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Abstract
Preimplantation genetic diagnosis (PGD) is a form of prenatal diagnosis.

It is

performed on the third day after fertilisation, on embryos of couples at risk of
transmitting an inherited disorder to their offspring. In this way, only embryos without
the mutation under investigation are transferred in order to initiate a pregnancy.
Embryos used for PGD are generated by routine IVF procedures.

Fragile X syndrome is the most common form o f inherited mental retardation. The
causative mutation has been identified as an expansion of a triplet (CGG)„ repeat in the
5’ untranslated region o f the FMR1 gene.

The expansion is refractory to PCR due to preferential amplification o f the smaller
allele in heterozygous cells and the high GC content of the repeat and surrounding
sequences. Currently, the only method of diagnosis available for this disease is PCR
followed by Southern blotting in order to detect the expanded allele. This, however, is
not suitable for preimplantation diagnosis as it is time consuming and requires a lot of
DNA. Furthermore, the time at which the amplification occurs in the embryo is not yet
determined so that a test relying on detecting the expansion may not be suitable for
preimplantation diagnosis. For this reason polymorphic markers linked to the mutation
are used to diagnose this disorder in preimplantation embryos.

Meanwhile methods for the direct detection o f the mutation in single cells have been
tested in order to study the timing o f the expansion in embryos diagnosed as affected
after preimplantation genetic diagnosis.

These were applied to spare oocytes and

embryos from an IVF cycle.

Finally, methods for PGD o f sickle cell anaemia have been tested in order to determine
the most efficient one. These include restriction enzyme digestion o f PCR products,
single strand conformation polymorphism (SSCP) followed by staining of the DNA
with the silver staining technique, and fluorescent PCR followed by SSCP on an
automated fluorescent sequencer (ALF, Pharmacia).
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Chapter 1
Introduction

1.Introduction
1.1 Genetic disease
Genetic diseases are a major burden to human health. Approximately 4% of babies are
bom with some form o f birth defect o f which approximately 35% are genetic. Single
gene defects account for 25% o f these, while 10% are due to a chromosomal
abnormality, 5% o f which are inherited, resulting from a parental chromosome
rearrangement (Royal College o f Physicians, 1989). Furthermore, by the age of 25,
approximately 25% o f individuals have some form of a genetic defect, as an increasing
number of late onset diseases are being shown to have a genetic basis. Most genetic
disorders are presently incurable although for a minority, early detection, modified diet
and prophylactic medicine administration may help ameliorate symptoms and increase
viability and quality o f life.

1.1.1

Chromosome abnormalities

Chromosomal abnormalities are one of the most common findings among spontaneous
abortions.

Extra copies of nearly all chromosomes have been observed among

miscarriages, with trisomy for chromosome 16 being the most common (Boue and
Boue, 1976; Boue et al, 1985).

The situation is quite different in live births where only trisomy for chromosomes 13,
18, and 21, in addition to aneuploidy o f the sex chromosomes are observed.

The

autosomal trisomies are associated with severe multisystemic phenotypes.

Trisomy 21, or Down syndrome, is the most common aneuploidy with 1 in 700-800*
affected babies bom annually.
characteristic

facial

features,

The phenotype, involving mental retardation,
congenital

heart

defects

and

gastrointestinal

malformations, is the least severe o f the autosomal trisomies, and with early medical

intervention and special education a reasonable life quality may be expected.

In

contrast, trisomy 18 (Edward’s syndrome) and trisomy 13 (Patau syndrome) are rare,
seen in 1 in 8,000 and 1 in 4,000-10,000 live births, respectively. Children with these
syndromes are more severely affected than those with Down syndrome and most die
within the first year o f life.(J°nes> 1997)

Finally, a variety o f aneuploidies involving the sex chromosomes have been described,
the most common being Turner syndrome (monosomy X, 45, X) and Klinefelter
syndrome (47, XXY).

In the former case, the individuals are phenotypically female

with some dysmorphic features and the great majority are lost early in pregnancy. The
phenotype o f Klinefelter syndrome is male and may be undetected until puberty when
feminisation features may appear, although 50% are lost early in pregnancy.

The

majority o f patients, however, are unaware that they carry an extra X chromosome until
they attempt to reproduce.

Other sex chromosome aneuploidies include varying

numbers o f X chromosomes in the absence of a Y chromosome. The individuals are
phenotypically female, with the risk o f mental retardation increasing with each extra X
chromosome (for review see Mange and Mange, 1990 and McConkey, 1993).

The majority of aneuploidies result from non-disjunction during meiosis, leading to two
copies o f the chromosome in the oocyte or sperm, usually as a result o f increased
parental age. Only approximately 5% are inherited, resulting from a translocation in
one o f the parents. In the later cases, the estimated risk at conception of the couple
having an affected child is approximately 33% assuming that all monosomies, the
majority o f which are not compatible with life, are spontaneously aborted.

The

observed frequency, however, is much lower probably because of early pregnancy loss
or reduced fertility resulting from the translocation.

Indeed, several studies have

demonstrated that 7.1% of infertile males carry a chromosomal translocation (Chandley
et al, 1975; Retief et al, 1984), while more recent work has also implicated
chromosomal abnormalities in female infertile patients (van der Ven et al, 1998). As a
result, many infertility centres routinely carry out karyotype analysis of all patients,
including women who have experienced recurrent miscarriages.
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1.1.2

Single gene disorders

Most inherited disorders are caused by mutations in a single gene.

Single gene

disorders are divided into three groups depending on their mode of inheritance.
Autosomal dominant disorders, o f which more than 2,500 have already been described
(OMIM)t are usually associated with phenotypes less severe or life threatening than
recessive disorders, and carriers of the mutation are able to reproduce either despite the
disorder or because symptoms do not appear until later in life. A single copy o f the
mutation is sufficient to cause the phenotype, and as a result half of the offspring are at
risk o f having the disorder, which is thus observed in successive generations.

In

contrast, recessive disorders are usually transmitted by unaffected individuals.
Mutations in both copies o f the gene are necessary for demonstration of the phenotype
which may, therefore, not be observed in every generation of a large pedigree, as
approximately 75% o f the offspring of two carrier parents will be “normar.

The

phenotype in affected individuals is usually severe and may reduce viability and
fertility. There are over 1,500 autosomal recessive disorders (OMIMjf some disorders
and/or mutations being more frequent in different ethnic populations. Although these
classifications are generally used, the picture is rarely as simple. Bias in the parental
transmission, genomic imprinting, or incomplete penetrance may result in variable
phenotypes, even within families.

X-linked disorders, o f which there are over 300 (OMIMff not all of which have been
characterised yet, can be recessive or dominant. As for autosomal conditions, the most
severe are recessive, transmitted to affected males by phenotypically normal female
carriers.

Female carriers with one o f the X chromosomes carrying the mutation will

transmit it to 50% o f their sons while 50% of their daughters will be carriers. In some
cases, however, extreme X inactivation of the normal allele in the affected tissues may
lead to varying degrees o f phenotypic involvement in female carriers.
(Online Mendelian Inheritance in Man)
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1.1.2.1

Sickle cell anaemia

Sickle cell syndromes are a group o f inherited haemoglobin disorders characterized by
chronic haemolytic anaemia, a heightened susceptibility to infections, end-organ
damage, and intermittent episodes o f vascular occlusion causing both acute and chronic
pain all resulting from sickling o f the red blood cells (RBCs) under low oxygen
conditions. The most common o f these disorders is sickle cell anaemia (HbSS), while
also included in the group are haemoglobin SC (HbSC) and haemoglobin S beta
thalassaemia (HbSBeta-thal).

Sickle cell anaemia results from the substitution o f the

sixth amino acid in the p-haemoglobin gene from glutamic acid to valine, while HbSC
is caused by the substitution by lysine in the same position. Both HbSC and HbSBetathal are usually found as the second mutation, in addition to HbS in compound
heterozygous affected individuals and are associated with milder phenotypes than that
found in individuals homozygous for the sickle cell (SS) mutation.

Sickle cell anaemia is one o f the most common monogenic diseases with an estimated
100,000 affected individuals bom annually and at least 60 million heterozygotes, being
more common among people with an African, Eastern Mediterranean, Middle Eastern
and Indian origin (Weatherall, 1991). Haplotype analysis has revealed that the mutation
originated independently in these areas (Kan and Dozy, 1979; Antonarakis et al, 1984;
Pagnier et al, 1984). Despite the deleterious effect of the mutation in the homozygous
state, carriers were shown to be resistant to infection by the malaria parasite, thus
explaining the increased prevalence of sickle cell anaemia in areas where malaria
epidemics were common (Friedman and Trager, 1981).

Sickle cell anaemia is one o f the best studied human inherited disorders. It was first
reported in 1910 (Herrick, 1910) when “pear-shaped and elongated” cells were observed
in the blood o f a patient. In 1949, Neel observed the pattern o f occurrence of sickle cell
anaemia and concluded that it had the properties of an inherited disease with affected
individuals being homozygous for a recessive allele (Neel, 1949). In the same year,
Pauling demonstrated that the disease was associated with a change in the
electrophoretic properties o f haemoglobin which suggested a chemical change in the
protein (Pauling et al, 1949). In 1956, Ingram proved that this change was due to a
single amino acid substitution which a year later he showed to be a change from
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glutamic acid to valine (Ingram, 1956; Ingram, 1957). This was the first time that the
biochemical basis of a disease was precisely identified. The gene coding for p-globin
was localised to 1l p l 5 (Morton et al, 1984; Magenis et al, 1985) and a surprisingly
large number of mutations, including deletions and insertions as well as single base
changes affecting one or more amino acids in the protein or the transcription and
processing o f the mRNA, have been identified (for review see Steinberg and Adams,
1982). One of these was shown to be a T—>A substitution in the second position of
codon 6 of the first exon leading to the substitution of glutamic acid for valine and
resulting in HbS (for review see Mange and Mange, 1990; McConkey, 1992).

The mutation responsible for sickle cell anaemia causes an alteration in the oxygencarrying properties of the P-haemoglobin molecule.

As a result, when oxygen is

released the haemoglobin molecules form long rod-like structures inside the RBCs,
deforming them into the characteristic sickle shape (Figure 1.1). The RBCs become
stiff and adhesive, cluster in small blood vessels and interrupt the amount of blood
flowing to vital tissues. The outcome of this blockage may lead to problems such as
kidney infections, intense pain in the chest, arms and legs, death and decay of tissues,
especially in the joints and spleen, disease of the retina of the eye, slow healing sores or
ulcers, gallstones and strokes. In addition, as a result of damage to the spleen, affected
individuals are at increased risk o f infections particularly sepsis and pneumonia,
infection being the most common cause o f death in early childhood, with splenic
sequestration coming second.

Finally, increased mechanical fragility and surface

abnormalities o f cells containing sickle haemoglobin reduce red cell life span from the
normal 120 days to 10-30 days leading to anaemia as RBCs cannot be replaced as fast
as they are destroyed. This in turn may lead to delayed growth and puberty in children
and short stature in adults. Symptoms usually start after the age of 4-6 months, due to
the persistence o f fetal haemoglobin, and usually stabilise with age, although women
with sickle cell anaemia are at an increased risk o f complications during pregnancy.
(for review see Online Mendelian Inheritance in Man, MIM 603903).
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Figure 1.1

Normal (N) and sickle-shaped (S) red blood cells. (Adapted from

defiers.com/scd.html)

Sickle cell anaemia is classified as a recessive disorder with mutations needed on both
copies of the P-globin gene for demonstration o f the phenotype.

In general, this

classification is justified, as heterozygous individuals are usually asymptomatic.
However, under extreme conditions, such as high acidic pH in the blood and low
oxygen concentration sickling occurs as half o f their haemoglobin is defective.

As a

result, carriers experience crises comparable to those experienced by homozygous
individuals (for review see Mange and Mange, 1990).

Similarly, the severity o f the phenotype in homozygous individuals is variable. This has
been attributed to differences in genetic background (Zeng et al, 1994). Furthermore,
some patients continue to produce large amounts o f fetal haemoglobin and usually have
better clinical prognosis, with fewer complications and “crises” and higher life
expectancy (Platt et al, 1994; Lan et al, 1998). It is thought that fetal haemoglobin may
physically prevent sickling and therefore increase longevity o f the cells, in addition to
acting as a substitute for the defective P-globin chains. This observation led to attempts
to develop agents that will induce the production o f fetal haemoglobin for the
management o f sickle cell anaemia.

Various agents have been investigated in this

aspect including 5-azacytidine, hydroxyurea and butytate.

These have been shown to

increase fetal haemoglobin levels in some patients with sickle cell disease (Charache et
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al, 1983; Charache et al, 1995; Perrine et al, 1993).

In addition, administration of

intravenous recombinant erythropoietin with iron supplementation alternating with
hydroxyurea was found to elevate fetal haemoglobin levels more than hydroxyurea
alone (Rodgers et al, 1993).

This was shown to reduce the myelotoxic effects of

hydroxyurea and was beneficial to patients who had not been helped by hydroxyurea
alone. Hydroxyurea is now an established treatment for the management o f sickle cell
anaemia.

However, the long term effects of such drugs, which are known to have

carcinogenic effects, are still not clear so they are only administered under strict
supervision to patients with severe phenotypes.

An alternative form of treatment is

bone marrow transplantation. This approach was shown to be beneficial to a number of
patients treated but is associated with a high mortality rate and is therefore only used in
the most severe cases (Walters et al, 1996a and b). In addition to the above approaches,
early diagnosis and management by prophylactic penicillin (Gaston et al, 1986) for the
prevention o f infections, dietary supplements such as folate administration needed for
RBC production, and blood transfusion have increased the life span and quality o f life
o f patients in the past years.

Despite the advances in the management of sickle cell patients, efforts are still
concentrated in the development o f treatment based on gene therapy. However, the
complicated nature o f globin gene expression has until recently hampered such efforts.
As an alternative, attempts have been made to treat sickle cell anaemia by a technique
based on RNA repair (Lan et al, 1998). The recent success in producing mouse models
for this disorder will help in the development of suitable treatments (Fabry et al, 1996;
Chang et al, 1998).

Diagnosis o f sickle cell disorder is routinely carried out by haemoglobin electrophoresis
since the amino acid substitution results in altered charge of the protein and therefore
electrophoretic migration.

This test, however, does not differentiate between

heterozygous and homozygous individuals and is therefore unsuitable for prenatal
diagnosis.

Prenatal diagnosis for this disorder was therefore initially carried out by

studying the biosynthesis o f haemoglobin in fetal blood (Kan et al, 1975). With the
advent o f molecular genetic techniques first trimester prenatal diagnosis became
possible by analysis o f chorionic villus or amniocytic DNA.

Initially, diagnosis was

carried out by use o f linked restriction fragment length polymorphism (RFLP) located
within the p-globin gene (Kan and Dozy, 1978). This was soon superseded by direct
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*(Mange and Mange, 1990)

detection o f the mutation which results in the destruction of a restriction site for the
endonucleases Ddel and Mstll both of which have been used in prenatal diagnosis of
this disorder (Geever et al, 1981; Orkin et al, 1982; Chang and Kan, 1982) or by use of
allele specific probes (Conner et al, 1983). The advent o f the polymerase chain reaction
(PCR) (Saiki et al, 1985), has facilitated the use of these techniques. More recently,
attempts have been made to detect the mutation at the preimplantation stage of
development by analysis o f single human blastomeres or polar bodies (Monk and
Holding, 1990), leading to the first unaffected pregnancy being reported in 1999 (Xu et
al, 1999).

1.1.2.2

Cystic fibrosis (CF)

Written reports about cystic fibrosis (CF) date back to the 18th century* However, it was
not until the late 1930s that it was described as a separate entity. CF is now known to
be the most common autosomal recessive disorder affecting approximately 1 in 2,0002,500 children bom o f Caucasian origin, although it is also found, at a reduced
frequency, in other ethnic groups. Initially the disorder was termed CF of the pancreas
but as it become evident that other glands, such as intestinal, bronchial and sweat
glands, are affected, the broader term of cystic fibrosis was adopted. In general, CF can
be described as a defect in secretion by exocrine glands, the most troublesome being
blockage o f the pancreatic enzyme secretion, with effects on digestion, and production
o f an abnormally thick mucus lining in the lungs. The latter is the major cause o f death
as failure to clear the thickened mucus on the airway surfaces initiates infections which
may be lethal. In addition, although the general incidence of cancer is not increased
among CF patients there seems to be a higher risk of digestive tract malignancies
(Neglia et al, 1995). However, with earlier detection of the disease and appropriate
nutritional intervention, such as high-calorie diets, pancreatic enzyme therapy and fatsoluble vitamin supplements, to ameliorate the pancreatic problems (Farrell et al, 1997),
in addition to administration o f antibiotics to prevent respiratory tract infections, the life
expectancy o f CF patients has extended from 1 year to over 25. Few patients, however,
survive beyond the age o f 30. Finally, some mutations leading to CF have been shown
to be the cause o f infertility both in females (reviewed in Phillipson, 1998), thought to
be the result o f characteristics o f the cervical mucus, and in males, mostly as a result of

congenital bilateral absence o f the vas deferens (CBAVD) (Culard et al, 1994; Chillon n
et al, 1995; Kanavakis et al, 1998). This led to the hypothesis that a selective advantage
of heterozygous individuals must exist that maintains the high incidence of the disease
in the population despite the extremely reduced fitness of affected individuals and
reduced fertility o f heterozygous carriers.

Such a selective advantage has been

demonstrated as resistance to cholera (Gabriel et al, 1994) and typhoid fever caused by
Salmonella typhi (Pier et al, 1998). Furthermore, a high degree of heterogeneity in the
severity o f the phenotype has been observed, the mildest extreme seen in patients not
diagnosed with the disorder until middle age (Scully et al, 1977).

It has been recognised since the early 1980s that the underlying cause of the phenotype
in CF is a defect o f chloride ion channels in the affected epithelial tissues (Quinton,
1983). More recent work has shown that the actual defect is in the regulation of the
response to cyclic AMP (cAMP), which controls secretion of chlorine ions.

Positional cloning localised the gene responsible for CF to the long arm of chromosome
7 between bands q21 and q31 (Knowlton et al, 1985; White et al, 1985; Wainwright et
al, 1985).

The absence o f known deletions and other chromosomal rearrangements

complicated the discovery o f the gene, which was finally cloned in 1989 by a
combination o f chromosome “walking” and “jumping” techniques (Riordan et al, 1989).
It was shown to be a large gene, approximately 250kb in length, a surprising finding
since the absence o f any apparent rearrangements predicted a much smaller target. To
distinguish the newly isolated gene from the previously named CF antigen gene, it was
called cystic fibrosis transmembrane conductance regulator

CFTR) (Riordan et al,

1989). It was shown to be composed o f 24 exons, encoding for a 6.5kb transcript,
predicting a protein o f 1480 amino acids with a molecular mass of 168138 Da. The
sequence was found to contain 2 motifs characteristic of a membrane-associated protein
and a domain believed to be involved in ATP binding, providing evidence that this was
likely to be the CF gene. Further evidence was obtained from the expression pattern of
the gene, in tissues affected in CF patients and the identification of a 3bp deletion at
amino acid 508, which was later found to be the most common mutation leading to CF,
present in approximately 70-75% CF chromosomes (Lemna et al, 1990) and was termed
AF508. The remaining 25-30% o f CF cases were shown to be the result of a multitude
o f different mutations. Over 300 different mutations have now been described all over
the CFTR gene, leading to the observation that the position and type of mutation are the
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cause of the heterogeneity observed in the severity of the phenotype.

Furthermore,

more than 120 polymorphisms have been described in the CFTR gene which have been
postulated to be involved in the phenotypic heterogeneity of the disease (Teng et al,
1997; Cuppens et al, 1998).

The high incidence o f CF carriers in the general population, estimated to be
approximately 1 in 25, in addition to the high frequency of one particular mutation has
made CF one o f the most common referrals for preimplantation genetic diagnosis
(PGD) and most centres offering this service have described successful pregnancies
following PGD, especially for the AF508 mutation (Handyside et al, 1992; Liu et al,
1992; Ao et al 1996; Ray et al, 1998; Strom et al, 1998).

Furthermore, increased understanding o f the disease and the function of the gene has
lead to extensive attempts at gene therapy for CF (Rosenfeld et al, 1992; Hyde et al,
1993; Yang et al, 1993). Gene therapy for this disorder is facilitated by the fact that the
organ which is more severely affected is the lung, allowing administration of the vectors
containing the normal gene through the airway via aerosols.

1.1.3

Triplet repeat disorders

Pathological expansion o f trinucleotide repeats within the genome is now known to be
the underlying cause o f at least 14 neurological disorders, collectively known as triplet
repeat disorders (for review see Cummings and Zoghbi, 2000). These disorders share a
number o f defining features. Firstly, the trinucleotide repeats are highly polymorphic in
the normal population but exhibit marked instability once a certain threshold is reached.
Beyond this point, instability is observed upon transmission to the offspring, and within
affected individuals, most o f which are mosaic for the number o f repeats in different
cell types.

Instability is more frequently manifested as an increase in the number of

repeat units.

Additionally, in most cases, the severity and/or age of onset of the

phenotype has been shown to have a strong correlation to the size of the expansion. As
a result, since the size o f the expansion increases from generation to generation, so does
the severity of the disorder, a phenomenon which has become known as anticipation and
is the main characteristic o f triplet repeat disorders. This has triggered a genome-wide
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search for triplet repeats as the underlying cause of other unidentified disorders
displaying anticipation, such as bipolar affective disorder and some types of
schizophrenia (Ross et al, 1993; Lesch et al, 1994; Jain et al, 1996). An exception to
this is Friedreich ataxia, the only recessive trinucleotide repeat disorder identified to
date, where anticipation is not observe^ (reviewed in Cummings and Zoghbi, 2000).

Despite these common characteristics, triplet repeat disorders also display a number of
differences. The most obvious difference is the sequence of the repeat. In fragile X
syndrome the repeat is composed o f units of the triplet CGG (Fu et al, 1991) while the
complementary sequence, GCC, is found in the less severe and common disorder
FRAXE (Knight et al, 1993), in myotonic dystrophy (DM) and spinocerebellar ataxia 8
(SCA8) this unit is CTG (Brook et al, 1992; Koob et al, 1999), Friedreich ataxia is
caused by expansion o f a (GAA)n repeat (Campuzano et al, 1996), while in the
remainder of disorders an array o f (CAG)„ units is found. There also seems to be a
correlation between the sequence o f the repeat and its position within the affected gene,
(CGG/GCC)n repeats being found in the 5’ untranslated region (UTR) of the relevant
genes, (CTG)n repeats in the 3’ UTR, the (GAA)„ repeat is intronic, while (CAG)n
repeats are generally found within the translated portion of the genes, the associated
diseases being collectively called polyglutamine disorders. As a result, the extent of
amplification differs among the repeats, with polyglutamine disorders generally being
associated with smaller expansions o f up to approximately 100 units compared to the
1,000s associated with the other types. An additional consequence of the location o f the
repeat is the mechanism by which the mutation leads to a phenotype. In polyglutamine
disorders, the presence o f a large array of the amino acids in the protein is thought to be
toxic to the cells, leading to the gradual loss of populations of neurons, explaining the
late onset character o f the disorders.

(CGG)n and (GCC)n expansions are associated

with hypermethylation o f the promoter region and subsequent silencing of the
associated genes, FMR1 and FMR2, respectively, implicating absence of the protein as
the mechanism o f phenotype induction.

Similarly, the (GAA)„ expansion present in

Friedreich ataxia is associated with reduced expression of the X25 gene, leading to
partial loss of frataxin function (Campuzano et al, 1996; Cummings and Zoghbi, 2000).
An exception to this general trend is SCA12, caused by a (CAG)„ repeat expansion
which is found in the 5’ UTR o f the PPP2R2B
elements.

gene, near conserved promoter

Transcriptional interference o f the expansion, however, has not yet been

implicated in pathogenesis (Holmes et al, 1999). The way in which expansion of a
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(CTG)n repeat in the 3’ end o f genes leads to the phenotype seen in DM and SCA8 is
less clearly understood.

Contradicting reports on the effect of the expansion on the

expression of the associated gene, DMPK (Carango et al, 1993; Fu et al, 1993; Laurent
et al, 1997; Sabouri et a/,1993) have led to various hypotheses, including the
involvement of more than one gene in the pathology of DM (Otten et al, 1995; Harris et
al 1996) and alteration in mRNA processing resulting in decreased protein levels (Wang
et al, 1995; Krahe et al, 1995).

The presence of a premutation is another difference between the disorders, intermediate
sized repeat alleles being found in 1FRAXA, FRAXE, Huntington disease and DM. This
is not generally associated with a phenotype but is unstable upon transmission to the
next generation.

Additionally, a marked parent-of origin effect is observed in the

instability o f these repeats, with expansions of (CGG)n being exclusively maternal,
while the largest instability in polyglutamine disorders having been observed in paternal
transmissions.

Finally, differences exist in the purity of the pathogenic repeats,

interrupting AGG or CAT units, thought to play a stabilising role, found in the fragile X
and SCA1 repeat arrays, respectively.

1.1.3.1

Mechanism of trinucleotide repeat expansion

Despite the involvement of different genes and pathogenic mechanisms among the
triplet repeat disorders, there is a common pattern of unstable transmission of the
mutation, indicating a common mechanisms of expansion.

Instability of repeated sequences had previously been observed to affect micro satellites
in cells derived from some colon cancer patients (Fishel et al, 1993; Aquilina et al,
1994; Bronner et al, 1994). However, these changes in dinucleotide repeats were rather
small, found to occur throughout the genome and were shown to be the direct result of
mutations in the mismatch repair system (Fang and Modrich 1993; Fishel et al, 1994;
Lu et al, 1995). In contrast, expansions observed in trinucleotide repeats associated
with human disorders are usually much larger and are localised to specific genes,
leading to the conclusion that the mechanisms underlying the two types of instability are
quite distinct.
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The first clues to triplet repeat instability came from human genetics, in particular
Huntington disease (HD) families, in which some individuals were found to be
heterozygous for two premutation-sized alleles.

Even when these alleles were quite

similar in size, marked differences in transmission patterns were observed, with one
allele having expanded in almost every transmission while the other remained generally
stable.

This indicated that the underlying mechanism involved some particular

properties o f the repeat itself rather than cellular or genetic background (Goldberg et al,
1995).

Additionally, among the ten different possible triplet repeat sequence

combinations, only three (CGG/GCC, CAG/GTC, GAA/TTC) are associated with
expansion and disease.

This sequence specificity suggested that DNA secondary

structure may play an important role in the instability of these repeats (Gordenin et al,
1997).

Replication o f double stranded DNA requires separation of the two parental strands at
the replication fork. At this point, single stranded DNA can fold back on itself and form
secondary structures. Of the six triplets associated with human disease, five (with the
exception o f (TTC)„) were shown to form stable secondary or hairpin structures in
solution (Gacy et al, 1995; Chen et al, 1995; Mitas et al, 1995a; Mariappan et al, 1996).
These hairpins were shown to contain unusual base pairing properties. As a result their
stability was shown to be dependent on the length and sequence of the repeat and
surrounding sequences (for review see Mitas, 1997). Consequently, longer repeats may
be prone to form more hairpins than shorter ones. Finally, as mentioned earlier, most
normal fragile X alleles have 1-3 AGG triplets interrupting the (CGG)n repeat at regular
intervals (Kunst and Warren, 1994; Snow et al, 1994; Eichler et al, 1995; Eichler et al,
1996), which are believed to play a role in repeat stability. Recent in vitro experiments
have shown that these interruptions do indeed diminish the formation of secondary
structures and decrease the stability of the few structures that do form (WeismanShomer et al, 2000).

Finally, proof was obtained from experiments in yeast that

secondary DNA structures can also form in vivo (Moore et al, 1999).

The way in which these hairpins lead to instability is not clearly understood.

It is

possible that the hairpins forming in the lagging strand lead to DNA polymerase stalling
during replication. In line with this hypothesis is the finding o f various experiments in
E. coli (Kang et al, 1995; Shimizu et al, 1996) and yeast (Maurer et alt 1996;
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Freudenreich et al, 1997) demonstrating greater orientation-dependent instability of
specific CNG repeats. Additionally, a number of in vitro (Usdin and Woodford, 1995;
Gacy and McMurray, 1998) and in vivo (Samadashwily et al, 1997; Kang et al, 1995)
experiments have indicated that blocks occur during DNA synthesis of repeated CGG,
CTG and GAA sequences. Moreover, in vitro, these blocks were only observed when
the (CGG)n-rich strand served as the template, the blocks being located at the 3’ end of
the repeat (Usdin and Woodford, 1995). DNA polymerase stalling may allow the newly
synthesised strand to “slip” along the template.

The sequence specificity and

orientation-dependence in this model would be caused by the differential ability o f the
triplet repeat in the template to form secondary structures and their stability.

Alternatively, instability may occur via Okazaki fragment displacement during DNA
replication. The yeast endonuclease RAD27, and its mammalian homologue FEN-1 or
FLAP endonuclease, is responsible for processing of Okazaki fragments.

DNA

synthesis from the 3’ end o f a newly synthesised Okazaki fragment is sometimes
extended into the 5’ portion o f a displaced portion of the proceeding Okazaki fragment.
This flap is usually removed by FEN-1 endonuclease. Repeated sequences within the
displaced flap can lead to formation o f a hairpin which is resistant to processing by
FEN-1 endonuclease which has been suggested to be specifically acting on single
stranded DNA.

Failure, to remove this flap will therefore lead to expansion in the

following round o f replication (Gordening et al, 1997; Schweitzer and Livingston,
1998).

1.1.4

Fragile X syndrome

Fragile X syndrome, also known as Martin-Bell syndrome, was first described in 1943
by Martin and Bell as a sex-linked mental retardation condition, without dysmorphic
features, in a family where both males and females were affected (Martin and Bell,
1943). In 1969, Lubs described “a marker X chromosome”, which later came to be
known as the fragile X chromosome, as an inconsistent finding in lymphocyte
cytogenetic preparations from some mentally retarded individuals (Lubs, 1969). Eight
years later, Sutherland described a reproducible method of induction o f the fragile X
chromosome in cytogenetic preparations, which can be seen as an isochromatid gap at
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Xq27.3 in cells cultured in conditions deficient in folic acid (Figure 1.2) (Sutherland et
al, 1977).

Figure 1.2

Atomic force m icroscope view of the fragile X chrom osom e. (From

the Department o f clinical Genetics, Erasmus University, Rotterdam).

The phenotype o f the disorder is variable, with mild to severe mental retardation being
the most prominent feature and a marked deterioration o f I.Q. with increasing age.
Additional characteristics include prominent jaw, large, protruding ears, macrocephaly,
mainly in males, macroorchidism in post-pubescent males and high-pitched, jocular
speech.

Many patients additionally display subtle connective tissue defects and

behavioural abnormalities, such as attention deficit disorder, hyperactivity and autisticlike behaviour.

Fragile X syndrome segregates in an X-linked dominant manner with

reduced penetrance, 80% o f males and approximately

30% o f females with the

mutation displaying the phenotype. As a result males are usually more severely affected
than females, whose phenotypic involvement is dependent on X inactivation patterns in
affected tissues (for review see de Vries et al, 1998; Jin and Warren, 2000).
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Initial reports estimated a prevalence o f 1 in 1,250 males (Verkerk et al, 1991) and one
in 2,500 females (Oostra and Willems, 1995), affecting all ethnic groups.

Re

examination of cytogenetically diagnosed patients has revealed, however, that the
prevalence was overestimated, probably as a result of inability to differentiate between
FRAXA and the nearby fragile sites FRAXE and FRAXF. Thus, it is now accepted that
fragile X syndrome affects approximately 1 in 4,425 to 6,045males and 1 in 8,000
females (Turner et al, 1996).

1.1.4.1

The fragile X mental retardation gene and protein

Cytogenetic demonstration of the fragile X had located the defect on Xq27 but the
molecular basis o f the syndrome was not identified until 1991, following positional
cloning o f the gene (Verkerk et al, 1991; Yu et al, 1991; Oberle et alt 1991; Kremer et
al, 1991). The fragile X mental retardation 1 gene (FMR1) was shown to be highly
conserved, consisting o f 17 exons and spanning approximately 38kb (Ashley et al,
1993; Eichler et al, 1994a). Within the 4.8kb transcript is a highly polymorphic (CGG)n
repeat, located in the 5’ untranslated region (UTR) (Fu et al, 1991; Eichler et al, 1993).

Transcription o f the gene starts distal to the (CGG)„ repeat with subsequent alternative
splicing at the 3’ end predicting as many as 24 different protein isoforms of 70-80kDa
(Ashley et al, 1993a; Verkerk et al, 1993; Khandjian et al, 1995; Verheij et al, 1993;
Verheij et al, 1995).

The FMR1 gene is widely expressed at various levels in nearly all mouse and human
tissues studied.

More specifically, wide expression has been observed in the brain

neurones but not in non-neuronal cells (Devys et al, 1993), in testes, both in primordial
cells and spermatogonia, with lower expression in Sertoli and Leydig cells (Tamanini et
al, 1997).

Additionally, wide expression has been observed in tissues not directly

involved in the phenotype such as the ovary, oesophagal epithelium, thymus, eye and
spleen.

Furthermore, moderate expression has been reported in the colon, uterus,

thyroid and liver, while no expression was seen in the heart, aorta and muscle of adult
mice (Hinds et al, 1993).
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The encoded protein, FMRP, was shown to have characteristics of an RNA-binding
protein with two ribonucleoprotein K homology domains (KH domains) and a RGG box
(Ashley et al, 1993b; Siomi et al, 1993). A patient with an unusually severe phenotype
and a point mutation which alters a highly conserved isoleusine to aspargine within the
first KH domain, was found to have normal levels of FMRP production, further
implicating this domain as having a crucial role in the function of FMRP (De Boulle et
al, 1993).

Predominantly, FMRP is localised in the cytoplasm. However, a nuclear localisation
signal (NLS) encoded by the N-terminus o f the gene, in addition to a nuclear export
signal (NES) encoded by exon 14, suggest that the protein shuttles between nucleus and
cytoplasm (Feng et al, 1997) implicating a role in specific mRNA transport from the
nucleus to the cytoplasm (Eberhart et al, 1996). Furthermore, FMRP was shown to be
associated with polyribosomes, in an RNA dependent manner via messenger
ribonucleoprotein (mRNP) (Tamanini et al, 1996; Corbin et al, 1997), suggesting a
more extensive role in modulating the localisation, stability and/or translation of
substrate mRNA.

Immunoprecipitation

of mRNPs

associated

with FMRP

have

involvement o f at least six other proteins (Ceman et al, 1999).

implicated the
Two autosomally

encoded proteins have been identified and designated FXR1P and FXR2P. These share
60% homology with FMRP, including the NLS and NES signals (Siomi et al, 1995;
Zhang et al, 1995), and are associated with FMRP in mRNPs. In contrast to FMRP,
however, FXR2P has been shown to shuttle between the cytoplasm and the nucleolus,
suggesting similar but distinct roles o f the three proteins (Tamanini et al, 1999). This
idea is further supported by the identification o f a novel RNA-binding protein (NUFIP)
which only interacts with FMRP but not FXR1P or FXR2P (Bardoni et al, 1999).
Finally, nucleolin, a known component of mRNPs is found in the FMRP-associated
complexes. However, the remaining proteins o f the mRNP in addition to the specific
mRNA substrates o f FMRP, are still largely unknown. However, the suspected role in
protein synthesis helps explain the high expression seen in actively dividing cells and
the multisystemic phenotype o f the disorder.

A minority o f patients have been described with large de novo or inherited deletions
(Wohrle et al, 1992a; Gedeon et a l 1992; Tarleton et al, 1993; Hirst et al, 1995;
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Hammond et al, 1997), in addition to point mutations (De Boulle et al, 1993), firmly
establishing FMR1 as the gene responsible for fragile X syndrome.

However the

majority of cases result from expansion of the (CGG)n repeat in the 5’ UTR. On the
basis of the size o f this repeat and its effects on protein and phenotypic expression, three
classes can be identified.

1.1.4.1.1

Normal

In the normal population, the (CGG)n repeat is highly polymorphic in terms of length
and sequence with an estimated heterozygosity of 63% (Fu et al, 1991). The normal
repeat size ranges from approximately 5-50 units with 30 repeats being the most
common allele. Additionally, normal alleles are often interrupted by AGG triplets at
regular intervals o f 9-11 CGG units (Fu et al, 1991; Snow et al, 1993; Kunst and
Warren, 1994).

Repeat length variation is found at the 3’ portion of the repeat,

suggesting a crucial role o f the AGG interruptions on the stability of the repeat upon
transmission (Eichler et al, 1995; Eichler et al, 1996).

1.1.4.1.2

Premutation

(CGG)n alleles in the range of approximately 55-200 units have been termed
premutations to reflect the fact that they are not generally associated with a clinical
phenotype, but are extremely unstable, increasing in size to a larger premutation or a
full mutation upon transmission (Fu et al, 1991; Oberle et al, 1991).

Most premutation alleles have either a single or no AGG interruptions, longer stretches
of uninterrupted (CGG)n units being located at the 3’ end o f the repeat. The length and
purity o f the premutation, has therefore been implicated in the instability of the repeat,
with a threshold o f approximately 34-38 “perfect” CGG repeats (Eichler et al, 1994;
Hirst et al, 1994; Zhong et al, 1995).
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Haplotype analyses have revealed that no new mutations have taken place, all
premutations being associated with a limited number of haplotypes, suggestive of a few
ancestral chromosomes carrying alleles in the upper normal range (Morton and
Macpherson, 1992; Chakravarti et al, 1992).

As mentioned earlier, it is generally believed that premutations are not associated with a
phenotype (Mazzocco et alt 1993; Reiss et al, 1993). However, there is now increasing
evidence that a limited number o f premutation-carrying females do have some physical
and emotional problems (Franke et al, 1998). Similarly, studies of fragile X families
have also demonstrated that some normal transmitting males have cognitive impairment
(Rousseau et al, 1994a; Smits et al, 1994).

Additionally, an increasing number of

reports have implicated premutation alleles in women with premature ovarian failure
(POF) (Schwartz et al, 1994; Conway et al, 1998; Murray et al, 1998; AllinghamHawkins et al, 1999). Although initial reports of FMR1 expression and FMRP levels
indicated normal amounts in lymphocytes and lymphoblastoid cell lines from
premutation carriers (Pieretti et al, 1991; Feng et al, 1995), recent evidence suggests
that premutation alleles in the upper range (100-200 units) may be associated with
increased levels of FMR1 expression and slightly decreased levels o f FMRP-carrying
lymphocytes in those males tested (Tassone et al, 2000).

Moreover, the same

experiments showed that the stability of the FMR1 mRNAs from normal and
premutation alleles have similar stability as indicated by the half-life o f the transcripts,
indicating that premutation alleles may be associated with increased transcriptional
activity and therefore the reduced amounts o f protein must be the result of aberrant
transcription (Tassone et al, 2000). In line with this is the observation o f males carrying
unmethylated frill mutations but having reduced levels of FMRP.

Similar experiments have not been described in female premutation carriers.

The

reason for the increased incidence in POF in some premutation carriers is therefore still
not clear. However, evidence from a limited number of patients has implicated some
form o f paternal imprinting as it was shown that of 15 families where POF and
premutations co-segregated, 14 were paternally inherited (Hundscheid et al, 2000). The
authors postulated that FMRP may play a role in oocyte production during embryonic
development, as indicated by the high expression observed during oogenesis (Bachner
et al, 1993). A parental imprint in addition to random X-inactivation would therefore

39

reduce the number o f oocytes produced by approximately half leading to POF
(Hundscheid et al, 2000).

1.1.4.1.3

Full mutation

Most fragile X patients have alleles with a repeat size exceeding 200 units.

These

repeats, called full mutations, are associated with hypermethylation of the repeat and its
flanking sequences including an upstream CpG island. This results in silencing of the
gene and absence o f FMRP leading to the phenotype (Pieretti et al, 1991; Sutcliffe et alt
1992).

Expansion o f a premutation to a full mutation can only occur through maternal
transmission. This was shown to be because full mutation males only carry premutation
sized alleles in their sperm (Reyniers et al, 1993).

