (Cross et al., 1989). The YAC 

vector-insert junction representing the most proximal sequence of the telomeric clone 

was then used to screen chromosome specific libraries to pick out sub-telomeric 

clones (Fig 1.7c).
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Fig 1.7: Types of DNA Probes Commonly used for FISH.

a Repeat-sequence Probes. h Locus-specific Probes.

V

%

c Sub-telomeric Probes. d  Whole Chromosome Painting Probes.

Fig 1.7: Four types of FISH probe are illustrated on lymphocyte chromosomes counterstained 

with DAPI (blue) giving a G-band pattern when inverted; a Repeal-sequence probes', specific 

a-satellite probes hybridising to the centromeric regions o f chromosomes 1 (labelled 50:50 

F1TC:TR1TC, orange) and X (FITC, green) together with a probe specific for the Y 

chromosome heterochromatic region (TRITC, red). These probes produce intense signals in 

both metaphase and interphase nuclei, b Locus-specific probes'. Yeast artificial chromosome 

(YAC) probe specific for chromosome band 13q33 labelled with biotin and detected with 

FlTC-tagged avidin (green), the comparatively smaller signal is split between each 

chromatid, c Sub-telomeric probes', chromosome 6p sub-telomeric probe (biotin/FITC, green) 

and 6q (digoxygenin/TRlTC, red), d Whole chromosome paints', chromosome paint 

hybridising to chromosome 16 (FITC, green), the very large signal domains make these 

probes unsuitable for interphase analysis.
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Chromosome paints are so called as they hybridise to an entire chromosome 

or chromosome arm and are derived either from a pool of clones picked from a 

chromosome specific library (Fuscoe et al., 1989) or from flow-sorted chromosomes 

amplified by PCR (Vooijs et al., 1993). As with locus-specific probes, these paints 

are co-hybridised with competitor DNA and require an extended hybridisation time to 

allow low copy number sequence to reanneal (Fig 1.7d).

1.3.2 Applications of FISH.

Applications of the FISH technique are widespread ranging from purely 

diagnostic aims to detect the presence of chromosomal loci linked to genetic disease, 

to more applied research studying the structural make up of the genome.

In clinical diagnostics, the simplicity of the protocol and the availability of 

commercially produced probe cocktails in recent years have lead to the routine use of 

FISH to complement standard karyotyping. These probes have proved extremely 

useful for detecting a range of microdeletion syndromes (Ligon et al., 1997), 

confirming complex or cryptic chromosomal rearrangements (Speleman et al., 1992; 

Stankiewicz et al, 1997; de Die-Smulder et al, 1999) as well as showing the 

chromosomal origin of markers (Blennow et al., 1995) and unravelling the 

complicated karyotypes of various tumours (Thein et al., 1995; Guan et al., 1998; 

Tamura et al., 1998). Most recently sub-telomeric probes allow the detection of subtle 

deletions associated with mental retardation as well as cryptic rearrangements (Flint 

et al., 1995; Warburton et al., 2001). FISH is also an ideal tool to directly analyse 

interphase nuclei in samples without the need for cell culture. This has been applied 

to detect the common aneuploidies in uncultured amniocytes for rapid prenatal 

diagnosis (Klinger et al., 1992; Zheng et al., 1992; Ward et al., 1993; Bryndorf et al.,

1997) and to analyse samples where good quality metaphase preparations are difficult 

to obtain such as oocytes (Dailey et al., 1996; Mahmood et al., 2000), embryonic 

nuclei (Munné et al., 1993; Harper et al., 1994) and sperm nuclei (Spriggs et al., 

1996; Van Hummelen et al., 1997). Alternatively for unknown markers the region of 

interest can be isolated by flow-sorting (Carter et al., 1992) or microdissection 

(Meltzer et al., 1992) and PCR amplified using universal primers to produce a DNA 

probe for FISH. This reverse painting has been frequently used for prenatal and
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postnatal samples (MüUer-Navia et al., 1995; Senger et al., 1997), markers associated 

with tumours (Zhang et al., 1993; Jonveaux et al., 1996) and characterisation of 

somatic cell hybrids (Jones et al., 1992).

FISH has played a major role in the cytogenetic localisation of clones 

generated for innumerable gene mapping studies for various genetic defects (Viegas- 

Péquignot et al., 1991; Woodward et al., 1995; Yamamoto et al., 1997; Wirth et al., 

1999; Smith et al., 2000). In the work to map the human genome, this has ultimately 

provided a link between genetic, physical and cytogenetic maps by placing YAC 

clones containing sequence-tagged sites (STS) on to chromosomal loci (Bray-Ward et 

al., 1996). However, physical mapping of clones by FISH is limited by the resolution 

achieved using standard metaphase and interphase preparations, approximately 1- 

5Mb and 50kb-lMb respectively (Trask et al., 1989), and this has led to the 

development of methods to produce extended chromatin fibres as an alternative target 

for this technique. Such Fibre-FISH methods were originally based on detergent or 

alkali lysis of intact cells on microscope shdes resulting in loops projecting out from 

the nucleus known as Halo-DNA (Wiegant et al., 1992). This progressed to the use of 

lysed cells embedded in agarose plugs with mechanical stretching of the released 

chromatin (Heiskanen et al., 1994), and novel dynamic molecular combing (DMC) 

for aligning the DNA strands along a silanised coverslip, improving resolution to a 

few kilobases (Michalet et al., 1997).

In the field of phylogenetic studies, the use of cross-species hybridisation of 

FISH probes provides a rapid method of highlighting areas of DNA sequence 

homology in evolutionary conserved regions (Ferguson-Smith, 1997). This ‘ZOO- 

FISH’ approach has been much used to study karyotype evolution using human 

chromosome paints and YAC probes on chromosomes from different primates (Jauch 

et al., 1992; Sherlock et al., 1996; Kingsley et al., 1997) as well as distantly related 

species such as ungulates (Scherthan et al., 1994).

Modifications of the basic FISH technique have concentrated on detecting 

strand-specific mutations. In COD-FISH named for ‘chromosome orientation and 

direction’, bromodeoxyuridine (BrdU) incorporated metaphases are exposed to an
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exonuclease such that the substituted strands of each chromatid are degraded, leaving 

two single-stranded complementary chromatids. The single-stranded probes used will 

then only hybridise to one of the sister chromatids present and if co-hybridised with a 

telomeric sequence specifically for the 5' end of each chromatid, any change in 

orientation will switch the probe signals to opposite chromatids (Meyne and 

Goodwin, 1995). This method has been shown to detect pericentric inversions 

previously characterised by karyotyping and may be useful for detecting more cryptic 

rearrangements of this kind (Bailey et al., 1996). Another innovative FISH method 

described by Nilsson and colleagues utilises novel oligonucleotide ‘padlock probes’, 

the ends of which can be ligated to form a circle only when perfectly hybridised to 

complementary sequence, anchoring the probe to the target chromosome. In this 

work, two allele-specific padlock-probes for a-satellite sequences that differ by a 

single nucleotide present at the centromeres of chromosomes 13 and 21 were used to 

follow inheritance of these chromosomes in ten individuals by recognisable patterns 

of fluorescent spots (Nilsson et al., 1997). Advances such as these are beginning to 

bridge the gap between standard cytogenetic and molecular techniques to the extent 

that one-day reading DNA haplotypes directly down the fluorescent microscope may 

become a reahty (Lizardi and Ward, 1997).

1.3.3 Multiplex-FISH (M-FISH) and Spectral Karyotyping (SKY).

The design of multi-colour FISH protocols involving the simultaneous 

hybridisation of two or more differentially-labelled probes is obviously constrained 

by the number of fluorophores available. For this reason, many groups have tried to 

maximise the number of probes that can be used with a limited number of 

fluorophores, by combining labelled probes in different proportions. The simplest 

version of this strategy, combinatorial or Boolean labelling is based on the presence 

or absence of ‘n’ spectrally distinct fluorophores to detect 2"-l possible probe 

combinations. Even more combinations are possible from the same number of 

fluorophores by also varying the relative proportion of each one, termed ratio 

labelling, although in practice the number of combinations are dependent on the 

sensitivity of the imaging system. This work progressed rapidly from 1990 when 

Nederlof et al., first demonstrated the use of combinatorial labelling with three
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fluorophores to detect four chromosomes (Nederlof et al., 1990), to the detection of 

six loci on a single chromosome (Wiegant et at., 1993), to seven chromosomes using 

the same number of labels (Ried et at., 1992). Similarly other groups have applied 

combinations of chromosome paints and YAC probes to produce chromosomal bar 

codes for up to seven chromosomes (Ried et al., 1992; Lengauer et al., 1993). Ratio- 

labelling of three fluorophores was also used to detect twelve chromosomes 

producing ‘real’ colour combinations which could be distinguished without image 

processing (Dauwerse et al., 1992). The ultimate aim to hybridise twenty-four probes 

simultaneously to detect the whole chromosome set was finally achieved in 1996 by 

two groups using different imaging approaches to produce the first FISH-based 

karyotypes. In one method. Multiplex or M-FISH reported by Speicher et al., 

combinatorial labelling of twenty-four chromosome paints was carried out using five 

fluorophores. As with standard FISH, after hybridisation a monochrome CCD camera 

with multiple optical filters was used to capture each channel sequentially before 

merger to form a final image. Analysis is based on the presence or absence of probe 

signal for each fiuorophore at each pixel, then compared to the labelling strategy to 

identify the chromosome (Speicher et al. 1996). The group of Schrock et al., in 

contrast employed a dedicated custom-designed imaging spectrometer system, in a 

method known as spectral karyotyping or SKY. This finely samples each pixel for all 

fluorescence across the spectrum simultaneously producing a set of interferograms, 

before data processing to form a spectral image. Analysis is based on comparison of 

the interference pattern for each pixel with stored data on chromosome interference 

spectra, the pixel is then allocated to a matching chromosome (Schrock et a l 1996).

M-FISH and SKY now allow analysis of aU chromosomes in a single step in 

less than twenty-four hours without conventional karyotyping. However the ability of 

this method to detect more subtle rearrangements is still dependent on good quality 

metaphases and remains prone to the drawbacks associated with standard FISH paints 

of uneven coverage and poor delineation of centromeric and telomeric regions. For 

these reasons this approach is likely to be an addition to, rather than a replacement of 

skilled cytogenetic screening of banded karyotypes. Applications are growing steadily 

as the systems required have become commercially available and include prenatal, 

postnatal and cancer cytogenetics (Schrock et al., 1997; Veldman et al., 1997; Uhrig 

et al., 1999) as well as comparative genome mapping (Best et al., 1998). SKY has
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also been adapted for analysis of murine models of human carcinogenesis using 

mouse chromosome paints (Liyanage et aL, 1996).

1.3.4 Comparative Genomic Hybridisation (CGH).

Comparative genomic hybridisation is a FISH-related technique, which allows 

the copy number of every chromosome to be assessed in a single hybridisation by 

reference to a normal DNA sample. This method, originally developed for 

cytogenetic analysis of solid tumours involves the use of equal quantities of sample 

genomic DNA and control DNA which are differentially-labelled and hybridised to a 

normal metaphase spread (Kallioniemi et al., 1992). After signal detection, the ratio 

of the intensities of the two fluorophores along the chromosomes is directly 

proportional to the sample and control DNAs copy number. As a result quantitative 

fluorescent analysis using a digital imaging system is able to detect areas of relative 

loss or gain in the sample DNA mapped to the target metaphase, ploidy abnormalities 

and balanced rearrangements however remain undetected. The standard resolution of 

this technique is in the range of 10-40Mb but varies according to the regions analysed 

and degree of amplification (Kallioniemi et al., 1992; 1994), although much higher 

resolutions of l-5Mb have been recently reported (Kirchhofif et al., 2001).

A major advantage of CGH to highlight chromosomal regions of amplification 

or deletion is that it can be applied to any sample from which DNA can be extracted 

in a rapid single step, without reliance on the cytogenetic preparations needed for 

standard FISH. In this respect, CGH has proved particularly suited to cancer 

cytogenetics and has been used by a number of groups to show previously unrecorded 

areas of presumed tumour suppressor gene deletion and oncogene amplification in 

cell lines and solid tumours (Kallioniemi et al., 1994; Kokkola et al., 1997; Van Roy 

et al., 1997). Similarly in clinical cytogenetics this technique has been used to 

characterise marker chromosomes, cryptic deletions and complex rearrangements 

(Bryndorf et al., 1995; Ghaffari et al., 1998; Daniely et al., 1999; Kirchhofif et al., 

2001) and has also been applied to material from spontaneous abortions (Daniely et 

al., 1998), in one study combined with flow cytometry for ploidy analysis (Lomax et 

a l, 2000).
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1.4 Preimplantation Genetic Diagnosis (PGD).

Preimplantation genetic diagnosis (PGD) involves the genetic screening of 

early human embryos and has been developed as an alternative to repeated prenatal 

diagnosis and termination of affected pregnancies for couples at high risk of 

transmitting genetic defects. In this approach, patients undergo IVF procedures and 

the resulting embryos are screened by the biopsy and genetic analysis of one or a few 

cells depending on the embryonic stage targeted. Only those embryos subsequently 

diagnosed as unaffected are then selected for transfer to the uterus. In this way if 

implantation occurs, a pregnancy is begun in the knowledge that it is likely to be 

normal so removing the uncertainty and anxiety felt by many parents in the early 

stages of a high risk pregnancy (Raeburn, 1995).

The first practical demonstration that PGD was actually feasible was in 1967, 

when Edwards and Gardner succeeded in sexing rabbit blastocysts to produce full- 

term offspring (Edwards and Gardner, 1967). However it was not until the 

introduction of IVF technology and sensitive diagnostic techniques such as FISH and 

PCR in the mid 1980s, that work could begin in earnest to develop PGD for human 

genetic disease (Monk et al., 1987; 1988; Handyside et al., 1989; Penketh et al., 

1989; Hardy et al., 1990; Monk and Holding, 1990; Verlinsky et al., 1990). In 1990, 

Handyside and colleagues reported the birth of healthy female twins to two couples 

carrying X-linked disorders, a breakthrough which represented the first successful 

clinical application of PGD (Handyside et al., 1990). Since then PGD has been 

developed for an increasing variety of other genetic conditions including single gene 

defects, age-related aneuploidy and more recently specific chromosomal 

rearrangements (ESHRE PGD Consortium, 1999; 2000).

There are several groups of patients for whom PGD may be an attractive 

alternative to the conventional prenatal diagnosis procedures of chorionic villus 

sampling (CVS) or amniocentesis carried out on established pregnancies fi'om 10-16 

weeks gestation (reviewed in Jauniaux and Rodeck, 1995; Holzgreve et al., 1999). 

The first group includes couples where one or both partners carries a known gene 

mutation or chromosomal rearrangement which makes them at high risk of
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transmitting severe genetic disease to their children. Although couples in this group 

who are infertile and already require IVF are obviously the ideal candidates for PGD, 

many couples will be able to conceive naturally but have suffered repeated 

spontaneous or induced abortion as a result of a series of abnormal conceptions. The 

advantage of PGD in these latter ‘fertile’ cases is that by using IVF, many embryos 

can be tested simultaneously in a single reproductive cycle, so increasing the 

likelihood of selecting unaffected embryos and achieving a normal pregnancy 

(Handyside, 1993). The second group includes infertile couples who require routine 

assisted conception, and have a general increased risk of chromosomally abnormal 

pregnancy because of advanced maternal age. The aim for these patients is to screen 

embryos for the common viable aneuploidies such as Down syndrome to increase 

their IVF success rate. Some PGD centres now also include patients in this group who 

have suffered repeated unexplained IVF failure (Gianaroli et al., 1997) or recurrent 

spontaneous abortion (Vidal et al., 1997). An additional subset of these couples are 

those with ethical or religious objections to pregnancy termination (TOP) for whom 

screening at this very early stage of human development is a more acceptable 

alternative (Snowdon and Green, 1997). In some cases, without PGD couples may 

avoid pregnancy completely, as they feel unable to risk the birth of an affected child 

(UCL Centre for PGD, referral list). This is reflected in a number of surveys to 

measure attitudes of prospective patients to PGD, where most indicate that the main 

benefits are perceived to be early reassurance and avoidance of the trauma of TOP 

(Pergamont, 1991; Miedzybrodzka et al., 1993; Snowdon and Green, 1997; 

Chamayou et al., 1998). All couples considering PGD are offered genetic counselling 

to confirm that this treatment is suitable for them and that they are aware of the 

possible drawbacks to this approach as well as the benefits. Such non-directive 

counselling is particularly important for this group of patients, many of whom will 

have had multiple affected pregnancies and now feel driven to have a normal child 

(Harper, 1998). As the majority are fertile and so have the option of conceiving 

naturally the well-known emotional as well as physical stresses of undergoing IVF 

treatment need to be fully considered at this stage (Newton et al., 1990). Also as PGD 

involves in vitro manipulation of human gametes and early embryos there are 

important ethical concerns which potential patients may need to raise at these 

preliminary counselling sessions before committing to treatment.
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1.4.1 Obtaining Embryos for PGD.

PGD treatment relies exclusively on IVF procedures to obtain embryos for 

analysis. The IVF treatment protocols used are essentially the same as those carried 

out for routine infertility as described in Section 1.1.4, although there are some 

important considerations. The main requirement for any PGD approach is obviously 

an adequate supply of normally developing embryos to improve the chance of 

detecting and transferring a normal embryo. So patient management in these cases is 

a compromise between producing the maximum number of oocytes to make available 

a large pool of embryos for diagnosis and limiting ovarian stimulation to a minimum 

to aid collection of better quality oocytes. In a recent report examining this issue, it 

has been suggested that the retrieval of at least nine cumulus-oocyte complexes is 

required for a successful PGD cycle (Vandervorst et al., 1998). An additional crucial 

consideration is the limitation of contaminating extraneous DNA or intact cells that 

may potentially lead to misdiagnosis. This is achieved by the stringent removal of all 

maternally-derived cumulus cells and in the case of PCR-based PGD protocols, the 

use of ICSI to prevent sperm contamination (Wells and Sherlock, 1998). Following 

IVF or ICSI cycles for PGD, embryo culture is necessarily extended to allow time for 

biopsy and diagnosis, with embryo transfer generally delayed until late day three to 

day four post-insemination. Cryopreservation is not usually recommended as freezing 

and thawing of surplus biopsied embryos is associated with an extremely poor 

survival rate (Joris et al., 1999; Magli et al., 1999).

Another method to obtain embryos, uterine lavage, which involves flushing 

the uterus after natural conception has been considered a theoretical possibility since 

the early days of PGD (Whittingham and Penketh, 1987) but has never proved a 

practical alternative. This was originally used as a relatively non-invasive method of 

retrieving embryos from artificially-inseminated fertile donors which could then be 

transferred to infertile recipients (Buster et al., 1985; Sauer et al., 1987). An obvious 

advantage of this for PGD is that blastocysts and arrested cleavage-stage embryos can 

be obtained on day five post-ovulation by a method which is technically much 

simpler and less expensive than IVF treatment (Formigli et al., 1990). However the 

disadvantages of this approach far outweigh these benefits as there is a risk of
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backflow resulting in ectopic implantation with serious consequence to maternal 

health, as well as the chance that not all embryos will be flushed and a retained 

pregnancy will result which has not been genetically screened. This is illustrated by 

the result o f one infertility study in which two out of six women acting as embryo 

donors became pregnant following superovulation and uterine lavage (Sauer et al.,

1989). These retained pregnancies occurred despite the administration post-flushing 

of contraceptive pills, endometrial aspiration and in one case the abortifacient 

mifepristone, leading the authors to question the safety of this approach combined 

with superovulation protocols (Sauer et al., 1989). More recently some PGD groups 

have shown renewed interest in uterine lavage combined with natural menstrual 

cycles to collect blastocysts for diagnosis. However multiple treatment cycles would 

probably be required using this approach as shown by one such case where uterine 

flushing over a total of four successive natural cycles resulted in the collection of just 

one blastocyst (J. Harper, personal communication).

1.4.2 Biopsy Methods for PGD.

Possible approaches for PGD include; PBI biopsy from metaphase II oocytes 

and/or PBII biopsy from zygotes, blastomere biopsy from cleavage-stage embryos 

and trophectoderm (TE) biopsy from blastocysts. The main priority at each of these 

embryonic stages is where possible to obtain a cell sample for analysis which is 

representative of the genetic constitution of the whole embryo, in a way which is not 

detrimental to subsequent development.

The first step in the procedure involves making an opening in the zona 

pellucida through which a cell can be removed and this can be achieved either by 

direct piercing or cutting with a micropipette (Grifo et al., 1990; Verlinsky et al., 

1990; Cieslak et al., 1999), the locahsed application of acid Tyrode’s solution (Hardy 

et al., 1990; Handyside, 1991; Inzunza et al., 1998) or most recently via an extremely 

precise laser system (Veiga et al., 1997; Boada et al., 1998; Montag et al., 1998). 

During micromanipulation care is taken to limit the fluctuations in pH and 

temperature shown to be critical factors linked to decreased viability of oocytes and 

embryos cultured in vitro (Almeida and Bolton, 1995).
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1.4.2.1 Polar body biopsy.

Biopsy and analysis of the polar bodies has been developed to infer the 

genetic status of the oocyte and the resulting embryo for PGD (Verlinsky et al.,

1990). The FBI is biopsied optimally within six hours of oocyte retrieval to preserve 

chromosome morphology (Verlinsky and Cieslak, 1993), whilst the PBII extruded at 

fertilisation can be biopsied sequentially (Kuliev et al., 1998; Strom et al, 1998) or 

alternatively both polar bodies can be removed in a single procedure (Verlinsky et al., 

1998; 1999). This is achieved by passing a bevelled micropipette into the perivitelline 

space tangentially towards the polar body, followed by gentle aspiration. In some 

cases, further incubation is required to allow complete extrusion before biopsy can be 

attempted (Verlinsky and Cieslak, 1993). As human oocytes appear to be sensitive to 

exposure to Acid Tyrode’s, with an inhibitory effect on subsequent embryonic 

development reported (Malter and Cohen, 1989), this method is not applied.

Diagnosis is based on the assumption that the secondary oocyte and PBI, 

products of meiosis I, will have complementary karyotypes whilst the resulting 

mature oocyte and PBII, the products of meiosis II, will have common karyotypes. 

Following this a PBI diagnosed as heterozygous for a genetic mutation will be 

uninformative for PGD and analysis of the corresponding PBII will be required. For 

loci distant to the centromere the probabihty of a crossover event producing this 

outcome will approach 50%, so half of PBI will fall into this category. Additionally 

the well-documented occurrence of precocious chromatid segregation in Mil oocytes 

can complicate diagnosis further (Angell, 1994). As the polar bodies are naturally 

extruded from the oocyte as it matures, development is not adversely affected by their 

removal, which takes place before any post-zygotic mosaicism becomes a problem 

for representative sampling. However this apparent advantage can also be viewed as 

the main disadvantage as embryo diagnosis will only ever be based on indirect 

analysis and importantly no paternal alleles can be analysed. Moreover, this technique 

can be very labour intensive if after a successful biopsy, uninformative PBs or a 

subsequent poor fertilisation rate result in few embryos for transfer.
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1.4.2.2 Cleavage-stage biopsy.

In the early cleavage-stage mammalian embryo, blastomeres are yet to 

commit to particular cell lineages (Mottla et al., 1995), allowing the possibility of 

removing cells for PGD. Much of the preliminary work to develop embryo 

manipulation techniques which first showed the feasibility of cleavage-stage biopsy 

was carried out on mouse embryos (Nijs et al., 1988; Wilton et al., 1989; Krzyminska 

et al., 1990; Kola and Wilton, 1991). Early studies to measure the effect of biopsy on 

human embryonic development showed that two cells could be removed fi’om 8-cell 

embryos on day three post-insemination without reducing the number blastulating or 

disturbing cleavage rates. Also although substrate utilisation was decreased in the 

biopsied group, this was only proportional to the resulting decrease in cell mass 

(Hardy et al., 1990). By contrast biopsy of earlier 2- to 4-cell stage embryos on day 

two post-insemination resulted in retarded cleavage and reduction of the ICM to TE 

ratio (Hardy et al., 1990; Tarin et al., 1992). Consequently biopsy procedures are now 

only carried out on day three post-insemination, when up to a quarter of the 

blastomeres can be removed without disturbing subsequent development (Handyside 

et al., 1989; Handyside, 1991; Hardy et al., 1990). The safety of this practice has 

been confirmed in a follow-up study of pregnancies and births resulting fi*om biopsied 

embryos which found no significant difference compared to those fi-om routine IVF 

treatment (Soussis et al., 1996a,b). The most commonly applied method involves the 

aspiration of one to two blastomeres through a localised hole in the zona (Handyside 

et al., 1991; Tarin and Handyside, 1993) (Fig 1.8), although other techniques have 

also been reported clinically using direct mechanical pressure (Avner et al., 1996) or 

a flow of medium to displace cells (Pierce et al., 1997). As the ease with which 

blastomeres can be removed is dependent on the level of compaction at the time of 

biopsy, some groups also advocate the use of calcium/magnesium fi-ee medium to 

loosen cell contacts and prevent cell lysis during biopsy (Dumoulin et al., 1998).

The main consideration for biopsy at this stage is the presence of 

chromosomal mosaicism, posing the risk that the cell analysed is fi-om a minor cell 

line and so not representative of the remainder of the embryo transferred. In a recent 

study to assess this problem, 6.5% of blastomere nuclei analysed fi'om surplus 

embryos showed a missing signal for chromosome 7 (Kuo et al., 1998). In recessive 

conditions such as cystic fibrosis (CF), the biopsy of a haploid or monosomie cell line
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Fig 1.8: Cleavage-stage Embryo Biopsy for PGD.
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Fig 1.8; The aspiration cleavage-stage biopsy method; using micromanipulation equiment (a) 

a day 3 post-insemination 8-cell embryo is immobilised by gentle suction through a holding 

pipette and (h) a localised stream o f acidified Tyrode’s solution is directed at the zona 

pellucida through a tapered micropipette (diameter 5-7 pm), (c) a second sampling pipette 

(diameter 30-40 pm) is placed close to the resulting hole in the zona and (d) a blastomere is 

carefully aspirated to avoid cell lysis. Once the biopsied blastomere is free of the embryo it is 

expelled and washed repeatedly in handling medium before further processing for genetic 

analysis. The remaining embryo is returned immediately to normal culture conditions to await 

the results o f diagnosis, (courtesy of W. Piyamongkol).
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would only act to reduce the number of embryos recommended for transfer but for 

dominant conditions this could result in misdiagnosis of an abnormal embryo. For 

this reason many groups prefer to base diagnosis on the result of two biopsied cells, 

particularly for chromosomal analysis and dominant disorders (Delhanty et al., 1994; 

Delhanty and Handyside, 1995; Kuo et al., 1998; Van de Velde et al., 2000).

1.4.2.3 Blastocyst biopsy.

An alternative approach for embryo biopsy is to remove a sample of TE cells 

from the blastocyst on days five to six post-insemination. The main advantage in 

biopsy at this later stage of development is that more cells can be sampled (10-30) 

than at an earlier stage without a deleterious decrease in cell mass, allowing for more 

reliable diagnosis. Also biopsy is targeted to the TE away from the polar site of 

implantation so avoiding any potential ICM damage. A disadvantage associated with 

this is that sampling is non-representative of the cell line which will go on to form the 

embryo proper which may have genetically diverged from the TE lineage. Such a 

discrepancy between the chromosome constitution of the embryo and placental 

tissues known as confined placental mosaicism (CPM) is thought to occur in about 1- 

2% of conceptions (Kalousek and Dill, 1983). Biopsy methods used are based on 

aspirating TE cells which have herniated outwards through an incision made in the 

zona and were originally demonstrated in mouse (Monk et al., 1988) and marmoset 

(Summers et al., 1988) as well as human blastocysts (Dokras et al., 1991; Muggleton- 

Harris et al., 1995; Veiga et al., 1997). An important consideration for this is that an 

adequate number of hCG-secreting TE cells remain after biopsy, ensuring that the 

implantation potential of the embryo is not compromised. Studies of marmoset 

blastocysts have suggested that biopsy does affect implantation and that 

administration of exogenous hCG is necessary (Summers et al., 1988), although work 

on human blastocysts has shown no such hCG reduction (Dokras et al., 1991).

The main drawback to this approach is that more than half of embryos 

cultured in vitro arrest before reaching the blastocyst stage resulting in very few 

embryos for biopsy and diagnosis (see 1.1.4). Although progress is being made to 

increase blastulation rates with improved culture conditions this has meant that 

embryo biopsy for PGD is currently concentrated on the cleavage-stage (ESHRE 

PGD Consortium, 1999; 2000).
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1.4.3 Diagnosis of Preimplantation Embryos.

Diagnostic techniques for PGD need to be sensitive, accurate and rapid 

enough to allow reliable analysis at the single cell level in a timeframe which 

accommodates IVF procedures. One of the first demonstrations that a genetic disorder 

could be diagnosed in a single blastomere was carried out using a sensitive 

biochemical assay to detect HPRT enzyme levels in a mouse model of Lesch-Nyhan 

disease (Monk et al., 1987). However when tested on human embryos it was apparent 

that the later embryonic activation made this approach unfeasible (Braude et al., 

1989) and subsequently work began towards direct analysis of the embryonic DNA. 

Two techniques, FISH and PCR, introduced around this time proved particularly 

suited for this purpose and now form the basis of most PGD strategies used today for 

a spectrum of genetic defects ranging from gross chromosomal aberrations to single 

base-pair mutations. Although classical cytogenetic techniques can also be 

successfully applied to single blastomeres with a view to PGD, the efficiency with 

which analysable metaphase preparations can be produced per biopsied cell is 

notoriously low (Kola and Wilton, 1991; Delhanty and Penketh, unpublished data)

1.4.3.1 PGD of single gene defects.

Over 5000 human monogenic disorders have been described to date 

(McKusick, 1994), but the molecular basis is known for only a fraction of these. 

Initial work to develop PGD for such cases began with the common disorders for 

which mutation profiles and prenatal diagnostic tests were already well established 

such as CF and the haemoglobinopathies (Monk et al., 1988; 1993; Monk and 

Holding, 1990; Liu et al., 1992). In 1992 this resulted in the first healthy births 

reported for couples carrying the common AF508 CF mutation. This was 

accomplished using simple heteroduplex analysis to identify unaffected homozygous 

normal and heterozygous embryos for transfer (Handyside et al., 1992). Since then 

increasingly sophisticated PCR-based protocols have been developed and applied for 

over twenty other disorders on a list which is growing steadily along with patient 

demand and technological advances. These include Tay-Sachs disease (Gibbons et 

al., 1995), Duchenne muscular dystrophy (Lui et al., 1995), Marfan syndrome.
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(Harton et al., 1996), spinal muscular atrophy (Dreesen et al., 1998), Lesch-Nyhan 

syndrome (Ray et al., 1999), sickle cell anaemia (Xu et al., 1999) as well as the triplet 

repeat expansion disorders Huntingtons chorea, myotonic dystrophy. Fragile X 

(Sermon et al., 1998a,b; 1999; Apessos et al., 2001; Piyamonkol et al., 2001) and 

inherited cancer syndromes, familial adenomatous polyposis coli (FAPC) (Ao et al.,

1998) and Li-Fraumeni syndrome (Verlinsky et al., 2001).

Developing suitable PGD approaches to amplify and detect specific sequences 

is technically demanding, due to the minute quantity of DNA (5-lOpg) contained in a 

single biopsied blastomere. Furthermore, the necessary testing of new protocols, prior 

to clinical application, is labour intensive. Additional considerations for single-cell 

PCR are the possibility of non-amplification, contamination and most significantly 

allele dropout (ADO) as potential causes of misdiagnosis (Navidii and Amheim, 

1991). ADO represents an extreme form of preferential amplification (PA) in which 

only one o f the alleles present in a heterozygous cell is amplified and subsequently 

detected. This phenomenon, which only affects PCR of minute DNA samples, is 

usually seen in 5-20% of single cell amplifications, exact frequencies varying 

considerably between studies (Findlay et al., 1995; Ray and Handyside, 1996; El- 

Hashemite et al., 1997; Rechitsky et al., 1998). Following several reports of 

misdiagnosis (Grifo et al., 1994; Kuliev et al., 1998; Sermon et al., 1998a), superior 

PGD protocols which utilise stringent safeguards against such an outcome have been 

employed by several groups. One common modification is the use of multiplex PCR, 

allowing simultaneous amplification of the mutation site and additional polymorphic 

markers. The use of highly polymorphic short tandem repeat (STR) markers provides 

a simple form of fingerprint, allowing many DNA contaminants to be detected. If the 

polymorphisms tested are also linked to the disease locus, and are informative, then a 

supplemental diagnostic result can be obtained, assisting in cases where amplification 

of the mutation site has been compromised by ADO (Kuliev et al., 1998; Rechitsky et 

al., 1998; loulianos et al., 2000; Piyamongkol et al., 2001). As an alternative to 

multiplex PCR some PGD centres have attempted methods of whole genome 

amplification to provide sufficient DNA for confirmatory testing (Kristjansson et al., 

1994; Ao et al., 1998; Wells et al., 1999). A variety of conventional mutation analysis 

techniques are currently in use for PGD, such as heteroduplex analysis, restriction
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endonuclease digestion and single-strand conformational polymorphism (SSCP). 

Highly sensitive fluorescent-PCR has also become widely used in preference to 

traditional methods of DNA detection (Wells and Sherlock, 1998; Findlay et al., 

1999) (Fig 1.9a). However the use of quantitative fluorescent PCR (QF-PCR) assays 

to detect chromosome copy number has proved more problematic for PGD. Although 

this approach using highly polymorphic STR markers can rapidly and reliably detect 

the common aneuploidies in prenatal samples (Mansfield, 1993; Pertl et al., 1994 

1999; Verma et al., 1998), at the single cell level this procedure can be unrehable in 

approximately 25% of cases due to PA. This results in artificially skewed ratios of 

PCR products and the potential for misdiagnosis of trisomie di-allelic cells (Sherlock 

et al, 1998; Wells and Sherlock, 1998). Additionally methods have been reported for 

‘cell recycling’ using sequential PCR and FISH analysis on the same blastomere fixed 

to a microscope slide, although resulting efficiencies are reported to be lower than for 

single test protocols (Thornhill et al., 1994; Thornhill and Monk, 1996; Rechitsky et 

al., 1996).

1.4.3.2 Embryo sexing for X-linked disorders.

The sexing of preimplantation embryos was introduced for couples at risk of 

transmitting a severe X-linked recessive disorder for which no specific genetic test is 

available. The aim of this is to selectively transfer female embryos which will either 

be homozygous for the normal allele or heterozygous carriers and therefore 

unaffected. At present without PGD, the only other option open to such couples is 

prenatal sex determination and the termination of all male pregnancies, even though 

half of these will be normal. Since the development of ICSI, another group of patients 

being referred for this type of PGD are those with sex chromosome aneuploidies, 

particularly Klinefelter syndrome (Staessen et al., 1996; Reubinoff et al., 1998; 

Emiliani et al., 2000). In addition couples who are keen to choose the sex of their 

baby for purely social reasons have shown interest in this approach, however the 

ethical imphcations of this mean that in a number of countries including the UK, such 

family balancing using PGD is prohibited and remains a controversial issue (Pennings 

et al., 1996; Pembrey, 1998; Ethics Committee of ASRM, 1999; Sureau, 1999).
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Fig 1.9: Diagnosis of Biopsied Blastomeres for PGD.
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Fig 1.9a: Mutation analysis using PCR-hased techniques -  Biopsied blastomeres are 

transferred to PCR tubes containing lysis buffer and amplified using specific oligonucleotide 

primers. Results shown here from multiplex PCR using fluorescent primers for the B-globin 

gene and a linked marker (HUMTHOl) with electrophoretic fragment separation using a 

laser analysis system, during PGD for B-thalassaemia (codon 41-42 mutation). Lanes 1 and 2 

show DNA samples from the heterozygous father and mother, respectively. Lane 3 shows a 

blastomere from a homozygous affected embryo (courtesy of W. Piyamongkol).

Fig L9h: Chromosomal analysis using FISH-hased techniques -  Biopsied blastomeres are 

spread individually onto microscope slides using acid/detergent solution leaving the nuclei 

clear o f cytoplasm, then hybridised with chromosome specific FISH probes. Nuclei shown 

here analysed using a-satellite probes for chromosomes X (green), Y (red) and 1 (orange) 

during embryo sexing to avoid X-linked disease, diagnosed as (/) male (XY; 1,1) and (//) 

female (XX; 1,1) recommended for transfer.
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Embryo sexing to avoid X-linked disease v^as one of the first applications 

developed for PGD, with the first livebirths reported in 1990 (Handyside et al., 1990). 

This was achieved using PCR amplification of a Y chromosome specific sequence to 

identify male embryos, the remainder being diagnosed female and recommended for 

transfer (Handyside et al., 1989; 1990). The risk of misdiagnosis with this approach 

became apparent when routine prenatal diagnosis showed one of the seven clinical 

pregnancies established was in fact male (Handyside et al., 1990; Handyside, 1993). 

This error presumably arose fi*om amplification failure of a XY blastomere, 

subsequently shown to occur in 15% of cells tested, although biopsy of an anucleate 

or haploid blastomere would give the same result (Kontogianni et al., 1996). 

Following this, protocols were developed for the simultaneous detection of both X 

and Y chromosomes using either combinations of specific primers (Kontogianni et 

al., 1991; Grifo et al., 1992) or more reliably common primers for homologous sex 

chromosome sequence such as amelogenin (Nakahori et al., 1991) steroid sulphatase 

(Liu et al., 1994) or ZFX/ZFY (Chong et al., 1993). However a disadvantage of these 

non-quantitative PCR methods is that no information is provided on chromosome 

copy number, so that sex chromosome aneuploidy remains undetected. Crucially this 

means that a monosomy X embryo also at risk of X-linked disease is 

indistinguishable fi'om a normal XX embryo. This drawback was overcome by the 

development of an alternative approach based on FISH to directly visualise the sex 

chromosomes in interphase blastomere nuclei. Early work in this field involved the 

use of tritiated or streptavidin-linked alkaline phosphatase Y chromosome probes to 

identify male embryos (West et al., 1988; Penketh et al., 1989). This was later 

superseded by the introduction of more sensitive fluorescence-linked detection 

systems using differentially-labelled probes to detect both sex chromosomes 

simultaneously in interphase nuclei (Griffin et al., 1992; 1993; 1994; Delhanty et al., 

1993; Coonen et al., 1994a; Harper et al., 1994; Veiga et al., 1994). As a result this 

simple, rapid but efficient approach has become the method of choice for detecting 

the chromosome constitution of preimplantation embryos (Delhanty et al., 1993). 

Subsequent improvements have included the use of at least one autosomal probe to 

provide additional information on blastomere ploidy (Delhanty et al., 1997; Staessen 

et al., 1999; Vandervorst et al., 2000) (Fig 1.9b).
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1.4.3.3 Age-related aneuploidy screening for routine IVF.

Women of 36 years or older are usually offered routine prenatal diagnosis for 

chromosome abnormality in an established pregnancy that reaches sixteen weeks. 

This is based on the risk of aneuploidy of about 1 in 250, which exceeds the risk of 

the procedure to the pregnancy (Holzgreve et al., 1999). At conception however this 

risk is clearly much higher including the lethal chromosomal imbalances not 

represented in the spontaneous abortion or livebirth data (Hassold and Jacobs, 1984; 

Hassold and Chiu, 1985). This is the logic behind attempting to screen embryos from 

older women undergoing routine IVF, in an attempt to improve the implantation rate 

and decrease the miscarriage rate in this patient group. However the debate on the 

benefit o f this is still ongoing (Munné et al. 1995; 1999; Dailey et al. 1996; Egozcue, 

1996; Reubinoff and Shushan, 1996; Verlinsky and Kuliev, 1996; Gianaroli et al. 

1997). The disadvantages are that PGD is labour intensive and expensive and 

necessarily reduces the number of embryos available for transfer which may be very 

low in older IVF patients. For this reason, screening may be of more benefit to the 35- 

40 year age group which still has an increased risk of aneuploidy but is likely to 

produce more embryos for analysis (Reubinoff and Shushan, 1996).

Over half of all PGD cycles carried out world-wide have been performed for 

this general aneuploidy screening (Verlinsky, 1999), with most groups employing 

FISH probes for chromosomes X, Y, 18, 13 and 21 to exclude the livebom aneuploid 

syndromes. In a recent report, 70% of the chromosomal abnormalities detected in 

prenatal diagnosis referrals by standard karyotyping would theoretically be picked up 

using this probe set (Evans et al., 1999). However there are practical constraints in 

that it is technically difficult to screen for several chromosomes at once in a single 

cell and it is only in the last few years that suitable probes have become available. An 

alternative related technique, primed in situ labelling (PRINS), has also been assessed 

for PGD. This essentially involves a PCR amplification carried out in situ on 

cytogenetic preparations using a chromosome specific primer (Koch et al., 1989), and 

can be used to probe interphase nuclei sequentially for multiple chromosomes (Multi- 

PRINS) (Hindkaer et al., 1994; Speel et al., 1995). PRINS produces similar results to
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FISH and has been applied to embryonic nuclei (PeUestor et al., 1996) and biopsied 

FBI (Petit et ah, 2000) but has yet to be applied clinically.

