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Abstract of Thesis

Molecular Genetic Studies on Disorders of Calcium and

Phosphate Homeostasis.

The aim of my project has been to investigate the
molecular basis for the mineral disorders of familial
hypoparathyroidism and X-linked hypophosphataemic rickets. For
familial hypoparathyroidism, autosomal dominant, autosomal
recessive and X-linked recessive forms of inheritance have
been established. For four pedigrees which show an autosomal
mode of inheritance (two recessive and two dominant), I have
investigated the parathyroid hormone (PTH) gene on chromosome
llp for abnormalities which may be associated with the
pathology of the disease. In order to facilitate segregation
analysis in these families, I have characterised a novel
tetranucleotide polymorphism at the PTH locus. By segregation
analysis and direct DNA sequencing of the PTH gene and its
associated promoter, I have identified a donor splice site
mutation at the exon 2/intron 2 boundary of the PTH gene in
one pedigree with autosomal recessive hypoparathyroidism and
have demonstrated that this mutation cosegregates with
hypoparathyroidism in this family. In order to characterise
the effect of this mutation upon PTH mRNA processing, as
parathyroid tissue was not available, I have wused the
sensitivity of the polymerase chain reaction to detect the
illegitimate or non-tissue specific transcription of the PTH
gene in total RNA isolated from cultured lymphocytes from both
unaffected and affected individuals from this family. Analysis
of the PTH transcript from affected individuals demonstrated
that this mutation caused exon skipping to occur and that the
PTH mRNA lacked exon 2 of the coding sequence, thereby causing
parathyroid hormone deficiency. Analysis in the other three
remaining pedigrees allowed the exclusion of the PTH gene as
the cause of hypoparathyroidism.

For the X-linked recessive hypoparathyroidism, the gene
for which has heen 1localised to the long arm of the X



chromosome (Xg26-27), I have used the flanking markers, 4D.8
(locus DXS98) and pCDR1 (locus CDR) from this region for
pulsed field gel electrophoresis studies to generate physical
map data around this locus. The markers 4D.8 and pCDR1 have
been used to screen the ICI yeast artificial chromosome (YAC)
library, and I have investigated and characterised the YAC
clones obtained from this region containing the gene.

In addition, I have investigated the molecular basis of
X-linked hypophosphataemic rickets. Using an interspecific
backcross segregating for hyp, the putative murine homologue
of X-linked hypophosphataemic rickets, I have localised the
mouse calbindin DSK gene to the region of the hyp locus and
have investigated the possible role of this gene in this
disorder of phosphate homeostasis.
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1.INTRODUCTION

The homeostatic control of calcium and phosphate in man
and all terrestrial vertebrates is principally regulated by
parathyroid hormone and the active forms of vitamin D. The
actions of parathyroid hormone and vitamin D are both
cooperative and coordinated in order to regulate the total
body content of the two ions, and to control the equilibrium
between the insoluble mineral phase of bone and the soluble
fractions of calcium and phosphate in the extracellular fluids
of the body.

In addition to parathyroid hormone and vitamin D, the
recently i1dentified parathyroid hormone-related peptide
(PTHrp), which shares N-terminal homology with parathyroid
hormone, has been postulated to have a role in foetal mineral
homeostasis and the regulation of maternal bone resorption and

intestinal calcium absorption during lactation.

1.1 PARATHYROID HORMONE

The physiological role of parathyroid hormone (PTH),
through concerted actions on its target organs of the kidney,
bone and intestine, is to increase the flow of calcium into
the extracellular fluid and thereby regulate the level of the
ion in the plasma. In accordance with this, the production of
parathyroid hormone is regulated by the concentration of
calcium in the plasma. A decrease in the level of plasma
calcium rapidly stimulates the production of PTH and
conversely the secretion of the hormone is inhibited by an
increase in plasma calcium (Sherwood et al 1966, Habener et al
1976, Mayer et al 1976).

In response to hypocalcaemia, an increase 1in the
concentration of parathyroid hormone results 1in three
principle actions (Figure 1.1). Firstly parathyroid hormone
acts to increase the net rate of dissolution of bone mineral
to release calcium and phosphate ions (together with other
bone matrix materials) into the plasma. Secondly the hormone
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acts in a divergent manner upon the kidney to increase the
renal reabsorption of calcium and to directly inhibit the
tubular reabsorption of phosphate, thereby ensuring the
desired rise in plasma calcium levels whilst preventing
hyperphosphataemia. The third action of parathyroid hormone is
the indirect enhancement of the intestinal absorption of
calcium. This effect is achieved by the hormone functioning as
an activator of the 25(0H) wvitamin D 1l-alpha-hydroxylase
enzyme in the proximal tubular cells of the kidney, thereby
stimulating production of the active 1,25(0H), vitamin D,
metabolite, which increases the wuptake of calcium and
phosphate in the gut.

15
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Figure 1.1: The physiological actions of parathyroid hormone
(PTH) in calcium homeostasis. Parathyroid hormone acts on bone
and kidney via specific receptors to raise the level of
calcium in the extracellular fluid. In addition, PTH acts
indirectly through enhancing the production of 1,25(0H),
vitamin D; to increase uptake of calcium in the intestine.
Calcium in the extracellular fluid in turn exerts a negative
feedback inhibition to reduce the rate of secretion of
parathyroid hormone.
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1.1.1 The Parathyroid Hormone Gene

Human parathyroid hormone is encoded by a single gene on
the short arm of chromosome 11, band 11pl5 (Mayer et al 1983,
Naylor et al 1983). The nucleotide sequence of the human
preproparathyroid hormone complementary DNA (cDNA) was
described by Hendy et al (1981), and demonstrates 90%
nucleotide and 85% amino acid homology in coding sequence with
the bovine PTH cDNA sequence (Kronenberg et al 1979). The
parathyroid hormone gene is approximately 4 Kilobases in size,
and consists of three exons (or coding sequences) and two
introns (Vasicek et al 1983). The complete genomic sequence of
the PTH gene, together with DNA sequence upstream from the
transcription start site containing elements of the PTH
promoter was published by Reis et al (1990). Exon 1 of the PTH
gene is 85 base pairs in size (Figure 1.2) and contains 5’
untranslated sequence. Exon 2, which is 90 base pairs in size,
contains the initiation methionine codon (ATG) and encodes the
25 amino acid signal sequence together with the first three
amino acids of the pro-sequence of the prepro-PTH molecule.
Exon 3 is 612 base pairs in size and encodes the remaining 3
amino acids of the 6 amino acid pro-sequence and the 84 amino
acid PTH peptide. The exon-intron boundary consensus sequences
required for the post-transcriptional splicing of the PTH gene
messenger RNA conform to the "gt-ag" rule proposed by
Breathnach et al (1978).