Mitotic instability o f the full mutation results in a high degree of somatic mosaicism in
the majority o f patients, this mosaicism being more pronounced in approximately 2040% o f patients who also carry premutation-sized alleles in some tissues (Rousseau et
al, 1994b; Taylor et al, 1994; Nolin et al, 1994). Additionally, a number of patients
have now been described with mosaicism for full mutations and deletions of the FMR1
gene indicating that expansion may lead to a spread of instability into sequences
flanking the repeat (De Graaff et al, 1995; Arocena et al, 2000). Finally, a number of
mosaic individuals with respect to methylation of the FMR1 gene have been described,
with extreme cases o f a few phenotypically normal males carrying a full mutation but
expressing FMR1 in over 60% o f their cells (McConkie-Rosell et al, 1993; Rousseau et
al, 1994b; de Vries et alt 1996).

1.1.4.2

Timing of expansion o f premutation to full mutation

The time during development when transition from a premutation to a full mutation
occurs is still unclear. Large expansions into the full mutation range are only observed
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on maternal transmissions, daughters of premutation males only inheriting premutation
sized alleles (Moric-Petrovic et al, 1983; Van Roy et al, 1983, Voelckel et al, 1988;
Willems et al, 1992). This led to the demonstration that full mutation males only carry
premutations in their sperm (Reyniers et alt 1993). These findings, however, do not
exclude a small degree o f instability in sperm as the majority of daughters of
premutation males have been shown to carry alleles different (mostly expanded) to
those seen in lymphocytes o f their fathers (Fisch et al, 1995; Nolin et al, 1996; Murray
et al, 1997; Ashley-Koch et al, 1998).

Surprisingly, although length-dependent

instability was observed in these studies, the outcome of instability was the reverse to
that generally observed, with the majority of contractions seen in daughters o f males
with repeats >80 units. Additionally, the majority of full mutation patients are mosaic
in terms o f repeat size with approximately 15% of them also carrying premutation sized
alleles in some tissues. To explain these findings two time periods have been proposed.

The first hypothesis is based on mitotic instability occurring after fertilisation sparing
the germ line o f male fetuses.

This model is supported by the observation o f

premutation in sperm of full mutation patients (Reyniers et al, 1993) and suggests that a
strong selection mechanism in favour of cells expressing FMRP must operate in sperm.
However, evidence against such selection was obtained from knock-out mice which
exhibited normal fertility (Dutch-Belgian Fragile X Consortium, 1994). Moreover, the
large degree o f mosaicism in affected individuals (Rousseau et al, 1991a; Worhle et al,
1992b), in addition to the apparent stability of expanded repeats in vitro during cell
culture and in adults, led to the suggestion that mitotic instability was limited to a fixed
window during development between days 5 (the proposed time of germ line
separation) and 20 (last day o f separation of monozygotic twins, observed to have
similar patterns o f expansion) (Devys et al, 1992; Worhle et al, 1993; Reyniers et alt
1993).

This model predicts a form o f imprinting that allows differentiation of

maternally from paternally derived premutations and selective amplification of the
former. Additionally, all fetuses, regardless of sex would be found to carry the maternal
premutation in their germ cells since sex determination has not been established at the
point o f germ line segregation (Malter et al, 1997).

Strong evidence against this model and in favour of the alternative hypothesis of
meiotic instability was provided by analysis of whole ovaries from a 16 and a 17 week
old fetuses, o f premutation carrier mothers with no evidence of mosaicism. The fetuses
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were found to carry the full mutation in all tissues with no evidence of premutation
sized alleles in whole ovaries (Malter et al, 1997). Furthermore, in a proportion of
ovarian tissue, the full mutation was found to be unmethylated, consistent with
observations that many genes, including the FMR1 gene are unmethylated on both X
chromosomes in oocytes (Monk et al, 1987a; Luo et al, 1993), indicating that part of the
DNA analysed was indeed derived from oocytes. Furthermore, analysis of testes from
13 and 17 week old fetuses with full mutations in all tissues revealed no evidence of
premutation sized alleles in the 13-week old fetus while limited expression of FMRP,
consistent with a small proportion of premutation carrying cells, was seen in the 17
week Old fetus (Malter et al, 1997). In this model, the premutation in sperm could be
the result o f reductions in repeat length, occurring in a limited window of early
development, which may even be more pronounced in fetal testes.

Alternatively these observations could be explained by instability occurring in a very
early window o f development, prior to cell differentiation, marked by a strong
expansion bias in the rapid divisions occurring from fertilisation to blastocyst formation
on day 5. Mosaicism would then result from individual variation in expansion in each
cell.

Premutations under this model would persist in a limited number o f cells and

therefore be present in the resulting fetus.

Evidence for both hypotheses is strong, and there has been no definitive conclusion
reached. In addition, a more recent hypothesis suggests that a small expansion of the
premutation occurs during gametogenesis, followed by post zygotic expansion to the
full mutation limited to maternally derived X chromosomes (Ashley and Sherman,
1995). The apparent mitotic stability, as predicted by similar patterns of mosaicism in
monozygotic twins and tissues o f affected fetuses (Devys et al, 1992; Wohrle et al,
1993), could be the result o f initiation of DNA methylation, which has been shown to
diminish the formation o f secondary structures, thought to be involved in triplet repeat
instability (Usdin and Woodford, 1995). Absence o f methylation in germ cells would,
therefore, result in the increased instability in sperm compared to lymphocytes, as
observed by Nolin et al (1999), and therefore contractions to the premutation size which
is hypothesised by the authors to be more compatible with the large number of cell
divisions that take place during spermatogenesis.
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More recent evidence obtained from single sperm of premutation males (Nolin et al,
1999) and from analysis o f instability of (CAG)n repeats in yeast (Jankowski et al,
2000), have provided evidence that meiotic instability does indeed exist. Moreover,
analysis o f a day 3 preimplantation embryo, derived from a female carrying a
premutation of 70 repeats, has demonstrated that small expansions are already present
by this stage of development (Sermon et al, 1999a).

1.1.4.3

Diagnosis and management of fragile X syndrome

Carrier detection and prenatal diagnosis of the fragile X syndrome has evolved in line
with the cytogenetic and molecular findings of the disease. The first prenatal diagnosis
o f the fragile X syndrome was, therefore, carried out in 1981 by inducing the fragile site
Xq27.3 in cultured amniotic fluid cells (Jenkins et al, 1981). However, even under
optimum culture conditions, the fragile site is only expressed in 10-40% metaphases of
affected males, most likely those that are more severely affected (Davies, 1990).
Furthermore, analysis of cells from premutation carriers and the majority o f full
mutation females, fails to reveal the diagnostic fragile site. Additionally, approximately
5% false negative diagnoses have been noted when cytogenetic analysis was the only
means o f diagnosis (Jeknins et alt 1994). This led to attempts to make the diagnosis
more accurate, by use of linked polymorphic markers, as an adjunct to cytogenetic
diagnosis (Oberle et al, 1985). Isolation and characterisation of the molecular defect
responsible for the fragile X syndrome led to new diagnostic tests, based on direct
identification o f the mutation by use of PCR amplification of the normal allele (Fu et al,
1991), followed by Southern blotting using probes specific for the repeat such as Oxl.9
(Hirst et al, 1991), pfxa3 (Sutherland et al, 1991) and StB12.3 (Rousseau et al, 1991b)
which detect the expansion and the methylation status of the CpG island. However,
some authors have reported that extraembryonic tissues show abnormal methylation
patterns (Oberle et al, 1991; Sutherland et al, 1991; Devys et al, 1992; Sutcliffe et al,
1992), complicating interpretation and accurate estimation o f mental impairment.

More recently, a protein test was developed for detecting the presence or absence of
FMRP in cells of at risk individuals (Willemsen et al, 1995). The test was successful in
predicting affected status in fragile X males, and was successfully used in prenatal
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diagnosis (Willemsen et al, 1996; Willemsen et al, 1997a). However, it is not possible
to discriminate between normal and premutation carriers.

Furthermore, overlap

between the percentage of FMRP expressing lymphocytes obtained from normal and
affected females renders, the antibody test insufficient for use in diagnosis of female
patients (Willemsen et al, 1997b).

There is currently no treatment for fragile X syndrome. However, special education and
training, in addition to speech therapy and physiotherapy can help ameliorate
symptoms. The disorder is, generally, not life threatening, making selective termination
o f affected fetuses a difficult choice for some couples.

Oocyte donation (Howard-

Peebles, 1996) and preimplantation genetic diagnosis (PGD) have been proposed to help
such couples. Two approaches to PGD have been reported: detection of the normal
maternal allele in the preimplantation embryo (Black et al, 1995; Sermon et al, 1999a)
and analysis o f linked polymorphic markers to trace the affected chromosome (Dreesen
et alt 1995).

The former method has recently been described in a clinical setting

resulting in a single unaffected pregnancy (Sermon et al, 1999a). However, in previous
attempts high degrees o f amplification failure across the (CGG)„ repeat led to inability
to perform diagnosis on a large number of embryos. As a result, embryos for which no
diagnosis was possible were transferred to the uterus on the basis o f the patients’
infertility, resulting in an affected pregnancy (Black et al, 1995). Amplification of the
dinucleotide repeat DXS548 located 150kb proximal to the (CGG)n repeat from single
oocytes was reported as a preliminary step to PGD with the latter method (Dreesen et al,
1995), but no further advance has been described by that group. Use o f the “linkage”
approach was investigated in this study.

1.2 Diagnosis o f genetic disorders
Individuals who are affected by a genetic disease or carry a mutation are at an increased
risk o f transmitting this to their offspring. In the past, such individuals could either
have children facing the possibility that some of them will be affected by the disorder or
remain childless.

With increased understanding of the underlying basis o f inherited

disorders, the ability to screen pre- or asymptomatic individuals in families has become
possible.

This enables the identification o f those individuals who do not carry the
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mutation in question, allowing them to reproduce without fear of passing on the disease.
Alternatively,

pre-symptomatic

counselling and management.

mutation

carriers

can receive effective

genetic

Genetic counselling of carrier individuals, has been

shown to have a big effect on an at risk couple’s decision concerning prenatal diagnosis,
and therefore reducing the number of affected babies bom (Bowman, 1991; Petrou and
Modell, 1995). Furthermore, in a limited number of cases, prevention or alleviation of
symptoms is possible when diagnosis is carried out at an early stage, by administration
o f drugs (Charache et al, 1995) and special diets (Farrell et al, 1997) or medical
interventions such as blood transfusions, in some cases of thalassemia and removal of
malignant tumours, in inherited cancer syndromes (Varsen et al, 1996).

In most cases, knowledge about the location of a gene related to a disorder, preceded
isolation and identification o f the responsible gene itself. Consequently, in most cases,
family screening was initially carried out by analysis of linked polymorphic markers.
Polymorphisms, such as restriction fragment length polymorphisms (RFLP) and more
recently hypervariable tandem repeats, are the most appropriate for use in this context,
as the large number o f alleles and the resulting high degree o f heterozygosity at each
locus ensure that a limited number o f such polymorphisms are likely to be o f use in
most families (Sutherland and Mulley, 1990).

With identification of the gene

responsible, the mutation in each family can be identified.

This allows the direct

screening of family members, providing the only definitive means of determining a
patient’s risk. Furthermore, in some instances, identification o f the mutation may help
predict the severity and age o f onset of the disease in presymptomatic family members.
Finally, in a number o f disorders, one or a few mutations are responsible for most cases.
In addition, some mutations are restricted to certain ethnic groups, allowing population
screening, and identification o f at risk individuals before the birth of affected members
in the family.

1.2.1

Prenatal diagnosis

The development o f methods for retrieval of fetal material once a pregnancy has been
established, combined with increased understanding of the genetic and molecular basis
o f a number o f inherited disorders and their diagnosis, have allowed the identification
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and abortion of affected pregnancies, as a means of preventing the birth of affected
children.

1.2.1.1

Amniocentesis

Amniocentesis was the first means o f obtaining fetal material, described as early as
1877, when it was used in the management of polyhydramnios. Sampling is relatively
simple to perform.

The amniotic cavity is pierced by use of a gauge needle under

continuous ultrasound guidance.

After discarding a small amount of approximately

2ml o f fluid to avoid maternal contamination, 15-20ml o f amniotic fluid, which contains
fetal cells, are obtained for analysis (for review see Verlinsky and Ginsberg, 1993).

Despite its simplicity, amniocentesis was not used until 1953 for management o f Rhesus
sensitised pregnancies. In 1956, amniotic fluid was used for prenatal diagnosis o f Xlinked disorders, where fetal cells were examined for the presence of sex chromatin.
Diagnosis o f metabolic disorders soon followed, but it was not until the capacity to
culture amniocytes was developed (Steele and Breg, 1966) that amniocentesis gained
popularity.

However, in the late 1970s, two reports suggested that procedure related complications,
such as leakage o f amniotic fluid, bleeding and abortion are slightly increased in women
undergoing amniocentesis compared to control groups (NICHD, 1976; MRC Working
Party on Amniocentesis, 1978). It is now accepted that such risks are only increased by
a negligible proportion o f 0.5-1%. An additional drawback is that the procedure cannot
be carried out prior to 16-18 weeks’ gestation, earlier attempts being associated with
increased risk o f fetal loss (Hanson et al, 1987). Furthermore, the need to culture the
cells results in diagnosis requiring 2-4 weeks to be completed. Termination of affected
pregnancies so late in gestation is associated with higher medical complications, in
addition to the emotional stress and trauma o f the mother.

Various refinements to the diagnostic techniques, such as use of fluorescent in situ
hybridisation (FISH) on uncultured samples (Ried et al, 1992; Divane et al, 1994) and
other rapid diagnostic tests (Mansfield et al, 1993; Pertl et al, 1994) reduced the time
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needed for a result. However, a full diagnosis is still seldom possible before the 17
week o f gestation.

1.2.1.2

Chorionic villus sampling (CVS)

The procedure for obtaining material from chorionic villi was first performed in 1970
by a group o f Chinese obstetricians. The report was generally ignored, however, as the
authors had used the method for identification of sex and selective termination of
female fetuses. Meanwhile, reports in the West also described a method of obtaining
fetal material, by performing endoscopic biopsy using a vacuum to suction chorionic
villi into a hole in the side o f a transcervically inserted hysteroscope barrel (for review
see Pergament and Fine, 1993). The villi were then cut free o f the chorion using a knife
(Mohr, 1968). The recent success o f amniocentesis, which posed a lower threat to the
patient and the technically simpler way o f culturing amniotic fluid, prevented CVS from
becoming popular.

It was not until the introduction o f real time ultrasound

(Hanhemann, 1974), that the potential of CVS was recognised.

At the same time,

development and application o f the plastic disposable catheter (Ward et al, 1983) and
the use o f villus tissue for diagnosis of haemoglobinopathies (Old et al, 1982)
introduced CVS in clinical settings for first trimester genetic diagnosis. Since then CVS
has been successfully applied for diagnosis o f a large number of inherited disease and
chromosomal abnormalities (Brambati and Simoni, 1983; Simoni et al, 1983). It was
recognised that CVS has many advantages over second trimester amniocentesis, as it
can be performed between 9 and 12 weeks of gestation, when the woman first
recognises that she is pregnant. Furthermore, the nature o f the outer layer of cells from
chorionic villi, which are rapidly dividing, allows direct karyotypic analysis in hours or
7-14 days if mesenchymal tissue culture is used as opposed to 2-4 weeks when amniotic
fluid cells are used.

This allows selective termination of affected pregnancies in the

first trimester, which is considered to be safer for the mother. Furthermore, by this
time, there are no physical signs o f pregnancy allowing a couple to make decisions
about termination o f pregnancy (TOP) in private. Finally, early diagnosis may in some
cases allow therapy o f the fetus in utero, thus replacing the need for abortion (Packman
et al, 1982).
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Despite the obvious advantages of CVS over amniocentesis, the former approach is
associated with increased maternal and fetal risks. It is difficult to estimate the exact
number of procedure related spontaneous abortions because of the high rate of
spontaneous abortions at early stages of pregnancy, but an increase of 1% over
background pregnancy loss has been suggested (Rhoades et al , 1989). This is even
higher if CVS is carried out earlier than normal or if there is difficulty in positioning the
catheter. In general, increased fetal or neonatal loss is affected by placental position,
each additional passage of the catheter, and the amount o f villi obtained (for review see
Verlinsky and Ginsberg, 1993). Furthermore, Firth et al (1991) and Burton et al (1992)
reported an increase in severe limb abnormalities from 1 per 175,000 to 1 in 66
apparently related to difficult or early CVS, in addition to 3.3% major congenital
abnormalities in fetuses if CVS was carried out between 9.5-11 weeks. They suggested
that this may be the result o f vascular insult.

Initially, CVS was carried out

transcervically which raised fears of the possibility of infections introduced in the
uterus, leading to maternal morbidity and fetal loss. The transabdominal approach was
introduced in 1988 (Smidt-Jansen and Hahnemann, 1988) as an alternative in the hope
o f reducing the risks associated with the transervical method.
comparison of the two methods failed to show any advantages.

However, direct
Instead, both

approaches are now used providing a greater choice depending on location of the
placenta.

An additional problem o f CVS is the fact that it relies on the assumption that
extraembryonic tissues are representative of the fetus.

In most cases, when

investigation o f single gene disorders is carried out, this holds true. However, in some
instances, such as when methylation abnormalities are being investigated, as is the case
in the diagnosis o f the fragile X syndrome, there are increasing fears that complete
methylation has not occurred by the time CVS is performed, which may lead to false
negative results (Castelvi-Bel et al, 1995). Indeed, even when the diagnosis was carried
out by cytogenetic analysis, a larger proportion o f samples obtained by CVS failed to
demonstrate the fragile site on Xq27 as compared to cells obtained from amniotic fluid
(Jenkins et al, 1994). A larger problem is posed by the finding of confined placental
mosaicism (CPM) (Kalousek and Dill, 1983), which has been shown to affect
approximately 1% o f pregnancies, and refers to cases where the placenta is
karyotypically different to the fetus. This could be the result of mitotic non-disjunction
during very early development when a proportion of cells are allocated to the
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trophoblast which later gives rise to the extraembryonic tissues. It is possible that a new
cell line is present only in those tissues. Furthermore, there is evidence that if aneuploid
or polyploid cells in the early embryo are allocated to the trophoblast by chance (James
et al, 1995; Wolstenholme, 1996) then the embryo itself may survive. In such cases,
mosaicism may be detected at CVS and confirmation o f the result is needed by followup amniocentesis, which increases the anxiety of the parents and the obstetric risks to
the pregnancy.

1.2.2

Preimplantation genetic diagnosis (PGD)

Despite the obvious advantages to couples at risk of having an affected child,
amniocentesis and CVS suffer from a major drawback, namely the need for terminating
a fetus diagnosed as affected. When the diagnosis is carried out in the first trimester,
TOP may pose less risk to the mother, but it is, nevertheless, not an easy decision,
irrespective o f the stage o f pregnancy. This is especially true for non life-threatening or
late onset disorders. Patient demand for alternative approaches to the prevention o f the
birth o f affected children led to the advent of preimplantation genetic diagnosis (PGD).
The possibility o f PGD has been recognised for more than 30 years, since reports
appeared on the control o f the sex ratio in rabbits by sexing blastocysts (Edwards and
Gardner, 1967).

Application to humans was delayed due to lack of methods of

obtaining human embryos in vitro and techniques sensitive enough to type single or
very small numbers o f cells.

Initial attempts o f fertilisation and growth of embryos in vitro in animals were
disappointing. In rabbits, embryos could be successfully grown in vitro (Daniel, 1971),
but problems arose when fertilisation o f oocytes was attempted without capacitation of
spermatozoa in the oviduct or uterus. Similarly, mouse and rat oocytes, could not be
fertilised in vitro. Furthermore, it was possible to grow embryos from a few strains in
vitro to blastocysts but only when they were introduced to culture at the 4-cell stage.
However, work on human cells outstripped all studies on animals by the successful
fertilisation o f human embryos in 1969 (Edwards et al, 1969) followed by culture in
vitro two years later (Steptoe et al, 1971), opening up the possibilities for PGD.
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Meanwhile,

experimentation on embryos from various species led to

better

understanding of metabolism at very early stages of development, which in turn led to
improved conditions o f culture. This was aided, where human embryos are concerned,
by the rapid spread o f in vitro fertilisation (IVF) techniques world-wide.

The first attempt at diagnosis before implantation was performed in 1967 when female
rabbit blastocysts were examined under fluorescence microscopy to identify the sex
chromatin body (Edwards and Gardner, 1967). This was carried out successfully, but at
that time there was no method o f doing this without destroying the embryo.
Furthermore, similar experiments were unsuccessfully carried out on human blastocysts
(Steptoe et al, 1971). It thus became clear that analysis would have to be carried out on
a small sample removed from the embryo.

Initial attempts at PGD concentrated on detecting defects at the biochemical level, by
measuring the protein or enzyme activity level, for the diagnosis of an inherited enzyme
deficiency. In order for such approaches to be o f use it is important for the gene to be
expressed by the embryo at the very early stages of development.

This can be

hampered, however, by the background activity o f the culture medium which may itself
contain the enzyme under investigation. In addition, maternal transcripts are present in
the oocyte at the time o f fertilisation to control the very early stages of development
prior to embryonic genome activation. These are believed to dominate transcription of
many genes at various stages o f development and persist until late stages so that they
may “mask” embryonic gene transcription.

Biochemical analysis was nevertheless

successfully used for the diagnosis o f a mouse model of Lesch-Nyhan syndrome, which
is caused by deficiency of the enzyme hypoxanthine phosphoribosyl transferase (HPRT)
(Monk et al, 1987b). However, similar attempts in human preimplantation embryos
were unsuccessful, making the need for alternative approaches essential (Braude et al,
1989).

Meanwhile, studies on the possibility of manipulating embryos were carried out. Such
studies in rats and rabbits demonstrated the totipotency of blastomeres at very early
stages o f mammalian development, in addition to their resistance to manipulation. In
humans, such experiments were not carried out until 1990, when it was demonstrated
that 1-2 blastomeres could be removed from an 8-cell embryo without detriment to its
further development (Hardy et al, 1990). Additional evidence was obtained from the
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transfer, and subsequent pregnancies from partially degenerating embryos during
routine IVF or after cryopreservation and thawing when up to half o f the blastomeres
may be destroyed without any increase in fetal or congenital abnormalities (for review
see Handyside and Delhanty, 1997).

Finally, the advent o f molecular methods such as the polymerase chain reaction (PCR)
and fluorescent in situ hybridisation (FISH), which are sensitive enough to allow
analysis o f minute amounts o f DNA opened up the possibilities for the clinical
application o f PGD, which was first carried out in the United Kingdom, in a series of
patients at risk o f transmitting an X-linked disorder (Handyside et al, 1990).

Today it is estimated that PGD is offered in approximately 50 centres worldwide for a
variety o f disorders including recessive (Ray et al, 1994; Xu et al, 1999) and dominant
single gene defects (Sermon et al, 1999b; De Vos et al, 2000) and chromosomal
abnormalities (Iwarsson et al, 1998a; Iwarsson et al, 1998b; Conn et al, 1998; Munne et
al, 1998b; Conn et al, 1999) (for review see Harper, 1996; ESHRE PGD Steering
Committee, 1999).

In theory, PGD could be offered for any disorder of which the

underlying molecular basis is known. In fact, in the period between January 1997 and
September 1998, a total o f 392 clinical PGD cycles were carried out in 16 centres,
resulting in 67 pregnancies (ESHRE PGD Consortium Steering Committee, 1999).

The groups o f patients who may benefit from PGD are several. The first group includes
those individuals who are at risk o f transmitting a recessive X-linked disorder, for which
the molecular basis has not yet been identified. As half of the boys are at risk of being
affected by the disorder, sexing with subsequent termination o f all male pregnancies is
the only alternative for such couples, who may find the possibility o f terminating a
potentially normal male fetus unacceptable. Secondly, there are couples who have had
to undergo repeated terminations o f pregnancies after diagnosis of the disease in the
fetus. A third group o f patients consists of couples who are infertile or sub-fertile with a
concurrent genetic disease, frequently a chromosomal disorder.

Such couples are in

need o f assisted reproductive techniques but may wish to maximise the chances of
achieving a normal pregnancy. Finally, there are couples with known genetic risk who
are opposed to termination o f an established pregnancy.

For such couples, the

possibility to eliminate the risk o f the genetic disorder in their oflspring at the
preimplantation stage
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may be a more acceptable alternative. This group includes couples who are at risk of
transmitting a late onset, or non-life threatening but nevertheless incapacitating disorder.

Irrespective of the reason for undergoing PGD, all patients have to undergo standard in
vitro fertilisation treatment, to allow access to a sufficient number o f embryos for
analysis in vitro.

1.2.2.1

In vitro fertilisation (IVF)

In vitro fertilisation (IVF) was originally developed as a means of helping women who
had a mechanical blockage o f the fallopian tubes, preventing sperm from reaching the
oocytes. For this purpose, matured oocytes retrieved from the ovaries by laparoscopy
were cultured and fertilised in vitro, the resulting embryos were transferred to the uterus
in the hope o f achieving a pregnancy (Steptoe and Edwards, 1978). However, it soon
became clear that similar approaches could be used for the treatment of infertility
arising from numerous factors, including male infertility. This led to improvements in
the existing methods such as refinement of the drugs used to induce superovulation and
the introduction o f vaginal ultrasound-guided techniques for oocyte retrieval, as well as
the evolution of a variety o f related techniques, suitable to tackle different causes of
infertility, such as gamete intrafallopian transfer (GIFT), zygote intrafallopian transfer
(ZIFT) and pronucleate stage tubal transfer (PROST). In addition, new microsurgical
approaches became available specifically designed to overcome problems associated
with male infertility, such as partial zona dissection (PZD), designed to facilitate sperm
entry into the oocyte (Cohen et al, 1989) and subzonal sperm insemination (SUZI)
where 2-5 sperm were injected inside the zona pellucida (Laws-King et al, 1987).

All these techniques were used with variable degrees of success until 1992, when a
technical accident led to the discovery of intracytoplasmic sperm injection (ICSI),
which involves the injection o f a single sperm directly into the ooplasm (Palermo et al,
1992). Since its discovery ICSI has turned out to be one o f the most successful assisted
reproduction techniques, and thousands of ‘ICSI’ babies have been bom worldwide
(Bonduelle et al, 1996; Loft et al, 1997).

Initially mature ejaculated sperm were

injected but soon immature sperm and spermatids (Sousa et al, 1998) surgically
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obtained from the epididymis or testis came to be used if no sperm was found in the
ejaculate and ICSI is now one o f the preferred methods of IVF treatments for a variety
o f male and female infertility factors.

However, the immediate spread of ICSI has

raised concern in terms o f safety o f the procedure (Meschede et al, 1995). Standard
fertilisation techniques rely on the sperm to fertilise the oocyte, and only the “best”
sperm are usually able to do this. In ICSI, a single sperm, selected solely on the basis of
morphology is injected in the oocyte to initiate fertilisation, bypassing a number of
carefully regulated “natural” selection steps.

A number o f infertility problems are

increasingly being associated with a genetic underlying defect, such as abnormal
karyotype (Wilkins-Haug et al, 1997), mutations in a number of genes such as CFTR
(Schlegel et al, 1995; Chillon et al, 1995) and deletions on the Y chromosome (Pryor et
al, 1997). The absence o f a natural selection in the sperm may, therefore, result in the
transmission o f such defects to the offspring, leading to increased infertility problems in
the next generation (Silber et al, 1995; Chandley and Hargreave, 1996; Fishel et al,
1996). Additionally, concerns have been raised as to the effect of the technique itself on
the resulting offspring, although data from various groups suggest that congenital
defects are not increased in babies bom following ICSI (Bonduelle et al, 1995; Tarlatzis
and Bili, 1998; Loft et al, 1999).

Despite the changes in the method o f fertilisation over the years, the basic approach to
IVF has remained the same.

Both partners undergo a series of preliminary tests to

assess their suitability and chances o f success o f the procedure, and to determine the
best stimulation protocols for each case.

One o f the most important factors in the

success o f IVF is the ability o f the ovaries to respond to stimulation and develop several
follicles (Loumaye et al, 1990; Roest et al, 1996).

A variety of tests have been

developed to assess ovarian reserve and predict response to the stimulation protocols,
such as the measurement o f basal levels of follicle stimulating hormone (FSH)
(Muasher et al, 1988; Toner et al, 1991) compared to those following gonadotrophinreleasing hormone (GnRH) analogue stimulation, with or without the simultaneous
measurements o f other molecules such as 17p-oestradiol (Ranieri et al, 1998).

Apart from predicting ovarian reserve, the above tests may predict the way a patient is
going to respond to the drugs administered, and a regime suitable in each case can
therefore be used. The principle o f all regimes is similar, but the time during the cycle
and the dosage o f the drugs may be altered to suit each patient. In general the pituitary
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gland is first suppressed by the administration of GnRH analogue. When the ovaries are
biochemically and ultrasonographically suppressed gonadotrophins are administered to
stimulate follicular growth. The follicles are tracked throughout the treatment cycle by
serial ultrasound scans and measurement of serum oestradiol, until at least three are seen
to have grown to over 18mm.

At this stage a single dose of human chorionic

gonadotrophin (hCG) is administered to initiate ovulation. Oocyte retrieval is usually
carried out 34-36 hours later under ultrasound guidance using transvaginal follicular
puncture and needle aspiration. Oocytes are then incubated with cultured sperm from
the male partner, or injected with a single sperm. Fertilisation is assessed 18 hours later,
when the oocytes are inspected for the presence of two pronuclei. Embryo development
is assessed a further 24 hours later, at which time a maximum of three of the best quality
embryos are transferred to the mother’s uterus, while in most cases, surplus good
quality embryos are cryopreserved for use in future cycles (Overton et al, 2000).

Theoretically, the use of IVF allows sampling of cells for diagnosis to be performed at
various stages o f preimplantation development.

1.2.2.2

Preconception diagnosis and polar body biopsy

Preconception diagnosis involves the identification of gametes that are free of the
affected allele and their use for fertilisation and subsequent embryo transfer. This could
be achieved, theoretically, by analysing either sperm or oocytes. However, there is no
method for genotypic analysis o f sperm which leaves the sperm intact for subsequent
fertilisation of an oocyte.

Several methods have been described which allow the

separation o f X-bearing from Y-bearing sperm, such as electrophoresis, centrifugation,
changes in the pH o f the medium and density separation (Levinson et al, 1995).
However, none o f these approaches has been proven to be accurate and their use would
be limited to diagnosis o f X-linked disorders..

As an alternative, indirect diagnosis of oocytes has been used by two centres in the
United Stated (Verlinsky et al, 1990; Munne, 1995a). This involves genotyping of the
first polar body, released after the first meiotic division, the genetic content of which is
complementary to that of the oocyte. A hole is made in the zona pellucida surrounding
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the oocyte, through which the polar body is removed. This is then analysed for the
mutation under investigation. If the mutation is found in the polar body, it is assumed
that the oocyte is free of the mutation and is therefore fertilised.

The major advantage o f this approach is that it is non-invasive to the embryo, and
therefore, may be more acceptable to some couples, who may be morally or ethically
opposed to diagnosis and elimination after fertilisation.

Additionally, more time is

available for analysis. It is hampered, however, by the risk of meiotic recombination
between the mutation and the centromere.

In this case, the polar body, and

consequently the oocyte, will be found to be heterozygous and the removal o f the
second polar body will be necessary for analysis. The second polar body is released
after fertilisation. Analysis, therefore, allows extrapolation into the allele inherited by
the embryo. In fact, analysis o f both polar bodies is now carried out in most cases
(Strom et al, 1997; Verlinsky et al, 1998). Removal o f the second polar body after
fertilisation eliminates the ethical advantages of this approach. A further disadvantage
is that it cannot be used for the analysis o f mutations carried by the male partner, in
addition to inability to determine the sex of the resulting embryo in the case of X-linked
disorders.

1.2.2.3

Cleavage stage biopsy

Following fertilisation, the zygote undergoes one division every 24 hours, before it
compacts to form a morula. Up to this stage, the cells are totipotent, not having been
irreversibly committed to specific tissues. While embryos are sensitive to manipulation
at the very early stages o f this period, i.e. up to the 4-cell stage (Tarin et al, 1992),
removal o f one or two blastomeres at the 7-10-cell stage reached by most embryos on
day 3 post fertilisation, has been shown to be safe with no adverse effects on further
development (Hardy et al, 1990), and has been the developmental stage of choice for
most centres which carry out PGD.

The method used to remove the blastomeres takes only 5 to 10 minutes, minimising the
time that the embryos are manipulated at room temperature. For this the embryo is
immobilised by suction on a flame-polished holding pipette and a hole is drilled in the
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zona pellucida by local application of acidified Tyrodes solution (Timson and
McDermott, 1994). However, it is often difficult to control the size of the hole and the
use o f a laser for zona drilling is becoming more popular (Veiga et al, 1997; Boada et
al, 1998; Montag et al, 1998). The size of the hole is more precisely controlled and the
method is easier to perform without adverse effects on the embryo.

A 30 micron

micropipette is then used to aspirate one or two cells by gently applying negative
pressure. The embryo is then released from the holding pipette and transferred to the
incubator (Figure 1.3) (Timson and McDermott, 1994). At this stage, human embryos
start to undergo compaction. This makes removal of a blastomere difficult as gap and
other junctions joining the cells are becoming established.

Use of a Ca2+Mg2+-free

medium, has been proposed as this disrupts the junctions so the blastomeres are easily
removed (Dumoulin et al, 1998), reducing blastomere lysis and allowing a quicker
biopsy time.

A disadvantage o f carrying out diagnosis at this stage is that a maximum o f two
blastomeres can be removed without detriment to the subsequent development o f the
embryo. More importantly, however, analysis of embryos surplus to IVF treatment has
revealed that the incidence o f chromosomal mosaicism at this stage is surprisingly high
(Harper et al, 1995; Munne et al, 1995b). As a result, the cell examined may not be
representative o f the whole embryo and this in turn may lead to misdiagnosis. Removal
o f two blastomeres for analysis, reduces this problem but may result in uncertain results,
reducing the number o f embryos suitable for transfer.
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Figure 1.3

Biopsy of two blastomeres from a 8-cell embryo (From Veeck L.L.,

1999).
a. A hole is drilled in the ZP by local application o f acidified Tyrodes solution
b. A 30 micron micropipette is placed near the hole
c. Blastomeres are aspirated through the hole
d. The embryo recovers and is returned to the incubator.

The embryo is held by suction on a “holding pipette”, throughout the procedure, which
takes 5-10 minutes.
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1.2.2.4

Blastocyst biopsy

At the blastocyst stage, the embryo reaches the maximum number of cells prior to
implantation and 10-30 cells can be removed from the trophectoderm for analysis. This
is done by drilling a hole in the ZP, by use of acidified Tyrodes solution or laser, in a
similar way as that used in cleavage stage biopsy (Dokras et al, 1995). The blastocyst is
returned to culture, so that some o f the trophectoderm cells herniate from the embryo,
which can then be used for analysis (Muggleton-Harris et al, 1993). The cells removed
by this approach are extraembryonic in nature, which might be ethically advantageous
for some people.

A major drawback o f this method is that only approximately 50% of normally fertilised
oocytes reach the blastocyst stage, despite improved culture conditions (Gardner et al,
1998; Jones et al, 1998).

As a result, a very small number of embryos would be

available for diagnosis, jeopardising the chances of establishing a pregnancy following
diagnosis (Vandervorst et al, 1998).

An alternative approach for obtaining blastocysts for analysis would be that of uterine
lavage o f in vivo fertilised embryos following ovarian hyperstimulation (Buster and
Carson, 1989; Formigli et alt 1990). However, the yield of embryos by this approach is
quite low, while the risk o f not removing all of the blastocysts is quite high. As a result
this may lead to ectopic pregnancies, or more importantly a pregnancy from an
undiagnosed, and possibly affected, embryo.

An additional disadvantage o f blastocyst biopsy is the nature of cells biopsied, which
being extraembryonic may have diverged genetically from the inner cell mass, from
which the embryo proper is derived. As a result blastocyst biopsy has never been used
clinically (Harper and Delhanty, 2000).
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1.2.2.5

Sexing

The first clinical application o f PGD was carried out to avoid the transmission of Xlinked mutations carried by the mother, by the selection of female embryos for transfer
(Handyside et al, 1990). Theoretically, this could be done by either of two strategies:
polymerase chain reaction (PCR), using primers specific for a sequence located on the
Y chromosome or by non-radioactive hybridisation o f a Y chromosome-specific probe
to interphase nuclei. At the time detection o f hybridised probes could be carried out in
24 hours but the efficiency o f hybridisation was very low when the method was applied
to embryonic nuclei (Penketh et alt 1989), so PCR was elected (Handyside et al, 1990).
Although several normal girls were bom using this approach, a misdiagnosis did occur,
probably as a result o f amplification failure (reviewed in Delhanty, 1994).

Since then improvements in PCR methods used for sexing have been made.

These

include simultaneous amplification o f alphoid or other chromosome specific sequences
from both the X and Y chromosomes in a multiplex reaction (Kontogianni et al, 1991;
Strom et al, 1991; Grifo et al, 1992) or amplification of related genes or pseudogenes,
such as amelogenin (Nakahori et al, 1991), steroid sulphatase (Zhang et al, 1992) or
ZFX/ZFY (Chong et al, 1993). The sequences used are identical at the site o f primer
annealing but the amplified fragments obtained from each chromosome differ in size or
a restriction endonuclease site. In addition, an increasing number of X-linked disorders
have been sufficiently characterised at the molecular level to allow specific diagnoses to
be designed, overcoming the need for sexing (Ray et al, 1999; ESHRE PGD
Consortium Steering Committee, 1999).

Despite the improvement provided by these modifications, the majority of embryo
sexing is now carried out by use o f fluorescent in situ hybridisation (FISH), using
differentially labelled probes specific for the X and Y chromosomes (Griffin et alt
1992).

The discovery o f a large number of chromosomal abnormalities in

preimplantation embryos has prompted most groups to incorporate a probe specific for
an autosome in order to gain some information on the overall ploidy of the cell
(Delhanty et al, 1997; Staessen et al, 1999).
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There are two main advantages in the use o f FISH for sexing over that of PCR. First,
the increased sensitivity necessary for sufficient amplification o f a specific sequence
from the DNA available in a single cell results in increased susceptibility to
contamination by extraneous DNA. The risk o f contamination using FISH is minimal
as the nucleus is constantly observed under the microscope and nuclei from different
cell types often have easily distinguishable morphology and size. A further drawback of
PCR is that detection o f a product provides no information on the chromosome copy
number.

This is especially important in sexing as a number o f sex chromosome

aneuploid conceptuses develop to term.

Transfer of an XO (Turner’s syndrome)

embryo would therefore be disastrous when the aim is to avoid a maternally inherited
defect, since the majority o f such embryos are missing the paternal X chromosome
(Hassold et al, 1988).

1.2.2.6

Chromosomal abnormalities

A large number o f referrals for PGD are from patients at increased risk o f having
children affected by a chromosomal abnormality (ESHRE PGD Consortium Steering
Committee, 1999). The specific chromosomal defect may be associated with fertility
problems, or recurrent miscarriages, often before the stage of prenatal diagnosis. For
PGD in these cases karyotyping o f banded chromosomes would be the best approach.
However, cells need to be arrested and spread at metaphase. In traditional karyotyping
analyses, a large number o f metaphases are examined to control for the loss of
chromosomes during spreading.

The successful application of FISH for sexing led a

number o f researchers to investigate the use o f this method in the diagnosis of
chromosomal abnormalities.

A range o f abnormalities in phenotypically normal individuals can lead to an increased
risk o f chromosomal abnormalities in the offspring.

These include Robertsonian

translocations, involving the fusion at the centromere of two acrocentric chromosomes,
reciprocal translocations, resulting from chromosome breakage in two non-homologous
chromosomes followed by fusion at the broken ends in different combinations,
inversions and gonadal mosaicism (reviewed in McConkie, 1992).

The first clinical

PGD cycles for an inversion was reported in 1999 where a single copy probe located
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H ypothetical reciprocal translocation

carrier

with location of probes for three colour FISH

within the chromosomal region involved in the inversion was used (Iwarsson et al,
1998a). PGD for a large deletion was also carried out in similar way by the same group
(Iwarsson et al, 1998b).

PGD for Robertsonian translocations has been carried out by either of two approaches.
The first approach involved the use of whole chromosome paints applied to the first
polar body (Munne et al, 1998a).

This was later improved by the addition of locus

specific probes for confirmation o f the number of chromatids (Munne et al, 1998b). In
an alternative approach, locus specific probes were applied to interphase nuclei of
cleavage stage embryos (Conn et al, 1998).