The most extensive series of PGD cycles have been carried out by Verlinsky 

and co-workers, involving PB biopsy of over 4,000 oocytes from 425 women aged 

34-46 years undergoing IVF. Both PBs were biopsied post-fertilisation and triple 

colour FISH was used to detect chromosomes X, 18 and 13/21 or 13, 21 and 18. In 

total, approximately 60% of oocytes were diagnosed normal and 40% were diagnosed 

abnormal, with a follow up study of untransferred embryos confirming the predicted 

chromosome constitution in 66% of cases. Possible causes of discrepancy may have 

been due to paternally derived abnormalities, mosaicism or low FISH efficiency. 

Transfer of embryos from oocytes diagnosed normal resulted in 131 pregnancies with 

88 healthy children bom, giving an overall clinical pregnancy rate per transfer of 

21.3% (Verlinsky and Cieslak, 1993; Verlinsky et al. 1996; 1998; 1999). The other 

main groups in this field have employed the cleavage-stage biopsy approach (Manor 

et al., 1998; Smith et al., 1998; Gianaroli et al., 1997; Vidal et al., 1997; Munné et 

al., 1999). In the largest series, Munné and co-workers have reported data from 117 

IVF patients undergoing PGD over a two year period (maternal age 45-35 years). 

Initial work involved the core probe set X, Y, 18, 13/21 or 13 and 21 (Munné et al., 

1993; Munné and Weier, 1996; Gianaroli et al., 1997) whilst more recent work has 

concentrated on increasing the number of probes to include other chromosomes 

frequently associated with pregnancy loss such as 14, 15, 16 and 22 (Benadiva et al., 

1996; Munné et al., 1998c). The total FISH error rate in this series ranged from 7- 

15%, mainly due to hybridisation failure. In a retrospective study, results from these 

cases showed a implantation rate per transfer of 18%, which was not significantly 

different from an age-matched control group. However the spontaneous abortion rate 

was significantly lower for the PGD group, 9% compared to 23% in controls, 

resulting in a slightly higher ongoing pregnancy/delivery rate (Munné et al., 1999). 

Although this indeed indicates that age-related aneuploidy screening can decrease the 

miscarriage rate in this particular patient group, preliminary data suggest that other 

chromosome aneuploidies, not seen in spontaneous abortions or livebirths, may also 

need to be detected to improve the implantation rate (Bahçe et al. 1999; Munné et al.

1999).
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1.5 Aim and Outline of Study.

The main objective of this study was to develop reliable FISH-hased protocols 

for the analysis of chromosome abnormalities in cleavage-stage embryos, which 

could then be applied to PGD referrals involving chromosomal rearrangements and 

gonadal mosaicism for trisomies 13, 18 or 21. This was initiated in response to the 

growing patient demand from such couples at high risk of chromo somally abnormal 

pregnancy, many who had suffered recurrent spontaneous or induced abortion. A 

PGD approach based on cleavage-stage biopsy and FISH analysis was selected in 

light of the success of this technique for embryo sexing to avoid X-linked disease 

(GrifiSn et al., 1993; 1994; Delhanty et al., 1993; Harper et al., 1994), the aim being 

to extend this work to detect autosomal imbalance. At this time, PGD was also being 

carried out for general age-related aneuploidy screening with most groups employing 

a-satellite probes for chromosomes X, Y, 18 and 13/21 combined (Munné et al., 

1993; Verlinsky et al., 1996), but no other cases had been reported for patient-specific 

chromosomal abnormalities. For this reason, the development and evaluation of 

suitable locus-specific FISH probes and PGD strategies were required before clinical 

application could be attempted in this study.

The main results of this work are described over eight sections in Chapter 3, 

describing the progression of the project from the initial preliminary work (Part 1) 

through to the clinical application of PGD (Part 11). The preliminary work results 

comprise three sections; the selection and evaluation of DNA probes for FISH, the 

analysis of surplus IVF embryos and the development of FISH strategies for 

prospective PGD cases. The results detailing the outcome of PGD treatment cycles 

are grouped into a further four sections, which are discussed with reference to any 

implications raised for future treatment of individual patients. The final section 

comprises an overall analysis of the levels of chromosomal mosaicism found in 

embryos from routine IVF and PGD cycles in relation to a number of variables. A 

generalised discussion of this work with a review of similar PGD cases carried out to 

date and conclusions is presented in Chapter 4.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials.

Detailed composition of reagents and solutions is given in Appendix A.

2.1.1 General Reagents and Equipment.

2.1.1.1 Chemicals.

Unless otherwise stated general laboratory chemicals and reagents were 

obtained from BDH Chemicals or Sigma Chemical Company and were of Analar or 

biochemical grade. Solutions and buffers were prepared as described in 2A.

2.1.1.2 Enzymes.

DNA polymerase I (5-lOU/pl) and DNase I (Ipg/ml, 2A.11.3) were obtained 

from Promega and Boebringer Manbeim respectively. These enzymes were also 

supplied as components of nick translation kits from Gibco BRL, Boebringer 

Mannheim and Vysis UK. Lyticase for yeast DNA extraction was obtained in 

desiccated form (made up to stock concentration 25U/pl, 2A.9.2) from Sigma 

Chemical Company and in solution (3.5U/pl) from Boebringer Mannheim. PCR 

amplifications were carried out using SuperTaq DNA polymerase (5U/pl) supplied by 

HT Biotechnologies. Proteinase K (50pg/ml) from Boebringer Mannheim, pepsin 

(lOmg/ml) and RNase H (lOOpg/ml) both from Sigma Chemical Company, used 

during FISH, were obtained in desiccated form and aliquoted to the working 

concentrations shown. All were stored at -20°C.

2.1.1.3 Nucleic acids.

Sonicated herring sperm DNA (lOmg/ml) and calf thymus DNA (stock 

concentration lOOpg/ml) were suppbed by Sigma Chemical company whilst Cof^ 

DNA (Ipg/ml) and DNA size standards (Ikb ladder) were from Gibco BRL. 

Oligonucleotide primers for PCR (2A.10.3) were obtained from Oswell DNA 

Service. Unlabelled deoxynucleoside triphosphates (dNTPs; dATP, dCTP, dGTP, 

dTTP) were supplied by Pharmacia and labelled dNTPs were from Boebringer
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Mannheim (Digoxygenin-dUTP), Amersham (Fluorored-12-dUTP, Fluorogreen-12- 

dUTP) and Vysis UK (SpectrumOrange-dUTP, SpectmmGreen-dUTP). All were 

stored at -20°C.

2.1.1.4 Cell culture media and equipment.

Cell culture flasks, glass pipettes and microscope slides were obtained fi*om 

BDH whilst all microcapillaries (internal diameters 75-200pm) for embryo and 

oocyte handling were fi'om Laser. Reagents used for media preparation as detailed in 

lA were obtained fi'om Difco Bacto, Sigma Chemical Company and Gibco BRL. 

Antibiotics and growth supplements supplied in desiccated form were made up to 

stock concentrations, filter-sterilised and stored at -20°C. Iscoves modified Dulbeccos 

medium for lymphocyte culture was obtained fi*om Imperial Laboratories and 

colcemid (lOOpg/ml) was from Sigma Chemical Company, both were stored at 4°C. 

Fetal calf serum supplement was supplied by Globepharm Ltd and stored at -20°C.

2.1.2 Fluorescent in Situ Hybridisation (FISH).

2.1.2.1 DNA probes.

Details of DNA probes used in this study along with sources are summarised 

in Table 2.1. The majority of yeast artificial chromosome (YAC) clones were 

obtained from resource centres as agar stabs. YAC and cosmid clones from other 

sources were supplied as agar stabs, agar plates or glycerol stocks. Plasmid DNAs for 

chromosomes 1, 12, 16 and 18 a-satellites were supplied in solution (30-120ng/pl). 

Maxiprep of plasmid and cosmid DNA was carried out with Wizard maxiprep kit 

from Promega. Probe DNA was labelled via nick translation using either reagents 

prepared from laboratory stocks or those supplied in kit form; Bionick Labelling 

System - Gibco BRL, Nick Translation Kit - Boebringer Mannheim and Vysis UK. 

Commercially obtained a-satellite probes and locus-specific probes were supplied 

from Appligene Oncor, Cytocell and Vysis UK. All were stored at -20°C protected 

from hght.
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Table 2.1: FISH probe details.

Probe (Label*) Location Source/Reference

pUCl.77 a-satellite 1 Cooke et al., (1979)

y845 4pl2-13 HGMP

D4Z1 (Bio/Dig) a-satellite 4 Appligene Oncor

y858 4q33 HGMP

LSI D5S23 (SG) 5pl5.2 Vysis UK

LSI D5S721/D5S23 (SG) & CSFIR (SO) 5pl5.2&5q33-34 Vysis UK

Chromoprobe-T 6p (Dig) 6pter Cytocell

yl32 6p24-25 HGMP

y814 6p22-23 HGMP

D6Z1 (Dig) a-satellite 6 Appligene Oncor

y849 6ql6 HGMP

yl47 6q21-23 HGMP

yl46 6q22-23 HGMP

Chromoprobe-T 6q (Bio) 6qter Cytocell

TelVysion 7p (SO/SG) 7pter Vysis UK

D7Z1 (Dig) a-satellite 7 Appligene Oncor

D7S486 (SO) & D7S522 (SG) 7qll.23&7q31 Vysis UK

CCMP9.27 9qh N. Carter

yl8 9q34 HGMP

CEP 11 (SO/SG) a-satellite 11 Vysis UK

TelVysion 1 Iq (SO) llqter Vysis UK

pBR12 a-satellite 12 Rocchi et al., (1989)

D12Z1 (Dig) a-satellite 12 Appligene Oncor

D13/21Z1 (Dig) a-satellite 13/21 Appligene Oncor

y5136 13ql2 J. Cowell

y896 13q33 HGMP

Quint-Essential 13 (QE 13) (Phox) 13q32-33 Appligene Oncor

y852 14qll.2 HGMP

y746 14q31-32 CEPH

yl4G Mqter HGMP
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Table 2.1 (continued): FISH probe details.

Probe (Label*) Location Source/Reference

yl9D chrs 1+4 HGMP

y37B chrs 16 + C grp HGMP

Chromoprobe-I 15 (FITC/TRJTC) a-satellite 15 Cytocell

D15Z1 (Bio) a-satellite 15 Appligene Oncor

y908 15ql4 HGMP

y614 15q24 HGMP

TelVysion 16p (SG) 16pter Vysis UK

pSE16 a-satellite 16 Greig et al., (1989)

TelVysion 16q (SO) 16qter Vysis UK

CEP 18 (SAq) a-satellite 18 Vysis UK

LI.84 a-satellite 18 Devilee et al., (1986)

yDCCcontig;  12FC12,13HE1,40DH1 18q21 Cho et a l,  (1994)

TelVysion 18q (SO) 18qter Vysis UK

D20Z1 (Bio) a-satellite 20 Appligene Oncor

yMF 20qter M. Fox

yOART2 21q22.1 Gnirke et a l,  (1991)

y901 21q22.1 HGMP

y940 21q22.2 HGMP

Quint-Essential 21 (QE 21) (Phox) 21q22.2 Appligene Oncor

cCMP 2L a contig;  21.2,21.6 21q22.3 Zheng et a l,  (1992)

c242c contig; 4a, 5b, 6a 21q22.3 Davies et a l,  (1994)

y719 21q22, lq32-33 HGMP

LSI TUPLE 1 (SO) & LSI ARSA (SG) 22qll &22ql3 Vysis UK

Labels shown for commercially supplied probes; Bio (biotin). Dig (digoxygenin), Phox, SAq 
(SpectrumAqua), SG (SpectrumGreen), SO (SpectrumOrange).

CEPH - Centre d'Etude Polymorphisme Humain.
HGMP - Human Genome Mapping Project Resource Centre, Cambridge, UK.
J. Cowell, Institute of Child Health, London, UK.
N. Carter, University of Cambridge, Cambridge, UK.
M. Fox, MRC Biochemical Genetics Group, University College London, UK.
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2.1.2.2 FISH reagents.

FISH solutions and buffers are given in 2A.12. Immunocytochemical 

detection reagents for biotinylated probes (FITC avidin DN, FITC anti-avidin DN, 

biotinylated anti-avidin D) were obtained from Vector laboratories and for 

digoxygenin labelled probes (mouse anti-digoxin Ig, mouse anti-digoxin Ig-FITC, 

rabbit anti-mouse-TRITC Ig, goat anti-rabbit-TRITC Ig, goat anti-mouse-Cy3, 

donkey anti-goat-Cy3 Ig) from Sigma Chemical Company. Working concentrations 

ranged from dilutions of 1:100 to 1:1000 (see 2.2.4.4). The dual detection kit of anti- 

Phox-FITC/anti-digoxygenin-TRITC Ig was obtained from Appligene Oncor. All 

stocks were stored at -20°C with short term aliquots stored at 4°C. Blocking reagent 

for nucleic acid detection was from Boebringer Mannheim stored at room 

temperature. Tween 20 detergent (polyoxyethylene sorbitan monolaurate), Poly-L- 

lysine adhesive solution and the DNA counterstain 4',6-diamidino-2-phenylindole 

(DAPI) were supplied by Sigma Chemical Company and the anti-fade mounting 

medium Vectorshield by Vector Laboratories; aU were stored at 4°C.

2.1.2.3 Microscopy and Image analysis.

Dissecting microscopes from Nikon and inverted microscopes from Olympus 

were used for embryo and oocyte handling as well as slide preparation. Fluorescence 

microscopy was carried out with the following microscope systems; Reichert Jung 

Polyvar microscope with single filters for TRITC, FITC and DAPI, Nikon optiphot 

microscope with Omega dual band-pass TRITC/FITC filter and Zeiss Axioskop 

microscope with Chroma multi-band pass TRITC/FITC/DAPI filter and single 

SpectrumAqua filter. Initially image capture and analysis was carried out using a 

MRC 600 confocal laser microscope and imaging software from Biorad, this was 

replaced by a Zeiss Axioskop microscope equipped with a Photometries KAF 1400 

cooled CCD (charged coupled device) camera controlled by Smartcapture software 

from Vysis, UK.
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2.1.3 Preimplantation Genetic Diagnosis (PGD).

2.1.3.1 Ethical approval.

Patients were referred for PGD from various clinical genetics centres in the 

UK and overseas. Treatment was carried out at the IVF unit, Hammersmith Hospital, 

London or the Assisted Conception Unit, University College Hospital, London. The 

analysis of donated untransferred embryos and the clinical application of PGD were 

approved by the Human Fertilisation and Embryology Authority (HFEA) and the 

Research Ethics Committees of the Royal Postgraduate Medical School, 

Hammersmith Hospital and the University College Hospital (UCH). Informed written 

consent was obtained from patients for unfertilised oocytes and embryos surplus to 

IVF requirements to be used for research purposes.

2.1.3.2 Patient details.

Fifty couples at risk of chromosomally unbalanced pregnancy due to parental 

chromosome rearrangement were initially referred for PGD; thirty-three with 

balanced reciprocal translocations, ten with balanced Robertsonian translocations, 

three with other structural chromosomal rearrangements and four with mosaicism for 

a trisomie cell line. Mean maternal age was 33.2 years (SD ±3.95 years), range 26 to 

41 years. The reproductive histories of these couples are shown in Table 2.2.

2.1.3.3 Preimplantation embryos and unfertilised oocytes.

Seventy-one human preimplantation embryos (420 blastomeres) were 

obtained for analysis from twenty-nine patients undergoing routine IVF (mean 

maternal age 33.6 [SD ±3.9] years, range 27 to 44 years). Forty-three embryos were 

normally fertilised (presence of two pronuclei observed 18hrs post-insemination) and 

scored as grade I or II on day three post-insemination whilst twenty-eight embryos 

were either arrested at the 2- to 4-cell stage by late day three post-insemination or had 

resulted from abnormal fertilisation (presence of one or three pronuclei). An 

additional seventy embryos resulting from thirteen IVF cycles carried out for PGD 

were analysed to assess the levels of chromosome abnormalities in the patient group 

studied.
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Table 2.2: Details of fifty patients referred for PGD of chromosomal abnormalities.

Parental Karyotype Reproductive History Mat Age

Reciprocal Translocations

Case Ad: 46,XX,t(17;19Xq25.3;pl3.13) 2 SA 36

Case Br : 46,XX,t( 16; 18Xq24;q21.1) 3 SA 28

CaseBu: 46,XX,t(14;16Xqll.2;ql2.1) 1 abnormal child, 2 TOP (all derl4, adjacent 1) 32

Case Cr: 46,XY,t(4;5Xq33;q33.3) 1 normal child, 8 SA 28

Case De: 46,XX,t(6;21Xql3;q22.3) 1 Down syndrome (3:1 interchange trisomy), 4 SA 32

Case Dg: 46,XY,t(l 8;21 Xq21 ;q22.1 ) 1 normal child, 7 SA 36

Case Es: 46,XX,t(4;16Xq35.1;pl3.13) 1 abnormal child, 2 TOP (all der 4, adjacent 1) 37

CaseGi: 46,XX,t(5;18Xpl5.1;q23) 1 abnormal child (der 5, adjacent 1) 30

Case Gr: 46,XX,t(12;22Xq24.1;ql 1) 1 abnormal child (+der 22,3:1 tertiary trisomy) 40

Case Gy: 46,XX,t(7;16)(pl4;q21) 3 SA 34

Case He: 46,XX,t(l;22)(p36.1;ql3.3) 2 SA 31

Case Ho: 46,XY,t(16;22)(pl 1.2;ql3.1) 1 SA, 1 TOP (der 22, adjacent 1) 26

Case Ht: 46,XX,t(6;10Xq27;ql 1.2) 3 SA 37

Case Hu: 46XYt(l;15Xq32.1;q22.3) recurrent SA 34

Case Le: 46,XY,t(2;8Xq37.3;pl 1.23) 5 normal children, 1 abnormal child 28

Case Lj: 46,XX,t(5;9Xq32;pl3.3) 5 SA, 2 TOP 33

Case Lo: 46,XX,t(5;16)(pl5.33;pl3.13) 2 SA, 1 TOP 34

Case Ma: 46,XX,t(12;20Xq24.33;ql 1.2) 1 TOP (+der 20, 3:1 tertiaiy trisomy) 39

Case Md: 46,XY,t(2;8Xq37.3;p23.1) 1 SA (der 8), 2 TOP (der 2, adjacent 1) 29

Case Me: 46,XX,t(l;20)t(4;7)* recurrent SA 33

Case Mg: 46,XX,t(7;ll)(p21;q21)^ 8 SA 28

Case Ml: 46XY,t(6;15Xq22.1;pl 1.2) 1 SA 26

Case Mo: 46,XY,t(l;4)(p31.2;q31.3) 3 SA 33

Case Mp: 46,XX,t(5;l lXq3 l;q23) 1 normal, 1 abnormal child (der 11, adj 1), ITOP 32

Case Or: 46,XX,t(l l;22Xq23.3;ql 1.2) 1 SA, 2 TOP (+der 22, 3:1 tertiary trisomy) 36

Case PI: 46,XX,t(6;15Xq21;q26) 4 SA, (2 from adjacent 1, one der6 and one der 15) 27

Case Sa: 46,XY,t(l;15Xq32.3;q25.2) 1 normal child, 5 SA 30

Case St: 46,XX,t(12;18)(pl2.2;q21.3) 1 normal, 2 abnormal children (der 18, adj 1), 2 SA 37
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Table 2.2 (continued): Details of fifty patients referred for PGD of chromosomal 
abnormalities.

Parental Karyotype Reproductive History Mat Age

CaseTg: 46,XX,t(6;10Xq25.1;q26.13) 5 SA (x2 der 6, adjacent 1) 35

Case Wb: 46,XX,t(4;9Xq27;p24) 1 abnormal child, 4 TOP (der 9, adjacent 1) 28

Case Wh: 46,XY,t(2;6Xq37.1;q25.3) 1 child (45,X/46,XX mos), 2 SA, 2 TOP 34

Case Wo: 46,XX,t(4; 11 Xq31.1 ;q21 ) 1 normal child (balanced), 6 SA 37

Case Yo: 46,XX,t(6;9Xp22.3;q32) 2 SA 38

Robertsonian Translocations

Case Ca: 45,XY,der(13;14XqlO;qlO) 2 SA, (4 further suspected SA) 37

Case Ch: 45,XX,der(13;14XqlO;qlO) 5 SA 40

Case Co: 45,XX,der(13;21XqlO;qlO) 1 Down syndrome child, 1 SA, 2 TOP 31

Case Db: 45,XY,der(13;14XqlO;qlO) primary infertility 30

Case Ef: 45,XY,der(13;14XqlO;qlO)) 3 SA 36

Case Hi: 45,XY,der(14;21XqlO;qlO) 1 balanced, 1 Down syndrome child, 2 SA 40

Case Jo: 45,XY,der(13;14XqlO;qlO) recurrent FVF failure 34

Case Oh: 45,XX,der(14;21XqlO;qlO) I normal child (balanced), 8 SA 41

Case Ty: 45,XX,der(13;15XqlO;qlO) 3 SA 31

Case Ye: 45,XY,der(13;14XqlO;qlO) 5 SA 34

Other Structural Rearrangements

Case An: 46,XX,inv(5)(pl5.1q35.3) 2 abnormal children [rec (5), dupqinv(5)] 29

Case Ev: 46,XX,r(16)(pI3.3q24) 10 yrs infertility, 1 stillbirth, 1 SA 34

Case Fa: 46,XX,ins(7)(p22q31. Iq32) 1 normal child (balanced), 2 TOP [rec (7),dupins7] 31

Mosaicism for a Trisomie Cell Line

Case Jd: gonadal mos 47,XX,+13/46,XX recurrent SA (trisomy 13) na

Case FI: gonadal mos 47,XX,+21/46,XX 1 normal, 1 Down syndrome child, 2 TOP 36

Case Me: mos 47,XX,+21/46,XX 2 Down syndrome children, 1 SA 35

Case To: mos 47,XX,+18/46,XX 1 Edward syndrome child 31

Full karyotype for Case Me: 46,XX,t(l;20)(p35.2;pl 1.2),t(4;7)(q31.1;q21.2).
 ̂The male partner is also a balanced reciprocal translocation carrier 46,XY,t(5;14)(pl5.2;q23).

TOP - Termination of pregnancy. 
SA - Spontaneous abortion.

der - Derivative chromosome 
rec - Recombinant chromosome
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Eighteen oocytes, which failed to fertilise (the absence of pronuclei observed 

18hrs post-insemination) during these PGD cycles, were collected for analysis 48hrs 

post-insemination.

2.1.3.4 Grading criteria for the IVF embryos.

Preimplantation embryos were graded according to Dawson et al., (1995) as 

follows;

Grade I  Embryo at the correct stage of in-vitro development with regular-shaped 

and even-sized blastomeres with no fragmentation.

Grade II  Embryos show an intermediate morphology between grade I and III.

Grade III Retarded development with unequally sized blastomeres with at least

one degenerated blastomere and/or a high level of fragmentation.

2.1.3.5 Categorisation of chromosomal abnormalities in embryos.

Embryos analysed for the preliminary work and PGD cycles were categorised 

after Delhanty et al, (1997) into four groups; normal, abnormal, mosaic (diploid 

mosaic or aneuploid mosaic) and chaotic. Embryos were allocated where possible to 

each group on the basis of the chromosome constitution of the majority of cells 

present.

Normal Embryo uniformly normal for the chromosomes tested.

Abnormal Embryo uniformly abnormal for the chromosomes tested.

Mosaic Diploid mosaic - majority of embryo euploid but one or a few cells

differ (i.e. aneuploid, polyploid or haploid).

Abnormal mosaic - majority of embryo aneuploid, polyploid etc, but one 

or a few cells differ.

Chaotic Chromosome constitution varies randomly from cell to cell and status of 

original zygote cannot usually be determined.
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2.2 M ethods.

2.2.1 PGD Procedures.

2.2.1.1 rVF treatment cycles.

In all PGD cycles a standard IVF long protocol was followed as described by 

Rutherford et al., (1988). Briefly, after pituitary suppression with a luteinising 

hormone releasing hormone agonist (Buserelin, Organon) follicular development was 

stimulated by human menopausal gonadotrophin (Pergonal, Serono) and monitored 

using serial ultrasound and serum oestradiol measurements. When three follicles were 

>18 mm in diameter, an ovulatory dose of human chorionic gonadotrophin (Profasi, 

Serono) was administered and oocyte retrieval was carried out 36 hours later by 

ultrasound guided transvaginal aspiration. Approximately four hours post-collection, 

oocytes were inseminated with prepared spermatozoa and after 15-18 hours 

incubation checked for the presence of two pronuclei indicating normal fertilisation. 

In cases involving oligozoospermia, intracytoplasmic sperm injection (ICSI) was 

carried out following the protocol of Van Steirteghem et al., (1993).

Oocytes and embryos were cultured in Earle’s balanced salt solution (Gibco 

BRL) supplemented with 10% heat-inactivated maternal serum, with the exception of 

two cases (Dg and Jo) in which a commercial medium was used (Universal IVF 

medium, Medi-cult). For handling and micromanipulation purposes the culture 

medium was buffered with HEPES. Embryo morphology was graded according to 

Dawson et al., (1995) (2.1.3.4) with suitability for biopsy assessed on day three post

insemination. Following PGD, normal embryos were transferred to the uterus on day 

four post-insemination and a pregnancy test (B-HCG assay) was performed on day 15.

2.2.1.2 Embryo manipulation.

Normally fertilised embryos generated by IVF or ICSI were biopsied on day 

three post-insemination using the aspiration method of Handyside et al., (1991). To 

limit embryo cooling, all handling and micromanipulation was carried out at 37°C. 

Embryos were immobilised by gentle suction with a holding pipette controlled by a 

Leitz micro manipulator and a stream of acid Tyrodes solution (pH 2.4) was applied to
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the zona pellucida with a fine pipette until a hole approximately 30pm was observed. 

A second pipette was then positioned against the hole and used to gently aspirate a 

blastomere, which was transferred to the same droplet of medium in the petri dish. A 

second blastomere was then removed in the same way. In cases where an anucleate 

cell had been biopsied or cell lysis occurred, biopsy was repeated if cell number 

allowed. The remainder of the embryo was returned to normal culture conditions 

immediately after biopsy. Two blastomeres were only removed ft-om embryos of six 

or more cells to ensure that embryo mass was not deleteriously reduced. In the second 

set of PGD cycles, biopsy was not attempted on embryos with less than six cells.

2.2.2 Cell Culture and Cytogenetic Preparation.

2.2.2.1 Peripheral lymphocyte culture.

A synchronised culture method was used to produce extended chromosome 

preparations from peripheral lymphocytes of controls, patients and their partners. 

Whole blood in sterile lithium heparinised tubes was cultured as soon as possible 

after collection. In a 50ml tissue culture flask, 1ml of blood was added to a 20ml 

volume of Iscoves modified Dulbecco's medium warmed to 37°C supplemented with 

10% fetal calf serum, 1% glutamine, penicillin, streptomycin (GPS) and 1% of the 

mitogen phytohaemoglutinin (PHA) under aseptic conditions (1A.1). The culture was 

incubated at 37°C for 48 hours with agitation twice daily to resuspend the cells. After 

this time 300pg/ml thymidine was added to block cell growth and incubation was 

continued for a further 18 hours before the block was removed by the addition of 

3pg/ml 2-deoxycytidine, allowing synchronisation of a large proportion of cells in the 

early stages of mitosis. After incubation of the culture for four hours O.lpg/ml 

colcemid was added to disrupt the mitotic spindle causing metaphase arrest. After 20 

minutes of colcemid incubation the culture was decanted into two 10ml centrifuge 

tubes and harvesting was commenced.

2.2.2.2 Harvest of cultured cells.

Immediately after colcemid incubation, cultured cell suspensions in 10ml 

centrifuge tubes were spun at 6,000g for 5 minutes and the supernatant was removed
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leaving approximately 1ml of medium to resuspend the pellet. Hypotonic solution 

(0.075M KCl) pre-warmed to 37“C was added gently to prevent cell rupture and tubes 

were incubated for 15 minutes at 37°C. After this time the cells were spun down again 

at 6,000g for 5 minutes, the supernatant removed and the pellet resuspended in 1ml of 

residual medium. Freshly prepared fixative (3 parts methanol to 1 part glacial acetic 

acid) was then added drop-wise (approximately lOOpl) Avith a Pasteur pipette whilst 

the cells were constantly agitated by tapping the tube vigorously, until 5-10ml of 

fixative had been added. The cells were spun down as before, the supernatant 

removed and the pellet resuspended before the addition of 5-10ml of fresh fixative. 

This fixation step was repeated once more before storing cell suspensions at -20°C.

2.2.2.3 Cultured prenatal samples.

Surplus cultured prenatal samples including amniocytes, chorionic villi, and 

fibroblasts were obtained courtesy of the Clinical Cytogenetics Unit, UGH. All were 

supplied as cell suspensions in 3:1 methanol:glacial acetic acid fixative.

2.2 2.4 Slide preparation I; Cell suspensions in fixative.

Slides were cleaned in cold methanol, 0.5% concentrated HCl and dried with a 

lint-free cloth. Prior to slide preparation fixed cell suspensions of peripheral 

lymphocytes, fibroblasts, amniocytes or chorionic villi were centrifuged at 6,000g for 

5 minutes, the supernatant was removed and the cell pellet was resuspended in fresh 

fixative (3:1 methanohacetic acid) until an appropriate cell density was reached. One 

drop (approximately lOOpl) of suspension was dropped onto a clean dry slide and 

allowed to air-dry, before flooding with more fixative for 10 seconds and air-drying 

again. The slide was then flooded with 70% glacial acetic acid for 10 seconds to 

remove excess cytoplasm and air-dried. Cell density and chromosome spreading were 

checked under phase contrast microscopy and if necessary the process was repeated 

after adjusting the amount of fixative added. Slides suitable for analysis with well 

spread metaphase chromosomes and minimal cytoplasm were dehydrated through an 

ethanol series (70%, 90%, 100% 5 minutes each), air-dried and stored covered at 4°C.
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2.2.2.5 Slide preparation II; Blastomeres.

Slides were prepared of embryonic nuclei from whole day three post

insemination embryos and biopsied blastomeres using the method developed by 

Harper et aL, (1994) and Coonen et al., (1994a). Adhesive coated slides are used in 

this air-drying method to ensure cells remain attached to the slide until lysis and air- 

drying are complete. These were prepared by immersing clean slides in a coplin jar of 

tissue adhesive solution (0.01% Poly-L-Lysine in deionised water) for 5 minutes at 

room temperature before air-drying overnight, after which storage was at 4°C. The 

embryo or biopsied blastomere was washed in phosphate buffered saline (PBS) for 2 

minutes to remove traces of medium or oil before transfer to a small drop 

(approximately 10-20pl) of spreading solution (0.0IN HCl, 0.1% Tween 20) on a 

Poly-L-Lysine coated slide, the position marked on the underside beforehand with a 

diamond pen. The slide was then transferred to an inverted microscope allowing the 

embryo to be constantly observed whilst a microcapillary primed with spreading 

solution was used to gently agitate the spreading solution drop. This was continued 

until the zona pellucida had dissolved, blastomeres lysed and all nuclei were clear of 

cytoplasm. Slides were then air-dried, washed in PBS for 5 minutes and dehydrated 

through an ethanol series (70%, 90%, 100% 5 minutes each). Slides were stored 

covered at room temperature for a maximum of two weeks prior to analysis.

2.2.2.6 Slide preparation III; Unfertilised oocytes.

Cytogenetic preparation o f unfertilised oocytes was carried out 48 hours post

insemination to allow any late fertilised oocytes to be included for diagnosis. 

Chromosome spreading was by a gradual fixation method modified from Tarkowskis’ 

protocol (Tarkowski, 1966). Under an inverted microscope the oocyte was transferred 

using a microcapillary from culture medium to a petri dish containing 1% sodium 

citrate hypotonic solution and incubated for 6 minutes. The oocyte was then 

transferred to a small droplet (approximately 2pi) of fixative I (5:4:1 bidistilled 

water:methanol:acetic acid) on a slide, the position marked on the underside with a 

diamond pen and allowed to dry. Fixation was concluded by the sequential addition 

of five 20pl drops of fixative II (3:1 methanohacetic acid) using a pipette, with each 

one added just prior to drying of the previous drop. Slides were then dehydrated
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through an ethanol series (70%, 90%, 100% 5 minutes each), air-dried and stored at 

4°C. Before FISH analysis all slides were stained with DAPI to distinguish analysable 

metaphases.

2.2.2.T G-banding.

G-banding of peripheral lymphocyte chromosome preparations from couples 

referred for PGD was carried out in cases where no previous cytogenetic reports were 

available. Karyotyping was carried out by the Clinical Cytogenetics Department, 

UCH. Karyotypes were re-analysed in cases where chromosomal breakpoints mapped 

by FISH differed from those stated on the supplied cytogenetic reports.

2.2.3 Preparation and Selection of DNA Probes.

2.2.3.1 Preparation of competent bacterial cells.

Bacterial cells were made competent to take up exogenous DNA by cold 

calcium chloride (CaCb) treatment. A starter culture of E. coli JMlOl strain in 4ml 

LB medium (1A.3) was incubated at 37°C overnight and then used to inoculate a 

250ml volume of fresh medium. This was incubated for a further 3-4 hours at 37°C 

with constant agitation until turbid. All subsequent steps were carried out in a 4°C 

cold room with reagents stored at -20°C until use. The suspension was spun at 

10,000g for 5 minutes, the supernatant was discarded and the pellet was resuspended 

in 20ml 50mM CaCL and left on ice for 20 minutes. This step was repeated a second 

time with the pellet resuspended in a fresh quantity of 50mM CaCb and the 

suspension was placed on ice for 4-16 hours. After this time 7ml 50% glycerol was 

added and the cell suspension was aliquoted into 0.2ml volumes in microcentrifuge 

tubes for storage at -70°C.

2.2.3.2 Transformation of bacterial ceils with plasmid DNA.

Plasmid DNA was stably introduced into an E. coli bacteria strain so that 

subsequent bacterial culture would lead to plasmid amplification as a source for FISH 

probes. Two aliquots (200pi) of competent JMlOl E.coli culture were thawed slowly 

on ice with one selected for transformation and the other set up as a negative control.
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The aliquot to be transformed was mixed with 500ng of plasmid DNA and incubated 

on ice for 30 minutes. All further steps were carried out for both the transformed 

culture and the negative control aliquot. The cells were then heat-shocked by 

incubating at 42 °C for 2 minutes to allow plasmid uptake and returned to ice for 2 

minutes before the addition of 0.8ml LB medium (1A.3). The cultures were incubated 

at 37°C for one hour to allow the plasmid to establish before plating out 100pi 

volumes onto LB agar plates (1A.5) supplemented with lOOpg/ml ampicillin. Plates 

were incubated inverted at 37°C overnight after which transformed colonies were 

apparent on the treated plates with no growth on the negative control plates.

2.2.3.3 Bacterial culture.

Plasmid and cosmid DNA for FISH probes was amplified in recombinant 

bacterial strains and extracted using either miniprep or maxiprep techniques. For both 

approaches a small starter culture was initiated by inoculation with a single bacterial 

colony of 4ml LB (1 A.3) or 2xTY (1A.4) medium supplemented with the appropriate 

antibiotic (lOOpg/ml ampicillin or 25pg/ml kanamycin) in a universal tube. This 

culture was then incubated at 37°C with constant agitation for six hours or until 

turbid. After this time an additional 6ml of ft-esh medium was added for miniprep 

extraction or the contents were transferred to a flask containing 200ml of fi*esh 

medium for maxiprep extraction, in both cases incubation was then continued for a 

fiirther 16-24 hours before DNA extraction. Glycerol stocks were prepared at this 

time and stored at -70°C (1 A.6).

2.2.3.4 Miniprep extraction of plasmid/cosmid DNA.

The extraction techniques used here rely on controlled alkaline lysis, 

neutralisation and SDS treatment to selectively denature bacterial chromosomal 

DNA, which is then precipitated along with proteins, and RNA. Circularised plasmid 

or cosmid DNA present in the cleared lysate can then be isolated.

For miniprep extraction, a 10ml overnight bacterial culture in a universal tube 

was centriftiged at 5,000g for 10 minutes, the supernatant was discarded and the 

pellet was resuspended in 200pi Ix cosmid resuspension buffer (2A.8.1). The 

suspension was left at room temperature for 5 minutes before 200pl cosmid lysis
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buffer (2A.8.2) was added and tubes were placed on ice for 5 minutes. After this time 

200pl cosmid neutralisation solution (2A.8.3) was added and tubes were left on ice 

for a further 5 minutes. The mixture was transferred to a 1.5ml microcentrifuge tube 

and centrifuged at 10,000g for 10 minutes after which the clear supernatant was 

recovered and added to an equal volume of purification solution (25:24:1 

phenol:chloroform:isoamylethanol) and mixed vigorously. This was spun again at 

10,000g for 5 minutes and the resulting upper aqueous layer was transferred to a fresh 

microcentrifuge tube to which was added 2.5 volumes of 100% ethanol before 

incubation at -70°C for one hour. DNA was precipitated by a final centrifugation at 

10,000g for 10 minutes and the resulting pellet was resuspended in 50pi IxTE buffer 

and stored at -20°C.

2.2.3.5 Maxiprep extraction of plasmid/cosmid DNA.

A larger scale maxiprep extraction of plasmid and cosmid DNA was carried 

out using reagents supplied in kit form (Wizard, Promega, USA) according to the 

manufacturers instructions. A 200ml overnight bacterial culture was pelleted at 

5,000g for 10 minutes to which was added sequentially the supplied resuspension, 

cell lysis and neutralisation reagents. The resulting solution was then purified by 

mixing with the supplied sihcon-based resin and passed through a maxicolumn 

attached to a vacuum source. DNA was eluted in 1.5ml IxTE and stored at 4°C.

2.2.3.6 Yeast culture.

YAC DNA for FISH probes was obtained from total genomic yeast DNA that 

was amplified and extracted from appropriate recombinant yeast strains. If discrete 

yeast colonies were not available SD agar plates were prepared (1A.5) supplemented 

with lOOpg/ml ampicillin and inoculated from glycerol stock suspension or confluent 

yeast growth, under aseptic conditions. Plates were incubated inverted at 30°C for 48 

hours or until discrete colonies developing a pink coloration were identified. This 

colour change reflects disruption of a yeast tRNA gene by the vector insert and so 

acts as a marker for clones containing an intact YAC. A single pink recombinant 

colony was used to inoculate a 4ml volume of SD medium (1 A.2) supplemented with 

lOOpg/ml ampicillin in a 10ml universal tube. Cultures were incubated at 30°C with
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constant agitation for 48 hours before DNA extraction. Glycerol stocks were prepared 

at this time and stored at -70°C (1 A.6).

2.2.3.T Miniprep extraction of yeast DNA.

A total genomic yeast DNA extraction was carried out using a standard 

miniprep technique. Yeast cultures in universal tubes were spun at 3,000g for 10 

minutes, the supernatant was discarded and the pellet was resuspended in 0.5ml 

resuspension buffer (YRB) (2A.9.1) to which 25 units of lyticase had been added. 

This mixture was incubated at 30°C with agitation for two hours or until 80-90% of 

cells were spheroplasts, the timing dependent on the yeast strain. The proportion of 

spheroplasts was assessed by spreading lOpl of culture onto a microscope slide and 

viewing under phase contrast microscopy, intact cells appeared translucent whilst 

spheroplasts appeared as dark specks. The suspension was then transferred into a 

1.5ml microcentrifiige tube and spun at 10,000g for one minute, the supernatant 

removed and the pellet resuspended in 0.5 ml lysis buffer (2A.9.2) with 1% SDS. 

Tubes were incubated at 65°C for 30 minutes before 1/3 volume of 5M potassium 

acetate was added and the mixture was placed on ice for one hour. After this time the 

tubes were again centrifuged at 10,000g for 5 minutes and the supernatant was 

transferred to a fresh microcentrifiige tube. An equal volume of isopropanol was 

added, gently mixed and left for 5 minutes at room temperature. The tubes were then 

spun briefly at 10,000g for 10 seconds, the supernatant discarded and the resulting 

pellet was air-dried and resuspended in a 300pl IxTE buffer. The DNA suspension 

was treated with 500ng/pl RNase at 37°C for 30 minutes after which a 1/10 volume of 

3M sodium acetate was added. An equal volume of phenol was added and mixed 

vigorously before tubes were spun at 3,000g for 5 minutes. The upper aqueous layer 

containing the DNA was then transferred to a fresh microcentrifiige tube and a second 

phenol extraction was performed in the same way. An equal volume of chloroform 

was then added, mixed vigorously and tubes were spun at 3,000g for 5 minutes. The 

upper layer was transferred to a fresh tube to which a 2.5 volume of 100% ethanol 

was added and the tubes were placed at -70°C for one hour. DNA was recovered by 

centrifugation at 10,000g for 10 minutes, the supernatant was discarded and the pellet 

was resuspended in lOOpl IxTE buffer and stored at -20°C. These yeast total genomic 

DNAs were either used directly as FISH probes or were amplified by Alu-PCR.
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2.2.3.S Fluorometry.