Two restriction fragment length polymorphisms or RFLPs
(Figure 1.2), revealed by the enzymes PstI and Tagl, have been
demonstrated to occur at the PTH locus (Schmidtke et al 1984).
Both polymorphisms are biallelic with reported allele
frequencies of 0.578/0.422 for PstI and 0.628/0.372 for TaqlI,
and have been demonstrated by family studies to be inherited
in a Mendelian manner (Schmidtke et al 1984).
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Figure 1.2: Schematic representation of the genomic organisation of the parathyroid hormone (PTH)
gene. The PTH gene consists of 3 exons and 2 introns. Exon 1 contains 5’ untranslated sequence,
exon 2 contains the initiation codon (ATG) and encodes the 25 amino acid signal peptide together
with the first three amino acids of the pro-sequence, and exon 3 encodes the remainder of the pro-
sequence and the 84 amino acid PTH peptide. Two restriction fragment length polymorphisms are
associated with the PTH gene with the enzymes Taql and PstI (Schmidtke et al 1984). The TagI
polymorphic site (denoted by a closed triangle) is within intron 2 of the PTH gene, and the PstI

polymorphic site (open triangle) is situated approximately 1.7 Kilobase pairs downstream of the
gene.
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1.1.2 Transcriptional Control of the Parathyroid Hormone Gene

In addition to the control of secretion of PTH from the
parathyroid glands, the level of extracellular calcium exerts
an effect upon the rate of biosynthesis of parathyroid
hormone. Studies performed by Russell et al (1983) have
demonstrated that increases in the level of extracellular
calcium cause a decrease (which is reversible) in the rate of
PTH gene expression and decreased PTH mRNA levels in dispersed
bovine parathyroid cells. More specific molecular studies on
the control of parathyroid hormone gene expression by calcium
have been performed by Okazaki et al (1992) and have
identified a 15 base pair palindromic sequence
(TGAGACAGGGTCTCA) approximately 3.5 Kilobase pairs upstream
form the PTH gene, the negative calcium response element
(nCaRE), which is requiréd for the negative regulation of gene
expression by extracellular calcium.

The effects of 1,25(0H), vitamin D; levels upon PTH mRNA
transcription have also been examined by Silver et al (1985)
and Russell et al (1986), using the technique of "nuclear run-
off" in order study the effect of the active vitamin D
metabolite upon PTH mRNA transcription. Both studies
demonstrated a specific effect of 1,25(0OH), vitamin D; in
decreasing the rate of PTH mRNA transcription. Furthermore,
experiments performed by Okazaki et al (1988), using plasmid
constructs containing fragments of the PTH promoter fused to
a neomycin reporter gene, have identified a 684 base pair
fragment of the PTH promoter directly upstream from the
startpoint of transcription that mediates the effect of
1,25(0H), vitamin D; upon PTH mRNA expression. This finding
would appear to indicate the likely presence of a vitamin D
responsive element direct repeat sequence, or VDRE, as
characterised for the osteocalcin gene (Morrison et al 1989,
Demay et al 1990) in this fragment, but sequence analysis has
revealed no such homologous element (Okazaki et al 1992).
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1.1.3 Biosynthesis of Parathyroid Hormone

The parathyroid hormone gene, which consists of 3 exons
and 2 introns, 1is transcribed in the nucleus as a large
precursor mRNA molecule from which the intronic sequences are
removed prior to translation of the mRNA. This process known
as mRNA splicing requires the presence of consensus sequences
(Breathnach et al 1978, Mount 1982) at the exon-intron
boundaries, which are recognised by the splicing machinery of
the cell. The mature spliced PTH mRNA is then transported to
the cytoplasm and is translated to give the 115 amino acid
preproPTH molecule. During translation, the 25 amino acid
hydrophobic signal sequence of the preproPTH molecule binds
with a particle known as the signal recognition particle
(Walter et al 1981), which mediates entry of the nascent
preproPTH peptide into the lumen of the rough endoplasmic
reticulum. The 25 amino acid signal sequence is then removed
by a signal peptidase to yield the intermediate pro-PTH
precursor, which is transported to the Golgi apparatus of the
cell. In the Golgi, the six amino acid prohormone sequence is
enzymatically removed to yield the mature 84 amino acid PTH
peptide. The parathyroid hormone is then packaged into
secretory granules that fuse with the plasma membrane of the
cell and release PTH into the bloodstream.

Experiments performed by Freeman et al (1987),
transfecting mutant PTH gene constructs into rat GH4 pituitary
cell lines have established the importance of the PTH signal
sequence in parathyroid hormone biosynthesis and secretion.
Retroviral transfection of mutant PTH genes, missing the first
10 or the first 13 amino acid residues of the PTH hydrophobic
signal sequence, demonstrated abnormal processing of the PTH
molecule, and revealed that the mutant precursor PTH proteins
are degraded rapidly intracellularly without entering the
secretory pathway.

20



1.1.4 Parathyroid Hormone Related Peptide

The possibility that malignant tumours could cause
hypercalcaemia by producing a substance resembling parathyroid
hormone was first suggested by Albright et al (1941), based
upon the coexistence of hypophosphataemia and hypercalcaemia
in a patient with renal carcinoma. This humoral hypercalcaemia
of malignancy (HHM), which often occurs in patients with
squamous cell carcinoma of the lung without bony metastases,
appeared to be caused by tumour products acting on bone to
promote resorption and on the kidney to restrict calcium
excretion (Stewart et al 1983). Moseley et al (1987) purified
a protein with similar biological activities to parathyroid
hormone from the culture medium of a human lung cancer cell
line, and demonstrated that the cancer cells contained no PTH
mRNA indicating the presence of a protein distinct from PTH.

The complementary DNA (cDNA) for this parathyroid
hormone-related peptide (PTHrp) has been cloned (Suva et al
1987, Mangin et al 1988) and localised (Mangin et al 1988) to
the short arm of chromosome 12 (12pl2.1-pll.2). The CcDNA
encodes a protein of 177 amino acids, containing a prepro-
sequence of 36 amino acids followed by the mature peptide of
141 residues in length. Of the first 13 amino acids of the
mature peptide, 8 are identical to parathyroid hormone,
although the sequences of the two peptides diverge completely
after this point. The genomic organisation of parathyroid
hormone related peptide gene has been reported by Yasuda et al
(1989); the gene consists of 7 exons and spans approximately
13 Kilobases of genomic DNA. Hammonds et al (1989) reported
the presence of two forms of PTHrp, one of which is the full
length 141 amino acids, and another form truncated at its
carboxy-terminus of 108 amino acids, which arise due to
alternative splicing of the PTHrp messenger RNA. Studies of
the sequence homology and chromosomal organisation of the PTH
and PTHrp genes (Yasuda et al 1989), together with evidence
that chromosomes 11 and 12 are ancestral homologues (Comings
1972), have led to the proposal that the PTH and PTHrp genes
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are derived from a common ancestral sequence.

The function of parathyroid hormone-related peptide in
human physiology is under intense study at the present time.
It has been postulated that the peptide plays a role in foetal
and neonatal calcium metabolism (Burton et al 1990, Moniz et
al 1990) . In addition, it has been demonstrated that PTHrp is
expressed in lactating mammary tissue (Thiede et al 1988), and
that PTHrp may act to regulate maternal bone resorption and
intestinal calcium absorption during lactation (Budayr et al
1989).
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1.1.5 The PTH/PTHrp Receptor

Parathyroid hormone regulates calcium and phosphate
metabolism by binding to specific receptors located on the
plasma membrane in kidney and bone. Pharmacological and
physicochemical evidence (Juppner et al 1988), from
experiments performed with rat osteosarcoma cells, strongly
indicates that both parathyroid hormone and parathyroid
hormone related peptide bind to the same receptor.

