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1. INTRODUCTION

Women are susceptible to ovarian failure throughout their life, in that it may be
present from birth, develop during active reproductive life or occur naturally in
the fourth to fifth decade of life. Premature ovarian failure (POF) is defined as
the cessation of menses for a period of greater than six months associated with
elevated gonadotrophin levels, before the age of 40 years (Coulam et al 1986).
The estimated prevalence varies between 0.3% — 6%. The age of menopause
has remained constant across generations and is known to be strongly
inherited, but it is also affected by environmental factors such as smoking

(Kaufman et al 1980).

In the normal situation, a number of factors or requirements contribute to

ovarian development.

e Absence of genetically active Y material and presence of two intact and

genetically active X-chromosomes in the germ line.

e Normal migration of germ cells in the genital ridge

e Normal mitosis of germ cells

e Development of normal granulosa cell layer

o Normal transformation of the oogonium into a primary oocyte with arrested

meiotic prophase

¢ Physiological response of the primary follicle to fetal FSH.



Germ cell number is affected by four phases, about which little is known (figure

1).

e The control of mitosis in utero

e The apoptotic processes that bring about the destruction of two-thirds of

germ cells before birth

¢ The apoptotic processes which cause both 90% destruction by 40 years

o Accelerated destruction after the age of 40.

Interference with any of these mechanisms may compromise ovarian
development and result in failure to function or limit their functional lifespan.
The ovary comprises four cell types: germ cells, granulosa cells, theca cells and
support cells. The most vital functions of the ovary, producing gametes and
oestrogen, are determined by germ cells and granulosa cells respectively, and
hence ovarian failure can be considered in terms of these two components.
While in some cases, POF is caused by a reduced complement of oocytes
present in the ovaries at birth, either as a result of defective germ cell migration
to the gonad or impaired multiplication, in most patients the cause is thought to
be accelerated atresia of uncertain aetiology. This atresia of germ cells is
thought to be due to apoptosis. Some mechanisms of ovarian failure primarily
result in germ cell depletion (e.g. X chromosome abnormalities) whilst others

target granulosa cells only (e.g. FSH receptor mutations).



Figure 1 - Decline in the number of germ cells in the ovary throughout life
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1.1 Determinants of ovarian lifespan

There follows a brief description of the determinants of ovarian lifespan.
However for each step various signals come into play dependent on species,
cell and tissue type. There is an ever increasing array of growth factors,
cytokines, proteases and so on which have been shown to have a role in cell
differentiation, growth and death, and hence just a few examples for illustration

have been included.

Migration

The stem cells which give rise to oocytes are first visualized by alkaline
phosphatase staining whilst they are still in the yolk sacs at approximately 4
weeks gestation. Subsequently, these primordial germ cells migrate to the
genital ridge, continually multiplying, with some ending up in inappropriate
locations and dying. Defects in gonadal development occurring as a
consequence of an error in migration could be manifested by two events. Either
complete lack of migration of sex cells to the urogenital ridge resulting in streak
gonads, or migration of fewer than average sex cells resulting in gonadal
hypoplasia or premature depletion of ovarian follicles. Survival and successful
migration of these cells depend on the local production of cytokines, including
kit-ligand and transforming growth factor beta1, (Gosden RG 1995) and hence
in theory failure of certain cytokine production will affect germ cell migration.
However in view of the fact that these cytokines have additional roles, it is

difficult to isolate a pure migratory defect of germ cells.
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Mitosis and meiosis

Following several rounds of mitotic amplification in the gonad, the germ cells or
oogonia start to enter meiosis at the beginning of the second trimester. The
mechanisms by which mitosis and meiosis are controlled are largely unknown,
although it is clear that several proteins are involved, and there may be more
than one signaling pathway. It is known that cyclic adenosine phosphate
(cAMP), kit-ligand and growth differentiation factor 9 (GDF-9) can affect levels
of meiosis, (Ismail et al 1996, Elvin et al 1999). The net effect of mitosis and
meiosis is a germ cell peak of 6 million by 20 weeks gestation, followed by germ

cell atresia or apoptosis.

Apoptosis

Physiological cell death or apoptosis occurs in proliferating and differentiating
tissues. This term is derived from the Greek words apo and ptosis meaning to
fall away from. It is used to describe a series of events resulting in
developmental and homeostatic cell deaths controlled by the body and is
distinguished from accidental cell death initiated by a noxious insult (Kerr et al
1972). In cellular terms, it is characterised by separation of the cell from its
neighbouring cells, loss of cell volume, chromatin condensation and margination
along the nuclear envelope (nuclear pyknosis) and budding and fragmentation
of the cell into plasma membrane-bound vesicles called apoptotic bodies
(Frisch 1994). The final outcome of the apoptotic body is phagocytosis by
resident macrophages or neighbouring epithelial cells, which prevents

secondary necrosis and inflammation (Bursch et al 1990).

11



Normal development of both female and male gonads is characterised by
massive cell death. More than 99% of ovarian follicles endowed at early life are
destined to undergo apoptosis and recent studies in other cell systems have
shown that there exists a cohort of structurally and functionally conserved gene
products that comprise the cell death machinery. in the ovary, gonadotrophins,
oestrogen and several growth factors can act as survival factors to rescue
follicles from apoptotic demise, where as androgens and tumour necrosis
factors are atretogenic factors (Hsueh et al 1994). A particular example is the
expanding family of Bcl-2 proteins that consists of different anti and
proapoptotic members which allow the regulation of apoptosis in a tissue
specific manner (Hsu et al 2000). The Bcl-2 proteins can be divided into three
subgroups: 1) antiapoptotic proteins with mutiple Bc¢l-2 homology (mainly Mcl-1)
which when overexpressed in mice leads to diminished apoptosis, increased
ovulation and favours cell survival. (2) & (3) -proapoptotic proteins such as Bok
(Bcl-2 related ovarian killer) BOD (Bcl-2 related ovarian death agonist) and BAD
(Bcl-2 associated death promoter) which differ in their transmembrane domains.
Overexpression of BAD induces apoptosis in granulosa cells. In addition, the
Bcl-2 members interact with various upstream and downstream follicle survival
factors (e.g. 14-3-3 — a group of proteins involved in intracellular signalling and
cell cycle progression (Hsu et al 1997) and proteases (e.g. caspases- proteases
causing cell death through proteolytic cleavage Steller 1995).  Future
investigations focussing on the role of Bcl-2 members and their interacting
proteins could provide insight into the normal physiology of ovarian follicle cell

atresia.

12



Primordial follicle maturation

The oogonia, which have escaped apoptosis, are enveloped by pregranulosa
cells to form primordial follicles. These then change to cuboidal cells and
secrete mucopolysaccharides forming a translucent covering known as the
zona pellucida. These primary follicles develop FSH, oestrogen and androgen
receptors. The theca interna cells develop LH receptors, and these secondary
follicles continue their growth becoming late antral follicles during the postnatal

prepubertal period.

Female gametogenesis

The ability to produce knockout mice for various genes has resulted in a better
understanding of follicular development. An example is the GDF-9 knockout
female mouse which is infertile because of a block early in folliculogenesis
(Carabatsos et al 1998, Elvin et al 1999). Most oocytes are capable of resuming
meiosis but the follicles lack LH and 17 alpha hydroxylase receptors, i.e. the
follicle are incompetent to emit a signal that recruits theca cell precursors to
surround the follicle. The granulosa cells not only fail to proliferate but also do

not undergo apoptosis implying the appropriate cell death signal is lacking.

Other knockout studies involving different growth factors and apoptotic proteins
are slowly enlightening us to the normal steps of differentiation within ovarian
follicles and follicular lifespan, with the future developments of new therapeutic

approaches to POF.

Figure 2 depicts the ovarian life cycle with example of regulators.

13
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1.2 CAUSES OF OVARIAN FAILURE

The aetiology of POF is unknown in the majority of cases but include radiation,
chemotherapy, infections, autoimmunity and genetic disorders (Alper et al 1986)
(Table 1). A study at the Middlesex Hospital showed that the cause of ovarian
failure could only be identified in half the women, leaving a large idiopathic
subgroup (Table 2). This so called idiopathic group encompasses patients in
whom a suitable marker or diagnostic test is not as yet known to define the

cause of POF.

Table 1 - Causes of ovarian failure

Gonadal Turner's syndrome
dysgenesis 46XX gonadal dysgenesis

46XY gonadal dysgenesis

Infection Viral oophoritis
latrogenic Chemotherapy
Radiotherapy
Autoimmune Autoimmune Polyendocrinopathy Syndrome 1

Autoimmune Polyendocrinopathy Syndrome 2

Association with other autoimmune conditions

Genetic Familial ovarian failure
associations FSH receptor mutations
BPES
FRAXA premutations

Galactosaemia

Small X chromosome defects

Idiopathic ? cause

15



Table 2 - Causes of POF in 323 women attending the Middlesex Hospital

CAUSE NUMBER %
Idiopathic 92 59
Turner's syndrome 73 23
Chemotherapy 21 6
Familial POF 12 4
Pelvic surgery 7 2
Pelvic Irradiation 6 2
Galactosaemia 6 2
46XY gonadal dysgenesis 6 2

1.2.1 Environmental factors - chemotherapy, radiation, viruses.

Extrinsic factors can interfere with ovarian function at any stage of development,
from germ cell migration to follicular damage of the fully developed ovary.
Chemotherapeutic drugs target rapidly dividing cells, both malignant and
benign. In the ovary, these agents disrupt proliferating granulosa and theca
cells of mature follicles causing amenorrhoea during therapy (Gradishar et al
1989). Alkylating agents such as cyclophosphamide destroy cells by DNA

damage and hence cause permanent damage to the ovary by affecting resting
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oocytes and proliferating cells (Epstein 1990). The ovarian response to
chemotherapy of individuals varies with age, dose and type of drug. It seems
women under 40 are more resistant to the damaging effects of these drugs, with
higher doses required to render amenorrhoea (Koyama et al 1977). However,
with the increasing success of treatment for childhood malignancies more
females are surviving to reproductive age, and the cytotoxic treatments used in
treating leukaemia or Hodgkin’s disease cause ovarian failure in approximately

50% females (Clark et al 1995)

Mouse models have demonstrated that murine oocytes undergo rapid apoptosis
when cultured in vitro with chemotherapeutic agents such as Doxyrubicin or
Adriamycin (Perez et al 1997). From understanding the mechanisms of
apoptosis, the BAX gene has been implicated in ovarian damage caused by
chemotherapy. BAX knockout mice exhibit preserved primordial follicle
numbers following chemotherapy, and also prolongation of ovarian lifespan into
advanced chronological age (McCurrach et al 1997, Perez et al 1999). This is of
great clinical significance concerning the pathological loss of oocytes in women
undergoing chemotherapy which and may offer future benefits in the human

ovary through gene therapy.

irradiation to the pelvis can cause ovarian dysfunction through oocyte damage.
Radiation induced ovarian failure, like chemotherapy is dependent on the age of
the patient and the dose received. The most pronounced effect of radiation is in
the early stages of follicle development, destroying oocytes and sparing mature
follicles (Baker et al 1971). Doses of radiation above 600 rads is associated with

ovarian failure in nearly all women over 40 years but has a more variable effect

17



on younger women. In addition, total body irradiation damages the uterus
making successful pregnancies after egg donation a rare event. In pregnancies
following chemotherapy there is a slightly increased rate of miscarriage but no

increased risk of congenital abnormalities (Averette et al 1990).

A prior record of viral infection (mumps) was originally described in POF. A
retrospective review of POF patients showed that 3.5% reported a preceding
viral infection including varicella, shigella, and malaria (Rebar et al 1990).
Although studies of patients during mumps epidemics have shown a 3%
incidence of oophoritis there is no long term follow up and documentation of
subsequent ovarian failure. Infections are a possible cause of POF but the
actual incidence will remain unknown in the absence of longitudinal prospective

studies.

1.2.2 Autoimmunity

There is an increasing body of evidence that suggests an autoimmune aetiology

in some POF patients. Data in support of an autoimmune aetiology include:

1. lymphocytic and plasma cell infiltration of the ovary and alteration of T cell

subsets.

2. Circulating autoantibodies to ovarian antigens.

3. Association with other autoimmune disorders

4. Recovery of ovarian function after regression of autoimmune status.

The first cases of autoimmune disease and POF were described in 1954 (Guinet

18



et al). Initial reports focussed on the incidence of POF in patients with Addison’s
disease, suggesting that 10% of these patients have POF preceding
hypoadrenalism by a number of years (Irvine et Barnes 1974). In addition,
hypothyroidism develops concurrently or shortly after the Addison’s.
Hypothyroidism has subsequently been shown to be the most commonly
associated autoimmune disease with POF with a prevalence of between 10 and
30% in POF women. Other autoimmune diseases coexisting with POF include

Myasthenia Gravis, Crohn’s, SLE and rheumatoid arthritis.

The specific polyendocrine autoimmune syndromes 1 and 2 exist in as many as

3% of POF patients (Kim et al 1995).

Autoimmune polyendocrinopathy syndrome (APS) type 1 (Betterle et al 1998)

APS1 is a rare autosomal recessive syndrome comprising mucocutatneous
candidiasis, hypoparathyoidism, Addison’s disease. Hypothyroidism, IDDM,
pernicious anaemia and ovarian failure are additional features of the syndrome.
Ovarian failure occurs in 60% of affected females. The clinical picture of
autoimmune polyendocrinopathy, candidiasis and ectodermal dystrophy is also
known as the APCED syndrome. APS1 has no HLA association and is caused

by mutations in the AIRE gene which codes for a transcription regulator.