The concentration of plasmid, cosmid and YAC DNAs was measured using a 

Hoefer Scientific Instruments TKO 100 fluorometer. A fluorometry solution 

containing an intercalating DNA dye (O.lpg/ml Hoechst 33258 dye in IxTNE buffer) 

was used to calibrate the fluorometer with 1 OOng/ml calf thymus DNA used as a 

standard. Readings for sample DNA concentrations were converted to ng/pl.

2.23.9 Alu-PCR.

To selectively amplify the human insert of the YAC vector from the total 

genomic yeast DNA extracted from yeast cells, PCR was used with human specific 

Alu oligonucleotide primers (Alu-PCR). PCR amplifications were set up on ice using 

dedicated Gilson pipettes in a laminar flow cabinet to limit extraneous DNA 

contamination. A standard 50pl reaction as described by Lengauer et al., (1992) was 

set up in a microcentrifiige tube containing 1 OOng total genomic yeast DNA template, 

25pM of each Alu primer (2A.10.3), 0.2mM dNTPs (dATP, dOTP, dCTP, dTTP), 5pl 

lOx PCR Buffer and 0.5 units SuperTaq polymerase, the volume adjusted with sterile 

water. This mix was overlaid with mineral oil and PCR cycling was carried out using 

a Hybaid Omnigene PCR machine with conditions as follows; dénaturation at 96°C 

for 5 minutes followed by 30 cycles of amplification consisting of dénaturation at 

96°C for one minute, annealing at 40°C for 30 seconds and extension at 72°C for 6 

minutes. A final extension was at 72°C for 10 minutes. DNAs were stored at -20°C.

2.2.3.10 Agarose gel electrophoresis.

Products of DNA amplification were visualised by agarose gel electrophoresis 

to assess PCR efficiency. Agarose gels were prepared by melting 2% agarose in 

IxTBE buffer (2A.7.3) to which was added Ipg/ml ethidium bromide. The molten 

agar was then poured into a gel tank with gel-slot formers and left to set at room 

temperature before immersing in IxTBE buffer. DNA samples were prepared in lOpl 

volumes and mixed with Ipl loading buffer (2A.7.4) before loading into individual 

gel wells. Electrophoresis was carried out at 50V for 30 minutes after which gels 

were viewed via ultra-violet trans-illumination.
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2.2.3.11 Labelling of probe DNA.

DNA probes for FISH were labelled via nick translation. During this process 

DNase I introduces random nicks in DNA which are used as priming sites for DNA 

polymerase I to synthesis new DNA, incorporating a labelled nucleotide as it 

degrades the old strand. Using reagents from laboratory stocks, a 50pl nick 

translation reaction was set up in a microcentrifiige tube on ice with 1 pg probe DNA, 

0.2mM each dATP, dCTP, dGTP, O.lmM dTTP, O.lmM Fluorored-12-dUTP or 

Fluorogreen-12-dUTP, lOx nick translation buffer, IM DTT, 5 pi DNase I solution 

(2A.11.3) and 20 units DNA polymerase I. This mix was incubated at 15°C for one 

hour before an additional 5 pi DNase I solution was added and incubation continued 

for another hour. The reaction was stopped by the addition of 30mM EDTA. Nick 

translation was also carried out using reagents supplied in kit form for labelling with; 

biotin-14-dATP (Gibco BRL kit), digoxigenin-11-dUTP (Boehringer Mannheim kit), 

SpectrumGreen-dUTP or SpectrumOrange-dUTP (Vysis kit). In this case reagents 

were set up according to manufacturers instructions with Ipg of probe DNA and 

incubated at 16°C for one hour before the addition of 30mM EDTA stop buffer.

Initially a step was included for removing unincorporated nucleotides by 

passing the labelled probe through a Pharmacia Sephadex Nick column and eluting 

the probe in 400pl IxTNE. However this was discontinued in later work without 

detrimental effect. Labelled DNAs were stored protected from light at 4°C.

2.2.3.12 Probe preparation.

Labelled DNA was ethanol precipitated in the presence of x50 fold excess of 

herring sperm carrier DNA, 1/10 volume of 3M sodium acetate and 2.5 volumes of 

100% cold ethanol in a microcentrifiige tube. For locus-specific probes, xlOO fold 

excess of unlabelled human Cof^ competitor DNA was also included to block non

specific repetitive sequence in the probe DNA. The tubes were placed at -70°C for 

one hour, before centrifugation at 10,000g for 10 minutes. The supernatant was then 

discarded and the pellet was freeze dried for 10 minutes before resuspending in 

hybridisation mix. Locus-specific probes were resuspended in 50% formamide, 10% 

dextran sulphate in 2xSSC whilst a-satellite probes were resuspended in 60% 

formamide, 10% dextran sulphate in 2xSSC to give stock concentrations of 80ng/pl
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and 20ng/|al respectively. Working concentrations per slide were 20ng/pl for locus- 

specific probes and 5ng/^il for a-satellite probes. All probes were stored at -20°C.

2.2.4 FISH Procedures.

2.2.4.1 Slide pretreatments.

Slide pretreatment included proteolytic enzymes and/or RNase to increase the 

accessibility of probes to nuclei as well as an additional fixation. All slide treatments 

for FISH were carried out in 50ml volume coplin jars unless stated otherwise. Slides 

were first dehydrated through an ethanol series (70%, 90%, 100% 5 minutes each) 

and air-dried before treatment with RNase (lOOpg/ml) in 2xSSC under a coverslip, 

incubated in a moist chamber for one hour and then rinsed twice in 2xSSC for 5 

minutes each. Slides were then washed in proteinase K buffer (2A.12.1) at 37°C for 5 

minutes before a 7 minute incubation in 50ng/ml proteinase K in the same buffer also 

at 37°C. A magnesium chloride buffer wash (A. 12.3) was then carried out for 5 

minutes followed by fixation in 1% paraformaldehyde in the same buffer for 10 

minutes at room temperature. Slides were dehydrated through an ethanol series (70%, 

90%, 100% 5 minutes each) and air-dried

An alternative pretreatment was later used in preference to the above, 

developed by Harper et al., (1994) producing acceptable results in less time. Shdes 

were incubated in lOOpg/ml pepsin in O.OIN HCl at 37°C for 20 minutes and rinsed 

briefly in bidistilled water followed by PBS. Cells were fixed in 1% 

paraformaldehyde in PBS at 4°C for 10 minutes and briefly rinsed in PBS followed 

by two rinses in bidistilled water, before dehydrating and air-drying as before.

2.2.4 2 Pre-hybridisation.

Using the separate dénaturation method, dénaturation of nuclear DNA on the 

slide was achieved by applying 70% formamide in 2xSSC under a coverslip at 75°C 

for 5 minutes, after which coverslips were removed and slides were immediately 

immersed in a pre-chiUed coplin jar containing 70% ethanol at -20°C for 5 minutes. 

Slides were then dehydrated through an ethanol series (70%, 90%, 100% 5 minutes 

each) and air-dried preserving the single-stranded DNA conformation. Locus-specific
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probe DNA in hybridisation mix was denatured separately in a microcentrifiige tube 

at 75°C for 5 minutes and left to pre-anneal at 37°C for a minimum of 30 minutes 

with the Cof^ DNA. When co-hybridisation of locus-specific and centromeric probes 

was required, the centromeric probe was denatured in the same way in a separate 

microcentrifiige tube but without a preannealing step and placed on ice. Probes were 

combined just prior to being appHed to the sfide in a final 5pi or lOpl volume under a 

coverslip (13mm or 22 mm respectively) and left to hybridise at 37°C in a moist 

chamber. Minimum hybridisation times were approximately 45 minutes for 

centromeric probes and 16 hours for locus-specific probes. If hybridisation time 

exceeded two hours the covershps were sealed with rubber cement to prevent drying.

The separate probe and slide DNA dénaturation method was carried out 

initially for all FISH analysis, however this was replaced in later work by the more 

rapid simultaneous dénaturation of probe and nuclear DNA with similar results. This 

was achieved by applying the probe combinations in hybridisation mix directly to the 

pretreated dehydrated slides in a final 5pi or lOpl volume under a coverslip before 

denaturing both simultaneously at 75°C for 5 minutes. These were then left to 

hybridise at 37°C in a moist chamber as described previously.

2.2.4 3 Post-hybridisation.

The stringency of probe binding was controlled during the post-hybridisation 

washes by adjusting the formamide concentration, salt concentration and temperature. 

For this reason conditions were dependent on probe type. All washes were carried out 

in 50ml volume coplin jars with those containing formamide restricted to a laminar 

flow cabinet and slides were protected from light at all stages in cases where 

fiuorochrome labelled probes were used. After hybridisation any rubber cement was 

removed and coverslips were gently floated off by immersing briefly in the first wash 

solution. For combinations of probes including locus-specific probes, slides were 

treated at 45°C with 3 x 3  minutes washes in 50% formamide in 2xSSC and then 3 x 3  

minutes washes in 2xSSC followed by a 5 minute wash in 0.05% Tween 20 detergent 

in TN buffer (TNT) (2A.12.8) at room temperature. When only repetitive probes were 

used the stringency was raised by increasing the formamide concentration to 60% in 

2xSSC, all other washes were as above.
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An alternative rapid hot wash protocol was also followed in some cases 

allowing stringency to be controlled without the use of formamide. Slides including 

locus-specific probes were treated post-hybridisation by one wash in 0.4xSSC at 

72°C± 2°C for two minutes followed by one wash in 0.05% Tween 20 in 2xSSC for 2 

minutes at room temperature. For repetitive probes, 0.25xSSC was used for the first 

wash. As this method is highly temperature sensitive a maximum of four slides were 

processed simultaneously to avoid a drop in temperature associated with non-specific 

probe binding. For this reason the formamide method which is less sensitive to 

temperature fluctuations was used for post-hybridisation washes during PGD.

At this stage probes labelled indirectly with reporter molecules were incubated 

with immunological detection reagents as described below. Slides with probes 

labelled directly with fluorochromes were dehydrated briefly through an ethanol 

series (70%, 90%, 100% 2 minutes each), air-dried and finally mounted in 

Vectorshield antifade medium containing 1.25ng/ml 4', 6-diaminidino 2 phenylindole 

(DAPI) counterstain and stored covered at 4°C.

2.2.4.4 Immunocytochemieal detection.

Slides were blocked in 0.5% Boehringer blocking reagent in TN buffer (TNB) 

(2A.12.9) at 37"C for 10 minutes to limit non-specific background fluorescence 

before a three step amplification procedure was used to detect biotin-labelled probes 

with fluorescein isothiocyanate (FITC) and digoxygenin-labelled probes with 

tetramethyl rhodamine isothiocyanate (TRITC). Detection solutions were applied 

under coverslips whilst all other washes were carried out in 50ml coplin jars, slides 

were protected fi*om light at all stages. Slides were incubated sequentially in detection 

solutions 1, 2 and 3 at 37°C for 15 minutes with 3 x 3  minutes TNT washes between 

each step to remove unbound antibody conjugates as follows (the reagent dilutions 

are given in brackets); Step 1: FITC-avidin DN (1:200), mouse-anti-digoxin Ig 

(1:1000) in TNB. Step 2: biotinylated anti-avidin D (1:100), TRITC-rabbit-anti- 

mouse Ig (1:1000) in TNB. Step 3: FITC-avidin DN (1:200), TRITC-goat-anti-rabbit 

Ig (1:1000) in TNB. Slides were then washed in PBS 2 x 3  minutes, dehydrated 

briefly through an ethanol series (70%, 90%, 100% 2 minutes each), air-dried and 

finally mounted in antifade medium as above.
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Alternatively digoxygenin labelled probes were detected with sequential Cy3 

tagged reagents as foUows; mouse-anti- digoxin Ig (1:1000), Cy3-goat -anti-mouse Ig 

(1:500) and Cy3-donkey-anti-goat Ig (1:500) in TNB.

In later cases this sequential amplification was replaced by the use of a single 

10 minute incubation in the appropriate detection reagent after which slides were 

washed in PBS 2 x 3  minutes and mounted as previously. Single step detection 

reagents used (all obtained at working concentrations) were TRITC-mouse-anti- 

digoxin, TRITC-avidin DN or FITC-anti-phox.

2.2.4.5 Reprobing of slides.

Untransferred embryos fi-om PGD cases were reanalysed after initial FISH 

analysis by re-hybridising with an additional probe to provide information on ploidy. 

Coverslips and mounting medium were removed from slides by two 5 minute washes 

in TNT before passing through an ethanol series (70%, 90%, 100% 5 minutes each) 

and air-drying. No additional slide pretreatment was carried out before the new probe 

was applied to the slide for simultaneous dénaturation at 75 °C, which was reduced to 

4 minutes. All subsequent FISH steps remained the same.

2.2.4.6 Scoring criteria for FISH analysis.

Analysis of FISH results and diagnosis for PGD was carried out using 

standard fluorescence microscopy with single band pass filters for DAPI, FITC and 

TRITC. Image capture was via a triple pass filter linked to a cooled CCD camera and 

image analysis software. Results are presented where possible using ISCN FISH 

nomenclature (ISCN, 1995), for all PGD cases this is provided in Appendix B.

FISH probe signals in interphase nuclei were scored following Hopman et al., 

(1988) such that two signals closer than a signals diameter apart were considered a 

single split signal and those further apart than this were considered two separate 

signals. Oocyte scoring criteria were based on the morphology of metaphase II stage 

oocytes and first polar body chromosomes each composed of two chromatids each. 

As such an extra signal was counted as an extra chromatid and two extra signals were 

counted as an extra chromosome. The possible artefactual separation of chromatids 

resulting in signals quite distant from each other was also allowed for accordingly.
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CHAPTER 3

RESULTS -  PART I PRELIMINARY WORK
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3.1 Selection and Evaluation of DNA Probes for FISH.

3.1.1 Locus-specific FISH Probes.

The first priority in the early stages of this work was to develop a set of locus- 

specific probes to detect the acrocentric chromosomes in interphase nuclei. Suitable 

probes mapping to specific chromosomal regions were also required for individual 

prospective PGD cases involving chromosomal rearrangements. With this aim, 

twenty-seven large insert YAC and cosmid clones for chromosomes 4, 6, 9, 13, 14, 

15, 18, 20 and 21 were evaluated for suitability as FISH probes for interphase 

analysis. All probes were labelled indirectly with biotin, detected with FITC-anti 

avidin and tested singly on normal peripheral lymphocytes and where available 

trisomie prenatal samples to assess hybridisation specificity and efficiency.

From this pool of clones, fourteen were found to be particularly suitable as 

FISH probes for chromosomes 4, 9, 13, 14, 15, 18, 20, and 21. All showed good 

specificity and minimal background fluorescence in metaphase chromosomes of 

lymphocyte controls with relatively large discrete signals, easily scored in interphase 

nuclei. The expected number of two signals were observed in 85%-98.5% of 

lymphocyte control nuclei (mean= 89.3%, n=200). As such aU were considered 

suitable for use as diagnostic probes for embryo analysis and PGD (Tables 3.1-2). 

This group included ten single YAC clones; two each mapping to chromosomes 4 

(y845, y858), 13 (y896, y5136), 14 (yl4G, y746) and 21 (y940, yGART) and one 

mapping to chromosomes 15 (y908) and 20 (yMF); as well as one YAC contig made 

up of three clones (yl2FC12, yl3H El, y40DHl) mapping to the DCC gene locus on 

18q21, referred to as yDCC. Three cosmid clones were also selected, cCMP9.27 

mapping to chromosome 9 and two cosmid contigs both mapping to 21q22.3, 

cCMP21.a consisting of two clones (c21.2, c21.6) and c242c consisting of three 

clones (c4a, c5b and c6a). Probes for chromosomes 13, 18 and 21 were also tested on 

trisomie cultured amniocyte samples, all o f which could be clearly scored as 

abnormal showing three signals in 65%-76% of nuclei (mean 69.8%, n=100).

The remaining thirteen clones evaluated were rejected at this stage fi-om 

fiirther use. These included nine clones, which although clearly specific on 

lymphocyte metaphase chromosomes proved inadequate for accurate scoring of
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interphase nuclei due to weak and/or difilise signals. Three clones were presumed to 

be chimaeric showing signals on an additional chromosome to that expected, even 

under conditions of high stringency. Probe y719 obtained for chromosome 21 also 

hybridised to lp32-33, whilst two probes thought to be specific for chromosome 6, 

yl9D hybridised to chromosomes 1 and 4 and y37B hybridised to chromosome 16 as 

well as a C group chromosome. A single clone, y635 obtained as chromosome 21 

specific, repeatedly failed to amplify, possibly due to loss of insert.

Table 3.1: Evaluation of ten locus-specific FISH probes for chromosomes 13, 18 and 21 
in lymphocyte control and trisomie interphase nuclei.

Probe Size Location % Probe Efficiency* 
Control Trisomie

Comments^

Chromosome 13
y5136 1300 13ql2 90% 69% good

yS96 800 13q33 88% 70% good

Chromosome 18
yDCC 900 18q21 91% 69% good

Chromosome 21
y635 200 ?21 unclear na na not amplified

y7 l9 na 21q22.1-2/lp32-33 na na chimaeric

y901 na 21q22.1 80% 61% poor

yGART2 600 21q22.1 90% 72% good

y940 1150 21q22.2 92% 76% good

cCMP21.a 55 21q22.3 87% 65% good

c242c 80 21q22.3 89% 68% good

FISH efficiency in control lymphocyte nuclei (n=200) and trisomie (13, 18 or 21) amniocyte nuclei 
(n=IOO); percentage of interphase cells showing the expected number of two clear signals in the former 
and three clear signals in the latter.

 ̂ Suitability for interphase analysis as a diagnostic probe for PGD - those with small or diffuse signals 
difficult to score in interphase are noted as poor, 

na - not available.
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Table 3.2: Evaluation of seventeen locus-specific FISH probes for chromosomes 4, 6, 9, 
14,15, and 20 in lymphocyte control interphase nuclei.

Probe Location % Probe Efficiency* 

Control Nuclei
Comments^

Chromosome 4 
y845 4pl2-13 85% good

y858 4q33 87% good

Chromosome 6 
y814 6p22-23 58% poor

yl32 6p24-25 55% poor

y849 6ql6 40% poor

yl47 6q21-23 na poor

y l46 6q22-23 na poor

Chromosome 9 
cCMP 9.27 9qh 98.5% good

y l8 9q34 60% poor

yl9D chr 1 + chr 4 na chimaeric

y37B chr 16 + C grp chr na chimaeric

Chromosome 14 
y852 14pll.2 53% poor

yl4G 14qter 87% good

y746 14q31-32 92% good

Chromosome 15

y614 15q24 20% poor

y908 15ql4 88% good

Chromosome 20 
yMF 20qter 86% good

FISH probe efficiency in control lymphocyte nuclei (n=200); percentage of interphase cells showing 
the expected number of two clear signals (not available for two chimaeric clones (19D, 37B) or two 
clones (yl46, 147) which could only be scored with image capture).

 ̂Suitability for interphase analysis as a diagnostic probe for PGD - those with small or diffuse signals 
difficult to score in interphase are noted as poor, 

na - not available.
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3.1.2 Centromeric FISH Probes.

The combined chromosome 13/21 a-satellite probe (D13Z1/D21Z1) was used 

to test the reliability of detecting both chromosomes together in interphase nuclei for 

PGD. Although normal nuclei should show four signals with this probe (two each for 

chromosomes 13 and 21), lymphocyte control counts showed four signals in only an 

average of 53% of interphase nuclei from four individuals (range 80% to 22%, 

n=100). Examination of metaphase spreads revealed a fainter signal on one of the 

chromosome 21 centromeres in one individual and the complete absence of a signal 

in cells from another individual. Only 40% of trisomy 21 interphase fibroblast nuclei 

(n=100) showed the expected five signals. This probe was considered unsuitable for 

further analysis due to the polymorphic variation in signal intensity demonstrated in 

these samples as well as similar reports in the literature (Fig 3.1a) (see 4.1).

This probe was also applied to lymphocyte preparations from a carrier of a 

balanced Robertsonian translocation between chromosomes 13 and 21 (Case Co) to 

assess if the translocation chromosome could be distinguished in interphase nuclei. In 

some metaphase spreads the presence of a-satellite sequence on both chromosomes 

involved in the translocation could be clearly observed and similarly some interphase 

nuclei showed a distinctive co-localised signal on the translocation chromosome, i.e. 

45,XX,der(13;21)(ql0;ql0).ishdic(13;21)(pll.2;pll.2)(D13/21Zl+,D13/21Zl+). 

However the majority of interphase nuclei (approximately 65%, n=200) showed a 

single signal on the translocation chromosome with this probe which was 

indistinguishable from signals on the free chromosomes 13 and 21 (Fig 3.1b). For this 

reason, the combined 13/21 a-satellite probe was unsuitable for the detection of 

chromosome imbalance from this Robertsonian translocation in interphase nuclei.

Plasmid DNAs for centromeric regions of chromosomes 1, 12, 16 and 18 were 

transformed into a competent E. coli strain JM 101 before amplification and isolation 

of DNA for use as FISH probes. All four centromeric probes showed good specificity 

and intense signals on lymphocyte controls with 97%, 94%, 92% and 95% of 

interphase nuclei showing the expected number of two signals (n=200) respectively.
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Fig 3.1; The Combined 13/21 a-satellite Probe

a The 13/21 Orsatellite Probe and Chromosome 21 Centromeric Polymorphism.

dcr(13;21)

h The 13/21 Orsatellite Probe and Robertsonian Translocation der(13;21)(ql0;ql0).

Fig 3.1: a Normal lymphocyte metaphase chromosomes hybridised with the 13/21 a-satellite 

(red) and locus-specific chromosome 21 probe (y940, green) showing (/) the expected 

number o f signals (2 green, 4 red) in one individual and (ii) the lack of signal on one 

chromosome 21 due to centromeric polymorphism in another (3 red, 2 green), h (/) 

Metaphase chromosomes from 45,XX,der(13;21)(qlO;qlO) hybridised with 13/21 a-satellite 

(red) and chromosome 13 probe (y896, green), (ii) some interphase nuclei show a 

recognisable co-localised signal from the translocation chromosome (arrow) whilst others 

show a ‘fused’ single signal.
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3.2 FISH Analysis o f Surplus IVF Em bryos.

Combinations of FISH probes were applied to seventy-one surplus IVF 

embryos between days two and four post-insemination to evaluate hybridisation 

efficiency and assess levels of mosaicism for individual autosomes. This was used to 

categorise embryos as: uniformly normal for the chromosome detected, uniformly 

abnormal, diploid mosaic, aneuploid mosaic or chaotic (2.1.3.5). Allocation to each 

group was on the basis of the chromosome constitution of the majority of cells 

present, with the chaotic group representing the most highly mosaic embryos where 

the original zygote chromosome constitution was unclear. Embryos were donated for 

research by twenty-nine patients undergoing routine IVF for infertihty (mean 

maternal age 33.6 years). Embryos from the same donor are listed with the same 

reference letters. Results are presented using ISCN FISH nomenclature (ISCN, 1995).

3.2.1 FISH Analysis of Chromosome Abnormalities in Normally 

Developing Day Three Post-insemination Embryos.

Forty-three normally developing cleavage-stage embryos (282 blastomeres) 

were obtained for analysis from fourteen donors [mean age 31.9 (±3.2) years]. All 

were normally fertilised and scored as grade I or II on day three post-insemination. 

FISH probes used in this series were indirectly labelled with bio tin and/or 

digoxygenin and detected by fiuorochrome-tagged immunocytochemieal reagents.

Two differentially-labelled FISH probes were selected per chromosome where 

possible to minimise the risk of misdiagnosis, particularly involving potentially viable 

aneuploidies (Fig 3.2). Dual colour FISH was developed using two probes specific for 

either chromosomes 13, 18 or 21, aimed at screening embryos from couples with 

gonadal mosaicism for one of these chromosomes. Triple colour FISH was developed 

to screen embryos for couples carrying Robertsonian translocations, using a 

combination of two probes located on one chromosome (detected as a red and green 

double signal) and a single probe on the second chromosome (detected as an orange 

signal). In each case two probes were used for the chromosome associated with the 

more viable trisomy (Table 3.3).
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Fig 3.2: Advantages of Dual-labelling when Scoring FISH Probe Signals.

a Overlapping Signals. h Hybridisation Failure.

c Split Signals. d Highly Abnormal Nuclei.

Fig 3.2: FISH analysis of blastomere nuclei from cleavage-stage embryos, illustrating four 

advantages o f using two differentially-labelled probes for a single chromosome (in this case 

chromosome 21; y940 21q22.2, red and yGART2 21q22.1, green), Using this approach 

overlapping signals {a) and hybridisation failure o f one probe {b) are easily detected in 

interphase nuclei. In cell b if  only the green probe was used this trisomy 21 blastomere would 

be scored as nornial. Split signals (c) and highly abnonnal patterns o f signals in nuclei {d) are 

also more confidently scored.
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All seven combinations of these locus-specific probes showed good 

specificity and signal intensity in metaphase spreads of control lymphocytes with 

minimal background fluorescence, giving the expected number of signals in an 

average of 88%-92% of control lymphocyte nuclei (mean=89.7%, n=200).

Table 3.3: Evaluation of seven FISH probe combinations developed for analysis of 
forty-three cleavage-stage embryos, showing probe efficiency in lymphocyte control 
interphase nuclei.

FISH Probe Combination % Probe Efficiency 

Control Nuclei*
Embryos Analysed 

(No o f  Blastomeres)

Chromosome 13 
y5136, y896 90% 9 (62)

Chromosome 18 
yDCC, LI.84 91% 10 (65)

Chromosome 21 (Cosmids) 
cCMP21.a, c242c 88% 8 (49)

Chromosome 21 (YACS) 
yGART2, y940 92% 10 (71)

Chromosomes 13 and 14 

y5136, y896, yl4G 89% 2 (11)

Chromosomes 13 and 15 
y5136, y896, y908 87% 2 (13)

Chromosomes 13 and 21 

yGART2, y940, y896 91% 2 (11)

Total Embryos Tested 43 (282)

FISH efficiency in control lymphocyte nuclei (n=200), percentage of interphase cells showing the 
expected number of two clear signals per probe for each combination.
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Dual colour FISH using two chromosome 13 YAC probes, y5136 (13ql2) and 

y896 (13q33), was used to analyse nine embryos ranging from five to eight cells on 

day three post-insemination (Fig 3.3). Results showed seven embryos were uniformly 

normal for chromosome 13 with each cell showing two signals per probe and two 

were abnormal, both categorised as diploid mosaic (Table 3.4).

Table 3.4: Dual colour FISH analysis of normally developing cleavage-stage embryos 
with two chromosome 13 YAC probes (y5136 and y896).

Embryo FISH Analysis Result [No o f  Blastomeres] Chr IS Status

G1 nuc ish 13 q 12(y513 6x2), 13 q3 3 (y896x2) [8] normal

13 nuc ish 13ql2(y5136x2),13q33(y896x2) [8] normal

14 nuc ish 13ql2(y5136x2),13q33(y896x2) [8] normal

J1 nuc ish 13ql2(y5136x2),13q33(y896x2) [5] normal

J3 nuc ish 13ql2(y5136x2),13q33(y896x2) [8] normal

K4 nuc ish 13ql2(y5136x2), 13q33(y896x2) [8] normal

K5 nuc ish 13 q 12(y513 6x2), 13 q3 3 (y896x2) [5] normal

K6 nuc ish 13ql2(y5136x2),13q33(y896x2) [4] 
nuc ish 13ql2(y5136xl),13q33(y896xl) [1] 
nuc ish 13ql2(y5136x3), 13q33(y896x3) [1]

diploid mosaic

K7 nuc ish 13ql2(y5136x2), 13q33(y896x2) [3] 
nuc ish 13ql2(y5136x1), 13q33(y896xl) [1] 
nuc ish 13ql2(y5136x3),13q33(y896x3) [1] 
nuc ish 13ql 2(y5136x4), 13q33(y896x4) [1]

diploid mosaic
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Fig 3.3: Dual-colour FISH Analysis using Two Chromosome 13 YAC Probes.

O  y 8 9 6 -  13q33 

O  y 5 1 3 6 - 13ql3

o

Chromosome 13

a FISH Analysis o f Metaphase and Interphase Nuclei from  Lymphocyte Controls.

h FISH Analysis o f Blastomere Nuclei from  Surplus IVF Embryos.

Fig 3.3; a Dual-colour FISH analysis o f metaphase chromosomes and interphase nuclei from 

peripheral lymphocyte controls using a dual YAC probe combination for chromosome 13, 

y896 (green) and y5136 (red), b The same probes applied to blastomere nuclei from normally 

developing day 3 post-insemination embryos surplus to IVF requirements, showing (/) 

normal for chromosome 13 (embryo G 1), (//) monosomy 13 (embryo K6) and (///) trisomy 13 

(embryo K6).
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Dual colour FISH using two chromosome 18 specific probes, a-satellite 18 

(centromere 18) and yDCC (18q21), was used to analyse ten embryos ranging from 

five to nine cells on day three post-insemination (Fig 3.4). Results showed six 

embryos were normal for chromosome 18 and four were abnormal, categorised as one 

diploid mosaic, two aneuploid mosaic and one chaotic (Table 3.5). Embryo A3 was of 

interest as the abnormal blastomeres appeared approximately four-fold larger than the 

normal cell present. To assess if this marked increase in cell size was associated with 

an increase in ploidy, this embryo were later reprobed (Fig 3.5).

Table 3.5: Dual colour FISH analysis of normally developing cleavage-stage embryos 
with two chromosome 18 specific probes (a-satellite 18 and yDCC).

Embryo FISH Analysis Result [No o f  Blastomeres] Chr 18 Status

A1 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [9] normal

A4 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [4] 
nuc ish 18cen(D18Zlxl),18q21(yDCCx2) [1]

normal*

A5 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [5] normal

A6 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [5] normal

H2 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [8] normal

H3 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [7] normal

B1 nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [5] 
nuc ish 18cen(D18Zlxl),18q21(yDCCxl) [2]

diploid mosaic

A2 nuc ish 18cen(D18Zlx3),18q21(yDCCx3) [4] 
nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [1]

trisomy 18 mosaic

HI nuc ish 18cen(D 18Z1 x 1 ), 18q21 (yDCCx 1 ) [3] 
nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [2] 
nuc ish 18cen(D18Zlx3),18q21(yDCCx3) [1]

aneuploid mosaic

A3 nuc ish 18cen(D18Zlx3),18q21(yDCCx3) [4] 
nuc ish 18cen(D18Zlxl),18q21(yDCCxl) [2] 
nuc ish 18cen(D18Zlx2),18q21(yDCCx2) [1] 
nuc ish 18cen(D18Zlx5),18q21(yDCCx6) [1]

chaotic

One cell in embryo A4 with two clear green signals and a single large red signal, probably resulting 
from two close lying signals, was scored as normal. (An additional cell was not scored due to debris).
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Fig 3.4: Dual-colour FISH Analysis using Two Chromosome 18 Specific Probes.

O  yDCC -  18q21 

O  a-sat 18 -  cen 18

O

Chromosome 18

a FISH Analysis o f Metaphase and Interphase Nuclei from  Lymphocyte Controls.

h FISH Analysis o f Blastomere Nuclei from  Surplus IVF Embryos.

Fig 3.4; a Dual-colour FISH analysis of metaphase chromosomes and interphase nuclei fi om 

peripheral lymphocyte controls using a dual probe combination for chromosome 18, YAC 

contig yDCC (green) and a-satellite 18 (red), b The same probes applied to blastomere nuclei 

from normally developing day 3 post-insemination embryos surplus to IVF requirements, 

showing (/) normal for chromosome 18 (embryo A5), (//) trisomy 18 (embryo A2) and (///) 

monosomy 18 (embryo Bl).
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Fig 3.5: Reprobing Results for Embryo A3.

Blastomere Ref Chromosome IS Status Chromosome 9 Status

A3 a normal tetrasomy 9

A3b monosomy 18 nonnal

A3 c monosomy 18 normal

A3d trisomy 18 normal

A3 e tiisomy 18 normal

A 3 f trisomy 18 normal

A3 g trisomy 18 normal

A3h 6 X chromosome 18 monosomy 9

cell A3h

cell A 3a

cell A 3d

a FISH I -  Initial Hybridisation h FISH II - Reprobing

Fig 3.5: a Embryo A3 was first analysed for chromosome 18 (yDCC, green; a-satellite 18, 

red) before h reprobing for chromosome 9 (cCMP9.27, green). Surprisingly the unusually 

large cells presumed polyploid were normal for chromosome 9 (cell A3d) whilst the disomy 

18 cell o f  typical size was tetrasomie for chromosome 9 (cell A3a), supporting the chaotic 

categorisation of this embryo.
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Dual colour FISH using one of two probe combinations was used to analyse 

eighteen embryos ranging from six to nine cells on day three post-insemination. Eight 

embryos were analysed using the chromosome 21 cosmid contig probes, cCMP21.a 

(21q22.3) and c242c (21q22.3) (Fig 3.6). Of these, five embryos were normal for 

chromosome 21 and three were abnormal, categorised as one diploid mosaic, one 

aneuploid mosaic and one chaotic (Table 3.6). Ten embryos were analysed using the 

chromosome 21 YAC probes, yGART2 (21q22.1) and 940 (21q22.2) (Fig 3.7). Of 

these, eight embryos were normal for chromosome 21 and two were abnormal, both 

classified as diploid mosaic (Table 3.7).

In total, 72% (13/18) of embryos were normal for chromosome 21 and 28% 

(5/18) were abnormal.

Table 3.6: Dual colour FISH analysis of normally developing cleavage-stage embryos 
with two chromosome 21 cosmid contig probes (cCMP2I.a and c242c).

Embryo FISH Analysis Result [No o f  Blastomeres] Chr 21 Status

Cl nuc ish 21q22.3(cCMP21.ax2,c242cx2) [7] normal

F3 nuc ish 21q22.3(cCMP21.ax2,c242cx2) [8] normal

F4 nuc ish 21q22.3(cCMP21.ax2,c242cx2) [5] normal

M l nuc ish 21q22.3(cCMP21.ax2,c242cx2) [5] normal

M2 nuc ish 21q22.3(cCMP21.ax2,c242cx2) [7] normal

C2 nuc ish 21q22.3(cCMP21.ax2,c242cx2) [5] 
nuc ish 21q22.3(cCMP21.axl,c242cxl) [1]

diploid mosaic

L2 nuc ish 21q22.3(cCMP21.ax3,c242cx3) [4] 
nuc ish 21q22.3(cCMP21.ax2,c242cx2) [1] 
nuc ish 21q22.3(cCMP21.axl,c242cxl) [1]

trisomy 21 mosaic

LI nuc ish 21q22.3(cCMP21.ax4,c242cx4) [2] 
nuc ish 21q22.3(cCMP21.axl,c242cxl) [2] 
nuc ish 21q22.3(cCMP21.ax5,c242cx5) [1]

chaotic
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Fig 3.6: Dual-colour FISH Analysis using Two Chromosome 21 Cosmid Probes.

O  cCMP21.a-21q22.3 

O  c242c-21q22.3

13 ^

Chromosome 21

a FISH Analysis o f Metaphase and Interphase Nuclei from  Lymphocyte Controls.

h FISH Analysis o f Blastomere Nuclei from  Surplus IVF Embryos.

Fig 3.6; a  Dual-colour FISH analysis o f metaphase chromosomes and interphase nuclei from 

peripheral lymphocyte controls using a dual cosmid contig probe combination for 

chromosome 21, cCMP21.a (green) and c242c (red), b The same probes applied to 

blastomere nuclei from normally developing day 3 post-insemination embryos surplus to IVF 

requirements, showing (/) nonnal for chromosome 21 (embryo F4), (//) tetrasomy 21 (embryo 

LI) and {Hi) trisomy 21, orange shown where probes overlap (embiyo L2).
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Table 3.7: Dual colour FISH analysis of normally developing cleavage-stage embryos 
with two chromosome 21 YAC probes (yGARTl and y940).

Embiyo FISH Analysis Result [No o f  Blastomeres] Chr 21 Status

El nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [7] normal

E2 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [5] normal

E3 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [9] normal

FI nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [6] normal

F2 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [5] normal*

F5 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [9] normal

J2 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [8] normal

K2 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [6] normal

K1 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [7] 
nuc ish 21q22.1(yGART2xl),21q22.2(y940xl) [1]

diploid mosaic

K3 nuc ish 21q22.1(yGART2x2),21q22.2(y940x2) [7] 
nuc ish 21q22.1(yGART2x3),21q22.2(y940x2) [1]

diploid mosaic^

One cell from embryo F2 showed an additional small piece of red autofluorescence.

 ̂A single cell from embryo K3 showed three clear green signals but only two red signals, presumably 
from hybridisation feilure and was scored as trisomie.
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Fig 3.7: Dual-FISH Analysis using Two Chromosome 21 YAC Probes.

O  yGART2-21q22.1 

O  y940-21q22.2

Chromosome 21

a FISH Analysis o f Metaphase and Interphase Nuclei from  Lymphocyte Controls.

h FISH Analysis o f Blastomere Nuclei from  Surplus IVF Embryos.

Fig 3.7: a Dual-colour FISH analysis of metaphase chromosomes and interphase nuclei from 

peripheral lymphocyte controls using a dual YAC probe combination for chromosome 21, 

yGART2 (green) and y940 (red), b The same probes applied to blastomere nuclei from 

normally developing day 3 post-insemination embiyos surplus to IVF requirements, showing 

(/) normal for chromosome 21 (embryo E3), (//) monosomy 21 (embryo K l) and (///) an 

additional green signal in one cell from an otherwise uniformly nonnal embryo (embryo K3).
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Triple colour FISH with three probe combinations was used to analyse eight 

embryos ranging from five to eight cells on day three post-insemination. Two 

embryos were analysed with two chromosome 13 YAC probes, y5136 (13ql2), y896 

(13q33) and either one chromosome 14 YAC probe, yl4G (14qter) or one 

chromosome 15 YAC probe, y908 (15ql4). Similarly two embryos were analysed 

with two chromosome 21 YAC probes, yGART2 (21q22.1), y940 (21q22.2) and one 

chromosome 13 YAC probe y896 (13q33) (refer to Section 3.4.3 for Figs 3.23-24). In 

total, three embryos were uniformly normal for the chromosomes detected, whilst two 

were categorised as diploid mosaic and one as aneuploid mosaic (Table 3.8).

Table 3.8: Triple colour FISH analysis of normally developing cleavage-stage embryos 
for chromosomes 13 and 14 (y5136, yS96, yl4G), 13 and 15 (y5136, yS96, y908) and 13 
and 21 (yCART2, y940, y896).

Emb FISH Analysis Result [No o f  Blastomeres] Status

Chromosomes 13 and 14

G2 nuc ish 13 q 12(y513 6x2), 13 q3 3 (y896x2), 14qter(y 14Gx2) [6] normal

D1 nuc ish 13ql2(y5136x2),13q33(y896x2),14qter(yl4Gxl) [4] 
nuc ish 13ql2(y5136x2),13q33(yS96x2),14qter(yl4Gx2) [1]

monosomy 14 
mosaic

Chromosomes 13 and 15

N1 nuc ish 13ql2(y5136x2),13q33(y896x2),15ql4(y908x2) [5] normal

N2 nuc ish 13ql2(y5136x2),13q33(y896x2),15ql4(y908x2) [6] 
nuc ish 13ql2(y5136x2),13q33(y896xl),15ql4(y908x2) [1] 
nuc ish 13q 12(y5136x2), 13q33(y896x2), 15q 14(y908x1 ) [1]

diploid
mosaic*

Chromosomes 13 and 21

12 nuc ish 13q33(y896x2),21q22.1(yGARTx2),21q22.2(y940x2) [5] normal

11 nuc ish 13q33(y896x2),21q22.1(yGARTx2),21q22.2(y940x2) [4] 
nuc ish 13q33(y896xl),21q22.1(yGARTx2),21q22.2(y940x2) [1] 
nuc ish 13q33(y896xl ),21 q22.1 (yGARTxl),21 q22.2(y940xl) [1]

diploid
mosaic

A single cell from embryo N2 showed two clear red signals but only one green signal, presumably 
from hybridisation failure, and was scored as normal.
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In total, from analysis of all forty-three embryos using dual and triple colour 

FISH with seven different combinations of chromosome specific probes, 67% (29/43) 

of embryos were normal for the chromosomes examined and 33% (14/43) were 

abnormal. Abnormalities were categorised as 19% diploid mosaic, 9% aneuploid 

mosaic and 5% chaotic (Table 3.9). No uniformly aneuploid or polyploid embryos 

were observed in any group.

Table 3.9: Combined results of dual and triple colour FISH analysis of forty-three 
normally developing cleavage-stage embryos.

Chromosome(s) Tested Uniformly
Normal*

Diploid
Mosaic

Aneuploid
Mosaic

Chaotic

Chromosome 13 1 2 0 0

Chromosome 18 6 1 2 1

Chromosome 21 (cosmids) 5 1 1 1

Chromosome 21 (VACS) 8 2 0 0

Chromosomes 13 and 14 1 0 1 0

Chromosomes 13 and 15 1 1 0 0

Chromosomes 13 and 21 1 1 0 0

Total A3 { \m % ) 29 (67%) 8 (19%) 4 (9%) 2(5%)

Normal for the chromosome(s) detected.
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3.2.2 FISH Analysis of Chromosome Abnormalities in Abnormally 

Developing Cleavage-stage Embryos.