The physiological effects of PTH on its target tissues
are principally mediated by two distinct receptor-linked
effector systems, adenylate cyclase and phospholipase C, which
initiate a cascade of intracellular events upon binding of
PTH. Binding of PTH to its receptor activates the stimulatory
guanyl nucleotide regulatory subunit, G,, (Nissenson et al
1981), leading to activation of adenylate cyclase (Chase et al
1967, Chase et al 1968, Keutmann et al 1985), accumulation of
cyclic AMP (cAMP), and activation of cAMP-dependent protein
kinases (Partridge et al 1981, Livesay et al 1982). Mutation
of the o subunit of the stimulatory G protein (G.,a) of adenyl
cyclase has been demonstrated (Patten et al 1990) to be
associated with the condition of pseudohypoparathyroidism type
IA (Albright’s hereditary osteodystrophy), in which there is
a resistance of target organs to parathyroid hormone and other
hormones that act by stimulating adenyl cyclase activity.

In addition to the activation of adenyl cyclase, binding
of PTH to its receptor has been demonstrated to stimulate the
activity of phospholipase C (Hruska et al 1987), which
hydrolyses phosphatidylinositol 4’/5-bisphosphate to produce
the second messengers diacylglycerol (DAG) and inositol 1,4,5-
triphosphate (IP;). Inositol 1,4,5-triphosphate acts to
release calcium stores from the endoplasmic reticulum of the
cell thereby raising intracellular calcium levels (Rasmussen
1986) . Diacylglycerol functions as an activator of the enzyme
protein kinase C, which is translocated from the cytosol to
the plasma membrane of the cell upon PTH stimulation (Abou-
Samra et al 1989).
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The complementary DNA (cDNA) encoding the PTH / PTHrp
receptor has recently been isolated by Juppner et al (1991)
from an opossum kidney c¢DNA library using an expression
cloning strategy. Nucleotide sequencing of the cDNA revealed
an open reading frame encoding a 585 amino acid protein, which
when expressed in COS 7 cells, binds PTH and PTHrp with equal
affinity leading to activation of intracellular adenylate
cyclase. Hydrophobicity plot analysis of the deduced PTH/PTHrp
receptor peptide sequence (Juppner et al 1991) identified the
presence of seven putative transmembrane domains (Figure 1.3),
thereby proposing a similar topology for the PTH/PTHrp
receptor as that observed for another G-protein coupled
receptor, the B-adrenergic receptor (Strader et al 1989).
Comparison of the amino acid sequence of the PTH/PTHrp
receptor protein to those of other G-protein linked receptors
revealed less than 10% conservation of 35 "signature"
sequences that are conserved among these other receptors
(Attwood et al 1991). The PTH/PTHrp receptor shows strong
homology, however, to the recently characterised porcine
calcitonin receptor (Gorn et al 1992), and would indicate that
the receptors for these calcium regulating hormones represent
a new family of G-protein linked receptors.
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Figure 1.3: Schematic representation of the PTH/PTHrp receptor
(NH, terminus at top, single letter amino acid code) showing
the predicted membrane associated topology of the protein. The
receptor protein is predicted (Juppner et al 1991) to have
seven transmembrane domains. Potential N-glycosylation sites
(Y); cysteine residues that are conserved in the calcitonin
receptor (@®). Reproduced from Juppner et al (1991).
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1.2 VITAMIN D

The primary physiological function of vitamin D, as for
parathyroid hormone, is the homeostatic control of calcium in
the extracellular fluid. Whereas it is parathyroid hormone
that is the principal regulator for the minute-to—-minute
homeostatic control of calcium, it is the physiological role
of wvitamin D to maintain the day-to-day overall balance of
calcium in the body. The classification of wvitamin D as a
vitamin, an essential dietary requirement required only in
trace amounts, is somewhat of an historical misnomer. Vitamin
D conforms to a much greater extent to the definition of a
hormone, a substance produced in one part of an organism which
has an effect on another part of the organism.

The control of extracellular calcium levels by vitamin D
is achieved through the concerted action of the hormone upon
its target tissues of the intestine and bone, although the
principal physiological effects of wvitamin D in calcium
homeostasis are mediated through the action of the hormone on
the small intestine. The active form of wvitamin D, 1,25 (OH),
vitamin D;, functions to enhance the absorption of dietary
calcium and phosphorus in the small intestine. For the
transport of calcium in the duodenum, the major calcium
transport protein, is the calbindin D9K (Wasserman et al
1983), or calbindin. It has been demonstrated in the rat that
1,25(0H), vitamin D; specifically induces an increase in the
rate of calbindin gene transcription (Leonard et al 1984) and
that the expression of calbindin correlates with calcium
transport activity in the small intestine (Bruns et al 1987).

The second action of vitamin D is upon bone. 1,25(0H),
vitamin D; acts to mobilise calcium stores from bone by
inducing the dissolution of bone mineral and matrix. Under
normal physiological conditions, 1,25(0H), vitamin D; acts in
a concerted manner with parathyroid hormone in this process as
a part of the bone remodelling process and to maintain the
homeostatic control of serum calcium.
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Vitamin D, (cholecalciferol) can be produced in
sufficient quantities in man provided that the individual is
adequately exposed to sunlight. In primitive man, living with
very few clothes and exposed to sunlight for considerable
periods of time, sufficient vitamin D; would have been
synthesized in the skin, only when man began to live in colder
climes and covered most of his body in clothes has he become
dependent upon a dietary source of the vitamin. In the skin,
Vitamin D; is synthesized from 1its precursor molecule,
cholesterol, via the intermediate of 7-dehydrocholesterol,
utilising wultraviolet 1light in the epidermis for the
conversion of 7-dehydrocholesterol to vitamin D,
(cholecalciferol; Figure 1.4).

Whether wvitamin D; 1is produced in the skin, or is
provided in the diet, it must be modified by two
hydroxylations (Figure 1.4) which occur sequentially in the
liver and in the kidney before it may function in the
homeostatic control of calcium.

The first hydroxylation reaction occurs in the liver to
produce 25(0OH) vitamin D,;, which 1is released into the
bloodstream and transported to the kidney, where the second
hydroxylation reaction takes place to form the active vitamin
D metabolite, 1,25(0H), vitamin D,;. The activity of the renal
mitochondrial 25 (0OH) D-lo-~hydroxylase enzyme has been
demonstrated to be strongly regulated by plasma inorganic
phosphorus concentration, hypophosphataemia activating the
enzyme (Tanaka et al 1973, Gray et al 1979). In addition,
hypocalcaemia, by the stimulation of parathyroid hormone
secretion, acts to increase the activity of the la-hydroxylase
enzyme (Fukase et al 1982).

Another hydroxylation of 25(0OH) vitamin D, may also occur
in the kidney; a 24-hydroxylation (Figure 1.4), which produces
24,25(0H), vitamin D;. Although it is generally accepted that
the 1,25(0H), vitamin D; is the active form of the hormone
(DeLuca 1980), the role of 24,25(0H), vitamin D; is unclear.
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1.2.1 The Vitamin D Receptor (VDR)

1,25(0H), vitamin D; mediates its biological effects by
binding to intracellular receptors (DeLuca et al 1990) which
belong to the steroid receptor superfamily (Baker et al 1988).
Binding of 1,25(0H), wvitamin D; to its receptor induces an
allosteric change that allows the receptor-hormone complex to
bind to its DNA response element in the promoter region of a
target gene. This interaction results in the transcription of
specific genes the products of which affect the biological
response to the hormone. Isolation of the complementary DNA
for the vitamin D receptor (VDR) by Baker et al (1988),
indicated that the VDR protein was highly homologous to other
steroid receptors and the thyroid hormone receptor. The area
of strongest homology is at the N-terminus of the VDR protein,
a hydrophilic region which is rich in cysteine, lysine, and
arginine residues, and constitute the two zinc finger DNA
binding domain of the VDR molecule (Evans 1988).