PGD for reciprocal translocation and

inversion carriers is more difficult to perform, as the breakpoints can occur on any
chromosomal location. As a result, a different set o f probes is usually necessary for
each case.

Polar body biopsy using whole chromosome paints in combination with

centromeric and sub-telomeric probes for identification o f individual chromatids has
been used for this type o f abnormalities (Munne et al, 1998a). For PGD carried out at
the cleavage stage, ideally four probes flanking the breakpoints would be used.
However, it is often difficult to obtain the necessary probes, so three colour FISH using
two probes for one chromosome and one for the other has been used (Conn et al, 1998;
Conn et al, 1999).

The disadvantage of this approach is that normal and balanced

embryos cannot be differentiated.

As an alternative, use of probes spanning the

breakpoints has been suggested (Munne et al, 1998c).

Over half o f the PGD cycles carried out to date worldwide have been performed for
general screening for age related aneuploidy (Verlinsky and Kuliev, 1998) using probes
for chromosomes X, Y, 18, 13 and 21 which together account for 95% of postnatal
chromosome abnormalities in the hope of increasing the pregnancy rate following IVF.
Later a probe for chromosome 16 was added (Munne et al, 1998d) and more recently
probes for chromosomes 14, 15 and 22 have been included (Munne et al, 1998e).
Additionally, some clinics have decided to use this approach for screening patients with
recurrent abortions or IVF failures (Gianaroli et al, 1997). However, the advantages
and disadvantages o f such an approach are still under debate (Dailey et al, 1996;
Egozcue et al, 1996; Gianaroli et al, 1997; Verlinsky and Kuliev, 1998), as only a
limited number o f chromosomes can be analysed by FISH, and there is limited
information

regarding

those

chromosomes

abnormalities at such early stages.

which

might

be

associated

with

Additionally, the method is labour intensive and
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older women generally produce very few good quality embryos.

In one study, the

number of embryos found to be normal was so small that undiagnosed and monosomic
embryos were transferred, the rationale being that hybridisation failure is higher than
the risk of a monosomic embryo reaching to term (Smith et al, 1998).

1.2.2.7

Single gene defects

The first single gene disorder to be diagnosed at the preimplantation stage was cystic
fibrosis (Handyside et al, 1992). The ability of PCR to enrich a DNA sample for one
specific sequence, amplifying it to levels at which it can be visualised and further
analysed, has made the technique an invaluable tool in genetic testing. Refinement of
the method for single cell analysis has proven highly successful despite difficulties.
Changes in methodology since the first clinical application have reflected an increased
appreciation o f the difficulties associated with single cell PCR. Such modifications take
into account the principal problems o f amplification failure, allele drop out (ADO) and
contamination.

An early misdiagnosis in a sexing PGD cycle (Handyside and Delhanty, 1993), has been
attributed to amplification failure, which is now known to occur in approximately 10%
o f blastomeres regardless o f their genotype.

In addition, misdiagnoses have been

reported in two PGD cycles o f cystic fibrosis (reviewed in Lissens and Sermon, 1997)
and one cycle of myotonic dystrophy (Sermon et al, 1998a) and p-thalassemia
(Kanavakis et al, 1999). As a result, most PCR protocols have been modified to reduce
the risk of misdiagnosis.

In order to prevent a misdiagnosis resulting from

amplification failure most diagnostic protocols no longer rely on the absence of a
product. In cases when this is the only approach, then absence of a product is used to
indicate the affected genotype.

In this way, amplification failure may result in a

decrease o f embryos available for transfer but not in misdiagnosis of an affected embryo
as unaffected.

An additional problem, specific to single cell PCR is that of ADO, which is a term
chosen to describe the random amplification failure of one allele in a heterozygous
sample. The phenomenon o f ADO is still poorly understood but seems to affect 5-20%
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o f amplification reactions (Ray and Handyside, 1996; Wells and Sherlock, 1998). The
problem is particularly important in the diagnosis of dominant disorders and recessive
disorders in which the parents carry two different mutations, only one of which is being
investigated. Most PCR protocols used clinically have been optimised to minimise the
frequency of ADO (Ray and Handyside, 1996; El-Hashemite and Delhanty, 1997a;
Sermon et al, 1998a and b), although such modifications do not eliminate ADO
completely. For this reason, most PCR protocols now include precautions to minimise
the risk o f misdiagnosis due to ADO. In general these precautions are based on the
amplification o f more than one sequence, usually a fragment containing the mutation
and an informative, linked polymorphism, to obtain information on the genotype of the
embryo.

This can be done by use o f multiplex PCR (Kuliev et alt 1998) for the

simultaneous amplification o f the two fragments or by whole genome amplification
(WGA) methods (Ao et al, 1998). In the later case an initial step is carried out during
which the whole genome from a single cell is amplified non-specifically (Zhang et al,
1992; Wells et al, 1999). The products of this reaction can then be used as template for
a number of independent PCR reactions, providing information on a large number of
loci from the single cell. This approach, however, involves a lengthy initial step. As a
result, multiplex PCR is in general the method of choice (Harper and Wells, 1999).

A final drawback o f single cell PCR, resulting from the necessary increased sensitivity,
is the susceptibility to contamination.

The increased sensitivity o f single cell PCR

means that even a single copy of extraneous DNA will result to contamination.
Extraneous DNA can be introduced from a number of sources, including sperm
embedded in the ZP, maternal cumulus cells, epithelial cells shed during isolation by the
operator, or “carry-over” PCR, from previous experiments. ICSI is now generally used
to fertilise oocytes prior to PGD for single gene disorders, to prevent contamination by
excess sperm. Nested PCR protocols, where a second round of amplification is carried
out using primers located within the initially amplified product, provide the major tool
against contamination by previously amplified PCR products. In addition, amplification
o f a highly polymorphic micro satellite sequence can be incorporated in a multiplex PCR
reaction, allows fingerprinting o f the amplified DNA (Muggleton-Harris et al, 1993),
any deviation from the previously determined genotypes indicating the presence of
contamination.
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Following amplification o f the sequence under investigation, a number of methods are
available for detection of a mutation. In theory, the best such approach is direct DNA
sequencing, as it has the capacity o f identifying all sequence variants. Despite recent
improvements in DNA sequencing, including fluorescent detection (Tsui et al, 1995)
instead o f the traditional radioactive approach and direct sequencing of PCR products,
protocols remain labour intensive and expensive especially when large samples need to
be analysed.

Instead a wide range o f methods have been devised for the identification of changes in
DNA sequence. In general, these methods can be divided into two categories: those that
are specific for the detection o f a previously characterised mutation, and those which
detect a broader range o f mutations.

The first set are generally used in diagnostic

settings, or when a limited number o f mutations are responsible for a disease. They
provide a rapid and efficient means o f carrying out diagnosis, but previous knowledge
o f the mutation is necessary.

An example of such a technique is the amplification

refractory mutation system (ARMS), in which allele specific oligonucleotides serve as
primers for PCR. Amplification o f the DNA with the primer specific for the mutation
indicates the presence o f this mutation in the DNA sample, while failure of
amplification indicates absence o f the mutation.

Alternatively, primers for both

sequences can be included in the same reaction. Products generated from each allele
can then be separated by means o f size, if one product has been made shorter than the
other, or on an automated fluorescent sequencer, capable o f detecting differentially
labelled PCR products. Alternatively, the template is initially amplified with a set of
primers flanking the mutation, followed by independent nested reactions, using allelespecific oligonucleotides. This approach has been used in preliminary experiments for
PGD o f sickle cell anaemia (Muggleton-Harris et al, 1993) and cystic fibrosis (Scobie et
al, 1998).

Another approach to the direct detection of a mutation is achieved by use of restriction
enzyme digestion a technique which relies on a mutation destroying or creating a
restriction site, and has been used in the diagnosis a variety of disorders including sickle
cell anaemia (Xu et al, 1999); cystic fibrosis (Avner et al, 1994) and spinal muscular
atrophy (Daniels et al, 1997).
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Finally, some disorders may result from the deletion/insertion of one or more base pairs.
Detection of these mutations can be achieved by means of fragment analysis on
polyacrylamide gels, followed by ethidium bromide or silver staining of the DNA. The
wide-spread use of automated fluorescent sequencers, has greatly facilitated detection of
mutations analysed in this way (Findlay et al, 1995a and b; Sermon et al, 1998a, b and
1999)

The second category o f mutation detection techniques, generally known as “scanning”
methods, includes those techniques used in the search of mutations and polymorphisms
in candidate genes with as yet unidentified mutations or when a heterogeneous spectrum
o f mutations in a gene are responsible for a disorder, but can also be used
diagnostically.

This group includes techniques, such as single strand conformation

polymorphism (SSCP), heteroduplex analysis (HA) and denaturant gradient gel
electrophoresis (DGGE).

They represent the most widely used forms of mutation

detection, and have gained popularity by combining simplicity with speed. Numerous
variations in the exact methodology exist, but in general all are based on changes in the
electrophoretic mobility o f a single or double stranded DNA fragment, introduced by
the mutation.

SSCP analysis has been used in the PGD o f familial adenomatous

polyposis coli (Ao et al, 1998) and p-thalassaemia (Kuliev et al, 1998; El-Hashemite et
al, 1996 and 1997b), while HA was the method originally used for the diagnosis of the
3bp deletion, AF508, responsible for 75% of cystic fibrosis cases (Handyside et al,
1992). Use of DGGE in PGD has only recently been reported, in the diagnosis of a
spectrum o f mutations responsible for p-thalassaemia (Kanavakis et alt 1999).

1.3 Objectives
One o f the objectives o f this study was to compare and determine the most efficient and
accurate method for the preimplantation genetic diagnosis of sickle cell anaemia

In addition, single cell protocols suitable for use in PGD for the fragile X syndrome
were established for 7 couples requesting PGD. Furthermore, in response to a request
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for PGD from a couple at risk o f transmitting fragile X syndrome and cystic fibrosis, a
multiplex PCR protocol was established and applied clinically in two PGD cycles.

Meanwhile, a variety of protocols aimed at detecting premutation and full mutation
alleles at the fragile X locus were investigated for application to human oocytes and
preimplantation embryos with the objective of investigating the stage during
development when the transition from premutation to full mutation occurs.
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Chapter 2
Materials and Methods

2.Materials and Methods
2.1 M aterials

2.1.1

Chemicals

General laboratory chemicals used for this study were obtained from British Drug
House (BDH), Poole, Dorset. All were of AnalaR grade These included:
All the chemicals used for silver staining
Salts used for making buffers
Sodium Dodecyl Sulphate (SDS) for single cell lysis

In addition, the following chemicals were purchased from:

Sigma Chemical Company, Poole, Dorset: Standard agarose, Type 1
Ethidium bromide
Mineral oil for PCR
Dimethylsulphoxide (DMSO)
Phosphate Buffered Saline (PBS) tablets
Tween 20 detergent
Nonident P-40 (NP-40) detergent later
changed to Igepal CA-630 by the company
Dextran Sulphate
Formamide for PCR (molecular biology
grade)

Gibco BRL, Paisley, Scotland: Dulbecco’s Phosphate Buffered Saline ( I X PBS)
without Ca2+and Mg2+
Hank’s balanced salt solution (HBSS) without Ca2+
and Mg2+
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Severn Biotech

Ltd, Kidderminster, Worcs: 6% acrylamide solution (19:1

acrylamide/bis-acrylamide).

FMC BioProducts, Rochland, USA: NuSieve GTG low melting temperature agarose

National Diagnostics, Hull: Sequagel-6 (6% polyacrylamide solution)
Sequagel complete buffer reagent for use with ALF
Express

Flowgen, Lion field, Staffordshire: MDE™ gel solution for SSCP on the ALFexpress

Ammonium persulphate (APS)

Biorad Laboratories Limited, Herts:

NNN’N ’tetramethylenediamine (TEMED)

A DNA purification kit, QIAquick PCR purification kit, was purchased from Qiagen,
West Sussex, UK.

The ABI PRISM ® Big Dye ™ Terminator Cycle sequencing kit was obtained from PE
Biosystems, (Warrington, UK).

Pharmacia Biotech, Buckinghamshire: Ultrapure dNTP set (2’-deoxynucleoside 5’triphosphate), lOOmM solutions, stored at -20°C
c7dGTP (7-deaza-2’deoxyguanosine 5triphospate), 5mM solution, stored at -20°C.
Ultra-thin

pre-cast

20%

non-denaturing

polyacrylamide gels (PhastGel®), solid native buffer strips and sample applicators for
use with the PhastSystem™ stored at 4°C.
GeneGel Excel 12.5/24 kit (12.5% non
denaturing polyacrylamide gels), and
GeneGel Clean 15/24 kit (15% dehydrated
polyacrylamide gels) for use with GenePhor, all stored at 4°C.
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2.1.2

Enzymes

The restriction endonuclease Dde I (Desulfovibrio desulfuricans) and the appropriate
buffer (buffer D) were obtained from Promega, Southampton, at a concentration of
12U/pl and stored at -20°C.

Proteinase K (Arthobacter leteus) for single cell lysis was obtained from Boeh ringer
Mannheim and was made to a final concentration of 125pg/ml.

Pepsin used for FISH was purchased from Sigma.

Bovine serum albumin (BSA) was purchased from Sigma Chemical Company, Poole,
Dorset at 20mg/ml and stored at -20°C

In initial experiments involving the amplification of the P-globin gene AmpliTaq
(Thermus aquaticus) polymerase and 10 X buffer with Mg2+ from GeneAmp® (buffer
II), were used, supplied by Perkin Elmer, Warrington. In subsequent experiments,
this was replaced by Super Taq polymerase supplied with the appropriate buffer by HT
Biotechnology Limited, Cambridge, at a concentration of 5 U/pl. Both were stored at
-20°C.

Native and cloned Pfu {Pyrococcus furiosus) polymerases used for the amplification of
the (CCG)n repeat o f the FMR1 gene were obtained from Stratagene, Cambridge.

Other enzymes tested for use in the amplification of the (CCG)n repeat of the FMR1
gene and for triplex PCR o f (CA)n repeats were :
1. Expand Long Template PCR System (3.5U/pl), Boehringer Manheim,
2. Expand High Fidelity PCR System (3.5U/pl), Boehringer Manheim, and
3. Taq/Pwo Mix (PROOF-Mix), Hybaid, Middlesex at a concentration of 2.5U/pl.
All were mixtures o f Taq and Pwo {Pyrococcus woesei) polymerases in different ratios.
All were supplied with appropriate buffers and were stored at -20°C.
4. GC-Rich PCR System, a mixture of Taq and Tgo polymerases, Roche Diagnostics,
Manheim, Germany.
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2.1.3

Nucleic acids

The DNA size standard lkb ladder used for agarose gel electrophoresis was purchased
from Gibco BRL. Size standards for the ALFExpress (ALFexpress sizers, 50-500bp
ladder and loading dye) were obtained from Pharmacia Biotech and stored at -20°C.

Oligonucleotide primers were obtained from various sources: Genosys Limited,
Cambridgeshire and Pharmacia (supplied in lyophilised form and dissolved in
distilled de-ionised water to a final concentration of lOOpM), Oswel DNA service,
University of Southampton, Southampton (supplied as purified working solutions at
concentrations approximately 50pM/pl). All were stored at -20°C.

2.1.4

DNA samples

DNA from couples (and affected family members) referred for PGD was supplied by
the genetic centre that originally diagnosed the syndrome in the family. Alternatively,
blood, from which DNA was extracted, was supplied by the referring physician in
EDTA tubes.

Finally, when the couple was seen for consultation a mouth wash was obtained from
which single buccal cells were isolated.

Single human blastomeres, whole human embryos and human oocytes were supplied by
the Assisted Conception Unit (ACU), University College London. These were surplus
to the IVF requirements deemed unsuitable for transfer or freezing and were donated for
research, with informed consent o f the patients. Use of human embryos was approved
by the ethics committee and the Human Fertilisation and Embryology Authority
(HFEA) (Appendices 1 and 2)

A sample of sickle cell homozygous DNA was obtained from the Perinatal Centre,
University College London.
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A chorionic villus sample (CVS) for the study of the sickle cell allele was obtained from
the Clinical Cytogenetics Unit, UCL. Other fibroblast cultures used for the study of the
fragile X syndrome were obtained from the European Collection of Animal Cell
Cultures (ECACC), Salisbury.

Control buccal cells o f an individual heterozygous for the sickle cell allele were
obtained with the help o f Dr. Elizabeth Anionwu at the Institute of Child Health (ICH),
London, while members o f the Human Molecular and Embryology Group, UCL,
supplied buccal cells used as controls in working up PGD for the fragile X syndrome.
Finally, control fragile X blood for the FISH studies were obtained with the help of Dr.
Angela Bamicoat, Institute o f Child Health, London.

2.1.5

Single cell manipulation

Petri dishes, Nuncleon 50 X 9mm, used for single cell isolation were manufactured by
Nunc™, and supplied by Gibco BRL.

Glass microcapillaries used for handling the single cells were made by Drummond,
USA and supplied by Laser, Southampton, and were 50, 75 and lOOpl in size.

2.1.6

Tissue culture media

Cell culture flasks were supplied by Nunc™.

RPMI-1640 medium without L-

Glutamine, non-essential amino acids, phytohaemaglutinin (PHA), and the antibiotics
glutamine, penicillin, and streptomycin were purchased from Gibco BRL.

Fetal calf

serum (FCS) was obtained from Globepharm Ltd.
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2.1.7

FISH reagents and solutions

Nick translation kits for labelling o f the (CCG)n probe were obtained from Boeh ringer
Manheim and ULYSIS-Bio-Kit, Kreatech diagnostics, Amsterdam.
The X chromosome specific a-satellite was labelled using a nick translation kit obtained
from Boehringer Manheim.

2.1.8

Apparatus

Four different PCR machines were used during the course of this study:
1. Hybaid Omnigene, Hybaid, Middlesex,
2. Hybaid Touchdown, Hybaid, was used exclusively for PCR from single cells,
3. Mastercycler gradient®, Eppendorf
4. GeneAmp2400 PCR System, Perkin Elmer.

The automated fluorescent laser sequencer (ALF) was manufactured by Pharmacia and
was used in conjunction with the software supplied by the manufacturer. Analysis of
the results was carried out using the Fragment Manager software supplied by
Pharmacia.

Single-Strand Conformation Polymorphism Analysis (SSCP) with subsequent silver
staining was carried out on two different machines, both supplied by Pharmacia:
• PhastSystem® electrophoresis unit and automated development chamber
• GenePhor®

FISH analysis was carried out using a cooled Charged Coupled Device (CCD) via the
Smart Capture Software.
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2.2 M ethods

2.2.1

DNA extraction from blood

DNA was isolated from whole blood collected in tubes containing 15% EDTA by the
method o f Lahiri et al (1991) . 5ml o f whole blood were placed in a centrifuge tube to
which 5ml of low salt solution, (TKM1, Section 2A.1), and 125 pi of Nonident-40
(NP40, Sigma) were added to lyse cells. After mixing well by inversion, these were
centrifuged at l,000g for 10 minutes in a Centaur™ centrifuge. The supernatant was
discarded and the pellet was washed in 5ml TKM1. After addition o f 125pi NP40, the
suspension was once again centrifuged at l,000g for 10 minutes. This was repeated
three times, or until the pellet became white i.e. all the red blood cells had been washed
away.

After the final wash, the pellet was gently resuspended in 50pl of TKM1. 800pl of high
salt solution (TKM2, Section 2A.1) and 50pl of 10% (w/v) Sodium Dodecyl Sulphate
(SDS) were added to lyse the white blood cells.

After mixing thoroughly, the

suspension was incubated at 55°C, with occasional agitation, for a minimum of 30
minutes or until it became clear.

300pl o f 6M NaCl were then added to the tube to ensure that all the cells had lysed and
the suspension was well mixed.

After centrifugation at 10,000g for 5 minutes, the supernatant was transferred to a new
tube to which 2 volumes o f ice cold ethanol (100%) were added. The centrifuge tubes
were inverted several times until all the DNA had precipitated. The DNA strands were
transferred, by use o f a sterile inoculation loop, to a microcentrifuge tube containing
lml o f ice cold 70% ethanol. This preceded another centrifugation at 10,000g for 5
minutes to pellet the DNA.
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The supernatant was discarded and the DNA pellet dried for approximately 5 minutes in
a freeze-drier. The DNA was dissolved in an appropriate volume of bi-distilled H2 O or
1 X Tris EDTA solution (TE, Section 2A.1) and stored at 4°C until further use.

2.2.2

Single cell collection

2.2.2.1

Single buccal cells

Buccal cells were collected from individuals of known genotype by gently scraping the
inside o f the cheek with a sterile wooden spatula or a mouth swab and transferring the
cells to 3ml of sterile phosphate buffered saline (PBS) containing 4% (v/v) bovine
serum albumin (BSA). Alternatively the individuals were asked to swirl 5ml of double
distilled water in their mouth and place it back in the tube. The resulting suspension
was centrifuged at 3,000g for 5 minutes. The supernatant was discarded and the pellet
of cells resuspended in 2-5ml of PBS supplemented with 4% (v/v) BSA.

2.22.2

Single fibroblasts

Single fibroblasts from cell cultures of known genotype were also used as control
material. The culture medium containing any dead cells was removed from the tube.
Live cells, attached to the tube, were washed for a few seconds with Hank’s balanced
salt solution (HBSS), pre-warmed to 37°C. After decanting, the cells were covered with
Versene, containing 2.5% trypsin (pre-warmed to 37°C) and incubated at 37°C for 5
minutes.

When all the cells had detached, the tube was centrifuged at 3,000g for 5

minutes.

The solution was discarded, and the cellular pellet resuspended in 2-5ml PBS
supplemented with 4% BSA.
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Single human blastomeres, whole human embryos

and human oocytes
As a source o f blastomeres, embryos surplus to IVF requirements at the Assisted
Conception Unit (ACU), were used. These embryos were deemed to be unsuitable for
transfer or freezing and donated for research with the informed consent of the patients.

Single blastomeres were either biopsied by the embryologist or isolated from
disaggregated embryos. This was done by placing the embryo in a drop of acid Tyrodes
solution to remove the Zona Pellucida (ZP). The embryo was continuously observed
under an dissecting microscope. When the ZP had lysed the embryo was transferred to
a drop of medium.

The embryo was then aspired up and down a finely drawn

microcapillary with an inner diameter slightly smaller than that o f the embryo until the
cells disaggregated. Single cells were then washed in three drops of medium under oil
as for other types o f single cells.

If the embryos were very fragmented, there was a high risk of loss o f genetic material
upon disaggregation.

For this reason fragmented embryos were used whole without

lysing the ZP prior to placing them in a microcentrifuge tube. In such cases, the whole
embryo was treated as a single cell (see below).

In addition to embryonic material, single human oocytes, which had failed to fertilise as
judged by the absence o f two pronuclei on the first day after fertilisation, were used as
test material. In this case, the ZP was again removed by use o f acid Tyrodes solution
prior to washing in three drops o f medium and transfer to microcentrifuge tubes
similarly to the rest o f the cells.
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2.2.3

Single cell isolation and lysis

An aliquot o f the cell suspension was placed in a drop of PBS supplemented with 4%
(v/v) BSA in a Petri dish under oil and serial dilutions made until single cells could be
isolated. Individual cells were passed through three wash droplets, in the same Petri
dish, using finely drawn glass microcapillaries under mouth control before transfer, in
lp l o f medium, to a microcentrifuge tube containing 3pi of 125pg/ml Proteinase K and
4x10^% (w/v) sodium dodecyl sulphate (SDS).

For each cell, a sample of medium

from the same final wash droplet as the cell, was placed in a microcentrifuge tube as a
contamination control. All samples were overlaid with 50pl o f mineral oil, incubated
for 1 hour at 37°C to lyse the cells, and then held at 98°C for 10 minutes to inactivate
nucleases and the Proteinase K.

Samples were then stored at -70°C until further

processing.

In addition, when buccal cells were used, clumps of approximately 50 cells were also
isolated and treated in the same way as the single cells.

These were then used as

positive controls for the PCR reactions and mutation analysis procedures.

2.2.4

Primer extension preamplification (PEP)

PEP was used in order to amplify the whole genome and provide enough material from
single cells for subsequent independent analysis of various loci. Thus, it was possible
from single oocytes and blastomeres to carry out both linkage analysis in order to
determine the haplotype and to amplify the (CGG)n repeat, a procedure which could not
be carried out in a single PCR reaction.

The protocol used was based on that described by Zhang et al (1992). Reactions were
carried out in 60pl volumes added directly to lysed cells. The reaction consisted o f 1 X
PCR buffer (Section 2A.3.1), 33.3mM of 15 base oligonucleotide random primers,
0.1 mM of each dNTP and 5U o f DNA polymerase. Thermal cycling was carried out for
50 cycles at : 96°C for 1 minute (denaturation), 37°C for 2 minutes (annealing), a
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temperature ramp o f 1°C every 10 seconds to 55°C and a final step at 55°C for 4
minutes. 5pi of PEP product were added to each subsequent PCR reaction as template.
Products were stored at 4°C for up to a month.

2.2.5

The polymerase chain reaction (PCR)

To provide enough DNA for subsequent analysis it was necessary to amplify the region
o f interest using the polymerase chain reaction (PCR).

2.2.5.1

Oligonucleotides

Oligonucleotides used as primers for PCR from three companies were tested for this
study: Genosys, Oswell, and Pharmacia (see section 2.1.3).

Those obtained from

Pharmacia were found to be the most efficient. These were supplied in lyophilised form
and were dissolved in bi-distilled water to provide a stock concentration of 100 pM.
The sequences, annealing temperatures and PCR product sizes, for these primers are
further detailed in Section 2A.3.2.

In each case, the approximate annealing temperature for each primer was calculated
using the formula:

Tm = [69.3 + (0.41 x (GC)] - (650/L)

where GC is the percentage of G and C residues in the primer sequence and L is the
total length of the primer.

Optimal annealing temperatures o f each primer pair were then determined empirically,
or by use o f the Mastercycler gradient® thermal cycler applying a gradient o f ±5°C
from the calculated temperature across the block.
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In multiplex reactions, the lowest annealing temperature of all the primer pairs was
generally used.

2.2.5.2

General amplification reactions

Below, the general conditions used for PCR are described. If different conditions were
used for a particular primer pair, these are described in the appropriate section of
Section 2A.3.2.

Reaction mixes were added to the cells or the DNA in a final volume of 25 pi and final
concentrations o f 25 pmol/pl each primer, 0.2 mM each dNTP, 1 X Taq buffer and 1 U
Taq polymerase. For multiplex reactions 5% (v/v) formamide was also added to the
reaction mix in order to increase specificity of the primers. PCR was carried out on a
thermal cycler for 25-40 cycles (Sections 2.2.5.3 and 2.2.5.4) o f denaturation at 94°C
for 30 seconds, followed by 50 seconds at the appropriate annealing temperature
(Section 2A.3.2) and an elongation step of 50 seconds at 72°C, followed by a final
elongation step at 72°C for 10 minutes.
In most PCR protocols reaction mixes were prepared and added to the DNA on ice.
Furthermore, to avoid non-specific annealing of the primers microcentrifuge tubes were
placed on a PCR block pre-warmed to the denaturation temperature. Exceptions to this
were the PCR across the (CCG)n repeat and PEP reactions.
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2.2.53

Fluorescent PCR

Fluorescent PCR was used for those sequences that were further analysed by means of
size alone (Table 3.4) on an Automated Laser Fluorescent Sequencer (ALF). For these
the forward primer was labelled with the fluorescent tag Cy 5 (Section 2A.3.2). This
detection method is more sensitive than the rest of the methods used so PCR cycling
conditions were adjusted accordingly depending on the amount of DNA used as
template:

A. genomic DNA: PCR was carried for 25 cycles and the products were then diluted
five to ten-fold prior to analysis.

B. single cells and clumps analysed only on a fluorescent sequencer: 40 cycles were
carried out.

C. single cells and clumps when one or more sequences were then nested: cycling was
carried out for only 35 cycles.

2.2.5 A

Nested and hemi-nested PCR

For those sequences that were further analysed by SSCP (Table 3.4) or restriction
enzyme digestion a nested/hemi-nested PCR protocol was necessary in order to generate
enough DNA to be visualised under conditions less sensitive than fluorescent PCR.

1pi o f the first reaction product was removed under the oil and placed in 24pl of the
second round reaction mix containing 25pmoles/pl of the inner primers, located within
the first amplified product (Section 2A.3.2), the rest of the reagents being exactly the
same as in the first round. PCR was carried out on a different PCR machine for 25
cycles at 94°C for 30 seconds (denaturation), annealing at the appropriate temperature
(Section 2A.3.2) for 50 seconds followed by elongation at 72°C for 50 seconds and a
final elongation step at 72°C for 10 minutes.
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2.2.5.5

Amplification across the (CGG)nrepeat

Various combinations o f primers (Section 2A.3.2.4) were tested for the amplification of
the (CGG)n repeat in the FMR1 gene. The best combination was found to be primer c as
the forward primer and primer f as the reverse (Fu et al, 1991).

Because of the template’s high GC content, denaturing temperatures of 98°C were
necessary.

For this reason, the more thermostable Pfu polymerase was used.

In

addition, c7-dGTP and 15% (v/v) dimethyl sulphoxide (DMSO) were also added to the
reaction to facilitate denaturation of the template.

Again the reaction was carried out in a final volume of 25 pi with final concentrations:
25pmoles each primer (Section 2A.3.2.4), 0.2pmoles each dATP, dCTP, dTTP,
0.15pmoles dGTP and 0.05pmoles c7-dGTP (3:1), 15% (v/v) DMSO, 1 X “cloned” Pfu
(Section 2A.3.1) buffer and 1.25U cloned Pfu polymerase. 30 or 40 cycles at 98°C for
1.5 minutes followed by annealing and extension at 70°C for 3 minutes, were carried
out for genomic DNA or single cells, respectively.

2.2.5.5.1

GC-RICH PCR System

For analysis of clumps of buccal cells from in case 2, family GOS (Sections 3.2.1.2 and
3.2.4) a new commercially available enzyme mix of Taq and Tgo polymerases (GCRICH PCR System, Roche Diagnostics) was used. The reaction was carried out in a
25 pi volume containing 25pmoles of each primer c and f (Fu et al, 1991; Section
2A.3.2.4), 0.2pmoles each dATP, dCTP, dTTP, 0.15pmoles dGTP and 0.05pmoles c7dGTP (3:1), IX GC-Rich reaction buffer supplied with the enzyme (containing DMSO),
1.5M GC-RICH resolution solution and 1U of the enzyme mix.

Cycling conditions

were as follows: an initial denaturation step of 3 minutes at 95°C, 40 cycles of
denaturation at 95°C for 30 seconds, primer annealing at 65 °c for 30 seconds and
elongation at 70°C for 1 minute, followed by a final extension step at 72°C for 7
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minutes. The forward primer, primer c was labelled with Cy-5 and the products were
analysed on the ALF Express.

2.2.6

Precautions against contamination

All amplification mixtures were prepared and aliquoted in a laminar down-flow cabinet
located in a separate room from the laboratory where final amplification products were
processed. This room was constantly under positive pressure, access was restricted and
clean gowns, gloves and overshoes were used at all times. Filter tips were used to guard
against aerosols. Pipettes and microcentrifuge tubes that were dedicated to PCR were
used for setting up the reactions and these were never removed from the positive
pressure room. Finally, a thermal cycler was dedicated to PCR on single cells. Despite
these precautions, contamination is always a danger, especially when dealing with
single cells.

For this reason, the incidence of contamination was assessed regularly.

This was achieved by testing negative controls, both for the PCR reactions and solutions
used for single cell isolation, where PCR was carried out as usual but no DNA was
added to the reactions. If any o f the reagents were found to be contaminated they were
discarded immediately and the results of the experiment not used.

For diagnostic cases, precautions were especially rigorous. New solutions and aliquots
were prepared which were tested before the day of the diagnosis. All embryos used for
diagnosis were fertilised by ICSI, to eliminate the danger o f contaminating parental
cells in the form of cumulus and sperm cells entering the reaction tubes.

2.2.7

Analysis of PCR products

The method used for the analysis of the PCR products depended on the sequence
amplified and the amount o f starting template.
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2.2.7.1

Agarose gel electrophoresis

Electrophoresis using 2% (w/v) agarose gels was employed to test the efficiency and
specificity of the PCR reactions carried out on genomic DNA or when nested PCR was
carried out. Gels were prepared by heating lg of agarose in 50ml of 1 X TBE buffer
(Section 2A.3.3) for 1 minute, in a microwave at full power, prior to the addition of
1fig/ml o f ethidium bromide. The mixture was then poured in a minigel mould (8mm x
100mm) with 16-well gel-slot-formers and left to set at room temperature. lOpl of the
amplified product were mixed with 2pl .loading. buffer (Section 2A.3.3) and loaded into
the well slots. The gel was then covered with 50ml of 1 X TBE prior to electrophoresis
at 100V for 30 minutes.

Electrophoresis on a 4% (w/v) NuSieve agarose gel was initially used for the separation
o f products after amplification o f the (CGG)n repeat and for the separation of digestion
products. Preparation o f the gel was similar to that of 2% gels except that 2g were
added to 50ml of 1 X TBE. The mixture was heated in a microwave oven at medium
power for 2 minutes. Electrophoresis was carried out at 50V for 1 hour.

Finally, an attempt was made to separate products with a difference of 2bp on a 6%
(w/v) agarose gel. 0.7g NuSieve agarose were mixed with 2.3g standard type I agarose
and added to 50ml 1 X TBE and 15ml bi-distilled water. In this case the ethidium
bromide was added to the mixture before heating in a microwave oven at medium
power for 3 minutes. The mixture was poured very rapidly as for the other types of gel.
Electrophoresis was carried out at 50V for 4-6 hours.

All gels were visualised and photographed under short wavelength ultraviolet light.

2 2 .1 2

Analysis o f products from fluorescent PCR

Analysis o f amplified products generated by fluorescent PCR was carried out using the
ALFexpress. Products needed to be labelled with a fluorescent molecule, Cy5. This
was achieved by using primers for the amplification which were already labelled with
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the fluorescent molecule which was thus incorporated into the amplicon.

These

products were then subjected to electrophoresis on a vertical denaturing 6%
polyacrylamide gel of 0.3mm thickness.

A laser beam is emitted at one end of the apparatus and passes through the gel at about
2/3 the length. The wavelength o f the laser beam is calculated to excite the fluorescent
molecule incorporated in the DNA, thus releasing a pulse of light, which is picked up by
a photo-detector located behind the gel and registered by the computer software as a
peak or band.

The plates used to prepare and run the gel were cleaned thoroughly using de-ionised bi
distilled water and isopropanol. Special care was taken to ensure that the plates were
very clean so as not to distract the passage of the laser through the gel. At the top o f the
plates, where the comb was to be placed, a coat of bind saline (Section 2A.3.3) was
applied to ensure that the wells did not collapse upon removal o f the comb prior to
loading the samples.

Excess bind saline was wiped away with isopropanol.

The

polyacrylamide gel mixture consisted o f 20ml of gel solution and 5ml o f buffer solution.
To assist polymerisation, 200pl o f 10% ammonium persulphate (APS w/v) was added.
The gel was poured between the plates through a slot at the bottom of the apparatus
using a plastic dispenser bottle and allowed to set at room temperature for 1 hour.

Meanwhile, the samples were prepared by mixing 3pi loading dye (Section 2A.3.3) and
1pi of each sizer (at a final concentration of 1Ofinol with the PCR product. When single
cells were used as starting material, 4pl of PCR product was used.

When genomic

DNA was used as starting material 1pi of a ten- or five-fold dilution (depending on the
intensity o f the band on agarose gels) was used. For each sample two sizers were used
to allow the computer software to convert the time taken for the DNA to reach the laser
beam into a scale calculated in base pairs and thus accurate size estimation of the peaks
(bands) was achieved.

The samples were denatured at 95 °C for 3 minutes and were subsequently kept on ice
until 6-7pl were loaded on the gel.

Electrophoresis was then carried out in 1 X TBE running buffer at 1500V, 38mA, 25W
at 45°C, for a maximum o f 500minutes. The laser was set to pass through the gel every
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second (1 second sampling interval). Care was taken not to start a run with a laser value
below 500 units.

After the run was complete the results were analysed by use of the Fragment Manager™
software supplied by Pharmacia.

22.13

Single-strand conformation polymorphism (SSCP) and

heteroduplex analysis
Single-strand conformation polymorphism and heteroduplex analysis were performed
on either of two machines: the PhastSystem™ and the GenePhor™ both available from
Pharmacia.

A. The PhastSystem™ is an automated electrophoresis and staining system which uses
ultra-thin pre-cast polyacrylamide gels (PhastGels™), 32mm in length.

Running

conditions of electrophoresis and staining (temperature, voltage and current) are
accurately controlled by a microprocessor.

1.5 pi o f PCR product was denatured by heating at 95°C for 10 minutes in the
presence o f 2pl formamide.

The denatured samples were snap cooled prior to

loading on 20% (20:1) non-denaturing polyacrylamide gels (PhastGel homogeneous
20).

This was done by use of sample applicators supplied by Pharmacia, which

facilitate the transfer o f approximately 0.3pi o f product onto the gel surface.
Electrophoresis is achieved by use of solid buffer strips (PhastGel Native Buffer
Strips) situated on either end o f the gel and which are in constant contact with both
the gel surface and the electrodes. Prior to loading the samples, the gel was pre-run
to generate a continuous buffer system, at 400V, 20mA, 2W for lOVh. Samples
were then applied at 25V, 5mA, 2W for 2 Vh, and were separated at 400V, 20mA,
2W for 250-350Vh (depending on the size of the product). The temperature at which
electrophoresis was carried out was kept constant at 4, 10 or 15°C. Appropriate
temperatures were determined empirically.
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After electrophoresis, the DNA was visualised by silver staining which was carried
out in the development chamber o f the PhastSystem™. This involved nine solutions
which were made fresh on the day (Table 2.1). 70ml of each solution were required
for each o f the 16 steps that constituted the procedure according to the manufacturers
instructions.
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Table

2.1

Automated

silver

staining

of polyacrylamide

gels

using

the

PhastSystem™.
Step

Solution

number

Temperature

Time

(°C)

(minutes)

Purpose

1

Distilled water

20

5

Wash

2

50% (v/v) ethanol,

50

2

Fixative

50

2

Fixative

50

4

Fixative

10% (v/v) glacial acetic acid
3

10% (v/v) ethanol,
5% (v/v)glacial acetic acid

4

10% (v/v) ethanol,
5% (v/v)glacial acetic acid

5

10% (v/v) gluteraldehyde

50

6

Sensitisation

6

10% (v/v) ethanol,

50

3

Fixative

50

5

Fixative

5% (v/v) glacial acetic acid
7

10% (v/v) ethanol,
5% (v/v) glacial acetic acid

8

distilled water

50

2

Wash

9

distilled water

50

2

Wash

10

0.4% (w/v) silver nitrate

40

10

Staining

11

distilled water

30

0.5

Wash

12

distilled water

30

0.5

Wash

13

2.5% (w/v) sodium carbonate

30

1

Developer

30

10

Developer

30

2

Background

0.03% (v/v) formaldehyde
14

2.5% (w/v)sodium carbonate
0.03% (v/v) formaldehyde

15

3.7% (w/v) tris-HCl,

reduction

2.5% (w/v) sodium
thio sulphate
16

10% (v/v) glycerol

50

5

Preservative

Ethanol, acetic acid, and other chemicals were of AnalaR grade. All solutions were
made using distilled de-ionised water.
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B. The GenePhor™ is a flatbed electrophoresis unit, using pre-cast polyacrylamide gels
112 X 110 X 0.5mm in dimensions.

The temperature at which electrophoresis is

carried out is accurately regulated by the unit.

Its power supply unit (EPS 100,

Pharmacia) regulates the running conditions (voltage and current). The gels used are
larger than those used with the PhastSystem system, thus providing better separation
o f the products. There are two types of gel available for use with the GenePhor™:
12.5% (12.5:2) non-denaturing polyacrylamide gels (GeneGel Excel™) supplied
with solid buffer strips, and 15% (15:2) dehydrated polyacrylamide gels (GeneGel
Clean™). The latter are supplied with two buffer solutions for re-hydration of the gel
and the buffer strips. Re-hydration was carried out for 1 hour at room temperature
on a rocking platform.