Twenty-eight abnormally developing cleavage-stage embryos ranging from 

two to thirteen cells were obtained for analysis from fifteen donors [mean maternal 

age 35.1 (±3.9) years]. Embryos were included in this group which resulted from 

abnormal fertilisation (a single pronucleus or more than two pronuclei observed 18 

hours post-insemination) or were normally fertihsed but showed retarded or arrested 

in vitro development. As these embryos were used to test FISH probes prior to PGD, 

embryos were analysed as they became available and consequently a variety of probe 

combinations were applied to embryos of varying morphology at various 

developmental stages from days two to four post-insemination.

Tables 3.10 summarises the results of dual and triple colour FISH analysis 

with embryos grouped according to the number of chromosomes detected and the 

number of days development post-insemination. A single chromosome (18 or 21) was 

detected in nine embryos, two chromosomes (13 and either 14, 15, 18 or 21) were 

detected in fifteen embryos and three chromosomes (13, 14 and 21 or 13, 18 and 21) 

were detected in four embryos.

In total for all twenty-eight embryos (138 blastomeres) analysed six (21%) 

were normal for the chromosome(s) detected and twenty-two (79%) were abnormal, 

categorised as nine (32%) aneuploid mosaic, seven (25%) chaotic, five (18%) diploid 

mosaic and one (4%) uniformly aneuploid (Table 3.10). The uniformly aneuploid 

category contains a single embryo, which showed trisomy 13 in all four cells on day 

two post-insemination. No embryos were observed in this category on day three post

insemination, a finding in common with the normally developing embryo group. 

These results show that the majority of abnormally developing embryos in this small 

sample group are chromosomally abnormal, mainly scored as aneuploid mosaic.
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Table 3.10: Combined results of FISH analysis of twenty-eight abnormally developing 
preimplantation embryos, grouped according to day post-insemination and number of 
chromosomes detected.

Chromosome Tested/ 
Day Post-insemination

Uniformly
Normal*

Uniformly
Aneuploid

Diploid
Mosaic

Aneuploid
Mosaic

Chaotic

Single chromosome

Day 2: Chr 21 1 0 0 0 0

Day 3: Chr 18 0 0 1 0 0

Day 3: Chr 21 2 0 3 1 1

Two chromosomes

Day 2: Chrs 13 and 14 0 1 0 1 0

Day 2: Chrs 13 and 21 1 0 0 0 0

Day 3: Chrs 13 and 14 1 0 0 3 0

Day 3: Chrs 13 and 15 1 0 0 0 0

Day 3: Chrs 13 and 21 0 0 1 1 0

Day 4: Chrs 13 and 15 0 0 0 0 2

Day 4: Chrs 13 and 21 0 0 0 1 1

Day 4: Chrs 18 and 21 0 0 0 0 1

Three chromosomes

Day 2: Chrs 13, 14 and 21 0 0 0 1 0

Day 3: Chrs 13, 18 and 21 0 0 0 1 2

Total 28(100%) 6 (21%) 1 (4%) 5(18%) 9 (32%) 7 (25%)

Normal for the chromosome(s) detected.
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3.3 Development of FISH Strategies for Fifty Prospective PGD 

Referrals.

Diagnostic FISH strategies were planned for fifty prospective PGD referrals 

for chromosomal abnormality indications. These included thirty-three couples with 

balanced reciprocal translocations (two with double translocations), ten with balanced 

Robertsonian translocations, one with a ring chromosome, one with an 

intrachromosomal insertion, one with a pericentric inversion and four with mosaicism 

for a trisomie cell line. Maternal age ranged from 26 to 41 years (mean 33.2 years). 

The combined reproductive histories of this group (listed individually in Table 2.2) 

show a total of 169 previous pregnancies resulted in fifteen (9%) healthy children, 

eighteen (11%) chromosomally abnormal livebirths, twenty-six (15%) terminations of 

pregnancy (TOP) and 110 (65%) spontaneous abortions.

As the majority of couples were referred by clinical geneticists, the parental 

chromosomal rearrangement was in most cases already well characterised. The first 

stage in devising a PGD strategy involved predicting the likely behaviour of the 

rearranged chromosome and the normal homologue at meiosis, so that all the possible 

segregation outcomes could be noted. A combination of probes was then devised 

which could accurately distinguish the normal from the predicted abnormal 

chromosome constitutions. The position of these probes was confirmed in parental 

lymphocyte metaphases before a minimum number of probes were chosen to detect 

the maximum number of segregation outcomes. In practice, where it was not possible 

to detect all the theoretical possible outcomes of meiotic segregation, the aim then 

was to exclude the more viable unbalanced products. The ease with which suitable 

probe combinations were developed was dependent on the chromosomes involved, 

the position of breakpoints and the availability of clones. In cases where patients lost 

contact with the Centre, preliminary work did not progress beyond the planning step.
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3.3.1 Reciprocal Translocations.

Balanced reciprocal translocations made up the largest group of referrals, 

including ten male and twenty-one female translocation carriers (mean maternal age

32.6 years). To detect all possible meiotic segregations for a reciprocal translocation, 

a strategy was developed involving the use of two FISH probes flanking the 

breakpoint on one translocation chromosome and a third probe specific for the other 

chromosome (located in any position). These ‘flanking probes’ can be any distance 

away fi*om each other as long as one is proximal and the other is distal to the 

breakpoint. The criteria for probe selection being that each of the four chromosomes 

involved in the translocation (two normal and two derivatives) show a distinct 

combination of signals with these three probes which are easily identifiable in 

interphase nuclei (Fig 3.8).

In the early stages of this work locus-specific probes were obtained by testing 

batches of YAC and cosmid clones fi-om mapping resource centres which proved a 

time-consuming task (see 3.1.1). Suitable probes were developed for eight cases, 

these included Case Wb, 46,XX,t(4;9)(q27;p24) having had four TOP and a 

chromosomally abnormal child, all with the derivative chromosome 9 (fi*om adjacent 

1 segregation), maternal age was 28 years. For this case two chromosome 4 specific 

YAC probes (y845 and y858) which flank the breakpoint at 4q27 were selected in 

combination with a chromosome 9 cosmid probe (cCMP9.27), with 85% of 

lymphocyte interphase nuclei (n=200) showing the expected number of two signals 

per probe. However the patient opted for oocyte donation before preliminary work 

was complete. At this time additional YAC clones for chromosomes 6 and 9 were 

also screened as seven cases (De, Ht, Ml, Tg, Wh, Yo) were referred with 

translocations involving these chromosomes, but unfortunately none was found to 

produce suitable signals mapping to the desired locations (3.1.1).

Commercial dual probes designed for clinical cytogenetics purposes were 

used as sources of flanking probes for six translocation cases. In one case, Lj 

46,XX,t(5;9)(q32;pl3.3), who had experienced five spontaneous abortions and two 

TOP, a triple probe combination was selected including the CSFRl dual-colour probe
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Fig 3.8: FISH Probe Strategy for PGD of Reciprocal Translocations.
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Fig 3.8: a Triple FISH probe combination developed for PGD of reciprocal translocations, 

with two probes flanking one chromosomal breakpoint (red, green) and one probe located on 

the other chromosome (orange). Pachytene configuration shows the quadrivalent fomied 

allowing homologous regions to pair, h This can theoretically segregate in eight ways; three 

2:2, four 3:1 and one 4:0, producing sixteen gamete types. The embryo outcome for PGD is 

represented for each type, assuming a normal chromosome contribution from the other 

parent. A cross-over within the interstitial segment produces a further sixteen combinations, 

however using this strategy each unbalanced segregation product can be differentiated from 

the nonnal constitution for any reciprocal tianslocation.
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containing a control probe (5pl5.2) and diagnostic probe (5q33-34) mapping to either 

side of the breakpoint at 5q32 together with a chromosome 9 probe (cCMP 9.27) (Fig 

3.9). This combination produced discrete easily scored signals, with 91% of 

lymphocyte interphase nuclei showing the expected number of signals. This patient 

began superovulation for PGD but developed ovarian hyperstimulation before oocyte 

retrieval and treatment had to be discontinued. In three cases (Or, Ho, Or), the 

DiGeorge microdeletion dual probe consisting of the TUPLE 1 probe (22pll) and a 

control probe (22ql3.3), was selected in combination with a centromeric probe for the 

other chromosome involved in the translocation. These three combinations including 

either chromosome 11, 12 or 16 showed FISH efihciencies of 88%, 90% and 90% 

respectively in lymphocyte interphase nuclei. The first case Gr 

46,XX,t(12;22)(q24;ql 1) had been undergoing IVF treatment since the birth of a 

chromosomally abnormal son with an additional derivative chromosome 22. After 

two failed IVF attempts, nine cleavage-stage embryos remained cryopreserved for 

this couple and it was decided that these would be tested without initiating another 

IVF cycle as maternal age was 40 years. This couple are currently awaiting treatment. 

The other cases Or 46,XX,t(ll;22)(q23.3;ql 1.2) and Ho 46,XY,t(16;22)(pll.2;ql3.1) 

were both referred after repeated pregnancies involving an additional chromosome 

22, maternal ages were 36 and 26 years respectively. Patient Or is now awaiting 

treatment after a spontaneous abortion of a naturally conceived pregnancy whilst IVF 

treatment was discontinued for patient Ho after recurrent cyst formation.

Probe selection was simplified in the final stages of this work when 

commercially available sub-telomeric probes began to be released providing suitable 

probes for the vast majority of translocation cases. This approach was chosen for 

three cases, using either a single sub-telomeric probe together with a centromeric 

probe (Dg, Mp) or two sub-telomeric probes (PI). For Case PI 

46,XX,t(6;15)(q21;q26) with a history of recurrent early spontaneous abortion, a 

commercially produced cocktail of probes pre-applied to coverslips was assessed in 

collaboration with Cytocell Labs UK. These included indirectly-labelled chromosome 

6 sub-telomeric probes (biotin and digoxygenin) together with a directly-labelled 

chromosome 15 a-satellite probe (FITC/TRITC). Unfortunately the FISH efficiency
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Fig 3.9: PGD Strategy for Case Lj 46,XX,t(5;9)(q32;pl3).
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Fig 3.9: (/) Triple FISH probe combination developed for reciprocal translocation case Lj, 

46,XX,t(5;9)(q32;pl3) combining two probes which flank the breakpoint at 5q32 (D5S23, 

CSFIR) with a chromosome 9 probe (cCMP9.27). (//) the same probe combination 

hybridised to patient lymphocyte metaphase chromosomes and interphase nuclei. 

aiTow shows the derivative chromosome 9 (der9).
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was found to be poor, with less than 20% of interphase nuclei (n=200) showing 

signals for all three probes in any one hybridisation and so use of this combination 

was discontinued. No further probes were tested for this couple as they achieved a 

normal naturally conceived pregnancy during this time. Case Dg 

46,XY,t(18;21)(q21;q22.1) proceeded to PGD (3.5.2), whilst Case Mp 

46,XX,t(5;ll)(q34;q25) after initial reassignment of translocation breakpoints is 

currently undergoing PGD (Fig 3.10).

In total suitable probe combinations were available for seventeen of the thirty- 

one cases (55%), with the remaining fourteen cases lacking one or more probes 

flanking breakpoints (Table 3.11). IVF treatment was commenced for four couples, 

two of which were cancelled due to poor response (Ho and Lj) and two cases reached 

the embryo biopsy stage of PGD (De and Dg, described in Section 3.5). Seven 

couples achieved a naturally conceived normal pregnancy (Cr, Le, Lo, PI, Tg, Wh, 

Wo) and a further seven remain on the list awaiting PGD (Hu, Md, Mo, Mp, Es, Gr, 

Or). Work was discontinued for the remaining thirteen couples, of these ten were lost 

to follow up after losing contact with the Centre (Ad, Br, Bu, Gy, He, Ht, Ma, Ml, Sa, 

Yo), two decided against PGD (Gi, St) and one couple opted for oocyte donation 

(Wb).
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Fig 3.10: PGD Strategies for Case Mp 46,XX,t(5;ll)(q34;q25).
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Fig 3.10: a (/) Initial PGD strategy devised for Case Mp, karyotype 46,XX,t(5;l l)(q31 ;q23) 

was uninformative for PGD as (//) the CSFIR probe (red) mapped to both normal and 

derivative chromosomes 5. This showed the translocation breakpoints were in fact more 

telomeric and the karyotype was revised to t(5;l I)(q34;q25). h New triple probe strategy used 

successfully for this translocation including a centromeric probe and a sub-telomeric probe 

flanking the llq25 breakpoint (red and green), (/) shown on patient lymphocyte metaphase 

chromosomes and interphase nuclei.
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Table 3.11: FISH probe combinations selected for seventeen PGD referrals involving reciprocal translocation and the outcome of these cases.

Case: Parental Karyotype Triple Probe Combination Selected for PGD FISH Efficiency* Outcome o f Case

De: 46,XX,t(6;21)(ql3;q22.3) D6Z1 (6 cen); y940 (21q22.2), c242c (21q22.3)^ 90% PGD (see 3.5.1)

Dg: 46,XY,t(18;21)(q21;q22.1) CEP 18(18 cen), TelVysion 18q (18qter); QuintEssential 21 (21q22.2) 89% PGD (see 3.5.2)

Ho: 46,XY,t(16;22)(pll.2;ql3.1) pSE16 (16 cen); LSI TUPLEl (22ql 1), LSI ARSA (22ql3) 90% Recurrent cysts

Lj: 46,XX,t(5;9)(q32;pl3.3) LSI D5S723 (5pl5.2), CSFIR (5q33-34); cCMP9.27 (9qh) 91% OHSS

Gr: 46,XX,t(12;22)(q24.1;qll) pBR12 (12 cen); LSI TUPLEl (22ql 1), LSI ARSA (22ql3) 90% Awaiting treatment

Mo: 46,XY,t(l;4)(p31.2;q31.3) PÜCL77 (1 cen); y845 (4pl2-13), y858 (4q33) 86% Awaiting treatment

Mp: 46,XX,t(5;ll)(q31;q23) LSI D5S723 (5pl5.2); CEP 11 (11 cen), TelVysion 1 Iq (1 Iqter) 87% Awaiting treatment^

Or: 46,XX,t(ll;22)(q23.3;qll.2) CEP 11(11 cen); LSI TUPLEl (22ql 1), LSI ARSA (22ql3) 88% Awaiting treatment^

Wb: 46,XX4(4;9)(q27;p24) y845 (4pl2-13), y858 (4q33); cCMP 9.27 (9qh) 85% Oocyte donation

PI: 46,XX,t(6;15)(q21;q26) Chromoprobe-T 6 (6pter, 6qter); Chromoprobe-115 (15 cen) 20% Natural pregnancy^



Table 3.11 (continued): FISH probe combinations selected for seventeen PGD referrals involving reciprocal translocation and the outcome of these cn 
cases.

Case: Parental Karyotype^ Triple Probe Combination Selected for PGD Outcome o f  Case

Br: 46,XX,t(16;18)(q24;q21.1) pSEI6 (16 cen); LI.84 (18 cen), yDCC (I8q21) Lost contact with Centre

Cr: 46,XY,t(4;5)(q33;q33.3) D4ZI (4 cen); LSI D5S723 (5pI5.2), CSFIR (5q33-34) Naturally conceived normal pregnancy

Gi: 46,XX,t(5;I8)(pI5.1;q23) LSI D5S723 (5pI5.2), CSFIR (5q33-34); L1.84 (18 cen) Decided against PGD (reasons unknown)

Ma: 46,XX,t(12;20)(q24.33;qII.2) D12ZI (12 cen); D20ZI 20 (20 cen), yMF (20qter) Lost contact with Centre

Ml: 46,XY,t(6;I5)(q22.1;pI1.2) D6ZI (6 cen); D15ZI (15 cen), y908 (15ql4) Lost contact with Centre

Wo: 46,XX,t(4; 11 )(q31.1 ;q21 ) D4Z1 (4 cen), y858 (4q33); D1 IZl (11 cen) Naturally conceived normal pregnancy

Yo: 46,XX,t(6;9)(p22.3;q32) D6ZI (6 cen), yl32 (6p24-25); cCMP9.27 (9qh) Lost contact with Centre

FISH probe hybridisation efficiency, percentage of lymphocyte interphase nuclei showing the expected number of clear signals (2 red, 2 green, 2 orange).

 ̂A dual colour combination of the two chromosome 21 probes only was used for PGD (see Section 3.5.1).

 ̂Experienced at least one naturally conceived chromosomally abnormal pregnancy resulting in spontaneous abortion or TOP whilst awaiting PGD.

 ̂All seven cases were discontinued before FISH probe work-up was complete.
OHSS -  Ovarian hyperstimulation syndrome.
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3.3.2 Robertsonian Translocations.

Balanced Robertsonian translocations, were the second most common referral, 

including five cases of 45,XY,der(13;14)(qlO;qlO), two 45,XX,der(14;21)(qlO;qlO), 

and one each of 45,XX,der(13;14)(qlO;qlO), 45,XX,der(13;15)(qlO;qlO) and 

45,XX,der(13;21)(qlO;qlO) (Mean maternal age 36.6 years). All cases involving a 

paternal translocation required ICSI due to oligozoospermia.

To detect Robertsonian translocations in blastomere interphase nuclei requires 

a minimum of two diSerentially labelled locus-specific probes, one on each of the 

acrocentric chromosomes involved in the translocation. However for these cases it 

was decided to develop triple probe combinations to increase the accuracy of 

detection particularly for the chromosome involved in the most viable aneuploid 

syndrome (Fig 3.11). As there are no specific centromeric probes for most of the 

acrocentric chromosomes much of the early preliminary work related to the 

development of a panel of locus-specific probes for chromosomes 13, 14, 15 and 21 

which could be used for PGD. YAC and cosmid probes were tested in combination 

on patient and control lymphocytes as well as blastomere nuclei fi-om surplus IVF 

embryos, detailed in Sections 3.1-3.2. In a later case involving chromosomes 13 and 

14, a dual probe combination was used with an improved chromosome 14 YAC probe 

(y746, 14q31-32) and a commercial chromosome 13 probe (Quint-Essential 13, 

13q32-33) (see Case Jo, 3.6.3).

Of these ten cases, five reached the oocyte retrieval stage of IVF (Ca, Co, Db, 

Jo, Ye, described in Section 3.6, Figs 3.22-24), three decided against PGD due to 

advanced maternal age (Hi, Oh) or ethical concerns (Ef), one opted for prenatal 

diagnosis (Ty) and one couple lost contact with the Centre (Ch).
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Fig 3.11: FISH Probe Strategy for PGD of Robertsonian Translocations.
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Fig 3.11: a Triple FISH probe combination developed for PGD of Robertsonian 

translocations, with one chromosome labelled orange (50:50 red:green) and the other 

chromosome dual-labelled (red and green) for increased accuracy. Pachytene configuration 

shows the trivalent formed allowing homologous regions to pair, h This anangement can 

theoretically segregate in four ways producing eight gamete types; alternate producing 

normal and balanced gametes, adjacent producing interchange aneuploidy and 3:0 producing 

double aneuploidy. The embryo outcome for PGD is represented for each type, assuming a 

nonnal chromosome contribution from the other parent. Using this strategy each of the three 

chromosomes involved in the translocation (two nonnal and one derivative) shows a distinct 

combination of signals in interphase nuclei.
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3.3.3 Mosaicism for a Trisomie Cell Line.

Four phenotypically normal couples were referred for PGD due to known or 

suspected maternal mosaicism for a trisomie cell line. Two cases involved trisomy 21 

mosaicism both having had three trisomy 21 conceptions; Case FI was referred for 

suspected maternal gonadal mosaicism both partners having normal karyotypes whilst 

Case Me was referred after previous karyotyping showed 18% trisomy 21 cells in 

peripheral lymphocytes of the female partner. Maternal ages were 36 years and 35 

years respectively. Case To, involved mosaicism for a trisomy 18 cell line which was 

detected in peripheral lymphocytes of the female partner, aged 31 years, after the 

birth o f an Edward sjmdrome child. Case Jd involved suspected gonadal mosaicism 

after recurrent spontaneous abortion associated with trisomy 13.

For these cases dual FISH probe combinations (chromosome 13, 18 or 21) 

were selected to increase the accuracy of PGD for these couples at very high risk of a 

pregnancy involving a potentially viable aneuploid syndrome (Sections 3.1-3.2). 

After preliminary work-up of these probes only Case FI underwent PGD treatment 

(described in Section 3.4), Case To opted for oocyte donation whilst Cases Me and Jd 

lost contact with the Centre.

3.3.4 Chromosomal Inversions.

A single case was referred involving a large pericentric inversion of 

chromosome 5; Case An 46,XX,inv(5)(pl5.1q35.3). This couple requested PGD after 

the birth of two children with Cri du Chat type phenotypes from inheriting a 

recombinant maternal chromosome [rec(5)dupqinv(5)(pl5.1q35.3)], maternal age 

was 29 years. The strategy developed accordingly for these cases was the use of a 

probe for one of the distal segments of the chromosome involved which can then 

detect chromosome imbalance from either of the two possible recombinant 

chromosomes. This is demonstrated by Case An with the selection of a probe (Cri du 

Chat locus D5S23) mapping distal to the inversion breakpoint at 5pl5.2 (Fig 3.12). 

Ideally an additional control probe would also be used in combination with the distal 

probe. At this point however the couple opted for oocyte donation in preference to 

PGD and preliminary work was discontinued.

124



Results -  Preliminary Work

Fig 3.12: PGD Strategy for Case An 46,XX,inv(5)(pl5.1q35.3).
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Fig 3.12: a idiogram showing the four possible gamete types for Case An, 

46,XX,inv(5)(pl5.1q35.3), together with a suitable dual probe for PGD (D5S23 5pl5.2, 

green). The p and q-arm regions distal to the inversion breakpoints are shaded red and blue 

respectively: (1) nonnal, (2) inverted, (3) recombinant duplicated 5q and deleted 5p, (4) 

recombinant duplicated 5p and deleted 5q. b FISH analysis o f patient lymphocyte metaphase 

chromosomes and interphase nuclei using this probe.
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3.3.5 Intrachromosomal Insertions.

The development of a PGD strategy for chromosomal insertions arose from a 

single referral of a couple (Fa) with an intrachromosomal between-arm insertion 

involving chromosome 7, 46,XX,ins(7)(p22q31.1q32). This couple who have a 

healthy daughter with the balanced insertion, requested PGD after one spontaneous 

abortion and one TOP both karyotyped as duplicated for the inserted segment. The 

female partner aged 31 years has two siblings who carry the same rearrangement, one 

also having experienced two pregnancies involving duplicated ins(7) karyotypes.

For such an insertion if incomplete synapsis occurs during meiosis, the four 

possible gamete outcomes will be; normal, balanced, duplicated and deleted, all easily 

detected with a probe for the inserted segment. However, complete synapsis achieved 

by the formation of a double insertion loop results in a variety of meiotic outcomes 

depending on which loop crossing-over occurs in and if the insertion is direct or 

inverted relative to the centromere. The complexity of any approach for PGD for 

these cases is increased by the problem that it is frequently impossible to determine 

the orientation of the inverted segment. To cope with this eventuality an approach 

was developed including a sub-telomeric probe incorporated along with a locus- 

specific probe for the inserted segment. Possible recombinant chromosomes resulting 

from both direct and inverted insertions can then be detected (Fig 3.13a).

For Case Fa, a commercial dual-probe (Williams microdeletion probe 

D7S486,D7S522) was identified fortuitously containing a control probe (D7S522) 

mapping to the inserted segment at 7q31. A chromosome 7 sub-telomeric probe (7p) 

was also selected as the orientation of this inversion was unclear from the G-banded 

karyotype. Although the selected probes could be distinguished on patient 

chromosomes, the FISH efficiency in interphase nuclei proved difficult to optimise 

due to the small signal size from the 7p probe labelled 50:50 FITCiTRITC (orange) 

(M. Simopoulou, personal communication). As the couple were keen to begin 

treatment after suffering an additional spontaneous abortion, it was decided to use the 

dual probe alone, detecting all recombinant chromosome outcomes for an inverted 

insertion and all but two possibilities for a direct insertion (Fig 3.13b). The couple 

were counselled accordingly and are currently awaiting PGD.
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Fig 3.13: PGD Strategy for Case Fa 46,XX,ins(7)(p22q31.1q32)
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Fig 3.13: a Diagram shows the six possible recombinant types which may arise for Case Fa, 

46,XX,ins(7)(p22q31.1q32), an intrachromosomal between-arm insertion o f unknown 

orientation. (1) duplicated insertion, (2) deleted insertion, (3*) duplicated p/deleted q, (4*) 

deleted p/duplicated q, (3 )̂ dicentric, (4^) acentric. For direct insertions, 1, 2, 3*, 4* apply 

whilst for inverted insertions 1, 2, 3^ 4* apply. A theoretical triple probe combination to 

detect all outcomes is illustrated, b Dual probe hybridised to lymphocyte metaphase 

chromosomes from Case Fa, D7S522 (green, corresponding to ‘DE’) and D7S489 (red, 

corresponding to ‘C’).
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3.3.6 Ring Chromosomes.

A single PGD referral involved the rare case of a phenotypically normal 

female with a ring chromosome 16 present in the majority of peripheral lymphocytes 

(93%, n=200) and fibroblasts (81%, n=27). Case Ev, 46,XX,r(16)(pl3.3;q24). This 

couple had experienced over ten years of infertility before achieving pregnancy which 

resulted in stillbirth. Following two failed I VF attempts, one resulting in spontaneous 

abortion, PGD was considered an option. Maternal age was 34 years.

The exclusion of embryos that are unbalanced for the chromosome involved is 

relatively straightforward using a chromosome specific probe. The problem for PGD, 

arises in a zygote with a normal chromosome and a ring chromosome which is 

genetically balanced but likely to undergo post-zygotic mosaicism, which could result 

in severe consequences for the embryo. For this reason it was vital to distinguish 

between the ring and its normal homologue in interphase. Two possible approaches 

were devised with this aim depending on whether probes were available distal to the 

breakpoints, as in Fig 3.14. FISH analysis of peripheral lymphocytes from patient Ev 

showed that both sub-telomeric probes are present on the ring chromosome and as 

such the only option was to base diagnosis on co-localised signals. To estimate the 

efficiency with which this could be achieved, nuclei were scored for the presence of 

the ring chromosome (a red and green signal closer than one signal diameter) and the 

results were compared to the cytogenetic data. From this approximately 61% of ring- 

bearing lymphocytes were differentiated (47-67% of nuclei using FISH (n=200) 

compared to 93% of metaphases karyotyped). The ring was most clearly identified in 

more condensed nuclei as an orange overlapping signal and it is likely from previous 

experience that the highly condensed chromatin of embryonic nuclei would give 

similar results. For this reason this estimate based on lymphocyte data is almost 

certainly lower than that which would apply to embryo analysis, although access to 

patient IVF embryos is required to test this supposition. However even when 

confidently differentiated, the likely unstable behaviour of ring chromosomes during 

early cleavage divisions means that there will be a considerable risk of misdiagnosis 

from non-representative sampling of the embryo and the couple was counselled 

accordingly. No further work was carried out as Couple Ev decided to continue with 

IVF treatment whilst relying on prenatal diagnosis of any resulting pregnancy.
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Fig 3.14: PGD Strategy for Case Ev 46,XX,r(16)(pl3.3q24).
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Fig 3.14: a Interphase FISH analysis of ring chromosomes is dependant on the position of 

breakpoints relative to telomeric probes. (/) simplest scheme whereby the ring is deleted for 

the sub-telomeric probe region. (//) sub-telomeric probes will be present on both the normal 

homologue and ring if  the breakpoints are more distal and diagnosis is then based on co- 

localised signals, b (/) FISH analysis o f lymphocyte chromosomes from prospective PGD 

Case Ev, 46,XX,r(I6)(pI3.3;q24), shows both sub-telomeric probes (I6p green, I6q red) 

hybridise to the ring chromosome 16 (anow). In some interphase nuclei the ring chromosome 

is clearly recognisable as overlying signals (//) whilst in others the signals cannot be 

distinguished from the nonnal homologue {Hi).
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3.3.7 Complex Chromosomal Rearrangements.

Two cases referred for PGD involved double reciprocal translocations 

providing the opportunity to devise a FISH strategy for more complex 

rearrangements. The flanking probe strategy was adapted for use in these cases in 

which the two reciprocal translocations involved were treated separately and the 

selected probe combinations were combined (in any order) in two repeated FISH 

procedures. In this way, six probes were selected to detect the eight chromosomes 

(four normal and four derivative) involved in a double reciprocal translocation.

The first case involved a maternal balanced double reciprocal translocation 

46,XX,t(l;20)(p35.2;pll.23),t(4;7)(q31.1;q21.2) (Case Me) referred for PGD after 

recurrent spontaneous abortion, maternal age was 33 years. For each single 

translocation three probes were selected, two centromeric probes and one locus- 

specific sub-telomeric probe, giving a total of six probes. These were then split into 

two groups and a triple-labelling strategy devised accordingly with two locus-specific 

probes and a centromeric probe in the first overnight hybridisation with image capture 

before a second one hour hybridisation with the remaining three centromeric probes 

(Fig 3.15). Work did not proceed beyond this planning stage as the couple achieved a 

naturally conceived pregnancy whilst on the referral list, resulting in the birth of a 

child with the same balanced translocations as the mother.

For Case Mg, each partner carried a different balanced reciprocal 

translocation; 46,XY,t(5;14)(pl5.2;q23) in the male and 46,XX,t(7;l I)(p21;q21) in 

the female aged 28 years, who had experienced eight spontaneous abortions. The 

PGD strategy selected was essentially the same as for Case Me, however as no 

specific centromeric probes are available for chromosomes 5 and 14, two centromeric 

probes and four locus-specific probes are then required to detect possible segregants 

using this method. Although theoretically possible, this strategy was difficult to apply 

in practice to this particular case, requiring a reduced hybridisation time or a later 

embryo transfer for PGD. As this couple appeared to have no difficulty in initiating a 

pregnancy and the female partner was relatively young it was felt preferable for them 

to rely on prenatal diagnosis of any subsequent pregnancies until a suitable PGD 

strategy is developed.
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Fig 3.15: Case Me 46,XX,t(l;20)(p35.2;pll.23)t(4;7)(q31.1;q21.2).

FISH FISH

o 4qter O a-sat 20
o Ipter O a-sat 7
o a-sat 1 o a-sat 4

o  ..

::'0

1 der 1 der 20 20

O  O

o :

4 der 4 der 7 7

46,XX,t(l;20)(p35.2;pll.23)t(4;7)(q31.1;q2L2)

Fig 3.15: Ideogram illustrating suitable flanking probes for PGD for prospective Case Me 

with a double reciprocal translocation, 46,XX,t(l;20)(p35.2;pll.23)t(4;7)(q31.1;q21.2). A 

sequential FISH hybridisation strategy using the two triple probe combinations, shown inset, 

was selected to detect possible segregation products from this chromosomal rearrangement.
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3.3.8 Outcome of PGD Referrals for Chromosomal Abnormalities

During the course of this study, from a total of fifty cases initially referred for 

PGD of chromosomal abnormahties, six (12%) reached the embryo biopsy stage of 

PGD (detailed in Sections 3.4-7), with a further nine (18%) awaiting treatment. Of the 

remaining thirty-five (70%) cases, nine couples had a naturally conceived normal 

pregnancy before PGD work up was complete whilst the remainder were withdrawn 

from further treatment for a variety of reasons, summarised in Table 3.12. Seven of 

the fifty couples experienced a chromo somally abnormal pregnancy resulting in 

spontaneous abortion or TOP whilst on the PGD referral list.

Table 3.12: Summary of the outcome of fifty PGD referrals for chromosomal 
abnormalities over a four-year period.

Cases Reaching the Embryo Biopsy Stage* (%) 6 (12%)

Cases Awaiting Treatment (%) 9 (18%)

Cases Discontinued (%) 35 (70%)

Reasons fo r  Discontinuing

PGD cancelled due to poor in vitro embryo development 2

IVF cancelled due to ovarian hyperstimulation syndrome 1

IVF cancelled due to recurrent cysts 1

Naturally conceived normal pregnancy 8

Elected for prenatal diagnosis in preference to waiting for PGD 2

Elected for oocyte donation in preference to waiting for PGD 3

Decided against PGD for other reasons^ 5

Lost contact with Centre 13

Total No o f  Referrals 50

Two of these cases also had a single cancelled treatment cycle, one for ovarian hyperstimulation (Co) 
and the other for poor in vitro embryo development (De).

 ̂Reasons included advanced maternal age (Hi, Oh), ethical objections (Ef), family circumstances (St) 
or were unknown (Gi).
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CHAPTER 3

RESULTS -  PART II THE CLINICAL APPLICATION OF PGD
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3.4 PGD for a Couple with Recurrent Down Syndrome Pregnancy 

Due to Suspected Maternal Gonadal Mosaicism.

Case FI involved a chromo somally normal couple who had one normal child 

at maternal age 29 years followed by three consecutive trisomy 21 conceptuses 

between the ages of 32 and 36 years (one Down syndrome child 47,XY+21 and two 

TOP). Maternal age was 36 years at the time of referral.

FISH analysis of cultured peripheral lymphocytes from this couple was 

carried out using a chromosome 21 YAC probe (y940, 21q22.2) to rule out 

mosaicism. This was unable to show the presence of a second trisomie cell line in 

interphase lymphocyte nuclei of either partner (n=1000), showing an average 90% of 

cells with the expected number of two signals, a result comparable to that found in 

lymphocyte controls (92%).

DNA polymorphism analysis using five markers along 21q had been 

previously carried out for this case by P. Famdon and colleagues at the Clinical and 

Laboratory Genetics Services, Birmingham Women’s Hospital, Birmingham (Table 

3.13). In two cases a maternal origin of the additional chromosome 21 was shown by 

the presence of two maternally derived alleles, pro band 1 at markers D21S223 and 

D21S167 and proband 2 at D21S258. In the third case, proband 3, these results based 

on non-quantitative PCR were inconclusive being compatible with both meiotic 

(maternal or paternal) and mitotic origins.

Table 3.13: Results of DNA polymorphism analysis using five microsatellite markers on 
chromosome 21 for family FI with three trisomy 21 conceptions.

Marker (Locus) Mother Father Proband 1 Proband 2 Proband 3

D 21S215(21qll) 2 1 2 2 2 1 2

D 21S258(21qll) 1 4 2 3 2 4 1 2 4 3 4

D21S222(21q21) 1 2 2 1 2 2 1 2

D21S223 (21q22.1) 1 2 3 6 1 2 6 2 6 1 3

D21S167 (21q22.2) 1 3 2 1 2 3 2 3 1 2

Courtesy of P. Famdon - Birmingham Women’s Hospital, Birmingham UK.
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A PGD protocol was developed for this couple using dual colour FISH with 

two differentially-labelled chromosome 21 YAC probes (digoxygenin labelled y940 

detected with TRITC-anti-digoxin; biotin labelled yOART2 detected with FITC- 

avidin) (Fig 3.16), an approach adopted to minimise the risk of misdiagnosis. 

Preliminary testing of this dual-probe combination (see 3.1-2) showed strong discrete 

signals in both control and blastomere nuclei, showing the expected number of four 

signals in 92% lymphocyte nuclei (n=200).

Two IVF cycles were carried out for PGD, with the aim of selectively 

transferring embryos that were normal for chromosome 21. The fertilisation rate was 

particularly low in the first standard IVF cycle with just 31% (4/13) oocytes fertilised, 

this increased to 50% (9/18) fertilised in the second cycle fi*om ICSI. Both cycles 

resulted in very few embryos at the 6- to 10-cell stage on day three post-insemination 

suitable for biopsy of two cells. In total, 31 oocytes were collected and thirteen 

oocytes were normally fertilised resulting in seven embryos, five of which were 

biopsied for PGD. Two embryos (embryos 6 and 7) showed developmental arrest (5 

cells and 2 cells respectively) and so were not biopsied. Of the five embryos biopsied, 

only two were diagnosed as normal for chromosome 21 (embryos 3 and 4 fi*om cycle 

2) and transferred on day four post-insemination, but no pregnancy was achieved. The 

remaining three embryos showed trisomy 21. In all five embryos, both biopsied 

blastomeres gave concordant results.

Diagnosis was confirmed by analysis of the remainder of the three 

untransferred biopsied embryos, all of which showed trisomy 21 mosaicism. 

Reprobing these embryos and the biopsied cells for an additional chromosome 

(cCMP9.25, 9qh) allowed ploidy to be assessed and established cells in these minor 

cell fines as presumably diploid. Analysis of the two arrested embryos showed both 

were chromo somally abnormal, one trisomy 21 and one tetraploid . Embryo 1 was of 

particular interest as of the nine cells remaining after biopsy, seven were clearly 

trisomie for chromosome 21 confirming the original diagnosis, but two cells were 

apparently disomic. The potential of such an event to cause misdiagnosis of a trisomy 

21 embryo by inadvertent biopsy of the minor cell fine, was noted. However as the 

remainder of untransferred embryos are analysed late on day four post-insemination 

after further cell division has occurred, mosaicism levels could be lower on day three 

when biopsy takes place and this may lessen the risk.
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Fig 3.16: PGD for Case FI, Maternal Gonadal Mosaicism for Trisomy 21.
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Fig 3.16: a Dual-colour FISH analysis o f nonnal lymphocyte chromosomes from patient FI, 

maternal gonadal mosaicism for trisomy 21, using two chromosome 21 specific YAC probes 

(yGART2, green and y940, red), b The same probe combination applied to blastomeres 

biopsied from day 3 post-insemination embryos during PGD for this couple, shows (/) nonnal 

for chromosome 21, (//) trisomy 21, (///) monosomy 21.
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In total, the seven embryos analysed from this case were categorised as two 

(29%) normal for chromosome 21, one (14%) aneuploid, three (43%) aneuploid 

mosaic and one (14%) polyploid. Four of seven (57%) embryos showed trisomy 21 in 

the majority of cells (Fig 3.16 and Table 3.14, refer to Appendix B for complete 

data). These results are compatible with maternal gonadal mosaicism but analysis of 

meiosis II (Mil) oocytes was necessary to clarify this.

Twelve unfertilised oocytes were collected from both PGD cycles but only 

four gave metaphase preparations suitable for analysis, the remainder showed 

degenerated chromatin only (carried out by J. Cozzi). FISH analysis of these four 

oocytes using a single chromosome 21 YAC probe (y940, 21q22.2), showed one with 

a normal haploid chromosome number and three hyperhaploid for chromosome 21. 

The hyperhaploid oocytes included two with one whole chromosome 21 plus an 

additional chromatid and one disomic for chromosome 21 (Table 3.15 and Fig 3.17). 

These results confirmed the earlier DNA polymorphism investigation and showed 

that recurrence of trisomy in this couple was maternal in origin. Significantly, three 

chromatid 21s were observed in both oocyte 4 and the corresponding first polar body 

(Fig 3.17c), confirming that the diploid primary oocyte must have been trisomie for 

chromosome 21. This provides direct evidence of maternal gonadal mosaicism in this 

patient. One possibility which remains compatible with the molecular data where no 

‘novel’ alleles were found, is a trisomie cell line in the mother having arisen 

mitotically leading to the identity o f two chromosomes 21. However this is based on a 

limited number of microsatelhte markers and to test this possibility requires a more 

extensive quantitative PCR approach. Fig 3.18 shows a pedigree for this family 

compiled from both molecular and cytogenetic data (assuming a maternal trisomie 

cell line) illustrating some feasible haplotypes for the three trisomie conceptions .

Although two IVF cycles have been carried out for Case FI, only one cycle 

resulted in embryo transfer and given the low numbers of embryos available for 

diagnosis it is likely that multiple treatment cycles would be necessary to increase the 

chance of obtaining a normal pregnancy. However from the combined data on the 

chromosome 21 constitution of oocytes and embryos to date, it can be estimated that 

at least 64% (7/11) of ovulated oocytes were hyperhaploid. This would predict a very 

high recurrence risk of a Down Syndrome pregnancy for this couple.
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Table 3.14: Case FI, gonadal mosaicism for trisomy 21; FISH analysis of embryos from 
two PGD cycles using two chromosome 21 probes (yGART2 and y940)*.

Embryo Biopsied Cell(s) Remainder o f  Embryo

Cycle 1 

1 2 trisomy 21 trisomy 21 mosaic

2 2 trisomy 21 trisomy 21 mosaic

Cycle 2 

3 2 normal transferred

4 2 normal transferred

5 2 trisomy 21 trisomy 21 mosaic

6 not biopsied trisomy 21

7 not biopsied tetraploid (arrested)

Refer to Appendix B for complete data.

Table 3.15: Case FI, gonadal mosaicism for trisomy 21; FISH analysis of unfertilised 
oocytes from two PGD cycles using a chromosome 21 probe (y940).

Oocyte FISH Analysis Comments

Oocyte Polar Body

Cycle 1 

1 1 chromosome 21 not available normal

2 2 chromosome 21s not available disomy 21

3 1 chromosome 21 + 1 chromatid 21 not available hyperhaploid

Cycle 2 

4 1 chromosome 21 + 1 chromatid 21 3 chromatid 21s hyperhaploid
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Fig 3.17: FISH Analysis of Unfertilised Oocytes for 

Case FI, Maternal Gonadal Mosaicism for Trisomy 21.

a Oocyte 1 -  Haploid. h Oocyte 3 — Hyperhaploid.

c Oocyte 4 with Degenerating First Polar Body -  Both Hyperhaploid.