Autoimmune polyendocrinopathy syndrome (APS) type 2- Schmidt's syndrome

(Betterle et al 1996)

APS2 comprises Addison’s disease, hypothyroidism, IDDM and ovarian failure.

The sequence of glands is variable with up to 15 years spanning the first and

19



the last. APS2 is associated with the HLA haplotypes HLA-B8, DR3, and DR4,
and the target antigens are P450 cytochromes from the steroidogenic pathway:

P450c17, P450c21 and P450scc.

Autoimmunity in isolated ovarian failure

The frequency, pathophysiology and potential reversibility of autoimmune
oophoritis needs clarification, but as yet there is no gold standard test for the
diagnosis of ovarian autoimmune disease. Autoimmunity is clearly implicated in
about 30% of women with ovarian failure (Conway et al 1996). The problem is
however, that routine tests of ovarian autoimmunity are not sufficiently sensitive
and they therefore have a high false negative rate. Prevalence of ovarian
antibodies in POF patients varies from 0-67%, depending on the specific type of
ovarian antigen, the detection technique employed and the population studied
(Moncayo et al 1995). Many groups have tried to identify a specific autoantigen
within the ovary in order to improve our ability to define an autoimmune
subgroup of women with POF. Steroidogenic enzymes and the FSH receptor
have all been candidate autoantigens (Anasti et al 1995, Chen et al 1996).
Recently Arif et al (1997) have shown that 3-beta hydroxysteroid

dehydrogenase is relatively specific for POF.

The most important feature of ovarian autoimmunity is whether some women
with POF experience remission when treated with glucocorticoids as a result of
dampening down the immune process. Uncontrolled studies and anecdotal
cases of the return of ovarian function following the use of high dose steroid

immunosuppression have been reported (Coulam et al 1981) but at present
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there is no proven benefit.

1.2.3 A genetic basis for premature ovarian failure (POF)

Progress in the identification of ovarian determining genes has been slow. Ever
since the experiments of Jost (1953) predicting the male determining role of
testosterone and mullerian inhibiting factor, the dogma of sex differentiation has
maintained that the female route is the default pathway from which male
differentiation departs. This is evidenced by the ‘male switches’ at each point in
this pathway:- genetic sex and the effect of the Y chromosome, gonadal sex

and testis determination, and hormonal sex and the effects of androgens.

Clearly, this simplistic view obscures the fact that normal female development
must be the end result of a cascade of genetic programming. First amongst
these events must be the development of the ovary which has until recently not
received the attention devoted to testis determination. Similarly, knowledge of
the genes controlling spermatogenesis is far more advanced than that relating
to oogenesis. Recently however, attention has turned to the search for ovary
determining genes. In particular, what is the influence of the X chromosome in
driving female development and what other genetic signals across the genome

are vital for ovarian development?

Familial POF

Ovarian failure serves as a perfect model for the study of ovarian development
and function. Several pedigrees have been described in the literature with more

than one affected member with POF or ovarian dysgenesis (Coulam et al 1983,
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Mattison et al 1984, Portuondo et al 1987, Aittomaki et al 1994, Vegetti et al
1998). Estimates vary as to the prevalence of familial POF from 5 to 30%
depending on the referral base of each clinic and the detailed family history.
Recently Vegetti et al (1998) studied the inheritance patterns in 71 cases of
idiopathic POF and found that 71% had familial POF, suggesting a genetic
cause. In particular their pedigree analysis suggests either an autosomal or X-
linked dominant sex limited pattern of inheritance irrespective of maternal or
paternal transmission. Some forms of ovarian failure are associated with single
gene defects e.g. FSH receptor, or with other known genetic diseases e.g.
Fragile X syndrome. These forms are discussed below, whilst the role of the X
chromosome and POF will be presented in section 1.25. The list of genetic
associations listed below is growing each year, but the fact remains that the

genetic causes of familial POF are unknown in the majority of cases.

Gonadotrophin receptor gene mutations

Both the LH and the FSH receptor genes map to the short arm of chromosome
2, and the receptors belong to the G protein coupled receptor superfamily.
Inactivating LH receptor mutations in genetically male individuals leads to
Leydig cell hypoplasia with varying phenotypic presentations ranging from
pseudohermaphroditism with female external genitalia, to partial male sexual
differentiation with micropenis depending on the degree of impairment of
receptor function. Genetic females present with normal pubertal development
but primary amenorrhoea in the absence of preovulatory follicles and
anovulation. Histological analysis of their ovaries shows normal dimensions with

follicles at all developmental stages up to the preovulation stage (Themmen et
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al 1998, Arhnold et al 1999).

Complete loss of function of the FSH receptor results in primary amenorrhoea,
whereas partial loss of function results in secondary amenorrhoea. In Finland
an Ala 189Val mutation affecting the extracellular domain of the FSH receptor
gene was found to be associated with POF in 22 women from six families
presenting with primary amenorrhoea (Aittomaki et al 1996). The histological
appearance of the ovaries in these women showed hypoplasia with scant
primordial follicles rather than ovarian dysgenesis. Conversely, male members
of these families who shared the mutation had diminished testicular weight,
minimal suppression of sperm count and in some cases were fertile
(Tapanainen et al 1997). A compound heterozygote of this mutation, causing
partial loss of function of the FSH receptor, presented with secondary
amenorrhoea and her ovaries were of normal size containing small antral
follicles (Beau et al 1998). The Finnish mutation appears to be restricted to that
particular geographically isolated population since it has not been found in
series from other countries (Whitney et al 1995, Conway et al 1999), and hence

is a very rare cause of POF.

The evaluation of the phenotypes of individuals carrying mutations in their
gonadotrophin receptor genes has helped establish the differing physiological
roles of LH and FSH in male versus female reproductive function. It is apparent
that the absence of LH action during development is more deleterious for the
male than the female phenotype, although both sexes are infertile. However, in
the case of FSH receptor inactivating mutations, females are infertile, but males

retain their fertility, indicating that FSH is essential for female reproduction but
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not an absolute requirement in the male.
Blepharophimosis, epicanthus inversus and ptosis (BPES)

The blepharophimosis, ptosis, and epicanthus inversus syndrome (BPES) was
first described by Vignes in 1889. Townes and Muechler (1979) reported a
family in which all affected females had primary ovarian failure, a normal female
karyotype and a small uterus with small atrophic ovaries on laparoscopy. Since
then, there are known to be 2 forms of BPES: type | with infertility of affected
females; type Il with transmission by both males and females (Zlotogora et al
1983). The BPES locus is on chromosome 3923 as evidenced by deletions and
transolcation associated with the syndrome, which is inherited as an autosomal
dominant sex-limited trait. Recently molecular cytogenetic evaluation of 2
patients with BPES type 1 has narrowed the BPES locus to within a 10.5 kb
interval, and sequencing of this area will greatly facilitate efforts toward isolating
the gene(s) involved in the condition (De Baere et al 1999, Praphanphoj et al

2000).

The ovarian failure is often intermittent with a clinical picture of “resistant
ovaries” (Amati et al 1996) or can be a true premature menopause. Two
pathophysiological mechanisms have been proposed: either that follicle atresia
occurs at an early stage of development or that follicular function is disrupted
later on in life. It is as yet uhknown whether BPES types 1 and 2 result from
microdeletion of genetic material containing at least two independent genes or
whether BPES type 1 occurs as a consequence of the deletion of a single

BPES gene and a nearby “ovarian function” gene. Female infertility in type | is a
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predominant symptom, and the distinction between the two types is of

importance for genetic counseling.

FRAXA

The fragile X syndrome is a relatively common cause of mental handicap, and is
due to expansion of a polymorphic CGG trinucleotide repeat in the 5
untranslated region of the FMR1 gene at Xq27.3. Normally the number of
repeats is 5 to 50. Premutations have 50 — 200 repeats, and do not affect the
synthesis of the gene product FMRP. The full Fragile X (FRAXA) mutation of
greater than 200 repeats is associated with methylation of the promoter and
silencing of gene trancription. Absence of the gene product FMRP is associated

with the clinical syndrome of mental retardation (Figure 3).

Studies have demonstrated that 13-25% of fragile X carriers experience POF
(Allingham-Hawkins et al 1999, Uzielli et al 1999), and conversely 3-15% of
women with idiopathic POF harbour a fragile X premutation, compared with an
expected prevalence of 1:590 (Conway et al 1998, Uzielli et al 1999). Also,
there were no full mutations in the POF population confirming previous reports
of the association between FRAXA and POF being restricted to premutation

carriers (Cronister et al 1991, Schwartz et al 1994).

Interpretation of this finding into a molecular mechanism is perplexing. When
the FMR1 gene is inactivated by methylation as in the full FRAXA mutation,
there appears to be no detrimental effect on ovarian function. Protein studies
have been unable to detect a difference in the expression of the FMR1 protein

from premutation alleles as compared with normal (Devys et al 1993, Feng et al
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1995), and yet premutation alleles clearly have an adverse effect on ovarian
function. One theory is that although the FMR1 protein is absent in the full
mutation, its function is provided by a back up protein. In the case of
premutations however, where FMR1 is expressed, the alternative mechanism
fails to come into play and any adverse effect caused by the premutation is
expressed. Zhong et al (1993) described a second mutable sequence within the
FMR1 gene. AC1, a polymorphic marker flanks the unstable CGG repeat
by10kb and is in linkage disequilibrium with it. The finding of a second mutable
locus within FMR1 suggests that the target for tandem repeat instability may not

be confined to the CGG repeat alone but may also involve microsatellites.

Another possibility is that a particular isoform of FMR1, crucial during oogenesis
is less efficiently produced from premutation alleles. Murine studies have shown
that FMR1 is particularly strongly expressed during the mitotic phases of
oogenesis (Bachner et al 1993) and so any changes in expression at this
critical time could dramatically reduce the number of oocytes. Against this
hypothesis are the results of studie_s on at least 11 isoforms of FMR1 showing
no differences between tissues of normal compared with premutation alleles
(Devys et al 1993, Ashley et al 1993, Verheij et al 1995, Khandjian et al 1995).
In conclusion, there is an association between FRAXA premutations and POF

but the exact role of the FMR1 gene in reproduction is as yet undetermined.
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Galactosaemia

Galactosaemia is inherited as an autosomal recessive disorder caused by
mutations of the GALT gene mapped to locus 9p13 (Shih et al 1982, 1984). The
cardinal features of galactosaemia are failure to thrive, hepatomegaly,
cataracts, and mental retardation, which result from a deficiency of galactose-1-
phosphate uridyltransferase (GALT). Gonadal dysfunction, specifically
hypergonadotropic hypogonadism, in female galactosaemics is an almost
universal finding. Minimal transferase activity may modulate ovarian function
and the time of menopause. In contrast, male galactosaemics have a relatively
low risk of gonadal dysfunction. Current dietary restrictions can prevent liver

and brain damage, but are inadequate to prevent ovarian failure.

Galactose metabolism was studied by Xu et al 1989, in human ovarian tissue
obtained from 14 women controls between 21 and 72 years of age, and one 21-
y-old galactosaemic patient with hypergonadotrophic hypogonadism. Activities
of enzymes related to the galactose pathway were measured in ovarian
homogenates using radioisotopic, spectrophotometric, and fluorometric
techniques. In normal ovarian tissue, specific activities of galactokinase,
transferase, epimerase, and UDPGIc pyrophosphorylase are much higher than
those found in the red cells and in testes, whereas in tissue from the
galactosemic individual, minimal enzyme activity occurred. It is hypothesized
that the ovarian failure in patients with galactosemia is due to interference with
nucleotide sugar metabolism and the synthesis of galactose containing

glycoproteins and glycolipids consequent to the enzymatic defect in the major
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pathway of galactose metabolism. Hence although galactosaemia is an
inherited disorder, a metabolic rather than a genetic defect causes the ovarian

failure.

Interestingly, a survey of 108 heterozygote women for the classic
galactosaemia gene did not reveal that the carrier state was associated with

POF (Kaufman et al 1993).

1.2.4 Evidence for X chromosome genes causing POF

The sex chromosomes evolved from autosomes (Rice 1994). The Y
chromosome shed much of its genetic material and became a concentrated site
of male determining genes which behave in a dominant manner i.e. only one
copy is required for the testis determining role of the SRY gene and for the
action of spermatogenesis gene families — AZF, DAZ and RBM (Saxena et al
1996). In fact, male determining genes comprise approximately half of the 20
genes on the Y chromosome. By comparison, the X chromosome has retained
over 300 genes and therefore the sex-determining fole of the X is much more
dilute than that for the Y chromosome. In female mammals, dosage
compensation of X-linked genes between males and females occurs by genetic
inactivation of one of the two X chromosomes. Both the paternally and
maternally inherited X chromosomes are active in preimplantation embryos after
fertilization, and X inactivation occurs around the time of implantation. The
majority of genes on the X chromosome are inactivated in females although
those that have a homologue on the Y, escape inactivation - both sexes require

two copies, and these genes are thought to have house keeping functions in
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males and females (Lahn et al 1997). Other genes on the X, with no Y
homologue, also escape inactivation and only females have two copies of

these. This group of genes is a prime candidate for ovary determination.