The samples were prepared for electrophoresis in the same way as above except that
0.5pl of loading buffer (Section 2A.3.3) were added to the mixture. In this case,
however, the denatured products were loaded directly in wells pre-cast on the gel.
Electrophoresis was then carried out at the following conditions:
• 12.5% gels: 600V, 25mA, 12W for 1-2 hours.
• 15% gels : 600V, 12mA, 8W for 1-2 hours

The temperature at which electrophoresis was carried out was determined
empirically and kept constant throughout the run.

After the electrophoresis was complete, the DNA was visualised by silver staining
using a manual method based on that described by Harvey et al (1995). 200ml of
each o f the three solutions were used for each step o f this method. The solutions
were prepared fresh on the day and staining was performed at room temperature on a
shaking platform (Table 2.2).

Table 2.2 Manual silver staining of polyacrylamide gels.
Step number

Solution

Time (minutes)

Purpose

1

10% (v/v)ethanol

2

Fixative

2

Fixative

0.5% (v/v) glacial acetic acid
2

10% (v/v) ethanol
0.5% (v/v) glacial acetic acid

3

0.1% (w/v) silver nitrate

7.5

Staining

4

0.1% (w/v) silver nitrate

7.5

Staining

5

distilled water

0.2

Wash

6

1.5% (w/v) sodium hydroxide

maximum 20

Developer

0.01% (w/v) sodium borohydride
0.4% (v/v) formaldehyde
7

distilled water

0.2

Wash

8

distilled water

0.2

Wash

9

10% (v/v) glycerol

minimum 30

Preservative

Ethanol, acetic acid, and other chemicals were of AnalaR grade. All solutions were
made using distilled de-ionised water.

With both silver staining protocols gels faded slowly over a period of 6-12 months
and consequently it was advisable to photograph/scan significant results soon after
completion of the experiment

2.2.7.4

Fluorescent SSCP

In addition to the SSCP protocols described above, fluorescent SSCP was carried out on
the ALFexpress, for the detection o f the sickle cell mutation. In this case the forward
primer (B30, Section 2A.3.2.1) was labelled with the fluorescent molecule Cy5.

The

products

polyacrylamide.

were

subjected

to

electrophoresis

through

a

non-denaturing

The gel was prepared and poured in a similar way to that used for

preparation o f denaturing gels (2.2.7.2), in a total volume of 25ml, consisting of 0.5
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dilution of the original MDE gel and 0.6 X TBE. To assist polymerisation 125pi of
10% (w/v) APS and 15.625pi o f TEMED were added. The gel was let to set at room
temperature for 2 hours.

Meanwhile, lp l of PCR product was denatured for 3 minutes in the presence of
formamide present in the loading buffer (Section 2A.3.3). Subsequently, the products
were kept on ice until they were loaded on the gel. The products were subjected to
electrophoresis in 1 X TBE running buffer at 1500V, 25mA and 25W. The temperature
in this case was kept constant at 15°C by use of an external cooling apparatus,
Multitemp (Pharmacia).

When the electrophoresis was complete the results were analysed by use of the
Fragment Manager software, Pharmacia.

2.2.7.5

DNA sequencing

Initially DNA sequencing was carried out by the method of Sanger et al (1977), using
radioactively labelled dNTPs.

This was later replaced by a fluorescently detectable

protocol using the BigDye Terminator Cycle sequencing kit from PE Biosystems.

2.2.7.5.1

Radioactive sequencing

DNA sequencing with radioactively labelled dNTPs was performed using the Thermo
Sequenase™ cycle sequencing kit (Amersham) which is based on the chain termination
method described by Sanger et al (1977).

Prior to DNA sequencing, it was necessary to remove excess primers and nucleotides.
This was achieved by enzymatic treatment o f the PCR mixtures with Exonuclease I to
remove residual single stranded DNA (primers).

Shrimp Alkaline Phosphatase was

employed to remove the remaining dNTPs. 10U of Exonuclease I and 2U o f alkaline
phosphatase were added to 5 pi o f PCR product. The mixture was incubated at 37°C

90

for 15 minutes, followed by another 15 minute incubation at 80°C to inactivate the
enzymes.

1 jliI of the treated product was then mixed on ice with 0.5-2.5pmol of primer, 2pi of

Thermo Sequenase reaction buffer and 8U of Thermo Sequenase polymerase in a final
volume of 20 pi.

4.5 pi of this mixture was then aliquoted into four micro centrifuge

tubes labelled G, A, T, and C (for the four nucleotide bases). To these, 2pl of dNTP
termination mix (7.5mM dGTP, dATP, dTTP, dCTP) was added followed by 0.5pi of
the appropriate 33P labelled dideoxynucleoside (ddGTP, ddATP, ddTTP, ddCTP). After
agitation and pulse centrifugation for 5 seconds, the mixtures were overlaid with 50 pi
o f mineral oil and subjected to 55 cycles at 94°C for 30 seconds, 55°C for 30 seconds,
and 72°C for 1 minute. Reactions were stopped by the addition of 4pl formamide stop
solution. The products were stored at -20°C for up to a week.

The products o f the sequencing reactions were analysed by electrophoresis on 21 x
50cm 6% denaturing polyacrylamide gels of 0.4mm thickness on an apparatus supplied
Biorad Laboratories Limited. The glass plates of the apparatus were thoroughly cleaned
with de-ionised distilled water and absolute ethanol. The top plate was then treated with
Gel Slick™ (AT Biochem) according to the manufacturers’ instructions, to prevent the
gel sticking to the plate after electrophoresis. The gel mixture consisted of 7M urea, 6%
acrylamide , 1 X TBE in total volume of 50ml. To initiate and catalyse polymerisation,
60 pi o f TEMED (NNN’N ’tetramethylenediamine) and 60 pi of 25%

(w/v) APS were

added. The gel mixture was poured between the two plates by use of a syringe and was
left to set at room temperature for a minimum of one hour. To provide an even, straight
edge at the top o f the gel, the reverse side of a sharks-tooth comb, 0.4mm thick (Biorad)
was inserted while the gel was still in liquid form. After the gel had polymerised, this
was reversed and the teeth were inserted into the gel to a depth of 1mm.

After

immersion in 1 X TBE running buffer, the polyacrylamide gel was pre-run for 3060minutes, until the gel had reached a temperature of 45-50°C, at 45W. Meanwhile,
products o f the sequencing reactions were denatured at 80°C for 3 minutes. 2.5pl of
these were then loaded between the teeth of the comb which form the wells.
Electrophoresis was carried out at 2,000V, 45W, for the appropriate length of time,
determined by the relative position o f the loading dye, the length o f the PCR product
being sequenced and the position o f the mutation within the DNA fragment.
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On completion of electrophoresis, the apparatus was disassembled, with the
polyacrylamide gel remaining stuck on the bottom plate. The gel was transferred to a
3mm filter paper (Whatman), covered with Saran Wrap, and dried for 1 hour in an oven
at 80°C. Autoradiography was performed by exposing the gel to Kodak X-OmatR film
for 12-72 hours. Films were developed in an automated developer.

2.2.7.5.2

Fluorescent sequencing.

PCR products were purified through a spin column using a kit obtained from Qiagen,
according to the manufacturer’s instructions.

After the final step, DNA was

elecrophoresed in an agarose gel (2% w/v) in order to estimate the concentration
obtained as compared with a lkb ladder o f known concentration.

The sequencing reaction mix was then prepared on ice, in a 20pl total volume,
containing: 8pl terminator ready reaction mix (containing the dNTPs, enzyme and
buffer), 3-10ng DNA template and 3.2pmol primer.

The mixture was overlaid with

20pl mineral oil and placed on the PCR machine for 25 cycles o f denaturation at 96°C
for 10 seconds, primer annealing at 50°C for 5 second and elongation at 60°C for 4
minutes. At this stage products o f the sequencing reaction could be stored at 4°C until
further processing.

Products of the sequencing reaction were precipitated in the presence of 3M sodium
acetate (NaOAc), pH4.6 and 95% ethanol, and incubation at room temperature for 15
minutes, followed by centrifugation at 10,000g for 30 minutes. The DNA pellet was
then washed in 70% ethanol and centrifuged for 5 minutes at 10,000g. The pellet was
air dried for 15 minutes and resuspended in 5:1 de-ionised formamide: 25mM EDTA
(pH8) with 50mg/ml blue dextran.

Electrophoresis was carried out on an ABI Prism 377, by Dr H. Holden at the Institute
of Neurology, London.

The products of the electrophoresis were subsequently analysed using software supplied
by the manufacturer.
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22.1.6

Restriction digestion

Digestion of amplified products after nested PCR was carried out for the detection of
the sickle cell mutation in single cells. This mutation disrupts a Ddel restriction site.
For this purpose, 8pl o f the amplified product were digested in 20pl reaction mixtures
containing 12 units of D del restriction endonuclease, by incubating at 37°C for 1.5
hours followed by enzyme denaturation for 10 minutes at 98°C.

The products o f the digestion were analysed by electrophoresis on 4% NuSieve agarose
gels as described in section 2.2.7.1 or by separation on a 15% denaturing
polyacrylamide gel as described in section 2.2.7.7

Initial experiments were carried out using 1 X buffer D (the buffer recommended by the
manufacturer).

However, the presence of PCR buffer in the reaction alters the

concentration of the salts and thus reduces the activity of the enzyme. For this reason, it
was decided to omit the buffer in final experiments.

22.1.1

Analysis of digestion products on polyaciylamide gels

Digestion products were initially analysed on 4% low melting temperature agarose gels
(2.2.7.1).

Subsequently, this was found not to be a sensitive enough method for

visualisation of products from single cells. For this reason, further analysis was carried
out on denaturing polyacrylamide gels and subsequent silver staining.
Electrophoresis was carried out on the GenePhor™ using 15% polyacrylamide gels.
These are supplied dehydrated and can thus be used as denaturing or non-denaturing
depending on the buffer used for re-hydration. In this case a urea-containing buffer was
used (Section 2A.3.3). The gel was incubated in 12ml o f the re-hydration buffer for 1.5
hrs at room temperature on a shaking platform.

The gel was then pre-run at 200V, 12mA, 3W, for 10 minutes at 15°C.
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Meanwhile, the products of the digestion were mixed with 5 pi of loading dye (Section
2A.3.3) and were denatured at 95°C for 10 minutes and snap-cooled until 5pi were
loaded on the gel. In addition, a lkb ladder was run on the gel to allow accurate sizing
of the products. Electrophoresis was carried out at 15°C, 600V, 15mA, 9W for 1.5
hours.

The products were then visualised by the silver staining technique as described in
section 2.2.7.3.B.

2.2.8

Lymphocyte culturing

Culturing o f blood was necessary in order to obtain metaphase chromosomes for testing
probes used for FISH studies. The patients' bloods used as controls were selected from
patients of the Clinical Genetics Laboratory at the Institute o f Child Health who had
previously estimated the size o f the expansions using Southern blotting analysis.
Heterozygous female patients with large expansions were selected in order to provide an
internal control (the normal X chromosome).

Fresh blood was collected in heparinized tubes and cultured as soon as possible. 0.2ml
o f whole blood was incubated in 5ml of RPMI medium containing GPS (200mM
glutamine, 300mg/ml penicillin and 500mg/ml streptomycin) 10% fetal calf serum
(FCS) and 200pl o f the mitotic stimulant phytohaemaglutinin at 37°C for 72 hours, with
occasional agitation. On the morning prior to harvesting, 30mg/ml o f thymidine was
added in order to synchronise the culture and the cultures were returned to the incubator
for a further 24 hours. The thymidine block was released by the addition o f lOOpl of
0.227mg/ml 2-deoxycytidine (DOC) solution.

The samples were returned to the

incubator for 4.5 hours at 37°C. This was followed by the addition of lOpl o f colcemid
solution (lOpg/ml). Colcemid disrupts the formation of the spindle which is necessary
for cell division and thus arrests the cells at the metaphase stage. The samples were
incubated at 37°C for a further 20 minutes and then centrifuged at 6000g for 5 minutes.
The supernatant was carefully removed and the pellet resuspended in 8ml o f 0.075M
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KC1 (pre-warmed to 37°C) containing 1ml/100ml colcemid/KCl. Hypotonic swelling
was allowed to occur for 5 minutes at 37°C. The samples were again centrifuged at
6,000g for 5 minutes, the supernatant removed and the cells fixed three times by
addition of 10ml 3 :1 methanohglacial acetic acid. The fix was initially added dropwise to avoid cell clumping.

The samples were stored at -20°C until needed, for a

maximum of one year.

2.2.9

Preparation of probes for in situ analysis

The preparation o f probes comprising large stretches of the triplet repeat was based on
the method o f (Haaf et al, 1996).

The method depends upon the interaction of

complementary primers in the absence o f any template DNA. The primer sequences
used were (CCG)io and (CGG)is These were tested in concentrations o f 100, 50 and 25
pmoles in 25pi reaction mixtures consisting o f 0.2pmoles each of dATP, dTTP, dCTP
0.05pmoles of c7dGTP and 0.15pmoles of dGTP, 10% (v/v) DMSO, 1 X “cloned” Pfu
polymerase buffer (Section 2A.3.1) and 1.25U cloned Pfu polymerase. The samples
were taken through 30 cycles of 98°C for 1.5 minutes and 70°C for 6 minutes with an
additional 3 seconds per cycle. Samples of lOpl were added to 2pi o f loading dye and
electrophoresed on 4% NuSieve gel in order to estimated the size of the product against
lkb ladder, at 50V for 1 hour.

The products of the largest size were labelled with biotin for subsequent FISH studies.

2.2.10

Labelling of probes

Probes used for FISH studies were labelled with fluorochrome using two different
commercially available kits.
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2.2.10.1

Labelling of the triplet repeat probe

The Ulysis Bio-Kit (ULS) was used to label the probe generated by PCR for FISH
studies of the expansion o f the (CGG)n repeat in the FMR1 gene. This uses a special
platinum compound attached to biotin (Bio-ULS). This compound binds to G residues
in DNA thus binding the complex on it. This was chosen as it could label the sequences
which only contains C and G residues (most other kits use dUTP bound to the
fluorochrome).

For the labelling reaction to take place, the DNA was added to 8pi of the Bio-ULS
compound (1 mg/ml) in a final volume o f 50pl and the mixture was incubated at 85°C
for 30 minutes. This was followed by addition o f 100pi of blocking solution and was
left to cool at room temperature for 30 minutes. The labelled probe was stored at -20°C.

2.2.10.2

Labelling of the X chromosome a-satellite probe

The nick translation kit used for labelling a probe of the a-satellite region of the X
chromosome with the fluorochrome Digoxigenin (DIG) was purchased from Boehringer
Mannheim.

Initially, a mixture o f dNTPs was prepared by mixing 3 pi of each dATP, dCTP, dGTP,
2pl o f dTTP and lp l o f Dig-11-dUTP, all at an initial concentration o f 0.4mM. lOpl of
these were mixed with lp g o f probe, 1 X enzyme buffer and 2pl of the enzyme mix
(DNA polymerase I and DNase I) in a final volume of 20pl. The mixture was incubated
at 15°C for 1 hour. After this time had elapsed, the reaction was stopped by addition of
0.2M EDTA (pH 8.0).

Non-incorporated deoxyribonucleotides were removed by precipitation of the probe in
the presence o f herring sperm DNA, 3M sodium acetate and 100% ice cold ethanol in a
final volume o f 55pl.

The mixture was incubated at -70°C for 1 hour prior to

centrifugation at 10,000g for 10 minutes. The solution was discarded, the precipitated
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pellet freeze-dried for 5 minutes and subsequently dissolved in 15 pi of 1 X TE buffer
(Section 2A.1).

2.2.11

Fluorescent in-situ hybridisation

Cultured lymphocytes o f a female carrying a very large expansion were spread on a
microscope slide and dehydrated through an ethanol series (70%, 90%, and 100%). A
control slide consisted o f cultured lymphocyte cells of a normal female without the
expansion.

2.2.11.1

Pre-hybridisation

The fixed cells were digested for 20 minutes at 37°C with pepsin (lOmg/ml) in 0.0IN
HC1. After rinsing the slides with distilled water and PBS, the cells were denatured for
3 minutes at 80°C in the presence of 70% formamide/2 X SSC (Saline Sodium Citrate;
Section 2A.4) pH7.0, followed by dehydration in an ethanol series (70%, 90%, and
100%, for 5 minutes each).

2.2.11.2

Hybridisation

Two hybridisation mixtures were prepared:
• 50% formamide/2 X SSC, 10% (w/v) Dextran sulphate, salmon sperm DNA and
approximately 2 ng/1 o f the triplet repeat probe (see above), and
• with the same reagents but with the formamide at 20% in order to reduce the
stringency o f the reaction. The probes were denatured for 5 minutes at 70°C and
30pl o f the mixture were applied to each sample of cells before sealing with
cowgum. The slides were incubated at 37°C overnight on the flat plate o f a Hybaid,
Omnigene thermal cycler.
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2.2.11.3

Post-hybridisation

The following day slides were washed twice in either 20% or 50% formamide/2 X SSC
(depending on the hybridisation mix used) at 42°C followed by two 5 minute washes in
2 X SSC at 37°C and one wash o f 5 minutes in 4 X SSCT solution at room temperature.
The slides were then incubated in 4 X SSCM a blocking reagent in a moist chamber at
37°C for 20 minutes.

2.2.11.4

Detection

Post-hybridisation treatment was followed by incubation in three detection mixtures for
20 minutes each in a moist chamber at 37°C.

Between incubations, three 5 minute

washes with 4 X SSCT were carried out at room temperature (to remove unbound
reagents).

The detection solutions were made up of:
1. 1:200 (v/v) avidin fluorescein isothiocyanate (Avidin-FITC) in 4 X SSCM,
2. 1:100 (v/v) biotinylated anti-avidin in 4 X SSCM
3. 1:200 (v/v) avidin-FITC in 4 X SSCM again.

FITC was detected as a green signal under fluorescence using the appropriate filter.

In dual colour FISH reactions where an a-satellite for the X chromosome was used in
addition to the repeat probe, this was detected by addition in the final detection step of
1:10 (v/v) Dig antibodies produced in sheep.

After the detection steps were completed, the slides were dehydrated through an ethanol
series and mounted in an antifade solution (Vectashield, Vector labs) containing 4,6diamino-2-phenol-indole (DAPI), used to counterstain the DNA. Stained nuclei appear
blue under fluorescence using the appropriate filter.
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Slides were examined on a Zeiss Axioscope equipped with a cooled charge coupled
device (CCD) camera (Photometries) and IPLab software (Apple Computer Inc.) was
used to analyse the signals.
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2A Appendix to materials and methods
All solutions were made using distilled de-ionised water.

Generally, solutions were

sterilised by autoclaving at 121°C, 151psi, for 30 minutes, and were stored at room
temperature, unless otherwise specified.

2A. I

Solutions used f o r DNA extraction fro m

blood
TKM1 (low salt buffer)

lOmM Tris-HCl, pH7.6
lOmMKCl
lOmM MgCl2
2mM EDTA

TKM2 (high salt buffer)

lOmM Tris-HCl, pH7.6
lOmMKCl
1OmM MgCE
0.4M NaCl
2mM EDTA

TE

ImM Tris-HCl, pH8.0
O.lmMEDTA
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2A.2

Solutions

used in

isolation

o f single

fibroblasts
0.02% (w/v) EDTA in 1 1of Hank’s

Versene

medium

2A. 3

The polym erase chain reaction (PCR)

2A.3.1

Polymerase buffers used for PCR

All buffers were supplied with the DNA polymerase by the manufacturers.

10 X Taq polymerase buffer

lOOmM Tris-HCl, pH9.0
15mM MgCl2
500mMKCl
1% Triton® X-100
0.1% (w/v) stabiliser

10 X native P fu polymerase buffer

200mM Tris-HCl, pH8.0
lOOmM KC1
60mM (NH4)2S 04
20mM MgCl2
1% Triton® X-100
lOOpg/ml nuclease-free BSA

10 X cloned P fu polymerase buffer

200mM Tris-HCl, pH 8.8
lOOmM KC1
lOOmM (NH4)2S 0 4
20mM M gS04
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1% Triton® X-100
1mg/ml BSA

2A.3.2

Oligonucleotide primers.

All primers are read in the 5’ to 3’ direction. The forward primer (top) of each pair lies
5’ o f the DNA segment to be amplified, and the reverse primer (bottom) lies 3’ of the
DNA sequence to be amplified.

2A.3.2.1 Primers used for the amplification of the P-globin gene
Outer primers (Monk and Holding, 1990); product size: 720bp

HhbA

5GGCTGAGGGTTTGAAGTCCA3'

HhbB

5'CCATAGAAAAGAAGGGGAAAG3'

60°C

Nested primers used for detection of mutation by Dde I digestion (Monk and Holding,
1990); product size: 680bp
HhbC

5ACTCCTAAGCCAGTGCCAGA3’

HhbD

5ATCAAGGGTCCCATAGACTC3’

60°C

Nested primers used for detection of the mutation by SSCP (El-Hashemite N, 1999);
product size 419bp

The forward primer of this pair was labelled with the fluorescent molecule Cy5 for
analysis on ALFexpress.

B30

5ACCTCACCCTGTGGAGCCAC3'

E xlp

5'c a a a g a a c c t c t t g g g t c c a a 3'

60°C
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2A 3 2 2

Primers used for PGD of the fragile X syndrome.

A. Fluorescent PCR

The forward primer in each o f the following pairs was labelled with the fluorescent
molecule Cy5 at the 5’ end for analysis of the products on the ALFexpress.

DXS998 (Gyapay et al, 1994); product size: 113-119bp

998F

5CAGCAATTTTTCAAAGGC3'

998R

5AGATCATTCATATAACCTCAAAAGA3'

55°C

Modified for triplex PCR; product size: 118-124bp

n998F

5'CGCCAGCAATTTTTCAAAGGC3'

n998R

5 CGAGATCATTCATATAACCTCAAAAGA3

58°C

p39 (Wehnert et al, 1993); product size: 152-166bp

39F

5AGCACATGGTATAATGAACCTCCACG3'

39R

5CAGTGTGAGTAGCATGCTAGCATTTG3'

62°C

Modified for triplex PCR; product size: 148-162bp

n39F

5AGCACATGGTATAATGAACCTCCA3'

n39R

5AGTGTGAGTAGCATGCTAGCATTT3'

58°C

FRAXAC1; product size 244-252bp

AC1F

5TGGAGACTTCAACACCTCTCTG3'

AC1NR

5TGATGAGAGTCACTTGAAGCTG3'

60°C
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FRAXAC2; product size: 301-321bp

AC2F

5TATCTGCTGATGAAGAACACCAG3;

AC2R

5 a a t t a g g t g c a g t g g t a t g t g c 3’

AC2NF

5’c c g g a a g t t g a a t c c t c a g t a t 3’

AC2NR

5 g t t a c a g t g a g c c a t g a t c a t g 3’

58°C

58°C

DXS548 (Riggins et al, 1992); product size: 190-206bp.

46F

GTACATTAGAGT CAACCT GTGGT GC

46R

AGAGCTT CACT AT GCAAT GGAAT C

60°C

F8 (intron 13)(Lalloz et al, 1991); product size: 141-155bp.

13F

T GC AT CACT GT ACATAT GTAT CTT

13R

CCAAATTAC ATAT GAATAAGCC

52°C

B. Primers used for SSCP

Intron 1 of FMR1 gene; product size: 383bp

Outer primers

ATL1F (Gunter et al, 1998) 5CCCTGATGAAGAACTTGTATCTC3'
ATL1A

56°C

5ACCAAGAAGTGATCTCTGGAC3’

Primers used for the hemi-nested amplification o f the polymorphisms ATL1 in intron
l;.

ATL1B (product size: 193bp) 5 GGGATGTACATTTTCCAAATGC3'

56°C

ATL1C (product size: 204bp) 5 GTGCTTTTGTTGGGATGTACATT3’

56°C

Second round o f PCR for single cells was carried out at 61 °C.
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Primers used for the nested amplification of the FMRa polymorphism in intron 1;
product size: 183bp.

FMRaF

5'ACTGTACTTTATCGCCTTTCTC3'

FMRaR

5GCATTTGGAAAATGTACATCCC3'

56°C

Intron 1 of the FMR1 gene (Gronskov et al, 1998); product size: 347bp:

intlF

5GGTATAGCACATACAAGGTGGC3'

intlR

5'CCTGAAAAGCACTCAAACTGG3’

55°C

FMRb, Exon 5 of the FMR1 gene

Outer primers; product size: 507bp
Ex5A

5CATTCCCGTGTGGATTTCTA3’

Ex5B

5TCTCCATTGCTCTTGCAAAC3'

56°C

Nested primers (Gronskov et al, 1998); product size: 219bp.

PCR with this set of primers is carried out in a 50pi reaction with lp l o f product from
the first round added as template.

Ex5F

5ATTGTGATTAGAAGTGACT3’

Ex5R

5TCCAAGTTCTCAGCATTT3'

2A.3.2.3

50°C

Primers used for sexing

Amelogenin (Sullivan et al, 1993} Product size:

X chromosome: 212bp
Y chromosome: 218bp

The forward primer o f this pair was labelled with Cy5 fluorescent molecule for analysis
of the products on the ALFexpress. For this set of primers 30 pmoles were used in each
PCR reaction.
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AMEL-C

5ACCTCATCCTGGGCACCCTGG3'

AMEL-D

5' AGGCTTGAGGCCAACCATCAG3

55°C

X22 (Cirigliano et al, 1999);_product size: 194-254bp

The forward primer o f this pair was labelled with the fluorescent molecule Cy5 for
analysis on ALFexpress.

X22F

5 TAATGAGAGTGGGAAAGAA3’

X22R

5 CCCATTGTTGCTACTTGAGA3’

2A.3.2.4

55°C

Primers used for the amplification of the (CGG)n

repeat in the FMR1 gene (Fu et al, 1991).
Primers c and d were labelled with the fluorescent molecule Cy-5 for analysis on the
ALFexpress. For conditions of amplification refer to text (2.2.5.4)

Forward primers

a

5'g g a a c a g c g t t g a t c a c g t g a c g t g g t t t c 3'

c

5’g c t c a g c t c c g t t t c g g t t t c a c t t c c g g t 3'

Reverse primer

f

5'a g c c c c g c a c t t c c a c c a c c a g c t c c t c c a 3'

Modified from Fu et al, 1991
d

5't g a c g g a g g c g c c c g t g c c a g g g g g c g t g c 3’

e

5’g a g a g g t g g g c t g c g g g c g c t c g a g g c c c a 3’
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2A.3.2.5

Primers used for the amplification of the AF508

mutation in the CFTR gene (Liu et al, 1992)

Product size: Normal: 251 bp
Mutant: 248 bp

The forward primer o f this pair was labelled with the fluorescent molecule Cy5 for
analysis on the ALFexpress

508F

5AATTGGAGGCAAGTGAATCC3’

508R

5GTTGGCATGCTTTGATGACGCTTC3

2A.3.3

55°C

Solutions and buffers used for analysis of

PCR products.
10 X TBE

90mM Tris-HCl, pH8.0
90mM Boric acid
2mM EDTA

Rehydration buffer for denaturing
15% Gene Clean gels

90mM Tris-Phosphate, pH8.0
7M urea
4% (v/v) glycerol
4% (v/v) ethylenglycol

Electrode buffer

450mM Tris
75mMboric acid
12.5mM EDTA-Na2

Loading buffer

0.25% (w/v) Bromophenol blue in

(for agarose electrophoresis and

30% (v/v) glycerol
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polyacrylamide electrophoresis using

1 XTE

the GenePhor®

Loading dye for electrophoresis on

100% (v/v) de-ionised formamide

ALFexpress

5mg/ml Dextran Blue 2000

80% (v/v) ethanol

Bind saline

2% (v/v) glacial acetic acid
0.3% (v/v) bind saline stock

2A. 4

Solutions used f o r FISH studies

20 X SSC (Saline sodium citrate)

150mMNaCl
15mM sodium citrate, pH7.0 adjusted
with NaOH

4 X SSCM

4 X SSC
5% (w/v) Marvel non-fat dried milk

4 X SSCT

4 X SSC
0.05% Tween 20
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Chapter 3

Results

3.Results
3.1 Preimplantation genetic diagnosis o f sickle cell
anaemia
Sickle cell anaemia is caused by an A—»T substitution at the second position o f codon 6
in the first exon o f the p-haemoglobin gene. This results in an amino acid change from
glutamic acid to valine, in addition to the loss of the restriction site for two
endonucleases, Mstll (Wilson et al, 1982) and DdeI (Geever et al, 1981) (Figure 3.1).

A wide range o f methods has been used for the diagnosis of this common disorder.
These include amplification refractory mutation system (ARMS), single strand
conformation polymorphism analysis (SSCP), restriction enzyme digestion, and
Southern blot hybridisation with allele specific oligonucleotide probes. Most of these
methods, however, are not sensitive and fast enough to be used in PGD.

The two

methods most commonly used for PGD of single base mutations are restriction enzyme
digestion and SSCP.

Restriction enzyme digestion, using the endonuclease Ddel, has been employed by
Monk and Holding (1990) in preliminary studies to PGD. They amplified a fragment of
680bp, containing some o f the 5’ untranslated region (UTR), exon 1 (the exon
containing the mutation), intron 1, exon 2, and a small part of intron 2 of the p-globin
gene (Figure 3.1) from single human oocytes and polar bodies.

This sequence was

chosen in order to avoid co-amplification of the 5-haemoglobin gene which shares a
high degree of homology with the coding region of p-haemoglobin. The amplimer was
then digested with the restriction endonuclease Ddel.

Normal alleles generated two

products, 180 and 201 bp in length. In the mutant allele, this restriction site is lost and
only one product, 381 bp in length, is obtained (Figure 3.1 and Figure 3.2).
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Figure 3.1 Part of the p-haemoglobin gene (not to scale) showing the position of
primers and sizes of products. Vertical lines depict Ddel restriction sites. The site
marked (*) is the one destroyed by the sickle cell mutation. (Modified from Monk
and Holding, 1990).
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Figure 3.2 Ddel digestion of PCR products encompassing the sickle cell mutation,
using primers HhbC and HhbD (Figure 3.1) on DNA from a sickle cell patient
(SS), an individual heterozygous for the mutation (SA) and a normal control (AA).
L=lkb ladder.
The mutation destroys a restriction site resulting in a single product of 381bp,
while digestion of the normal allele generates two product of 201 and 180bp.
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In an alternative approach, SSCP was used for detection of the sickle cell mutation (ElHashemite, 1999). A fragment o f 419bp was amplified which contains the sequences
immediately 5’ of exon 1, exon 1, intron 1 and exon 2 (Figure 3.1). A nested PCR
protocol followed by SSCP and silver staining detection of the products was carried out.
Alternatively, fluorescent PCR was used with subsequent SSCP on an automated
fluorescent sequencer.

In order to determine the technique most suitable for use in PGD of the sickle cell
mutation, these techniques were compared on single cells. As measures for comparison
of the two methods the efficiency of amplification with the two sets of nested primers,
and the percentage of heterozygous cells showing allele drop-out (ADO) were used.

3.1.1

PCR amplification of the region containing

the sickle cell mutation
Isolation and handling o f single cells is technically demanding and a large number of
single cells must be isolated in order to become accustomed to the procedures. For this
reason a total o f 260 single buccal cells from a homozygous normal individual were
isolated and subjected to nested PCR using a modified protocol from that described by
Monk and Holding (1990) (Section 2A.3.2.1).

Amplification was observed in 172

(66%) o f these cells with the efficiency ranging from 40% (in earlier experiments) to
90%. Absence of amplification was probably due to failure in transferring the cell to
the microcentrifuge tube containing the lysis buffer in early experiments.

This is

demonstrated by later experiments, where 72 single buccal cells from an individual
heterozygous for the mutation were tested.

In these experiments, 68 (94%) cells

showed amplification.

The large number o f cycles and the increased sensitivity necessary for single cell
analysis exacerbate problems, such as contamination, that are encountered during
routine PCR. Contamination in single cell PCR is a potentially serious problem, since
even a single contaminating copy of the normal allele can result in transfer of an
affected embryo, mistakenly diagnosed as heterozygous, when recessive disorders are
being investigated. For this reason, contamination levels should be monitored at regular
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intervals in a clinical setting, by carrying out negative controls along with the samples.
When isolating single cells, “blank” negatives were routinely prepared from the last
drop in which the cell was washed. This provided a further indication on the efficiency
o f single cell isolation, i.e. if single cells or clumps of cells were being tested, in
addition to information about contamination in the single cell isolation and handling
procedures or the reagents.

In initial experiments, contamination levels were

unacceptably high with 22 out o f 160 (13.75%) negative controls showing amplification
o f the expected sequence. These, however, were reduced in later experiments to 3 in 57
(5%) blanks.

It has been shown (Rechitsky et al, 1998) that amplification efficiency and ADO rates
vary between different cell types. Buccal cells are epithelial cells and as a result large
numbers o f them are apoptotic, resulting in reduced amplification efficiency and
increased ADO levels. Nevertheless, they are one o f the preferred cell types for use in
the work up o f single cell protocols as they are readily available in large numbers and
are obtained by non-invasive methods. It is preferable, however, to test any methods on
a variety o f cell types, including blastomeres from human embryos. In this respect, 40
single fibroblasts from a chorionic villus sample (CVS) previously diagnosed as
heterozygous for the sickle cell mutation by the perinatal centre (UCL) were subjected
to PCR using the nested protocol described above.

34 (85%) showed amplification

(Table 3.1). Contamination in this set of experiments was detected in 1 out of 25 blank
controls (4%).

Finally, single blastomeres from human embryos, when available, were included in the
above experiments. These can be separated into two groups: 14 single blastomeres from
a “32+-cell” embryo. Of these only 2 (14%) cells showed amplification. However, no
nucleus was clearly visible in these cells, indicating that some of the presumed cells
were probably cytoplasmic fragments not containing any DNA.

The second set

consisted of 21 blastomeres, biopsied by the embryologist from 19 human embryos
(Table 3.2). The presence o f a nucleus was clear in this set of cells and amplification
was observed in 15 (71%) cells. Amplification efficiency in this cell type was lower.
This is generally observed when DNA from blastomeres is subjected to PCR
(Kontogianni et als 1991), as some embryos are arrested, and the DNA may be
degraded. Additionally, blastomeres are larger, more fragile and more prone to lysis
than buccal cells or fibroblasts.
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Table 3.1

Summary of efficiency of PCR amplification of a 680bp sequence

encompassing the sickle cell mutation in different cell types.
Cell Type

Number of cells

Number of cells

tested

amplified

Buccal cells

332

240

72

CVS fibroblasts

40

34

85

Blastomeres from

14

2

14

21

15

71

Efficiency (%)

disaggregated
embryo
Biopsied
blastomeres

Table 3.2 Developmental stage of embryos used and results of PCR amplification
of the p-globin sequence containing the sickle cell mutation on single blastomeres.
Number of

Stage of embryo

Number of cells

Number of cells

embryos tested

development

isolated

amplified

1

1-cell

1

0

1

2-cell

1

1

4

3-cell

4

3

1

3-cell

2

1

7

4-cell

7

6

1

5-cell

1

0

1

5-cell

2

1

1

6-cell

1

1

2

8-cell

2

2
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For comparison the PCR protocol of El-Hashemite (1999) was also applied to
heterozygous fibroblasts from a CVS sample.

Of the 40 cells tested, 31 (77.5%)

showed amplification. Contamination was not observed in these experiments.

3.1.2

Detection of the sickle cell mutation

3.1.2.1

Restriction enzyme digestion

Optimisation o f conditions for digestion of the PCR product of single cells was initially
necessary as previously published protocols (Monk and Holding, 1990) resulted in
incomplete digestion. These included establishing the optimum amount of PCR product
to be added to the digestion reaction and the length o f incubation of the product in the
enzyme necessary for complete digestion. These were tested on PCR products obtained
from single cells o f an individual homozygous for the normal allele, thus providing a
control for complete digestion o f the product. However, even after establishment o f the
above parameters at 8pi o f nested PCR product (Figure 3.3) and 2 hours of incubation at
37°C (Figure 3.4), incomplete digestion was observed in some experiments.

Initial

experiments were carried out in the presence of the buffer suggested by the
manufacturer. However, addition o f 8 pi of PCR product, (including some o f the Taq
polymerase buffer) led to increased levels of the salts present in the reaction and,
consequently reduced efficiency o f the restriction enzyme.

Attempts were made to

precipitate the PCR product prior to digestion, by use of ethanol and Sodium Acetate.
The precipitated DNA was resuspended in the buffer supplied with the restriction
enzyme. This resulted in loss o f product and thus reduced efficiency of the mutation
detection method. For this reason it was decided to omit the buffer supplied with the
restriction enzyme in subsequent experiments.
A total o f 100 single cells from a homozygous normal individual were subjected to
mutation detection. The mutant allele was never observed indicating that the conditions
were optimised and no normal sample would be misdiagnosed due to incomplete
digestion.
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15 12.5 10

8

Figure 3.3 Optimisation o f Ddel digestion conditions: optimum am ount o f nested
PCR product for com plete digestion.

Num ber above each lane indicates the

am ount o f PCR product from a single cell (in jul), digested at 37°C for 2 hours.

0
680bp

201 bp
180bp

Figure 3.4

!/2

1

2

3

4
1

5

6

7

8 ON L

1

Q
Optim isation o f Ddel digestion conditions: length o f incubation

necessary for com plete digestion. Indicated above each lane is the length of time
(in hours) 8pl o f PCR product from a single cell were incubated in 12U o f Ddel at
37°C . ON = Overnight incubation at 37°C, L = lk b molecular w eight ladder.

Note lane 3 product looks more overloaded than the rest. This is probably due to more
than one cells initially present in the PCR reaction.
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For assessment of the rates of ADO, PCR products from 68 single buccal cells from an
individual heterozygous for the mutation were digested as described above. The mutant
allele was detected in 66 (97%) cases, while the normal allele was successfully detected
in 64 (94%) cells. Both alleles were visible in 62 (91%) cells (Figure 3.5 and Table
3.3).

As mentioned above, the rate o f ADO varies between different cell types, therefore, 34
single heterozygous fibroblast in which PCR was successfully carried out, were also
subjected to digestion with Ddel. Both alleles were successfully detected in all the cells
tested (Figure 3.6), although preferential amplification of one allele was evident in
certain cells, indicating that ADO may be the result o f extreme preferential
amplification rather than complete failure of amplification of one allele.
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L

1

2

3

381 bp —

201bp__
180bp—

Figure 3.5 Examples of ADO detected after digestion of PCR products from single
heterozygous buccal cells.
L = 1kb ladder
1 = ADO o f mutant allele
2 = successful detection o f both alleles
3 = ADO o f normal allele
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Figure 3.6 Ddel digestion of PCR products from single fibroblasts from a sample
heterozygous for the sickle cell mutation.

Note preferential amplification of the

m utant allele in lanes 6 and 7.
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Table 3.3 Summary of the efficiency of mutation detection by restriction enzyme
digestion on different cell types.
ADO of normal

ADO of mutant

Proportion of cells with

allele (%)

allele (%)

correct diagnosis*

Buccal cells

6

3

91

Fibroblasts

0

0

100

Cell Type

* proportion of cells successfully amplified

3.1.2.2

Single strand conformation polymorphism (SSCP)

SSCP was carried out on the PCR product generated by the primers described in Monk
and Holding (1990). The product obtained after nested PCR was 680bp, a fragment
which proved to be too large for successful analysis by this method.

The products of the first round o f PCR from the single fibroblasts were, therefore,
nested using primers B30 and ExlpR, generating a product of 419bp (Figure 3.1 and
Section 2A.3.2.1) and subjected to SSCP on the PhastSystem®, at 15°C as described in
El-Hashemite (1999) (Figure 3.7).

ADO was not observed in any o f these cells. However, the method was not always
reproducible.

An example is shown in Figure 3.8 where the products of one PCR

reaction, on DNA from the three genotypes, were loaded twice each on the same gel.
The pattern obtained in the two sets o f samples is different to that obtained in other
experiments and between the individual genotypes.

Finally, SSCP was carried out on a fluorescent automated sequencer. For this purpose,
primer B30 (the forward primer) was labelled with the fluorescent label Cy-5’. The
sequences of the primers were the same as those used for nested PCR amplification of
the 419bp fragment, i.e. B30 and ExlpR (Figure 3.1).