Fig 3.17: FISH analysis of metaphase 11 oocyte chromosomes from two PGD cycles for Case 

FI, maternal gonadal mosaicism for trisomy 21, using a chromosome 21 YAC probe (y940, 

red), a Haploid complement, normal for chromosome 21 (one signal per chromatid), h 

Hyperhaploidy for chromosome 21 showing an additional chromatid 21 c An additional 

chromatid 21 is present in both oocyte (/) and first polar body (//) complements, indicating 

the presence o f a trisomie precursor germ cell in this patient, (arrows show extra chromatid 

21s).
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Fig 3.18: Family FI Pedigree Compiled from Molecular and Cytogenetic Data.
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D2ISI67 (2lq22.2) 1 3 2 1 23 23 1 2
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2 2 2
6 2 2
2 3 3
□ □ □

1 2 2
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2 1 1/2
3 1 1
2  1 1

0 0 0

Fig 3.18; Pedigree for Family FI compiled from the microsatellite polymorphism data 

obtained previously together with the molecular cytogenetic data which demonstrated 

maternal gonadal mosaicism for trisomy 21. As phase is unknown in the parents and some 

loci are uninformative, examples of feasible haplotypes have been constructed for the 

trisomie conceptions which are compatible with both these data. For proband 3 (11.3) only a 

maternal origin (red) of the supernumerary chromosome 21 is shown, however from the 

molecular results alone meiotic, post-zygotic or paternal origins are equally likely 

explanations. In cases where it is not possible to differentiate between two alleles at a 

particular locus (as results were non-quantitative), both alternatives are shown.
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3.5 PGD for Two Couples with Reciprocal Translocations.

Two couples were referred for PGD with balanced reciprocal translocations 

involving chromosome 21; 46,XX,t(6;21)(ql3;q22.3) and 46,XY,t(18;21)(ql2;q22.2). 

In both cases a protocol was developed using triple colour FISH based on the flanking 

probe strategy described in Section 3.3.1, with two probes flanking the breakpoint on 

one translocation chromosome and one probe specific for the other chromosome. For 

the first case (De) carried out in the initial stages of this work probes were developed 

from locus-specific YAC and cosmid clones, whilst for the second later case (Dg) use 

was made of more recently available commercial probes.

3.5.1 Case De: Reciprocal Translocation 46,XX,t(6;21)(ql3;q22.3).

Couple De were referred for PGD due to a maternal balanced reciprocal 

translocation 46,XX,t(6;21)(ql3;q22.3) detected after the birth of a Down syndrome 

daughter, 47,XX,t(6;21)(ql3;q22.3),+21 and four spontaneous abortions between 

seven and fourteen weeks of gestation. Maternal age was 32 years.

A PGD protocol was developed for this case to exclude chromosome 21 

imbalance (and also any chromosome 6 imbalance associated with derivative 

chromosomes) using dual colour FISH with two chromosome 21 specific probes 

(y940 and c242c) which flank the breakpoint on chromosome 21 (21q22.3). Probe 

y940 (21q22.2) mapping to the derivative chromosome 21 was labelled with 

digoxygenin and detected with TRITC-anti-digoxin and probe c242c (21q22.3) 

mapping to the derivative chromosome 6 was labelled with biotin and detected with 

FITC-avidin. Using this FISH probe combination, 90% control lymphocyte nuclei 

(n=200) showed two clear signals per probe. Before clinical application these probes 

were also tested on ten blastomeres biopsied from day 3 post-insemination embryos, 

showing discrete FISH signals easily scored in all nuclei. The chromosome 21 probes 

were initially selected to use in combination with a chromosome 6 a-satellite probe to 

detect all possible segregation outcomes. However, after preliminary work, it was 

apparent that the two differentially-labelled probes mapping closely on 21q (one red 

and one green) occasionally appear as an overlapping orange signal, particularly in
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condensed blastomere nuclei. Consequently it was decided in consultation with the 

patient to exclude the centromeric probe, also detected as an orange signal, to avoid 

ambiguous results which could have resulted in misdiagnosis of viable chromosome 

21 imbalance (Fig 3.19). The chromosome 6 probe was used after diagnosis however 

for reprobing to provide more information on meiotic segregations.

Two IVF treatment cycles were carried out for couple De. In the first standard 

IVF cycle, nineteen oocytes were collected and nine (47%) fertilised resulting in 

seven embryos, four of which were suitable for biopsy. Two cells were biopsied on 

day three post-insemination from two 8-cell embryos (embryos 1 and 2) whilst a 

single cell biopsy only was possible from two 6-cell embryos (embryos 3 and 4). 

Three embryos had fewer than six blastomeres by day three and were not biopsied. 

FISH analysis of the biopsied blastomeres showed one embryo was normal for 

chromosome 21, one embryo was monosomie for the region 21q22.3->qter and two 

embryos were trisomie for the region 21q22.3->qter. The single embryo scored as 

normal for chromosome 21 was transferred on day four post-insemination resulting in 

a biochemical pregnancy only, as judged by a transient increase in serum hCG levels.

This diagnosis was confirmed by analysis of the remainder of two of the 

biopsied untransferred embryos (embryos 2 and 3). The remainder of the third 

embryo (embryo 4) appeared degenerated by day four and was not available. Analysis 

of the additional three non-biopsied embryos showed one monosomy 21pter->q22.3, 

one trisomie 21q22.3->qter and one trisomy 21. Interestingly in this last embryo 

(embryo 7) the the presence of two normal chromosome 21s and both derivative 

chromosomes 6 and 21 could be clearly distinguished by the pattern of probe signals.

A second treatment cycle was carried out for this couple using ICSI, but only 

two of thirteen (15%) oocytes collected were fertilised successfully and both resulting 

embryos were developmentally retarded on day three post-insemination (one five-cell 

and one two-cell embryo). PGD was cancelled at this stage and in consultation with 

the couple, no embryo transfer was carried out. FISH analysis showed both these 

embryos were mosaic, embryo 8 with three cells trisomie for 21q22.3->qter and two 

cells monosomie for 21pter->q22.3 and embryo 9 with one cell trisomie for 21q22.3- 

>qter and another cell monosomie for this region.
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Fig 3.19: PGD for Case De 46,XX,t(6;21)(ql3;q22.3).

O  c242c-21q22.3  

O  y940-21q22.2  

O  (x-sat 6 -  cen 6

O  Hi
I:

(Z3

6 der6 der21 21

a FISH Analysis o f Patient Lymphocyte Metaphase and Interphase Nuclei

(Ier21

h FISH Analysis o f Biopsied Blastomeres fo r  PGD.

Fig 3.19: a (/) PGD triple probe strategy selected for Case De, 46,XX,t(6;21)(ql3;q22.3) was 

subsequently modified to use only the chromosome 21 probes which flank the breakpoint at 

21q22.3 (c242c, green and y940, red), (//) Dual-colour FISH using these probes on patient 

lymphocyte chromosomes, b The same probe combination applied to blastomeres biopsied 

from day 3 post-insemination embiyos during PGD for this couple, shows (/) normal for 

chromosome 21 (2 green, 2 red), (//) trisomy 21q22.3->qter (3 green, 2 red), (///) monosomy 

21pter->21q22.3 (1 green, 2 red).
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Embryos and biopsied cells from both cycles were later reprobed with the 

chromosome 6 a-satellite probe, allowing the most likely mode of segregation of the 

maternal translocation chromosomes to be predicted. These segregations were based 

on the simplest outcome assuming a normal paternal gamete contribution, with minor 

cell lines treated as of post-zygotic origin. Unfortunately at this stage reprobing of the 

biopsied cells for the transferred embryo (embryo 1), which was normal for 

chromosome 21, revealed that whilst one cell was unavailable for reanalysis the 

second cell showed monosomy 6. If this result reflected the true constitution of this 

embryo then this may have accounted for the transient implantation leading to a 

failure to establish a clinical pregnancy. At this time no other reliable fluorochrome 

was available but due to this experience it was decided to incorporate the reprobing 

approach diagnostically in any subsequent cycles for this couple, with an extended 

analysis time requiring a late day 4 post-insemination transfer. However as the second 

cycle was cancelled this was not put into practice.

Of seven embryos reprobed from the first cycle, the chromosome constitutions 

observed were compatible with 2:2 segregation for three embryos and 3:1 segregation 

for four embryos. None was in fact balanced although the transferred embryo was 

normal for chromosome 21. The two arrested embryos (8 and 9) from the second 

cycle were mosaic and the original zygote chromosome constitution was more 

difiScult to determine. However, in both these cases, the pattern of chromosome 

distribution was compatible with 3:1 segregation resulting in a maternal gamete 

contribution of normal chromosomes 6 and 21 plus the derivative 6 for embryo 8 and 

a normal chromosome 21 plus both derivative chromosomes for embryo 9.

In total, the nine embryos from both cycles were categorised as; one (11%) 

diploid mosaic, three (33%) aneuploid and five (56%) aneuploid mosaic (Table 3.16). 

Only one of seven (14%) embryos analysed in this first cycle was normal for 

chromosome 21. The remaining six embryos were all chromo somally abnormal, one 

showed trisomy 21 whilst four were unbalanced for the region distal and one for the 

region proximal to the breakpoint at 21q22.3 (Fig 3.19 and Table 3.16, refer to 

Appendix B for complete data).
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Table 3.16: Case De 46,XX,t(6;21)(ql3;q22.3); FISH analysis of embryos from two PGD cycles using two chromosome 21 probes, y940 (21q22.2) and 
c242c (21q22.3)*.

Embryo Biopsied Cell(s) Remainder o f Embryo Probable Segregation (maternal gamete typ e f

Cycle 1

1 2 normal for chromosome 21 transferred 3:1 interchange monosomy  ̂ (21)

2 2 trisomy 21q22.3->qter trisomy 21q22.3->qter adjacent 1 (der 6, 21)

3 1 monosomy 21 q22.3->qter monosomy 21q22.3->qter (mosaic) 3:1 tertiary monosomy (der 21)

4 1 trisomy 21 q22.3->qter not available adjacent 1 (der 6, 21)

5 not biopsied monosomy 21pter->q22.3 adjacent 2 (6, der 6)

6 not biopsied trisomy 21q22.3->qter (mosaic) 3:1 tertiary trisomy (6, der6, 21)

7 not biopsied trisomy 21 (mosaic) 3:1 interchange trisomy (der 6, 21, der21)

Cycle 2

8 not biopsied trisomy 21q22.3->qter (mosaic) 3:1 tertiary trisomy (6, der 6, 21)

9 not biopsied trisomy/monosomy 21q22.3->qter/ (mosaic) 3:1 interchange trisomy (der 6, 21, der21)

Refer to Appendix B for complete data.
 ̂Most likely segregation to produce embryo outcome deduced from PGD results and reprobing data using chromosome 6  a-satellite probe. 
 ̂Based on reprobing data from one biopsied cell. der - derivative chromosome.
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As in Case FI, few unfertilised oocytes from PGD cycles were available for 

analysis (carried out by J. Cozzi). Metaphase spreads suitable for FISH analysis were 

obtained from only two Mil oocytes from the first IVF cycle. None of the eleven 

oocytes that failed to fertilise in the second ICSI cycle provided analysable 

chromosome preparations.

FISH analysis of two meiosis II oocytes was carried out using triple colour 

FISH with the two chromosome 21 specific probes (y940, c242c) in combination with 

the chromosome 6 a-satellite probe. Oocyte 1 showed a normal chromosome 21 and 

a derivative chromosome 6, resulting from adjacent 1 segregation. If fertilised this 

would give rise to an embryo with chromosome constitution monosomy 6ql3- 

>qter/trisomy 21q22.3->qter as in embryos 2 and 4. Oocyte 2 showed a derivative 

chromosome 6 only, resulting from 3:1 segregation. If fertilised this would give rise 

to an embryo with chromosome constitution monosomy 6ql3->qter/monosomy 

21pter->q22.3 (Fig 3.20).

Results from couple De represent the first observations of reciprocal 

translocation segregation in preimplantation embryos from a female carrier. The most 

common segregation patterns observed in this case were 3:1 with tertiary aneuploidy 

(three embryos and one oocyte), 3:1 with interchange aneuploidy (three embryos) and 

adjacent 1 (two embryos and one oocyte). The maternal derivative chromosome 6 

was detected in seven of the eight untransferred embryos and both oocytes (in 

combination with other chromosomes) whilst the derivative chromosome 21 was 

apparent in only three embryos. Following Jalbert et al., (1980), the quadrivalent 

formed at pachytene for this translocation is asymmetrical with the large chromosome 

6 and small chromosome 21 translocated segments and predicts of sixteen theoretical 

segregations, 3:1 segregation as the most likely. In support of this model, results from 

64% (7/11) of embryos and oocytes in this case were compatible with 3:1 

segregation.

In the translocation carrier treated here, meiosis generates a high rate of 

unbalanced gametes as 91% (9/11) oocytes/embryos were aneuploid for chromosome 

21 and so the chance of this couple obtaining a normal pregnancy would appear to be 

very low.
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Fig 3.20: FISH Analysis of Unfertilised Oocytes
for Case De 46,XX,t(6;21)(ql3;q22.3).

normal  21

Oocyte I -  Chromosomally Unbalanced

Oocyte 2 -  Chromosomally Unbalanced.

Fig 3.20: FISH analysis o f metaphase II oocyte chromosomes from one PGD cycle for Case 

De, 46,XXt(6;2I(qI3;q22.3) using two chromosome 21 probes (y940 red, c242c green) with 

a chromosome 6  a-satellite probe (orange) (as in Fig 3.19i). a Unbalanced chromosome 

complement, normal chromsome 21 and derivative chromosome 6  b Unbalanced 

chromosome complement, derivative chromosome 6  only.
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3.5.2 Case Dg: Reciprocal Translocation 46,XY,t(18;21)(q21;q22.1).

Couple Dg had been unable to maintain a second pregnancy beyond the early 

stages, with at least seven spontaneous abortions since the birth of a healthy child 

seven years previously. They were referred for PGD after karyotyping revealed a 

paternal translocation 46,XX,t(18;21)(q21;q22.1). Maternal age was 36 years.

A PGD protocol was developed to exclude an imbalance of chromosomes 18 

and 21 using triple colour FISH with two directly labelled probes which flank the 

breakpoint on chromosome 18 (CEP 18 a-satellite, SpectrumAqua and TelVysion 

18q sub-telomeric probe, SpectrumOrange) combined with a chromosome 21 probe 

(digoxygenin labelled Quint-Essential 21 probe detected with FITC-anti-digoxin) (Fig 

3.21). Using this FISH probe combination, 89% control lymphocyte nuclei (n=200) 

showed the expected number of two clear signals per probe. These probes were also 

tested on six blastomeres biopsied fi’om day 3 post-insemination embryos, showing 

strong, discrete FISH signals in all nuclei which were scored as normal.

In a single ICSI cycle carried out for PGD, fifteen oocytes were collected, 

fourteen (93%) fertilised resulting in thirteen embryos, nine of which were suitable 

for biopsy. Two blastomeres were biopsied on day three post-insemination fi'om six 

embryos (embryos 1-6), with three of these including a binucleated cell. In the case of 

embryo 6 both biopsied blastomeres were found to be anucleate. A single cell biopsy 

only was possible fi'om three embryos (7, 8, 9), again with one embryo (9) showing 

an anucleate biopsied cell. One embryo arrested at the 2-cell stage and three embryos 

resulting fi'om abnormally fertilised tri-pronucleate (3PN) zygotes, were not biopsied 

and left in culture until day four post-insemination for analysis.

FISH analysis of the biopsied blastomeres fi'om seven embryos, showed two 

embryos (1 and 5) with monosomy 18 and trisomy 21 in both cells, one embryo (4) 

with trisomy 18q21 ->qter/monosomy 21q22.1->qter, one embryo (7) with trisomy 21 

and one embryo (8) with trisomy 18q21 ->qter/trisomy 21pter->q22.1. Biopsied cells 

from embryos 2 and 3 showed an abnormal pattern of FISH signals indicating 

unbalanced chromosome constitutions compatible with multiple copies of the normal 

or derivative 21. As these results showed all biopsied embryos were chromosomally 

unbalanced, no embryo transfer was carried out.
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Fig 3.21: PGD for Case Dg 46,XY,t(18;21)(q21;q22.1).

O  Q E21-21q22.2  

O  TV18-18qter  

O  oc-sat -  cen 18

C7) (77) 13

18 der 18 der21 21

a FISH Analysis o f Patient Lymphocyte Metaphase and Interphase Nuclei

h FISH Analysis o f Biopsied Blastomeres fo r  PGD.

Fig 3.21: a Triple colour FISH analysis o f lymphocyte chromosomes from Case Dg, 

46,XY,(18;21)(q21;q22.2) using two chromosome 18 probes spanning the breakpoint at 

18q21 (a-satellite 18, aqua and sub-telomere 18q, red) and one chromosome 2 1  locus- 

specific probe (QE21, green), h The same probe combination applied to blastomeres biopsied 

from day 3 post-insemination embryos during PGD for this couple, shows (/) normal for 

chromosomes 18 and 2 1 , (//) monosomy 18 ( 2  green, 1 red, 1 aqua), {Hi) trisomy 18 and 

21/triploidy (3 green, 3 red, 3 aqua). The derivative and normal homologues cannot be 

distinguished with these probes.
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All untransferred embiyos showed extensive fragmentation by day four post

insemination and consequently cell number was difficult to score at this time. 

Diagnosis was confirmed by analysis of the remaining cells from the biopsied 

embryos showing all to be abnormal for chromosomes 18 and/or 21. Similarly 

analysis of the four non-biopsied embryos showed all were chromosomally 

unbalanced. The three 3PN embryos (11, 12, 13) all showed cell lines with multiple 

copies of both normal and derivative chromosomes, embryo 11 was uniformly 

triploid whilst a condensed metaphase was observed from embryo 13 with four 

normal copies of chromosome 18 and three derivative chromosome 18s. Reprobing 

for an additional chromosome (9qh, c9.27) to assist with classification was only 

successful for seven embryos, the remaining six showing poor hybridisation, 

particularly in degenerating nuclei. In total o f thirteen embryos analysed, ten (77%) 

were categorised as aneuploid/polyploid or mosaic and three (23%) as chaotic (Fig 

3.21 and Table 3.17, refer to Appendix B for complete data). Assessing the likely 

mode of segregation for this translocation was extremely difficult in this set of 

embryos. Although the presence of the paternal derivative chromosomes 18 and/or 21 

must have resulted from abnormal meiotic segregation at spermatogenesis, some 

embryos appeared to have undergone chromosome replication without further cell 

division resulting in one or two very large polyploid cells surrounded by small 

anucleate cells and fragments. For this reason, unlike in Case De, it was not possible 

to infer the probable zygote chromosome constitution and the ISCN nomenclature 

proved a far simpler presentation of the data (Appendix B). In this case with more 

complex chromosome abnormalities, from a research viewpoint it would have been 

preferable to use flanking probes which mapped closer to the translocation breakpoint 

allowing normal and derivative chromosomes to be distinguished. However in 

practice as such probes were unavailable the priority was to offer treatment to this 

couple.

In consideration of the abnormalities found in this case together with the long 

history of secondary infertility experienced by this couple, FISH analysis of sperm 

was recommended to assess if a high proportion of diploidy was a contributing factor. 

However at this stage, the couple decided against another treatment cycle, opting to 

continue to attempt achieving pregnancy naturally, relying on prenatal diagnosis and 

declined to supply a semen sample for analysis.
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Table 3.17: Case Dg 46,XY,t(18;21)(q21;q22.1); FISH analysis of embryos from one PGD cycle using two chromosome 18 probes (a-satellite 18 and ^  
18q sub-telomere) and one chromosome 21 probe (Quint-Essential 21, 21q22.2)%

Emb Biopsied Cell(s) Remainder o f Embryo Possible Segregation (Paternal gam etef

1 3 monosomy 18 & trisomy 21^ aneuploid mosaic adjacent 2  / 3:1  ̂ (2 1 , 2 1 )

2 2  monosomy 18pter->q21 /monosomy 2 1  q2 2 . 1  ->qter aneuploid mosaic adjacent 2/3:1^ (der21 , der21 )

3 1 monosomy 18pter->q21/trisomy 2 1  + 1 monosomy 18 & 6 x 2 1 ^ aneuploid mosaic 3:1 (21) or adjacent 1 (derl8 , 21)

4 3 trisomy 18q21 ->qter/monosomy 21q22.1->qter^ chaotic unknown (from biopsied cells: 18, der 2 1 )

5 2  monosomy 18 & trisomy 2 1 aneuploid mosaic adjacent 2  / 3:1  ̂ (2 1 , 2 1 )

6 2  anucleate polyploid unknown

7 1 trisomy 2 1 aneuploid 3:1* (18 ,21 ,21 )

8 1 trisomy 18q21 ->qter/trisomy 2 1  pter->q2 2 . 1 not available 3:1 tertiary trisomy (18, der21, 21)

9 1 anucleate aneuploid 3 : 1 tertiary monosomy (der 18)

1 0 not biopsied aneuploid (trisomy 18) unknovm

1 1 not biopsied triploid diploid gamete or dispermic fertilisation

1 2 not biopsied chaotic unknovm

13 not biopsied chaotic unknovm

 ̂Segregation mode and paternal gamete types estimated, where possible, to fit the embryo biopsy results.

 ̂Possibilities to account for these segregation modes include meiotic cross-over events or Mll/mitotic non-disjunction.

Refer to Appendix B for complete data. 

Includes one binucleate cell.
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3.6 PGD for Five Couples with Robertsonian Translocations.

PGD was attempted for five couples with balanced Robertsonian 

translocations; one case of 45,XX,der(13;21)(qlO;qlO) and four cases of 

45,XY,der(13;14)(qlO;qlO). All four paternal translocation carriers showed 

oligozoospermia necessitating ICSI. A triple colour FISH strategy was developed for 

these cases using three Y AC probes, to detect the two chromosomes involved in the 

translocation. The chromosome associated with the more viable trisomy was dual 

labelled with a single probe located on the second chromosome (Section 3.2).

3.6.1 Case Co: Robertsonian Translocation 45,XX,der(13;21)(qlO;qlO).

Couple Co were referred for PGD after three trisomy 21 conceptions [two 

TOP and a Down syndrome child 46,XX,der(13;21)(qlO;qlO), +21] due to a maternal 

Robertsonian translocation 45,XX,der(13;21)(qlO;qlO). Maternal age was 31 years.

A triple colour FISH protocol was developed for PGD in this case using two 

chromosome 21 YAC probes (digoxygenin labelled y940 detected with TRITC-anti- 

digoxin and biotin labelled yGART2 detected with FITC-avidin) and one 

chromosome 13 YAC probe (1:1 digoxygeninibiotin labelled y896 detected with 

TRITC-anti-digoxin and FITC-avidin as orange) (Fig 3.22). Preliminary testing of 

this triple probe combination (described in Section 3.2) showed strong discrete 

signals in both lymphocyte control and blastomere nuclei, showing the expected 

number of signals in 91% lymphocyte interphase nuclei (n=200).

After an initial cancelled IVF cycle due to ovarian hyperstimulation, two 

treatment cycles were carried out for PGD to exclude imbalance of chromosomes 13 

and 21. The fertilisation rate for the first IVF cycle was 73%, resulting in six embryos 

suitable for biopsy. The second ICSI cycle (71% fertilisation) resulted in five 

embryos for biopsy. In total, 25 oocytes were collected, eighteen (72%) fertilised 

resulting in eighteen embryos, eleven of which were suitable for biopsy. Seven 

embryos had fewer than six cells on day three post-insemination and so were not 

biopsied.
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Fig 3.22: PGD for Case Co 45,XX,der(13;21)(qlO;qlO).

O  yG ART2-21q22.l 

O  y940-21q22.2  

O  y 8 9 6 -  13q33

13 der(13,21) 21

a FISH Analysis o f Patient Lymphocyte Metaphase and Interphase Nuclei

h FISH Analysis o f  Biopsied Blastomeres fo r  PGD.

Fig 3.22: a Triple colour FISH analysis o f lymphocyte chromosomes from Case Co, 

45,XX,der(13;21)(qlO;qlO) using two chromosome 21 YAC probes (yGART2, green and 

y940, red) and one chromosome 13 YAC probe (y896, orange), h The same probe 

combination applied to blastomeres biopsied from day 3 post-insemination embryos during 

PGD for this couple, shows (/) normal for chromosomes 13 and 21, (//) monosomy 13 and 21, 

{Hi) trisomy 13 and monosomy 21.
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In the first PGD cycle six embryos were biopsied, with two cells obtained 

fi*om four embryos (embryos 1-4) and a single cell fi*om two embryos (embryos 5, 6). 

FISH analysis showed two embryos (embryos 1, 2) with both biopsied cells normal 

for chromosomes 13 and 21. These were transferred on day four post-insemination, 

but no pregnancy resulted. The remaining four embryos were diagnosed as 

monosomy 13 and/or 21, with two of these embryos showing one biopsied cell with 

monosomy 21 and the second cell monosomie for both chromosomes 13 and 21.

In the second PGD cycle five embryos were biopsied, with two cells obtained 

fi'om three embryos (embryos 9-11) and a single cell fi*om two embryos (embryos 12, 

13). In the case of embryo 11 diagnosis was not possible as both biopsied cells were 

anucleate. FISH analysis of biopsied blastomeres showed one embryo with 

monosomy 13 and 21, one embryo with trisomy 21, one embryo with tetrasomy 21 

and one embryo with monosomy 21 in one cell and monosomy 13 in the other cell. 

As all these embryos were diagnosed as chromosomally unbalanced, no embryo 

transfer was carried out for this cycle.

Analysis of the remaining cells fi"om the untransferred biopsied embryos 

confirmed all as abnormal for chromosomes 13 and 21, with many showing high 

levels of mosaicism including cells monosomie for one or both of these 

chromosomes. Some embryos were so highly mosaic that the original zygote 

constitution was difficult to determine and they were categorised as chaotic. The 

remainder of embryo 10 (diagnosed as monosomy 13 and 21 in both biopsied cells) 

was unavailable for analysis as it had degenerated by this time and no nuclei were 

obtained fi*om cytogenetic preparation. The seven embryos that were not biopsied 

were also analysed on day four post-insemination and similarly all were found to be 

chromosomally unbalanced for chromosomes 13 and/or 21. These included embryo 7, 

arrested at the 2-cell stage, with FISH analysis showing tetraploidy of a trisomy 21 

zygote as the most likely chromosome constitution (i.e. four chromosomes 9, four 

chromosomes 13 and six chromosomes 21).

All untransferred embryos were later reprobed for an additional chromosome 

not involved in the translocation (c9.25 mapping to chromosome 9qh) to help
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categorise them further. This reanalysis showed that some of these cells were doubly 

monosomie but others may have been haploid showing a single chromosome 9 signal 

or tetraploid showing four signals. Only one untransferred embryo from both cycles 

showed a single cell normal for chromosomes 13 and 21 but was monosomie for 

chromosome 9 (embryo 11).

On the basis of PGD results including the reprobing data, the eighteen 

embryos from this case were categorised as two (11%) normal, seven (39%) 

aneuploid or aneuploid mosaic and nine (50%) chaotic (Fig 3.22 and Table 3.18, refer 

to Appendix B for complete data). The aneuploid and aneuploid mosaic categories 

were combined to prevent bias from scoring embryos as non-mosaic in cases where 

results were available from only one or a few cells.

Two unfertilised oocytes were obtained from the first PGD cycle and prepared 

for cytogenetic analysis 48 hours post-insemination. Of these, only one oocyte gave a 

metaphase preparation suitable for fiirther FISH analysis, no polar body was 

available. Analysis of this oocyte using dual colour FISH with one chromosome 13 

YAC probe (y896) and one chromosome 21 YAC probe (y940), showed a normal 

pattern of signals for chromosomes 13 and 21. As this metaphase spread was of poor 

morphology with overlying chromosomes, the chromosome number was scored as 

between 22 or 23 chromosomes (J. Cozzi, personal communication). No unfertilised 

oocytes were available from the second PGD cycle.

The results of embryo analysis from both cycles carried out for this case show 

very high levels of mosaicism for aneuploidy of chromosomes 13 and 21. Of the six 

embryos from which two blastomeres were analysed, four showed a different 

chromosome constitution in each cell. This indicates that as early as day three post

insemination significant mosaicism is present in these 6- to 8-cell embryos. Half the 

embryos were so highly mosaic that the original chromosome constitution of the 

zygote was difiScult to determine and they were categorised as chaotic. Given this 

pattern of abnormalities, previously noted to be a patient-specific occurrence 

associated with a poor PGD outcome (Delhanty et al., 1997), with the scarcity of 

normal embryos for transfer the predicted the chance of achieving pregnancy would 

appear to be low.
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Table 3.18: Case Co 45,XX,der(13;21)(qlO;qlO); FISH analysis of embryos from two 
PGD cycles using two chromosome 21 probes (yGART2 and y940) and one chromosome 
13 probe (yS96)*.

Emb Biopsied Cell(s) Remainder of Embryo

Cycle 1

1 2 normal transferred

2 2 normal transferred

3 1 monosomy 21 + 1 monosomy 13 & 21 chaotic

4 1 monosomy 21 + 1 monosomy 13 & 21 chaotic

5 1 monosomy 13 chaotic

6 1 monosomy 21 aneuploid mosaic

7 not biopsied aneuploid (trisomy 21)

8 not biopsied chaotic

Cycle 2

9 1 monosomy 21 + 1 monosomy 13 chaotic

10 2 monosomy 13 & 21 not available

11 2 anucleate cells chaotic

12 1 trisomy 21 chaotic

13 1 tetrasomy 21 aneuploid mosaic

14 not biopsied chaotic

15 not biopsied aneuploid (monosomy 13 & 21)

16 not biopsied chaotic

17 not biopsied aneuploid (monosomy 13 & 21)

18 not biopsied aneuploid (monosomy 13 & 21)

Refer to Appendix B for complete data.
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3.6.2 Case Ca: Robertsonian Translocation 45,XY,der(13;14)(qlO;qlO).

Couple Ca were referred for PGD with a history of repeated early spontaneous 

abortion (two documented abortions with a further four suspected) after karyotyping 

revealed a paternal balanced Robertsonian translocation between chromosomes 13 

and 14. Maternal Age was 37 years. ICSI was indicated for all treatment cycles as 

only a small sample of cryopreserved sperm was available, stored prior to 

orchidectomy for testicular cancer.

A triple colour FISH protocol was developed for this case using two 

chromosome 13 YAC probes (digoxygenin labelled y5136 detected with TRITC-anti- 

digoxin and biotin labelled y896 detected with FITC-avidin) and one chromosome 14 

YAC probe (1:1 digoxygenimbiotin labelled 140 detected with TRITC-anti-digoxin 

and FITC-avidin as orange) (Fig 3.23). Preliminary testing of this triple probe 

combination (described in Section 3.2) showed strong discrete signals in both 

lymphocyte control and blastomere nuclei, showing the expected number of signals in 

89% lymphocyte interphase nuclei (n=200).

Three treatment cycles were carried out for PGD to exclude imbalance of 

chromosomes 13 and 14. ICSI was carried out for all three cycles with fertihsation 

rates of 64%, 53% and 60% respectively. In total, 61 oocytes were collected and 36 

fertilised resulting in 27 embryos, 22 of which were suitable for biopsy. Five embryos 

had fewer than six cells by day three post-insemination and as biopsy of two cells 

could not be attempted without deleteriously reducing cell mass, these embryos were 

excluded fi-om diagnosis.

In the first PGD cycle seven embryos were biopsied, with two cells obtained 

fi*om three embryos (embryos 1-3) and a single cell fi*om four embryos (embryos 4- 

7). FISH analysis showed one embryo (embryo 1) with both biopsied cells normal for 

chromosomes 13 and 14. This embryo was transferred on day four post-insemination, 

but no pregnancy resulted. An additional embryo was diagnosed as normal for both 

chromosomes but was not transferred as it showed arrested development and 

importantly diagnosis was based on a single cell only. Of the remaining five embryos, 

four showed monosomy 14 and one embryo showed monosomy 13 and 14.
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Fig 3.23; PGD for Case Ca 45,XY,der(13;14)(qlO;qlO).

O  y 8 9 6 -  13q33 
O  y 5 136-13q l3  
O  yl4G -14qter

13 der(13,14) 14

a FISH Analysis o f Patient Lymphocyte Metaphase and Interphase Nuclei

h FISH Analysis o f  Biopsied Blastomeres fo r  PGD.

Fig 3.23: a Triple colour FISH analysis o f lymphocyte chromosomes from Case Ca, 

45,XY,der(13;14)(qlO;qlO) using two chromosome 13 YAC probes (y896, green and y 5 136, 

red) and one chromosome 14 YAC probe (yl4G, orange), h The same probe combination 

applied to blastomeres biopsied from day 3 post-insemination embryos during PGD for this 

couple, shows (/) normal for chromosomes 13 and 14, (//) monosomy 14, (///) monosomy 13 

and 14 / haploid.
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In the second PGD cycle all six available embryos were biopsied, with two 

cells obtained from five embryos (embryo 11-15) and a single cell from one embryo 

(embryo 16). FISH analysis of biopsied blastomeres showed three embryos with 

monosomy 13 and 14 (one of which included a binucleate cell), one embryo with a 

trisomy 13 cell and a monosomy 13 cell and one embryo with one trisomy 14 cell and 

one monosomy 14 cell. As all these embryos were diagnosed as clearly 

chromosomally unbalanced, no embryo transfer was carried out for this cycle.

In the third cycle nine embryos were biopsied, with two cells obtained from 

six embryos (embryos 17-22) and a single cell from three embryos (embryos 23-25). 

FISH analysis showed only one embryo (embryo 17) with both biopsied cells normal 

for chromosomes 13 and 14. This embryo was transferred on day four post

insemination, but no pregnancy resulted. Embryo 22 was excluded from diagnosis as 

both biopsied cells were found to be anucleate. Of the remaining seven embryos 

diagnosed as abnormal, two showed monosomy 14, one showed trisomy 13 and four 

embryos showed a different chromosome constitution in each biopsied cell, including 

monosomies of chromosome 13 and/or 14.

Analysis of the remaining cells from the untransferred biopsied embryos 

confirmed all as abnormal for chromosomes 13 and/or 14, with most of these so 

highly mosaic they were classed as chaotic showing a chromosome constitution that 

appeared to vary randomly from cell to cell. The remainder of four embryos (3, 12, 21 

and 25) all diagnosed as abnormal (monosomy 13 and/or 14) was unavailable for 

analysis due to degeneration or loss of nuclei during cytogenetic preparation. Results 

of FISH analysis of the five embryos that were not biopsied showed four were 

similarly chromosomally unbalanced for chromosomes 13 and/or 14 whilst one 

embryo arrested at the 2-cell stage on day three (embryo 8) was normal for both 

chromosomes.

All embryos were later reprobed for chromosome 9 (c9.25) to assess ploidy 

which showed that whilst some of these embryos were normal for chromosome 9 

others were aneuploid for this chromosome also, reinforcing their classification as 

chaotically dividing. On the basis o f the PGD results for chromosomes 13 and 14
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including reprobing data, the 27 embryos were categorised as four (15%) normal, 

nine (33%) aneuploid or aneuploid mosaic and 14 (52%) chaotic (Fig 3.23 and Table 

3.19, refer to Appendix B for complete data).

The results of this case describe a similar outcome to that of the maternal 

Robertsonian translocation carrier in the previous section (3.6.1), in that the majority 

of embryos analysed were found to be chromosomally unbalanced with over half of 

these so disorganised they were categorised as chaotic. Of the fourteen embryos from 

which two biopsied blastomeres were analysed, half showed a different chromosome 

constitution in each cell, indicating the presence of significant mosaicism even in 

early cleavage stages. The extremely elevated level of post-zygotic errors seen here as 

well as frequent abnormal meiotic segregation may account for the infertihty 

experienced by this couple.
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Table 3.19: Case Ca 45,XY,der(13;14)(qlO;qlO); FISH analysis of embryos from three 
PGD cycles using two chromosome 13 probes (y896 and y5136) and one chromosome 14 
probe (yl4G)‘.

Emb Biopsied Cell(s) Remainder o f  Embryo

Cycle 1

1 2  normal transferred

2 2  monosomy 14 chaotic

3 2  monosomy 14 not available

4 1 normal normal (arrested)

5 1 monosomy 14 chaotic

6 1 monosomy 14 chaotic

7 1 monosomy 13 & 14 aneuploid mosaic

8 not biopsied normal (arrested)

9 not biopsied chaotic

1 0

Cycle 2
not biopsied aneuploid (nullisomy 13)

1 1 2 monosomy 13 & 14 chaotic

1 2 2  monosomy 13 not available

13 1 monosomy 13 + 1 trisomy 13 chaotic

14 1 monosomy 14+1  trisomy 14 chaotic

15 2 monosomy 13 & 14 + 1 monosomy 13̂ aneuploid mosaic

16
Cycle 3

1 monosomy 13 & 14 aneuploid mosaic

17 2  normal transferred

18 1 monosomy 13 & 14 + 1 monosomy 13 chaotic

19 1 tetrasomy 1 4 + 1  monosomy 13 & 14 chaotic

2 0 1 monosomy 13 + 1 monosomy 14 chaotic

2 1 1 monosomy 13 & 14 + 1 monosomy 14 not available

2 2 2  anucleate cells aneuploid (monosomy 13 & 14)

23 1 monosomy 14 chaotic

24 1 trisomy 13 chaotic

25 1 monosomy 14 not available

26 not biopsied chaotic

27 not biopsied chaotic

Refer to Appendix B for complete data. Binucleate cell.
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3.6.3 Case Jo: Robertsonian Translocation 45,XY,der(13;14)(qlO;qlO).

Couple Jo were referred for PGD after a failed ICSI cycle, the 

oligozoospermie male partner with a balanced translocation 

45,XY,der(13;14)(qlO;qlO). Sub-microscopic deletion of the Y chromosome was 

excluded by DNA analysis (C. Quilter, Clinical Cytogenetics, UCH). This 

translocation was also present in the patient’s father who had had no known 

reproductive difficulties. Maternal age was 34 years.

In contrast to the previous four cases, a dual colour PGD protocol was 

selected using an improved chromosome 14 YAC probe (digoxygenin labelled y746 

detected with TRITC-anti-digoxin) with a commercial chromosome 13 probe (Phox 

labelled Quint-Essential 13 probe detected with FITC-anti-Phox) (Fig 3.24). 

Preliminary testing of this probe combination showed strong discrete signals in both 

lymphocyte control and blastomere nuclei showing the expected number of signals in 

93% lymphocyte interphase nuclei (n=200).

In a single ICSI cycle carried out for PGD, twelve oocytes were collected and 

ten (83%) fertilised resulting in three 1-cell zygotes and seven embryos; one 5-cell, 

one 3-cell and five 2-cell embryos. As all these embryos were developmentally 

retarded or arrested on day three post-insemination, embryo biopsy was not possible 

without deleteriously reducing embryo mass and so PGD was cancelled. After 

consultation, the couple elected to have a transfer of two embryos (one 3-cell embryo 

and one 5-cell embryo) without diagnosis, but no pregnancy was achieved.

The remaining eight untransferred zygotes/embryo s were prepared for 

analysis on day three post-insemination. At this time all five 2-cell arrested embryos 

proved extremely difficult to lyse and many cells appeared necrotic. The 1-cell 

zygotes arrested on day one showed degenerated chromatin only. FISH results were 

available fi-om three embryos; two with a single analysable cell, one normal (embryo 

1) and one doubly monosomie or haploid (embryo 2) and one tri-pronucleate embryo 

(embryo 5) with three cells each with a different chromosome complement. Analysis 

of degenerating chromatin from the three 1-cell zygotes gave a result in one case only 

(zygote 7) showing signals compatible with haploidy (Fig 3.24 and Table 3.20).
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Fig 3.24: PGD for Case Jo 45,XY,der(13;14)(qlO;qlO).

O  Q E 13-l3q32-33  

O  y 7 4 6 -  14q31-32

o ”

S3,

U,o
13 der(13,14) 14

a FISH Analysis o f Patient Lymphocyte Metaphase and Interphase Nuclei

h FISH Analysis o f Whole Preimplantation Embryos and Unfertilised Oocyte,

Fig 3.24: a Dual colour FISH analysis o f  lymphocyte chromosomes from Case Jo, 

45,XY,der(13;14)(qlO;qlO) using locus-specific probes for chromosomes 13 (QE13, green) 

and 14 (y746, red), b The same probe combination applied to blastomeres from arrested day 3 

post-insemination embryos from a cancelled PGD cycle for this couple, shows (/) normal for 

chromosomes 13 and 14, (//) trisomy 14 and {Hi) unfertilised metaphase 11 oocyte from this 

cycle shows a haploid chromosome complement, normal for chromosomes 13 and 14 (one 

signal per chromatid).
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Two oocytes showing an absence of pro-nuclei 18 hours post-insemination 

were prepared for cytogenetic analysis 48 hours post-insemination. Of these, one MIX 

metaphase preparation was suitable for fiirther analysis, no polar body was available. 

FISH analysis of this single oocyte using the same dual probe combination used for 

embryo analysis, showed a haploid chromosome complement normal for 

chromosomes 13 and 14, Fig 3.24b(iii).