Further evidence for an ovarian role for genes that escape X inactivation comes
from an experiment of nature, Turners syndrome (45X0). Short stature, ovarian
dysgenesis and primary amenorrhoea are features of Turners syndrome (TS).
In fact, early ovarian development is normal in Turner foetuses but in the third
trimester of gestation the ovary is rapidly destroyed so that few ova remain at
birth. It is presumed that accelerated germ cell destruction in utero is the result
of unstable meiosis which is disturbed by the absence of one X chromosome.
Women with TS differ from normal women by the genes which escape X
inactivation and are transcribed only in single copy in the 45X0 state. Hence
candidate genes for ovarian failure in Turner's syndrome are likely to be those

which escape X inactivation (Stratakis et al 1994).

Study of naturally occurring defects of the X chromosome go some way to
identifying ovarian determining genes. Deletions and translocations of the X
chromosome are associated with ovarian dysgenesis or premature ovarian

failure, and several theories have been postulated to explain this phenomenon.

e Position effect, in which the actions of specific genes are altered when the
chromosomal segment is disrupted (Sarto et al 1973)

e Gene disruption as a consequence of deletion/translocation causing
haploinsufficiency for critical X linked genes (Zin et al 1993)

o Gene rearrangments causing meiotic arrest during oogenesis and germ cell

atresia (Speed 1988)
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It appears that in general, abnormalities of the long arm of the X chromosome
affect only ovarian function while those of the short arm affect stature as well
(Sarto et al 1973, Therman et al 1990). In 1973 Sarto et al proposed the ‘critical
region’ hypothesis that the region on Xq from band q21 — q25 must be intact for
normal ovarian function. Since then the region has been extended to Xq13 -
g21 with exclusion of Xq22 (Therman et al 1990). Deletions within this region as
well as terminal deletions involving distal Xq have been associated with varying
degrees of diminished reproductive capacity (Fitch et al 1982, Veneman et al
1991, Tharapel et al 1993, Powell et al 1994). Sala et al (1997) mapped 11
balanced X/autosome translocations associated with POF to a YAC contig,
spanning most of Xq21 corresponding to a 15Mb region. A region of this size
was estimated to contain at least 8 different genes in Xq21 involved in ovary
development, and interruption of such genes could be the cause of POF.
Furthermore, in the same study a breakpoint in a female with normal fertility
mapped to this region, suggesting that specific ovarian function genes are
disrupted at a breakpoint, rather than a general rearrangement per se in a POF
locus causing ovarian dysfunction. Further evidence for the presence of specific
POF genes comes from a report by Naguib et al (1988) claiming fertility in three
women with Xg25 deletions within the critical region suggested by Sarto et al

(1973).

Fewer than ten families have been reported in the literature, in which a stable X
deletion was associated with POF (Fitch et al 1982, Kraus et al 1987, Veneman
et al 1991, Tharapel et al 1993, Powell et al 1994.) In all but three instances

however, (Kraus et al 1987, Tharapel et al 1993, Powell et al 1994) the

31



mapping of the X chromosome deletion has been imprecise. Nevertheless,
several of the reported X chromosome deletions do not overlap, leading to the
conclusion that several POF genes exist. Studies of these families have
resulted in the allocation of a POF1 locus in the region of Xq26-q28 (Krauss et

al 1987), and a POF2 locus at Xq13.3-9g21.1 (Powell et al 1984).

1.2.5 Candidate genes for ovarian development on the X chromosome

As the fine structure of the human genome is mapped at an ever increasing
pace, the opportunities arise to test various genes for their role in reproductive
function. Various genes have been examined for their potential role as

candidate ovary determining genes on the X chromosome (figure 4).

Drosophila fat facets related X-linked gene (DFFRX)

Jones et al (1996) reported that an expressed sequence tag (EST 221) derived
from human adult testis shares homology with the Drosophila fat facets (faf)
gene. They detected related sequences on both the human X and Y
chromosomes. The human X-linked homologue was termed DFFRX and the
corresponding Y-specific locus designated DFFRY. The Y homologue of
DFFRX, DFFRY maps to Yq11.2 and the human DFFRY mRNA is expressed in
a wide range of adult and embryonic tissues, including testis. The coding
regions of the DFFRY and DFFRX genes show 89% identity at the nucleotide
level. Three azoospermic males have been found to harbour deletions
removing the entire coding sequence of DFFRY (Brown et al 1998). The mouse
Dffry gene maps to the Sxr-b deletion interval on the short arm of the mouse Y

chromosome. Expression of the Dffry gene in mouse testis can first be detected
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Turner's syndrome. However a recent study by James et al (1998) suggests
that this is not the case. They tested eleven patients with breakpoints in
proximal Xq for the presence of one or two copies of the DFFRX gene, and
found that two patients with normal ovarian function had a single copy of
DFFRX. Therefore from these small numbers it seems that haploinsufficiency
for DFFRX may not be responsible for the ovarian failure in Turner syndrome.
Alternatively the possibility that in these patients there was a 46, XX cell line in

the ovaries cannot be excluded.

Zinc finger protein ZFX

The ZFX gene is the homologue of ZFY, which encodes a zinc finger protein
formerly thought to represent a testis determining factor (Page et al 1987,1990).
Schneider-Gadick et al (1989) showed that ZFX escapes X inactivation in
humans, and Luoh et al (1995) provided evidence of profound evolutionary
conservation across species using comparative nucleotide sequencing of
human and mouse ZFX genes, and suggested a fundamental developmental
role for this gene. A female ZFX knockout mouse was found to have a shortage
of oocytes resulting in diminished fertility and shortened reproductive lifespan
mimicking POF in humans (Louh et al 1997). Male mutant mice also had fewer
germ cells and both sexes were smaller and less viable. In a recent study (Avey
and Conway abstract), performed mutation screening in 52 women with familial
and sporadic forms of POF. Only 3 sequence changes were identified, one of
which was found to be an intronic polymorphism and the other 2 were predicted
not to affect translation. Hence whilst alterations of the ZFX gene may

contribute to POF in some women, they are unlikely to be important in the
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development of an early menopause.

X-inactivation-specific transcript; XIST

One theory of the aetiology of POF and the X chromosome is that of “skewed
inactivation”’of the X chromosome. In humans many genes, particularly house
keeping genes are expressed from the inactive X. As previously mentioned in
the case of Turner's syndrome, some genes required for ovarian function may
be required in double dosage and hence escape X inactivation. XIST is a gene
exclusively expressed from the inactive X, is located within the X-inactivation
centre at band Xq13 and is thought to be intricately involved in X inactivation
(Brown et al 1991). XIST shows significant conservation of sequence and gene
structure with Xist, the murine homolog which is located at the mouse X
inactivation center region and is expressed from the inactive X chromosome.
Penny et al (1996) have provided evidence for the absolute requirement of Xist
for X inactivation by showing that Xist knockout mice fail to inactivate an X

chromosome.

Panning et al (1998) suggested that there are factors that firstly stabilize XIST
transcripts at the inactive X, then block the stabilization at the active X, as well
as a mechanism that silences low-level XIST expression from the active X, by

demonstrating variable XIST expression in embryonic stem cells.

Although it is commonly believed that the initiation of X inactivation is random,
there is significant variation in the proportion of cells with either X inactive both
in mice and among normal human females in the population. Families in which

multiple females demonstrate extremely skewed inactivation patterns that are
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otherwise quite rare in the general population are thought to reflect possible
genetic influences on the X-inactivation process. Plenge et al. (1997) reported a
mutation in the XIST minimal promoter in 9 females from 2 unrelated families.
All females demonstrated preferential inactivation of the X chromosome
carrying the mutation, suggesting that there is an association between
alterations in the regulation of XIST expression and X-chromosome inactivation.
Mutations in human XIST might cause skew inactivation patterns resulting in
haploinsufficiency of vital ovarian developmental genes. Plenge et al (1997)
screened a further 1666 independent unrelated X chromosomes revealed only
one more case of this particular XIST promoter mutation ruling it out as a

common polymorphism.

Angiotensin AT2 receptor

Angiotensin |l is a potent regulator of cardiovascular haemostasis, whose action
is mediated through the type 1 receptor AT1. The angiotensin Il (AT2) receptor
is expressed abundantly in fetal tissues and decreases rapidly after birth (Grady
et al 1991, Daud et al 1988). The mouse, rat and human AT2 receptor has been

mapped to the X chromosome, the latter at Xq 22. (Koike et al 1995).

An ovarian role for the AT2 receptor was suggested by studies reporting that
high levels of AT2 receptors were expressed in the granulosa cells of rat atretic
ovarian follicles, whereas only AT1 receptors were present in other ovarian
structures (Tanaka et al 1995). Further, stimulation of AT2 receptors may
contribute to the physiological process of atresia of the ovary and indeed it has

been demonstrated that AT2 receptor induces apoptosis in several cell lines
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(Yamada et al 1995,1996). Having cloned the human AT2 receptor gene,
Katsuya et al (1997) searched for AT2 receptor mutations as a contributory
factor to the early onset of atresia in two POF families, but no changes were
found in nuclectide sequences. Since only four subjects were examined for
mutations, the possibility remains that AT2 receptor abnormalities cause POF in

other women.

Diaphanous

Bione et al (1998) demonstrated that a balanced X;12 translocation,
t(X;12)g21;p1.3) in a POF family of Sala et al (1997) had a breakpoint in the last
intron of the DIA gene. This gene is a human homologue of the drosophila gene
diaphanous (dia), mapped to Xq22 by Banfi et al (1997). Dia is ubiquitously
expressed and conserved across spieces from yeast upwards. The protein
encoded by the human DIA gene was the first member of the FH1/FH2 protein
family, which are involved in cytokinesis and other actin-mediated
morphogenetic processes that are required in early stages of development.
Mutant alleles of drosophila dia affect spermatogenesis and oogenesis and lead
to sterility, with alteration in follicular cell division in the female. In humans
mutations in DIA may interfere with mechanisms leading to follicle cell

proliferation.

FSH primary response rat homologue 1 FSHPRH1

Ovarian development is dependent on FSH stimulation as evidenced by a loss
of function mutation affecting the FSH receptor. However, FSH receptor gene

deletions or mutations are a very rare cause of POF (Whitney et al 1995,
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Conway et al 1999). It may be however, that genes downstream of the FSH
receptor take part in ovarian development. One such FSH response gene is

found on the X chromosome.

Roberts et al (1996) hypothesized that mutations in FSH response genes might
be responsible for defect in female and male gonadal development. One such
gene described in rats, leucine-rich primary response gene 1 (LRPR1) is
transcriptionally activated in response to FSH stimulation of testicular Sertoli
cells both in vitro and in vivo (Slegtenhorst-Eegdman et al 1995). Roberts et al
(1996) characterised a human gene (FSHPRH1), which encodes a 756 amino
acid polypeptide with a 72% identity to the rat LRPR1 at the amino acid level.
This gene maps to Xg22 which is adjacent to areas critical for ovarian
development and is therefore is a potential candidate for human X-linked

disorders of gonadal development.

SOX3

The mammalian genome contains a family of genes that are related to SRY
(sex determining region Y), the testes determining gene. The homology is
restricted to the region of SRY that encodes a DNA-binding motif of the HMG-
box class, and the various genes have been named SOX, for SRY related
HMG-box. The SOX3 gene has been mapped to Xq26 — 27 (Stevanovic et al
1993) by use of a panel of somatic cell hybrids. Foster et al (1994) identified a
sequence on the marsupial X chromosome that shares homology with SRY and
shows near-identity with the mouse and human SOX3 gene. They suggested

that the highly conserved X chromosome-linked SOX3 represents the ancestral
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SOX gene from which the sex-determining SRY gene was derived. The close
homology between SRY and SOX3 might suggest that each are responsible for
their respective gonadal development. SRY for the testis and SOX3 for the

ovary.

Analysis of the distribution of SOX3 RNA shows that its main site of expression
is in the developing nervous system and also the urogenital ridge where SOX3
protein products bind the same DNA sequence motif as SRY in vitro (Collignon
et al,1996). A deletion of this gene was detected in a male patient with a
contiguous gene syndrome of haemophilia, mental retardation and primary
testicular failure (Rousseau et al 1991), and since SOX3 is expressed in human

fetal brain it is possible that its deletion causes mental retardation.

Graves (1998) has recently hypothesised on the interaction between SRY,
SOX3 and SOX9. SOX9 is another member of the SRY related HMG-box
genes. It is located on chromosome 17 and is essential for testis development,
since mutations of this gene causes XY sex reversal in association with the
skeletal malformation syndrome campomelic dysplasia. SOX9 appears to be
intimately involved in gonad differentiation as mouse sox9 is expressed in the
gonadal ridge of both sexes, with increasing expression in the testis and the
converse in the ovary. Graves proposes that in females SOX3 inhibit SOX9
function, whereas in males SRY inhibits SOX3 thus allowing SOX9 to perform
its testis-determining role. Therefore SOX3 may be a key regulator of sex

determination in both sexes.

Fragile X syndrome FRAXA (see section 1.23)
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Conclusion

From studies of X chromosome deletions it seems likely that many ovarian
determining genes will be found on the X but as yet none have been sufficiently
well characterised to claim this status. In this chapter | have reviewed the
evidence that POF genes are concentrated on the X chromosome and have
presented the case for eight obvious candidates. It seems likely that these
eight genes are only a start. In order to account for all of the breakpoints on the
X which are associated with ovarian failure, many more ovary specific genes

must emerge.
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2.