No obvious difference was

evident between the three genotypes, homozygous normal, affected and heterozygous
under various different experimental conditions, including temperature and current of
electrophoresis, and percentage o f polyacrylamide gel.
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It was therefore concluded that the most suitable approach to PGD of sickle cell
anaemia was restriction enzyme digestion following PCR amplification of a 680bp
sequence encompassing the muation (Section 4.2).
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8

.

Extra
bands
indicative
o f the
mutation

Figure 3.7 SSCP analysis of PCR products from single fibroblasts heterozygous
for the sickle cell mutation (lanes 1-7). Lane 8: control DNA from a homozygous
normal individual.

SS

Figure 3.8

SA

AA

SS

SA

AA

SSCP analysis of amplicon encompassing the sickle cell mutation.

Products of one PCR reaction on a sample homozygous for the sickle cell mutation
(SS), a heterozygous sample (SA) and a normal control (AA) where loaded twice
on the same gel. Notice the difference in the pattern obtained between the two sets.
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3.2 Preimplantation genetic

diagnosis f o r

the

fragile X syndrome
The most common mutation leading to the fragile X phenotype is expansion of a triplet
repeat, (CGG)n in the 5’ untranslated region of the FMR1 gene (Fu et al, 1991). The
high GC content o f the repeat and surrounding sequences, in addition to preferential
amplification o f the smaller allele in heterozygous samples, make PCR across the
repeat, and thus direct mutation analysis problematic. Routine molecular diagnosis of
the syndrome, including prenatal diagnosis, is carried out by use of Southern blotting
analysis, a technique which is time consuming and not sensitive enough to be used for
PGD. Amplification o f the normal and premutation alleles has been proposed for use in
PGD o f the fragile X syndrome (Black et al, 1995). These authors, however, reported a
high degree o f amplification failure (30-40%) and this led to a misdiagnosis.

In view o f the technical difficulty in direct mutation detection for PGD of the fragile X
syndrome and the fact that the majority of patients refuse to undergo confirmatory
prenatal diagnosis and possible termination of an affected pregnancy, it was decided to
use linkage as an approach to PGD.

3.2.1

Haplotype analysis of couples requesting

PGD
A panel of polymorphic markers located within or near the FMR1 gene was compiled
(Table 3.4 and Figure 3.9). This includes 6 (CA)n micro satellite repeats, analysed by
means o f size on an automated fluorescent sequencer, and 4 single nucleotide
polymorphisms (SNPs), all o f which were analysed by SSCP and (or) heteroduplex
analysis (HA).

Optimisation o f the analysis method used is essential, as the time

available for PGD is limited to 8-12 hours, leaving no room for repeating experiments
before embryo transfer.

In order to determine the best conditions for SSCP analysis, a range of parameters must
be investigated.

These include the temperature and length of electrophoresis, the
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concentration

(percentage)

o f polyacrylamide

electrophoresis apparatus most suitable for use.

gel

used

and

the

automated

In this study, two electrophoresis

machines were available: the GenePhor® and the PhastSystem®, both manufactured by
Pharmacia. Four types of pre-cast non-denaturing polyacrylamide gels were available:
15% and 12.5% available for use with the GenePhor® and 12.5% and 20% available for
the PhastSystem®. Both machines and the four types of gels were tested to determine
the system which provides the best resolution of the SNPs. Finally, electrophoresis was
carried out at 5, 10, 15, and 23°C for each gel/apparatus combination.

SSCP to distinguish the alleles o f FMRa and FMRb was found to be efficient over a
range o f conditions (Table 3.5).

The original sequence containing ATL1, amplified

using primers ATL1A and B (Section 2A.3.2.2.B) showed no difference in
conformation over the complete range of conditions tested. This is probably because
the single base change was located only 27bp from the 5’ end o f the sequence. A new
primer was designed (ATL1C, Section 2A.3.2.2.B), positioning the SNP 38bp away
from the end o f the fragment in order to overcome this problem.

This resulted in

successful separation o f the two alleles at this locus. Finally, SSCP o f the amplicon
containing the A—»G SNP in intron 2 o f the FMR1 gene, was carried out over a range of
conditions but no difference was observed among a large number of DNA samples
tested.
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Table 3.4 Polymorphic markers used for haplotype analysis in PGD of the fragile
X syndrome.
Type

Name

Heterozygosity

Position

(%)

Number

Detection

of alleles

Method

DXS998*

(CA)n

55

Xq27.3

4

F-PCR1

DXS548*

(CA)n

70-80

Xq27.3

9

F-PCR1

FRAXAC1*

(CA)n

44

Xq27.3

5

F-PCR1

FMRa

19366delT

NA

Xq27.3

2

SSCP

ATL1

19445A—»G

NA

Xq27.3

2

SSCP

Intron 2

23603A—>G

17.5

Xq27.3

2

SSCP

(G T )x-C - (T A ) y-T )n

71

Xq27.3

10

F-PCR1

FMRb

30584G—»A

6.25

Xq27.3

0

SSCP

p39*

(CA)n

84

Xq28

8

F-PCR1

Factor 8*

(CA)n

69

Xq28

9

F-PCR1

FRAXAC2* f

-

(F8C)
*Alleles referred to in increasing number of repeats.
'F-PCR - fluorescent PCR (using forward primer labelled with Cy-5 and analysis of
products on an automated laser fluorescent sequencer (ALF Express).

Table 3.5 Conditions for SSCP (HA) analysis of SNPs used for PGD of the fragile
X syndrome.
SNP

Electrophoresis

Composition of gel (%

Apparatus

polyacrylamide)

FMRa

GenePhor®

15, 12.5

5, 10

ATL1

PhastSystem®

20

5

FMRb

GenePhor®

12.5

10

FMRb

PhastSystem®

12.5

10

Temperature (°C)
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Xp22

AMG

Figure 3.9 Chromosome X showing the relative
positions and distance of the markers used for
PGD of the fragile X syndrome (not to scale).
Part of the FMR1 gene (not to scale) with
relative positions of intragenic polymorphisms.
Exons are shown as open boxes.

Filled box

indicates the position of the (CGG)„ repeat
within

exon

1

and

AUG

denotes

the

transcription initiation site.

DXS998

FRAXAC1

0.300Mb

7220bp

DXS548

(CGG)„
5533bp

0.150Mb

Xq27

FMR1

Xq28

FMRa
79bp
ATL1
4158bp
Intron 2
2648bp
FRAXAC2

1.5Mb

4333bp

FMRb
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PCR products encompassing each o f the 3 SNPs, which were successfully separated and
were seen to be informative in a number of cases, were subjected to DNA sequencing.
FMRa (Figure 3.10) and ATL1 (Figure 3.11) were sequenced using a fluorescent
protocol, while the products o f the sequencing reaction of FMRb (Figure 3.12) were
detected radioactively.

This helped to confirm that the change in conformation

observed was indeed due to the expected single base change, and associate each
observed conformation with the appropriate sequence variant.

All conformation

changes observed during SSCP/HA were confirmed as the published sequence variants.
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Figure 3.10

Fluorescent sequence analysis of the amplicon containing the AT

FMRa polymorphism in the first intron of the FMR1 gene. Arrow denotes the T
that is deleted.
A. Individual hemizygous for allele A,
B. Heterozygous individual (AB),
C. Individual hemizygous for the AT allele (B).
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Figure 3.11

Fluorescent sequence analysis o f fragment encompassing the A->G

substitution, ATL1, in the first intron o f the FMR1 gene. Arrow denotes the site of
the polymorphism.
A: Individual homozygous for the A allele (A)
B: Individual heterozygous at this site (AB)
C: Individual homozygous for the G allele (B)
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C
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G/A
C
A
A
A

Figure 3.12 Sequence analysis o f the G ->A FMRb polymorphism in exon 5 of the
FMR1 gene.
A:

Individual hemizygous for the A-carrying allele

AB: Individual heterozygous at this site
B:

Individual hemizygous for the G-carrying allele
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DNA from each family requesting PGD was subjected to PCR with the appropriate
primer pair (Section 2A.3.2.2) to determine the markers most suitable for each case and
the haplotype of the mutation-carrying chromosome.

A minimum of two markers

flanking or located within the FMR1 gene were necessary in order to avoid the risk of
misdiagnosis due to meiotic recombination or ADO of the allele segregating with the
expansion.

To further assist in the interpretation o f the results, it was decided that diagnosis should
include a method of sexing to enable distinction between ADO and hemizygosity. Two
sequences were examined in this respect:

1. The amelogenin (AMG) sequence (Nakahori et al, 1991).

This is located on the

short arm o f chromosome X (Figure 3.9) and near the centromere o f the Y
chromosome, with 88.9% homology between the two. It is therefore possible to use
one set of primers flanking a non-homologous region between the two sequences
generating different sized products, which can then be used for sexing. In this case, a
6bp deletion on the X chromosome sequence was used, generating products o f 212bp
and 218bp from the X and Y chromosome locus, respectively (Sullivan et al, 1993).

2. A pentanucleotide, (AAATA)m8, micro satellite sequence, X22 (Cirigliano et al,
1999) was also tested. This is located on the distal part of Xq28 (Figure 3.9), in a
region which has recently been found to be homologous to the long arm o f the Y
chromosome (Freije et al, 1992). This is again amplified with one set of primers for
both the sequence located on the X and the Y chromosome.

If the family is

informative, the products, analysed on a fluorescent sequencer, provide information
on the sex of the embryo, if the allele present on the Y chromosome has been
predetermined, the ploidy o f the cell, in cases where the X chromosomes carry
different alleles, and the presence o f contamination, if an allele different from those
present in the parents is observed. Amplification of this sequence, however, required
increased amounts o f Mg2+ salt in the amplification mix, jeopardising the efficient
amplification of other sequences in multiplex PCR reactions.

It was decided, therefore, to carry out sexing of samples by use of the amelogenin
sequence.
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3.2.1.1

Case 1: FIN (Figure 3.13)
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11:1

Normal male
Expansion-carrying chromosome
Carrier female
Normal maternal chromosome
Normal paternal chromosome

Affected male

FM = Full Mutation

Figure 3.13 Family FIN (Case 1).
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Individual 1:2 in this family was 37 years old at the time of referral. She inherited the
premutation-carrying chromosome from her mother and her son 11:1 was the first
affected child in the family. The couple would not consider terminating an established
pregnancy, and thus did not wish to have prenatal diagnosis, viewing PGD as their only
option of having another child. Analysis of follicle stimulating hormone (FSH) and rise
in oestradiol (AE2) levels in the blood of 1:2, in response to gonadotrophin stimulation,
(G-test; Ranieri et al, 1998) suggested that she would have a good response to
stimulation (FSH level = 8.8U/1, AE2 = 377pmols) and is, therefore, a good candidate
for PGD.

DNA from this family revealed that they are informative for the single base
polymorphisms FMRa, ATL1 and FMRb located within the FMR1 gene (Figure 3.9), in
addition to the micro satellite p39 located at Xq28 (Figures 3.14-3.17).

It was decided to use the FMRa, ATL1 and FMRb SNPs for diagnosis in this case. A
PGD cycle was started for this couple but was cancelled due to poor response of 1:2 to
the stimulation protocol. The couple were later advised not to attempt another cycle.

^ T h e G-test involves treatment with GnRH analogue, given on days 2 and 3 of the
menstrual cycle after an ultrasound scan to exclude functional cysts. Blood for FSH and
oestradiol is taken on days 2 and 3. A good ovarian reserve is indicated by Day 2 FSH
<9.5 U/l and a rise in oestradiol >180 pmole.
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1:2

1:2

11:1

11:1

1:1

Single strands

^ ------- H eteroduplex----- ►

-------

^ ------ Homoduplexes----- ►

Figure 3.14 SSCP and heteroduplex analysis o f the AT polymorphism, FMRa, on
DNA from family FIN.

The mother (1:2) is heterozygous (AB), while the father

(1:1) and the son (11:1) both carry the B allele. The B allele (AT) segregates with
the (C G G )n expansion in this family.

Constant bands, same for all genotypes
Bands indicative o f the A genotype
Bands indicative o f the B genotype
133

Extra bands
indicative o f the A — ►
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Figure 3.15 SSCP analysis o f the A/G, ATL1 polymorphism on DNA from family
FIN. The mother (1:2) is heterozygous AB. The father (1:1) and the son (11:1) have
the B (G) allele. The B allele segregates with the mutation in this family.

1:2

the A allele

1:1

------►

Extra bands
indicative
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Figure 3.16 SSCP analysis o f the A/G, FMRb polymorphism on DNA from family
FIN. The B (G) allele segregates with the mutation in this case.
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Fragment analysis of the p39 (CA)n microsatellite repeat on DNA

from family FIN.

PCR was carried out using primers modified from those

published (Section 2A.3.2.2).

Peaks marked in green (arrows) are molecular size

standards used by the computer software as reference for converting the time of
electrophoresis to size in bp.

Lane 22: premutation-carrying mother (1:2), with alleles D (155bp) and G (161 bp)
Lane 24: affected son (11:1), with allele D, the allele segregating with the mutation.
Lane 26: normal father (1:1), with allele C (153bp)
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3.2.1.2

Case 2: GOS (Figure 3.18)
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DNA became available for analysis
after one PGD cycle was carried out
(see section 3.2.3 and 3.2.4)
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l l Fragile X male, carrier o f AF508

FM = Full mutation
NT = Not tested

Figure 3.18 Family GOS (Case 2)
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Fragile X syndrome was first diagnosed in this family on 111:1 (Figure 3.18), at the age
o f 3. He was found to carry a large expansion o f the (CGG)n repeat in the FMR1 gene.
Subsequent analysis o f the mother (11:2) by PCR revealed only a single copy o f the
normal allele.

Examination o f BglI and EcoRl/Nru\ digested DNA, with the probe

O xl.9, showed that she carries an expansion ranging from an upper premutation to the
full mutation (130-330 repeats) and is, therefore at risk o f having further affected
offspring. No other relatives o f 11:2 were tested for the fragile X syndrome. In addition,
both parents were found to be heterozygous for the most common mutation in the CFTR
gene, AF508, and are, thus, at risk o f having a child affected by cystic fibrosis. They
decided to have PGD because they felt they could not terminate a pregnancy o f a child
that would have same phenotype as their son. At the time o f referral, 11:2 was 36 and
had no signs o f menopause. Analysis o f her blood after gonadotrophin stimulation (Gtest) revealed her FSH level was borderline (9.0U/1) and AE2 was decreased (170pmols)
indicating a low ovarian reserve.

Two PGD cycles were carried out for this couple. For results o f that cycle see sections
3.2.3. and 3.2.4.

AF508 is a three base pair deletion in the CFTR gene. This mutation can be detected by
fragment analysis on a fluorescent sequencer, subsequent to PCR carried out using a
ftuorescently labelled primer (Figure 3.19). This approach has been used extensively in
PGD (U u e t a l , 1992).

AF508

Normal

:2

:1

1
------------ 1--------------- 1--------------- 1--------------- 1--------------- 1--------------- 1-------

246
Figure 3.19
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Fragment analysis of the DF508 deletion on the ALF Express

(numbers on the side refer to those on the pedigree of this family).
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For the diagnosis o f the fragile X syndrome in this family. 11:2 was found to be
heterozygous for the dinucleotide microsatellite repeats DXS998 (Figure 3.20) and p39
(Figure 3.21), both of which are also detected by fragment analysis subsequent to
fluorescent PCR.

11:2

111:1

108

110

112

114

116

118

120 Size in bp

Figure 3.20 Fragment analysis of the microsatellite repeat DXS998 on DNA from
family GOS (numbers on the side refer to those on the pedigree).

The mother

(11:2) is heterozygous for the B (1 14bp) and the C (1 16bp) alleles. The father (11:1)
is hemizygous for the A (112bp) allele while the son (111:1) has inherited the B
allele from his mother.
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111:1

150
Figure 3.21

155

160

165 Size in bp

Fragment analysis of the (CA)n mierosatellite polymorphism p39 on

DNA from family GOS (numbers on the side refer to those on the pedigree). The
mother (11:2) is heterozygous for the C (152bp) and the G (160bp) alleles, while the
father (11:1) has the C allele on his X chromosome. The son (111:1) has inherited
the G (160bp) allele from his mother.
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3.2.1.3

Case 3: KEY (Figure 3.22)
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Figure 3.22 Family KEY (Case 3).
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The couple requesting PGD (1:1 and 1:2) had been trying to conceive for 7 years.
Individual 1:1 (Figure 3.22) was, subsequently, diagnosed with reduced fertility due to
low motility sperm. Both were found to have a normal chromosome complement and
were negative for 13 mutations in the CFTR gene, which are known to be associated
with reduced fertility. They were contemplating having in vitro fertilisation and ICSI.
Meanwhile, 11:1 (Figure 3.22) was found to carry a full mutation at the FMR1 gene and
his mother (1:3) was shown to carry the premutation. Her sister (1:2), was also shown to
carry the premutation and was thus at risk of having an affected child. The couple (1:1
and 1:2) decided then to undergo IVF followed by PGD. At the time of referral 1:2 was
35 years old and was shown by the G-test (FSH = 5.7U/1, AE2 = 218pmols) to have a
normal ovarian reserve.

DNA from the interested couple (1:1 and 1:2), in addition to that from her sister (1:3) and
the affected boy (11:1) was screened for the polymorphisms described in Table 3.4, in
order to determine the appropriate markers to be used in this case. 1:2 was found to be
informative for the three SNPs, FMRa (Figure 3.23), ATL1 (Figure 3.24) and FMRb
(Figure 3.25), in addition to the micro satellites DXS998 (Figure 3.26), and FRAXAC1
(Figure 3.27). It was decided to use the three SNPs for PGD in this family.

The couple started two PGD cycles. In the first cycle, a week after pituitary down
regulation was started, the patient developed an ovarian cyst, 14mm in size, her
endometrium was too thin at 7mm, and the level of E 2 had dropped to 268 pmols. The
cycle was stopped.

Two months later, attempts were made to down regulate the pituitary again, this time
with a higher dose o f GnRH agonist. The response was still poor, so the couple were
advised not to undergo another cycle.
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Figure 3.23 (A.) SSCP analysis on 15% non-denaturing gel at 4°C and (B) SSCP
and HA analysis on 12.5% non-denaturing gel at 10°C o f the FMRa polymorphism
on DNA from family KEY.
1:2 and 1:3 are heterozygous
1:1 is hemizygous for the A allele
11:1 is hemizygous for the B allele, which is the one segregating with the mutation
in this family.

Constant bands similar in all genotypes
Bands indicative o f A allele
Bands indicative o f B allele
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1:1

1:2

11:1 1:3

Figure 3.24 SSCP analysis o f the ATL1 polymorphism on DNA from family KEY.
1:2 and 1:3 are heterozygous at this locus. 1:1 is hemizygous for the A allele while
11:1 is hemizygous for the B allele, which is the one linked to the mutation in this
family.
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Figure 3.25

1:2

11:1

1:3

SSCP analysis of the FMRb SNP on DNA from family KEY.

analysis was performed on a 20% Phastgel® at 10°C.

The

This polymorphism is in

linkage disequilibrium with the FMRa SNP (Kunst et al, 1996; Figure 3.23); the
genotypes of the individuals are therefore the same as with FMRa: 1:2 and 1:3 =
AB, 1:1 = A and 11:1 = B, the mutation segregating with the B allele.
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Figure 3.26 Fragment analysis of the DXS998 microsatellite polymorphism on
DNA from family KEY. Individual 1:2 is heterozygous for the B (114bp) and the D
(118bp) alleles. Her husband (1:1) is hemizygous for the B allele, while her sister
(1:3) and nephew (11:1) carry the D allele, which is the one segregating on the
mutation-carrying chromosome in this family.
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Fragment analysis o f the microsatellite FRAXAC1 on DNA from

family KEY. 1:2 and 1:3 are heterozygous for the C (252bp) and E (256bp) alleles.
1:1 carries the C allele, while 11:1 is hemizygous for the E allele, i.e. the one linked
to the FM Rl expansion.
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3.2.1.4

Case 4: KON (Figure 3.28)
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Figure 3.28 Family KON (case 4).
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In this family, 1:2 (Figure 3.28) has 2 sisters and 2 brothers, all of whom are carriers of a
premutation. They were all screened for the premutation when her eldest sister had an
affected son. She was found to be a carrier as well. At the time of referral she was 37
years old. She first became pregnant in 1990. CVS testing showed that the fetus was a
normal female (11:1). She became pregnant again in 1993 and 1994. Both pregnancies
(11:2 and 11:3) were terminated after CVS showed that both were female fetuses carrying
the full expansion. In 1995, she had a fourth CVS for a new pregnancy. This showed
that she carried a normal male fetus, which spontaneously aborted due to complications
o f the CVS procedure. Subsequently, they tried to conceive naturally for 3 years, until
it was discovered that sperm parameters of her husband (1:1) were declining for no
known reason.

They attempted one cycle of IVF abroad, following a suboptimal

stimulation protocol, to avoid a multiple pregnancy because of the difficulty of prenatal
diagnosis.

Only 3 oocytes were recovered, 2 embryos were transferred but no

pregnancy was achieved. On referral, she had a G-test evaluation which showed that
FSH levels were elevated (12U/1) making her a poor candidate for PGD. They decided
to undergo IVF abroad, anyway. An IVF cycle was started in November 1998. 5 days
after the commencement of fertility treatment, her oestradiol level was 3,204 pmoles.
Endometrium thickness in that cycle was reduced, indicating that implantation was
likely to be unsuccessful. They decided to continue with the cycle, oocyte retrieval and
ICSI, and have the resulting embryos cryopreserved for biopsy, PGD and embryo
transfer (ET) in a subsequent cycle. However, they did not return for PGD.

The microsatellite polymorphisms DXS998 (Figure 3.29), FRAXAC1 (Figure 3.30) and
p39 (Figure 3.31) were found to be informative in this family. Later it was shown that
the SNP ATL1 (Figure 3.32) was also useful for PGD in this case.
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Figure 3.29 Fragment analysis of the microsatellite repeat DXS998 on DNA from
family KON.

1:2 (mother) = B( 113bp), D( 115bp)
11:2 (affected female) = BB
11:4 (normal male) = C
1:1 (father) = B
The premutation segregates with the B allele in this family.
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Fragment analysis of the microsatellite FRAXAC1 located upstream

of the (CGG)„ repeat in FMR1.

1:2 (mother) = D(250bp), E(252bp)
11:2 and 11:3 (affected female fetuses) = DE
IE4 (normal male fetus) = E
1:1 (father) = E
The D allele segregates with the mutation in this family.
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Fragment analysis of the (CA)n microsatellite repeat p39, located on

Xq28, on DNA from family KON. The fragment was amplified using a published
primer pair (Section 2A.3.2.2).

1:1 (normal father) = C(155bp)
11:2 and 11:3 (full-mutation carrying female fetuses) = C
11:4 (normal male fetus) = E(159bp)
1:2 (premutation-carrying mother) = CE
The mutation segregates with the C allele in this family.
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Bands indicative o f the A allele
B a n d s in d ic a tiv e o f th e B allele

Figure 3.32

SSCP

analysis o f ATL1 on DNA from family KON on 15% non

denaturing polyacrylamide gel at 10°C. This was later found to be better resolved
in 20% gels at 5°C. The A allele segregates with the mutation in this family.

1:2,11:2 and 11:3 are heterozygous at this locus
11:4 and 1:1 are hemizygous for allele A
The mutation in this family is segregating with allele B.
Absence o f the bottom bands in 11:3 is due to the smaller amount o f DNA loaded on the
gel.
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3.2.1.5

Case 5: REE (Figure 3.33)
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Family REE (case 5).
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In family REE, 111:1 was found to carry a large expansion of the (CGG)n repeat in the
FMR1 gene, which caused a major degree of learning disability. She inherited this from
her mother (11:3) who had 53 repeats, an allele she inherited in an unstable manner from
her father who only had 47 repeats. Subsequently, 11:2 was found to have inherited the
same allele but in a stable manner (47 repeats). Alleles of this size are rarely unstable
but in view of the family history, 11:2 was given a 10% risk of having an affected child.
The couple (11:1 and 11:2) were planning to conceive naturally and test the fetus by
routine prenatal diagnosis. After having tried for 7 years, 11:1 was found to have a low
sperm count and o f reduced motility. They were told that their best option of achieving
a pregnancy was by the help o f assisted reproductive techniques.

11:2 was found to be heterozygous for a number of loci tested: DXS548 (Figure 3.34),
FRAXAC1 (Figure 3.35), FMRa (Figure 3.36), ATL1, FRAXAC2 (Figure 3.37), FMRb
(Figure 3.38) and p39 (Figure 3.39). At all alleles, except ATL1, it was possible to
trace the allele segregating with the “at risk” chromosome.

It was decided to use the SNPs FMRa and FMRb polymorphisms for PGD in this case.

The day the couple (11:1 and 11:2) came for the initial consultation, coincided with the
first day o f II:2’s menstrual cycle.

This is the time when FSH and E 2 levels are

measured as part o f the G-test. Pituitary down regulation can then be continued for a
complete IVF cycle. The couple decided to take this approach. FSH, however, was
found to be raised (11U/1). The cycle was stopped and the patient was advised to return
in the following cycle when a sub-optimal protocol would be followed (Overton et al,
2000).

12 days after the start o f the cycle 5 follicles, larger than 14mm were visible.

On the day before oocyte retrieval E 2 levels started dropping. On “Day 0”, the day of
oocyte retrieval, 7 oocytes were obtained. All were injected with sperm. On Day 1, two
pronuclei were visible in 4 zygotes.

One had only one pronucleus and was left to

develop, 1 failed to fertilise, while the last one was necrotic. Early in the morning of
Day 3, the embryo that only showed one pronucleus on day 1 had cleaved to produce a
4-cell embryo. Of the “normally-fertilised embryos”, one had 5-6 cells, the rest only
had 4-cells. All were fragmented and of grade 2. Biopsy was not possible at this stage,
so the embryos were left until later in the day. By the afternoon, no progress was seen.
The embryo that had 5-6 cells and two o f the 4-cell embryos were transferred without
diagnosis on the basis o f the couple’s infertility (Table 3.6). As expected, the patient
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did not become pregnant. They were later advised to undergo intra-uterine injection
(IUI) and subsequent prenatal diagnosis.

Table 3.6 Summary of clinical cycle of couple from family REE.
O o cy te

D ay 1

D ay 3

F a te

1

No fertilisation

No change

Donated for research*

2

1 pronucleus

4 cells (+ fragments)

Donated for research*

3

Necrotic

4

2 pronuclei

5-6 cells

Transferred

5

2 pronuclei

4 cells

Transferred

6

2 pronuclei

4 cells

Transferred

7

2 pronuclei

4 cells

Donated for research*

num ber

Donated for research*

♦Results of analysis in Section 3.3.2
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Fragment analysis of DXS548 on DNA from family REE.

11:1 is hemizygous for the B allele
11:2 and 11:3 are heterozygous for the B (197bp) and the G (207bp) allele
1:2 is homozygous for the B allele
1:1 is hemizygous for the G allele which is the one segregating with the mutation in this
family.
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Fragment analysis o f the FRAXAC1 microsatellite on DNA from

family REE.

11:1 = hemizygous for C (252bp) allele
11:2 = heterozygous for C allele, inherited from her homozygous mother (1:2) and E
(256bp) allele, inherited from her hemizygous father (1:1).
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Figure 3.36 SSCP and HA analyses o f FMRa on DNA from family REE.

11:1 = hemizygous for A allele
11:2 and 11:3 = heterozygous for A, inherited from their homozygous mother (1:2) and B
allele, inherited from their father (1:1).
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Fragment analysis of the FRAXAC2 microsatellite on DNA from

11:2 and her parents.

11:2 is heterozygous for D (307bp) and F (31 lbp) alleles
1:1 is hemizygous for F (311 bp) allele
1:2 is heterozygous for D (307bp) and G (313bp) alleles.
The allele segregating with the ”at risk” chromosome in this family is F.
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A allele (dG)

Figure 3.38

B allele (dA)

SSCP analysis of FMRb on DNA from family REE.

11:1 is hemizygous for the A allele
11:2 and 11:3 are heterozygous at this locus
1:2 is homozygous for the A allele
1:1 is hemizygous for the B allele, segregating with the mutation in this family.
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Fragment analysis of the p39 (CA)„ microsatellite repeat on DNA

from family REE.

11:2 and her mother 1:2 are heterozygous for alleles F(159bp) and H (163bp).
1:1 and 11:1 are hemizygous for allele F (159bp).
11:3 is homozygous for allele F, which is also the one segregating with the mutation.
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3.2.1.6

Case 6: ROD (Figure 3.40)
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Family ROD (case 6).

Squares symbolise males, circles females.

Clear symbols indicate normal individuals while filled symbols indicate affected
members of the family.

A cross over a symbol denotes termination of the

pregnancy.
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Fragile X syndrome was diagnosed in this family when 11:1 presented with
developmental delay, protuberal ears and low nasal bridge at the age o f 2. His mother,
1:2, was adopted so no information was available about her natural family history. In
1994, she had a termination o f a male fetus that was shown by prenatal diagnosis to be
affected. In 1995 she conceived again and the fetus was shown by prenatal diagnosis to
be a normal female which was carried to term. The couple found the wait for prenatal
diagnosis too stressful and were also not comfortable with the decision o f terminating a
further pregnancy. At the time o f referral she was 35 years old and already had signs of
the menopause. No funding was available for this couple so PGD was not carried out.

1:2 was found to be heterozygous for the microsatellite repeats DXS998 (Figure 3.41),
FRAXAC1 (Figure 3.42), and p39 (Figure 3.43), in addition to the SNPs FMRa (Figure
3.44), ATL1 (Figure 3.45) and FMRb (Figure 3.46).
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Figure 3.41

Fragment analysis of the microsatellite repeat DXS998 on DNA from

family ROD.

Lane 8 = Individual 1:2, heterozygous for alleles B (113bp) and D (117bp)
Lane 10 = Individual 11:1, hemizygous for allele B, the allele segregating with the
mutation in this family
Lane 12 = Individual 1:1, hemizygous for allele A (11 lbp).
Arrows indicate molecular size markers.
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Fragment analysis of the FRAXAC1 (CA)n microsatellite on DNA

from family ROD.

1:2 = heterozygous for alleles C (252bp) and E (256bp)
11:1 = hemizygous for allele E, the allele segregating with the mutation in this family
1:1 = hemizygous for allele C (252bp)
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t
Fragment analysis of microsatellite p39 on DNA from family ROD.

Lane 28 = 1:2. heterozygous for alleles C (153bp) and E (157bp)
Lane 30 = 11:1, hemizygous for allele E, the allele on the mutation-carrying
chromosome in this family
Lane 32 = 1:1, hemizygous for allele E.
Arrows denote the molecular weight markers.
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Figure 3.44

SSCP analysis o f the FM Ra delT polymorphism on DNA from

family ROD.
1:2 = heterozygous, AB
11:1 = hemizygous for allele B, the allele linked to the expansion in this family
1:1 = hemizy gous for allele A.
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Figure 3.45

SSCP analysis of the A/G ATL1 polymorphism on DNA from family

ROD.
11:1 = hemizygous for allele B
1:1 = hemizygous for allele A
1:2 - heterozygous, AB.
Allele B segregates with the expansion in this family.

1:2

Figure 3.46

11:1

1:1

SSCP analysis of the A/G polymorphism, FMRb, on DNA from

family ROD.
1:2 = heterozygous, AB
11:1 = hemizygous for allele B, the allele segregating on the expansion-carrying
chromosome
1:1 = hemizygous for allele A.
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3.2.1.7

Case 7: Family TUL (Figure 3.47)

1:1

1:2
C
C
A
B
A
F
F

C
G
A
A
A
H
F

DXS998
DXS548
FMRa
ATL1
FMRb
p39
Factor 8

11:1

C
G
A
A
A
H
F

] Normal male
Q ) Carrier female
Affected female
■ I Normal paternal chromosome
■ ■ Normal maternal chromosome
■ ■ Mutation-carrying chromosome

Figure 3.47

Family TUL (case 7)

At the time o f referral 1:2 was 33 years old.

She was shown to be a carrier o f a

premutation in the FMR1 gene after the birth o f her daughter (11:1), who was found to
carry a full mutation.

This was the first incidence o f fragile X in the family and the

parents (1:1 and 1:2) were not prepared to contemplate termination o f an established
pregnancy.

At the time o f the consultation, their daughter, 5 months old, was

developing normally, so they were prepared to have another full mutation female. Gtest results showed a high amount o f FSH (15U/1) in I:2’s blood. In view o f the poor
prognosis for her response to fertility drugs and her psychological condition following
the birth o f her daughter, the couple was eventually advised not to proceed with PGD.
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Haplotype analysis on DNA from this family, revealed that 1:2 was heterozygous at the
microsatellite repeats DXS998 (Figure 3.48), DXS548 (Figure 3.49) and p39, in
addition to the SNPs FMRa and FMRb (Figure 3.50) located within the FMR1 gene.
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Figure 3.48

150

t
Fragment analysis of the DXS998 microsatellite on DNA from family

TUL.

Lanes 14 and 16 = 1:2 and 11:1, heterozygous for alleles B (1 14bp) and C (1 16bp).
Lane 18 = 1:1, hemizygous for allele C.
The allele segregating with the mutation in this family is B.
Arrows indicate molecular sized markers.

1:2

11:1

1 9 0

Figure 3.49

200

21

o

2 2 0 Size in bp

Fragment analysis of the DXS548 microsatellite on DNA from family

TUL.

1:2 = heterozygous for alleles C (199bp) and G (207bp). 1:1 = hemizygous for allele G
II: 1 = homozygous for allele G, the allele segregating with the mutation in this family.
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1:2 11:1

1:1

teat 03*

Figure 3.50

SSCP analysis of FMRb on DNA from family TUL. 1:2 and 11:1 are

heterozygous (AB), 1:1 is hemizygous for allele A, the mutation segregates with
allele B in this family.
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3.2.1.8

Case 8: Family VAA (Figure 3.51)

©
N----- s
1:2

F
28

D
B
C
PM
A
A
G
A
C
F

B
B
C
27 I
A 1
A I
G
A 1
°
1

11:1

11:2

D
B
C
FM
A
A
G
A
C
F
©

)

11:3 N
D
3

B
C
FM
A.
A
G
A
C
If

x

DXS998
DXS548
FRAXAC1
(CGG)n
FMRa
ATL1
FRAXAC2
FMRb
p39
Factor 8

ii-zi

N

D
B
C
FM
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C
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Carrier lemale
Normal paternal chromosome

□

Normal male

Normal maternal chromosome

Affected male

Mutation-carrying chromosome

Spontaneous abortion (no DNA available for analysis)
^

Figure3.51

Affected male, pregnancy terminated

Family VAA (case 8). (PM = Premutation, FM = Full mutation)

In family VAA, 1:2 was found to carry a premutation in the FMR1 gene after the birth o f
her son (11:1) in 1990. Two years later she had a spontaneous abortion, followed by the
termination o f two pregnancies, diagnosed by CVS as affected males, in 1994.

The
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couple found the experience very traumatic and decided that despite wanting another
child they could not go through the stress o f prenatal diagnosis again.

At the time o f referral. 1:2 was 32 years old. G-test results were borderline (FSH level:
6.3U/1, AE2: 134pmol), indicating that the chances o f achieving a pregnancy were
Following a consultation, the couple decided not to undergo PGD.

1:2 was found to be heterozygous at three microsatellite polymorphisms: DXS998 on
Xq27.3 (Figure 3.52), the (CA)n VNTR in intron 13 o f the Factor VIII (Figure 3.53)
gene and p39 (Figure 3.54) on Xq28.

~ i ------------------------- 1------------------------- 1------------------------- 1-------------------------- 1------------------------1—

110

Figure 3.52

112

114

116

118

1 2 0 Size in bp

Fragment analysis o f the DXS998 (CA)„ repeat on DNA from family

VAA.

1:2 = heterozygous for alleles B (1 14bp) and D (1 18bp).
1:1= hemizygous for allele A (112bp)
11:1, 11:3 and 11:4 = hemizygous for allele D, the allele segregating on the mutationcarrying chromosome in this family.
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I

140

Figure 3.53

I-------------- 1--------------1-------------- 1—
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160

Size in bp

Fragment analysis of the (CA)„ microsatellite repeat in intron 13 of

the Factor VIII gene on DNA from family VAA.

1:2 is heterozygous for alleles E ( 149bp) and F (151 bp)
1:1 is hemizygous for allele E
11:1 and 11:3 are hemizygous for allele F, the allele segregating on the mutation-carrying
chromosome.
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i

11:1
11:3

11:4

^—
—

i—

1 50

Figure 3.54

I—

1 54

I

1 56

—I

1 58

—

1:2

i—

162 Size in bp

Fragment analysis of the microsatellite p39 on DNA from

family VAA.

1:1 is hemizygous for allele C (153bp)
1:2 is heterozygous for alleles C and G (161 bp)
Allele C is the one segregating with the mutation in this family as can be seen by
the affected individuals 11:1.11:3 and 11:4.

Arrows indicate stutter peaks which were more pronounced in the amplification
o f this sequence than that o f others.
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3.2.1.9

Summary

In addition to the cases described above, two more couples were referred for PGD o f the
fragile X syndrome. In the first case (Case 9: FOW), the couple were not successful in
obtaining funding for the treatment so DNA from other members of the family was not
tested.

In the second case (Case 10: THU), the female partner came from a large family with
history o f the fragile X syndrome. Analysis of DNA from the couple, and the carriers
siblings and mother failed to reveal any polymorphisms for which she was informative
and could thus be used for diagnosis in this family.

171

o

o5

on

o

ts
O
p
2
3
P

h

2
^
Cl

o .2
cn
CN

o> ^ 3
p
P
73 P
7 3 VS
0> on

o
05
ai

o
—1 o

<L>

§

•u3

^+->

73

'>

§

d>

•»->
o
CD
C/5

P <d

«« a
°
§
'O h
2
on
>» 2
cd
*H

o
+-»

rS
O

CD
*Q on

P.
o

1

cd

?n
o
CN

p.

<

Q
C/5
C/5 X
Q Ph
73
h ? acd P
op
o
cd
cn
+■*
C/5 ,±5 P 7 3
H
>
P
cd O
C/5 C/5
43 P
•*
2
on
P-. Z
C/5 O
_ : <D c
o
7 3 h->
H->
X)
CD
73
■c
S
a/
cd
a>
C/5
m . P - >■
Ow 7 3
O <3
’S

:S
5,
D CD
P
^

cd
X

<d

g

p
u
73
a>

cd
73
CD
P.

H->
(7

P

B

f I
1 1
08 -3
CD 2
o

0
p
73
CD
cn

CD
>>
o
o
£
E-

a

C/3

«

15 1o 12

cn

acd3 ^P

6

<u

p.

CD

I

o 5
?n 73

ca §
73 73

<D (D
t: «2 o

cd

o

>>

CD
CD
C/3

cd

C/3

<N

On
m
a

j

., h

n

o;

~ ysy *

oo
on
On

C/3
X
Q

o
E
o

3

£
L.

H
<3

8
5

I

CN

C3N

w

C/3

0)
a/
£
<D

CD

'£

s

Table 3.7

Summary of PGD cases.
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Multiplex PCR on single cells

3.2.2

After haplotype analysis of the patients referred for PGD it became evident that one of
two protocols would be suitable in most cases (Table 3.7). In the first approach two
(CA)2 polymorphisms, DXS998 and p39 were suitable for PGD in 3 cases.

In the

second approach, the intragenic SNPs, FMRa, ATL1 and FMRb, in 3 cases and FMRa
and FMRb alone in 2 cases, were suitable for use in PGD.

In both approaches, a

method for sexing the cells was incorporated in the reaction to aid in the interpretation
o f the results (Section 3.2.1).

3.2.2.1

Amplification of the DXS998 and p39 loci from single

cells
---

-

~

— .>

.

.....

•

•

t . - - i i _ ______ j

_ i_

PCR amplification o f two (CA)n microsatellite repeats in single cells proved to be
problematic. During routine PCR o f dinucleotide repeats stutter, or shadow bands, are
common (Foucault et ol, 1993). They seem to be the result of slipped-strand mispairing
during the PCR reaction (Hauge and Litt, 1993).

When bulk DNA is used as the

starting template, these stutter bands can usually be distinguished from the “real” bands
(Figure 3.43 and Figure 3.54). They can be identified, as bands/peaks smaller than the
allele size by multiples o f the repeat unit and are usually less intense than the “real”
product. This proved to be true when dinucleotide repeats were amplified individually
from single cells (Figure 3.55).