From these limited results it is not possible to determine the original 

chromosome constitution of these embryos, although at least two normal cells were 

identified which possibly resulted fi’om normal segregation of paternal translocation 

chromosomes. In this cycle all ten embryos showed poor in vitro development with 

eight of these showing complete developmental arrest. Unfortunately as all were 

degenerating by the time of FISH analysis, these results shed little light on the 

underlying problems involved in the recurrent IVF failure experienced by couple Jo. 

However as this couple already require assisted conception due to primary infertility 

from oligozoospermia it seems prudent to offer PGD in all friture IVF attempts.

Table 3.20: Case Jo 45,XY,der(13;14)(qlG;qlG); FISH analysis of embryos from a single 
rVF cycle using probes for chromosomes 13 (Quint-Essential 13) and 14 (y746) .

Embryo FISH Analysis o f Blastomeres Comments

2-cell Embryos 

1 1 normal normal

2 1 monosomy 13 and 14 / haploid aneuploid/haploid

3 (3PN) 1 normal 
1 trisomy 14
1 trisomy 13 and 14 / triploid

aneuploid mosaic

1-cell Zygotes 

4 2  chromatin fragments no result

5 1 fragment monosomy 13 and 14 / haploid pronucleus?

Refer to Appendix B for complete data. 3PN -  Tri-pronucleate.
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3.6.4 Case Db: Robertsonian Translocation 45,XY,der(13;14)(qlO;qlO).

Couple Db were referred for ICSI and PGD, due to oligozoospermia in the 

male partner 45,XY,der(13;I4)(qlO;qlO). This translocation was present in his 

mother who had experienced recurrent spontaneous abortion. In a previous IVF cycle 

for this couple, eight oocytes were collected with half inseminated by standard IVF 

and half subjected to ICSI, but all failed to fertilise. Maternal age was 30 years. As 

this couple were morally opposed to termination of pregnancy they requested the 

most accurate screening possible for viable aneuploid conditions. After consultation it 

was decided to apply the triple FISH detection of chromosomes 13 and 21 developed 

for der(13;21)(ql0;ql0) carriers described previously (3.6.1) to accurately exclude 

trisomy 21 embryos from transfer.

One PGD cycle was carried out to exclude imbalance of chromosomes 13 and 

21 as in Case Co (3.6.1). The couple were counselled that chromosome 14 imbalance 

would not be detected using this approach. In a single ICSI cycle, nine oocytes were 

collected, two (22%) fertilised and two blastomeres were biopsied from each of the 

resulting 8-cell embryos (grades II and III) on day three post-insemination. As FISH 

analysis showed all four biopsied blastomeres were normal for chromosomes 13 and 

21 i.e. nuc ish 13q33(yS96x2),21q22.1(yGARTx2),21q22.2(y940x2), both embryos 

were transferred on day four post-insemination, but no pregnancy was achieved.

3.6.5 Case Ye: Robertsonian Translocation 45,XY,der(13;14)(qlO;qlO).

Couple Ye were also referred for ICSI and PGD due to oligozoospermia and 

45,XY,der(13;14)(qlO;qlO). During four years of attempting to conceive they had 

experienced five early spontaneous abortions. Maternal age was 34 years.

A PGD protocol was selected for this case to exclude imbalance of 

chromosomes 13 and 14 using triple colour FISH (y5136, yS96 and yl4G) as used for 

Case Ca (3.6.2). In one ICSI cycle carried out for PGD, three oocytes were collected, 

only one of which fertilised resulting in a single embryo. As this embryo showed poor 

morphology and arrested development at the 5-cell stage late on day three post

insemination, PGD was cancelled and no embryo transfer was carried out.
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3.7 Summary of Outcome of PGD Cycles.

Of sixteen IVF cycles initiated for ten couples referred for PGD of 

chromosomal abnormalities; three were cancelled due to hyperstimulation (Co, Ho) 

or recurrent cyst formation (Lj), whilst thirteen cycles reached the oocyte retrieval 

stage. Three cycles resulted in embryos showing retarded or arrested development on 

day three post-insemination and as biopsy was not possible without deleteriously 

reducing embryo mass, PGD was cancelled (De, Jo, Ye). The ten remaining cycles 

(three IVF, seven ICSI) proceeded to PGD for six couples; one couple with suspected 

gonadal mosaicism for trisomy 21 (FI), two with balanced reciprocal translocations 

(De, Dg) and three with balanced Robertsonian translocations (Ca, Co, Db). Maternal 

age ranged from 30 to 37 years in these six couples (mean 33.7 years).

In total, 160 oocytes were collected, 93 (58%) fertilised and 72% (53/74) of 

resulting embryos were suitable for biopsy. Only 12% (9/74) of embryos available 

were suitable for transfer, representing 6% of the oocytes retrieved. Six cycles 

resulted in embryo transfer (three single embryo transfers and three double transfers) 

but no clinical pregnancies were achieved (Table 3.21). In all cases embryos were 

only recommended for transfer from which two biopsied blastomeres had given a 

normal result. Analysis of the remaining cells in untransferred embryos confirmed the 

biopsy results, in that no false negatives (abnormal embryo diagnosed normal) or 

false positives (normal embryo diagnosed abnormal) were found. A normal biopsied 

cell was never observed from an embryo categorised as abnormal, however in a single 

case (Case FI, embryo 1) two normal cells were observed in the remainder of a 

trisomy 21 embryo on day four post-insemination (Section 3.4).

Combined results of embryo analysis show 15% (11/74) of embryos were 

normal for the chromosomes tested and 85% (63/74) were chromosomally abnormal, 

these were categorised as 50% aneuploid or aneuploid mosaic and 35% chaotic. The 

uniformly aneuploid and aneuploid mosaic categories were combined to prevent bias 

from scoring embryos as non-mosaic in those cases where results were only available 

from one or a few cells. Although aneuploid and mosaic embryos were observed in 

all cycles, chaotic embryos were produced by only three of the six couples (Cases Dg, 

Co, Ca) (Table 3.22).
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Table 3.21: Summary of IVF cycles which reached the embryo biopsy stage for six cases undergoing PGD of chromosomal abnormalities. o

Case: Parental Karyotype IVF
Cycles

PGD
Cycles

Oocytes
Collected

Oocytes
Fertilised

Embryos 

(Biopsy/No Biopsy)
Normal

Embryos
Abnormal
Embryos

Embryos
Transferred

FI: Gonadal mosaic, trisomy 21 2 2 31 13 7 ( 5 / 2 ) 2 5 0  + 2

De: 46,XX,t(6;21)(ql3;q22.3) 2 1 19 9 7 (4 / 3) 1 6 1 *

Dg: 46,XY,t(18;21)(q21;q22.1) 1 1 15 15 1 3 ( 9 / 4 ) 0 13 0

Co: 45,XX,der(13;21)(qlO;qlO) 2 ^ 2 25 18 1 8 ( 11 / 7 ) 2 16 2  + 0

Ca: 45,XY,der(13;14)(qlO;qlO) 3 3 61 36 27 (22 / 5) 4' 23 1 + 0 + 1

Db: 45,XY,der(I3;14)(qlO;qlO) 1 1 9 2 2  ( 2  / 0 ) 2 0 2

Total 1 1 1 0 160 93 74 (53 /21) 11 (15%) 63 (85%) 9

Resulted in a biochemical pregnancy, embryo categorised as abnormal after reprobing with a chromosome 6 a-satellite probe subsequent to transfer 
 ̂A third IVF cycle was cancelled due to ovarian hyperstimulation syndrome.

 ̂Includes two non-transferred embryos, one embryo with a single cell biopsied arrested at the four-cell stage and another embryo not biopsied arrested at the two-cell stage.
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Table 3.22: Summary of embryo analysis from ten PGD cycles for six couples 
undergoing PGD for chromosomal abnormalities.

Case: Parental Karyotype Normal*
Embryos

Diploid

Mosaic
Aneuploid
Mosaic^

Chaotic
Embryos

FI: trisomy 21 gonadal mosaic

Cycle I 0 0 2 0

Cycle 2 2 0 3 0

De: 46,XX,t(6;2I)(ql3;q22.3)

Cycle 1 1 Î 0 6 0

Dg: 46,XY,t(18;21)(q21;q22A)

Cycle 1 0 0 1 0 3

Co: 45,XX,der(13;21)(qlO;qlO)

Cycle 1 2 0 2 4

Cycle 2 0 0 5 5

Ca: 45,XY,der(13;14)(qI0;qI0)

Cycle I 3 0 3 4

Cycle 2 0 0 3 3

Cycle 3 1 0 3 7

Db: 45,XY,der(13;14)(ql0;qI0)

Cycle 1 2 0 0 0

Combined Totals 74 (100%) 11 (15%) 0 37 (50%) 26 (35%)

Normal for the chromosome(s) tested.

 ̂Aneuploid and aneuploid mosaic categories combined to allow for bias when scoring embryos from 

which only one or two cells are available.

 ̂Embryo normal for the chromosome detected, but reprobing shows it may have been diploid mosaic.

168



Results -  Chromosomal Mosaicism in Preimplantation Embryos

3.8 Chromosomal Mosaicism in Preimplantation Embryos from 

Routine IVF and PGD Cycles.

The embryo analysis data obtained from all the work to develop PGD, 

described in the previous sections, were further analysed to compare the incidence of 

chromosomal mosaicism in relation to developmental potential, embryo morphology 

and maternal age. In total results were available from one hundred and fifty embryos, 

comprising seventy-one embryos surplus to routine IVF requirements (Section 3.2- 

3.3) and seventy-nine embryos from PGD treatment (Section 3.4-3.6). These were 

analysed between days two and four post-insemination and included both normally 

developing and abnormally developing or arrested embryos. As the main purpose of 

this work was to develop and implement the clinical application of PGD a variety of 

probe combinations for one, two or three chromosomes were applied and for this 

reason detailed comparisons on specific types of abnormalities are limited. However 

aUowmg for these variables the combined data can still provide a general overview of 

the levels of post-zygotic mosaicism found in this mixed population of embryos. 

Embryos are grouped into two broad categories in Tables 3.23-25, non-mosaic (for 

the chromosomes tested) including uniformly normal, aneuploid or polyploid and 

mosaic including diploid mosaic, aneuploid mosaic and chaotic. In cases where less 

than three cells were available embryos were classed as non-mosaic by default. For 

this reason levels of mosaicism may have been underestimated particularly for the 

PGD cohort.

Table 3.23 shows the number of mosaic IVF and PGD embryos in relation to 

developmental potential. Similar numbers of embryos were allocated to the normally 

and abnormally (retarded or arrested) developing groups in both IVF and PGD 

cohorts. However as all normally developing embryos from the PGD group were 

biopsied to select normal embryos for transfer, no embryos appear in the non-mosaic 

normal category. Even allowing for this discrepancy, the difference in the levels of 

mosaicism between the two normally developing embryo groups is apparent; 

approximately a third of the IVF group were mosaic (mostly comprising diploid 

mosaics) whilst for the PGD group over two thirds were scored as mosaic 

(comprising aneuploid mosaic and chaotic embryos). In the abnormally developing
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PGD group, three arrested polyploid embryos contribute to the apparently higher 

levels of non-mosaic embryos. Chaotic embryos made up the most frequent mosaic 

type in both PGD groups; 40% for normally developing and 32% for abnormally 

developing embryos (Fig 3.25).

Table 3.23: Chromosomal mosaicism in day 3-4 post-insemination cleavage-stage 
embryos from routine IVF and PGD cycles.

Constitution Routine IVF Embryos PGD Embryos

Normally
Developing

n=43

Abnormally
Developing

n=23

Normally
Developing

n=45

Abnormally
Developing

n=25

Non-mosaic

Normal 29 4 0* 3

Abnormal 0 0 13 8

Total 29 4 13 11

(67%) (17%) (29%) (44%)

Mosaic /  Chaotic

Diploid Mosaic 8 5 0 0

Aneuploid mosaic 4 7 14 6

Chaotic 2 7 18 8

Total 14" 19b 32" 14b

(33%) (83%) (71%) (56%)

Normally developing -  normally fertilised, grade I-IV cleavage-stage embryos.
Abnormally developing -  embryos showing retarded cleavage or arrested development (no cleavage 
for 24 hours prior to spreading or <5-cell stage late on day three post-insemination).

* Nine normally developing embryos were diagnosed normal for the chromosomes tested during PGD 
and transferred, as the remainder could not be analysed these are not included here.

 ̂ This category includes eighteen aneuploid embryos and three polyploid embryos (one triploid and 
two tetraploid arrested at the 2 -cell stage).

“ Proportions significantly different (p<0.05)‘* significantly different (p<0.05)

170



Residts -  Chromosomal Mosaicism in Preimplantation Embryos

Fig 3.25: Chromosomal Mosaicism in Relation to Embryo Developmental Potential.

m  Non-Mosaic Mosaic (diploid & aneuploid) [ | ChaOtic

Normal (IVF) Abnormal (IVF) Normal (PGD) Abnormal (PGD)

Developmental Potential
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Table 3.24 shows the incidence of chromosomal mosaicism in relation to 

maternal age. Embryos were obtained from thirty-five patients; of these twenty-nine 

were undergoing routine IVF for infertility (mean age 33.6 ±3.9 years, range 27-44 

years) and six were undergoing PGD for chromosomal indications (mean age 33.7 

±2.7 years, range 30-37 years). Although it is impossible to take into account patient- 

specific factors with these data (as embryo numbers are not allocated equally between 

age groupings), some general observations can be made. The 31-34 and 35-39 years 

age groups have the same ratio of mosaic to non-mosaic embryos and these 

proportions remain the same even if only the routine IVF patients are considered 

(60% mosaic: 40% non-mosaic). The youngest maternal age group of <30 years 

clearly donated the fewest mosaic embryos (25% mosaic: 75% non-mosaic), however 

in this group and the oldest age group of >40 years there are too few individuals or 

embryos donated to draw any firm conclusions (Fig 3.26).

Table 3.24: Chromosomal mosaicism in day 2-4 post-insemination cleavage-stage 
embryos from routine IVF and PGD cycles in relation to maternal age.

Constitution Maternal Age /n  = no of donors (embryos donated)

<30 years 

n=5 (16)

31-34 years 

n=16(55)

35-39 years 

n= 1 2  (6 8 )

>40 years 

n= 2  (2 )

Non-mosaic

Normal’ 1 2 13 1 2 1

Abnormal 0 9 13 0

Total 1 2 2 2 25 1

(75%) (40%) (36.7%) (50%)

Mosaic /  Chaotic

Diploid Mosaic 1 5 7 0

Aneuploid mosaic 2 13 18 0

Chaotic 1 15 18 1

Total 4 a 33**’ 4 3 b” 1

(25%) (60%) (63.2%) (50%)

‘versus** significantly different (p<0.05) ’’’ versus*’** not significantly different (p>0.05)
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Fig 3.26: Chromosomal Mosaicism in IVF Embryos in Relation to Maternal Age.

m  Non-Mosaic Mosaic / Chaotic

<30 31-34 35-34 >40

Maternal Age o f Donor (years)
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Table 3.25 shows the relationship of chromosomal mosaicism to embryo 

morphology. Embryos were divided into three broad categories on the basis of 

morphology, the first two comprising monospermic normally developing embryos 

(Group A, grades I-II and Group B, grades III-IV) and the last including all 

abnormally fertilised, retarded or arrested embryos (Group C) (see Appendix B). 

Group A, including the embryos with the best morphology (regular cleavage, limited 

fi’agmentation), made up the largest category with half of these embryos scored as 

non-mosaic. In comparison in groups B (normally developing embryos of poor 

morphology) and C (abnormally developing embryos), the fi-equency of non-mosaics 

was reduced to a third. A general trend can be seen for an increase in mosaicism 

levels as embryo morphology/developmental potential becomes increasingly 

abnormal through groups A to C (Fig 3.27). However when considering the chaotic 

embryos only, more embryos were found in this category in group A (24%) than B 

(17%). For the nine transferred PGD embryos (not included in this table), all were 

normally developing but morphology was not predictive of chromosomal normality, 

with five in group A (good) and four in group B (poor).

Overall this small sample group supports a general relationship between 

increasing levels of chromosomal mosaicism in IVF embryos and decreasing 

developmental potential, as has been found in previous studies (see Chapter 4). 

However this is only a trend as it was noted that chaotically dividing embryos are also 

fi-equently associated with good morphology.
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Table 3.25: Chromosomal mosaicism in day 3-4 post-insemination cleavage-stage 
embryos from routine IVF and PGD cycles in relation to embryo morphology.

Constitution Embryo morphology /  Developmental potential

A
n=74

B
n=24

C
n=38

Non-mosaic

Normal* 29 3 4

Abnormal 8 5 8

Total 37 8 12

(50%) (33%) (32%)

Mosaic /  Chaotic

Diploid Mosaic 8 2 3

Aneuploid mosaic 11 10 10

Chaotic 18 4 13

Total 37a 16" 26"
(50%) (67%) (68%)

A - Normally developing of good morphology, grade I-Il

B - Normally developing of poor morphology, grade III-IV

C - Arrested or severely retarded development or abnormal fertilisation.

*The nine embryos diagnosed normal and transferred during PGD are not included in this category; of 

these five embryos were scored as group A and four were group B,

Proportions not significantly different (p>0.05)
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Fig 3.27: Chromosomal Mosaicism in Relation to Embryo Morphology.
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4.1 Chromosomal Analysis of Preimplantation Embryos using 

Fluorescent in Situ Hybridisation (FISH).

Humans as a species show remarkably poor fertility. It has been estimated that 

70-80% of all conceptions fail to develop to term, with the vast proportion of these 

lost in the preimplantation or early postimplantation stages before a pregnancy is 

clinically recognised (Edmonds et al., 1982; EUish et al., 1996). Chromosomal 

abnormalities clearly play a major role in this pregnancy wastage, as over half of all 

spontaneous abortions are associated with abnormal karyotypes (Hassold, 1986; 

Eiben et al., 1990). However it is only since the advent of IVF technology providing 

access to surplus human preimplantation embryos that this presumption could begin 

to be tested in earlier developmental stages. The first data on the spectrum of 

chromosomal abnormalities present in these IVF embryos came fi'om conventional 

cytogenetic studies, showing abnormality rates ranging from 11-40%, commonly 

involving mosaicism with normal and aneuploid or polyploid cell lines (Angell et al., 

1986; Plachot et al., 1987; Papadopoulos et al., 1989; Zenzes and Casper, 1992). 

Interestingly in one study the range of aneuploidies observed was comparable to those 

seen in spontaneous abortions with an excess of trisomies involving the smaller 

chromosomes (Jamieson et al., 1994). Although standard karyotyping remains the 

definitive technique for chromosomal analysis, a drawback of this approach when 

applied to embryonic material is that good quahty results are rarely obtained fi'om 

more than a few sibling blastomeres. For this reason multi-colour fluorescent in situ 

hybridisation (FISH) has now become the technique of choice in this field, the major 

advantage being that each interphase cell in the embryo can be analysed for a specific 

number of chromosomes. In addition this application of FISH for detecting 

chromosomal imbalance in single blastomeres has also opened the way for the 

development of new approaches for preimplantation genetic diagnosis (PGD).

Early work to develop interphase cytogenetics using FISH was hampered in 

part by the lack of access to a reliable panel of locus-specific DNA probes and as 

such was limited in scope. At this time the combined 13/21 a-satellite probe was 

commonly used for PGD to screen embryos fiom older women undergoing routine 

IVF to avoid age-related aneuploidies (Munné et al., 1993; Verlinsky et al., 1996).
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An obvious disadvantage to this is that any interphase nucleus showing four signals is 

diagnosed normal, so that a combination of monosomy for one chromosome but 

trisomy for the other would lead to misdiagnosis. This was considered acceptable in 

these PGD programs as any viable trisomy was always in addition to lethal 

monosomy and the transfer of such an embryo would be unlikely to lead to an 

ongoing pregnancy. However in our study this probe was found to show marked 

variation in signal intensity and number in lymphocyte nuclei from four normal 

individuals, with one case showing only three signals in the majority of cells. This 

supports previous prenatal studies which have found similar variability when 

comparing FISH results to follow up karyotyping, with false negatives of trisomy 21 

samples noted (Seres-Santamaria, 1993; Verlinsky et al, 1995) as well as a false 

positive in which cross-hybridisation to an inherited chromosome 22 polymorphic 

centromere caused five signals in a normal sample (Verlinsky et al, 1995). This is 

explained by the nature of a-satellite DNA located at the centromere, being made up 

of varying numbers of monomeric repeat units. If the number of repeated units is 

below the level of detection with a particular probe a missing signal will lead to 

misdiagnosis (Verma and Luke, 1992). Consequently a priority for many groups at 

the time, including our own, was the evaluation of suitable DNA clones for use as 

FISH probes, particularly for the acrocentric chromosome pairs which share 

homologous centromeric sequence (13/21 and 14/22) (Klinger et al., 1992; Zheng et 

a l, 1992; Romana et al., 1993; Bryndorf gr al., 1994; Davies et al., 1994; Soloviev et 

a l, 1995; Yurov et a l, 1995). This method of screening clones can be labour 

intensive as many wül be chimaeric, map to another location or produce weak FISH 

signals and so need to be discarded. This was found to be the case in our study, where 

from a total of twenty-seven YAC and cosmid clones containing large inserts of 

human genomic DNA, only half were found to be suitable, producing discrete easily 

scored FISH signals in lymphocyte interphase nuclei. Indeed this time-consuming 

process took up a large proportion of study time before finally obtaining a panel of 

suitable YAC probes for chromosomes 13, 14, 15, 18 and 21. Fortunately in recent 

years the increasing availability of a wide range of commercial probes has for the 

most part made this ‘in-house’ method of producing diagnostic probes redundant. 

These commercial probes have revolutionised the use of interphase cytogenetics 

particularly in clinical laboratories where FISH is now used routinely to complement
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Standard karyotyping for a wide range of pre- and postnatal applications (Blennow et 

a i,  1995; Knight and Flint, 2000; Quitter et a l,  2001). In addition the introduction of 

multi-probe cocktails specifically designed for polar bodies and blastomere analysis 

have contributed to the increase in the number of groups carrying out PGD and 

related research.

Some of the first data from FISH analysis of cleavage-stage embryos came 

from work to develop PGD protocols for embryo sexing and age-related aneuploidy 

screening. In these studies using dual or triple colour FISH with probes for X, Y 

and/or one or two autosomes, it emerged that even apparently normally developing 

IVF embryos were often chromosomally abnormal, with abnormality rates ranging 

from 31-55%. In agreement with the original karyotyping data, whilst few if any of 

these 6- to 10-cell embryos were uniformly abnormal, the majority of abnormalities 

involved mosaicism with a minor aneuploid, polyploid or haploid cell line on a 

normal diploid background (Delhanty et al., 1993; Munné et al., 1993; 1995; Harper 

et al., 1994; 1995). Unsurprisingly abnormally developing embryos as a group, 

including those resulting from abnormal fertilisation, showing retarded cleavage or 

complete developmental arrest, were found to show much higher levels of 

chromosome abnormalities, in the order of 70%. These were more frequently 

uniformly aneuploid or polyploid, and mosaicism in these embryos commonly 

involved a chromosomally abnormal background (Munné et al., 1993; 1994; Coonen 

et al., 1994b; Laverge et al., 1997). On the basis of this work, embryos could be 

categorised into four main groups; uniformly normal, uniformly abnormal, mosaic 

(either diploid mosaic or aneuploid mosaic) and chaotic (Delhanty et al., 1997). This 

final category includes the most highly mosaic embryos which appear to have 

resulted from chaotic chromosome distribution and cell division, with a chromosome 

constitution which varies from cell to cell. Such chaotic embryos have been observed 

in embryos from routine IVF as well as PGD and appear to be a strongly patient- 

related phenomenon, with some patients experiencing high levels of this type of 

abnormality over repeated cycles (Delhanty et al., 1997).

In a large series of untransferred embryos from PGD cases for age-related 

aneuploidy screening, Munné and co-workers have studied the relationship between
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chromosomal status, developmental potential (normal, slow and arrested division) 

and maternal age (Munné et a l 1995; Marquez et al., 2000). Using a number of 

increasingly improved probe sets for up to six chromosomes including X, Y, 13, 18, 

16 and 21 , aneuploidy was seen to increase from 8% in the youngest maternal age 

group (20-34 years) to 33% in the oldest age group (40-47 years). Whilst normally 

developing embryos showed the lowest chromosome abnormality rates overall, the 

most prevalent abnormality was aneuploidy, 15% involving chromosomes 13 or 21. 

In contrast polyploidy, haploidy and extensive mosaicism made up the dominant 

abnormality types in the arrested embryo group. Mosaicism and polyploidy 

considered separately showed no significant difference between maternal age groups 

(Munné et a l 1995; Benadiva et a l, 1996; Marquez et a l, 2000). In a similar study to 

assess the benefit of PGD for IVF patients with poor prognosis, aneuploidy was also 

found to increase with maternal age, particularly if only normally dividing embryos 

were scored, rising from 33% in younger women to 65% in women over 38 years. 

Interestingly, the percentage of total chromosome abnormalities was found to be 

directly proportional to the number of previous IVF attempts, due entirely to 

increasing levels of polyploidy and mosaicism (Gianaroli et a l 1997). This reflects an 

earlier karyotyping study which found a higher proportion of chromosomally normal 

unfertilised oocytes and spare embryos from routine IVF patients who became 

pregnant compared to age-matched controls who did not (Zenzes et a l, 1992a, b).

A similar pattern of chromosome abnormalities was found in the seventy-one 

surplus IVF embryos analysed in the study described here. Forty-one normally 

developing day three post-insemination embryos were analysed using dual or triple 

combinations of YAC probes for either a single chromosome (13, 18 or 21) or two 

chromosomes (13 and 14, 15 or 21). In total 67% of these embryos were uniformly 

normal for the chromosomes detected and 33% were chromosomally abnormal, with 

the majority of these diploid mosaic. This is contrasted by the results from the group 

of twenty-eight abnormally developing embryos analysed between days two-four 

post-insemination using a variety of different probe combinations primarily to assess 

hybridisation efficiencies. In total, only 21% were normal for the chromosomes 

detected and 79% were chromosomally abnormal, mainly in the aneuploid mosaic 

and chaotic categories. In this preliminary work, the use of two differentially-labelled
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probes to detect a single chromosome confirmed that the low-level mosaicism 

observed in previous studies is clearly not a FISH artefact, even when just one cell 

differs and no cell resulting fi'om a reciprocal nondisjunction event is found. The 

fi*equent observation of monosomie cells suggests that in some cases chromosome 

loss may be at least as important a mechanism for this post-zygotic mosaicism as 

conventional nondisjunction that would be expected to generate equal numbers of 

monosomie and trisomie embryos. Overall in this series of embryos, excluding 

chaotic types, approximately 30% showed low level mosaicism which is very close to 

the proportion found in previous studies (Munné et al., 1994; 1995; Harper et al., 

1995; Delhanty et al., 1997).

Mosaicism has important implications for PGD based on the analysis of a 

single biopsied ceU, posing a significant risk of misdiagnosis from inadvertent 

sampling of a minor cell line. This risk was highlighted by one case subsequently 

carried out during this study using dual YAC probes for chromosome 21, which 

revealed single monosomie or disomic cells in otherwise trisomie embryos (Case FI). 

Of particular concern was one embryo successfully biopsied and diagnosed as 

trisomy 21 , for which analysis of the remaining nine cells showed two to be disomic. 

The potential for a false negative diagnosis based on the possible biopsy of these two 

cells is obvious. However as the remainder of untransferred embryos are analysed on 

day four post-insemination after further cell division has occurred, mosaicism levels 

could be lower on day three when biopsy takes place and this may lessen the risk. As 

such cases represented unknown territory, this event along with the results of the 

preliminary work reinforced the aim to only recommend embryos for transfer on the 

basis of two biopsied cells, both diagnosed normal. This practice of removing two 

blastomeres has since been advocated by a number of PGD groups (Kuo et al., 1998; 

Iwarsson et al., 2000; Van de Velde et al., 2000) and has shown no deleterious effect 

on implantation rates (Van de Velde et al., 2000). In a more recent PGD case carried 

out by another group involving screening for age-related aneuploidy, a similar 

situation to that found here may have contributed to a misdiagnosis. In this case an 

embryo diagnosed as normal was transferred which unfortunately resulted in a 

spontaneous abortion diagnosed as trisomy 21. However reanalysis of the single 

biopsied cell from this embryo confirmed the original normal diagnosis (Munné et al.,
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1998c). Possible explanations for these conflicting results are disomy/trisomy 21 

mosaicism as found in our study or overlying chromosome 21 signals.

The significance of such high levels of chromosomal abnormalities including 

post-zygotic mosaicism and more extreme chaotic divisions in early cleavage-stages 

remains unknown. It does however correlate with the relatively low success rate of 

IVF and human reproduction in general with only about one in four of conceptions 

resulting in implantation (Wilcox et al., 1988). Whilst embryos showing highly 

abnormal chromosome constitutions are unlikely to develop further, it is unclear how 

the low level mosaicism observed here would affect further development as selective 

mechanisms to rescue less abnormal embryos may operate. It is possible that the 

presence of even a few chromosomally normal cells at such early cleavage stages 

may give rise to a normal fetus following either preferential distribution of abnormal 

cells to extra-embryonic lineages, as seen in 2n/4n chimaeric mouse embryos (James 

et al., 1995) or somatic loss of supernumerary chromosomes, as seen in the majority 

of disomy/trisomy mosaics and UPD cases which originate as trisomie fertilisations 

(Robinson et al., 1995). However two groups using ‘immunosurgery’ 'with 

complement-mediated lysis of trophectoderm (TE) cells to isolate the inner cell mass 

(ICM) of aneuploid blastocysts have found no evidence of such selection (Evsikov 

and Verlinsky, 1998; Magli et al., 2000). In this work the original diagnosis of 

aneuploidy in cleavage embryos following PGD was highly concordant with the ICM 

cell lines found in the resulting blastocysts. From this it would seem that at least for 

aneuploid cells that there is no preferential allocation away fi'om embryonic lineages 

as may be the case for polyploid lines (Magli et al., 2000). In addition although 

developmental arrest is certainly more fi'equent in chromosomally abnormal embryos, 

particularly at the morula-blastocyst transition (Evsikov and Verlinsky, 1998), many 

groups are finding that extended culture clearly does not exclusively select for 

chromosomal normality (Evsikov et al., 2000; Magli et al., 2000; Sandalinas et al., 

2001). This suggests that even though successful cycles have been recently reported 

(Ménézo et al., 2001), blastocyst transfer alone is not a reliable approach for selecting 

normal embryos particularly in cases with a high genetic risk factor (Sandalinas et al., 

2001). Most FISH-based studies have found that by days five to six of culture, the 

majority of blastocysts are chromosomally mosaic to some degree, although the
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proportion of abnormal cells reported varies considerably (Evsikov and Verlinsky, 

1998; Veiga et al., 1999; Emiliani et al., 2000; Magli et al., 2000; Ruangvutilvert et 

al., 2000; Sandalinas et al., 2001). How this effects further developmental 

competence is not understood, but presumably as in later development some types of 

mosaicism are more detrimental than others. Mosaicism including a tetraploid cell 

line is a very common finding in both human blastocysts (Benkhalifa et al., 1993; 

Clouston et al., 1997) and those of other animal species (Long and Williams, 1982; 

Murray et al., 1986) and may well play a role in normal early development 

particularly when associated with TE lineages (Angell et al., 1987).

Delhanty and Handyside have noted that the highly disorganised pattern of 

chromosome replication and distribution in chaotic embryos is reminiscent of the 

mitotic instability shown in some tumour lines. This has lead them to suggest that 

these high levels of mosaicism may reflect a deficiency or absence of normal cell- 

cycle check points in early cleavage before embryonic genome activation occurs at 

the 4- to 8-cell stage (Delhanty and Handyside, 1995). There is good support for this 

hypothesis fi'om work on Drosophila and Xenopus embryos which shows that 

inhibition of DNA synthesis or the presence of DNA damage fail to block progression 

to M-phase. In yeast, RAD 9 deficiency has been shown to result in a 20-fold higher 

incidence of chromosome loss compared to normal wild-type cells (reviewed in 

Hartwell and Weinert, 1989; Weinert and Hartwell, 1990; Ikegami et al., 1997). This 

is especially interesting in light of the high levels of chromosome loss associated with 

human embryonic mosaicism. More evidence comes fi'om the observation of one or 

more binucleate blastomeres in 15% of human embryos, which are fi'equently 

associated with chromosomal abnormahties and appear to result fi'om failure of 

cytokinesis (Winston et al., 1991; Hardy et al., 1993; Kligman et al., 1996; Staesson 

and Van Steirteghem, 1998). The inabihty of abnormal cytokinesis to arrest further 

cell division has also been noted by another group as consistent with a lack of 

checkpoint control (Harrison et al., 2000). Most recently, work on inbred mouse 

strains with elevated levels of Y chromosome nondisjunction has shown that 

malsegregation in this system is largely restricted to the earliest mitotic divisions 

(Bean et al., 2001). This suggests that mammalian embryos are indeed susceptible to 

mitotic nondisjunction in early cleavage stages (Bean et al., 2001) and fits the lack of 

checkpoint control model.
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The extent to which these embryo data collected almost entirely following 

superovulation and in vitro culture hold true for natural conceptions can only be 

assumed. Evidence in favour comes from similar observations, dating back to the 

classical work of Hertig, of high levels of cleavage-stage arrest and nuclear 

abnormalities in in vivo embryos (Hertig et aL, 1954; 1959; Buster et al., 1985; Sauer 

et al., 1987; Formigli et al., 1990). Additionally there is no increase in the rate of 

congenital abnormalities in livebirths resulting from IVF over those from natural 

conception (SART, 1992; FIVNAT, 1995). Any influences of IVF treatment however 

are extremely difiBcult to quantity due to the number of variables encountered 

including different drug regimes and culture protocols, and presumably most 

importantly the diverse patient groups involved. In the mouse, results have proved 

contradictory, although in general where any effect of ovarian stimulation has been 

reported it has involved ploidy abnormalities rather than aneuploidy (Maudlin and 

Fraser, 1977; Hansmann and El-Nahass, 1979). Most convincingly no difference in 

aneuploidy rates have been found between human oocytes resulting from different 

stimulation protocols and those from unstimulated natural cycles (Plachot et al., 

1988; Pieters et al., 1991; Gras et al., 1992). The impact which suboptimal in vitro 

factors have on post-zygotic chromosomal mosaicism is less clear, though 

fluctuations in temperature and oxygen tensions have been shown to effect oocyte 

spindle formation and chromosome segregation (Almeida and Bolton, 1995; Van 

Blerkom, 1998). In one recent application of PGD for a reciprocal translocation 

carrier, a change in culture medium over two IVF cycles was associated with different 

outcomes. In the first unsuccessfiil treatment cycle, half of the eleven embryos 

obtained were mosaic, chaotic and/or showed abnormal nuclear morphology whereas 

for the second cycle using a revised culture protocol only one of ten embryos was 

mosaic and all showed higher cleavage rates (Scriven et al., 2000). Similarly a 

comparison of retrospective data from four IVF centres by Munné et al., (1997) has 

found levels of mosaicism to vary greatly between IVF centres (11% to 52%), 

proposing a relationship between this and different drug and culture conditions. 

However it is obvious that some patients do inexplicably produce higher levels of 

aneuploid (Munné et al., 1996), polyploid (Pergamont et al., 2000) or chaotic 

embryos (Delhanty et al., 1997) than others even when subjected to identical IVF
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regimes and this patient-specific factor is difficult to allow for when comparing 

abnormality rates between centres.

Much of the most recent work in this field has focused on increasing the 

number of FISH probes which can be hybridised to each embryo to provide a more 

complete picture of the range of chromosome abnormalities present. The main PGD 

groups carrying out age-related aneuploidy screening now use commercial probe sets 

for up to nine chromosomes including those associated with spontaneous abortions 

(X, Y, 13, 14, 15, 16, 18, 21, 22) applied in two sequential hybridisations (Munné et 

a l 1998c; 1999; Bahçe et al. 2000). Although results suggest that this approach 

decreases the miscarriage rate in this patient group, there are clearly other 

chromosomes implicated in implantation failure or early pregnancy loss which are not 

being detected (Bahçe et al. 1999). Such data have lead some authors to question if 

any embryos are in fact completely normal for the entire chromosome set. New 

advances in FISH technology may help provide an answer.

M-FISH and spectral karyotyping (SKY), methods for detecting all 

chromosomes simultaneously using a panel of chromosome paints differentially- 

labelled with five fluorophores, are now finding applications in preimplantation 

genetics (Schrock et al. 1996; Speicher et al. 1996). These techniques essentially 

produce a ‘FISH karyotype’ which can be used to identify chromosomes in 

metaphase preparations not suitable for conventional G-banding such as those from 

unfertilised oocytes (Marquez et al., 1998; Clyde et al., 2001), first polar bodies 

(Marquez et al., 1998) and blastomeres (Munné et al., 1998b; Willadsen et al., 1999) 

(see Section 4.2). The spectral imaging approach has also been applied to interphase 

cytogenetics, using probe sets for up to ten chromosomes ratio-labelled with six 

fluorophores in blastomere nuclei (Fung et al., 1998a; 2000). However scoring this 

number of signals simultaneously in a single nucleus whilst retaining accuracy is far 

from straightforward, with spatial overlap being the limiting factor.

An alternative molecular cytogenetic technique which by-passes this problem 

is comparative genomic hybridisation (CGH), allowing the copy number of every 

chromosome to be assessed in a single hybridisation by reference to a normal DNA 

sample (Kallionemi et ah, 1992). It is from this approach recently adapted for single 

cell analysis by the use of a whole genome pre-amplification step, degenerate
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oligonucleotide primed PCR (DOP-PCR), that the first extensive chromosomal data 

for human cleavage-stage embryos are beginning to emerge (Wells et al., 1999). Two 

preliminary studies using this novel protocol have produced remarkably similar 

results with both finding 25% of embryos analysed to be uniformly normal for the 

whole chromosome set (resolution 10-40Mb) (VouUaire et aL, 2000; Wells and 

Delhanty, 2000). Data fi'om both studies combined show that half of the twenty-four 

day three post-insemination embryos were mosaic; a similar finding to that fi'om 

interphase FISH studies. Embryos categorised as chaotic were also found where a 

number of cells showed multiple abnormalities, in one case including a range of 

aneuploidies for twelve different chromosomes (Wells and Delhanty, 2000). Perhaps 

most surprising is that hypothetically more than half of the abnormalities found here 

could have been excluded using a limited FISH probe set (XY, 13, 18, 21), a 

detection rate which increases to two thirds if a chromosome 16 probe is also 

included. Significantly though CGH has clearly shown the presence of other 

abnormalities until now only observed in a small number of embryo karyotypes (Watt 

et aL, 1987; Clouston et aL, 1997) including aneuploidies of chromosomes 1, 2, 4, 7, 

10, 11, and 19. An additional finding has been the discovery of structural anomalies 

resulting in partial aneuploidies, with one embryo showing reciprocal gains and losses 

o f regions of chromosomes 2 and 7 in sibling blastomeres (Wells and Delhanty, 

2000). Again such chromosome breakage has also been recorded in karyotyping 

studies (Papadopoulos et aL, 1989; Zenzes and Casper, 1992; Clouston et aL, 1997).

The latest development in this area concerns the use of microarrays, panels of 

specific DNA fragments analogous to probes immobilised onto an insoluble support 

such as a microscope slide. These ‘DNA chips’ can be either hybridised directly with 

sample DNA in a manner similar to dot blot analysis or used in a sequencing-type 

reaction to show the presence of particular loci associated with genetic disease. 

Alternatively and most relevant to chromosomal analysis, microarrays of larger DNA 

fi-agments fi'om different chromosomes can be used in place of the target metaphase 

for CGH. In this way, chromosome copy number can be detected at increased 

resolution and in a reduced hybridisation time than conventional CGH (Pinkel et aL, 

1998). With the imminent commercial availability of such aneuploidy chips 

predicted, this technology may prove extremely important for preimplantation 

genetics in the near future (Harper and Wells, 1999).

187



Discussion

4.2 PGD for Chromosomal Abnormalities: Strategies and Clinical 

Outcomes.

In the ten years since its development PGD has progressed from an 

experimental technique to one established at over fifty centres world-wide, including 

five licensed in the UK, resulting in the birth of more than two hundred healthy 

babies (Verlinsky, 1999; ESHRE PGD Consortium, 2000). Reassuringly data 

collected so far on the obstetric and neonatal outcome of PGD support the safety of 

this procedure, showing no increase in major congenital malformations over standard 

IVF, ICSI or spontaneous pregnancies and births (Soussis et aL, 1996a, b; ESHRE 

PGD Consortium, 1999; 2000; Strom et aL, 2000a, b).

As public awareness of PGD has grown so patient demand has increased, 

driving the development of new protocols to detect a wider range of genetic disorders. 

Following the introduction of PGD for X-linked disease (Handyside et aL, 1990; 

Griffin et aL, 1994) and single gene defects such as cystic fibrosis (Handyside et aL, 

1992), one of the most common requests has come from couples at high risk of 

chromosomally abnormal pregnancy due to parental translocation. In response to this, 

the last five years has seen the development of a variety of approaches from a number 

of centres with the aim of helping such couples. Although the primary role of PGD in 

these cases is obviously diagnostic to selectively transfer embryos with normal or 

balanced chromosome complements, this also provides a unique opportunity to study 

meiotic segregation patterns in the unfertilised oocytes and surplus embryos.