The investigation of the promoter regions of the rat
calbindin DSK (Darwish et al 1992), rat (Demay et al 1990) and
human (Kerner et al 1989) osteocalcin genes, which have been
demonstrated to be transcriptionally controlled by 1,25 (0H),
vitamin D;, has allowed the characterisation of the vitamin D
responsive element, or VDRE, for these genes. The vitamin D
receptor—ligand complex, as for the thyroid hormone and
retinoic acid receptors (Umesono et al 1991), interacts with
a direct repeat consensus sequence in the promoter of the
gene. For example, the characterisation of the VDRE for the
rat osteocalcin promoter (Demay et al 1990) revealed the
presence of three AGGTCA-related sequences in close proximity
5/ -TGGGTGAATGAGGACATTACTGACCG-3’, which confer responsiveness
to 1,25(0H), vitamin D,.

Recent findings (Carlberg et al 1993) have demonstrated

that the wvitamin D receptor may bind to DNA as either a
homodimer, as seen for other steroid receptor molecules such
as the oestrogen receptor, or may bind DNA as a heterodimer
with the retinoid-X receptor o (RXR-0) molecule. Carlberg et
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al have reported that VDR could activate the human osteocalcin
vitamin D; as a homodimer, but that in order for the VDR to
activate the mouse osteopontin vitamin D; responsive element,
VDR was required to form a heterodimer with the RXRo molecule.
These findings therefore demonstrate that there are two
nuclear signalling pathways for vitamin D, and indicate a
previously unrealised complexity for the action of the

hormone.
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1.3 DISORDERS OF CALCIUM AND PHOSPHATE HOMEOSTASIS

1.3.1 Familial Idiopathic Hypoparathyroidism

Hypoparathyroidism is an endocrine disorder which is
characterised by hypocalcaemia and hyperphosphataemia due to
a lack of active circulating parathyroid hormone.
Hypoparathyroidism may occur as an isolated endocrinopathy,
termed idiopathic hypoparathyroidism, or may also arise due to
a number of other causes, for instance as part of a
polyglandular autoimmune disorder, or as a congenital defect,
for example DiGeorge syndrome.

Studies performed by Fattorossi et al (1988) demonstrated
that antibodies in sera from patients with autoimmune
hypoparathyroidism were cytotoxic to cultured Dbovine
parathyroid cells, as well as to endothelial cells from bovine
adrenal medulla and pulmonary artery. The mechanism by which
such auto-antibodies arise 1s, as vyet, unclear, but the
observation of their cytotoxicity to endothelial cells from
several different tissue types indicates an explanation for
the involvement of several organs in autoimmune
hypoparathyroidism. Hypoparathyroidism may also occur as part
of a congenital defect, for example the DiGeorge syndrome,
where there 1is an abnormality in the development of the
derivatives of the third and fourth pharyngeal pouches.
Affected individuals are athymic, aparathyroid, have aortic
arch abnormalities and facial dysplasia. De la Chapelle (1981)
first mapped the gene causing DiGeorge syndrome to chromosome
22gqll, and postulated that deletion or an abnormality at this
locus caused the observed phenotype, but positional cloning
strategies have yet to identify the gene or genes involved in
this developmental disorder.

As an isolated endocrine disorder, or idiopathic
hypoparathyroidism, familial occurrences have been reported
and autosomal dominant (Barr et al 1971), autosomal recessive
(Bronsky et al 1968) and X-linked recessive (Peden et al 1960,
Whyte et al 1981, Thakker et al 1990) forms of inheritance
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have been established.

Autosomal Idiopathic Hypoparathyroidism.

For the autosomal inherited forms of idiopathic
hypoparathyroidism, the parathyroid hormone gene located on
chromosome 11lpl5 (Mayer et al 1983, Naylor et al 1983) has
been investigated for abnormalities that may be associated
with the endocrinopathy. Ahn et al (1986) performed
segregation studies wusing the PstI and Tagl restriction
fragment length polymorphisms (RFLP’s) at the PTH 1locus
(Schmidtke et al 1984) in eight pedigrees with familial
isolated hypoparathyroidism.

Linkage analysis in two of these families with autosomal
dominant hypoparathyroidism (pedigrees C and D, Ahn et al
1986) demonstrated segregation of PTH alleles with
hypoparathyroidism. The results of segregation analysis in the
remaining 6 ©pedigrees excluded an association between
hypoparathyroidism and the PTH gene in four of these families,
whilst the other two pedigrees were uninformative. Arnold et
al (1990) investigated the PTH gene from an affected
individual from pedigree D (Ahn et al 1986) for sequence
abnormalities, and identified a T to C point mutation in the
signal peptide of the prepro-PTH coding sequence. This
mutation resulted in a cysteine to arginine substitution at
position 18 of the 31 amino acid prepro-PTH sequence,
disrupting the hydrophobic core of the PTH signal sequence.
Arnold et al (1990) demonstrated, by in vitro translation of
the mutant PTH allele in the presence of canine pancreas
microsomal membranes, that the mutation caused abnormal
processing of the prepro-PTH to the pro-PTH peptide, although
the mechanism by which this mutation acts in a dominant manner
is as yet unclear.
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X—-Linked Recessive Idiopathic Hypoparathyroidism.

Idiopathic hypoparathyroidism has been reported to occur
as an X-linked recessive disorder in two multi-generation
kindreds designated P/60 and W/81 (Peden 1960, Whyte et al
1981) from Missouri, USA. Affected individuals, who are all
males, suffer from infantile onset of epilepsy and
hypocalcaemia due to parathyroid hormone deficiency. In
addition, the autopsy of an affected male from pedigree P/60
(Whyte et al 1986) revealed the absence of parathyroid tissue,
thereby indicating that there is an isolated congenital defect
in parathyroid gland development.

Linkage Studies.

The number of crossover events (or recombinants) that
occur between a disease gene and a DNA marker locus on a
chromosome reflects the genetic distance between the two loci.
For linkage analysis in a pedigree, the ratio of recombinants
to the total number of offspring is the recombination fraction
(0), whose values range from 0 to 0.5. A value of 0 indiactes
that the loci are closely 1linked, while a wvalue of 0.5
indicates that the 1loci are far apart and segregating
independently (not linked). The calculated probability that
two loci are linked is expressed as a "LOD" score, which is
log,, of the odds favouring linkage. A LOD score of +3, which
indicates a probability in favour of 1linkage of 1000:1,
establishes linkage between two loci, and a LOD score of -2,
indicating a probability against linkage of 100:1, is taken to
exclude linkage between two loci. The odds ratio favouring
linkage is defined as the likelihood that the two loci are
linked at a specified recombination (0) versus the likelihood
that the loci are not linked (ie. 6=0.5). LOD scores are
evaluated over a range of 0, thereby enabling the genetic
distance and maximum (or peak) probability favouring linkage
between the two loci to be ascertained. The recombination

value (0) at which the peak LOD score (Z) is obtained yields
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the best estimate of the genetic distance between the two

loci.