PROJECT STRATEGY

In chapter 1 | have explained the general mechanisms and causes of POF, and

the specific role of the X chromosome in POF. In order to search for candidate

POF genes one can use a variety of methods.

a)

b)

Linkage studies- this depends on frequency of recombination. Firstly in the
case of humans, as compared with lower eukaryotes, the frequency of
recombination is lower and the number of progeny from each mating is less.
Crossovers are separated by about 107 bp, so their distance apart is much
greater than the length of the average gene (10,000 bp). In addition, POF
pedigrees by the nature of their infertility have low numbers of family

members, thus leading to a paucity of extended family, for linkage studies.

Predicting candidate genes- one can look at reproductive genes which are
known to have a physiological role in the ovary. The gonadotrophin
receptors have already been examined but one can target other possible
candidates such as inhibin or activin which also have a role in ovarian

function.

Disease association- the link with BPES has already been alluded to, and it
would follow that there is an ovary function gene close to the BPES locus.
However there are exceptions to the hypothesis that a genetic disease
associated with POF will have an ovarian function gene close to that genetic
locus e.g. galactosaemia. Originally the effect on the ovary was thought to

be a result of defective germ cell migration, but now the detrimental effects
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d)

on the ovary are thought to be metabolic in nature, making the locus of the

GALT gene somewhat of a red herring with regard to ovary determination.

Breakpoint identification- the evidence that deletions and translocations of
the X chromosome cause POF has been presented in section 1.25. There
are 2 hypotheses- firstly an ovary-determining gene is interrupted at the
breakpoint, and/or vital genes are deleted below the breakpoint. The
evidence points to the first hypothesis being true since there are breakpoints
in females with normal fertility, which map to POF loci (Naguib et al 1988).
Sala et al (1998) reported a fertile female with a translocation at Xg21 in the
region they had mapped as a POF locus, suggesting that specific ovarian
function genes are disrupted to cause POF, rather than a general

rearrangement per se in a POF locus causing ovarian dysfunction.

The course of my project is presented in outline here and discussed in more

detail in the remainder of this chapter.

1.

Characterisation of POF patients & prevalence of X chromosome
deletions- | conducted a study to determine the frequency of abnormal
karyotypes in POF patients. Having identified an X chromosome deletion in
one family, | decided to pursue the search for POF candidate genes through

characterisation of the breakpoint in this family.

(Figure 5) Familial breakpoint identification using :-

Cytogenetic analysis (completed by cytogenetics department, breakpoint at

Xq 26).
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¢ Microsatellites

e EST's

e Fluorescent in situ hybridisation (FISH) using cloned genomic sequence

(PACs)

e Bioinformatics

2. Characterisation of hybrids mimicking breakpoint.

3. Characterisation of a candidate POF 1 gene.

4. Mutation screening of a candidate POF 1 gene.

STUDY 1 PREVALENCE OF CYTOGENETIC ABNORMALITIES IN POF

PATIENTS

Although the association between X chromosome deletions and premature
ovarian failure (POF) is well established, previous reports have not documented
the prevalence of X deletions in women with POF. Therefore a study to examine
the prevalence of X chromosome deletions or any other cytogenetic aberrations
was carried out in women attending a dedicated POF clinic at the Middlesex

Hospital which is a tertiary referral centre for patients with POF.
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Secondly, a study to identify possible clinical differences between POF patients
based on autoantibody status, ovarian ultrasound findings, family history and
primary or secondary amenorrhoea was carried out. In particular, measurement
of ovarian volume has been shown to correlate with follicular density and hence
ovarian reserve, (Lass et al 1997) and recent studies suggest that ovarian
function in subjects whose POF is autoimmune in origin, may be salvageable
with glucocorticoid treatment (Corenblum et al 1993). Therefore the utility of
three markers of autoimmunity: thyroid microsomal, ovarian and 3- HSD
autoantibodies using ovarian volume as a surrogate, were tested for the
potential to retrieve ovarian function in POF women. In theory, autoimmune
status would argue against a single gene defect, and hence characterisation of

an autoimmune group could be helpful.

STUDY 2 IDENTIFICATION OF FAMILIAL BREAKPOINT GENE

Microsatellites

As a result of study 1, a family was identified in which POF had been
transmitted through three generations in an X-linked dominant manner, in
association with the karyotype 46Xdel(X)(g26). The deletion in this family may
be the cause of POF through disruption of candidate ovarian genes. The
breakpoint in the X chromosome of our index case with POF was reported by
our cytogenetics department to be at Xg26 between polymorphic amplimers
DXS994 & DXS 1062. A sequence tagged sites (STS) map of the pertinent

region is available from HGMP Washington University, (Nagaraja et al 1998).
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Using this map, a combination of eight polymorphic microsatellites and seven
non-polymorphic (STS’s) which bridged this region were obtained (see figure
6). Polymerase chain reaction (PCR) with fluorescent labeling and an
automated ABI system was used to map the deletion, and narrow down the

breakpoint interval further (see table 4 in methods chapter).

Polymerase chain reaction (PCR) is a rapid and powerful technique for directly
amplifying defined target DNA sequences present within the genome.
Essentially the polymorphic microsatellites and STS’s are obtained as forward
and reverse primers or amplimers sequences often 20-30 bases long. PCR is a
chain reaction of about 30 cycles of successive steps of denaturation, annealing
of amplimers and DNA synthesis or extension. The amplimers are designed so
that in the presence of a suitably heat-stable DNA polymerase (often Taq
polymerase) and DNA precursors (the four deoxynucleotide triphosphates,
dATP, dCTP, dGTP and dTTP) they can initiate the synthesis of new DNA
target strands which are complimentary to the individual DNA strands of the
target DNA segment. The newly synthesised DNA strands will act as templates
for further DNA synthesis in subsequent cycles, and hence the products of the
PCR will include, in addition to the starting DNA, about 10° - 10° copies of the
specific target DNA sequence. This can easily be visualised as a discrete band
of a specific size according to the length in base pairs of the target region

amplified, on agarose gel electrophoresis.

In order to compare allele sizes in the genome, one primer in each set was
fluorescently labeled with FAM, so that when the PCR products were analysed

using an automated laser DNA analyser, the specific alleles could be sized
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according to the position of fluoresecent peaks. The polymorphic amplimers
were di- or tri-nucleotide repeats and hence by comparing maternal, paternal
and index case PCR products it was possible to ascertain whether the
microsatellite lay above or below the breakpoint. For example, if there are three
alleles (A, B, C) for a particular marker, the index case and mother can either
have 2 copies i.e. this lies above the deletion, or one copy i.e. the microsatellite
lies below the breakpoint and hence one copy is present on the normal X
chromosome and the other copy has been deleted. Comparison of the index
case result with the paternal allele size (single copy as only one X
chromosome) differentiates between homozygosity and the deletion, as, in the

latter case, the index case will share the paternal allele only (see below).

Table 3 - Method of interpreting ABI results.

Position Maternal alleles index alleles Paternal
alleles
Above breakpoint AB AC C

Below breakpoint B (1 peak PCR|C (paternal allele | C

product) only)
Homozygous, B,B(1 peak PCR|B,C( 2 peak PCR|C
above breakpoint product) product)

In order to narrow down the breakpoint further, several non-polymorphic STS’s

were utilized. However the non polymorphic nature of the STS’s made it
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impossible to differentiate between heterozygosity, homoygosity and the

deletion, which relies upon different allele sizes.

Hence a semiquantitative PCR method was attempted. It has been shown that
within the exponential phase of PCR amplification, the amount of specific DNA
produced is proportional to the quantity of initial target sequence (Ferre 1992).
This principle has been used for the detection of chromosome aneuploidies by
quantitative fluorescent PCR (Pertl et al 1996,1997). A trisomic sample having 3
similarly sized alleles (i.e. a single PCR product) and a normal homozygote is
indistinguishable, without the use of a separate non-polymorphic marker as a
control (Pertl et al 1996,1997). Therefore a non-polymorphic primer set from the
FSH receptor, on chromosome 2 was obtained to act as a control, (since the
department had used it previously, and optimum PCR conditions were known.)
The FSH receptor primer set (forward primer labeled with a fluorescent dye
(HEX) different to the STS labeling) was added to the original PCR mix and the
same methods as before were employed also using 4 male and female control
DNA. The specific PCR products were sized and the amount of each PCR
product evaluated by the extent of fluorescent activity, equal to the area of the
fluorescent peak generated. A comparison of peak areas was made between
the non-polymorphic autosomal primer pair (FSH receptor) results and the
polymorphic X chromosome microsatellite results for control male, female, and
family DNA. The PCR reaction was attenuated to 25 cycles, otherwise abnormal

peaks can occur.
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e.g. male female

FSH chromosome 2 /\ /\
a b

X chromosome marker

Ratio areas a./c = 2x b/d since the male will only have a single copy of the X
chromosome marker. Therefore in theory it should be possible to distinguish
between male and female DNA just by comparing these ratios. It follows that
index case /maternal DNA with non-polymorphic markers above the breakpoint
would behave as normal female DNA, whereas below the breakpoint there

would only be one copy like that of a male.

In this way PCR offers a powerful approach to distinguishing individual alleles in
a genome, and thus for my purposes would enable me to narrow down the

breakpoint to between two STS’s, a region of about 100kb.

EST strategy

The Human Genome Project aims to identify and map all genes in the genome,
and is at a stage where huge numbers of Expressed sequence tags (EST) have
been generated by sequencing the ends of cDNA clones. These EST’s are
gradually being assigned to specific chromosomal regions mainly by PCR of
panels of radiation hybrids and by fluorescent in situ hybridisation. At present

about one million EST's which represent about 40,000 genes have been
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sequenced from a variety of tissue sources. It is possible to search an EST
database once a genomic region has been identified and in this way candidate

POF genes can be localised.

Fluorescent in situ hybridisation (FISH) using cloned genomic sequence

The Sanger Center, Cambridge, and the Saint Louis Center for Genetics in
Medicine, Washington University are currently sequencing the region of Xq25-
28. Approximately 90% of the sequence corresponding to our defined
breakpoint interval is currently available on databases for gene searches or in
the form of YACS, BACS and PACS. The breakpoint was narrowed using
microsatelittes to about 1Mb, a much larger region than was originally planned.
The best method to narrow the breakpoint further is to use fluorescent in situ
hybridisation (FISH). Any purified DNA sequence can be assigned to its
chromosomal location by labeling it and hybridising it directly to the DNA of
intact chromosomes, in the form of an air-dried microscope slide preparation of
metaphase chromosomes, in which the chromosomal DNA has been denatured
by exposure to formamide. Traditionally in situ hybridisation has used °H-
labeled DNA probes. Following autoradiography, positive signals are identified
by counting silver grains in the slide emulsion and using a statistical test to
discriminate genuine signal from background noise. Recently, the sensitivity
and resolution of in situ hybridisation has been significantly increased by the
development of (FISH). In this technique, the DNA probe is labelled by addition
of a reporter molecule. Following hybridisation and washing to remove excess
probe, the chromosome preparation is incubated in a solution containing a

fluorescently labeled affinity molecule that binds to the reporter on the
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hybridised probe. FISH has the advantage of providing rapid results that can be
conveniently scored by eye using a fluorescence microscope. In metaphase
spreads of peripheral blood lymphocyte cultures positive signals show as

double spots corresponding to probe hybridised to both sister chromatids.

The X chromosome breakpoint was defined as lying between two
microsatellites corresponding to a genomic region of 1.2Mb. These
microsatellites were then mapped onto PACS using the BLAST sequence
alignment program. Ten PACS were acquired, each about 100kb from the
Sanger Center, Cambridge, spanning this region, in order to perform FISH
(figure 7). Essentially if a labeled PAC adhered to both the normal X
chromosome and the X with the terminal deletion, this implied the genomic PAC
sequence lay above the breakpoint. If however, the PAC only showed up on the
normal X chromosome the genomic region was below the breakpoint. In this
way it should be possible to narrow the breakpoint further to between 2 or 3

PACS.

Computer Based Gene Searches

Since the Human Genome Project have sequenced my region of interest, it is
possible to use computer-based analysis of the sequence. Prokaryotic genes
lack introns, are grouped together in operons and have well defined promoters
and terminators of transcription, making them easy to predict. However in the
human genome, most protein coding genes contain introns, and hence a
combination of database searching and sophisticated gene prediction
algorithms are required to reliably predict genes from human genomic

sequence.
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Comparing a novel sequence to all sequences previously identified is obviously
very important. Searching public databases using genomic sequences will

identify:
1. Exact matches to previously unmapped human genes
2. High scoring matches to orthologues and close homologues

3. Weaker homologies to other genes, suggestive of coding regions rather than

indicative of exactly which bases are coding
4. Near exact matches to human EST sequences.