Usually couples such as these where one individual carries a balanced 

chromosomal rearrangement can achieve normal pregnancies, with the help of 

prenatal diagnosis if necessary. In general where families including a translocation 

carrier are ascertained entirely at random, a low frequency of chromosomally 

unbalanced children are found (Evans et aL, 1978). However couples referred for 

PGD appear to be a select group at the extreme end of the normal range, who have 

experienced more severe problems with recurrent abortion as a result of a series of 

abnormal conceptions. This is illustrated by the reproductive histories of the fitly 

couples referred to the UCL Centre over a four-year period, in which for a total of 

169 clinically recognised pregnancies, only fifteen healthy babies were bom. The vast
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majority of pregnancies in this patient group did not continue to term, presumably due 

to chromosome imbalance, 65% resulting in spontaneous abortion and 15% in TOP. 

As a consequence, one of the main reasons for requesting PGD in this particular 

group was stated as recurrent miscarriage, with some individuals having experienced 

eight consecutive pregnancies which had all ended in spontaneous abortion in the first 

trimester.

The UCL referral group described in this study, included thirty-three 

reciprocal translocations, ten Robertsonian translocations, one ring chromosome, one 

intrachromosomal insertion, one pericentric inversion and four mosaics for a trisomie 

cell line. The mean maternal age was 33.2 (±3.95) years. During this period, only 

12% of these cases reached the embryo biopsy stage of PGD (a fiirther nine cases are 

awaiting treatment) whilst over two thirds vrithdrew fi'om fiirther treatment, the 

reasons comprising: losing contact with the Centre (26%), naturally conceived normal 

pregnancy (16%), electing for an alternative treatment such as prenatal diagnosis 

(10%), deciding against PGD for personal reasons (10%) or clinical problems related 

to IVF (8%). The preparation for individual cases was entirely dependent on 

developing suitable locus-specific probe combinations optimised for single cell 

interphase analysis and as described in the previous section, this was particularly 

challenging and time consuming in the early stages of this work. For this reason the 

time taken to prepare cases undoubtedly played a large role in the loss of some 

couples fi'om the referral list who opted for prenatal diagnosis or lost contact with the 

Centre. In three cases couples on oocyte donation waiting lists were offered treatment 

before PGD work up was complete.

Over the course of this study seven other main centres, three in the USA and 

four in Europe, have also reported PGD cycles for specific chromosomal 

rearrangements. Whilst the majority of these groups have concentrated solely on the 

cleavage-stage biopsy approach, two groups have also used polar body analysis for 

cases involving female translocation carriers as well as completely novel methods 

based on blastomere metaphase conversion. As summarised in Table 4.1 including 

the data fi'om this study, detailed results of sixty-one cases for chromosomal 

indications have been published to date, the majority of these involving balanced 

reciprocal or Robertsonian translocations.

189



Discussion

Table 4.1: Comparison of sixty-one PGD cases reported for specific chromosomal 
indications .

No o f  No o f  Embryos 
Cases^ Cycles Biopsied

PGD Diagnosis 
Normal Abnormal

ET PR Reference

Reciprocal Translocations

1 1 13 22% 78% 2 - Pierce et aL, (1998)
2 2 13 8% 92% 1 - Conn et aL, (1999)
2 4 38 24% 76% 7 - Van Assche et aL, (1999)
3 4 29 17% 83% 3 1 Iwarsson et aL, (2000)
2 3 24 17% 83% 3 1 Coonen et aL, (2000)
11 13 81 22% 78% na 1 Munné et aL, (2000)
1 2 21 38% 62% 4 1 Scriven et aL, (2000)
10 PB 12 102 29% 71% na Munné et aL, (2000)

Robertsonian Translocations

3 6 35 23% 77% 6 - Conn et aL, (1998)
4 7 35 34% 66% 10 3‘ Iwarsson et aL, (2000)
8 12 71 30% 70% na 5' Munné et aL, (2000)
6 PB 10 90 58% 42% na Munné et aL, (2000)

Pericentric Inversions

1 2 23 47% 53% 4 V Iwarsson et aL, (1998b)
3 5 55 47% 53% 15 2^ Escudero et aL, (2001)

Microdeletion 2 2 q ll.2

1 3 7 33% 67% 2 - Iwarsson et aL, (1998a)
2 4 32 37.5% 62.5% 10 1 Van Assche et aL, (1998)

Gonadal Mosaicism, trisomy 21

1 2 5 40% 60% 2 - Conn et aL, (1999)

61 92 674 33% 67% 69 26 (20 single, 4 twin,2 triplet)

Data are included from this present study along with that from six other groups; results from Evsikov 
et aL, 2001 are excluded as only limited data are reported.

 ̂Based on cleavage-stage biopsy unless otherwise stated.

ET - Number of embryos transferred.
PR - Clinically recognised pregnancies, superscript shows number of twin (t) and triplet (tr) 
pregnancies and spontaneous abortions (s).
PB - based on first polar body analysis, 
na - not available.
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Reciprocal translocations, the largest referral group, represent a challenge for 

PGD. As breakpoints can occur theoretically at any point on any chromosome, with 

the exception o f  the common t ( ll;2 2 )  translocation, practically all cases represent a 

unique event which requires the development o f  a specific probe set for PGD and this 

can be particularly labour intensive. Two alternative approaches using ‘flanking’ 

probes or ‘spanning’ probes have been applied to detect reciprocal translocations in 

blastomere nuclei. (Fig 4.1). The first method developed for this study, involves the 

use o f  two probes flanking the breakpoint on one translocation chromosome and a 

third probe specific for the other chromosome (located in any position) (Fig 4.1a). 

This has since been advocated by many groups and applied to sperm analysis (Van 

Hummelen et aL, 1997; Estop et aL, 1998) as well as PGD (Munné et aL, 1998b; 

2000; Scriven et aL, 1998; 2000; Van Assche et aL, 1999; Coonen et aL, 2000; 

Iwarsson et aL, 2000). Scriven and colleagues have also suggested the newly 

available commercial sub-telomeric probes as a useful resource to provide probes 

mapping distal to translocated segments (Scriven et al, 1998), as described here.

Fig 4.1: Two Alternative PGD Strategies for Reciprocal Translocations.

o

o

o o o o

o

A derA derB B

O

© e

A derA derB B

a Flanking probe strategy b Spanning probe strategy

Fig 4.1; Two alternative PGD strategies for reciprocal translocations, based on a flanking 

probes developed here or b spanning probes, following Munné et aL, 1998b. In both cases 

each of the four chromosomes involved in the translocation (two normal and two derivatives) 

shows a distinct combination of signals, however only strategy b allows normal and balanced 

constitutions to be differentiated.
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In this study, flanking probe combinations were developed for two couples 

with reciprocal translocations. In the first case De 46,XX,t(6;21)(ql3;q22.3), although 

a triple probe combination was initially selected, after careful preliminary testing it 

was decided to exclude one probe to avoid ambiguous results which could have 

resulted in misdiagnosis. This highlights how a probe combination which is 

theoretically suitable to detect all possible segregation types for a particular 

translocation may in practice need adapting for clinical diagnosis. As in this case, the 

aim then becomes the exclusion of the more viable unbalanced products. In a single 

PGD cycle for this couple using locus-specific probes flanking 21q22.2 (chromosome 

6 unlabelled), only one of seven embryos was scored normal and transferred but no 

clinical pregnancy resulted. Reprobing these embryos after diagnosis with the a- 

satellite 6 probe and analysis of two unfertilised oocytes allowed the likely 

segregation modes to be demonstrated. This showed that the most common 

segregation patterns were 3:1 with tertiary aneuploidy (three embryos and one 

oocyte) and 3:1 with interchange aneuploidy (three embryos), these results 

representing the first such data fi'om a female carrier of a reciprocal translocation. For 

the second case Dg 46,XY,t(18;21)(q21;q22.2), a triple probe combination was 

selected with two probes flanking the breakpoint on chromosome 18 with a single 

chromosome 21 probe. Unfortunately as all thirteen of the embryos analysed were 

clearly unbalanced for chromosome 18 and/or 21 no transfer was possible. High 

levels of mosaicism were observed in many of these embryos with multinucleated 

cells being a fi'equent finding. As a result the likely segregation patterns accounting 

for these chromosome constitutions proved impossible to determine.

A similar strategy for reciprocal translocations has since been reported by six 

other groups, many of whom have observed the same high levels of chromosome 

abnormahties (ranging fi'om 62% to 83%). Two groups have used a dual probe 

combination to specificaUy exclude viable chromosome imbalance as for Case De. 

Pierce et aL, have carried out one cycle using dual-FISH for an individual 

46,XX,t(5;8)(pl3;p23) with one probe each for chromosomes 5 and 8 to detect 

imbalance associated with the derivative chromosome 8 (der 5 unlabeUed). In total 

two of nine embryos were normal for the chromosomes tested and transferred but no 

pregnancy resulted (Pierce et aL, 1998). Similarly the group at Guys and St Thomas’

192



Discussion

Hospitals, London have reported the results of two cycles for one case 

46,XX,t(14;22)(ql 1.2;ql3.3) using a dual probe for chromosome 22 (chromosome 14 

unlabelled). As discussed in the previous section, a change in culture protocol had a 

marked effect on the number of normal embryos in the first (18%) and second (60%) 

cycles. A single embryo transfer in the first cycle was unsuccessful but three embryos 

transferred in the second cycle resulted in a healthy livebirth (Scriven et aL, 2000).

The remaining four groups have applied triple probe combinations. The 

Brussels Free University, Belgium group have carried out four cycles for two cases 

involving the common t(ll;22)(q25;ql2). Of these the first case for a female t(l 1;22) 

carrier also required sexing as the male partner had a 47,XXY karyotype, but 

unfortunately just three embryos were obtained and all were unbalanced. For the 

second case for a male carrier, over three PGD cycles only 26% of embryos were 

diagnosed normal. This compares well to the results of FISH analysis of sperm fi'om 

this individual which showed a 29% rate of normal/balanced sperm (Van Assche et 

aL, 1999; Vandervorst et aL, 2000). Three cases have been carried out by the 

Karolinska Hospital, Stockholm group, two involving 46,XX,t(ll;22)(q23;qll) and 

one 46,XX,t(2;14)(q37;q24). Over four PGD cycles, for a total of twenty-nine 

embryos analysed, 17% were normal and 83% were chromosomally abnormal 

categorised as 41% chaotic, 31% aneuploid mosaic and 10% diploid mosaic. One 

singleton pregnancy resulted firom a total of four embryos transferred (Iwarsson et aL, 

2000). The Maastricht University, Netherlands group have reported an interesting 

case involving PGD for two siblings with the same translocation t(3;ll)(q27.3;q24.3) 

both having experienced recurrent spontaneous abortion. In one cycle carried out for 

the male sibling, 83% of embryos were unbalanced, two were unclear and the single 

normal embryo was transferred resulting in a livebirth. This contrasts with the results 

of FISH analysis of sperm showing 45% were normal/balanced. For two cycles 

carried out for the female sibling, four embryos were unbalanced and two were 

normal and transferred but no pregnancy was achieved (Coonen et aL, 2000). The St 

Barnabas, New Jersey group have recently described five cycles for five cases; 

46,XX,t(6;10), 46,XY,t(10;13), 46,XX,t(10;14), 46,XY,t(10;18), 46,XY,t(ll;22), 

making use of commercially prepared sub-telomeric probe combinations supplied on 

coverslips. Overall only 22% of embryos analysed were diagnosed normal, one 

couple had three embryos transferred whilst two couples each had a single embryo
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transferred but no pregnancies have resulted. For the remaining two couples no 

transfer was possible as all the biopsied embryos were chromosomally unbalanced 

(Munné et aL, 2000). Interestingly the coversHp preparations used successfully by 

this group are later developments of the prototypes (Cytocell UK) tested for a 

prospective case in the UCL referrals (see 3.3.1, Case PI).

An alternative method to detect all the possible segregants from a reciprocal 

translocation, based on the identification of probes which span the two chromosomal 

breakpoints has been pioneered by the St Barnabas group (Fung et a l, 1998b; Munné 

et a l,  1998b; Weier et a l, 1999). This innovative approach involves screening 

pubhcly available databases for clones to identify those which span the breakpoints 

followed by isolation of the DNA insert and amplification by DOP-PCR, and has 

been developed over a two year period for eighteen couples with chromosomal 

rearrangements (Weier et a l, 1999). This has been clinically apphed in two cases 

using spanning probes labelled red and green with a centromeric probe labelled aqua 

(see Fig 4.1b). Following this, normal interphase cells show two signals for each 

probe (2 aqua, 2 red, 2 green) whilst balanced translocation carrier cells show two co- 

locahsed red/green signals representing the derivative chromosomes (2 aqua, 1 red, 1 

green, 2 red/green). Over three PGD cycles for the two couples, one balanced and 

four normal embryos were transferred but no pregnancies were achieved. In the first 

case 46,XY t(3;4)(p24;pl5), 73% of embryos analysed showed imbalance for the 

translocation chromosomes; three resulting from adjacent I, two from adjacent II and 

one from 3:1 segregation. For the second case 46,XY t(6 ; 11 )(p22.1 ;p 15.3), 70% of 

embryos were unbalanced, six resulting from adjacent I, one from adjacent II and one 

balanced embryo from alternate segregation (Munné et a l, 1998b; 2000).

Spanning probes have the great advantage of being able to detect all possible 

chromosome segregations as well as being able to distinguish normal and balanced 

constitutions. This is preferable for patients who would rather that normal embryos 

were transferred in preference to balanced embryos so that the reproductive problems 

experienced by themselves are not passed on to any children. However the 

chromosome abnormahty rate appears to be so high in this particular group of PGD 

patients that there are generally very few embryos to choose from for transfer and this 

means that balanced embryos are often transferred anyway. As these probes by
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necessity are entirely patient-specific, disadvantages of this method are that it is 

extremely labour intensive and time consuming and therefore relatively expensive. 

By comparison, the flanking probe method has the advantage of being relatively easy 

and inexpensive to design for each translocation and as commercially available 

probes can now be used in many cases, this approach is easily transferred fi'om a 

research area to a clinical diagnostic laboratory.

Robertsonian translocations make up the second most common referral group. 

PGD strategies for these cases are relatively straightforward requiring a minimum of 

two differentially-labelled locus-specific probes, one on each of the acrocentric 

chromosomes involved in the translocation. As developed here, once a panel of 

probes has been optimised they can be used in combination to detect any of the ten 

possible non-homologous Robertsonian translocation types. IVF treatment was 

initiated for five couples with balanced Robertsonian translocations in this study; four 

cases of 45,XY,der(13;14)(qlO;qlO) and a single case of 45,XX,der(13;21)(qlO;qlO). 

Although all reached the oocyte retrieval stage, only three of these progressed to the 

embryo biopsy stage of PGD. Over six treatment cycles two double and two single 

embryo transfers were carried out but unfortunately no pregnancies were achieved. 

Combined results fi'om two of these couples (Cases Ca, Co) showed 87% (39/45) of 

embryos produced were chromosomally abnormal with over half of these scored as 

chaotic, a categorisation supported by reprobing for an additional chromosome. All 

embryos showed high levels of mosaicism on a background of aneuploidy for both 

the chromosomes detected, double monosomy being a particularly fi'equent finding. 

Although it is probable that many of these embryos originated as aneuploid zygotes 

fi'om abnormal segregation at gametogenesis, seven embryos showed one apparently 

normal cell by day four and so an original normal zygote cannot be discounted. This 

suggests two factors may be acting to reduce fertility in these couples, the aneuploid 

segregation of the Robertsonian translocation and also a post-zygotic factor leading to 

uncontrolled chromosome distribution in a high proportion of embryos.

Two other groups have reported PGD cycles for Robertsonian translocation 

carriers with very similar results. Four cases have been carried out by the Karolinska 

Hospital group, involving 45,XY,der(14;15)(qlO;qlO), 45,XX,der(13;14)(qlO;qlO)
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and two cases of 45,XY,der(13;14)(qlO;qlO). Over seven PGD cycles, for thirty-five 

embryos analysed, 34% were normal and 66% were chromosomally abnormal 

categorised as 29% diploid mosaic, 20% chaotic and 17% aneuploid mosaic. In total 

ten embryos were transferred, resulting in one twin and two singleton pregnancies. 

Embryos fi'om these cases as well as the reciprocal translocation cases treated by this 

group were later reprobed for additional chromosomes. This showed surprisingly that 

whilst overall 65% embryos were mosaic for the translocation chromosomes, this was 

reduced to 35% for the control chromosomes (Iwarsson et aL, 2000). The St 

Barnabas group have carried out a total of twelve PGD cycles for five cases of 

45,XY,der( 13; 14)(q 10;q 10) and a single case of 45,XY,der(14;15)(qlO;qlO). Overall 

only 30% of embryos were diagnosed as normal, resulting in two ongoing 

pregnancies and two healthy livebirths. For two couples no transfer was possible as 

all embryos analysed were chromosomally abnormal. In common with the results 

fi'om our study, in one case many of the embryos showed high levels of mosaicism 

including multinucleated blastomeres which made it difiBcult to assess the original 

constitution of the zygote (Munné et aL, 1998b; 2000; Escudero et aL, 2000a).

In addition to cleavage-stage biopsy the St Barnabas group has also developed 

first polar body (PBI) analysis for PGD cases involving female translocation carriers. 

This has been applied to sixteen such cases over twenty-two PGD cycles using two 

dififerentially-labelled painting probes for the two chromosomes involved. In later 

cycles this technique was modified to include locus-specific probes and/or 

centromeric probes to help distinguish whole chromosomes fi'om single chromatids, 

which can be difficult in PB metaphases. Ten PGD cycles have been carried out for 

four cases of 45,XX,der(13;14)(qlO;qlO) and two of 45,XX,der( 14;21 )(q 10;ql0) 

resulting in six pregnancies; four singleton, one triplet (including a set of 

monozygotic twins) and one twin (one normal and one balanced). Unexpectedly the 

child carrying the balanced Robertsonian translocation was also found to carry a 

balanced reciprocal translocation of paternal origin previously undiagnosed in the 

father. For these 58% of PBI analysed were chromosomally balanced (Munné et aL, 

1998e). In the same way, twelve PGD cycles have been carried out for ten reciprocal 

translocation carriers resulting in two ongoing singleton pregnancies, one 

spontaneous abortion and one twin livebirth (balanced). By contrast only 29% of PBI
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analysed were chromosomally balanced (Munné et aL, 1998d). For two of these 

cases, although very similar translocation breakpoints were involved the proportion of 

unbalanced types differed. In one case, 46,XX(2;14)(q23;q24), the predominant 

segregation mode was 3:1, whilst for the other 46XX,t(2;14)(q31;q24), adjacent 1 

segregation was more common (Escudero et aL, 2000b).

The pregnancy rate from this series of cases is encouraging, however the PB 

biopsy approach for translocations can be technically demanding and very labour 

intensive when a poor fertilisation rate is achieved or diagnosis is not possible due to 

oocyte immaturity, predivision of chromatids or recombination events (Angell, 1994). 

This is highlighted by results from this group of four cycles for reciprocal 

translocation carriers where no embryo transfer was possible as none of the oocytes 

diagnosed as normal or balanced were normally fertilised. Interestingly two polar 

bodies clearly showed a chromosome consisting of a normal and a derivative 

chromatid presumably resulting from a recombination event (Munné et al., 1998a).

Two novel approaches for rapidly producing blastomere chromosome 

preparations have also been applied to PGD. The first technique involves the insertion 

of a human blastomere into the perivitelline space of an in-vitro matured bovine 

oocyte, followed by electro fusion of the two cells and colcemid treatment of the 

resulting hybrids to achieve metaphase arrest. In an initial study 74% of blastomeres 

fused in this way gave analysable metaphases demonstrating that bovine ooplasmic 

factors can induce metaphase in donor nuclei in a few hours, including those from 

even apparently arrested human embryos (Willadsen et aL, 1999). This method has 

been used for two of the reciprocal translocation cases treated by this group where PB 

biopsy had failed, Avith analysis of the resulting metaphase preparations using SKY 

(Munné et aL, 1998a,d). Verlinsky and colleagues have developed a similar technique 

to produce blastomere and PBII metaphase preparations by fusion with mouse 

zygotes and okadaic acid treatment (Verlinsky and Evsikov, 1999a, b). Preliminary 

data have been reported from nineteen PGD cases carried out for translocation 

carriers using this method with standard FISH chromosome painting. In total 84% of 

blastomeres were found to give analysable metaphases, of which 34% (44/131) were 

diagnosed normal or balanced and 66% were chromosomally abnormal. In this study 

26% of these abnormal embryos reached the blastocyst stage compared to 31% of the
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normal embryos suggesting no obvious selection against chromosomal imbalance 

from these translocations (Evsikov et aL, 2000). These results are difiBcult to 

reconcile with the high implantation rate recently reported using extended culture as 

an alternative to PGD for three Robertsonian and eight reciprocal translocation 

carriers. In a series of sixteen IVF cycles almost half the couples failed to produce 

blastocysts for transfer, however seven of the nine cycles which did have transfers 

resulted in healthy livebirths (Ménézo et aL, 2001).

A common outcome reported in most of these PGD cases is a high level of 

chromosomally abnormal embryos resulting in very few embryos for transfer. In total 

for the thirty-seven PGD cases published to date for translocations using cleavage- 

stage biopsy, only 24% (88/360) of embryos analysed were diagnosed normal. Of 

these, the cycles involving Robertsonian translocation cases resulted in twice the 

number of pregnancies compared to those for reciprocal translocations. In contrast for 

the sixteen translocation cases using PB analysis, 43% of embryos were diagnosed 

normal and a clinical pregnancy rate per cycle of 45% was achieved. However this 

high pregnancy rate reflects solely the data from the Robertsonian translocation PB 

cases with all six couples becoming pregnant. The most recent analysis of the St 

Barnabas group data has compared the previous reproductive histories of these 

patients and found that the spontaneous abortion rate is reduced from 95% down to 

13% after PGD. In agreement with the earlier karyotyping data described by Zenzes 

et aL, (1992a), a strong correlation was found between the proportion of 

chromosomally abnormal embryos produced and pregnancy rate. In this work, PGD 

patients with more than 50% chromosomally abnormal embryos achieved 

significantly fewer pregnancies following embryo transfer (Munné et aL, 2000). 

Although in many cases the segregation modes for individual translocations were 

often masked by high levels of mosaicism (including Case Dg of this study) where it 

can be assessed unbalanced forms clearly predominate. It is far from clear in most 

cases why specific translocations are prone to segregate in an unbalanced way during 

the first meiotic division, although a frequently occurring factor is that the breakpoint 

in one of the chromosomes taking part in a reciprocal exchange is very close to the 

end of the chromosome. In the UCL referral group studied here, the majority of cases 

(71%) involved breakpoints in the terminal one to three bands of at least one
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chromosome, with a third of these involving such breakpoints in both chromosomes. 

Moreover 45% (14/31) involved a breakpoint in the most telomeric band of at least 

one of the translocation chromosomes. This may reduce the likelihood of crossing- 

over in the terminal region which will have a secondary effect of reducing the 

chances of a balanced segregation, increasing the risk of unbalanced forms. Munné et 

al have also considered this possibility, and have noted a significantly lower 

pregnancy rate associated with a higher proportion of abnormal embryos fi'om their 

cases involving at least one terminal breakpoint (Munné et al., 2000).

At present reports of PGD cases involving other structural chromosomal 

abnormalities are limited. Pericentric inversion cases have been reported by two 

groups. The Karolinska group have applied the simple strategy described for the UCL 

referral (Case An, 3.3.5), with a locus-specific probe mapping to one of the distal 

segments of the inversion in a case of 46,XX,inv(5)(pl4q35). Over two PGD cycles, 

47% of embryos which gave a result were normal and a double embryo transfer was 

carried out in each cycle, resulting in the birth of healthy twins each carrying the 

balanced inversion (Iwarsson et a l, 1998b). Escudero and co-workers at St Barnabas 

have recently reported on three pericentric inversion cases 46,XX,inv(2)(p21ql3), 

46,XY,inv(2)(pll.2ql3) and 46,XY,inv(4)(pl6q21), using combinations of three 

probes for the inverted chromosome, two sub-telomeric and one centromeric. In two 

cases a second hybridisation of five probes (13, 16, 18, 21, 22) was included to screen 

for aneuploidy. Over five PGD cycles, a total of 47% of embryos were diagnosed 

normal/balanced and fifteen were transferred. One of the couples became pregnant 

twice, the first resulting in a healthy livebirth and the second is ongoing with triplets 

(Escudero et aL, 2001). Spanning probes for the breakpoints involved in an inversion 

of chromosome 6 have also been developed by this group. Using this method, yet to 

be applied clinically, the normal homologue shows two signals for each probe whilst 

the inverted chromosome shows two co-localised signals (Cassel et aL, 1997).

In addition, the Karolinska group and the Brussels Free University group have 

carried out PGD for patients with microdeletions involving 22qll.2, using FISH 

probes commonly applied prenatally to detect DiGeorge syndrome (Iwarsson et aL, 

1998a; Van Assche et a l, 1998). In total three couples have been treated by this 

method and a single pregnancy has been briefly reported (Van Assche et a l,  1998).

199



Discussion

The UCL referral group also included one karyotypically normal couple who 

had experienced three consecutive Down syndrome pregnancies of maternal origin. 

Cases such as these occur rarely and are usually thought to be caused by parental 

gonadal mosaicism, a presumption supported by the observation of trisomie somatic 

ovarian cells in some previous studies (Uchida and Freeman, 1985; Nielsen et aL, 

1988; Pangalos et al., 1992; James et al., 1998). However PGD treatment for couple 

FI carried out here, provided the first opportunity to study embryos and oocytes fi"om 

such an individual. Over two PGD cycles, four of seven embryos showed trisomy 21 

in the majority of cells and three of four unfertilised oocytes were hyperhaploid for 

chromosome 21, two involving single chromatids. The significant finding here was 

one oocyte showing a whole chromosome 21 and an additional chromatid 21 in both 

oocyte and PBI. This outcome provided the first direct cytological evidence of the 

existence of a trisomie germ cell line (primary oocyte) in a chromosomally normal 

woman with recurrent jfree trisomy 21 conceptions. Hyperhaploidy of this type, may 

result fi*om premature separation o f sister chromatids prior to metaphase I and has 

been reported as playing a major role in the formation of trisomie embryos (Angell et 

al., 1994). Little is known about meiosis in human trisomie oogonia and the only data 

available have been obtained fi’om meiotic studies in trisomie fetuses (Luciani et al., 

1976; Wallace and Hultén, 1983; Cheng et a l, 1998). These studies have pointed out 

that at prophase I the three homologous chromosomes fi*equently arrange as a bivalent 

and a univalent. At anaphase I, univalents have been shown to either migrate as a 

whole chromosome to one pole of the cell or divide precociously into their two 

chromatids with subsequent random movement to the opposite poles (Angell et al., 

1994; Hunt et al., 1995). From combined data fi*om oocytes and embryo analysis in 

this case, it was estimated that at least 64% of ovulated oocytes were hyperhaploid. 

More recently another FISH study has found similar evidence for gonadal mosaicism 

in Mil oocytes and PBI fi"om two patients undergoing routine IVF due to male factor 

infertility (Mahmood et al., 2000). The underlying basis of such a condition is 

unknown, however in an interesting report by Kalouseks’ group, a case of CPM for 

trisomy 16 revealed a fetus with UPD 16 and trisomy 16 confined to 26% of prophase 

I oocytes. As placental stroma and primordial germ cells are thought to share a 

common lineage this has lead the authors to suggest that trisomie rescue could be a 

plausible mechanism for generating gonadal mosaicism (Stavropoulos et al., 1998).
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The most recent report by The European Society for Human Reproduction and 

Embryology (ESHRE) PGD Consortium reveals the current status in this field, with 

data on a total of 1318 treatment cycles collected jfrom twenty-five participating 

centres over a seven year period. This shows that although referrals for specific 

chromosomal indications were similar in number to those for X-linked or autosomal 

recessive referrals, these cases made up just 25% of treatment cycles carried out, 

reflecting the technical difficulties encountered until recently. For this chromosomal 

referral group only 28% of embryos diagnosed were suitable for transfer producing a 

clinical pregnancy rate of 15% per oocyte retrieval (OR) and 19% per embryo 

transfer (ET). In comparison 48.5% of embryos diagnosed for the remainder of the 

inherited disorders group were suitable for transfer and a pregnancy rate of 19% per 

OR and 23% per ET was obtained (ESHRE PGD Consortium, 2000) (Table 4.2).

Table 4.2: Summary of ESHRE PGD consortium data for 853 PGD cycles initiated for 
inherited genetic disorders*.

Specific
Chromosomal

Other
Inherited

Total

Cycles reaching oocyte retrieval (OR) 196 575 771
Cumulus-oocyte complexes retrieved 2732 7535 10267

Fertilised 1722 4743 6465
No o f  embryos biopsied 1471 3753 5224

Diagnosed 1254 3069 4323
Transferable 349 1489 1838
Transferred 308 1032 1340

Cycles culminating in embryo transfer (ET) 159 480 639
HCG positive 40 134 174
Fetal heartbeat positive 30 111 141

Clinical pregnancy rate per OR 15% 19% 18%

Clinical pregnancy rate per ET 19% 23% 22%

Table compiled from data reported by ESHRE PGD Consortium Steering Committee (2000).
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4.3 Conclusions.

The main objective of this study was to develop reliable FISH-based protocols 

for the analysis of chromosome abnormalities in cleavage-stage embryos, which 

could then be applied to PGD referrals involving chromosomal rearrangements and 

gonadal mosaicism. In this respect the outcome was entirely effective in that the DNA 

probes and strategies developed here were clinically applied in PGD treatment for six 

couples. This was a considerable achievement at a time when no other group had 

reported PGD for specific chromosomal indications, with many groups hampered by 

the lack of locus-specific probes and/or limited access to normally developing human 

embryos. As a result, the preliminary communication of these PGD cycles 

(simultaneously with those from a Korea-based group, Roh et ah, 1995) represented 

the first data on chromosomal analysis of embryos and oocytes fi"om these types of 

referrals and generated widespread interest fî om workers in the field (Conn et aL, 

1995). In addition experience and resources (such as YAC probes and diagnostic 

strategies) gained during this work made it possible to assist other groups aiming to 

set up new PGD programs for chromosomal referrals. For these reasons, even though 

the technology behind PGD treatment has evolved dramatically in the last five years 

and chromosomal analysis of human embryos is today carried out far more 

extensively (Munné et a l 1999; 2000; Bahçe et al. 2000), the contribution of this 

study to PGD and embryo research remains an important one.

PGD appears to be an attractive treatment option for couples with balanced 

translocations experiencing repeated chromo somally abnormal pregnancy, as testified 

by the increasing number of such referrals to the UCL Centre and others (ESHRE 

PGD Consortium, 1999; 2000; Verlinsky, 1999). As demonstrated here FISH-based 

protocols are relatively straightforward to design in theory for detecting specific 

chromosomal imbalance in the preimplantation embryo, particularly with the recent 

availability of commercial probe cocktails (Delhanty and Conn, 2001). In practice 

however, this work is driven by the needs of the patients referred as well as the 

clinical outcome of their IVF treatment. This can mean that probe combinations are 

developed for cases which may be discontinued for clinical or personal reasons, as 

illustrated by this study where over two thirds of the fifty referrals were lost to follow
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up. The time taken to develop suitable locus-specific probes particularly in the early 

part of this work almost certainly contributed to this high number. Fortunately this 

situation bas now been improved for a more recent group of referrals using mostly 

commercial probe combinations, with over half estimated to be treated within a six- 

montb to one-year time period (J. Harper, personal communication). This set of PGD 

cycles now underway has included five referrals fi*om this study, resulting in the birth 

of healthy babies to two of these couples [Case Mp: 46,XX,t(5;l I)(q34;q25) and Case 

Fa: 46,XX,ins(7)(p22q31.1q32)] (M. Simopoulou, in preparation.). Encouragingly this 

recent work has produced three ongoing pregnancies/deliveries (and one biochemical 

pregnancy) from eight embryo transfers, a pregnancy rate of 37.5% per ET. The 

success of these latest cycles presumably reflects patient specific factors but may in 

part be attributable to the current high overall pregnancy rate seen in the routine IVF 

patient group at the unit (42% per ET). In one of these PGD cases, only one embryo 

out of a cohort of twelve (including cbaotics) was diagnosed normal and transferred, 

and a pregnancy was achieved. It seems hopeful that with the combination of less 

labour-intensive commercial FISH probe preparations and a good overall IVF PR, 

that this success will continue.

The combined results o f embryo analysis for the six couples treated here over 

ten PGD cycles showed that only 15% of embryos were normal for the chromosomes 

tested whilst 85% were abnormal, with high levels of mosaicism or chaotic division 

on a background of aneuploidy. This chromosome abnormality rate is 2.5 times 

higher than that found in the surplus IVF embryos tested in the preliminary work, and 

it seems reasonable to infer from this that these couples are producing a majority of 

unbalanced gametes which would explain their poor reproductive histories. From 

these data at least three different mechanisms were identified which appear to be 

implicated in these reproductive problems, namely: gonadal mosaicism for a trisomie 

cell line with precocious chromatid segregation; increased abnormal meiotic 

segregation associated with terminal reciprocal translocation breakpoints, and a high 

incidence of chaotic chromosome distribution and cell division in early cleavage- 

stages. The lack of clinical pregnancy in this series of cycles was disappointing but 

unsurprising considering the scarcity of normal embryos for transfer. Nevertheless 

subsequent analysis of unfertilised oocytes and embryos has provided valuable data
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on the types of chromosomal abnormalities found in these cases and has highlighted 

the potential of this approach for investigating meiotic segregation patterns (Conn et 

aL, 1995; 1998a; 1999; Cozziet aL, 1999).

At present, with such a relatively small and diverse patient group to consider it 

is difficult to draw conclusions on the overall effectiveness of PGD for individuals 

with balanced chromosomal rearrangements, although the reduction in the 

spontaneous abortion rate for those who actually achieve pregnancy is evident 

(Munné et al., 1998d; 2000). What is striking are the number of cases for a variety of 

chromosomal indications reported by different groups which show similar results to 

those found here, where the vast majority of embryos are chromosomally abnormal as 

a result o f both abnormal meiotic segregation and post-zygotic mosaicism (Iwarsson 

et aL, 1998a,b; 2000; Munné et aL, 1998b; 2000; Pierce et aL, 1998; Van Assche et 

aL, 1999; Coonen et aL, 2000; Escudero et aL, 2000a; 2001; Evsikov et aL, 2000; 

Scriven et aL, 2000; Vandervorst et aL, 2000; Fridstrom et aL, 2001). Overall 

approximately 30% of these reported PGD cycles did not result in embryo transfer 

and this is reflected in the slightly poorer pregnancy rate for this particular patient 

group than for other genetic disorders (ESHRE PGD Consortium, 2000). For this 

reason, counselling of prospective couples needs to emphasise that multiple IVF 

cycles are likely to be required and that although the advantage of PGD is that many 

embryos can be screened simultaneously, where the majority are abnormal the chance 

of achieving pregnancy will still be low. However even in those cases where no 

embryos are suitable for transfer, the levels of normal gametes being produced can 

still be assessed and this information can then allow couples to make an informed 

decision on their options concerning future assisted reproduction.

As patient demand for PGD grows, current work is increasingly focused on 

developing more comprehensive and universally applicable methods for single-cell 

diagnosis. In the case of chromosomal indications, recent approaches based on 

molecular cytogenetic techniques that allow the entire karyotype to be screened in 

one step are already finding clinical application. Interphase conversion methods for 

inducing metaphase in biopsied blastomeres have been successfully applied in a 

number of translocation cases to date with subsequent analysis by standard
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chromosome painting (Verlinsky and Evsikov, 1999a; Evsikov et aL, 2000) or SKY 

(Munné et aL, 1998b; Willadsen et aL, 1999). For both these methods however there 

remains the difficulty inherent in working with single metaphase spreads of limiting 

artefactual chromosome loss. Perhaps the most promising new development has 

involved the introduction of a novel approach for single-cell CGH (Wells et aL, 

1999). This work using DOP-PCR prior to CGH has already demonstrated the Erst 

extensive chromosomal analysis o f human cleavage-stage embryos (VouUaire et aL, 

2000; Wells and Delhanty, 2000) and is currently being evaluated for PGD. This 

approach has proved more technically demanding to implement clinically, the main 

difficulty being accommodating the lengthy protocol time involving a three-day 

hybridisation period. One solution is to cryopreserve all embryos after biopsy and 

carry out any transfers in later cycles, although the benefit o f this may be limited due 

to the poor survival rate of frozen/thawed biopsied embryos (Joris et aL, 1999; Magli 

et aL, 1999). Alternatively Wells et aL, have recently reduced the hybridisation time 

by half and have demonstrated the feasibility of applying CGH to polar body analysis, 

allowing embryo transfers to be carried out in the same treatment cycle (D. Wells, in 

preparation.). The potential of this technique to screen routine IVF embryos 

diagnostically will become clear as more data are collected, but as telomeric and 

centromeric regions are not clearly delineated and resolution is at best 10Mb it is 

unlikely to be useful for a number of PGD cases involving translocations (D. Wells, 

personal communication.). Further advances in both genetic and reproductive 

technology will undoubtedly revolutionise the field of preimplantation genetics in the 

near fiiture. Whole genome amplification methods such as DOP-PCR are the key to 

the development of new DNA chips which will potentially provide the opportunity to 

detect hundreds of loci simultaneously in a single embryo (Harper and Wells, 1999). 

Ultimately techniques such as these will not only benefit clinical diagnosis but will 

also provide more complete data on the chromosome constitution of early human 

embryos, information vital for measuring the true impact of chromosomal 

abnormalities on human fertility.
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A: Appendix to Materials & Methods.

lA  Cell Culture Media.

All media were prepared with de-ionised double distilled water, immediately 
autoclaved at 15lbs psi 121° C for 30 minutes and stored at room temperature (15-25°C) under 
sterile conditions.

IA.1 Iscove*s/10%FCS/GPS/PHA -  for peripheral lynq)hocyte culture.
Sterile Iscoves modified Dulbeccos medium; 10% v/v heat-inactivated fetal calf serum; 
lOpl/ml phytohaemagglutinin (PHA); 20pl/ml GPS. [GPS: 0.2M L-Glutamine, 300mg/ml 
Penicillin, 500mg/ml Streptomycin monosulphate; filter-sterilised and stored at -20°C.]

IA.2 SD medium -  for yeast culture.
7g/l Bacto yeast nitrogen base (without amino acids); 20g/l glucose; 55mg/l adenine and 
tyrosine. After autoclaving, 1% v/v filter-sterilised casamino acid solution added.

IA.3 LB medium - for bacterial culture,
lOg/1 Bacto tryptone; 5g/l Bacto yeast extract; 5g/l NaCl; lg/1 glucose.

IA,4 2xTY medium - for bacterial culture,
16g/l Bacto tryptone; lOg/1 Bacto yeast extract; 5g/l NaCl; lg/1 glucose. 

lA, 5 Medium for agar plates/stabs,
1% w/v Bacto-agar added to the culture medium (SD, LB or 2xTY) and autoclaved. For agar 
plates/stabs this was heated until liquification, cooled before addition of required antibiotic 
supplement and poured immediately into sterile petri dishes or bijou’s and left to dry under 
aseptic conditions.

IA,6 Glycerol stocks,
250pl of bacterial or yeast overnight culture; 650pl 100% sterile glycerol in 1ml cryo-tubes. 
Stored at -20°C overnight and -70°C thereafter.

2A Solutions and Buffers.

All solutions and buffers were prepared with de-ionised distilled water, autoclaved at 
151bs psi 12r c  for 30 minutes and stored at room temperature unless otherwise stated.

2A. 7 General solutions,
2A. 7.1 PBS: lOmM phosphate buffer; 2.7mM KCl; 137mM NaCl; pH7.4.
2A. 7.2 20xSSC: 0.15M NaCl; 15mM Sodium citrate; pH7.
2A. 7.3 lOxTBE: 90mM Tris-HCl pH8; 90mM Boric acid; 2mM EDTA.
2A.7.4 TE: lOmM Tris-HCl, pH8; O.lmM EDTA.
2A. 7.5 lOxTN: O.IM Tris; 1.5M NaCl; pH8.
2A. 7.6 lOxTNE: IM Tris; 1.5M NaCl; O.lmM EDTA.
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2A.8 Plasmid/Cosmid DNA miniprep solutions. (Stored at 4°C).
2A.8.1 lOx Resuspension buffer: 0.5M glucose; 0.25M Tris-HCl, PH8; O.IM EDTA.
2A.8.2 Lysis buffer: 0.2M NaOH; 1% SDS.
2A.8.3 Neutralisation buffer: 5M potassium acetate; 40% v/v glacial acetic acid.

2A.9 YAC DNA extraction solutions. (Stored at 4°C).
2A.9.1 Yeast resuspension buffer (YRB):\.iy[ sorbital; lOmM Tris-HCl, pH7.5; 20mM 

EDTA. 14mM b-mercaptoethanol added prior to use.
2A.9.2 Lyticase solution: IM NaH2P04; 25U/pl desiccated lyticase.