However, the degree of stuttering visible in PCR

products from single cells, seems varied between different loci (Figure 3.55).

This

could be due to differences o f the DNA sequence itself or non-optimised conditions of
the PCR reaction.

The problem of stutter peaks was exacerbated in attempts to amplify more than one
dinucleotide repeats locus in one reaction.
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An additional problem with these specific dinucleotide repeats was the fact that the
published primer pairs for DXS998 (Gyapay et al, 1994) and p39 (Wehnert et al, 1993)
had annealing temperatures differing by 7°C (55°C and 62°C, respectively) and
sequence information about the region surrounding p39, in order to design new primers
was unobtainable.

130

140

150

160

Figure 3.55

Fragment analysis o f DXS998 (lanes 1+2) and p39 (Lanes 3+4) on

single cells.

Note the difference in the intensity of the stutter peaks between the

two loci.

Initially, attempts were made to carry out amplification over the 7°C range between the
two annealing temperatures.

In addition the use o f “step-down” PCR (Hecker and

Roux. 1996) was investigated. In this PCR modification, amplification was carried out
initially at 55°C for 10-15 cycles followed by 25-30 cycles at 62°C and vice versa. A
further modification tested was the possibility o f initially carrying out a few cycles (715) at the lowest annealing temperature (55°C), after which aliquots could be used to
provide template for PCR amplification o f each locus individually at the appropriate
temperature.

When none o f the above approaches proved to be successful in increasing the specificity
o f the PCR, attempts were made to change the reagents used in the reaction mixture.
Reagents, generally used to increase the stringency o f primer annealing to DNA,
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glycerol, formamide and increased Mg2+ salt, were included in the reaction mixture at
varying concentrations.

In addition, different enzymes, and enzyme mixtures were

tested. These included cloned and native Pfu polymerase, and various mixtures o f Taq
and Pwo polymerases, commercially available from Boehringer Manheim and Hybaid
(see section 2.1.2).

Both Pfu and Pwo polymerases are known for having a higher

fidelity than Taq polymerase due to their 3’—>5’ proof-reading activity. Yield of PCR
product, however, for these enzymes, is reduced compared to that obtained with Taq
polymerase, thus making mixtures of the two more powerful in amplification of
“difficult” DNA sequences. O f these changes, only addition of 5% formamide proved
to increase the specificity to a degree. However, non-specific stutter peaks were still
interfering with confident interpretation of the results.

Omission of the amelogenin

primers from the reaction was also tested with no success.

It was then hypothesised that the problem of non-specific products might be exacerbated
by the extreme sensitivity o f the method used for analysis of the PCR products, i.e. size
separation on a fluorescent sequencer.

To address this a variety o f other analysis

systems were tested. PCR products were separated by electrophoresis on agarose gels
(6, 4 and 2%) and products visualised by ethidium bromide staining. The size o f the
products was estimated against a lkb ladder. In an alternative approach, the amplicons
were separated on a 12% (w/v) denaturing polyacrylamide gel with subsequent silver
staining detection.

Finally, SSCP on 20% non-denaturing polyacrylamide gel

(Phastgel®) and silver staining of the products was tested.

This approach seemed

promising when products o f a PCR reaction using DNA as the starting template were
analysed (Figure 3.56).

However, the amount of analysable DNA obtained from a

single PCR reaction using a single cell as template is not enough to be visualised by
silver staining. For this reason it is customary to perform nested PCR whereby a second
round of amplification is carried out using an aliquot of the first reaction as template
and primers located within the first-amplified segment. In the absence of information
on the sequence surrounding the microsatellites it was not possible to design primers for
nested amplification.

An aliquot o f the PCR products of the first 30 cycles of

amplification was, therefore, used as a template for a second PCR reaction, using the
same primers and a further 20 cycles were carried out.

This resulted in reduced

specificity of amplification, generating a large amount of by-products which concealed
the “true” products on analysis.
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Figure 3.56

SSCP analysis o f the (CA)„ microsatellite repeats p39 and DXS998

after PCR amplification o f DNA from a heterozygous mother (M; 1:2 in figure
3.52) and her hemizygous son (S; 11:1 in figure 3.52).

L = lk b molecular size

ladder. Arrows denote the changes in conformation created by the second allele in
the mother

In a final attempt, the published primer sequences were modified by removal and
addition o f dG and dC residues, in order to reduce the difference in annealing
temperature between the two sequences (see section 2A.3.2.2). By using a combination
o f the published primer sets for amplification o f the DXS998 and Amelogenin (Sullivan
et al, 1993) loci (Gyapay et al, 1992) and the modified sequence for the p39 locus, it
was possible to amplify these sequence from single cells from the couple requesting
PGD in family VAA (Figure 3.57).

Furthermore, reducing the sensitivity o f the

fluorescent sequencer by setting the laser beam to pass through the gel at 2 second
intervals instead o f the 1 second originally used (Figure 3.58) it became possible to
develop the single cell protocol for couples informative at these loci.
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Application of multiplex PCR amplification of the DX998, p39 and

amelogenin loci on single cells from family VAA.

Fragment analysis was carried

out on a automated fluorescent sequencer, the laser beam passing trough the gel at
1 second intervals. (Arrows indicate stutter peaks.)

Lanes 1 +3 = single cells from individual 1:1, hemizygous for the A (1 12bp), C (153bp)
haplotype (Figure 3.51)
Lane 11 = positive control (DNA) from the same individual.
Lanes 7+9 = single cells from individual 1:2 heterozygous for the B/G( 114/161 bp),
D/C( 118/153bp) haplotype (Figure 3.51).

Note ADO o f allele D at the

DXS998 locus
Lane 5 = positive control (DNA) from the same individual.
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AMG

DXS998

Figure 3.58

Fragment analysis of products of multiplex PCR on single cells. The

products analysed in this experiment are the same as those shown in figure 3.57.
The laser beam was set to pass through the gel in this experiment at 2 second
intervals. Note the reduced amount of “stuttering” between the two experiments.

Lanes 6+8 = single cells from individual 1:1 (Figure 3.51)
Lane 16 = positive control (DNA) from the same individual.
Lanes 12+14 = single cells from individual 1:2 (figure 3.51).
Lane 10 = positive control (DNA) from the same individual.

This PCR was applied to a total o f 68 single cells. Complete amplification failure was
observed in 4 of these cells (6%). In a further 5 cells (7%), none o f the (CA)n repeats
was amplified, despite the presence o f DNA. as shown by successful amplification o f
the AMG locus (Table 3.8).

Finally amplification failure at one o f the micro satellite

loci was observed in one cell (1.5%). Haplotype analysis was therefore possible in 85%
o f cells.

O f those cells, 14 were obtained from a male individual, and provided

information on the degree o f ADO at the AMG locus, which occurred in only one cell
(7%) where failure of amplification o f the Y sequence was observed. The rest (44 cells)
o f the cells were obtained from female individuals.

Sexing was possible in 70% (31
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cells). In addition to the above cells, multiplex using the X22 minisatellite for sexing
was carried out in 9 female buccal cells. Amplification of the X22 sequence was not
observed in any o f those cells but amplification of the (CA)„ polymorphisms was
successful in all.
measurements.

The results o f these are then included in the rest o f the ADO

A total o f 48 cells were from individuals heterozygous at both the

micro satellite repeats. ADO at the DXS998 locus was observed in 1 (2%) while at the
p39 locus this was slightly higher at 12.5% (6 cells). The chance of ADO occurring at
both loci for the mutation-carrying chromosome alleles in one cell is then 0.0625%.

Table 3.8

Summary of results of multiplex PCR of the DXS998 and p39

microsatellites on single cells.
Sequence

Amplification Efficiency (%)

ADO* (%)

DXS998

62/68 (91%)

1/48 (2%)

p39

61/68 (90%)

6/48 (12.5%)

AMG

55/68 (81%)

1/14 (7%)

X22

0/9

-

* calculated as a percentage of informative cells that were amplified successfully.

In response to a request for PGD from a couple who were at risk of transmitting the
fragile X syndrome and cystic fibrosis (Case 2: Family GOS), both being heterozygous
for the AF508 mutation in the CFTR gene, this protocol was modified to include
amplification of this 3bp deletion. In this case it was found that amplification was more
efficient when the published primers (Wehnert et al, 1993) were used for amplification
of the p39 microsatellite in conjunction with the modified primer set for amplification
of the DXS998 locus (Section 2A.3.2.2). This protocol was applied to a 101 single
buccal cells. Amplification at the DXS998 locus was observed in 88 (87%) cells. Of
these, 41 were from heterozygous individuals and ADO was observed in 5 (12%) cells.
p39 was successfully amplified from 97 (96%) cells. Of 47 heterozygous cells, ADO
was apparent in 6 (13%) cells. The AMG sequence was successfully amplified in 80 of
87 cells tested (92%). Of these, 46 were from male individuals and ADO was visible in
5 (11%) cells. Finally, amplification of the sequence surrounding the AF508 mutation
was successful in 98 (97%) cells.

Of these, 80 had been obtained from individuals

heterozygous for the mutation and 10 (12.5%) were affected by ADO.

ADO was

similar for all alleles (Table 3.9).

Table 3.9

Summary of results of multiplex PCR of DXS998 and p39
microsatellites and AF508, CFTR mutation.

Locus

Amplification Efficiency(%)

ADO *(% )

DXS998

88/101 (87%)

5/41 (12%)

p39

97/101 (96%)

6/47 (13%)

AMG

80/87 (92%)

5/46(11%)

AF508

98/101 (97%)

10/80 (12.5%)

* calculated as a percentage of informative cells that were amplified successfully.

3.2.2.2

Amplification of the FMRa, ATL1 and FMRb SNPs

from single cells
All the patients found to be informative at the FMRb SNP were also heterozygous at the
FRAXAC1 locus. Before description of the ATL1 polymorphism in the first intron of
the FMR1 gene (Gunter et al, 1998), it was decided to carry out diagnosis in these cases
using FMRb and FRAXAC1, amplified in a multiplex reaction with AMG, to track the
expansion-carrying chromosome.

This was tested on a limited number of cells. In

addition, after establishment o f conditions for amplification and detection of the two
SNPs in intron 1 o f the FMR1 gene, FMRa and ATL1, combinations of the 4 markers
were tested. The approach where the three SNPs were used was shown to be the most
efficient. FMRa is located 79bp upstream of ATL1 (Figure 3.9). The two loci were
thus amplified in a single fragment in the first round of PCR and were subsequently
split in the second round o f amplification to provide two amplicons suitable for SSCP
and HA. In addition, FMRb is in linkage disequilibrium with FMRa. The genotype at
one locus, therefore, provides information on that at the other locus, in cases of ADO.

A first round of PCR amplifying the sequences surrounding the FMRa and ATL1,
FMRb and AMG loci was carried out on a total o f 131 single buccal cells, from couples
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requesting PGD.

Complete amplification failure was observed in 20 (15%) cells.

Amplification of the AMG sequence was observed in 68 of the 111 cells (61%). Of
these, 39 were from male individuals and ADO was observed in 4 cells (10%) o f which
one involved failure of amplification o f the Y allele and 3 of the X. The amplification
efficiency at this locus was not satisfactory. The concentration of the primers in the
reaction was thus increased to 30pmoles in later experiments, and the proportion of cells
displaying amplification o f AMG increased.

After a second round o f PCR, amplification at the FMRa locus was observed in 93 of
111 cells (84%).

Of these, 43 were from heterozygous individuals and ADO was

apparent in 4 (9%) cells: in 3 cells the B and one cell the A allele failing to amplify.

Nested PCR for the ATL1 locus was carried out on products from 99 cells.
Amplification was observed in 79 (80%) cells, o f which 37 were from heterozygous
individuals. ADO was observed in 5 (13%) of the cells.

Finally, FMRb was successfully amplified in 76 (69%) cells. 39 of these were obtained
from heterozygous individuals and ADO was observed in 7 (18%) cells, affecting both
alleles at similar frequencies (Table 3.10).

Taking into account all the cells tested, diagnosis would have been possible in 63% of
cases (82/131 cells). However, this includes periods when the conditions were being
optimised. Finally, reduced amplification efficiency is sometimes observed, especially
when the reagents have not been tested for some time. Such periods are included in the
above experiments.
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Table 3.10

Summary of results of multiplex PCR of the FMRa, ATL1 and
FMRb SNPs on single cells.

Locus

Amplification Efficiency (%)

ADO*(%)

FMRa

93/111 (84%)

4/43 (9%)

ATL1

79/99 (80%)

5/37 (13%)

FMRb

76/111 (69%)

7/39 (18%)

AMG

68/111 (61%)

4/39 (10%)

* calculated as a percentage of informative cells that were amplified successfully.
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3.2.3

Clinical diagnosis of cystic fibrosis (AF508)

and fragile X syndrome —first cycle
A PGD cycle was carried out for the couple GOS (Case 2) who were at risk of
transmitting both fragile X syndrome and cystic fibrosis to their offspring (Section
3.2.1.2). Due to the patient’s response to the “G-test”, a mid-luteal suboptimal ovarian
hyperstimulation protocol was used (Overton et al, 2000).

18 oocyte/cumulus

complexes were retrieved. Of these, 3 oocytes were found to contain vacuoles and were
discarded. In a further oocyte, the zona pellucida was destroyed during removal o f the
cumulus cells prior to ICSI. It was, however, injected with a sperm as were the rest of
the oocytes.

Eleven o f the oocytes were successfully fertilised, as indicated by the

presence o f two pronuclei (PN) on day 1 after fertilisation. One of the zygotes in which
only one pronucleus was visible divided later that day to produce a 2-cell embryo which
was donated to research as were the remaining “failed fertilisation” oocytes. On day 3
of development, 2 embryos were classed as grade 1, 4 grade 1" and 5 grade 2+, on the
basis of cell integrity, while the cell number ranged from 4 (1 embryo) - 8 cells. 2 cells
were biopsied from 7 embryos which had reached the 6-8+ cell stage. In one 8-cell
embryo, one cell was lost post-biopsy and a further two were therefore removed for
analysis. From two embryos, one at the 4-cell stage and one at the 5-cell stage, biopsy
o f only one cell was possible, while a further 8-cell embryo was lost during the biopsy,
as all cells came out o f the zona pellucida and disaggregated (Table 3.11).

Following multiplex PCR, for one embryo, where only one cell was available for
analysis, amplification failure at all loci occurred, presumably due to failure to transfer
the cell to the microcentrifuge tube.
possible (Embryo 8, Table 3.11).

Diagnosis for this embryo was, therefore, not
The results for the remaining embryos were as

follows:

Diagnosis for cystic fibrosis was possible in all embryos, with the locus being
successfully amplified in 14/17 blastomeres.

Two embryos were found to be

homozygous for the AF508 mutation, 4 were homozygous for the normal allele, while
the remaining 3 embryos were heterozygous (Figure 3.59 and Table 3.11).
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Sexing was possible in 8/9 embryos with amplification being observed in 13/17
blastomeres. Three o f the embryos were sexed as male and 6 as female. In one embryo
(Embryo 2 in Table 3.11 and figure 3.60), only a peak corresponding to the X
chromosome was observed but the result of the STRs suggested it might be monosomic
for chromosome X (see below).

For the diagnosis o f the fragile X syndrome, 2 (CA)n repeats, flanking the FMR1 gene
were analysed (Sections 3.2.1.2 and 3.2.2.1). DXS998 was successfully amplified in
14/17 blastomeres giving a result for 7 embryos. ADO was observed in 2 blastomeres,
obtained from embryos in which biopsy of two cells was possible (Figure 3.61). p39
was successfully amplified in 12/17 blastomeres providing a result for 7 embryos
(Figure 3.62).

On the basis o f the distance of DXS998 and p39 from the mutation,

located 450kb proximal and 7Mb distal respectively, the chance of a meiotic
recombination occurring between these loci and the mutation had previously been
estimated to be 0.5% and 7% respectively, assuming a recombination frequency of 10'5
per kb (Chakravarti et al, 1984).

Haplotype analysis of the embryos from the case

revealed that the genotype o f the couple’s son was the result of a recombination event
which occurred pre-fertilisation in the oocyte (Figure 3.18).

In the absence of

information on any other meiotic events in the family, it was therefore impossible to
carry out diagnosis for the fragile X syndrome with confidence. On the basis o f the
previously calculated recombination frequencies, it was hypothesised that the
recombination had occurred between the mutation and p39, and diagnosis was, therefore
based on DXS998, with a 99% confidence. Unfortunately, only one embryo was found
to carry the allele assumed to be segregating on the normal chromosome. However, the
paternal allele was not detected in either of the two cells available for analysis from this
embryo (Embryo 2 on Table 3.11 and Figure 3.61). In addition, the p39 allele assumed
to be segregating on the normal chromosome was not detected (Table 3.11 and Figure
3.62).

The risk o f ADO affecting the same allele in two cells was estimated to be

approximately 2% for each locus. The embryo was therefore diagnosed as having a
98% risk o f being monosomic for the X chromosome and thus as risk o f being affected
by Turner syndrome.

No embryos were transferred on the day but due to the uncertainty of the result it was
decided by the patients to freeze 5 o f the best quality embryos (1, 3, 4, 5 and 11) having
inherited the B, C (DXS998, p39) haplotype, despite evidence that embryos
185

cryopreserved following biopsy have a very low chance of survival (Joris et al, 1999;
Magli et al, 1999). The rest o f the embryos were disaggregated on days 4 and 5 post
fertilisation for further analysis (Section 3.2.3.1).
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Figure 3.59

Detection of the AF508 mutation in the CFTR gene in single

blastomeres from cleavage stage embryos during a clinical PGD case.

The mutation allele generates a product 3bp (247bp) shorter than the normal (251 bp)
allele.
Embryos 1 , 2, 3 and 6 were homozygous for the normal allele.
Embryos 4, 5 and 11 were heterozygous for the mutation.
Embryos 9 and 10 were homozygous for the mutant allele.
Diagnosis was not possible for embryo 8.
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Sexing of embryos during a clinical PGD case by amplification o f the

amelogenin (AMG) locus.

The product generated from the X allele is 6bp shorted than that obtained from the Y
sequence.
Embryos 2, 3, 6, 9, 10 and 11 were female.
Embryos 1, 4 and 5 were male. ADO o f the Y allele was observed in one cell from
embryo 4.
Diagnosis was not possible for embryo 8.
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Fragment analysis of the DXS998

STR amplified

Size in bp

from single

blastomeres during a clinical PGD case.

Three alleles are present in this family, the A allele found on the paternal X
chromosome. The maternal X chromosomes carry alleles B and C.
Embryos 2 and 9 carry the maternal allele assumed to be segregating with the normal
chromosome (allele C).
Embryos 1, 3, 4, 5, 6 and 11 carry the maternal allele assumed to be segregating with
the mutation (allele B).
Embryos 3, 6, 9 and 11 also carry the paternal allele A confirming the diagnosis o f sex.
.ADO was observed in 1 cell each from embryos 3 and 11.
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Figure 3.62

Fragment analysis o f the p39 STR amplified from single blastomeres

during a clinical PGD case.

Two alleles are present in this family, the C allele found on the paternal X chromosome.
The maternal X chromosomes carry alleles C and G.
The C allele was observed in embryos 1, 2, 3, 4, 5, 6, 10 and 11.
The G allele was only seen in one cell from embryo 10, ADO having occurred in the
second cell.
Failure to detect the G allele in two cells from embryo 2 indicated that recombination
between the two loci has occurred.
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Summary of clinical PGD cycle for cystic fibrosis (Af508) and fragile X syndrome.
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3.2.3.1

Confirmation o f diagnosis on spare embryos and

oocytes
Despite injection with sperm, 3 oocytes displayed only 1 PN on the first day after ICSI.
However, one o f the oocytes (Oocyte 3) divided to produce a 2-cell zygote. This was
disaggregated into single cells one of which was subjected to the multiplex PCR
protocol used in the diagnosis, while PCR across the mutation was carried out for the
second cell. Haplotype analysis revealed that the oocyte had inherited the B allele at the
DXS998 locus (Figure 3.63) and the normal allele CFTR gene (Figure 3.66), while
amplification o f the p39 locus failed (Figure 3.64). Failure to detect the paternal allele
at the DXS998 locus was probably due to ADO. This was confirmed by the detection
of the paternal (CGG )28 allele, the maternal allele being too large to be amplified by this
method (Figure 3.67). The other 2 oocytes were subjected to PCR of the (CGG)n repeat,
following removal o f the zona pellucida by incubation in acidified Tyrodes solution.
Amplification was observed in one oocyte (Oocyte 2), in which the normal maternal
allele of 19 units was seen (Figure 3.67). Finally, in one oocyte (Oocyte 4), the zona
pellucida was destroyed during removal of the cumulus cells prior to ICSI.
however, injected with a sperm.

It was,

On day 1 post fertilisation, 2PN were observed,

indicating normal fertilisation, while on day 4 it had reached the morula stage. At this
stage, cell junctions have been formed, making disaggregation to single cells
impossible.

The morula was therefore incubated for 30 minutes in Ca2+ Mg2+-free

biopsy medium at 37°C.

This enabled disaggregation of the embryo to clumps of

blastomeres, which were subsequently subjected to analysis. Amplification across the
repeat revealed only the paternal allele of 28 units (Figure 3.67).

Embryo 2 (Table 3.11) was disaggregated on Day 5 post fertilisation having been
arrested at the morula stage. Half o f it was subjected to Fluorescent in situ hybridisation
(FISH) using probes specific for chromosomes 1, X and Y, while PCR across the repeat
was carried out on the rest. Unfortunately, both methods failed to provide any more
information on this embryo.

One embryo (embryo 7 in Table 3.11) was damaged during the biopsy, when all the
cells came out o f the ZP. On day 4 all cells had divided. Haplotype analysis revealed a
female embryo, heterozygous at the CF locus, carrying the presumed normal X
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haplotype in addition to the paternal X chromosome. However, amplification across the
repeat detected only the paternal allele, presumably due to ADO of the normal maternal
allele. The remaining cells o f embryos 6 and 9 (Table 3.11) were also subjected to PCR
across the repeat. Only the paternal allele was detected in the products obtained from
embryo 6, consistent with diagnosis o f “99% chance of being affected with fragile X
syndrome” (Figure 3.67). No result was obtained from embryo 9.

Confirmation of the diagnosis for CF was obtained from haplotype analysis carried out
on 1 cell of embryo 10 (Figure 3.66). Additionally, it was confirmed that alleles C and
G at the DXS998 and p39 loci, respectively, segregate with the normal maternal
chromosome, as revealed by the detection of the products corresponding to 18 and 28
repeat units in 3 cells from this embryo (Figure 3.67).
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Figure 3.63

Fragment analysis of the DXS998 locus in cells obtained from spare

oocytes and embryos of couple GOS.

No evidence o f the paternal A allele was observed in the “failed fertilisation” oocytes”,
which carried the maternal allele assumed to be segregating with the mutation (B).
Results from PCR amplification across the (CGG)n repeat indicated that this is due to
ADO.
Confirmation of the result was obtained for embryo 10 by demonstration o f the paternal
A and the maternal C allele, segregating on the normal chromosome.
Embryo 7 which did not survive the biopsy was shown to carry the paternal allele in
addition to the maternal allele assumed to be segregating on the normal chromosome.
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Fragment analysis of the p39 locus in cells obtained from spare

oocytes and embryos from couple GOS.

Non-specific amplification was observed in the products o f the “failed fertilisation"
oocyte for this locus.
Results of the DXS998 STR were confirmed at this locus for embryos 10 and 7 with
demonstration o f the paternal allele (C) and the maternal allele assumed to be
segregating on the normal chromosome (allele G).

In cell 1 of embryo 10 the peak obtained from the G allele was distorted on
reproduction o f the picture.
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Fragment analysis of the AMG locus in cells obtained from spare

embryos and oocytes from couple GOS.

Only the X chromosome is present in the “failed fertilisation'’ oocyte (3).
Similarly for embryos 10 and 7, absence o f the Y chromosome specific product
confirms the results obtained from the two STRs
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Figure 3.66
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Fragment analysis of the AF508 mutation in the CFTR gene in cells

obtained from spare embryos and oocytes from couple GOS.

The “failed fertilisation” oocyte was normal at the CF locus.
Diagnosis o f affected status for the was confirmed in embryo 10.
Embryo 7 is heterozygous at this locus.
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Analysis of the (C'GG)n repeat in the FMR1 gene in spare oocytes

and embryos from family GOS.

No amplification was observed in the products o f oocyte 1. This could be due to failure
to transfer the cell to the lysis buffer or a large expansion, refractory to PCR
amplification by this method.
The normal maternal allele (19 repeats) was seen in oocyte 2.
Only the paternal allele (28 repeats) was visible in the second cell o f “oocyte 3" and in
"oocyte 4” and embryo 6, the maternal allele being too large to yield a detectable
product by this method.
Both parental alleles were visible in the PCR products o f embryo 10, confirming the
diagnosis o f unaffected by the fragile X syndrome.
These results confirm the assumed haplotype carried by the normal chromosome and the
assumption that recombination in the affected son o f the couple had occured between the
mutation locus and the distal STR. p39.
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3.2.4

Confirmation of haplotype segregating with

the mutation in family GOS (case 2)
Following the PGD clinical cycle described in Section 3.2.3, DNA was obtained from
1:2 (Figure 3.18) (the patient’s mother).

The fragile X status of 1:2 had not been

investigated, previously. The mosaic pattern observed in lymphocytes of 11:2, however,
suggested that she had inherited the premutation/full mutation allele from her mother, as
this is inherited in a stable manner through paternal transmission (Reyniers et al, 1993).
1:2 was found to be heterozygous at both loci used for the diagnosis of the fragile X
syndrome, BD/CF for DXS998/p39, while she was homozygous normal at the AF508
locus. The patient, therefore, had inherited the alleles assumed to be segregating with
the mutation (B/C) from her mother (Figure 3.68). PCR amplification, using Pfu
polymerase as described in Sections 2.2.5.5 and 3.3.1.2 across the (CGG)„ repeat,
however, on cells from 1:2 produced a single product of 19 repeats, the same size as the
patient’s normal allele at the fragile X locus. For this reason, an enzyme mixture of Taq
and Tgo polymerases, which became recently available from Roche was tested for the
ability to amplifying larger premutation alleles than was previously possible. Analysis
of the PCR products revealed a second allele of 75 repeats (Figure 3.69), confirming
that the B/G haplotype was the one segregating with the mutation.
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Figure 3.68

Analysis of products from multiplex PCR on clumps o f buccal cells

from 11:2 and her mother 1:2.

Lane 31 =1:2 is heterozygous for the B (1 15bp) and D (1 19bp) alleles at DXS998, and
the C (151 bp) and F (157bp) alleles at p39.

One peak at AMG locus

indicated a female individual. The single peak at 251 bp at the AF508 locus
indicates she is homozygous for the normal allele.
Lane 33 = 11:2 is heterozygous for the B (115bp. inherited from her mother) and C
(1 17bp) alleles at DXS998, and the C (151 bp, inherited from her mother) and
G (159bp) alleles at p39. The patient is heterozygous for the AF508 mutation
in the CFTR gene, as indicated by the two peaks at 248 and 251 bp.

200

260

11:1

11:2

250

300

Figure 3.69

750 Size in
bp
Analysis of (CGG)„ repeat in buccal cells from the couple, 11:1 and
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11:2, and the patient’s mother (1:2) (Figure 3.18).
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The PCR products were

generated using a mixture of Taq and Tgo polymerases (Roche).

11:1 is hemizygous for the 28 repeat allele (308bp)
11:2 has the 19 repeat allele (278bp) on her normal X chromosome. Despite extreme
preferential amplification products o f 687 and 726bp corresponding to 155 and 168
repeats were also visible.
1:2 has the 19 repeat allele (278bp) but also carries a premutation o f 75 repeats (446bp)
which she has transmitted to her daughter (11:2).
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3.2.5

Clinical diagnosis of cystic fibrosis (AF508)

and fragile X syndrome - second cycle
Following confirmation o f the haplotype segregating with fragile X mutation in family
GOS (case 2; Section 3.2.4), the couple decided to proceed with a second PGD cycle
two months after the first one. Following the same stimulation protocol as was used in
the first cycle, 20 oocyte/cumulus complexes were retrieved.

Of these, one was a

germinal vesicle (oocyte 19; Figure 3.74), and was therefore not injected with sperm.
O f the 19 oocytes injected, 14 fertilised normally as indicated by the presence of two
pronuclei 18 hours after ICSI.

O f the rest, no pronuclei were visible in one oocyte

(oocyte 16, Figure 3.74), while the remaining four were degenerating (oocytes 7, 12, 13
and 14, Figure 3.74).

On Day 3 post fertilisation, 5 embryos were classed as grade 1", 7 grade 2 + and 1 grade
2, based on cell integrity. The remaining embryo was of very poor quality. The number
o f cells ranged from 3 (1 embryo)-8 (3 embryos). Two cells were biopsied from 11
embryos which had reached the 6-8 cell stage. One cell was removed from 2 5-cell
embryos, while the 3-cell one was not biopsied. 4 cells from 4 different embryos lysed
post biopsy and were therefore not available for analysis.

Of the remaining 20

blastomeres, complete amplification failure was observed in 7 cells.

Diagnosis o f CF was possible in 8 embryos (13/20 blastomeres). Four embryos were
found to be homozygous for the AF508 mutation, while the remaining four were
heterozygous.

ADO affecting the normal allele was observed in one cell (cell 2 of

embryo 3 - Figure 3.70 and Table 3.12).

Sexing was possible in 8 embryos (13/20 blastomeres), 6 of which were female, the
remaining 2 being male (Figure 3.71 and Table 3.12).

Diagnosis for the fragile X syndrome was feasible in 6 embryos, 2 of which were
normal, the remaining 4 being affected. ADO affecting the paternal allele at DXS998
was observed in 3/13 blastomeres.(cell 1 of embryos 2 and 9 and cell 2 of embryo 11 - Figure
3.72 and Table 3.12). ADO was also observed in 1/13 blastomeres at the p39 locus (cell
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2 o f embryo 1 - Figure 3.73 and Table 3.12). In all cases, however, results from a
second cell allowed diagnosis of the fragile X status of the embryo. In a further male
embryo, recombination between the two loci was observed.

The haplotype of this

embryo (Embryo 17, Figures 3.72 and 3.73 and Table 3.12), as indicated by the
concordant result o f two cells was C/C for DXS998/p39, and there was a 99% chance of
it being normal for fragile X. It was, however, homozygous for the AF508 mutation in
the CFTR gene, and was therefore not transferred to the uterus. Finally, in one embryo
(Embryo 2, Figures 3.72 and 3.73 and Table 3.12) which was sexed as female as
indicated by the absence o f a peak corresponding to the Y chromosome, the
recombination haplotype C/C was observed, while ADO of the paternal A allele had
occurred at the DXS998 locus.

Complete amplification failure of the other cell,

however, did not allow confirmation, as to whether this was indeed the product of a
recombination event occurring at meiosis or simultaneous ADO of the opposite alleles
in the same cell.
One embryo (embryo 1) was found to be normal for both disorders and was transferred
to the uterus on Day 4. Unfortunately, the patient did not become pregnant.
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Detection o f the AF508 mutation in the CFTR gene in single human

blastomeres from cleavage stage embryos. The mutation generated a fragment of
248 bp, the normal allele being 251bp long.
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Sexing of embryos during second clinical PGD cycle.

The sequence on the X chromosome generates one peak at 212bp, while the product
generated by the Y allele is 6 bp larger, at 218bp.
Embryos 1, 2, 3, 4. 9 and 11 are female.
Embryos 10 and 17 are male.
No sex determination was possible for embryos 6, 8, 15, 20 and 21.
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Figure 3.72 Fragment analysis of DXS998 on single blastomeres from human
preimplantation embryos for the diagnosis of the fragile X syndrome.

Three alleles are present in this family:
A allele (113bp) is the paternal allele.
B allele (115bp) the maternal allele segregating with the mutation.
C allele (1 17bp) segregating on the normal maternal X chromosome.
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Figure 3.73 Fragment analysis o f p39 in single human blastomeres for the second
clinical PGD cycle for fragile X syndrome.

Two alleles are present in this family:
The C allele (151 bp) is found on the paternal chromosome and on the mutant maternal
chromosome
The G allele (159bp) segregates on the normal maternal chromosome.
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3.2.5.1

Confirmation o f diagnosis on spare embryos and

oocytes
One oocyte/cumulus complex (oocyte 19) was a germinal vesicle on the day that ICSI
was performed and was not injected with sperm. The following day it had matured into
a metaphase II oocyte and was donated to research. The ZP was removed and the
oocyte was subjected to PCR across the repeat using the GC-RICH PCR System
protocol described in Section 2.2.5.5.1. It was shown to carry the normal maternal
allele o f 19 repeats (Figure 3.74). O f the remaining five failed fertilisation oocytes, one
failed to show any pronuclei on day 1 after ICSI (oocyte 16), while the rest were
degenerating (oocytes 7, 12, 13 and 14). All were analysed for the triplet repeat in the
FMR1 gene. Oocytes 12, 14 and 16 were shown to carry the normal maternal allele
while the paternal allele was seen in 14 and 16. No PCR product was obtained from
oocytes 7 and 13. This could be the result o f amplification failure due to degrading
DNA, or failure to transfer the cell in the lysis buffer. Alternatively, it is possible that
they carried a mutant allele, too large to yield a detectable product (Figure 3.74).

Only one embryo was found to be suitable for transfer, so the 13 remaining embryos
were donated for research. Diagnosis had been possible in 7/13 embryos. Embryo 18
was o f poor quality and was not biopsied. On Day 4 it consisted o f 3 degenerating cells,
so was placed in lysis buffer without removal of the ZP and was subjected to PCR
across the repeat. A single product o f 278bp (19 repeats), corresponding to the normal
maternal allele was obtained, indicating that it was a male embryo, normal for the
fragile X syndrome (Figure 3.74).

Seven embryos (3, 4, 8, 9, 15, 17 and 21) (Table 3.12), were either too compact or
fragmented to disaggregate. They were, therefore, analysed whole, without removal of
the ZP, to prevent loss o f any genetic material. PCR across the (CGG)n repeat was
carried out. Embryos 3 and 4 had been diagnosed as female affected by the fragile X
syndrome.

PCR analysis revealed the paternal allele of 28 repeats (Figure 3.74),

confirming the diagnosis.

Embryo 9 had been diagnosed as a female affected by both the fragile X syndrome and
CF (Table 3.12).

PCR analysis of the (CGG)„ repeat failed to produce a product,
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4fPCR across the repeat revealed an embryo heterozygous for the normal maternal and
paternal alleles, confirming the assumption that recombination had occurred between
the mutation and the distal p39 polymorphism.

presumably due to degrading DNA or failure to transfer the cells to the lysis buffer. In
addition, no result was obtained from embryos 8 and 21, for which no diagnosis had
been possible.

Diagnosis had not been possible for embryo 15, from which only one cell was available
on the day o f the biopsy (Table 3.12). PCR analysis across the repeat revealed a single
product o f 19 units (Figure 3.74), indicative o f a male embryo, normal for the fragile X
syndrome.

Embryo 17 had become very compact on day 4 and was therefore analysed whole.
Recombination between the two polymorphic loci had occurred as indicated by the
genotype C/C (DXS998/p39). It was therefore diagnosed as a male embryo with 99%
chance o f being normal for the fragile X syndrome but affected for CF. PCR analysis of
the triplet repeat, confirmed the diagnosis on the fragile X status, by demonstration of
the normal maternal allele (Figure 3.74).

For the remaining embryos (2, 6, 10, 11 and 20) the ZP was removed. Two clumps o f
cells were isolated from each embryo. One clump was subjected to the multiplex PCR
used for the diagnosis, the remaining embryo being investigated for the (CGG)n repeat.

On the day of the diagnosis an ambiguous result for fragile X was obtained for embryo,
2 as only the normal maternal allele was visible at the DXS998 locus (Figure 3.72 and
Table 3.12) while only the paternal allele was visible at the p39 locus Figure 3.73 and
Table 3.12).

Haplotype analysis revealed a female embryo heterozygous for the

paternal and normal maternal alleles at DXS998, but homozygous at the p39 locus,
presumably due to recombination. 4r

The diagnosis o f normal male and affected female for embryos 10 and 11, respectively
were confirmed both on haplotype analysis (results not shown) and amplification o f the
normal maternal allele in embryo 10 and the paternal allele in embryo 11 (Figure 3.74).
Confirmation o f the affected status for CF was also confirmed.

Diagnosis had not been possible for the remaining two embryos (6 and 20). No result
was obtained from amplification across the repeat for embryo 6, while only the paternal
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allele was visible in embryo 20.

Haplotype analysis o f embryo 6 revealed a male

embryo normal for the fragile X syndrome and cystic fibrosis. Embryo 20 was found to
be a female embryo affected by the fragile X syndrome and heterozygous for the AF508
mutation (results not shown).
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3.3 Investigation o f the trinucleotide repeat in
oocytes and preim plantation embryos
A final aim o f this project was to investigate the behaviour of the premutation, in
particular the time during development when expansion to full mutation occurs, in
oocytes and preimplantation embryos resulting from the PGD cycles. These embryos
are unsuitable for transfer either because they have been diagnosed as “at risk” of being
affected by the fragile X syndrome, or due to poor development in vitro. Similarly,
oocytes used are those which have failed to fertilise following ICSI. All embryos used
are donated for research with the informed consent of the patients.

In order to achieve this, a method suitable for detection o f the mutation was necessary.
Currently, the only method for the direct detection of the full mutation is Southern
blotting o f DNA digested with methylation sensitive enzymes. However, this method
requires a lot o f DNA, which is not available from single oocytes, or the approximately
6 cells o f preimplantation embryos at this stage. Various protocols of PCR across the
disease causing repeat have been described (Levinson et al, 1994; Hecimovid et al,
1997), however, in all o f them only normal and premutation alleles are successfully
detected, amplification o f the full expansion being so inefficient that it is undetectable.

3.3.1

Cell recycling

Initially a modification o f “cell recycling” (Thornhill et al, 1994; Thornhill and Monk,
1996) was tested for this purpose. A single cell fixed on a piece o f microscope slide (a
dipstick) serves as the template for a round o f PCR. By the end of the first round,
enough product should be generated to act as template for a nested reaction, the
products o f which can be used for mutation analysis. Meanwhile, the cell, still fixed on
the dipstick, is subjected to FISH for chromosome analysis and/or sexing.

In the

modification used here, it was hypothesised that only the normal and premutation alleles
would be sufficiently amplified for subsequent analysis by gel electrophoresis. On the
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other hand, only the full mutation would be large enough to be visualised by FISH
(Figure 3.75).
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Cell recycling applied for direct detection of the (CGG)„ expansion

in FMR1.
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3.3.1.1

Fluorescent in situ hybridisation (FISH) for the

detection of the full mutation
Initially, a short probe o f 5 copies o f the CGG repeat was used on cultured lymphocytes
obtained from normal females and, as expected, because o f the small size o f the repeat
sequence (too small to be seen by conventional FISH), no signals were obtained.
Conventional FISH using the same probe was also applied to lymphocytes o f a fragile X
female, carrying the expansion but without success.

Subsequently, a new probe was prepared by PCR under conditions where no DNA
template was included in the reaction mix, thus favouring primer-primer interactions,
using primers (CCG )io and (CGG) 1 5 (a similar method was used by Haaf et al, 1996, to
produce long probes for identifying in-situ the CTG expansion in DM patients). In this
way a FMR1 triplet repeat probe o f approximately

350bp length (Figure 3.76) was

obtained and, after labelling with biotin, was applied to cultured lymphocytes from
normal and full mutation females.
PCR products labelled and used for FISH

5 0 6 , 5 17bp
390bp
344bp
298bp
220bp
2 0 1bp

Figure 3.76

PCR preparation o f a F M Rl triplet repeat probe for use in FISH

analysis o f the expansion.
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The fragile X sample used was from a patient with an expansion approximately 3kb in
length. Female cells were necessary to provide an internal control, showing that the size
o f the normal allele is not large enough to be visualised in this way. In these cells, a
single signal was detected on 25/40 (62.5%) metaphases, on a metacentric chromosome,
consistent in size with the X-chromosome (Figure 3.77). Confirmation that the positive
chromosome was indeed an X-chromosome was attempted by dual colour FISH using
the FMR1 triplet repeat probe and a centromeric X-chromosome-specific probe DXZ1
(Oncor).

Despite both probes giving the expected number o f signals when applied

individually, neither probe worked in the dual FISH.