Previous family linkage analysis using cloned human X-
chromosome sequences identifying restriction fragment length
polymorphisms (RFLPs) have mapped the gene causing X-linked
recessive hypoparathyroidism (HPT) to the long arm of the X-
chromosome at Xg26-27 (Thakker et al 1990). This analysis
established linkage between the X-linked recessive
hypoparathyroid gene (HPT) and the locus DXS98 (4D.8) with a
peak LOD score of 3.82 (6=0.05). Multipoint analysis indicated
that the HPT locus 1is proximal to the DXS98 locus but distal
to the F9 (Factor IX) locus on the distal long arm of the X-
chromosome establishing the locus order Xcen-F9-HPT-DXS98-
Xgter. Additional markers are required however as the
recombination rate between HPT and F9 is 4% and that between
HPT and DXS98 is 3%. Further linkage studies were therefore
undertaken using the DNA probes pCDR and CX55.7, defining the
loci CDR and DXS105 respectively, which have been localised to
Xg26-27 (Anson et al 1988) in order to define a more detailed
genetic map of the region containing the HPT gene. The probe
PCDR corresponds to the ¢cDNA for the cerebellar degeneration-
related antigen, a target molecule recognized by
autoantibodies in patients with paraneoplastic cerebellar
degeneration (Dropcho et al 1987, Chen et al 1990). The probe
CX55.7 consists of a single copy 2.4 Kbp EcoRI fragment
(Willard et al 1985). The probe pCDR reveals a restriction
fragment length polymorphism (RFLP) with the enzyme HincII
(Siniscalco et al 1989), and the probe CX55.7 reveals RFLP’s
with the enzymes Tagl (Hofker et al 1987), and Stul (Rekila et
al 1988) . The TagIl polymorphism for the probe CX55.7 was found
to be uninformative in pedigrees P/60 and W/81; the data shown
for linkage analysis for the probe CX55.7 (locus DXS105) is
that obtained using the Stul polymorphism.

Analysis of the members of family W/81 wusing RFLPs
revealed by the probes CDR and CX55.7 proved to be

informative, demonstrating no recombinations between HPT and
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the two loci in this kindred. The pedigree is also informative
(Thakker et al 1990) for the X-linked RFLP loci DXS294, F9,
DXS98 and DXS52 (Figure 1.5). Individual 1IV.4 is a carrier
mother who 1is informative and phase known for DXS294, F9,
DXS105 and DXS52, her affected son V.1l is recombinant for HPT
and the proximal loci DXS294 and F9 but non-recombinant for
DXS105, DXS98 and DXS52. Individual II.4 is a deceased carrier
mother whose genotype was deduced from her eleven children.
Her unaffected son III.6 is recombinant for HPT and the distal
loci DXS98 and DXS52 but is non-recombinant for the proximal
locus DXS105. Thus the members of pedigree W/81 do not show
recombination between HPT and the loci DXS105 and CDR, and
these results suggest the locus order Xcen-DXS294-F9-(DXS105,
CDR, HPT)-DXS98-DXS52-Xgter. The combined results of two point
linkage analysis from families W/81 and P/60 are shown in
Table 1.

Linkage between the X-linked recessive hypoparathyroid
gene (ie. a LOD score greater than 3.0), and the loci DXS105,
CDR and DXS98 was established (Thakker et al 1991). For the
marker DXS105, the peak LOD score was 7.62 at 0%
recombination, with CDR the peak LOD score was 3.58 at 0%
recombination, and with DXS98 the peak LOD score was 4.16 at
4.6% recombination. These results further support the location
of the gene causing X-linked recessive idiopathic
hypoparathyroidism to Xg26-Xg27.
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Table 1: LOD scores for X-linked

markers and HPT.

Locus LOD Scores Z(9)
| 0 Z(0) | 2(0.001) | 2(0.05) [ 2(0.10) | 2(0.20) | Z2(0.30) | Z2(0.40)
DXS294 0.107 -;.48 -0.74 2.28 2.48 2.24 1.68 0.93
F9 0.088 1.88 0.35 1.82 1.87 1.64 1.23 0.68
DXS105 0.000 7.62 7.61 6.94 6.22 4.21 3.08 1.36
CDR 0.000 3.58 3.57 3.25 2.91 2.21 1.50 0.78
DXS98 0.046 4.16 2.90 4.16 3.97 3.21 2.19 0.99
DXS52 0.133 2.70 -4.11 2.07 2.63 2.53 1.87 0.98
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Deletion Mapping Studies

In order to further characterise the region containing
the X-linked hypoparathyroid gene, deletion mapping studies
were examined by Dr Derek Blake and Professor Kay Davies at
the 1Institute of Molecular Medicine, Oxford, in two male
patients (Manchester 1 and Manchester 2) with haemophilia B
due to deletions involving the Factor IX gene locus, but who
did not have the manifestations of hypoparathyroidism.

The results obtained for the deletion mapping are shown in
Figure 1.6.

For the patient Manchester 1 (Anson et al 1988), DNA
hybridisation analysis revealed the presence of the three loci
DXS105, CDR and DXS98. However, for the haemophilia patient
Manchester 2, hybridisation signals were detected with the
probe DXS98, but were absent with the probes DXS105 and CDR.
Assuming that the deletion in this patient is continuous,
these results would therefore indicate that the X-linked
recessive hypoparathyroid gene locus is not included in the
deletion and is thus distal to the two loci CDR and DXS105,
suggesting the locus order:

Xcen-DXS294-F9-(DXS105, CDR) ~-HPT-DXS98-DXS52-Xgter.
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Patient

Locus Manchester 1 Manchester 2
Factor IX — _
DXS105 + _

CDR + —

DXS98 + +

Figure 1.6: Schematic representation of deletion mapping data
for the patients Manchester 1 and Manchester 2 with
haemophilia B due to a Factor IX deletion (Anson et al 1988).
The results for Southern blot hybridisation analysis with
probes for the Factor IX, DXS105, CDR and DXS98 loci are
shown. The presence of a hybridisation signal for a probe is
denoted by a plus sign (+), and absence of a hybridisation
signal is denoted by a minus (-) sign. For the patient
Manchester 1, hybridisation signals were obtained for the loci
DXS105, CDR and DXS98. For the patient Manchester 2,
hybridisation signals were obtained only with the DXS98 locus,
and were absent for the DXS105 and CDR loci. These results
therefore indicate that HPT is distal to CDR and DXS105.
(These studies were performed by Dr D. Blake and Professor K.
Davies, and I am grateful to them for making these results
available)
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1.3.2 Inherited Forms of Rickets

There are a variety of causes of hereditary rickets,
which may be classified according to the predominant metabolic
abnormality into two main groups. For the first group, the
observed hypophosphataemia is due to a renal tubular defect,
which may consist of a single phosphate transport defect as
occurs for X-linked hypophosphataemic rickets, or multiple
transport defects in the handling of phosphate, amino acids,
glucose, bicarbonate and potassium as occurs in the Fanconi
syndrome. Such disorders are termed Vitamin D resistant
rickets.

For the second group, vitamin D metabolism is abnormal,
either because of an abnormality in the renal lo-hydroxylase
enzyme, or due to an abnormality in the 1,25(0H), vitamin D,
receptor leading to end organ resistance. Such disorders are
termed vitamin D dependent rickets.
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X-LINKED (VITAMIN D RESISTANT) HYPOPHOSPHATAEMIC RICKETS.