Programs

The most commonly used sequence database searching algorithm is BLAST
(best local alignment search tool, Altschul et al 1990), which has several
different implementations (BLASTN, BLASTP, BLASTX, TBLASTN and
TBLASTX) depending on whether a nucleotide or amino acid query sequence is
used to search a nucleotide or amino acid database. A gapped BLAST search
allows gaps (deletions and insertions) to be introduced into the alignments that
are returned. Allowing gaps means that similar regions are not broken into
several segments. The scoring of these gapped alignments tends to reflect
biological relationships more closely. BLAST is a program which compares all
‘words’ of a query sequence with all words in each sequence in the target
database. A word is a small subsequence (typically 12 bases for nucleic acid
sequences) within the main sequence. The match between query and target
words is scored and the total score compared with a user defined threshold

score T. Attempts are then made to extend the word match into a longer
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alignment or maximal segment pair (MSP) until extending the alignment further
cannot raise the score. A query sequence may find a match in a large database
by chance, and a statistical method has been developed to assess this
probability (E). Hence a low E value reflects that a match is unlikely to have
arisen by chance, and that match is biologically significant. The BLAST
programs were tailored for sequence similarity searching - for example to
identify homologues to a query sequence. The programs are not generally

useful for motif-style searching, or for searching with short sequences.

There are many different programs available for predicting coding regions from
genomic sequence. The methods for gene prediction fall into 2 types, reviewed
by Gelfand 1995: gene search by signal where specific signals like splice
junctions and promoter sequences are assessed, and gene search be content,
based on the fact that protein-coding regions of DNA have several statistical
features that are different from non-coding DNA (Staden 1990). Coding DNA is
contained within open reading frames (ORF’s), regions containing no stop
codons in at least one reading frame, and hence the codon usage of a region is

used as a measure of coding potential.

GRAIL (gene recognition and analysis Internet link) is a suite of tools designed
to provide analysis and putative annotation of DNA sequences both interactively
and through the use of automated computation. The coding recognition portion
of the system uses a neural network that combines a series of coding prediction
algorithms. There are three basic versions of this neural network, GRAIL 1,
GRAIL 1a and GRAIL 2. (Xu et al 1994, Lopez et al 1994, Uberbacher et al

1996).
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GRAIL 1 has been in place for about three years. It uses a neural network
which recognizes coding potential within a fixed size (100 base) window. It
evaluates coding potential without looking for additional features (information

such as splice junctions, etc).

GRAIL 1a is an updated version of GRAIL 1. It uses a fixed-length window to
locate the potential coding regions and then evaluates a number of discrete
candidates of different lengths around each potential coding region, using
information from the two 60-base regions adjacent to that coding region, to find
the "best" boundaries for that coding region. GRAIL 2 uses variable-length
windows tailored to each potential exon candidate, defined as an open reading
frame bounded by a pair of start/donor, acceptor/donor or acceptor/stop sites.
This scheme facilitates the use of more genomic context information (splice
junctions, translation starts, non-coding scores of 60-base regions on either side
of a putative exon) in the exon recognition process. GRAIL 2 is therefore not
appropriate for sequences without genomic context (when the regions adjacent
to an exon are not present). These changes have improved the overall
performance compared to GRAIL 1, particularly for short exons. All three
systems have been trained to recognize coding regions in human DNA
sequences, although they also work well on a number of other organisms,

particularly other mammals.

GRAIL 1 typically finds about 90% of coding regions greater than 100 bases
with performance falling off for shorter exons. GRAIL 1 has been tested on a set
of human genes containing 102kb of sequence. This set contained 70 coding

exons and the system identified 62 (89%) and assigned them all to the correct
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strand. Of the eight missed 6 were less than 100 bases long. In a larger test set
strand assignment was 90-95% correct. The preferred reading frame
assignment was correct for 60 (95%) of these exons while the frame

assignment for the other two had some ambiguity.

Of the predicted exons with a quality score of "excellent" all were actual coding
exons. Of predicted exons scoring "good" 69% were real and of the predicted
exons with a score of "marginal" only 16% were real. Though this is a rather
limited test set, the results of this analysis give some guidance for interpreting

GRAIL 1 output.

GRAIL 1a performs much better than GRAIL 1 in finding true exons and
eliminating false positives. It is also better than GRAIL 1 in terms of finding the
boundaries (edges) of coding regions. GRAIL 1a has been tested on a set of
137 sequences containing 954 exons. The system recognized 82% (787) of the

exons in the set, with a false positive rate of 11%.

Of the 954 exons in the set, 711 exons were greater than 100 bases long. The
system recognized 95 % (675) of these exons. The frame assignment was

correct virtually always (greater than 98% of the time).

GRAIL 2 finds about 91% of all coding regions, with a performance that is close
to being independent of exon size. Its false positive level is similar or even
slightly better than GRAIL 1. GRAIL 2 has been tested on a set of 137
sequences containing 954 exons. The system recognized 91% (857) of the
exons in the set, with an apparent false positive rate of 8.6% (most of these

were outside the domain of the known genes and some may actually be real).
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Of exons less than 100 bases long GRAIL 2 found 102 out of 122 or 84%.
GRAIL 2 provides the best candidate for a given coding region in a manner
which includes splice junctions (or translation start/stop) at the candidates
edges, so the user will note that the edge of the candidates in the initial and
summary tables correspond to putative edge signals. In the test set, about 61%
of the recognized exons had both edges exactly correct (the right splice
junctions picked) and about 96% had at least one edge correct. GRAIL 2 is
perhaps better at estimating the true extent of an exon compared to GRAIL 1
and this additional accuracy may help in experimental protocols such as those

involving PCR.

GENSCAN is a program designed to predict complete gene structures,
including exons, introns, promoter and polyadenylation signals, in genomic
sequences. It differs from the majority of existing gene finding algorithms in that
it allows for partial genes as well as complete genes and for the occurrence of
multiple genes in a single sequence, on either or both DNA strands. The
program is based on a probabilistic model of gene structure /compositional
properties and does not make use of protein sequence homology information.
The text output of the program is a list of one or more (or possibly zero)
predicted genes together with the corresponding peptide sequences. The
graphical output (PostScript or gif) is a diagram of the locations of the predicted
exons. Program versions suitable for vertebrate, maize and Arabidopsis
sequences are currently available. Large sequences up to 500 kilobases in

length may be submitted to this program.

Other gene prediction programs include HEXON, FEXH, Genemark and
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Genefind. It is obvious that there are many different ways to detect interesting
features of genomic sequences. Results from many different programs can be
confusing — they may agree in some regions and disagree in others. Also the
many different programs available can be time consuming to run and may

require the input sequence in different formats.

A recent program available at the UK HGMP resource centre called NIX is a
tool to view the results of running many DNA analysis programs on a DNA
sequence in a single format. The analysis programs run include: GRAIL, Fex,
Hexon, MZEF, Genemark, Genefinder, FGene, BLAST (against many
databases) Polyah, RepeatMasker, tRNAscan. NIX is intended as a tool to aid
the identification of interesting regions in Genomic or transcribed nucleic acid
sequences. There are many useful computer tools to do this, none of these are
100% accurate and so it is useful to be able to compare the results of many
programs that use different methods and so will fail with different things.
Viewing the results of many such programs side by side makes it easy to see
when many programs have a consensus about a feature. Rather than give the
user total control over how the programs are run by providing them with
innumerable poorly-understood choices of arguments for all of the programs,
the NIX system selects reasonable defaults for the programs based on whether
the sequence was genomic or transcribed, its species of origin and its size. This
makes a vastly simplified interface for running a dozen or so programs on the
specified sequence. However there is no way for the users to play around with
different parameters to programs to adjust them to give results under more or

less stringent conditions.
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Databases and choice of server

There are many different nucleotide and amino acid sequence databases
available to be searched by programs like BLAST. There are three main
nucleotide sequence databases, EMBL, maintained at the European
Bioinformatics Institute, Genbank, maintained at the US National Center for
Biotechnology Information and the DNA Data Bank of Japan. These databases
overlap considerably as there are procedures in place to ensure that all new
and updated database entries are exchanged between the databases on a daily

basis.

Many different computing sites, including NCBI in the USA
(http:www.ncbi.nim.nih.gov), and the UK HGMP resource centre
(http:www.hgmp.mrc.ac.uk) offer sequence database searching facilities by a
variety of means. The choice of site for any search at a given time depends on
a number of factors such as accessibility (HGMP requires a user account),
speed of network connection (NCBI slow in the afternoon), regularity of

database updates (NCBI daily) and ease of links to other databases.

STUDY 3. CHARACTERISATION OF HYBRIDS MIMICKING BREAKPOINT

Somatic cell hybrids derive from experimentally induced fusion of cultured cells
from different species. Hybrids used in human genetic mapping are made by
fusion of a human cell and a rodent cell. The human chromosomes can be

distinguished by their different morphology and differential staining with DNA
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binding dyes, or they can be identified by screening for human DNA sequences
or gene products which are known to map to specific chromosomes.
Conventional somatic cell hybrids permit the construction of synteny maps,
where panels of markers are mapped to particular chromosomes using a PCR
based screen. However special hybrids which contain only part of a specific
chromosome are required in order to permit assignment of DNA probes to
subchromosomal segments. This occurs by one of three ways: translocation
hybrids made from cells containing a translocation, deletion hybrids from cells
with terminal or interstitial deletions and radiation hybrids. This method uses an
existing somatic cell hybrid which contains a single chromosome, to generate a
panel of deletion hybrids containing different small fragments of the
chromosome by controlled X-ray irradiation cleavage of the chromosome into
small pieces at random. When DNA samples from such a panel of radiation
hybrids are screened by PCR against a series of DNA clones it is possible to

produce a linear map order for the clones.

Radiation hybrids were obtained with fragments of the X chromosome. Their
breakpoints were characterised to allow mapping of POF genes identified in the

project (figure 8).
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STUDY 4. CHARACTERISATION OF A CANDIDATE POF GENE

The fact that a gene might be interrupted by a breakpoint does not make it a

POF gene. Other evidence is required:

a) it is expressed in the ovary

b) its function is plausible

c) it is mutated in another individual with POF.

The specificity for ovarian tissue can be ascertained using tissue specific
Northern blots, and function in other species gives a clue to possible gene

function in humans.

STUDY 5. MUTATION SCREENING OF A CANDIDATE POF GENE

If a candidate gene is found, a mutation screen using 40 POF patients will be
performed. PCR will be used to amplify exons of the gene, and single stranded
conformational polymorphism carried out to look for changes. Any base pair
changes will be sent for sequencing to ascertain whether they are genuine

mutations.
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3. SUBJECTS, METHODS & REAGENTS

3.1 RAPID DNA EXTRACTION FROM WHOLE BLOOD

A rapid procedure was used to prepare DNA for PCR. 0.5ml blood was mixed
with 0.5ml sucrose lysis buffer in 1.5ml eppendorf tube, which was spun at
13,000rpm 20 seconds at room temperature. The supernatant was decanted
into chloros and the pellet resuspended, using a vortex, in 1ml lysis buffer. The
centrifugation and resuspension was repeated twice more or until the pellet was

free of haemoglobin contamination.

The sample was centrifuged at 13,000rpm for 20 secs, the supernatant
removed and the pellet resuspended in 0.5ml PCR buffer using a vortex. 3ul
proteinase K was added, and the resuspended pellets digested at 60 °C for 1hr.
Further proteinase K was added and reincubated at 60°C for 1hr. Then the
samples were incubatedat 90 °C for 10mins to inactivate proteinase K, and

stored at —20°C.

3.2 PREVALENCE OF CYTOGENETIC ABNORMALITIES IN POF PATIENTS

Seventy nine women were recruited from a dedicated POF clinic at the
Middlesex Hospital. The criteria for the diagnosis of POF was amenorrhoea
greater than 6 months duration, FSH measurement greater than 20iu on at least
two occasions, and age of onset of less than 40 years. Patients with

amenorrhoea due to known causes such as surgery, chemotherapy,
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radiotherapy or Turner's syndrome were excluded from the study.

Thirty metaphase spreads were routinely analysed from each patient using
conventional cytogenetic techniques including the giemsal/trypsin banding
method (Seabright, 1971) and late replication analysis using bromodeoxyuridine
and acridine orange. Fluorescent in situ hybridisation (FISH) was then
performed on the spreads. Because of our experience that women with familial
POF frequently carry FRAXA premutations, (Conway et al 1998), PCR analysis

of the FRAXA repeat was performed in all cases.

Data was collected on autoantibody status (thyroid microsomal, adrenal,
ovarian, 3-p HSD) ovarian ultrasound findings, family history and primary or
secondary amenorrhoea in order to identify possible clinical differences
between POF patients. Ovarian volumes were available in 43 of 79 patients and

compared with antibody status.

Clinical characteristics of patients were compared with the Fisher's exact test

and ANOVA for differences in proportion.

3.3 POLYMERASE CHAIN REACTION

Polymerase chain reaction (PCR) with fluorescent labeling and an automated
ABI system was used to map the deletion narrow down the breakpoint interval
further, using eight polymorphic microsatellites and seven non polymorphic
amplimers (figure 5, table 4). Reactions were carried out in 25 ul volumes
unless otherwise stated. In each case the forward primer from each set was

labeled with a fluorescent dye (FAM (HEX in the case of FSH receptor
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primer)Perkin Elmer ABI). The final concentration of primer pair master mix was
as shown below, but magnesium concentrations were titrated from 1.0uM -

2.5Mm for each primer set.