This was probably due to the

repetitive nature o f the a-satellite, the two probes interacting with each to such a degree
that no labelled DNA bound to the target sequences o f the fixed chromosomes.
Furthermore, despite continued efforts, including modifications to the “probe PCR”,
such as addition o f a fluorescently labelled dGTP for direct labelling o f the generated
probe, the experiment was not reproducible so repeat experiments were not possible.

Figure 3.77

FISH

analysis

using

the

PCR

generated

repeat

probe on

a

metaphase and an interphase nucleus from a female carrier o f the a 3kb full
mutation.
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3.3.1.2

Polymerase chain reaction of the (CGG)n repeat in the

FMR1 gene
Various PCR protocols have been described with the aim of amplifying the (CGG)n
repeat in the FMR1 gene (Levinson et al, 1994; Hecimovic et al, 1997; Brown et al,
1993 and 1996). Modifications o f these were tested in this study. These modifications
included different combinations o f primers (Figure 3.78), immediately flanking or
located further away from the repeat and cycling conditions.

coding

a -

Figure 3.78

c

-

*i -

I

I

!-►

e

region

f

5’ region of the FMR-1 gene showing the trinucleotide repeat and

primers.

In addition, products generated with primers a and f (Fu et al, 1991) were used as
template for a nested reaction carried out with primers e and d (Figure 3.78). PCR was
carried out using the cycling conditions described in Daniels et al (1996). The products
o f the nested PCR were analysed by electrophoresis on 4% agarose gel (Figure 3.79).
The size o f the products expected with these primers is between 83-218bp in normal
individuals with 5-50 repeats.
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Figure 3.79

PCR amplification of the region encompassing the (CGG)n repeat on

DNA from normal females (F) and males (M). L = lk b ladder.

The high GC content o f the repeat and surrounding sequences make this sequence
extremely thermostable. Conditions o f amplification need to be adjusted, therefore, to
overcome this difficulty. This can be achieved by carrying out the denaturation step o f
the PCR at very high temperatures. As Taq polymerase is only stable at temperatures
<95°C Pfu polymerase is generally used (Chong et al, 1994).

This is stable at

temperatures up to 98°C. Additionally, reagents, such as DMSO (Zhang et al, 1994), in
the reaction mix, help to destabilise the GC bonds. A further modification is use o f 7deaza 2 ’-dGTP as part o f the dNTP mix in the reaction (Mutter and Boyton, 1995),
which further helps to reduce the stability o f GC bonds..

However, addition o f this

dNTP reduces the efficiency o f ethidium bromide binding to DNA, making agarose gel
electrophoresis for analysis o f the PCR products less reliable.

To overcome the reduced sensitivity o f agarose gel electrophoresis analysis, products o f
the PCR reaction were analysed on a denaturing polyacrylamide gel and subsequent
analysis on an automated fluorescent sequencer (Figure 3.80 and 3.81). The forward
220

primer, c (Figure 3.78; Fu et al, 1991), in these experiments was labelled with the
fluorescent molecule Cy5, primer f (Fu et al, 1991) was used as reverse. In addition,
primers e and d (Figure 3.78) were tested for possible use in this approach. With both
sets o f primers, it was only possible to amplify the normal allele on a large number of
DNA samples and single cells tested (Figure 3.80 and 3.81). The premutation was only
amplified in one family, family REE. However, this was not a typical premutation as
the allele transmitted in this family is 47 repeats, a size which is usually considered to
be within the normal range, despite unstable transmission in this case.

It has been suggested that analysis of PCR products by automated capillary
electrophoresis is more efficient in the detection o f premutation alleles (Larsen et al,
1997). The forward primer c was labelled with the fluorescent molecule TET and the
products of a PCR reaction carried out in the same way as that described above, were
separated on the automated fluorescent sequencer ABI 310, Perkin Elmer by P. AbouSleiman.

No products were detected by this approach, so analysis o f Cy5-labelled

products on the ALF express was used in subsequent experiments.
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Fragment analysis of products generated by PCR using primers c

and f, on DNA from individuals 1:1 and 1:3 from family KEY (Figure 3.22). In
both samples the PCR product is 308bp which corresponds to 29 repeats.
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Figure 3.81 Fragment analysis of products generated by PCR using primers e
and d, on DNA from individuals 1:1 and 1:2 from family KEY (Figure 3.22).
Lane 1=DNA from individual 1:2. The product is 125bp in length, corresponding to 19
repeats
Lane 2 = DNA from individual 1:1. The product is 154bp in length, or 29 repeats, the
same size as that estimated by use o f primers c and f (Lane 1 in figure 3.65).
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3.3.2

Analysis

of

human

oocytes

and

preimplantation embryos.
Three PGD cycles resulted in oocyte retrieval and fertilisation (Cases 2 - GOS and 5 REE). In family GOS the mutant maternal chromosome carries an expansion ranging
from the upper premutation to the lower lull mutation size, 130-330 repeats.

As a

result, amplification across the mutation fails to yield a detectable product in this
individual. Furthermore, due to the mosaic nature o f the mutation in the carrier mother
in this family, interpretation o f the result in respect to the timing o f the expansion during
embryonic development would have been impossible.

The result obtained from the

second PGD cycle for family REE are therefore discussed in this section.

After ICSI, two oocytes were available for analysis, one of which failed to show a
pronucleus on day 1 post fertilisation (oocyte 1, Table 3.6) , and a “necrotic” oocyte
(oocyte 3, Table 3.6). In addition, one oocyte only had one pronucleus on day 1 (oocyte
2, Table 3.6), indicating that the sperm head injected failed to decondence. This was
left to grow on. On day 3 post fertilisation, no embryo had more than 5-6 cells, making
embryo biopsy and diagnosis impossible. One 5-6 cell and two 4-cell embryos were
transferred to the patient’s uterus on the basis of the couple’s infertility. One 4-cell
embryo (embryo 7, Table 3.6), and the “one-pronucleate oocyte”, which had cleaved to
produce a fragmented 4-cell embryo (embryo 2, Table 3.6) where donated for research.

Attempts to remove the zona pellucida (ZP) surrounding each o f the two oocytes proved
unsuccessful.

They were, thus placed in a microcentrifuge tube containing 250pg

Proteinase K instead o f the 125pg usually used. Embryo 2 (Table 3.6)was transferred to
the lysis buffer as a whole embryo after removal o f the ZP, because of the danger o f loss
o f genetic material resulting from the high degree o f fragmentation. Embryo 7 was
disaggregated and 3 o f the cells were transferred individually into microcentrifuge
tubes. Two cells o f embryo 7 were subjected to the multiplex PCR that would have
been used for diagnosis in this case, in order to determine the maternal X-chromosome
present in this embryo. No result was obtained from either cell.

223

In order to obtain the maximum amount of information from the limited number of
oocytes and blastomeres available for analysis, the possibility o f using a method of
whole genome amplification (WGA) was tested.
described

for this purpose,

the

most

A variety o f methods have been

widely used

being primer

extension

preamplification (PEP) (Zhang at al, 1992). This uses a 15bp random oligonucleotide
primer to amplify approximately 78% of the genome to a minimum of 30 copies.
Individual aliquots o f PEP products, can then be used as template for subsequent
independent analyses o f various loci, thus overcoming the problems of primer and
sequence incompatibility.

As mentioned in section 3.3.1.2, the nature of the triplet repeat in FMR1 necessitates
extreme conditions of amplification.

While these aid in increasing the efficiency of

amplification o f this locus, they are generally incompatible with PCR protocols suitable
for analysis o f other loci, such as those used in this project for PGD of the fragile X
syndrome. It has been suggested, however, that with current protocols o f PEP repetitive
sequences such as the trinucleotide repeat analysed here and other short tandem repeats,
are error prone, presumably due to DNA slippage during product generation (Focault et
al, 1996; Wells et al, 1999), in addition to the low annealing temperatures necessary for
random priming (Wells et al, 1999).

Furthermore, the need for a large number of

cycles, necessitates use o f low denaturing temperatures for prolonging the viability of
Taq polymerase. This results in reduced representation of GC-rich areas of the genome
in the final products.

In order to overcome these drawbacks, modifications were made to the PEP protocol
described by Zhang et al (1992). Initially, the use of Pfu polymerase, an enzyme which
is more thermostable and has higher fidelity than the commonly used Taq polymerase,
was tested. This allowed the use o f higher denaturation temperatures and was shown to
increase the fidelity o f amplification o f the microsatellite repeats tested. Furthermore,
addition o f DMSO to destabilise the double helix bonds in GC-rich areas was found to
increase the representation o f such areas in PEP products, as was shown by
amplification o f the (CGG)n repeat o f FMR1 (Figure 3.82). Unfortunately, this result
was obtained only in a limited number of cells. This made the technique obsolete for
the purposes o f this study. Instead, only the triplet repeat was analysed in the rest o f the
cells donated for research.
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Fragm ent analysis o f PCR products encom passing the (CGG)„

repeat after PEP on single cells from an individual homozygous at this locus.

Lane 22: PEP carried out with Taq polymerase.

A single product o f 342bp was

obtained, representing 40 repeats.
Lane 34: PEP carried out with Pfu polymerase and addition o f 5% DMSO in the PEP
reaction. A product o f 309bp, representing 30 repeats, was obtained.
Lane 13: 309bp (30 repeats) product o f PCR on DNA from the same individual. Note
the different appearance o f the peak in this lane indicative of more and “cleaner
starting template resulting in “cleaner" PCR product.
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Ideally, a method suitable for detecting all sizes o f the repeat should have been used for
this purpose. Due to the lack o f such a method, however, and in view of the fact that in
this couple the “premutation” allele was efficiently amplified by PCR on a large number
o f single cells from the heterozygous mother, the PCR protocol described in section
3.3.1.2 was used.

Analysis o f both oocytes failed to show any PCR product. Embryo 7 was found to carry
one allele o f 29 repeats. Both individuals in this couple carry this allele on the normal
chromosome. Due to failure o f successful haplotype analysis of the rest of the cells
from this embryo it is not possible to differentiate between a normal male, having
inherited this allele from his mother, a homozygous female, or a female having inherited
this allele from her father and the expansion-carrying chromosome from her mother. In
the latter case, failure to detect the 47 repeat allele could have resulted from ADO at this
locus (15% ADO was observed in experiments carried out in the mother’s cells) or
expansion to a size not detectable by this technique. The latter possibility correlates
with the results obtained from embryo 2 where only a single product was detected,
467bp in size, corresponding to 82 repeats, indicating that this was a male embryo
carrying the at risk chromosome which had expanded by day 3 post fertilisation (Table
3.13 and Figure 3.83).

Table 3.13

Summary of analysis of the triplet repeat in single oocytes and

preimplantation embryos from family REE.
Oocyte/Embryo

Number o f cells analysed

Result

1

1

No amplification

2

Whole embryo analysed (4 cells)

82 repeats (467bp)

3

1

No amplification

7

1 cell from 4-cell embryo

29 repeats (308bp)
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Figure 3.83

Fragment analysis o f failed fertilisation oocytes preimplantation

embryos and single buccal cells from family REE.

Lane 10: Embryo 2 with a single product at 467bp, 82 repeats.
Lane 11: negative control o f the last wash drop
Lane 12: Single blastomere from embryo 7 with a single peak at 308bp, 29 repeats
Lane 13: negative control o f for 12
Lanes 14, 19,20 , 30: single buccal cells from father with a single product at 308bp, 29
repeats
Lanes 20, 21 and 22: single buccal cells from mother with ADO o f the premutation
allele
Lanes 23, 25, 26. 32: single buccal cells from the mother: two peaks at 308 and 362bp,
29 and 47 repeats respectively.
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Chapter 4
Discussion

4.Discussion
4.1 Preimplantation genetic diagnosis (PGD)
Until recently, individuals known to be at risk o f transmitting an inherited disorder to
their offspring had a number o f reproductive options available to them. Depending on
their moral and religious beliefs, and their personal experience with the disease in
themselves or family members, they could choose to remain childless, adopt a child or
consider gamete donation, or undergo prenatal diagnosis and face the possibility of
having to terminate a pregnancy diagnosed as affected.

Since 1990, at risk couples have an additional option, namely preimplantation genetic
diagnosis (PGD) (Delhanty, 1994). While PGD is still a form o f prenatal diagnosis, it is
carried out before implantation, allowing couples to initiate an unaffected pregnancy,
while still giving them the option o f having their own genetic child (Schover et al,
1998).

Couples requesting PGD have to undergo routine IVF procedures, although they are
usually fertile, in order to generate a large number of embryos for genetic testing. On
the third day after fertilisation, when the embryo consists of 6-8 cells, 1 or 2 cells may
be removed for analysis, without detriment to the further development o f the embryo
(Hardy et al, 1990). Genetic analysis is performed within 24 hours, using FISH or PCR
and mutation analysis, allowing the selection of unaffected embryos for transfer to the
uterus within the same IVF cycle.

The number of centres offering PGD world-wide is small, reflecting the difficulty o f
combining an assisted reproduction team, experienced in micro-manipulation and a
molecular genetics group with experience on single cell analysis, to carry out the
diagnosis. In addition clinical geneticists and counsellors are needed to assist couples in
making informed decisions regarding the available options and help them cope with the
stresses o f the procedure.
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Molecular methods used in any diagnostic setting must be accurate and efficient to
avoid misdiagnosis. This is especially true in the case o f single cell methods used in
PGD, as the material available for diagnosis is limited to 1-2 cells, and the time
available in which to carry out the diagnosis is only a maximum o f 24 hours both
restrictions limiting the number o f analyses that can be carried out prior to embryo
transfer.

The polymerase chain reaction (PCR) has provided the means to overcome the problem
o f the minute amount o f DNA available for analysis. The ability to enrich for a specific
sequence(s) to levels at which it can be visualised and fiirther analysed for the specific
DNA alteration under investigation, has made PCR an invaluable tool in the PGD of
single gene disorders. However, in order for PCR to be applied efficiently to single
cells a number o f difficulties must be overcome.

4.1.1

Contamination

Problems, such as contamination, which are encountered during routine PCR are
exacerbated by the large number o f cycles and increased sensitivity necessary for single
cell PCR. With the starting material of just one genome, even a single contaminating
copy o f the sequence under investigation will, in theory, be amplified with the same
efficiency. The main source o f contamination in most PCR reactions is “carry-over”
product generated by previous experiments.

This becomes increasingly difficult to

control, as a large number o f experiments are necessary in order to establish the
protocols used for diagnosis.

Some groups use filtration, exposure to UV radiation and restriction enzyme digestion
in attempts to decontaminate reagents prior to PCR (Sermon et al, 1995 and 1999).
However, such approaches introduce additional steps, and do not substitute the need for
rigorous precautions against the introduction o f contamination in experiments in the
first place.

During this project, the physical separation o f the areas where PCR was set up, and
products were analysed proved to be an effective means o f overcoming contamination
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problems. This was done by allocating a room for the isolation and handling of single
cells and the setting up o f PCR reactions. This room was constantly kept under positive
pressure to prevent the entry o f dust and airborne DNA. Reagents used for PCR as well
as equipment, such as micropipettes, microcentrifuge tubes and racks were designated
for single cell PCR only and were never removed from the “single cell” room.
Appropriate clothing was used at all times. Finally, a thermocycler was designated for
single cell PCR.

Nested reactions, when necessary, and analysis o f products were

carried out on a different floor.

In addition to the above precautions, a number of negative controls for all reagents used
were tested together with the cells in all experiments. These included those materials
used in single cell isolation, i.e. lysis buffer and blanks from the last drop in which the
cell was washed, and PCR negatives, i.e. all reagents without addition o f any template.
Any reagents found to be contaminated were discarded immediately and new aliquots
prepared. Such controls were especially important prior to a clinical case.

An additional source o f contamination in PCR carried out for PGD is DNA from
extraneous parental cells. Under very high magnification, numerous sperm are seen to
be attached to the zona pellucida (ZP) surrounding the embryo when fertilisation is
carried out by incubation of the oocyte in excess sperm. In addition, despite careful
cleaning o f the oocytes prior to fertilisation, cumulus cells can occasionally be seen still
attached to the oocyte. Both cell types can potentially attach to the biopsy pipette and
enter the microcentrifuge tube with the blastomere being tested. The problem o f excess
sperm in diagnoses requiring PCR, is overcome by fertilising oocytes by ICSI, whereby
a single sperm is injected directly into the cytoplasm o f the oocyte (Palermo et al,
1992).

Cumulus cells are more difficult to control as they are very small and

transparent and can be easily missed under the lower magnification used in the tubing
up o f blastomeres. Various groups use hyaluronidase enzyme incubation in addition to
mechanical removal o f these cells from the oocyte (De Vos et al, 1998). This, however,
is not very effective, and it is necessary to wash biopsied (and other) cells in 2-3
droplets o f medium, prior to transfer to the microcentrifuge tube. In this respect, three
mediums were tested:
•

Phosphate buffered saline (PBS) alone was found to induce cell lysis when
blastomeres were isolated.

Additionally, cells tended to stick to the petri dish,

making handling difficult and increasing the risk o f cell lysis.
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•

Medium in which the embryos were cultured: this is supplemented with human
serum albumin (HSA), which is a potential source of contaminating DNA.

•

Ca2+ Mg2+-free PBS supplemented with bovine serum albumin (BSA) was found to
be the most appropriate medium. BSA does not contain any human DNA and 4mg,
in addition to the absence o f Ca2+ Mg2+ ions from the PBS, were found to be
sufficient to prevent cells from sticking to the petri dish and lysing.

4.1.2

Allele dropout (ADO)

ADO is a problem specific to single cell PCR and refers to the phenomenon whereby
one o f the two alleles in a heterozygous cell fails to amplify at random (Ray et al, 1994;
Findlay et al, 1995).

The frequency at which ADO occurs in the PCR o f a given

sequence can be estimated by carrying out analysis o f a large number of single
heterozygous cells, but it is impossible to predict which allele will be affected in a given
reaction.

The reported frequency o f ADO varies between zero (El-Hashemite and

Delhanty, 1997a) and 30% (Rechitsky et al, 1998), although in general observed
frequencies lie somewhere in between.

The causes o f ADO are still unclear. However, various experiments have indicated that
imperfect PCR conditions (Ray and Handyside, 1996) and incomplete cell lysis (ElHashemite and Delhanty, 1997) may contribute to ADO. In addition, the rate o f ADO
seems to vary between loci (Ao et al, 1998), indicating that secondary conformation of
DNA could also be responsible. Finally, Retchitsky et al (1998) have shown that ADO
levels varied in different cell types. For example cells that are degenerating tend to
have higher ADO rates, presumably due to degrading DNA. Furthermore, the same
authors found much higher levels o f ADO in blastomeres than in other cell types, in
agreement with the observation that a significant number o f blastomeres (15%) are
haploid (Harper et al, 1995). In those cases presumed ADO would be the result o f
genuine absence o f one allele. This is especially important since diagnosis is carried out
on these cells.

Finally, some cases o f ADO are the result of extreme preferential amplification, not
complete failure o f amplification.

The problem of preferential amplification is also
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evident in PCR carried out on large amounts of DNA when “problematic” sequences are
being amplified, as is the case in the analysis of triplet repeats responsible for some
inherited human disorders (Mutter and Boyton, 1995). Similarly, Sherlock et al (1998)
found that despite successful quantitative analysis of several STR markers on small
clumps o f cells, this was not possible when single cells were used as the starting
material.

Preferential amplification was also observed in this study both in the single cell analysis
of the sickle cell mutation (Figure 3.6) and haplotype analysis for the diagnosis of
fragile X. In the later case, PCR products generated from one cell were analysed in two
subsequent experiments. In the first instance ADO seemed to have occurred at one of
the micro satellite markers, DXS998 in Figure 3.57. However, when another aliquot of
the same PCR products was analysed, the second allele was present (Figure 3.58). This
prompted the re-examination o f a number of cells for which ADO was initially
observed. In the majority o f cases this was confirmed as absence o f a product for one
allele, although in a few instances both alleles were subsequently detected, indicating
that when possible duplicate analyses o f PCR products may prove useful in overcoming
some cases o f apparent ADO.

The use o f the SNPs, FMRa and ATL1, further supports preferential amplification as
the cause o f some instances o f ADO. These SNPs are located within 79bp in intron 1 of
the FMR1 gene.

As a result they can be initially amplified in a single fragment.

Aliquots o f the first round products are then used as template for two reactions,
independently amplifying each locus and using primers located within the first
amplified product. On analysis o f the products of these reactions, ADO was observed at
one locus and not the other. Furthermore, ADO was seen affecting the opposite allele in
the same cell. In this case, one allele would have to be underrepresented in the first
round products. By chance, one allele would be absent in one aliquot used as template
in the nested reaction, but present in another aliquot. Duplicate nested reactions thus
allowed the distinction between genuine ADO and preferential amplification, indicating
a use for such duplication during diagnosis.

At present, ADO cannot be completely eliminated.
especially in PGD for dominant disorders.

This can lead to misdiagnosis

When recessive conditions are being

investigated, ADO could result in the loss of heterozygous embryos diagnosed as
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affected when the normal allele fails to amplify, but not to misdiagnosis. In dominant
disorders, however, or in recessive conditions when the parents carry different
mutations and only the presence o f one is investigated, ADO could lead to an
unacceptable error where an affected embryo is transferred, if the mutant allele is not
detected. Experimental conditions can be optimised to minimise the rate at which ADO
occurs in the analysis o f certain sequences. In addition, use o f more sensitive mutation
analysis methods, such as automated fluorescent analysis instead o f silver staining and
ethidium bromide visualisation o f products, will help distinguish between genuine cases
o f ADO and preferential amplification (Sermon et al, 1998a; Findlay et al, 1998).

For disorders caused by genes shown to be expressed in the embryo at the stage during
which diagnosis is carried out, analysis of RNA could be used. In this case multiple
targets would be present in the sample in contrast to the single copy of each allele when
DNA is tested.

However, at present, the number of genes which are known to be

expressed by the 8-cell stage is limited, rendering such an approach o f limited use.
Furthermore, before RT-PCR can be used for the diagnosis o f a disorder, it will be
necessary to prove that the gene under investigation is not subject to imprinting and that
maternal transcripts derived from the oocyte have been eliminated by the 8-cell stage, as
both these factors could lead to misdiagnosis.

A further refinement with the aim o f reducing the chance of misdiagnosis is the analysis
o f two or more loci to derive information about the genotype o f the embryo.

This

approach was first used in the diagnosis o f FAP (Ao et al, 1998). In that case, direct
detection o f the mutation was coupled with amplification o f a linked polymorphism.
Since ADO is a random phenomenon, the chance that it would affect both loci
simultaneously was estimated to be 3.1% in contrast to 14% which was the rate of ADO
observed at the mutation locus in that study.

The analysis o f two cells from each

embryo reduced this risk to 1%.

Fragile X syndrome is an X-linked disorder, inherited in a dominant manner with
reduced penetrance, especially in female carriers of the full expansion, where the
phenotype of the individual cannot be deduced by detection o f the mutation alone. This
means that ADO could lead to transfer of affected female embryos, wrongly diagnosed
as normal.

Direct detection o f the mutation would require the amplification o f the

triplet repeat which is expanded in affected individuals. PCR at this site is complicated
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by the nature o f the repeat and surrounding sequences, requiring extreme experimental
In this study, use o f the extremely thermostable Pfu polymerase was

conditions.

necessary, allowing denaturation o f the (CGG)„ repeat at 98°C, while the high GC
content o f the surrounding sequences required primer annealing to be carried out at
70°C, an unusually high temperature for this step of PCR. Furthermore, addition of
DMSO and c7-deaza dGTP was also essential to help in denaturation o f the template.
These conditions are not suitable for amplification of other sequences in the same
reaction.

One way to overcome this problem would be the use o f a whole genome

amplification method, followed by independent analysis o f various loci, including the
disease-causing repeat and flanking polymorphisms, as was done in the PGD o f FAP
(Ao et al, 1998). Primer extension preamplification (PEP) was tested in this respect
(Zhang et al, 1992). However, it has been shown (Focault et al, 1996; Wells et al,
1999) that repetitive sequences, such as the trinucleotide repeat analysed here and other
short tandem repeats, are error prone during PEP, presumably due to DNA slippage
during product generation exacerbated by the low annealing temperatures necessary for
random priming (Wells et al, 1999).

Furthermore, the need for a large number o f

cycles, necessitates use o f low denaturing temperatures for prolonging the viability of
Taq polymerase. This results in reduced representation o f GC-rich areas of the genome
in the final products.

Despite modifications to the technique which increased the

fidelity o f the reaction, the triplet repeat was underrepresented in the PEP products,
rendering the additional step and time required for the PEP reaction redundant.

An alternative approach was therefore used in this project. At least two polymorphic
markers, either flanking or located within the FMR1 gene, were used. In the cases were
flanking polymorphisms were employed, two were necessary in order to avoid the risk
of misdiagnosis due to meiotic recombination. This was especially true for the couples
that were informative for DXS998 and p39 as these loci are located 450kb proximal and
7Mb distal to the FMR1 gene, with a predictive recombination frequency of 0.0045 and
0.07 respectively (assuming a recombination rate of 10'5 per kb, Chakravarti et al,
1984). In the cases where these two loci was multiplex, the risk o f misdiagnosis due to
ADO affecting both alleles segregating with the mutant chromosome was estimated to
be 0.0625%. Furthermore, in two o f the cases (GOS and VAA) the DXS998 alleles
found on each of the parental chromosomes were different. When this is combined with
the information obtained from sexing o f the embryo, both ADO and contamination can
be identified.

However, due to the distance o f these two polymorphisms from the
235

mutation locus, only embryos in which the allele segregating with the normal
chromosome at both loci was present would be selected for transfer, to avoid the risk of
misdiagnosis due to recombination.

When an extra set of primers was added to this multiplex reaction for the simultaneous
diagnosis o f fragile X and cystic fibrosis (CF), the risk of ADO leading to misdiagnosis
for the former disorder increased to 0.38% while ADO at the CF locus was found to
occur in 10% o f cases. While this is quite high, CF is a recessive disorder, and both
parents carried the same mutation.

If ADO occurred at the mutant allele of a

heterozygous blastomere, transfer o f a heterozygous embryo diagnosed as homozygous
normal would occur.

The resulting offspring would then be phenotypically normal.

Diagnosis for both disorders was therefore considered to be accurate and the patients
underwent two PGD cycles (Sections 3.2.3, 3.2.5 and 4.3.4). This is the first time PGD
for two common disorders will be carried out simultaneously.

In couples informative for the intragenic SNPs FMRa and FMRb, the chance o f ADO
occurring on the same chromosome was estimated to be 0.4%. When analysis o f ATL1,
in carriers heterozygous at this locus, was added the risk was reduced to 0.026%. In
these cases, because the SNPs are located within the FMR1 gene, the risk of
recombination occurring between these and the mutation is minimal. Information on
either o f the loci is therefore enough for confident diagnosis and transfer o f an embryo
shown not to carry the allele segregating with the mutation, making these
polymorphisms preferable for use in PGD in those couples that are informative.

A final step to the prevention o f misdiagnosis due to ADO is the testing o f two cells
from each embryo. The probability o f ADO affecting the same allele in two cells in a
given reaction is halved.

Removal o f two cells has been shown not to impede the

further development o f the embryo and now some groups do not transfer embryos for
which the result has not been confirmed in two cells (Sermon et al, 1998b). However,
some embryos are not sufficiently developed at day 3 to allow removal o f two cells,
reducing the number available for diagnosis and transfer. This is especially true in the
diagnosis o f fragile X syndrome, where most premutation carrying females have a
reduced ovarian reserve and the embryos available for diagnosis are already quite
limited, despite rigorous ovarian stimulation protocols.
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In multiplex reactions amplifying the three SNPs a difference was observed in the
efficiency o f amplification o f FMRb compared to that for the intron 1 SNPs and the
AMG. The outer PCR product for this polymorphism is 507bp compared to 383bp of
the other amplicon in the reaction and the 212/218bp of the AMG locus. The reduced
efficiency of amplification o f FMRb in these reactions is thus expected to be due to the
amplicon size indicating the importance o f optimising all reaction variables in a
multiplex PCR protocol. When FMRb was amplified on its own, higher efficiency of
amplification was obtained.

4.1.3

Complete failure of amplification

A final problem encountered during single cell PCR is complete failure of
amplification. The major cause for this is absence or degradation o f DNA in the PCR
reaction. To a large degree absence o f DNA is related to the quality o f the embryo.
When the blastomeres are obtained from a morphologically good embryo PCR
efficiency is usually high and a result is obtained in >90% of cases. On the other hand,
cells obtained from poor morphology, fragmented or arrested embryos are less likely to
produce a result (Cui and Matthews, 1996; Ray et al 1998). This is sometimes because
the cell biopsied is found to be anucleate or a cell fragment. This was evident during
this study in the amplification o f the p-globin sequence.

As illustrated by the

blastomeres tested for this gene, 14 were obtained from a poor quality embryo which
seemed to be composed o f >32 cells. When these were subjected to PCR amplification
was achieved from 2/14 cells, indicating that the presumed cells were more likely to be
cell fragments containing no DNA.

Ideally, during a diagnosis, the presence o f a

nucleus should be assessed by interference contrast microscopy, if possible prior to
biopsy o f the cell. However, due to the apparatus and the position o f the nucleus this is
not always possible.

In addition to the absence o f DNA, a large proportion o f the blastomeres obtained from
certain embryos tend to lyse during biopsy. This may result in the loss o f some nuclear
material and thus the result may not be trustworthy. The tendency for this seems also to
depend on the quality o f the embryo.

In general, an experienced embryologist can

usually predict which blastomeres are going to lyse and avoid them. Furthermore, by
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the time biopsy is carried out on day 3 after fertilisation, certain embryos appear to
compact

This makes removal o f a blastomere difficult as gap and other junctions

joining the cells have been established. As a result a lot of strain is placed on the cell
during biopsy, increasing the chances o f cell lysis. Various reports have suggested that
incubation o f the embryo in a Ca2+ Mg2+ -free medium prior to biopsy helps loosen
those junctions, facilitating biopsy and reducing the chance o f a blastomere lysing.

Following biopsy and successful transfer o f the single blastomere in the microcentrifuge
tube, the lysis protocol also has a role in the efficiency o f the PCR analysis (Sermon et
al, 1995; Kontogianni et al, 1996). Various lysis protocols have been described, no
consensus having been reached about the best one to be used. During this study all cells
were lysed using a Proteinase K/ SDS lysis buffer, incubation o f the cell at 37°C for 1
hour followed by 15min at 98°C to inactivate the Proteinase K. Attempts were made to
lyse cells, which would be analysed by PCR for the (CGG)n repeat in the FMR1 gene,
by the alkaline lysis protocol described by Sermon et al (1995).

However, no

improvement in the efficiency o f amplification was observed so further experiments
were carried out using the Proteinase K/SDS method.

Finally, reagents used for PCR can contribute to the failure or reduced efficiency of
amplification.

Reagents such as the DNA polymerase and oligonucleotide primers,

especially those which are fluorescently labelled, tend to degrade. If these are not used
for some time they may lead to failure o f amplification as was the case in one PGD
cycle for Huntington’s disease when no diagnosis was possible (Sermon et al, 1998b).
During this study, all reagents and apparatus were tested a week prior to clinical cases
for integrity and absence o f contamination on single buccal cells and blastomeres.

4.2 PGD fo r sickle cell anaem ia
Sickle cell anaemia is one o f the most common single gene disorders, with
approximately 100,000 affected babies bom annually and at least 60 million
heterozygotes world-wide (Weatherall, 1991). It is caused by a single base substitution
in the first exon of the p-globin gene, resulting in a single amino acid change. This
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mutation results in the loss o f a restriction site for a number o f restriction
endonucleases, as was reported extensively in early attempts at prenatal diagnosis for
this common disorder (Geever et al, 1981; Chang and Kan, 1982; Orkin et al, 1982).
Use o f the restriction enzyme DdeI for the detection of the sickle cell mutation was also
one o f the first methods tested on single human oocytes, polar bodies (Monk and
Holding, 1990) and buccal cells (Monk et al, 1993) as a prelude to PGD. However,
despite the availability o f methods for PGD, the first case o f a successful application
was only reported 9 years later (Xu et al, 1999).

This reflects the slow uptake o f

prenatal diagnosis reported for this disorder (Petrou and Modell, 1995). Reluctance to
undergo prenatal diagnosis and termination of affected pregnancies could be due to the
variability in the severity o f the phenotype ranging from death at a very early age to
asymptomatic disease with a long life. However, this should be the basis for a high
demand o f PGD for this disorder, since only normal embryos are transferred to initiate a
pregnancy and termination o f an established pregnancy is avoided.

A further

explanation for the poor uptake o f this reproductive option is the fact that early
diagnosis o f the disorder accompanied by prophylactic measures against the
complications which lead to death, is now available, allowing affected individuals to
lead relatively normal and long lives.

Finally, it was shown that poor genetic

counselling and screening in the target populations, in addition to legal and religious
prohibitions to termination o f pregnancy were major factors for the slow uptake of
prenatal diagnosis (Bowman, 1991; Petrou and Modell, 1995). Both these factors could
be true for PGD as well.

Despite the reduced patient interest in PGD for sickle cell anaemia, various methods
have been described for detection of the mutation in single cells, including use of
restriction digestion (Monk and Holding, 1990), SSCP (El-Hashemite, 1999) and
ARMS (Muggleton-Harris et al, 1993). The latter method involves the amplification of
target sequences with allele specific oligonucleotide primers. This requires very high
stringency in order to avoid non-specific annealing of the primers.

In view of the

technical difficulties, discussed in the previous sections, associated with single cell
PCR, it was believed that ARMS introduces additional difficulties in providing a
reliable method for PGD. The two former methods were thus compared, in order to
determine the most appropriate one for use in the diagnosis of sickle cell anaemia.
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Restriction enzyme digestion is usually not a favoured method for PGD as an additional
enzymatic step is introduced. Incomplete digestion may lead to misdiagnosis in cases
where the mutation creates a restriction site; incomplete digestion could then result in
visualisation of the normal allele in an embryo which was homozygous for the mutant
allele. In the case of the sickle cell mutation, however, a restriction site is destroyed by
the mutation. Incomplete digestion in these cases would result in a homozygous normal
cell appearing as heterozygous.

This will, therefore, not lead to misdiagnosis of an

affected embryo.

A further parameter tested for the suitability o f the protocol for use in PGD was the rate
o f ADO. When buccal cells were tested, ADO was observed in 8.8% of cases (6/68
cells tested). Assuming ADO affects each allele at random, half of these cases (4.4%)
would result in absence o f the normal allele, and thus loss of embryos for transfer. On
the other hand, ADO at the mutant allele, would lead in 4% o f heterozygous embryos
being diagnosed as normal. This is an acceptable risk as the resulting baby would be
phenotypically normal.

When fibroblasts were tested, no ADO was observed.

Furthermore, the mutant allele was never observed in single buccal cells from a
homozygous normal individual tested, indicating that incomplete digestion is an
unlikely occurrence under these conditions.

None o f the blastomeres which were

subjected to PCR were tested for the mutation as there was no reason to suspect that any
o f the embryos would carry the mutation.

Single strand separation was not successfully carried out on the product obtained by
PCR using the primers described by Monk and Holding (1990). This was expected as
the PCR product obtained with this primer set was 680bp, while the optimum fragment
size for SSCP is thought to be approximately 250bp. A second set o f primers was
therefore used for nested amplification. The product obtained was 419bp, which is still
too large for SSCP, but sufficient separation o f this fragment for detection of the
mutation had previously been carried out by El-Hashemite (1999). However, despite
the absence o f ADO when this approach was used, the experiments were not
reproducible, presumably due to the size of the PCR product.

Design o f different

primers for the amplification o f the sequence is difficult due to the high degree of
homology between the coding sequences of the genes encoding for the (3 and 8 globin.
Furthermore, a large number o f polymorphisms have been described in this area of the
genome including a recombination hotspot 5’ of the p-globin gene (Pagnier et al, 1984;
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Chakravarti et al, 1984). Polymorphisms within the amplicon could result in different
conformation o f the fragments between individuals, making interpretation o f the results
difficult.

For these reasons it was concluded that restriction enzyme digestion subsequent to PCR
was the most appropriate approach for PGD of the sickle cell mutation.

4.3 PGD f o r the fra g ile X syndrom e

4.3.1

Strategy for PGD

Fragile X syndrome is the most frequent cause o f inherited mental retardation.

The

mutation most commonly associated with the phenotype has been characterised as the
expansion o f a (CGG)n repeat in the 5’ untranslated region (UTR) o f the gene FMR1,
located on Xq27.3. Carrying out PGD for fragile X syndrome is particularly difficult
for a number o f reasons.

Firstly, PCR amplification across large expanded repeat

sequences such as those that are present in full mutations associated with the FMR1
gene is hindered by the high GC content of the repeat and surrounding sequences (see
section 4.1.2). Furthermore, amplification o f the smaller allele in heterozygous samples
is so extreme as to make the product generated from the large premutation and full
mutation alleles undetectable. Currently prenatal diagnosis for this disorder is routinely
carried out by Southern blotting o f DNA digested with methylation sensitive restriction
endonucleases. Large amounts o f DNA and a long hybridisation time, o f up to one
week, are needed, rendering this method unsuitable for PGD. Various PCR protocols
have been described with the aim o f amplifying the (CGG)„ repeat in the FMR1 gene
(Levinson et al, 1994; Hecimovic et al, 1997; Brown et al, 1993 and 1996). However,
these methods are either ineffective in amplifying the expanded allele or require large
amounts of DNA as the starting template making them unsuitable for use in PGD.

Detection o f the normal and premutation alleles has been proposed for use in PGD of
the fragile X syndrome (Black et al, 1995). These authors, however, reported a high
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degree of amplification failure (30-40%) which resulted in misdiagnosis.

More

recently, Sermon et al (1999) described a modification of the protocol, which they
carried out successfully in five cycles, resulting in one unaffected pregnancy. A similar
approach has been used by the same group in the diagnosis o f two other triplet repeat
disorders, myotonic dystrophy (Sermon et al, 1997, 1998a) and Huntington’s chorea
(Sermon et al, 1998b). However, in the latter disorder the disease causing expansions
are small compared to those that are commonly observed in fragile X syndrome. As a
result, despite preferential amplification o f the smaller allele, the target sequences can
be amplified to detectable levels from single cells. In the case of myotonic dystrophy,
similarly to fragile X, PCR across large premutation and full mutation alleles fails to
yield detectable products. Diagnosis in these cases relies in the detection o f the two
normal parental alleles (or one maternal in the case of males not affected by the fragile
X syndrome).

This led to a misdiagnosis in a PGD cycle for myotonic dystrophy,

presumably due to contamination introduced by a maternal cell coupled by failure to
detect the premutation/full mutation. The group has since adopted a policy o f carrying
out diagnosis only on embryos for which two cells are available for analysis (Sermon et
al, 1998b). While it is preferable to have two cells from each embryo, such a policy
reduces the amount o f embryos available for transfer, which in view o f the limited
number available originally due to complications of stimulating premutation carrier
females (see section 4.3.2) is undesirable for the successful application o f PGD for
this disorder. Furthermore, during this study 15% ADO was observed when PCR was
carried out across the repeat on single buccal cells, which would further reduce the
number o f embryos available for transfer making PGD an unrealistic option, in view of
the lack o f feasibility o f incorporating the analysis of a linked polymorphic locus for
confirmation o f the result (see section 4.1.2).

A final drawback o f the direct detection o f the mutation in this case is the distribution of
the normal alleles in the general population, which was shown to have approximately
63% heterozygosity (Fu et al, 1991). Diagnosis would therefore not be possible for a
number o f couples in which the normal maternal allele was the same to that of the male
partner. Additionally, large numbers o f “stutter” bands are generated when repeated
sequences are amplified. These by-products could be difficult to distinguish from the
“real” alleles. As a result couples with alleles differing by only one repeat unit were
also considered uninformative by the authors (Sermon et al, 1999).
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As an alternative to the protocols detailed previously it was decided to use linked
polymorphic markers to carry out PGD for the fragile X syndrome.

Initially, this

proved to be a problem as a limited number of polymorphisms in close linkage with the
FMR1 gene have been clearly characterised at the molecular level, and thus amenable to
PCR amplification. Three microsatellite polymorphisms were located close enough to
the gene to be used reliably: FRAXAC1, FRAXAC2 (Richards et al, 1991) and
DXS548 (Riggins et al, 1992).