Vitamin D-resistant hypophosphataemic rickets was first
described by Albright et al (1937) who recognized that some
patients did not respond to therapy with normal doses of
vitamin D, but would respond to large doses of vitamin D.
Clinically, X-linked hypophosphataemic rickets (HYP) is
characterised by short stature, hypophosphataemia, and
inadequate mineralisation of both the cartilagenous growth
plate and bone. The X-linked dominant mode of inheritance was
first delineated by Winters et al (1958), who noted that in a
large pedigree from North Carolina there were no instances of
male to male transmission of either bone disease or
hypophosphataemia, the bone disease was much less severe in
females, and that all daughters of hypophosphataemic males
were themselves hypophosphataemic.

The biochemical and physiological features of HYP are due
to a decrease in the renal tubular reabsorption of phosphate
in the kidney, although the primary defect causing this has
yet to be elucidated.

Hypophosphataemic Mouse Models: Hyp and Gyro

The investigation of the etiology of X-linked
hypophosphataemic rickets has been greatly facilitated by the
characterisation of two hypophosphataemic mouse models: hyp
and gyro. The hyp mouse was first described by Eicher et al
(1976), with mutant male mice manifesting with
hypophosphataemia, dwarfism, diminished body weight and bone
deformities, therefore showing close phenotypic similarities
to affected males with X-linked hypophosphataemic rickets.
Genetic studies of hyp mice revealed that the mutation was
dominant and mapped to the distal part of the mouse X
chromosome (Eicher et al 1976), providing further evidence
that the human and mouse diseases are caused by mutations
affecting an homologous gene.

The second hypophosphataemic mouse model, gyro, was
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described by Lyon et al (1986). The mutation in the gyro
mouse, as with hyp, causes hypophosphataemia due to a defect
in renal phosphate transport, but in addition the gyro
mutation causes circling behaviour, inner ear abnormalities,
and sterility in males. The human counterpart to the phenotype
caused by the gyro mutation has not yet been identified.
Davies et al (1984) reported individuals with X-linked
hypophosphataemic rickets who in addition presented with
sensorineural deafness and tinnitus, but it 1is not known
whether this results from bony overgrowth or calcification of
the ligaments in the inner ear, or as an independent inherited
defect. The gyro gene (symbol gy) has been mapped close to hyp
on the distal part of the mouse X chromosome, but the
possibility of the two genes being allelic has been excluded
by the observation of a crossover event between the two loci
(Lyon et al 1986). The finding that the hyp and gyro gene loci
are distinct indicates that there are two gene products from
the distal part of the mouse X chromosome which are involved
in a renal component of phosphate homeostasis.
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Phosphate Transport Studies in Patients with X-linked
Hypophosphataemic Rickets and in the Hyp Mouse

Dennis et al (1977) described the presence of two
separate phosphate transport systems in mammalian kidney, one
of which 1is PTH sensitive, located in the late proximal
convoluted tubule and controlled by an X-linked gene, and
another which is PTH insensitive, located in the early
proximal tubule and controlled by an autosomal gene product.
This finding is in agreement with the earlier studies of
Glorieux and Scriver (1972), who described evidence that the
hypophosphataemia in patients with X-linked hypophosphataemic
rickets was due to a defect in the PTH sensitive component of
phosphate transport, which is responsible for approximately
two-thirds of the total net reabsorption of phosphate in the
human kidney. Physiological experiments in the hyp mouse have
defined that there is a defect in a sodium dependent phosphate
transport molecule at the brush border (Tenenhouse et al 1978)
of cells of the proximal convoluted tubule, and have
demonstrated that in the hyp mouse, the defect is also
independent of PTH (Cowgill et al 1979).

Abnormalities of Vitamin D Metabolism

In addition to the observed abnormalities in renal
tubular phosphate transport, investigation of wvitamin D
metabolism in hypophosphataemic patients and in the hyp mouse
have demonstrated an altered response of the 1-alpha-
hydroxylase enzyme in the proximal convoluted tubule of the
kidney to regulating factors such as phosphate and parathyroid
hormone. A low or low normal serum concentration of 1,25 (0OH),
vitamin D, is observed in association with the
hypophosphataemia in patients with X-Linked hypophosphataemic
rickets and the hyp mouse. This observation is in marked
contrast to the known stimulatory effect of a low serum
phosphate concentration wupon the activity of the renal
mitochondrial l-alpha-hydroxylase enzyme in both rat (Tanaka

43



et al 1973) and in healthy adults (Gray et al 1979). 1In
addition, studies of the effects of parathyroid hormone upon
synthesis of 1,25(0H), vitamin D; in man (Lyles et al 1982) and
the hyp mouse (Nesbitt et al 1986) have demonstrated that
raising serum PTH levels fails to increase the 1l-alpha-
hydroxylase enzyme activity. Experiments performed by Nesbitt
et al (1989) demonstrated that the lack of modulation of the
l-alpha-hydroxylase enzyme by parathyroid hormone in hyp mice
was not due to an abnormality of intracellular cAMP production
by the PTH receptor-linked adenyl cyclase enzyme. Nesbitt et
al therefore proposed three possible explanations for the
abnormal control of the l-alpha-hydroxylase enzyme in the hyp
mouse kidney: Firstly, a defect 1in the cAMP-dependent
activation of intracellular protein kinases. Secondly abnormal
protein phosphorylation by cAMP activated protein kinases.
Thirdly, since the aberrant renal l—-alpha-hydroxylase activity
is confined to the segment of the kidney tubule in which
abnormal phosphate transport occurs (Tenenhouse et al 1978,
Cowgill et al 1979), the defective modulation of the enzyme
may result from a cAMP-independent alteration of the
intracellular milieu (diminished phosphate flux) that may
directly impair mitochondrial function or inhibit new protein
synthesis.

Studies performed in the gyro mouse, however, have
demonstrated (Davidai et al 1990) that there is normal control
of the renal 1l-alpha-hydroxylase enzyme and production of
1,25(0OH), vitamin D; in response to hypophosphataemia and
parathyroid hormone. This finding therefore indicates that the
defect of phosphate transport in the proximal tubule of gyro
mice does not negatively influence the milieu of the cells
containing the l-alpha-hydroxylase enzyme in the kidney.
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There 1s considerable controversy over whether the
abnormalities observed in patients with X-linked
hypophosphataemic rickets and in the hyp mouse occur due to an
intrinsic renal defect or are due to the presence of a
circulating humoral factor that alters proximal tubule brush
border function and vitamin D metabolism. Bell et al (1988),
using established primary cultures of renal epithelial cells
from normal and hyp male mouse kidneys, observed that the
cultured cells exhibited abnormal phosphate uptake and vitamin
D metabolism after 5-6 days in <culture, and therefore
concluded that the defect was intrinsic to the hyp mouse
kidney cells. In contrast, cross—-transplantation experiments
performed by Nesbitt et al (1992) obtained results that
appeared to indicate unequivocally that the kidney is not the
target organ for the genetic abnormality that underlies the
hyp phenotype. The hyp mouse phenotype was neither transferred
nor corrected by renal transplantation, and Nesbitt et al
therefore postulated that the disorder in the hyp mouse, and
by extrapolation in patients with HYP, is the result of the
action of a humoral factor (of unknown source) rather than an
intrinsic renal abnormality. Nesbitt et al suggested that a
possible explanation for the disparate findings between the
cross—transplantation and cell culture experiments may be that
whilst the cultured renal cells from the hyp mice may have
been removed from the influence of the humoral factor, they
may not have been exposed to "essential factors" necessary to
reinitiate the correct expression of the hyp gene product;
thus the abnormalities of these cells in vivo would be
perpetuated in culture.