Master mix Final conc in 25 ul
PCR reaction
10x Taq polymerase buffer(Promega) 2.5x 1x
2.5 mM dNTPs (Promega) 500 uM 200uM
25 mM MgCl; 3.75uM | 1.5uM
5’ primer 2.5 uM 1.0 uM
3’ primer 2.5 uM 1.0 uM

Ten ul of the above master mix was added to 5 ul ddH20. The samples were
overlaid with two drops of sterile mineral oil and 5§ ul of rapid DNA was added
under the oil to give a final volume of 20 ul. All PCR assays underwent Hotstart
at 98° C for 5 minutes on a thermal cycler (Hybaid Ltd.) to denature DNA. As
the thermal cycler cooled to below 90°C, 0.25 u of Taq polymerase enzyme
(Promega, UK) in 5 ul of 1x Taq polymerase buffer was added to each sample
and the thermal cycler cooled to the annealing temperature. The samples then
underwent 35 repeat cycles of 72°C (extension) for 30 seconds, 94°C
(denaturing) for 1 min, and annealing temp for 30 sec (shown in table 4). For

each primer set, annealing temperatures were titrated from 42 —62 degrees.
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Initially, S5ul of each PCR product were run on an agarose gel to assess the
success of the reaction and the approximate product size. Then PCR products
were separated and analysed using automated laser DNA analysers (Perkin
Elmer ABI Prism 310) and the appropriate software (Genescan version 2.02
and ALF fragment manager). 1ul of each fluorescent PCR product mixed with
12ul of formamide and 0.5ul of size standard (Genescan 500-TAMRA) were run
through a capillary (15kVolts, 24 min at 60°C). The specific PCR products were
sized according to the position of fluorescent peaks. Different peaks

represented alleles at the same locus.
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Table 4 - Primer pairs and their attributes

marker Sequence of primers 5§’ -3’ Published heterozygosity | Conc pM label Anneal temp °C Size of product (bp)
DXS 8072 (F) GTAAAAATTTACGGTTGTNCCAA 0.69 15.8 FAM 46 215 - 239
DXS 8072 (R) TCTCCCTATCCAACTCATGC 14.5 None 46
DXS 8071 (F) CACAATAACCAAGATGTGGA 0.64 16.3 FAM 48 185 - 201
DXS 8071 (R) CATAATGCCATCAAGTTTICA 16.3 None 48
DXS 692 (F) CTAGAAGTCTAAAGTCCAG 0.55 16.6 FAM 54 122-132
DXS 692 (R) CAGGTGTATTGATGATGCA 11.1 None 54
DXS 1254 (F) GATCTTCTGTTICTTATTTTTAAAT 0.79 11.1 FAM 44 107 - 113
DXS 1254 (R) CCGAGAGGACTGTTAAGAG 11.2 None 44
DXS 8041 (F) GCAAGACTCCGTCTCAAATAATAAC 0.68 13.2 FAM 44 144 - 164
DXS 8041 (R) TTCCTGCTACCTGCAATTCC 9.1 None 44
DXS 8033 (F) GAAGACAAACCCCATGAG 0.67 16.5 FAM 46 254 - 266
DXS 8033 (R) ATGCGTTGATAGGTGCAG 14.8 None 46
DXS 8050 (F) CAGTTCCTTGACCTACCC 0.5 17.5 FAM 46 194 - 200
DXS 8050 (R) CTCCAGATTTGACATAATAATACTC 14.1 None 46
DXS 1062 (F) GAGATGTGTGACCTTGAGCACT 0.74 17.3 FAM 48 232 - 248
DXS 1062 (R) GTTGCCTGTTAAGCACTTTGAATC 10.7 None 48
SEQUENCE TAGGED SITES
DXS 7596 (F) TGTCTTGTAGGTACTCTG 16.0 FAM 52 151
DXS 7596 (R) GTGTCTGTCTTACTIGTTC 6.1 None 52
DXS 6842 (F) TTCATTTTAGGGATGCTTGGATG 15.4 FAM 54 353
DXS 6842 (R) ATCAGCACAAACTAGTGTCTTCC 6.8 None 54
DXS 7314 (F) ATGTCTTCCAGCATGTTG 19.9 FAM 54 121
DXS 7314 (R) GGGAAAGGTAAACTGTAAG 5.0 None 54
DXS 7315 (F) CTGGTCAGTGAGTGTITGG 14.8 FAM 54 60
DXS 7315 (R) GTCTCTTTTCGTTTTITGTTGCC 11.6 None 54
DXS 6847 (F) ACAACATCACTGAGAAAGCTGGG 7.3 FAM 52 277
DXS 6847 (R) GGATGTCAGTGGTATTCACAGGA 9.2 None 52
DXS 7827 (F) CCCTCTTCCTATTACCATTTC 13.4 FAM 54 105
DXS 7827 (R) CGTTTTGCCAAACATATAACTGTG 11.0 None 54
DXS 1114 (F) TGACTACATTATAAAAGCACAATGC 15.3 FAM 52 109
DXS 1114 (R) ACTAAAAAAAGAGTTTGACTACCTC 5.7 None 52
FSH receptor (F) AACCCCTTCCTCTATGCCATCT 12.5 HEX 52 - 54
FSH receptor (R) GGGCTAAATGACTTAGAGGGACA 9.6 None 52 - 54

68
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3.4 AGAROSE MINIGELS

To determine the presence and size of DNA fragments after PCR, a 2%
agarose gel was prepared by dissolving 1g agarose (Sigma A9539) in 50ml 1x
TBE buffer through stirring on a hot plate. When the solution became clear after
about ten minutes, 2.5ul ethidium bromide was added, the gel poured into a
tray, two combs with 20 wells each were inserted and it was left to set. 5ul of
PCR product was mixed with 2ul agarose gel loading buffer and
electrophoresed in 1x TBE for 20 minutes at 135 Ma and 150V. After
electrophoresis, DNA was visualised using an ultraviolet transilluminator and

gels were photographed using a Polaroid camera.

3.5 FLUORESCENT /N SITU HYBRIDISATION (FISH)

FISH was carried out by modifications of the technique first described by Pinkel
et al (1986). PAC DNA was labeled with biotin-14-dATP by nick translation
(Bionick kit, Gibco-BRL 18247-014) Life Technologies) and the labeled probe
was precipitated together with Cot-1-DNA and herring sperm DNA. Cot-1-DNA
is a highly repetitive fraction of repeat DNA, which is used as a competitor DNA
to suppress hybridization of repeat signals that are present in the probe, and

Herring sperm DNA also reduces background and acts as carrier DNA.

Labeling of DNA by enzymatic modification using NICK-TRANSLATION

The mechanism of nick-translation involves the combined activities of DNase |

and the 5'->3' polymerase and 5'->3' exonuclease activities of E. coli DNA
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polymerase | (Rigby et al, 1977). DNase | randomly introduces a single-
stranded break (nick) in double-stranded DNA to create a free 3'-hydroxyl
group. The 5->3' exonuclease activity of DNA polymerase removes one or
more bases at the 5' phosphoryl side of this nick. Simultaneously, DNA
polymerase | catalyzes the incorporation of a nucleotide to the 3'-hydroxyl
termini thus filling the gap. The nick will have been shifted along by one
nucleotide in a 3' direction so that this 3’ shift or translation of the nick will result
in the sequential addition of new nucleotides. If radiolabeled dNTPs are
incorporated in this reaction, the DNA fragment becomes labeled throughout to
a uniform specific activity. The reagents and methods of labeling DNA with
biotin, probe precipitation and hybridisation mix preparation are discussed in

FISH reagents 3.11.

The next steps commencing with resuspending the probe in hybridisation
mixture is described below. Since FISH and its interpretation involves technical
experience and expertise, | performed the following experiments under the
constant guidance of Dr M Fox, Dept of Human Biology, UCL. The results were

advised by Dr Fox.
Metaphase spreads

Human metaphase chromosomes were obtained from lymphocyte cultures
synchronised by addition of thymidine to block DNA synthesis. After removal of
the block, 5, bromo-deoxyuridine (BrdU) was incorporated prior to harvest.
Standard cytogenetic techniques were used for colcemid arrest, hypotonic

treatment, fixing of the cells in methanol:acetic acid, and slide preparation.
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Slide pretreatment and hybridization

The slides were pretreated with RNAse (Sigma R5125 10ug/ml) (37°C 1 hour)
and proteinase K (Boehringer 109766 0.035ug/ml) (37°C 10 mins) and prefixed
in 1% formaldehyde (in PBS/5% MgCl,) at room temperature for 10 minutes.
This was then dehydrated through an ascending ethanol series (70%, 90%,
100%) before denaturing in 70% formamide in 2xSSC for 5 minutes at 75 C,
and dehydrating immediately afterwards in an ice-cold ethanol series. The
separately denatured probe (75°C for 3.5 minutes exactly) which had been
preannealed for 30 minutes at 37 C, was placed on the slide, covered with a
coverslip and hybridised overnight by incubation at 37 C. Denaturation
temperature and timing are crucial in maintaining good chromosome
morphology. Longer denaturation will result in good hybridization but

chromosomes will give dull fluorescence.

Washes and detection

Slides were washed in 50% formamide in 2xSSC at 42 C (three times for 5§
minutes each), and additionally in stringency washes of 2xSSC (two times for
2.5 minutes), and in 0.1xSSC (two times for 2.5 minutes), all at 42 C. The
remaining steps took place at room temperature. Slides were then blocked in
5% Marvel non-fat milk/4xSSC for 20 minutes. The fluorescent signal was
detected by incubation in fluorescein isothiocyanate (FITC)-conjugated avidin

(Vector laboratories A3101) (5ug/ml in Marvel/4axSSC) and amplified in
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biotinylated anti-avidin (Vector laboratories B A0300) (5ug/ml in Marvel/4xSSC),
followed by a second round of FITC-avidin. Incubations lasted for at least 20
minutes each and were carried out in the dark because of light sensitivity.
Between these steps the slides were washed in detergent mixture (0.05%
Tween 20 detergent (Sigma# P1379) in 4xSSC). Chromosomes were identified
by banding made visible by fluorescent counterstains diamidino-2-phenylindole
(DAPI1) and propidium iodide which were added to the antifade mounting

medium (Vectashield H1200 Vector Laboratories).

Analysis and microscopy

The slides were viewed using a fluorescent microscope. Filters with two
different wavelengths are required because 2 colours (green and blue) must be
made visible i.e. the DAPI counterstained chromosomes and nuclei as well as

the signals and FITC .

3.6 PAC MINIPREP METHOD

PAC DNA samples were extracted by an alkaline lysis miniprep method, as
follows (for solutions see 3.11 reagents). Five to ten milliliters of 2 LB medium
contained 25w/ml of Kanamycin were inoculated with 1-2ul of PAC library
bacterial stock and cultured overnight at 37°C in s shaking incubator (120RPM).
After culture the tubes were centrifuged at 3600g for 10 minutes and the
supernatant discarded. The cell pellets were then tapped to loosen them and
2mi of Solution | (10x) added, the tubes mixed gently and left at room
temperature for 5 minutes. Two millilitres of Solution Il (freshly made) were

added to the tubes, mixed very gently by inverting two or three times, and left at

72



room tempt for 5 minutes. Two millilitres of cold Solution Il were added to the
tubes and mixed gently, and left for 10 minutes on ice. The tubes were
centrifuged at 3600g for 10 minutes, the supernatant was then transferred to a
new tube containing 4ml Isopropanol and left at -20°C for 30min. The tubes
were centrifuged at 3600g for 10 minutes, the supernatant was then discarded,
the tube drained, the pellet resuspended in 2ml water and mixed. Once the
pellet was resuspended, 2ml of 4.4M LiCl was added and mixed by inverting the
tubes which were then placed at 4°C for at least an hour. The tubes were
centrifuged at 3600g for 10 minutes, the supernatant was then transferred to a
new tube containing 4ml Isopropanol and left at -20°C for 1 hour or overnight.
The tubes were centrifuged at 3600g for 10 minutes, the supernatant discarded
and the tube allowed to drain well before being placed in an incubator at 37°C
for 20 minutes to an hour, until the ethanol had evaporated completely. The

dried pellet was resuspended in 100ul water.

3.7 CHARACTERISATION OF SOMATIC CELL HYBRID PANEL

Somatic cell hybrids GM11100, GM10482, 11099 and GM 09142 were obtained
from the NIGMS Human Genetic Mutant Cell Repository (figure 8). They contain
human X chromosomal DNA the limits of which have been tested by southern
hybridisation techniques with known probes. These cell lines were cultured,
DNA extracted and the remainder of the cells frozen. Using the somatic cell
hybrid DNA, the same polymorphic satellites originally used to determine the

breakpoint were mapped onto the hybrids using PCR.

Trypsinization and Division of cells
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When cells were confluent the media was removed. 5ml warm (37degrees) 1x
Trypsin was added and then washed in 5ml phophate buffered saline. After
incubating for 5 mins, check cells are floating with microscope. 25ml media was
added to dilute Trypsin and the cells divided into two flasks which had another

15ml media.

Freezing cells

The cells were Trypsinized, and then spun 1000rpm at 4 degrees for 5§ mins.
Pipette off supernatant leaving pellet. 3ml of 10%DMSO & media mixture were
added and then aliquoted into three 1ml chilled cryotubes. Pack well, -20 4hrs,

then —80 degrees.
Thawing cells

Frozen cryotubes were warmed quickly to 37 degrees and when fully defrosted,
cells pipetted slowly in a fresh flask. Then 5ml warmed media was dripped in
slowly. This was incubated overnight, and the cells fed the next day to remove

DMSO.
DNA isolation from somatic cell hybrids

The cells were trypsinized and centrifuged for 10 mins at 3500rpm. Pour off
supernatant, leaving behind a pellet of cells. 6ml of cell lysis solution was
added and then incubated at 37°C for 15mins until solution is homogeneous.
This was cooled to room temperature. 2ml of protein precipitation solution was
mixed and then the sample was centrifuged at 3500rpm for 10 mins. The

precipitated proteins will form a tight brown pellet. The supernatant containing
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the DNA was poured into a clean tube containing 6ml isopropanol. This was
mixed by gently inverting 50 times until threads of DNA were seen, then
centrifuged at 3500rpm for 10 mins; the DNA will be visible as a white pellet.
The supernatant was poured off and 3ml of 70% ethanol added, and
centrifuged at 3500rpm for 5mins. The ethanol was poured off and allowed to
air dry for 20 mins. 300-500ul DNA hydration solution was added, and the DNA

allowed to rehydrate overnight at room temp.