These have been shown to have Heterozygosity of

approximately 45, 80 and 80%, respectively.

For FRAXAC1 heterozygosity is

therefore quite low. As a result, the first premutation carrier requesting PGD was found
to be uninformative at these loci. Furthermore, FRAXAC2, which has been shown to
be more complex than a simple (CA) n repeat (Zhong et al, 1993) was not reliably
amplified in all cases, making it redundant for use in PGD. As a result, polymorphisms
located further away from the mutation locus had to be used. While this increases the
chances o f meiotic recombination between the polymorphism and the mutation, use of
two such loci, located on either side o f the repeat, reduces the chance of misdiagnosis to
the extremely rare cases o f double recombination occurring between each o f the
polymorphisms and the mutation.

Establishment o f a protocol for PGD using the above mentioned loci was further
complicated by the nature o f the polymorphisms used.

PCR across microsatellite

repeats is known to be hindered by the generation of stutter, or shadow bands (Foucault
et al, 1993), which seem to be artefacts resulting from slipped-strand mispairing during
the PCR reaction (Hauge and Litt, 1993).

When bulk DNA is used as the starting

template, these stutter bands can usually be distinguished from the “real” bands. This
proved to be true when dinucleotide repeats were amplified individually from single
cells but when attempts were made to amplify more than one repeats in one reaction the
problem of stutter bands was exacerbated. Modifications o f the primer sequences and
PCR conditions ameliorated the degree o f stuttering, but when possible PGD by use of
microsatellite repeats was avoided.

This became increasingly straightforward as more single nucleotide polymorphisms
(SNPs) were being described within the FMR1 gene (Gronskov et al, 1998; Gunter et al,
1998) in addition to the surprisingly high percentage of patients found to be informative
at these loci.

These were more reliably amplified in multiplex reactions from single

cells than microsatellite repeats. Furthermore, the location o f these within the affected
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gene, reduced the chances o f misdiagnosis or non informative results due to meiotic
recombination between the polymorphisms and the mutation.

In addition, it had

previously been shown that FMRa, located in intron 1 and FMRb, located in exon 5 of
the FMR1 gene, are in linkage disequilibrium with each other (Kunst et al, 1996). This
suggests that recombination between the two loci is unlikely, and therefore information
obtained from either sequence can be extrapolated to the other. ADO on one of these
loci would, therefore, be unlikely to result in misdiagnosis or loss of embryos due to
non-conclusive results. This was further strengthened by the incorporation of analysis
o f a third SNP within intron 1, located 79bp downstream FMRa (Gunter et al, 1998).
Although this is not linked to the former two SNPs, it provides an additional check on
the haplotype o f the embryo in those couples in which the female partner is informative.
For these reasons, analysis o f the SNPs was the preferred approach in those couples
found to be informative at these loci.

In total, over a 3-year period, haplotype analysis was performed for 10 couples
requesting PGD for the fragile X syndrome. In all but one case the female partner was
informative for at least two o f the polymorphic loci tested. In one case, the premutation
carrier was not informative at any o f the loci and the couple was referred elsewhere for
PGD.

Of the other 9 couples, 6 were found to be informative for the FMRa/FMRb

SNPs.

In addition, ATL1 was also found to be o f use in 5 o f these couples.

Furthermore, an additional female carrier, who was not informative at FMRa/FMRb
was later found to be heterozygous for the ATL1 SNP, although by then the couple were
no longer interested in PGD. For the remaining 2 couples, the microsatellite repeats
DXS998 and p39 were the only polymorphisms suitable for diagnosis. However, as
mentioned earlier (Section 4.1.2) in both cases (GOS and VAA), the three alleles in
those families at the DXS998 locus were different, providing information both on the
occurrence o f ADO and the presence o f contamination. On the other hand, due to the
distance o f these loci from the mutation, information on both loci would be essential in
an embryo to ensure confident diagnosis.
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4.3.2

Premature ovarian failure (POF)

A second problem associated with PGD for the fragile X syndrome is the fact that some
females with a premutation are at increased risk o f premature ovarian failure, defined as
the occurrence o f menopause at ^40 years o f age, which results in an insufficient egg
store. This has been well documented by various groups (Schwartz et al, 1994; Conway
et al, 1998; Murray et al, 1998; Allingham-Hawkins et al, 1999). When carrying out PGD, it is
important to have a large number o f oocytes, resulting in good quality embryos, so that
after biopsy and diagnosis 2 or 3 embryos will be available for transfer to increase the
chances o f establishing a pregnancy (Overton et al, 2000). Reduced ovarian reserve or
response to stimulation protocols may, therefore, make PGD an unrealistic option for
some couples.

Indeed, following a few initial PGD cycles for this disorder, some

centres stopped offering diagnosis for the fragile X syndrome (Levinson G., personal
communication).

Other groups have been seeking alternative approaches, such as

fertilisation o f donor oocytes with the male partner’s sperm (Howard-Peebles, 1996).

The reason for the observed association between POF and premutation at the fragile X
locus is not yet clear.

It was generally believed that premutation alleles are not

associated with phenotypic manifestation.

Furthermore, POF is not observed in full

mutation females. Recent evidence has suggested that premutation alleles may not be as
benign as previously thought.

Instead it was shown that lymphocytes of normal

transmitting males have increased levels of FMR1 mRNA.

The stability o f the

transcript was shown to be similar to that encoded by the normal alleles, but the
percentage of cells having the FMRP protein were slightly reduced, indicating that
increased transcription might be a way o f compensating for the reduced amounts of
protein (Tassone et al, 2000). Whether similar effects of the premutation are present in
female carriers, however, remains to be tested. A further report has implicated paternal
imprinting to explain the occurrence o f POF in some females and not others
(Hundscheid et al, 2000).

This suggestion was based on the observation that of 15

families in which there was an association of POF and a premutation, 14 premutation
alleles were transmitted paternally.

The authors implicated involvement o f FMRP in

oocyte production, as indicated by the high levels of expression observed during
oogenesis (Bachner et al, 1993).
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POF was also observed during the course of this study. Initially, all patients requesting
PGD were asked to provide DNA (or blood) samples for haplotype analysis. When the
appropriate polymorphisms were identified, the couple was invited for a consultation, at
which time a mouth wash was supplied for isolation of single cells. While the methods
were being tested on single cells from the patients, the female partner underwent a
series o f gynaecological tests to establish her suitability and appropriate ovarian
stimulation protocol necessary in each case. One test in particular was used for this
purpose.

This is called the G-test and involves the measurement o f basal follicle-

stimulating hormone (FSH) and

17p-oestradiol in the blood in response to

gonadotrophin-releasing hormone analogue (GnRH) stimulation (Ranieri et al, 1998).
This has a two-fold use in identifying those patients who have a low ovarian reserve,
and should not be treated, and in predicting ovarian response for establishment o f the
appropriate stimulation protocol to be used for each patient.

It has been shown by the authors that these predictions o f both parameters were
accurately made when the test was applied to IVF patients (Ranieri et al, 1998). Results
o f the G-test in fragile X patients, however, were not as reliable.

O f 8 couples

requesting PGD, 2 prospective mothers, aged 35 and 37 years, were found to be
menopausal, 4 were “borderline” and could be treated with a rigorous stimulation
protocol (aged 30, 32, 33 and 36 years), while the 2 remaining patients, aged 35 and 37
years, were predicted to have a good ovarian reserve. The origin o f the premutation was
not known for one o f the menopausal women, while in the second it was maternal, as
predicted by both male and female premutation-carriers, among the siblings o f the
female partner. O f the “borderline” patients, the parental origin of the premutation was
known for two o f the patients, one being maternal and one paternal. Finally, in the
“good ovarian reserve” patients, the premutations was similarly 1 paternally and one
maternally transmitted. On the basis o f the G-test, therefore, the results do not support
the hypothesis o f Hundscheid et al (2000).

Ovarian hyperstimulation was attempted for 5 o f these patients. The 37-year old female
partner from the “menopausal” group, who had a maternally inherited premutation, as
expected, did not respond well to the stimulation protocol.

However, despite the

prediction of “borderline”, in a 30-year old, and good ovarian reserve in a 35 and a 37year old patients, none responded well to the stimulation, leading to a total of 5
cancelled cycles (2 each for the 30 and the 35-year olds and one in the remaining
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patient). The premutation in the borderline and one of the good ovarian reserve patients
was paternally inherited while the other patient said she inherited the premutation from
her mother, but this was not tested. Finally, the remaining “borderline” patient, who
had inherited the premutation from her mother, was subjected to a stimulation protocol.
The protocol adopted was quite rigorous, but the patient responded surprisingly well, in
two separate cycles and a total o f 39 oocyte/cumulous cell complexes were retrieved
leading to 24 embryos available for biopsy on day 3 (the results o f that cycle are
analysed in section 4.3.4). The results o f the response to hyperstimulation protocols,
therefore, are more consistent with the hypothesis of Hundscheid et al, 2000, while the
predictive value o f the G-test in this group o f patients remains questionable.

4.3.3

Patients’ views

Fragile X syndrome segregates in an X-linked dominant manner, with reduced
penetrance. As a result the degree o f phenotypic involvement is variable. The majority
o f males carrying the frill mutation have mental retardation, while approximately 53%
o f females are affected to some degree although this is usually less severe than males
(Rousseau et al, 1991a). Although a correlation between the length o f the expansion
and the degree o f mental retardation has been observed, no accurate predictions can be
made about the severity o f the phenotype by detection o f the mutation.

This is

especially true in females, where random X-inactivation is believed to be responsible
for the variability o f phenotypic involvement. In addition, 10% of females and 19% of
males with the full mutation were

shown to be mosaic, carrying the premutation in

some o f their cells. Since the premutation is not generally associated with a phenotype,
mosaic patients may be less severely affected. This variability and unpredictability of
the phenotype makes prenatal diagnosis and termination o f affected pregnancies a
difficult decision for some couples.

Furthermore, fragile X syndrome is not a life-

threatening disorder increasing the reluctance o f parents to terminate a pregnancy,
especially if they already have an affected child.

PGD is, thus, an option a lot of

couples were keen to pursue.

In the past three years a total o f 13 enquiries were made to our unit, regarding PGD for
the fragile X syndrome. This constituted 32% o f all enquires for the availability o f PGD
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o f single gene defects, making PGD for the fragile X syndrome the second most
common cause for referral, after chromosomal abnormalities. These enquiries included
a male premutation carrier. Such individuals are known as normal transmitting males
(NTMs) reflecting the fact that the premutation is passed on in a relatively stable
manner to their daughters, all o f whom will themselves be normal premutation carriers.
They will, however, be at an increased risk of having affected offspring. This patient
was interested in sexing and replacement of only male embryos, who would only inherit
his Y chromosome, to prevent his children from having to face decisions about their
reproductive options.

A further patient was unusual as she only carried a 47-repeat allele on her at risk
chromosome. This was inherited unchanged from her father. The same allele, however,
was inherited slightly enlarged to 53 repeats by her sister. Furthermore, it expanded to
the full mutation on transmission to the next generation. Traditionally, (CGG)n alleles
o f 47 repeats are considered to be in the normal range and are transmitted in a stable
manner from one generation to the next.

Stability, however, has been shown to be

affected by the length and the sequence of the repeat (Murray et al, 1997), with alleles
carrying more than approximately 30 uninterrupted (CGG) units at the 3’ end being
more likely to expand. Furthermore, other as yet unidentified factors in the genome
may play a role in the instability o f a repeat. On the basis o f the family history, this
woman was, therefore, given a 10% risk o f having an affected child. In addition, the
couple were unable to conceive naturally because of male factor infertility. Since they
required assisted reproduction techniques anyway, they opted for PGD.

In general, the patients requesting PGD could be separated in 2 groups: those who
already had an affected child and/or prenatal diagnoses followed by termination of
pregnancy (TOP).

These were, therefore, fertile.

The second group consisted of

patients who were sub- or infertile in addition to their genetic risk. Of the patients who
were seen for a consultation, 5 belonged to the first group, while 3 could be classified in
the second group.

Although the numbers in each group of patients are quite small, a general trend could be
seen in their respective attitudes to prenatal and preimplantation diagnosis.

All the

patients who had an affected child, despite being fertile, would prefer to undergo IVF,
despite the difficulties associated with the procedure, in order to achieve a normal
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pregnancy, instead o f conceiving naturally and undergoing prenatal diagnosis. They all
stated that PGD was the only option acceptable to them, as they could not face the
possibility of having to terminate a fetus which would be like their existing child. One
o f the patients who had an affected child and had undergone two TOPs following a
chorionic villus sampling (CVS) diagnosis o f affected male embryos additionally said
that she found CVS a traumatic and painful experience and emphasised that she didn’t
want to go through it again. Furthermore, despite emphasising to the patients that the
PGD procedures were still experimental and there was a 5% risk o f misdiagnosis,
therefore it is advisable to follow up any resulting pregnancy with prenatal diagnosis for
confirmation o f the result, all o f them stated that they were unlikely to undergo CVS or
amniocentesis because they were not sure they could terminate an affected pregnancy.
In addition, feelings o f guilt were expressed by a number o f patients for their child’s
condition, to the extent that a request for transfer of affected female, in the absence of
normal embryos, was expressed. This was by a mother who had an affected daughter.
Finally, in a number o f cases, guilt was expressed by the transmitting grandparent who
wanted to fund the procedures.

The second group o f patients consisted o f two couples who need IVF because o f male
infertility. They were also found to be at risk o f transmitting the fragile X syndrome,
after the birth o f affected children to their siblings. These patients had no children and
considered PGD solely because o f convenience, since they would undergo the IVF
procedures, anyway.

In one case, where a cycle resulted in oocyte retrieval and

fertilisation but insufficient growth o f the embryos for biopsy and diagnosis, the couple
were happy to have undiagnosed embryos transferred in the hope o f establishing a
pregnancy, followed by prenatal diagnosis. No pregnancy resulted in that cycle but the
couple was advised to undergo intra-uterine insemination (IUI) and subsequent prenatal
diagnosis, as embryos are not accessible after such a procedure, and thus PGD is
impossible.

A further couple had a normal child.

Two subsequent pregnancies were terminated

following CVS diagnosis o f the fragile X syndrome in the fetuses, while a third normal
pregnancy was lost following complications of the CVS procedure.

Despite such a

reproductive history, they were willing to conceive another child naturally and undergo
prenatal diagnosis.

This proved impossible because the male partner developed

unexplained infertility.

They were thus attempting to conceive by use o f IVF
249

techniques, prior to discovering the availability of PGD for fragile X. However, when
this became possible they showed a clear preference for IVF followed by PGD over
prenatal diagnosis, despite efforts o f the gynaecologist to dissuade them because of a
very poor prognosis of successful stimulation.

Some reports have suggested that religion is an important factor in a couple’s preference
of PGD over prenatal diagnosis and possibly TOP. The religion of the couples in this
study was unknown. However, other factors, such as having an affected child, were
found to be very important during this study. In conclusion, despite poor prognosis of
successful stimulation in some cases and the low pregnancy rate following IVF, in
addition to the fact those couples were fertile, parents of children affected by the fragile
X syndrome found PGD a more acceptable approach to having further children. In
contrast, infertile patients, who had no children, would prefer PGD since they had to
rely on assisted reproduction, but would not mind undergoing prenatal diagnosis if PGD
was not possible.

A further deterrent to PGD was the high cost o f the procedures, mainly the IVF part of
the method, including the stimulation drugs. Two of the couples were unable to obtain
funding for this and decided not to proceed any further.

4.3.4

Clinical diagnosis of cystic fibrosis (AF508)

and fragile X syndrome
Two cycles resulted to successful oocyte retrieval, fertilisation and embryo growth in
vitro, resulting in a total o f 24 embryos available for biopsy on day 3 post fertilisation.
The couples’ son (section 3.2.1.2 and 3.2.3) was the first member of the extended
family to be affected with the fragile X syndrome. The female partner’s two sisters are
both older and had already reproduced by the time the affected boy was bom. Her
sisters and her parents were therefore not tested for their carrier status.
analysis for this family, therefore, relied on one meiotic transmission.

Haplotype
Lack of

heterozygosity at any o f the intragenic polymorphisms necessitated the use of two
distantly located microsatellite repeats, located 450kb proximally and 7Mb distally to
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the repeat. The risk o f recombination between these loci and the mutation was therefore
estimated to be 0.5% and 7%, respectively, assuming a recombination factor of 10‘5 per
kilobase o f DNA (Chakravarti et al, 1984). However, information on both loci was
unlikely to lead to misdiagnosis due to meiotic recombination as the risk o f this
occurring between each o f the loci and the mutation was estimated to be quite low.
Analysis o f single blastomeres from the biopsied embryos in the first cycle revealed that
a single recombination event had occurred between the mutation and one o f the
microsatellites on the X-chromosome transmitted to the son.

On the basis o f the

distance o f the markers it was suspected that this event was more likely to have taken
place between the FMR1 gene and the distal marker. Diagnosis was therefore based on
the result obtained from the proximal marker and a 1% risk of misdiagnosis was quoted
to the couple. This result emphasises the risk associated with linkage-based diagnosis
when the phase is determined by a limited number of meiosis. However, in this case the
risk o f misdiagnosis was limited to 1%, as detailed information was obtained at all loci.
Additionally, availability o f two cells from each embryo resulted in diagnosis for 9/10
embryos, the only embryo for which diagnosis was not possible being one from which
only one cell was available for analysis.

This is in agreement with many reports,

suggesting the necessity o f two cells for accurate diagnosis (Sermon et al, 1998a and b;
Conn et al, 1999).

In addition to fragile X, the couple were at risk of having a child affected by cystic
fibrosis, both being heterozygous for the most common mutation, a 3bp deletion at
codon 508 (AF508) o f the CFTR gene. The chance of having an embryo normal for
both disorders was therefore estimated to be 3/8.

In the first cycle one embryo was damaged during the biopsy procedure. Subsequent
analysis o f the cells showed that it was female heterozygous for the AF508 mutation and
carried the haplotype assumed to be segregating on the normal X chromosome.
Additionally, one embryo was found to carry the allele o f the proximal marker assumed
to be segregating on the normal X-chromosome and the normal allele at the cystic
fibrosis locus but was not selected for transfer (see below). Finally, subsequent analysis
o f “failed fertilisation” oocytes, revealed an additional oocyte carrying the normal
FMR1 allele.

The diagnosis o f 2/11 embryos as normal for both disorders is in

agreement with the expected segregation ratio.
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The embryo assumed to be normal for both mutations in the first cycle was not selected
for transfer, because results from two cells revealed only the maternal allele at the
proximal microsatellite locus, the allele assumed to be segregating with the mutation at
the distal locus, and only a signal from the X chromosome specific AMG sequence,
used for sexing.

On the basis o f ADO frequencies at these loci, as calculated by

analysis o f single buccal cells from the two parents, it was assumed that the embryo had
a 98% chance o f being monosomic for the X chromosome. Co-occurrence o f fragile X
syndrome and X chromosome aneuploidy, has been described in a number of cases,
suggesting the possibility that fragile X premutation may predispose to non-disjunction
o f the X chromosome (Fryns et al, 1988; Kupke et a/,1991; Tejada et al, 1994). FISH
and PCR analysis o f the remainder o f the embryo failed to yield results. However, in
this case, assuming the embryo was indeed monosomic for the X chromosome, absence
of paternal alleles suggests that the oocyte was fertilised by an abnormal sperm.
Additionally, a number o f reports have found increased frequencies o f chromosomal
aneuploidy in phenotypically normal preimplantation embryos (Delhanty, 1994), with
no associated increase in chromosomal abnormalities observed at birth, indicating that
these may be quite frequent at very early stages of development and are subsequently
eliminated.

In the second PGD cycle carried out for this couple two months later only one good
quality female embryo was found to be normal for the fragile X syndrome and
heterozygous at the CF locus and was transferred to the uterus but did not result in a
pregnancy. Four embryos, in addition to four of the six failed fertilisation oocytes, were
found to be normal for the fragile X syndrome. Seven embryos were normal for CF,
five o f which were heterozygous. Two embryos was affected for both disorders.
Finally, recombination between the two polymorphic micro satellites was observed in
two embryos. In one o f the embryos it was shown to have occurred between the FMR1
and the distally located p39.

Oocytes and embryos in this cycle were in general of poorer quality than those obtained
in the first cycle, resulting in increased cell lysis and lower amplification efficiency. As
a result diagnosis was only possible for 8/13 embryos in the second cycle and two
embryos which had not been diagnosed on the day were later shown to be normal for
both disorders. However, they were o f very poor quality and the pregnancy outcome is
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unlikely to have been altered by their transfer. The couple wish to undergo a third PGD
cycle which has been scheduled for autumn 2000.

4.4 Investigation o f the trinucleotide repeat in
oocytes and preim plantation em bryos
The time during development when transition from a premutation to a full mutation
occurs is still unclear. There are two proposed models of when such an expansion may
occur; the post-zygotic (Laird, 1991) and the pre-zygotic (Zheng et al, 1993). Evidence
for the post-zygotic model comes from the observation that males carrying the full
mutation in somatic cells only have premutation alleles in their sperm (Reyniers et al,
1993).

This suggests that expansion occurs early in embryogenesis sparing the

germline. Alternatively, this observation could be explained by regression o f the full
mutation to a premutation in the germline. Support for the proposed expansion during
oogenesis was gained by the examination o f an ovary of a 16 week fetus conceived by a
premutation carrier female which revealed the presence o f a full mutation in some o f the
ovarian tissue in addition to the premutation, but no evidence of the full mutation in
other embryonic tissues (Malter et al., 1997), suggesting preconceptional enlargement
o f the repeat, with large expansions persisting in the oogonial but not the
spermatogonial cells. If the expansion occurs during oogenesis it must be followed by
post zygotic contraction and selection against the frill mutation in male gonadal cells.
This initially seemed unlikely since such contractions are rarely seen. However, there is
now increasing evidence from analysis o f single sperm from patients with fragile X
syndrome (Nolin et al, 1999) and other triplet repeat disorders, such as spinocerebellar
ataxia 1 (SCA1, Koefoed et al, 1998) and Huntington's disease (Leeflang et al, 1999)
that such contractions do occur.

Evidence for both hypothesis is strong, and there has been no definitive conclusion
reached. In addition, a more recent hypothesis, suggests that a small expansion o f the
premutation occurs during gametogenesis, followed by post zygotic expansion to the
full mutation limited to maternally derived X chromosomes (Ashley and Sherman,
1995).

Assessment of the repeat size in individual oocytes and very early human
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embryos is obligatory in order to discriminate between these two models.

PGD

provides a good opportunity to study this aspect of repeat instability, as oocytes and
preimplantation embryos are available for analysis.

Ideally, a method suitable for detection o f the mutation was necessary. Currently, the
only method for the direct detection o f the full mutation is Southern blotting of DNA
digested with methylation sensitive enzymes. However, this method requires a lot of
DNA, which is not available from single oocytes, or the approximately 6 cells of
preimplantation embryos at this stage. Various protocols o f PCR across the disease
causing repeat have been described (Levinson et al, 1994; Hecimovie et al, 1997),
however, in all o f them only normal and premutation alleles are successfully detected,
amplification o f the full expansion being so inefficient that it is undetectable. Various
attempts at modification o f these protocols, failed to produce detectable product from
large premutations and full mutations (section 3.3.1.2). Similarly, attempts to obtain the
maximum amount o f information from the DNA available from single oocytes and
preimplantation embryos were unsuccessful.

Three PGD cycles resulted in oocyte retrieval and fertilisation (sections 3.2.3, 3.2.5 and
3.3.2).

In two o f the cases, the mutant maternal chromosome carries an expansion

ranging from the upper premutation to the lower full mutation size, 130-330 repeats. As
a result, amplification across the mutation failed to yield a detectable product in this
individual.

Furthermore, due to the mosaic nature o f the mutation in this family,

interpretation o f the result in respect to the timing of the expansion during embryonic
development would have been impossible.

In the second case, the female partner carried a (CGG)n repeat o f 47 units. These alleles
are normally considered to be within the normal range and are generally associated with
stable transmission. In this family, however, the allele was transmitted with a minor
instability of 6 repeats to the sister of the patient and a large expansion to the full
mutation in the next generation. A risk o f expansion o f 10% was therefore suggested
for this allele. Due to its small size, this premutation was successfully amplified in the
majority o f single buccal cells tested from the mother.
carried a normal allele o f 29 repeats.

Unfortunately, both parents

Failure to detect large expansions could not

therefore be differentiated from embryos having inherited the normal allele from the
female partner. Analysis o f two “failed fertilisation” oocytes, as judged by lack of two
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pronuclei on day 1 after fertilisation, failed to yield a PCR product. One of the embryos
obtained at day 3 post fertilisation, was shown to carry the 29 repeat allele. One oocyte,
however, in which only one pronucleus was visible on day 1 and was therefore
unsuitable for transfer, divided to produce a 4-cell embryo by day 3. Amplification
across the repeat for this embryo revealed a single product corresponding to 82 repeats,
indicating it was a male embryo, carrying the at risk chromosome, which had expanded
to a large premutation by day 3 (Figure 3.77).

This result is consistent with those

reported by Sermon et al (1999), who found that premutation alleles of 70 and 150
repeats had expanded in size by this stage. However, the instability they observed for
the 70-repeat allele was restricted to six units and was only observed in 1 out of three
embryos tested. The expansion observed in the embryo in this study is much larger,
doubling the size o f the maternal allele. This result is consistent with model proposed
by Malter et al, o f a pre-zygotic or early post-zygotic expansion (Malter et al, 1997).
Unfortunately, failure to analyse the oocytes in both this study and that o f Sermon et al,
does not allow differentiation between the two periods.

An alternative hypothesis, suggesting a small expansion in the oocytes, followed by
persisting mitotic instability, restricted to the maternal allele (Ashley and Warren,
1995), has also been proposed, and cannot be discounted by the results obtained here.
Although the expansion observed is quite large, compared with the original size o f the
premutation and the low estimated risk o f this family, this allele has been transmitted in
an unstable manner. Clarification o f this matter would require sequential analysis of
preimplantation embryos until the blastocyst stage, normally reached by day 5 post
fertilisation. If the hypothesis o f Ashley and Warren is disproved, then direct detection
o f the mutation could lead to availability o f more embryos for transfer, as those shown
to carry the premutation will be phenotypically normal.

However, the ethics o f

transferring carrier embryos, for a number o f disorders are still a matter o f debate.
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4.5 Conclusions
PGD is a form o f prenatal diagnosis, carried out for couples at risk o f transmitting an
inherited disorder.

Diagnosis is carried out before implantation and termination of

affected pregnancies is therefore avoided.

As with any new diagnostic approach, a

number o f ethical issues are raised. However, as seen in this study demand for the
procedure outstrips concerns. This was especially true for patients requesting PGD for
the fragile X syndrome, who had already had an affected child or repeated terminations
o f pregnancy. TOP for fragile X syndrome was seen by these patients as unacceptable,
as the disorder is not life threatening.

Carrying out PGD for the fragile X syndrome by use of linked polymorphic markers
was found to be a more suitable approach than the amplification of the expansion as a
larger number o f patients could be treated due to the higher heterozygosity and number
o f polymorphisms available. This strategy is becoming increasingly easy as new SNPs
both within and near the FMR1 gene are being identified. The establishment o f a panel
o f polymorphic markers and protocols for the simultaneous amplification of at least two
polymorphisms in single cells allows diagnosis to be offered within a few months. A
disadvantage o f this approach, however, is the occurrence o f recombination between
markers flanking the repeat. In such cases, the fragile X status o f the embryo cannot be
determined which may result in the reduction in the number of normal embryos
available for transfer.

A further complication of PGD for the fragile X syndrome is the apparent correlation
between premature ovarian failure and the premutation in female carriers. A number of
cycles were cancelled as a result of poor ovarian response to the IVF stimulation
protocols, increasing the stress o f the procedures for the patients. It is not yet clear why
POF occurs in some patients, and until more information is obtained on this matter,
accurate predictors o f ovarian reserve must be established to avoid the costly and
stressful cancellation o f PGD cycles.

PGD provides unique access to human oocytes and preimplantation embryos from
premutation carrying females.

Analysis of such material is especially important for

determination o f the time during development when premutation alleles expand into full
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mutations. The limited amount o f data from this study is in agreement with the meiotic
or very early preimplantation stage hypothesis. However, larger sample numbers and
more sensitive methods suitable for the detection of the large full mutation alleles are
necessary in order to establish the behaviour o f the mutation during gametogenesis or
early development.

4.6 Future work
The work carried out during this project has revealed a number of areas were more
research is needed.

An important finding o f this work has been the difficulty of hyperstimulating some
female carriers of a premutation.

This has been attributed to POF which has been

shown by others (Allingham-Hawkins et al, 2000) to be associated with premutation
sized alleles in some patients. There is currently no clear explanation as to the reasons
why POF occurs in some individuals.

Tests designed to predict ovarian reserve in

routine IVF patients (Ranieri et al, 1998) were not successful in predicting the outcome
o f stimulation protocols in this group of patients resulting in a number of cancelled
treatment cycles. A main point o f research, therefore, should concentrate in developing
tests suitable in predicting the response of premutation carriers to hyperstimulation
protocols. Until such tests are available, fragile X patients should be counselled about
the low chances of success o f treatment in order to help them make informed decisions
about PGD.

The most suitable method for diagnosis of a disorder is direct detection of the causative
mutation. This is especially important in PGD as time restrictions and the amount of
material available for diagnosis limit the number of test that can be carried out prior to
transfer of embryos in the uterus. Additional problems associated with single cell PCR
necessitate the incorporation o f measures to prevent misdiagnosis due to ADO and
contamination.

At present, methods to directly detect the mutation responsible for

fragile X syndrome have been ineffective, due to inherent limitations of PCR, mainly
due to the preferential amplification of the normal allele in heterozygous samples
(Mutter and Boynton, 1995). Future work could, therefore, involve the development of
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more sensitive methods capable o f detecting large diseaie-causing expansions in single
cells.

Various newly available polymerase enzymes have been shown to be more
i

efficient in amplifying the full mutation in DNA samples (Hecimovic et al, 1997), and
normal and premutation sized alleles in single cells (Sermon et al, personal
communication). Use of such enzymes could be coupled with methods to enrich for the
initial amount of the expanded allele in the reaction (Dobkin et al, 1999). Additionally,
modifications o f whole genome amplification (WGA) procedures to favour the more
reliable amplification o f larger repeat sequences should prove useful for simultaneous
haplotyping and direct detection o f the expansion in the same single cell. An alternative
method, called repeat expansion detection (RED) has been described (Schalling et al,
1993) and has been used to identify potentially pathological repeat expansions without
prior knowledge o f chromosomal location. Modifications of this method which may
increase its specificity for the detection o f the particular repeat involved in the fragile X
syndrome could provide a means o f detecting the expansion in single cells.

In addition to providing more reliable diagnosis o f the syndrome for PGD the capability
o f detecting the mutation in a single or a small number of cells, these methods could be
applied to spare such as preimplantation embryos diagnosed as affected following PGD,
polar bodies and unfertilised oocytes from patients involved in PGD in order to
investigate the exact time during development when premutation-sized alleles expand to
produce the pathogenic full mutations responsible for the syndrome. An understanding
o f the timing o f these events will not only facilitate accurate preimplantation diagnosis
\

but will also shed some light on the molecular mechanisms involved and increase our
understanding of tandem repeat biology and genomic evolution in general.
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Introduction
Fragile X syndrome is the most common form of inherited mental retardation segregating as
an X-linked dominant disorder with reduced penetrance. This means that both males and
females can exhibit mental retardation when carrying the mutation. For this reason, sexing of
the embryos followed by transfer of females is not a suitable test.
The causative mutation has been identified as the expansion of a triplet repeat (CGG)nin the
5’ untranslated region of the FMR1 gene.
The expansion is refractory to PCR due to preferential amplification of the smaller allele in
heterozygous cells and the high GC content of the repeat and the surrounding sequences.
Currently, prenatal diagnosis for this disorder is carried out by Southern blotting of DNA
digested with methylation sensitive restriction endonucleases. Large amounts of DNA and a
long hybridisation time, of up to one week, are needed, rendering this method unsuitable for
PGD.
A further complication in the preimplantation genetic diagnosis for this disorder is the fact that
it is not yet clear when this expansion occurs during human development, i.e. whether it has
occurred by the 8-cell stage.
For these reasons we aim to use polymorphic markers flanking the mutation in order
to provide PGD to couples at risk of having a child affected by the fragile X syndrome.
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Methods
A panel of polymorphic markers within and surrounding the gene has been identified.
These are shown in table 1.
Genomic DNA is isolated from the blood of couples wishing to undergo PGD and
affected relatives, in order to determine the most suitable markers for each couple.
We aim to use at least two closely linked markers flanking the repeat in order to
eliminate the chance of misdiagnosis due to recombination. An example of such
markers for one couple is shown in figures 1 and 2. A third marker - Amelogenin
(AMG) - is incorporated in order to determine the sex of the embryo. Once the most
suitable markers for the couple have been determined, they are amplified in a
multiplex PCR (primers and condition for this are shown in table 2), adjusted to the
single cell level. The products of the PCR are then analysed by the most suitable
method for each marker, This is then carried out on a number of Single buccal cells
from control individuals, single fibroblasts from Fragile X cell lines and single buccal
cells obtained from the couple. When available, single human blastomeres are
incorporated in the experiment.
Polymerase Chain Reaction (PCR) in single cells
The PCR reaction mix is made up of 25pmoles of each primer (Table 2), synthesised
by Pharmacia, UK, 200pmoles of each dNTP, 1xSuper7ag buffer and 1U SuperTaq
(HT Biotechnologies, Ltd.). Volumes of 21 jul are added to each microfuge tube
containing the cells or blanks to be amplified. 35-40 cycles of 30 secs at 94°C, 50
secs at the annealing temperature (See Table 2) and 50 secs at 72°C, followed by 10
minutes at 72°C as a final elongation step are carried out on a Hybaid, Omnigene
thermal cycler.
Where necessary, i.e. when the products will be visualised by silver staining, a second
round of PCR is carried out. In this case the primers amplify sequences located within
the amplified product. 1pi of PCR product from the first round is added to 49pl of
reaction mix, consisting of the same reagents at final concentrations as in the
previous round. Another 25 cycles of 30secs at 94°C, 50 secs at the annealing
temperature, and 50 secs at 72°C, followed by 10 minutes at 72°C are carried out.
Analysis of PCR products
Size separation
PCR for these markers is carried out using fluorescently labelled primers. The
products are separated on an automated fluorescent sequencer (ALF, Pharmacia).
Single Strand Conformational Polymorphism
Nested PCR is needed for these markers. Products are denatured and
electrophoresed on non-denaturing polyacrylamide gels under conditions which allow
them to form secondary structures based on the sequence. This affects their
migration through the gel. The gel is then silver stained in order to visualise the
products.
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Results
Figure 1. DXS998 on DNA from family 1. Lane 11: normal father, lane 13: affected
son, lanes 15 & 17: DNA from CVS samples of affected male pregnancies, lane 19:
carrier mother. (Peaks marked with an arrow are the peaks on the affected
chromosome, i.e. those found in embrvos not suitable for transfer.)

HD

Figure 2. p39 on DNA of family 1. Lane 26: normal father, lane 27: affected son,
lane 28: carrier mother, lanes 29 & 30: DNA from CVS samples of affected male
pregnancies. Peaks marked with an arrow indicate the allele found on the affected
chromosome.
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Figure 3. Markers to be used in PGD for family 1 on single buccal cells from the
parents. Lane 5: carrier mother, Iane21 normal father.
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Table 3. Results of the PCR on single cells.
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Appendix 2
PGD patient information leaflet for
fragile X
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UC1L
Centre for Preimplantation Genetic Diagnosis
D epartm ent of Obstetrics and Gynaecology, The Galton Laboratory
and The M othercare Departm ent of Clinical Genetics and Fetal Medicine
(Institute of Child Heath)

CONFIDENTIAL
Preim plantation Diagnosis Patient Information Leaflet
for Fragile X
For couples such as yourselves who carry Fragile X, there is a high risk that you may
transmit this disease you carry to your offspring, who will then be affected.
By performing preimplantation genetic diagnosis we hope to be able to test your
embryos before implantation, so that you can start a pregnancy knowing that the
embryo is unaffected with the disease.
To do this you will have to go through routine in vitro fertilisation (IVF) procedures
so that we can generate several embryos. We need to do this in order to increase the
chances of obtaining normal embryos. In IVF procedures, to achieve a reasonable
pregnancy rate, we usually replace 2-3 embryos. Please will you read the information
leaflets on IVF.
Once the embryos have been generated, we perform the embryo biopsy procedure
which is where we remove 1 or 2 cells from the embryos. The cells we remove will be
used for the diagnosis. We usually do this on the morning of day 3 (3 days after the
egg collection). Once the cells are removed, the embryo is returned to the incubator
and the cells are prepared for the diagnosis. The embryo biopsy procedure has been
shown not to harm the embryo. Indeed, from the work performed on embryo freezing,
we know that up to half of the cells from the embryo can be lost without affecting the
viability of the embryo.
There are two main types of diagnosis we perform, depending on the type of genetic
disease we are testing. One is called the polymerase chain reaction (PCR) which we
use for ‘single-gene disorders’ such as cystic fibrosis and P-thalassemia and for Fragile
X. The other diagnosis is fluorescent in situ hybridisation (FISH) which we use to
examine the chromosomes of embryos. We use this technique to sex embryos for
patients carrying X-linked diseases which affect the male offspring, so that only female
embryos are transferred. FISH can also be used for patients carrying translocations
and other chromosome abnormalities.
The diagnosis usually takes between 2 and 7 hours, depending on the disease, and so
the unaffected embryos can be transferred to the mother during the afternoon or
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evening of day 3. However, some diagnoses may take longer and we will not know
which embryos are suitable for transfer until day 4.
Preimplantation diagnosis was developed in the UK and the first cases were performed
in 1989. Staff in the Genetics Department at UCL have been performing some of the
above diagnoses since 1991. We have performed over 50 cycles of diagnosis. For
sexing, we have achieved a 25% pregnancy rate per embryo transfer. World-wide
more than 50 babies have now been born and we hope this will increase in the future as
more centres offer the procedure.

Problems that can occur during preimplantation diagnosis
of Fragile X
There are some problems that occur during IVF treatment cycles for all patients.
These are outlined in more detail in the IVF patient information leaflets. In brief, in
some cases the woman does not respond well to the fertility drugs and the treatment
cycle may be cancelled before the eggs are collected. Rarely, there are found to be no
eggs formed. It is also possible that the eggs do not fertilise and so there will be no
embryos for us to perform the diagnosis.
There is an increased risk of premature menopause (menopause under the age o f 40)
for women who carry the Fragile X pre-mutation. As women reach the menopause, it
is more difficult for them to undergo IVF procedures, as fewer eggs are collected and
the chance o f getting pregnant is reduced. We therefore carry out a special test called
the G-test, which indicates the number of oocytes left in the ovaries (ovarian reserve),
for all patients carrying the Fragile X pre-mutation. If this test shows that the ovarian
reserve is low, we will advise you not to undergo PGD.
After the biopsy and diagnosis, sometimes all the embryos are found to be affected
with the disease, in which case there will not be any embryos suitable for transfer.
The Fragile X mutation is carried on the X chromosome of which females have 2 and
males have 1. For our diagnosis, we will determine which embryos have the X
chromosome which carries the mutation and we will also sex the embryos. Males who
inherit the X chromosome which carries the mutation will be affected with Fragile X.
Females who inherit the mutation are also at risk. For this reason, we will advise the
transfer only of those embryos that are shown to be free of the mutation.
Our research work has shown that human preimplantation embryos from routine IVF
patients sometimes have abnormal chromosomes. We also know that as women get
older, there is more chance that they will have a chromosomally abnormal baby, such
as Downs syndrome, and they have an increased risk of miscarriage which is also due
to chromosome abnormalities. This can cause some problems for the diagnosis of
dominant disorders, where the chromosomes of the embryo may not be the same in
every cell, and so the cell we biopsy may not reflect the status of the embryo. This risk
is veiy low, and to reduce it further for such diseases, we make a diagnosis on two
cells.
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Preimplantation diagnosis is a relatively new procedure where we are making a
diagnosis on only 1-2 cells. There is therefore a slight risk of misdiagnosis so we
would still recommend that our patients underwent prenatal diagnosis.
We would also like to stress that we are only testing for one specific disease and
so the fetus could be affected by other disorders (such as Downs syndrome).
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