The hypothesis of the role of a humoral factor in the
control of renal phosphate handling is supported by findings
in patients with oncogenic hypophosphataemic osteomalacia, in
which a phosphaturic factor or factors are produced by tumour
tissue that cause renal phosphate wasting. Removal of the
tumour tissue has been demonstrated (Agus et al 1983) to
restore renal phosphate handling to normal.
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Mapping of the Human X-Linked Hypophosphataemic Rickets Gene

From the study of comparative mapping data of the human
and mouse X chromosomes, and the known location of the hyp
gene, Buckle et al (1985) predicted that the human X-linked
hypophosphataemic rickets (HYP) gene may be either between the
alpha-galactosidase gene and the hypoxanthine—guanine
phosphoribosyl transferase (HPRT) gene or in the distal part
of the short arm of the human X chromosome. Studies using X
chromosome probes detecting restriction fragment length
polymorphisms (Read et al 1986, Machler et al 1986)
established linkage with the marker 99.6 (locus DXS41l, Figure
1.7) with a peak LOD score of 4.82 at 10% recombination.
Multilocus linkage analysis indicated that the X-linked
hypophosphataemic rickets (HYP) gene mapped distal to the
DXS41 locus on the short arm of the X chromosome at Xp22.31-
p21.3. Thakker et al (1987), by a study of 16 families,
established that the HYP gene lay distal to the DXS41 locus
(probe 99.6) and proximal to the DXS43 locus (probe pD2),
thereby defining bridging markers for the disease (Figure
1.7). Additional linkage analysis (Thakker et al 1990) using
the markers DXS197 and DXS207 further defined the locus order:
Xtel-DXS85-(DXS207, DXS43, DXS197)-HYP-DXS4l-Xcen.
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Econs et al (1992) performed further analysis in five
families with hypophosphatemic rickets and demonstrated
linkage between the markers DXS365 (peak LOD score 13.65 at 0%
recombination) and DXS257 (peak LOD score 8.09 at 6%
recombination) with the HYP locus. Multipoint analysis
indicated the locus order Xtel-DXS43-DXS257-HYP-DXS41l-Xcen.
The marker DXS365 was localised to the DXS43 to DXS41 interval
but could not be located with respect to HYP and DXS257 (Econs
et al 1992). Rowe et al (1992) further investigated the
genetic map around the HYP locus, and defined DXS274 as the
closest proximal marker, giving the locus order:
Xtel-DXS43-(DXS197,DXS257) -HYP-DXS274-DXS41-Xcen.

The identification of a microsatellite polymorphism at
the DXS365 and DXS443 loci (Brown et al 1992) and use of the
Genethon markers AFM234yfl2 and AFM163yh2, which map to the
HYP region, for 1linkage analysis in 14 families with
hypophosphataemic rickets (Rowe et al 1993) allowed the
further refinement of the genetic map around the HYP locus.
The results of this linkage analysis, together with analysis
of a yeast artificial chromosome clone isolated using the
marker AFM163yh2 has allowed the proposal of the locus order:

Xptel—DXS43—DXSl97—AFM234yf12—(DXS443,DX8365)—AFMl63yh2—
DXS274-DXS41-Xcen
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Mapping of the Murine Hypophosphataemic Rickets (hyp) Locus

Linkage studies performed by Eicher et al (1976) using
the murine X-linked mutant genes Tabby (symbol Ta) and Bent-
Tail (symbol Bn) localised the hyp gene to the distal end of
the mouse X-chromosome. In order to facilitate the more
precise localisation of the hyp gene, Kay et al (1991)
utilised the approach of an interspecific Dbackcross,
segregating for hyp and Ta (the putative homologue of the
human genetic disease hypohidrotic ectodermal dysplasia), in
order to map the hyp locus within a framework of markers on
the mouse X-chromosome. For this approach, crosses between the
two evolutionary divergent mouse species, Mus spretus and Mus
musculus domesticus, were established (Figure 1.8),
facilitating the detection of restriction fragment length
variants or RFLV’s for DNA probes in the backcross progeny.

Multipoint analysis of recombination events between loci
in the backcross progeny was performed indicating the gene
order Xcen-Pgkl-DXSmh43-hyp-Cbxrsl—-Amg-Xter. The distance
between DXSmh43 and hyp is 2.5 * 1.4 centiMorgans, and the
distance between Cbx-rsl and hyp is 1.8 + 1.3 centiMorgans
(Figure 1.9).
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+ H + Hyp + Hyp
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Figure 1.8: Details of the interspecific M. m. domesticus/ M.
spretus cross. Ova from female M. m. domesticus mice carrying
the mutations Ta and hyp were fertilised with sperm from a M.
spretus male. Of the resultant Fl female progeny, two carried
both the Ta and hyp mutations and two carried only the hyp
mutation. These mice were backcrossed to M. m. domesticus male
mice carrying the hyp mutation. The resultant backcross
progeny were scored for Ta and hyp before use in molecular
genetic mapping experiments. (Reproduced from Kay et al 1991).
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Figure 1.9: Diagram of the mouse X chromosome indicating gene
order and genetic distance, in centiMorgans * standard error,
between the loci. Loci defined by molecular markers are on the
right-hand side and the mutant 1loci segregating in the
backcross are on the left-hand side. Anchor loci are indicated
by bars extending through the chromosome; other loci are
indicated by bars extending to the 1left or right only;
(reproduced from Kay et al 1991).
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VITAMIN D DEPENDENT RICKETS

In addition to the forms of wvitamin D resistant
hypophosphataemic rickets, autosomal forms of vitamin D-
dependent rickets (VDDR) have been described (McKusick 1988).
Investigation of the physiological and molecular basis for the
disorder has allowed the characterisation of two distinct
forms of vitamin D-dependent rickets, type I and type II. Type
I VDDR 1is characterised by a low serum 1,25(0H), vitamin D,
concentration, with only small doses of 1,25(0H), vitamin D,
required in order to correct the clinical and biochemical
abnormalities observed in patients (Fraser et al 1973). Fraser
et al proposed that the defect in these patients was due to an
abnormality in the 25 (OH)D-lo~hydroxylase enzyme. For the
porcine model of type I VDDR, renal homogenates from affected
pigs were demonstrated to have no detectable 25(0OH)D-la-
hydroxylase activity (Fox et al 1985), although owing to the
inaccessibility of renal tissue from affected human
individuals, this has not been demonstrated in man.