3.8 CHARACTERISATION OF HEPARAN SULPHATE 6

SULPHOTRANSFERASE (HS6ST)

The HS6ST gene (cDNA 2051bp) mapped to the breakpoint (see results). Using
the oligonucleotide design program at the HGMP, “PRIMER”, two primer sets

were obtained.

HS1 Bases 379 Forward 5 TTCCTGCACATCCAGAAGAC

583 Reverse 5 AGTTGGTGAGCTCGGTCCA

HS2 Bases 131 Forward 5 GCAGGACCATGGTTGAGC

308 Reverse 5 TTCTTCTCGTAGTGGGGGTC

Firstly PCR analysis with both primer sets was carried out using control and the
X chromosomal somatic cell hybrid DNA. Secondly a human
monochromosomal somatic cell hybrid DNA panel containing each

chromosome was obtained from the HGMP Resource Centre. PCR analysis
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with the HS6ST primer sets was carried out using this panel to map the gene

onto any human chromosome.
3.9 NORTHERN HYBRIDISATION

The ability of restriction enzymes to cut double stranded DNA at specific
sequences was used in this project to isolate the cDNA of the E2F gene from
its vector, (see results) and also to verify that this was the correct insert. The
web cutter program http:www.medkem.gu.se/cutter was used to select
enzymes which cut E2F. The enzymes were obtained from several suppliers
(Promega, U.K, Boehringer Mannheim, U.K, New England Biolabs, UK.) 10ul
DNA, 1.5ul 10X buffer (as supplied with the enzyme), 1ul endonuclease and

2.5ul ddH20 were incubated overnight at 37°C.

Having cut the DNA fragments containing E2F DNA out of the agarose gel, they
were purified using the GeneClean Spin kit (Bio 101, Anachem, UK), following
the manufacturer’s instructions. Samples were added to a spin filter containing
GeneClean Spin Glassmilk (a supplied solution of small glass partcles in a
sodium iodide solution). After allowing DNA to bind to glass particles for 5 mins
at room temperature, salt and proteins are eliminated by spinning the tubes for
30 secs at 13,000 rpm. After a washing step with an ethanol containing wash

solution, DNA was eluted in 50ul of sterile ddH,O into a fresh tube.

Human multiple tissue Northern blots carrying poly A and mRNA from heart,
brain, placenta, lung, liver, skeletal muscle, kidney, pancreas, spleen, thymus,
prostate, testis, ovary, small intestine, colon and peripheral blood leucocyte

were obtained, and the recommended protocol adhered to. In summary the
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blots were preybridised at 68°C with shaking for 30 mins. The E2F DNA probe
was labeled using Redeprime 2 and purified using Probe Quant G-50
microcolumns (both from Amersham Pharmacia Biotech), according to
manufacturer's instructions. The denatured probe was then added to the
prehybridisation solution and hybridisation was carried out at 68°C for 60 mins.
The probe was disgarded, and the blots were then washed at room temp in
2XSCC,0.05% SDS for 40 mins followed by a wash at 50°C in 0.1XSCC,0.05%

SDS for 20 mins. Blots were then exposed to film at =70°C for 1 week.

3.10 MUTATION SCREEN & SINGLE STRAND CONFORMATION

POLYMORPHISM ANALYSIS

Screening of forty patients, thirty with idiopathic POF, and ten with familial POF,
for mutations in the entire coding region of the HS6ST gene was carried out
using PCR based SSCP. PCR primers were designed using the oligonucleotide
design program at the HGMP, “PRIMER”. Specific primers and PCR conditions
are shown in table 5. Due to the large sizes of some exons, overlapping regions

were amplified.

Single strand conformation polymorphism (SSCP) was performed on PCR
products using a Multiphor Electrophoresis unit with a refrigerated tank and
precast gels (10% polyacrlyamide, CleanGel 48s). All components and the DNA
silver staining kit were purchased from Pharmacia Biotech (St Albans, UK) and
procedures were carried out following the instructions of the supplier. In short,
1-2 ul of PCR product was added to 5ul of formamide SSCP loading dye,

heated for 3 minutes to 98°C to form single stranded DNA and chilled on ice
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water. Samples were loaded onto the rehydrated gels and electrophoresis was
performed for 60-90 minutes at 600V, 30mA and 18W. Under these conditions
the faster running double stranded DNA band was not eluted from the gel and
was used to check for relative amount of DNA loaded. Standard temperature
was 15°C, but if variant patterns were not detected, a second run at 50°C was
undertaken. Gels were then fixed, silver stained, developed and conserved
using the supplied solutions. The whole staining procedure took about 2 hours.
Samples were then analysed for variant patterns by comparison to controls on a

light box and gels were preserved by covering with cling film.

78



Table 5 Primers for mutation detection
Primers (forward and reverse) flanking each exon of the HS6ST gene. Due to
the size of exons 1 and 4 overlapping primers were used. For reference, the

location of the primers is shown in the appendix.

FRAGMENT SIZE (bp) | PRIMERS (5’ to 3’)
Forward
reverse
Exon 1a 261 CGAAGTCTACCTTGCGCA
CGTAACGAGCTTGGGTTTC
Exon 1b 227 GGAGAACCTGGAGAAGAGCC
GCTACAATTTCACCCGCG
Exon 1c 261 GTCAGGGTGCGCGCTAG
GAAGAAATGCACTTGCCACC
Exon 2 123 CTAGCTTACTTGGGTTCAGT
TACCAAGCTCTTGCTAGC
Exon 3 166 GTCAGATGTACAGGAGCAC
CTGTGGTCCTTGTTGTGTA
Exon 4a 250 GGCTAGATTGTAGGGACAG
CCATATCTCTGACTGTTGGT
Exon 4b 272 GGCCCTAGTGGTATTATACTG
CCCCTCAAAGAGTTTATGG
Exon 4c 281 ATTCGGATTCTGGCTCTG
ACATGAACTTTATTTCGCCA
Exon 4d 286 CATCTTTTCAGTGGCGCT
CATTTCCAGAGCCAGGGT
Exon 4e 309 GTTTTCACTTTGTCTCCATAAC
AAGGCCTGTACATACTTCTC
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3.11 REAGENTS

RAPID DNA EXTRACTION FROM WHOLE BLOOD REAGENTS

Lysis buffer Weigh out 10.94g sucrose. Add 1mi 1M Tris.HCI, 0.5 ml 1M

MgCl, 1ml triton X100. Make up to 100ml with dd water.

PCR buffer with nonionic detergents and proteinase K Mix 5 ml 1 M KCI, 1
ml 1M Tris.HCI (pH8.3), 0.25 ml 1 M MgClz, 1m! 1% gelatin, 0.45 ml NP40 and
0.45 ml Tween 20.Make up to 100ml with dd water. Autoclave and store frozen.
When ready to use thaw and add 3 ul of 10mg/ml proteinase K (Promega, UK)

per 100 ul of solution required.

ELECTROPHORESIS SOLUTIONS

10x TBE- Tris-borate buffer: Dissolve 121.1 g Tris base, 51.4 g boric acid and
20 ml 0.5 M EDTA (pH 8.0) in 800 ml dd H,O on a magnetic stirrer. Adjust

volume to 1000 mli with dd H2O. Dilute 1 in 10 for working solution.

Ethidium bromide: Add 0.25 g ethidium bromide to 25 ml dd H.0. Stir on a
magnetic stirrer for several hours to ensure that the dye has dissolved. Wrap
the container in aluminium foil and store at room temperature. The ethidium

bromide solution is used in agarose gels at a concentration of 0.5 pl/ml, i.e. 2.5

ul stock solution in 50 ml agarose.

FISH SOLUTIONS

Labelling DNA with biotin
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The Bionick labelling system (Gibco BPL Life Technologies catalogue no.
18247-014) is used, containing: 10X DNTP Mix(0.2 mM each dCTP, dGTP,
dTTP, 0.1 mM dATP, 0.1 mM biotin-14-dATP, 500 mM, Tris-HCL (ph 7.8), 50
mM MgCl,, 100 mM beta-metcaptoethanol, 100 ug/m! nuclease-free BSA), 10X
Enzyme Mix (0.5 units/ml DNA Polymerase |, 0-0075 units/ul DNAase |, 50
mM Tris-HCI (pH 7.5), 5 mM magnesium acetate, | mM beta-mercaptoethanol,
0.1 rnM phenyimethylsulfonyl! fluoride, 50% (v/v) glycerol, 100 ug/ml nuclease-

free BSA) and stop buffer (0.3M EDTA, pH 8).

400ng DNA, Sul I0x DNTP mix, 5ul I0x enzyme mix and a volume of supplied
H20 to make 40 ul were pipetted into a 1.5ml| Eppendorf tube on ice and spun
briefly. This was then incubated at 15 °C for 90 minutes, 5ul stop buffer added,

and then stored at -20 C before use.
Probe precipitation

200ng of labeled probe DNA, 10ul mouse Cot-1-DNA (Gibco B RL Life Technol.
catalogue no. 8440 SA 1mg/ml) and 2ul Herring sperm DNA (Sigma catalogue
no. D7290 10mg/ml) were mixed together. A 10" volume Na acetate 3M and 2
volumes of ice-cold absolute ethanol were adeed. This was then placed in -70 C
freezer for 30 minutes minimum, or -20 C overnight. The sample was spun for 5
minutes in a microfuge at 15,000 rpm, the supernatant poured off and left to dry.
The hybridization mix was added and dissolved, and now the probe was ready

for FISH.

Hybridization mix preparation
Deionized formamide (analar, BDH 10326) (To deionize: take 100 ml and
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add 5g Amberlite mixed bed resin. Agitate gently for an hour then filter through

two thicknesses of Whatman no. 1 filter paper).

20x SSPE (0. 15M NaCl, 0.01 M NaH,PO,, 0.001 M EDTA, pH 7.4) (Sigma

S8140).

5ml deionized formamide,1mi 20xSSPE, and about 3 ml H,O were mixed with
0.1g dextran sulfate (BDH). Incubating at 70 C, shaking occasionally for 3 hours
dissolved the dextran sulfate. The pH was adjusted to 7.2 using concentrated
HCI or 10N NaOH, and the volume adjusted to 10ml with purified H20. This was
then aliquoted into 1.5ml microcentrifuge tubes and stored at -20° C. Each

aliquot can be thawed and re-frozen between use.

Washes and detection

1x SSC: 0.15 M NaCl, 0.015 M trisodium citrate.

TNB: Use a | xTN made up from 10xTN solution (10xTN: IM Tris HCI, 1.5M
NaC], pH7.5) and add 0.5% blocking agent (Boehringer cat no. 1096176). This
was heated slowly to 60 °C and incubated for 2-3 hours or until dissolved.
Then centrifuge in microfuge at 15,0009 for 5 minutes, use supernatant. Store -

20 C.
BACTERIAL GROWTH MEDIA

Luria bertani (LB) broth: Dissolve 10 g bactotryptone, 5 g yeast extract and 10
g NaCl in 800 mg ddH,O on a magnetic stirrer. Adjust pH to 7.5 with

approximately 10 drops of 10 M NaOH solution. Adjust volume to 1 | and
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autoclave to sterilise.

LB-agar for bacterial plates: to 500 ml LB-broth add 7.5 g bactoagar (Difco,
detroit USA). Autoclave, swirl to mix and allow to cool to below 50 °C. Add
kanamycin, and pour 25 ml per 90 mm diameter plate. Allow to set, store light

protected at 4°C.
COSMID MINIPREP SOLUTIONS

10x Solution I: Contained 0.5M Glucose, 0.25M Tris-HCI (pH 8.0) and 0.1M
EDTA (pH 8.0). This 10x stock was autoclaved and could be stored and could

be stored at 4°C for 6 months or more.

Solution ll: Contained 0.2N NaOH (made freshly from a 10N stock solution)

and 1% SDS. This solution needed to be freshly prepared for each experiment.