2A.10Alu PCR reagents. (Stored at -20 °C).
2A.10.1 lOx PCR buffer: (HT Biotechnology Ltd): O.IM Tris-HCl, pH9; 0.5M KCl; 15mM 

MgCb; 1% Triton X-100; 0.1% w/v gelatin.
2A.10.2 dNTP mix: 2mM each dATP, dCTP, dGTP, dTTP.
2A.10.3 Alu oligonucleotide primers:

CEI : TCC CAA AGT GCT GGG ATT AC A
CL2 : CTG CAC TCC AGC CTG GG (Oswell) (Lengauer et al, 1992).

2A.11 Nick translation reagents. (Stored at -20°C).
2A.11.1 dNTP mix: 0.2mM each dATP, dCTP, dGTP; O.lmM dTTP; O.lmM label-dUTP.
2A.11.2 lOx nick translation buffer: 0.5M Tris-HCl, pH7.5; O.IM MgSO ;̂ IM DTT.
2A.11.3 DNase I  solution: 20mM Tris-HCl, pH7.6; 50mM NaCl; ImM DTT; 50% v/v 

glycerol; 1 pg/ml DNase I.

2A.12 FISH solutions.
2A. 12.1 Proteinase K buffer: 20mM Tris-HCl, pH7.5; 2mM CaCl].
2A. 12.2 Pepsin buffer: 0.0IN HCl; 0.1 mg/ml pepsin.
2A. 12.3 Magnesium chloride buffer: IxPBS; 1% MgCl].
2A.12.4 Paraformaldehyde buffer: IxPBS; 1% paraformaldehyde.
2A. 12.5 Hybridisation buffer - Locus-specific probes: 50% deionised formamide; 10% w/v 

dextran sulphate; 2xSSC pH8. Stored at -20°C.
2A. 12.6 Hybridisation buffer - a-satellite probes: 60% deionised formamide; 10% w/v 

dextran sulphate; 2xSSC pH8. Stored at -20 °C.
2A. 12.7 SSCT: 4xSSC; 0.05% Tween 20 (polyoxyethylene sorbitan monolaurate).
2A.12.8 TNT: IxTN; 0.05% Tween 20.
2A.12.9 TNB: 0.5% blocking reagent for nucleic acid hybridisation (Boehringer Mannheim)

dissolved in IxTN, incubated for 3 hours at 60C and filtered through 1mm filter
paper. Stored at -20°C.

2A.12.10 Antifade medium: 1.25pg/ml 4',6-diamidino-2-phenylindole (DAPI) in
Vector shield mounting medium (Vector). Stored at 4°C, protected from light.
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B: Appendix to PGD Results -  Em bryo Analysis.

Appendix includes ISCN (1995) versions of Tables 3.14-3.20 showing 

complete data for the PGD cases described in Sections 3.4-6. The number of 

blastomeres is indicated in parentheses following each FISH result. Also shown are 

the categories allocated to each embryo on the basis of morphology/developmental 

potential as follows;

Group A - normally developing embryos of good morphology, grades I II,

Group B - normally developing of poor morphology, grades III-IV 

Group C - arrested or severely retarded development or abnormal fertilisation 

(see Section 3.8).
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Table 3.14 (ISCN): Case Fl, gonadal mosaicism for trisomy 21; FISH analysis o f embryos
from two PGD cycles using two chromosome 21 probes (yGART2 and y940), reprobed for
chromosome 9 (c9.27).

Embryo (Category) FISH Analysis Result [No of Blastomeres]

1(A) Biopsied Cell 

Remainder

nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [1] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x2),21q22.2(y940x3) [1]* 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [7] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x2),21q22.2(y940x2) [2]

2(A) Biopsied Cell 
Remainder

nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [2] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [3] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x4),21q22.2(y940x4) [1]

3(B) Biopsied Cell 
Remainder

nuc ish 9qh(c9.27x2),21q22.1(yGART2x2),21q22.2(y940x2) [2] 
transferred

4(B) Biopsied Cell 
Remainder

nuc ish 9qh(c9.27x2),21q22.1(yGART2x2),21q22.2(y940x2) [2] 
transferred

5(B) Biopsied Cell 
Remainder

nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [2] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [3] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2x2),21q22.2(y940x2) [1] 
nuc ish 9qh(c9.27x2),21q22.1(yGART2xl),21q22.2(y940xl) [1]

6 (C) Biopsied Cell 
Remainder

not biopsied
nuc ish 9qh(c9.27x2),21q22.1(yGART2x3),21q22.2(y940x3) [5]

7(C) Biopsied Cell 
Remainder

not biopsied
nuc ish 9qh(c9.27x4),21q22.1(yGART2x4),21q22.2(y940x4) [2]

Three clear red signals from y940, cell scored as trisomy 21.
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Table 3.16 (ISCN): Case De 46,XX,t(6;21)(ql3;q22.3); FISH analysis o f embryos from two
PGD cycles using two chromosome 21 probes (y940 and c242c), reprobed for chromosome 6
(a-satellite 6).

Embryo/Category FISH Analysis Result [No o f Blastomeres]

1(A) Biopsied Cell 

Remainder

nuc ish 6cen(D6Zlxl),21q22.2(y940x2),21q22.3(c242cx2) [1] 
nuc ish 21q22.2(y940x2),21q22.3(c242cx2) [1]* 
transferred

2(A) Biopsied Cell 
Remainder

nuc ish 6cen(D6Zlx2),21q22.2(y940x2),21q22.3(c242cx3) [2] 
nuc ish 6cen(D6Zlx2),21q22.2(y940x2),21q22.3(c242cx3) [6]

3(A) Biopsied Cell 
Remainder

nuc ish 6cen(D6Zlxl),21q22.2(y940x2),21q22.3(c242cxl) [1] 
nuc ish 6cen(D6Zlxl),21q22.2(y940x2),21q22.3(c242cxl) [5] 
nuc ish 6cen(D6Zlxl),21q22.2(y940xl),21q22.3(c242cxl) [I]"*"

4(B) Biopsied Cell 
Remainder

nuc ish 6cen(D6Zlx2),21q22.2(y940x2),21q22.3(c242cx3) [1] 
not available

5(A) Biopsied Cell 
Remainder

not biopsied
nuc ish 6cen(D6Zlx3),21q22.2(y940xl),21q22.3(c242cx2) [1]

6 (C) Biopsied Cell 
Remainder

not biopsied
nuc ish 6cen(D6Zlx3),21q22.2(y940x2),21q22.3(c242cx3) [3] 
nuc ish 21q22.2(y940x2),21q22.3(c242cx2) [1]*

7(C) Biopsied Cell 
Remainder

not biopsied
nuc ish 6cen(D6Zlx2),21q22.2(y940x3),21q22.3(c242cx3) [2] 
nuc ish 6cen(D6Zlx4),21q22.2(y940x6),21q22.3(c242cx6) [1]

8 (C) Biopsied Cell 
Remainder

not biopsied
nuc ish 6cen(D6Zlx2),21q22.2(y940x2),21q22.3(c242cx3) [2] 
nuc ish 6cen(D6Zlx4),21q22.2(y940x2),21q22.3(c242cx3) [1] 
nuc ish 6cen(D6Zlx3),21q22.2(y940xl),21q22.3(c242cx2) [1] 
nuc ish 6cen(D6Zlx2),21q22.2(y940xl),21q22.3(c242cx2) [1]

9(C) Biopsied Cell 
Remainder

not biopsied
nuc ish 6cen(D6Zlxl),21q22.2(y940x2),21q22.3(c242cx3) [1] 
nuc ish 6cen(D6Zlxl),21q22.2(y940x2),21q22.3(c242cxl) [1]

* Reprobing unsuccessful for these cells, due to autofluoresence or loss of nucleus. 
 ̂Missing red signal (y940) appeared to result from hybridisation failure.
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Table 3.17 (ISCN): Case Dg 46,XX,t(18;21)(q21;q22.1); FISH analysis o f embryos from one
PGD cycle using two chromosome 18 probes (a-satellite 18 and 18q sub-telomere) and one
chromosome 21 probe (Quint-Essential 21, 21q22.2), reprobedfor chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No o f Blastomeres]

1(A) BiopsiedCell nucai9qh(c927x2X18cen(D18ZlxlX18qla<D18S1390xlX21q222(D21S337x3)[3]  ̂
Remainder niKiish9ql<c927x2X18cen(D18ZlxlX18qtEr(D18S1390xlX21q222(D21S337x3)[2] 

nucish9qh(c927xlX18cer<D18ZlxlX18qterpi8S1390xlX21q222(D21S337x3)[l] 
nuc ish9ql<c927x2X18cei<D18ZlxlX18qtej<D18S1390xlX21q222(D21S337x2) [1] 
nuc ish9qh(c927x2X18cai(D18Zlx2X18qte<D18S1390x2X21q222(D21S337xl) [1] 
3 fragments not scored

2(B) BiopsiedCeU nucish9qKc927x2X18cer<D18ZlxlX18qtei<D18S1390x2X21q22.2(D21S337xl)[l] 
nuc ish9qh(c927x2X18cei<D18ZlxlX18qtiatpi8S1390x3X21q222(D21S337xl) [1] 

Remainder nucidi9qKc927x2X18cen(D18ZlxlX18qtet(D18S1390x3X21q222(D21S337xl)[2] 
nuc ish9ql<c927xlX18cen(D18ZlxlX18qter(D18S1390x3X21q222(D21S337xl) [2]

3(A) BiopsiedCell nucish9qh(c927x2X18caKD18ZIx2X18qtei(D18S1390xlX21q22.2(D21S337x4)[l]̂  
nuc ish9ql<c927x3X18cer<D18ZlxlX18qtieKD18S1390xlX21q222(D21S337x6) [1]̂  

Remcander nuc iA 9qh(c927x2X 18cen(Dl 8Z 1x1 X18qta(Dl 8S1390x1X21q22.2(D21 S337x2) [5]
nucish9qh(c927xlX18oen(D18ZlxlX18qtei(D18S1390xlX21q222(D21S337x2)[l] 
nuc ish9qh(c927x2X18cer<D18Zlx2X18qtei<D18S1390xlX21q222(D21S337x2) [2]

4(A) BiopsiedCell nucish 18cen(D18Zlx2X18qter(D18S1390x3X21q22.2(D21S337xl)[3f 
Renudnder nucish 18cai(D18Zlx5X18qter(D18S1390x5X21q222(I>21S337x2) [3] 

nuc ish 18cen(D18Zlx2X18qta<D18S1390x3X21q222(D21S337xl) [2] 
nuc ish 18cen(D18Zlx3X18qtja(D18S1390x6X21q222(D21S337x2) [1]

5 (A) BiopsiedCeU nuc ish 18cen(D18ZlxlX18qtiatpi8S1390xlX21(p2.2(D21S337x3) [2]
Remcàrder nucish 18cen(D18ZlxlX18qter(D18S1390xlX21c^2(D21S337x3) [2] 

nuc Ml 18cen(D18Zlx2X18qtei(D18S1390x2X21q222(D21S337xl) [1]

6 (B) BiopsiedceU 2 anucleate blastomeres
Remainder nuc ish9cÿi(c927x4X18cen(D18Zlx3X18qla(pi8S1390x5X21q222(D21S337x5) [1]

7(B) BiopsiedceU nucish 18cen(D18Zlx2X18qtei<D18S1390x2X21q222(D21S337x3)[l]
Remainder nuc ish 18cen(D18ZlxlX18qtEr(D18S1390xlX21cp22(D21S337xl) [1]

8 (B) BiopsiedceU nucish9qh(c927x2X18cefKD18Zlx2X18qtEï<D18S1390x3X21q222(D21S337x2)[l] 
Remainder 3 fragments; at least nuc ish 18cen(Dl8Zlx2X 18qter(Dl8S1390x2)
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Table 3.17 (ISCN) (continued): Case Dg 46,XX,t(18;21)(q21;q22.1); FISH analysis o f 
embryos from one PGD cycle using two chromosome 18 probes (a-satellite 18 and 18q sub
telomere) and one chromosome 21 probe (Quint-Essential 21, 21q22.2), reprobed for 
chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

9(B) BiopsiedCell 1 anucleate blastomere
Remcànder nuc ish 18cen(D18Zlx2),18qtei<D18S1390xlX21q222(D21S337x2) [2]

10(C) BiopsiedCell notbiopsied
Remainder nuc iA 18cen(D18Zlx3X18qta(D18S1390x3) l̂q222(D21S337-) [2]

1 fragment not scored

11 (C)̂  BiopsiedCell notbiopsied
Embryo nucish9qh(c927x3),18cei<D18Zlx3X18qtEi(D18S1390x3) l̂q222(D21S337x3)[ll] 

nuc ish 9qh(c927x2X18cen(D18Zlx3X18qtei<D18S1390x3X21q222(D21S337x3) [1]

12(C)̂  BiopsiedCeU notbiopsied
Remainder nucish9ql<c927x2X18cei<D18Zlxl),18qtEi<D18S1390xlX21q222(D21S337xl)[l] 

nucish9qKc927x3X18cen(D18Zlx2X18qterpi8S1390xlX21q222(D21S337x4)[l] 
nuc ish9ql<c927x2X18cer<D18Zlx4X18qta(D18S1390x2)21q222(D21S337x2) [1] 
nucish9qh(c927xlX18cen(D18Zlx2X18qteï(D18S1390x2X21q222(D21S337x2)[l]

13(C)̂  BiopsiedCell notbiopsied
Remainder nuc ish 18cen(D18Zlx7X18qta<D18S1390x4X21q222(D21S337x4) [\f

nucish9qh(c9.27x3X18cen(D18Zlx2X18qter(D18S1390xlX21q222(D21S337x2)[l]

* Reprobing for an additional autosome was only partially sucessflil in this series of embryos, with 
results shown for seven of the thirteen embryos.

 ̂Includes one binucleate cell.

 ̂3PN, tri-pronucleate.

 ̂Condensed metaphase.
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Table 3.18 (ISCN): Case Co 45,XX,der(13;21)(qlO;qlO); FISH analysis o f embryos from two
PGD cycles using two chromosome 21 probes (yOART2 and y940) and one chromosome 13
probe (yS96), reprobedfor chromosome 9 (c9.27) .

Embryo/Category FISH Analysis Result [No of Blastomeres]

1(B) BiopsiedCell nucish9qh(c927x2X13q33(y8%x2) l̂q22J(><jARTx2X21q22.2(y940x2)[2] 
Remainder transferred

2(A) BiopsiedCell nucish9qh(c9.27x2X13q33(y896x2X21cp2.1(>GARTx2X21c|22.2(y940x2)[l] 
nuc ish 9qh(d927xlX13cp3^%x2X21q22.1(yGARTx2X21q22.2(}^40x2) [1] 

Remainder transferred

3(A) BiopsiedCell nucish9qh(c927xlX13q33(y896x2X21c .̂l(yGARTxlX21q22.2(y940xl)[l] 
nuc ish9qh(c927-X13q33(y896xlX21q22.1(yGARTxlX21q2220^40xl) [1] 

Remainder nuc ïdi9c;^c927x2X13q33(y896xlX21q22.1^ARTxlX21q222(y940xl) [6] 
nuc ish9(ÿ<c927x2X13q33(y896x2X21q22.1(yGARTxlX21q222^^40xl) [2] 
nuc ish 9qKc927x3X13q33(y896xlX21q22.1(yGARTxlX21q222 /̂940xl) [1] 
nucish9qh(c927x4X13q33(y8%x2X21q22.1()OARTxlX21q22%940xl) [1] 
nuc ish9qKc927x4X13q33(y896xlX21q22.1^ARTx2X21q222(y940x2) [1]

4(A) BiopsiedCell nucish9qh(c927x2X13q33(y896x2X21q22.1(><3ARTxlX21q22.2(>940xl)[l] 
nuc ish9qh(c927x2X13q33(y896xlX21q22.1(yGARTxlX21q222(y940xl) [1] 

Remainder nuc ish9qh(c927x2X13q33(y896xlX21^2.1(^ARTxlX21q22.2^940xl) [3] 
nuc ish9qh(c927x3X13q33(y896xlX21q22.1(yGARTxlX21q222(y940xl) [1] 
nucMi9qh(c927xlX13q33(y896xlX21q22.1(><3ARTxlX21q222(y940xl)[l] 
nuc ish9qh(c927x4X13q33̂ «96x2X21q22.1(>GARTx2X21q222(>940x2) [if 
nuc ish9qh(c927x4X13q33(y896x2X21q22.1(><jARTxlX21q222(y940xl) [1]

5(B) BiopsiedCell nucish 13q33(y896xlX21q22.1(y3ARTx2X21q222^40x2)[lf
Remainder nuc ish 9q^c927x3X13q33(y896xlX21q22.1(yGARTxlX21q222(y940xl) [2]

nuc ish9qKc927xlX13q33(y896xlX21q22.1(yGARTx2X21q222(>940x2) [1] 
nuc ish9qKc927x2X13q330«96xlX21c] .̂l(yGARTxlX21q222(y94Qx2) [if 
nuc ish9qKc927x2X13q33(y896xlX21c[22.1(yGARTxlX21q222(y940xl) [1]

6 (B) BiopsiedCell nucish9ql<c927x2X13q33(y896x2X21q22.1(>GARTxlX21q22.2(y940xl)[l] 
Remainder nuc ish9(fi(c927x2X13cp3(y896x2X21cp2.1(yGARTxlX21qp22(y940xl) [1]

nuc ish9qh(c927x4X13q33^96x3X21q22.1()<jARTxlX21q22.2(y940xl) [1] 
nuc Mi9qh(c927x2X13q33(y896xlX21q22.1(><ÎARTxlX21q22.2(y940xl) [1]

7 (C) Biopsied Cell not biopsied
Remainder nuc ish9qI<c927x4X13q33(y896x4X21q22.1(><}ARTx6X21q222(y940x6) [2]
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Table 3.18 (ISCN) (continued): Case Co 45,XX,der(13;21)(qlO;qlO); FISH analysis of
embryos from two PGD cycles using two chromosome 21 probes (yGART2 and y940) and
one chromosome 13probe (y896), reprobedfor chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

8 (C) Biopsied Cell not biopsied
Remainder nuc ish9qh(c927xlX13q33^«96xiy lq22.1(yGARTxlX21q222^940xl) [2]

nucish9qh(c927-),13q33(y896x0)̂ lq22.1(>GARTxlX21q22.2(>/940xl)[2] 
niæ ish9qi<c927x3X13q33(y8%xl) l̂q22.1(><}ARTxlX21q222(>940xl) [1] 
nuc ish9qKc927xlX13q33(y896-X21q22.1(>GARTxlX21q222(>6>40xl) [1] 
nuc ish9qh(c927x2X13q330^x2X21q22.1(><jARTxlX21q222(y940xl) [1] 
nuc ish9qh(c927xlX13q33(y896x3X21q22.1(>GARTx2X21q222(y940x2) [1] 
nuc ish9qh(c927x2X13q33(y896x3X21q22.1(yGARTxlX21q2220^40xl) [1]

9 (A) BiopsiedCell nucish9qi<c927x2X13q33(3«96x2X21q22.1(>GARTxlX21q22.2(y940xl)[l]
nuc ish9qKc927xlX13q33^^xlX21q22.1(><}ARTx2X21q222(y940x2) [1] 

Remainder nuc isb9q̂ c927x2X13q33(>896xlX21q22.1(yGARTx2X21q222(y940x2) [1]
nucish9qKc927x2X13q33(y8%xlX21q22.1(><}ARTxlX21q222(y940xl) [1] 
nuc ish9qh(c927x2X13q33{^x3X21q22.1(yGARTxlX21q222(y940xl) [1] 
nuc ish9qh(c927xlXl3q33(y896xlX2lq22.1(>OARTxlX2lq222(y940xl) [1]
1 fragment not scored

10 Biopsied Cell nuc ish 9qh(c927x2X13q33(y896xlX21q22.l(>GARTxlX21q22.2(>940xl) [1]
(A) nuc ish9qh(c927xlX13q33^^xlX21q22.1(yGARTxlX21q222(y940xl) [1]

Remainder not available

11 Biopsied Cell 2 anucleate blastomeres
(A) Remainder nucisb9qh(c927xlX13q33(y896x2X21q22.1(yjARTx2X21c^2(y940x2)[l]

nucMi9qKc927xlX13q33(y896xlX21q22.1(>GARTx2X21q222(y940x2) [1] 
nuc ish9qh(c927xlX13q33^«96xlX21q22.1(><jARTxlX21q222(y940xl) [1] 
nuc isH9qh(c927-X13q33(y896xlX21q22.1(}<jARTxlX21q22.2(y940xl) [1] 
nuc ish9qh(c927x3X13q33(y896xlX21q22.1(yGARTx2X21q222(>940x2) [1]

12 BiopsiedCell nucidi9qh(c927xlX13q33(y896x2X21(p2.1(^ARTx3X21q222^940x3)[l]
(A) Remainder uucish9(ÿi(c927x2X13q33(y896xlX21q22.1(}<jARTx2X21q222(y940x2)[3]

nuc ish 9qh(c927xlX13q33(y896xlX21q22.1(><jARTxlX21q222(y940xl) [2] 
uucish9qh(c927x4X13q33(y896xlX21q22.1(>GARTx2X21q222(y940x2) [1] 
nucish9ql<c927x2X13q33(y896xlX21q22.1(>GARTxlX21q222^^40xl) [1] 
nucish9qKc927x3X13q33(yS96xlX21q22.1(y3ARTx3X21q2220̂ >4Qx3) [1]
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Table 3.18 (ISCN) (continued): Case Co 45,XX,der(13;21)(qlO;qlO); FISH analysis o f
embryos from two PGD cycles using two chromosome 21 probes (yOART2 and y940) and
one chromosome 13 probe (yS96), reprobedfor chromosome 9 (c9.27) .

Embryo/Category FISH Analysis Result [No of Blastomeres]

13 (A) BiopsiedCell næish9qKc927x2X13q33(y8%x2yiq22J(yjARTx4X21q222(y940x4)[l]
Remainder nuc ish9qpXc927x2X13cp3(y896x2X21 .̂1(><jARTx4) l̂q222^940x4) [2]

nuc ish9qh(c927xlX13q33(y8%xl) l̂q224(><ÎARTx2yIq222(y940x2 [1]

14 (C) Biopsied Cell not biopsied
Remainder nuc ish9(ÿi(c927x2X13cp3̂ '896x2X21q22.l^ARTx3)^lq222(y940x3) [2]

nuc ish 9qh(c927x2X13q33(y896xlX21q22.1(yGARTx2)21q222(y940x2) [1] 
nuc ish9qh(c927xlX13q33(y896xlX21q22.1(>GARTx2)21q222(y940x2) [1] 
nuc ish 9ql<c927x3X13q33(y896xlX21c] .̂l(>GARTx3yiq222(>940x3) [1] 
nuc ish9qKc927xlX13q33(y896x0X21q22.1(><}ARTx2X21q222(y940x2) [1]

15(C) BiopsiedCell notbiopsied
Remainder nuc ish 9cÿi(c927x2X13q33(y896xlX21(p2.1(yGARTxlX21q222(y940xl) [2]

16(C) BiopsiedCell not biopsied
Remainder nuc ish9cÿi(c927xlX13q33 '̂896xlX21q22.1^ARTx2X21q222(y940x2) [1]

nuc ish9qh(c927x2X13q33(y896x3X21q22.1(yGARTxlX21q222(>940xl) [1] 
nuc ish9ql<c927x3X13q33(y896-X21q22.1(yGARTxlX21q222Ĝ 40xl) [1]

17(A) BiopsiedCell not biopsied
Remainder nuc ish9qh(c927x2X13q33 '̂896xlX21q22.1(yjARTxlX21q222^940xl) [1]

+ fragments not scored

18(C) BiopsiedCell not biopsied
Remainder nuc ish9q^c927x4X13q33(yS96xl)21q22.10yGARTxl) l̂q222(>'940xl) [1]

* In some embryos an individual nucleus shows no signals on reprobing even though adjacent nuclei 
from sibling blastomeres can be successfully scored, this may represent genuine nullisomy 9 although 
complete hybridisation failure cannot be ruled out.

 ̂Dividing cell.

 ̂Reprobing unsuccessftil for this cell.

 ̂Two clear signals for y940, cell scored as disomy 21.

254



Appendices

Table 3.19 (ISCN): Case Ca 45,XY,der(13;14)(qlO;qlO); FISH analysis of embryos from
three PGD cycles using two chromosome 13 probes (y5136 and y896) and one chromosome
14probe (yl4G), reprobedfor chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

1 (A) BiopsiedCell nucish9qh(c9.27x2),13ql2^136x2),13q33^896x2),14qteT(yl4Gx2) [2]
Remainder transferred

2 (A) Biopsied Cell nuc ish 9qh(c9.27xl),13ql2(y5136x2), 13q33(y896x2),14qtjotyl4Gxl) [1]
nuc ish9qh(c9.27x4),13ql2(y5136x2X13q33(y896x2X14qter(yl4Gxl) [1]

Remainder nuc ish 9qpi(c9.27x3),13ql2^136x2),13q33(y896x2X14qter(yl4Gxl) [2]
nuc ish 9qh(c9.27x2X 13 q l2 ^  136x1 ), 13q33(y896x2% 14qter(y 14Gx2) [if  
nuc ish9qh(c9.27xlX13ql2(y5136x3X13q33(y896x3X14qter l̂4Gx3) [1]

3 (B) BiopsiedCell nucish9qh(c9.27x2),13ql2(y5136x2),13q33(y896x2X14qter(yl4Gxl)[2]
Remainder not available

4 (C) Biopsied Cell nuc ish 9qh(c9.27x2), 13ql2(y5136x2% 13q33(y896x2X14qter^l4Gx2) [1]
Remainder nuc ish 9qh(c9.27x2X13ql2(y5136x2),13q33(y896x2),14qter l̂4Gx2) [2]

nuc ish 9qh(c9.27x4X 13ql 2(y5136x2), 13q33(y896x2),14qtcr(y 14Gx2) [1]

5 (A) BiopsiedCell nucish9qh(c9.27xl),13ql2(y5136x2),13q33(y896x2),14qter(yl4Gxl)[1]
Remainder nuc ish 9qh(c9.27x2X 13ql2(y5136x2), 13q33^896x2),14qta-(y 14Gxl) [3]

nuc ish9qh(c9.27x3),13ql2(y5136x2X13q33(y896x2X14qter(yl4Gx3) [2] 
nuc ish9qh(c9.27x2X13ql2(y5136x2X13q33(y896x2X14qter(yl4Gx2) [1] 
nuc ish 9q^c9.27x2),13ql2(y5136x2),13q33(y896x2),14qter l̂4G-) [1]

6 (A) Biopsied Cell nuc ish 9qh(c9.27x3),13ql2(y5136x2),13q33^896x2X14qtafyl4Gxl) [1]
Remainder nuc ish 9qh(c9.27x2X 13 q l2 ^  136x2X 13q33(y896x2X14qter(y 14Gx3) [1]

nuc ish9qh(c9.27x2),13ql2(y5136x4X13q33(y896x4X14qter l̂4Gx4) [1]

7 (B) Biopsied Cell nuc ish9qh(c9.27x2X13ql2(y5136xlX13q33(y896xlX14qter(yl4Gxl) [1]
Remainder nuc ish 9qh(c9.27x2),13ql2^136xl),13q33^896xlX14qter(yl4Gx2) [1]

8 (C) Biopsied Cell not biopsied
Remainder nuc ish9qh(c9.27x2),13ql2(y5136x2),13q33(y896x2),14qter(yl4Gx2) [2]

9 (C) Biopsied Cell not biopsied
Remainder nuc ish 9q^c9.27xl),13ql2(y5136x2),13q33(y896x2),14qter(yl4Gx2) [2]

nuc ish 9qh(c9.27x2), 13ql 2(y5136x3), 13q33(y896x3),14qtcr(y 14Gxl ) [1] 
nuc ish 9qh(c9.27-X 13ql2(y5136x2X 13q33(y896x2X 14qta(y 14Gxl) [1] 
nuc ish9c^c9.27x4),13ql2(y5136xlX13q33(y896xl),14qter(yl4G-) [1]
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Table 3.19 (ISCN) (continued): Case Ca 45,XY,der(13;14)(qlO;qlO); FISH analysis of
embryos from three PGD cycles using two chromosome 13 probes (y5136 andy896) and one
chromosome 14probe (yl4G), reprobedfor chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

10 (C) Biopsied Cell 
Remainder

not biopsied

nuc ish9qh(c9.27x2),13ql2(y5136-),13q33(y896-X14qter(yl4Gx2) [1]

11 (A) BiopsiedCell nucish9qh(c9.27x2),13ql2(y5136xl),13q33(y896xlX14qter(yl4Gxl)
nuc ish 9^c9.27-X 13ql2(y5136xlX 13q33(y896xlX 14qta%y 14Gxl) [1 

Remainder nuc ish 9(ÿi(c9.27xl X13ql 2(y5136x1 X13q33(y896xl X14qter^l 4Gxl )
nuc ish 9qh(c9.27x2X13ql2(y5136x2X13q33(y896x2X14qter(yl4Gxl) 
nuc ish 9(ÿi(c9.27x2X 13q 12(y5136x1 X13q33(y896xlX 14qter(y 14Gxl ) 
nuc ish 9qh(c9.27x3X 13ql2(y5136x1 X13q33^96xlX14qto(yl4Gxl) 
nuc ish 9q^c9.27x2X13ql2(y5136x2X13q33(y896x2X14qter(yl4Gx3) 
nuc ish 9qh(c9.27x2X 13ql2(y5136x1 X13q33(y896xl X 14qter(yl4Gx2)

12 (A) Biopsied Cell 
Remainder

nuc ish 9qh(c9.27x2X 13ql2 ^  136x1 X13q33(y896xlX 14qter(y 14Gx2) 
not available

13 (A) BiopsiedCell nucish9(ÿi(c9-27x2X13ql2^136xlX13q33(y896xlX14qter^l4Gx2)
nuc ish 9cÿi(c9.27x4X13ql2(y5136x3X13q33(y896x3X14qter(yl4Gx2) 

Remainder nuc ish 9(ÿi(c9.27xlX 13ql2(y5136x2X 13q33(y896x2X14qta^l4Gxl)
nuc ish 9cÿî(c9.27x3X13ql2(y5136x2X13q33(y896xlX14qter(yl4Gxl) 
nuc ish 9(ÿi(c9.27x2X 13ql2(y5136x1 X13q33(y896xlX 14qter(y 14Gxl)

14 (B) BiopsiedCell nucish9qpi(c9.27xlX13ql2(y5136x2X13q33(y896x2X14qtatyl4Gxl)
nuc ish 9qh(c9.27xlX13ql2(y5136x2X13q33(y896x2X14qter(yl4Gx3) 

Remainder nuc ish 9cpi(c9.27x4X 13ql2(y5136x2X 13q33(y896x2X14qter(y 14Gxl)
nuc ish 9qh(c9.27x2X13ql2^136x2X13q33(y896x2X14qtCT(yl4Gx3) 
nuc ish 9(ÿXc9.27x2X 13ql 2(y5136x1 X13q33(y896xl X14qter(y 14Gx2) 
nuc ish 9qh(c9.27xlX13ql2(y5136xlX13q33(y896xlX14qter(yl4Gxl)

15 (B) BiopsiedCell nucish9q^c9.27x2X13ql2^136xlX13q33(y896xlX14qter(yl4Gxl)
nuc ish9qh(c9.27xlX13ql2(y5136xlX13q33(y896xlX14qter l̂4G-) [1 
nuc ish 9qh(c9.27-X13ql2(y5136x1 X13q33(y896xlX14qter(yl4Gxl) [1 

Remainder nuc ish 9qh(c9.27x2X 13ql2(y5136x1 X13q33(y896xlX 14qter(y 14Gxl)

16(B) BiopsiedCell 
Remainder

nuc ish 9qh(c9.27xlX13ql2^ 136xlX 13q33(y896xlX 14qter(yl4Gxl) 
nuc ish 9qh(c9.27xl), 13ql2(y5136x1 ), 13q33(y896xl X 14qter(y 14Gxl ) 
nuc ish 9qh(c9.27x2X 13ql2(y5136x2), 13q33(y896x2X 14qta(y 14Gxl)

1]
1]
4]
If
1]

1]
1]
1]
1]
1]
1]

If
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Table 3.19 (ISCN) (continued): Case Ca 45,XY,der(13;14)(qlO;qlO); FISH analysis of
embryos from three PGD cycles using two chromosome 13 probes (y5136 and y896) and one
chromosome 14probe (yl4G), reprobedfor chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

17 (A) Biopsied Cell nuc ish 9qh(c9.27x2),13ql2(y5136x2),13q33(y896x2),14qtatyl4Gx2) [2] 
Remainder transferred

18 (A) Biopsied Cell nuc ish 9qh(c9.27x2),13ql2(y5136x1),13q33(y896xlX14qter(yl4Gx2)
nuc ish 9qh(c9.27x3),13ql2(y5136xl),13q33(y896xl),14qter(yl4Gxl) 

Remainder nuc ish 9qh(c9.27x2),13ql2^5136xl),13q33(y896xl),14qter(yl4Gxl)
nuc ish 9qh(c9.27x4),13ql2(y5136x2),13q33(y896x2),14qter^l4Gxl) 
nuc ish 9qh(c9.27x4),13ql2(y5136x2),13q33(y896xl),14qter(yl4Gxl) 
nuc ish 9qh(c9.27x2), 13ql 2 ^  136x2), 13q33(y896x2),14qta%y 14Gx2) 
nuc ish 9qh(c9.27x2), 13q 12 y5136x2), 13q33(y896x2),14qter^l 4Gx3) 
nuc ish 9qh(c9.27xl),13ql2 y5136x3),13q33(y896x3),14qter(yl4Gx3)

19 (A) Biopsied Cell nuc ish 9qh(c9.27x2),13ql2(y5136x2),13q33(y896x2),14qter(yl4Gx4)
nuc ish 9qh(c9.27x2), 13ql 2(y5136x 1 ), 13q33^96xl ), 14qter(y 14Gxl ) 

Remainder nuc ish 9qh(c9.27xl),13ql2(y5136x2),13q33(y896x2),14qter(yl4Gxl)
nuc ish 9qh(c9.27x2), 13ql2(y5136x1), 13q33(y896xl), 14qter^l4Gx2) 
nuc ish 9qh(c9.27x4), 13ql2(y5136x2), 13q33(y896x2), 14qtetyl4Gx3) 
nuc ish 9qh(c9.27-), 13ql 2(y5136x1 ), 13q33(y896xl ), 14qter(y 14Gx3) [1

20 (A) BiopsiedCell nuc ish9qh(c9.27x2), 13ql2(^ 136x1 ), 13q33(y896xl), 14qter(y 14Gx2)
nuc ish 9qh(c9.27x2),13ql2(y5136x2),13q33^96x2),14qter(yl4Gxl) 

Remainder nuc ish 9qh(c9.27xl),13ql2(y5136x2),13q33^896x2),14qter(yl4Gx4)
nuc ish 9qh(c9.27x2), 13ql 2(y5136x2), 13q33^96x2), 14qter(y 14Gx2) 
nuc ish 9qh(c9.27x2),13ql2(y5136x2),13q33(y896x2),14qtatyl4Gxl) 
nuc ish 9qh(c9.27x3),13ql2(y5136x2),13q33(y896x2),14qter(yl4Gx3) 
nuc ish 9(ÿi(c9.27xl ), 13ql2(y5136x1 ), 13q33^96xl \  14qter(y 14Gxl ) 
nuc ish 9qh(c9.27x2), 13ql 2(y5136x1 ), 13q33(y896xl ), 14qta-(y 14Gx2) 
nuc ish 9qh(c9.27x3),13ql2(y5136x3),13q33(y896x3),14qter(yl4Gx3) 
nuc ish 9qh(c9.27x2),13ql2(y5136x4), 13q33(y896x4),14qter(yl4Gxl)

21 (A) BiopsiedCell nuc ish9qh(c9.27x2),13ql2(y5136x2),13q33(y896x2),14qta(yl4Gxl)
nuc ish 9qh(c9.27x2),13ql2^136xl),13q33(y896xl),14qter(yl4Gxl) 

Remainder not available

22 (A) Biopsied Cell 2 anucleate blastomeres
Remainder nuc ish 9(ÿi(c9.27x2X13ql2(y5136xl),13q33(y896xl),14qter(yl4Gxl) [2]
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Table 3.19 (ISCN) (continued): Case Ca 45,XY,der(13;14)(qlO;qlO); FISH analysis of
embryos from three PGD cycles using two chromosome 13 probes (y5136 and y896) and one
chromosome 14probe (yl4G), reprobedfor chromosome 9 (c9.27)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

23 (A) Biopsied Cell 
Remainder

nuc ish9cÿi(c9.27xlX13ql2(y5136x2),13q33(y896x2),14qter(yl4Gxl) [1] 
nuc ish9qh(c9.27x2X13ql2(y5136x3),13q33(y896x3X14qter(yl4Gx2) [3] 
nuc ish9qh(c9.27x2X13ql2(y5136x2),13q33(y896x2X14qter(yl4Gx2) [1] 
nuc ish 9cÿi(c9.27xl),13ql2(y5136x2),13q33(y896x2X14qter(yl4Gxl) [1] 
nuc ish 9qh(c9.27x2X 13ql2(y5136x2% 13q33^896x2% 14qkr(y 14Gx3) [1] 
nuc ish9qh(c9.27x2),13ql2(y5136x2X13q33(y896x2X14qter(yl4Gx4) [1] 
nuc ish 9(ÿi(c9.27xl X13ql 2(y5136x1 % 13q33(y896x1), 14qtoXy 14Gx2) [1] 
nuc ish 9qh(c9.27xOX 13ql 2(y5136x1 X13q33(y896xl X14qter(y 14Gx3) [1] 
nuc ish 9c]^c9.27xlX13ql2(y5136xlX13q33^896xlX14qter(yl4Gxl) [1] 
1 fragment not scored

24 (A) Biopsied Cell 
Remainder

nuc ish9qh(c9.27xlX13ql2(y5136x3X13q33(y896x3X14qter(yl4Gx2) [1] 
nuc ish 9qh(c9.27x2X13ql2(y5136x3X 13q33(y896x3X 14qter(yl4Gx2) [2] 
nuc ish9qh(c9.27x3X13ql2(y5136xlX13q33(y896xlX14qtjer(yl4Gx2) [2] 
nuc ish 9qh(c9.27x2X13ql2(y5l36x2X13cp3(y896x2X14qter l̂4Gx2) [1] 
nuc ish9qh(c9.27x4X13ql2^136x2X13q33(y896x2X14qter(yl4Gxl) [1]

25 (A) Biopsied Cell 
Remainder

nuc ish 9qh(c9.27x4X13ql2 y5136x2X13q33(y896x2X14qter(yl4Gxl) [1] 
not available

26 (C) Biopsied Cell 
Remainder

not biopsied
nuc ish 9qpXc9.27x3X13ql2(y5136x2X13q33(y896x2X14qter(yl4Gx3) [1] 
nuc ish9qh(c9.27xlX13ql2(y5136x3X13q33(y896x3X14qter(yl4Gx2) [1] 
nuc ish 9(ÿi(c9.27-X 13ql2(y5136x2X 13q33^896x2X14qter(yl4Gxl) [1]
2 fragments not scored

27 (C) Biopsied Cell 
Remainder

not biopsied
nuc ish9qh(c9.27x2X13ql2^136x2X13q33(y896x2X14qter l̂4Gx3) [2] 
nuc ish 9c]^c9.27xlX13ql2(y5136x2X13q33(y896x3X14qter(yl4Gx3) [1]+ 
nuc ish9qh(c9.27x2X13ql2(y5136x4X13q33(y896x4X14qter(yl4Gx3) [1] 
nuc ish9c^c9.27-X13ql2(y5136xlX13q33(y896xlX14qta<yl4Gxl) [1]

In some embryos an individual nucleus shows no signals on reprobing, this may represent genuine 
nullisomy 9 although complete hybridisation failure cannot be ruled out.

 ̂Two clear signals for y5136/y896, cell scored as disomy 13 
 ̂Three clear signals for y896, cell scored as trisomy 13 Binucleate cell.
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Table 3.20 (ISCN): Case Jo 45,XY,der(13;14)(qlO;qlO); FISH analysis o f embryos from a 
single IVF cycle using probes for chromosomes 13 (Quint-Essential 13) and 14 (y746)*.

Embryo/Category FISH Analysis Result [No of Blastomeres]

1(C) Embryo nuc ish 13q32-33(D13S585x2),14q31-32(y746x2) [1]

2(C) Embryo nuc ish 13q32-33(D13S585xl),14q31-32(y746xl) [1] 
1 fragment not scored

3(C) Embryo nuc ish 13q32-33(D13S585x2),14q31-32(y746x2) [1] 
nuc ish 13q32-33(D13S585x2),14q31-32(y746x3) [1] 
nuc ish 13q32-33(D13S585x3),14q31-32(y746x3) [1] 
1 fragment not scored

5(C) Zygote nuc ish 13q32-33(D13S585xl),14q31-32(y746xl) [1]

Reprobing for an additional autosome was not possible in this case as all nuclei were degenerated.
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