Solution IlI: was prepared by mixing 60ml of 5M Potassium Acetate, 11.5ml of
Glacial Acetic acid and 28.5 ml of H>O. This solution could be stored at 4°C for

up to 6 months.1x SSC: 0.15 M NaCl, 0.015 M trisodium citrate.
SOMATIC CELL HYBRIDS

Cell culture growth medium

GM11099 GM10482 GMO09142 GM11100
MEDIA Ham’s F12 Modified Minimum Ham’s F12
Dulbeco’s essential Eagle
Eagles modification
Fetal bovine | 10% 5% 15% 10%
senum uninactivated | uninactivated | uninactivated uninactivated
Additive | AAT medium | HAT medium | NONE HAT medium
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DNA ISOLATION FROM SOMATIC CELL HYBRIDS

Puregene DNA isolation kit (Flowgen) containing: Cell lysis solution (25mM
EDTA, 2% sodium dodecyl sulphate). Protein precipitation solution (10M
ammonium acetate). DNA hydration solution (TE) (10mM Tris HCI, 1mM

EDTA). Isopropanol and 70% ethanol.
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4. RESULTS

4.1 PREVALENCE OF X DELETIONS AND CLINICAL CHARACTERISATION

OF POF

Of the 79 women with POF, 17 women had primary amenorrhoea, and 62
presented with secondary amenorrhoea of median onset 26 years (range 11-
39). 23 patients reported a positive family history of POF. Thyroid microsomal
antibodies showed the highest prevalence (30%), with ovarian and adrenal
antibodies at 5% and 4% respectively. There were no statistical differences
between the prevalence of positive antibodies, in terms of proportion with
primary amenorrhoea or positive family history. A comparison was made

between ovarian volume and particular antibody status.

Comparison of ovarian volume against antibody status

Mean ovarian volume (standard error)
autoantibody ANTIBODY -VE ANTIBODY +VE P value ANOVA
Thyroid microsomal 2.79, (0.58) 3.22, (0.57) 0.72
3-beta HSD 2.21, (0.38) 479, (1.38) 0.014
ovarian 2.49, (0.41) 3.53, (1.12) 0.49

Statistical significance was achieved in the case of 3-beta HSD antibodies

suggesting that possibly positivity for 3-beta HSD antibodies predicts larger
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ovarian volume in women presenting with POF. Whether this means women

with 3-beta HSD antibodies are more amenable to treatment is as yet unknown.

With regards to cytogenetic analysis a normal karyotype was found in 77 of 79
women. Of the women with primary amenorrhoea, one was found to have an
XY karyotype. In the secondary amenorrhoea group one woman had a deletion

of the long arm of the X chromosome.

Case 1

This patient had already presented to 2 tertiary centres with primary
amenorrhoea and was subsequently found to have become pregnant through
ovum donation. This individual with XY gonadal dysgenesis required

counselling for gonadal neoplasms, and subsequently underwent gonadectomy.

Case 2

AA, aged 26 years and her mother were aware of a family history of POF that
had been extensively investigated in the 1960’s. The age range of onset of
amenorrhoea in this family was 28-34 years (figure 9) and had been transmitted
through three generations in an X-linked dominant manner, in association with
the karyotype 46Xdel(X)(g26). Based on the estimate of dominant inheritance,
advice was given of a 50% chance of POF and regular FSH monitoring was
accepted. Her serum LH concentrations ranged from 1.7 - 4.3 IU/l, FSH 6.6 -
14.9 U/l and oestradiol from 89 - 336 pmol/l. Her ovarian ultrasound was

normal and she maintained a regular menstrual cycle.
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The index case was found not to harbour an excess of FRAXA premutations.
Cytogenetic analysis showed a 46Xdel(X)(g26) karyotype in a total of 127 of
130 cells examined. The remaining 3 cells had a 45X karyotype. The YAC
probe yWXD2107, specific to the subtelomeric region of the long arm of the X
chromosome was shown to be absent from the deleted X indicating that the
deletion was terminal. Late replication analysis showed that the deleted X was

late replicating in 49 of 50 cells examined in which it was present.

The mother of the index case, who had experienced POF at 28 yrs, was the
only surviving affected female. She had the same 46,X,del(X)(q26) karyotype in
a total of 118 of 138 cells and a 45,X karyotype in the remaining 20. The
deleted X was again late replicating in all 46 out of 55 cells in which it was
present. The mother's two half sisters and the father of the index case had
normal cytogenetic analyses. The genetic advice was revised in the light of
these findings whereby the onset of POF might occur as early as one year
hence and almost certainly by age 34. After considering various options the
index case chose to undergo in vitro fertilization, with embryo freezing. In fact
only three embryos were produced- an indication of the already poor ovarian
function. Subsequent spontaneous ovulations did not achieve conception, but
her first superovulation cycle with intra- uterine insemination was successful
and she had a spontaneous full term normal vaginal delivery of a girl, who on
cytogenetic analysis does not share the deletion. Eighteen months later, using

the same fertility treatment, she has had a baby boy.
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4.2 - PCR AND ABI PRISM

The results of narrowing the breakpoint with eight polymorphic STS’s is shown
in figures 10 a-f and in table 6. The allele size was determined by the position of
fluorescent peaks when maternal, paternal and index case PCR products were
analysed using an automated DNA analyser. Once the STS lay below the
breakpoint, the mother and index case have a single allele on the normal X

chromosome as the other copy has been deleted.

Examples of results from the DNA laser analyser for microsatellite markers
DXS8071 and DXS 8033 are shown in figures 10 a-f. Firstly 3 graphs (figure
10a-c) displaying maternal DNA showing 2 peaks at 183 &194 bp, index DNA
showing 2 peaks at 183 &194 bp and paternal DNA with a single peak at 194
bp, indicating that DXS8071 is above the deletion. The next three graphs (figure
10 d-f) display maternal DNA showing a peak at 263 bp, index DNA showing a
peak at 252 bp and paternal DNA with a single peak at 252 bp, i.e index case
has inherited paternal X chromosome and hence DXS 8033 lies below

breakpoint.

The results in table 6 indicate that the breakpoint lies between DXS 692 and
DXS 1254 as two alleles are present in the index case at DXS 692, but a single

allele at DXS 1254 (for explanation see chapter2 ).
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Table 6 - Results of PCR and ABI Prism

Size of alleles (bp)

microsatellite mother index father
DXS 8072 212,228 218,228 218, 220
DXS 8071 183, 194 183,194 194
DXS 692 122, 130 122,132 132
DXS 1254 87.4 90.9 90.8
DXS 8041 154 158 158
DXS 8033 263 252 252
DXS 8050 195 193 193
DXS 1062 235 240 240

The results indicate that the breakpoint lies between DXS 692 and DXS 1254

as two alleles are present in the index case at DXS 692, but a single allele at

DXS 1254.

90



) <+,
> ?< D
&/ 3/ Y ) )4l
)46/
Y611
)*5/
)5&1/
)31
2-2
4+
&4/
oy
5'/
)6/
))/ $)S)) F F F
. F
) &
T ))& )5 %<6
) <
))& ) F .9 e=
”+%.+ N
e 1%6-
..+%.8 .68
s %8,
>17? (
&/ 3/ YL )4l
56'/
5'11
[

)/l $USV)/ F 5 F F

((* A$ 3(5 O

. F
c) &Y@
Y& (&
)/ & (6
)& (4
)/ & (3
)/I& 51/
)/ & 5)

> ?

&l $
$ )4) AS 4444
. F :
) &
f & & &3
f & & 62
f && 6.
& & 6-

f & & 6<

ffQ
A% +9
%6/

1%99
A%2/
+%..

(V(F (F F

A%9,
+%22
L2+
L +%. <
.+%.9F

4/6)
(: 9 )45=)3"' I:
()/ (/1 (6/ 5// 55/ 5&I 53/ ‘(I '*I ‘4l *)/
L 9 2 9 +
.69%,. 1 ot .9
.8.%-2 <88 -+/+ ,-26
.8< .- .8/8 .-29. ,--<
.88%8, - 89 ,-6.
*2 6/ 96 +<< ,-86
.9-%+/ <6< -/1-8 ,<2<
.9,%,< 92- +2 .+ ,<.8
9 )45=)3' I
(! (1 (81 51/ 55/ 5& 53/ (I '*I ‘4]
L 9 2 9 +
%% % -+ -+c D.+ E
.8. %<2 <86 -8-2 ,-68
.8<%.+ . B0 % Y% % % -9,
.88%8)P 69 XX ,+< H <, <
.92%8/ ,.6 5)(5 ,<+2
.9-%6. Ao .8+ ,<6+
.9,%/+ <,92 -686< ,<9-
9 )3' I
L 92 9 +
.8+%8, 6+ ,9-< , <!
.88%68 .2992+-+ <+ -
.92%8< .98/ .6--1 ,<82
.9- 66 ,9+/ ,<96
.9,%+9 6.9/ +/162

4/55

3)



? 4/55 <

(6/
(1
.2
Y4l
S
2, 6,8W (V5F (FF
AS (6*
. F H L
9
<%9- .-, %86
-+<%92
? 4/55 < D
&1 31 )1 )l )4l (1 (1 (61
& (!
564/
(31
(!
y&al
) (&1
4
$ '46 AS )4&*
L
2 s 3 92'8+
9 . -,
.1%98 -.69
2 ) )( L +%92  -/2%+8
. +%9/ -1-%11
-+2 .,/
-+-%<<
? 4/55 9
&I 31 )1 )l )4l (O (1 (81
(611
L2
yall
22
3//
&l
5//=

, 9*4 $ 5U)*F 5 F F
$((/ A$4)6

(/' (6/ 5/ 55/ 5& 53/ (I
92 9 +

<8+ <69/

--< ,68- ,9/8

9 (*( '

5// 55/ 5&/ 53/ (I ‘*/ ‘4l *)| *

9 2 9 +
-+ o <
-8 -26 Lot
6+ *)( , <16
<28 -2/, ,+26
<-< --26+ Lt
-6 .99 ,+82
9 999 ,+9,

F o L 9 2 9 +
9

)*,:IS .1%86 -.,%82 -. ,<-6

)*r, = /%89 -.116 -.h -88 ,<<<
o= .+ 86 H -12 +- .., H 68- L2,
yr, = & . +%9<Y-/-%, 8§ .,<< HH 9,-8 h+./

)*.= 6 .6%., -+2%-<N XX ) 82 /9- h ,+6<
)*. = 4 .6"'.9 -+-%-/ .19 /12-8 ,+88
)*.= 3 - %-< ,.8%686 -< ) ., 8 /1688

3(



(PAGE DELIBERATELY LEFT BLANK)

93



4.3 QUANTITATIVE PCR RESULTS

The above method depends on a polymorphism being present in order to
distinguish the heterozygous state from a single allele below the breakpoint.
Since all STS’s between DXS692 and DXS1254 were nonpolymorphic, a
quantitative PCR method was instituted. Using the same DNA analyser and
software as previously, the area of the fluorescent peaks generated for the X
marker and autosomal FSH marker in males compared to females should be 2.
It follows that index case /maternal DNA with non-polymorphic markers above
the breakpoint would behave as normal female DNA, whereas below the

breakpoint there would only be one copy like that of a male.

However from table 7 it can be seen the ratios were not fixed at all. Despite
titrating temperatures, magnesium concentrations, and PCR conditions, the

results were not reproducible and appeared to be completely unpredictable.

The two agarose gels (figure 11) show firstly the nonpolymorphic amplimer PCR
reactions with maternal, paternal and index case DNA; and secondly the same
nonpolymorphic amplimer reaction with the FSH primers added in the master
mix, using 2 pairs of control male and female DNA. In the second gel the FSH
receptor sequence is amplified in addition to the nonpolymorphic amplimers and

hence 2 bands are present in each lane.
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Table 7 - Example ratios of peak areas autosomal /X chromosome marker

DXS 7596 | DXS 6842 | DXS 7314 | DXS 1114 | 7827
Female 4.23 22 14 4.4 0.75
Female 6.8 1.9 20 4.4 0.75
Female 54 1.74 64 1.4 0.57
Index case 16.0 24 13 3.3 0.7
Index case 8.83 2.8 54 9.2 0.65
Mother 6.4 4.7 13 5.8 0.6
Mother 18 3.8 23 3.3 0.64
Male 13 26 13 2.5 0.84
Male 19 3.8 24 2.39 0.84
Male 27 2.6 28 3.5 0.84
Father 4.3 43 20 5.7 0.6
Father 43 5.0 11 27.6 0.37

The ratio for males should be twice that for females but experimentally this was
not the case.

4.4 INTERPRETATION OF FISH RESULTS

Ten PACs spanning the region between DXS 692 and DXS 1254 were used to
narrow the breakpoint further. If a labeled PAC adhered to both the normal X
chromosome and the X with the terminal deletion, this implied the genomic
region lay above the breakpoint. If however, the PAC only showed up only on
the normal X chromosome the genomic region was below the breakpoint (figure

12a-j, table 8).

The FISH figures around the breakpoint are figures 12c-f. Figure 12¢ shows the
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PAC363H7 signal at Xq26 on the normal X chromosome with the rest of the X
visible beyond this point, whereas on the X(del) the signal is terminal. Figure
12d showing PACdJ97K10 shows that the signal is less intense on X(del) i.e
only partially hybridizing as if spanning the breakpoint. Although strictly
speaking FISH is not quantifiable, this differential PAC dJ97K10 signal as
compared to that on the normal X was reproducible in further metaphase
spreads. Figure 12f shows the PAC dJ358H7 signal at Xq26 on the normal X
whereas on the X(del) the signal is absent. (see discussion for details on figure

12e PAC227L19.)

Table 8 - Summary of FISH results

PAC Normal X chromosome | X chromosome with deletion
297 Positive Positive
435D1 Positive Positive
363L9 Positive Positive
97K10 Positive Positive
227119 Positive Positive
358H7 Positive Negative
84F12 Positive Negative
417G15 Positive Negative
448E20 Positive Negative
119E23 Positive Negative

The table summarises fluorescent signals from PACs on index case metaphase
spread. The signal changes on (X)del from positive to absent between PAC

dJ358H7 & dJ97K10 indicating the breakpoint lies in between these PACs.
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