Type II vitamin D-dependent rickets is characterised by
a markedly raised level of 1,25(0H), vitamin D; in affected
individuals, and was postulated (Brooks et al 1978, Liberman
et al 1980) to occur due to abnormalities in the vitamin D
receptor molecule, causing end organ resistance. The
identification of the complementary DNA (cDNA) encoding the
vitamin D receptor (Baker et al 1988) has allowed
investigation of the gene for abnormalities that may be
associated with type II VDDR. Sone et al (1990) investigated
the vitamin D receptor gene in patients with type II VDDR and
identified a mutation in exon 3 of the gene which results in
an arginine to glutamine substitution. Expression of the
mutant wvitamin D receptor protein demonstrated that the
receptor bound 1,25(0H), vitamin D; with normal affinity but
was unable to promote transcription of a reporter gene fused
to a vitamin D responsive element, thereby defining the
molecular pathology o¢f type II VDDR in the affected

individuals.
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CHAPTER TWO:

MATERIALS AND METHODS
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2. MATERIALS AND METHODS

2.1 Patients and Families Studied

2.1.1 Autosomal Idiopathic Hypoparathyroidism

Pedigree A/89: One multi-generation kindred, designated family

A/89, of Bangladeshi origin in whom autosomal recessive
idiopathic hypoparathyroidism had occurred following a
consanguineous marriage was investigated. The patients (IV.1,
IV.3 and IV.4, Figure 3.1) suffered in the neonatal period
from hypocalcaemic seizures and further investigations
revealed undetectable circulating immunoreactive PTH
concentrations and a normal renal response to synthetic 1-38
human PTH (Roelen et al 1989). Clinical immunodeficiency or
autoimmune related deficiencies were not observed in any of
the patients. The clinical and biochemical findings for
members of family A/89 are ©presented in table 2.
Normocalcaemia was restored with oral calcitriol therapy.
Unaffected relatives had no history of tetany or epilepsy and
were normocalcaemic. Venous blood was obtained, after informed
consent, from 3 affected and 6 unaffected members of family
A/89, and from 10 wunrelated normocalcaemic Bangladeshi

individuals who were studied as controls.

54



Table 2: Clinical and Biochemical Findings in Members of Family A/89.

Individual Sex

II1.2
IT.3
IT.4
IIT.1
ITII.2
Iv.1
IvV.2
Iv.3
IV.4

Normal
Adult

Normal
Child

Age

(years)

78
75
76
32
41
13

12

Hypocalcaemic
Seizures

No

No

No

No

No

Yes

No

Yes

Yes

Serum
Calcium Phosphate Alkaline PTH 25(OH)D
mmol/1 mmol/1 Phosphatase pmol/l nmol/l

I0/1
2.41 0.77 101 3. 40
2.35 0.96 105 3. 20
2.30 0.80 100 3. 24
2.41 1.17 102 4. 16
2.27 0.81 63 4, 22
1.68 2.38 122 U. 20
2.47 1.46 337 3. 25
1.48 3.28 226 U. 24
1.59 2.87 202 U. 28
2.16-2.58 0.75-1.36 40-135 1.0-5. 10-120
2.16-2.58 1.25-2.15 100-235 1.0-5 10-120

All members had normal renal function with no aminoaciduria or glycosuria.

U.D.=

undetectable.
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Pedigree 2/89: The biochemical and clinical findings for

individuals from pedigree 2/89 have previously been published
by Shaw et al (1991).

Pedigree 7/90: In family 7/90, autosomal dominant inheritance

of hypoparathyroidism was observed, and the patients (I.1,
IT.1 and II.4) suffered in late childhood or adulthood from
hypocalcaemic symptoms due to hypoparathyroidism. Clinical
immunodeficiency or autoimmune-related deficiencies were not
observed in any of the patients. In addition, these patients
had none of the dysmorphic features associated with
pseudohypoparathyroidism and the renal <cyclic adenosine
monophosphate (cAMP) response to synthetic 1-38 human PTH
(Roelen et al 1989) was normal. Normocalcaemia was restored
with oral 1la-hydroxycholecalciferol therapy. Unaffected
relatives had no history of hypocalcaemic symptoms and were
demonstrated to be normocalcaemic with normal circulating

immunoreactive PTH concentrations (Nussbaum et al 1987).

Pedigree 23/92: The clinical and biochemical findings for

members of pedigree 23/92 have been previously been published
by Bilous et al (1992).

2.1.2 X-Linked Recessive Idiopathic Hypoparathyroidism

Two families from the state of Missouri, designated P/60
and W/81, in whom idiopathic hypoparathyroidism had been
inherited in an X-linked recessive manner in five or more
generations (Peden et al 1960, Whyte et al 1981) were
investigated. The «clinical and biochemical findings for
individuals from pedigrees P/60 and W/81 have previously been
published by Thakker et al (1991).

56



2.2 Molecular Biology Protocols

The methods utilised for the work presented in this
thesis were mostly adapted from those published by Sambrook,
Frisch and Maniatis (1989) in Molecular Cloning/A Laboratory
Manual (2" Edition).

2.2.1 Extraction of Nucleic Acids

Extraction of Genomic DNA from Blood:

The protocol used for the extraction of genomic DNA is
based upon the method published by Kunkel et al (1977).
a) 10 ml of blood collected in an EDTA (0.5M pH=8.0) tube was
divided between two 50 ml polypropylene tubes.
b) 45 ml of lysis buffer (kept at 4°C) was added to each tube,
and the tubes spun at 1000g for 10 minutes at 4°C.
c) The supernatant was immediately decanted (to prevent
degradation of the DNA by nucleases in the lysis buffer), and
each nuclear pellet resuspended in 4.5 ml of 0.075M NacCl,
0.024M EDTA pH=8.0. The nuclear pellets were then homogenised
using a long glass Pasteur pipette.
d) 0.5 ml of a 5% SDS, 2mg/ml proteinase K solution was added
to the homogenate and the mixture incubated overnight at 37°C.
e) The solution was extracted with an equal volume (5 ml) of
phenol (Tris pH=8 saturated) and then spun at 1000g for 15
minutes. The viscous aqueous layer was then transferred to
another 50 ml tube using a plastic Pasteur pipette.
f) The aqueous layer was then extracted with an equal volume
(5 ml) of chloroform/iscamyl alcohol mixture (24:1 v/v), and
then spun at 1000g for 15 minutes.
qg) The viscous aqueous layer was removed and the
chloroform/iscamyl alcohol extraction repeated.
h) The genomic DNA was then precipitated from the aqueous
solution by adding 0.5 ml of 3M sodium acetate and 12.5 ml of
ethanol.

i) The precipitated genomic DNA was then removed using a glass
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hook and dissolved in 1 ml of TE pH=8.
j) The DNA was allowed to dissolve at 4°C for 2 days and the
yield assessed by ultraviolet optical densitometry (OD).

Extraction of Genomic DNA from Cultured Cells:

a) Approximately 2x10® cultured lymphoblastoid cells were
pelleted in a 50 ml polypropylene tube(s) at 1000g for 10
minutes.

b) The cell pellet was resuspended in 50 ml of 0.075M
NaCl/0.024M EDTA pH=8.0 and respun at 1000g for 10 minutes.
c) The cell pellet was then resuspended in 9 ml of 0.075M
NaCl/0.024M EDTA pH=8.0.

d) 1 ml of 5% SDS, 2 mg/ml proteinase K was added and the
mixture incubated overnight at 37°C.

e) The aqueous mixture was then extracted once with phenol and
twice with chloroform/iscamyl alcohol.

f) The genomic DNA was precipitated by adding 1 ml of 3M
sodium acetate and 25 ml of ethanol.

g) The precipitated DNA was then removed using a glass hook
and dissolved in 1 ml of TE pH=8.

h) The DNA was allowed to dissolve at 4°C for 2 days and the
yield assessed by ultraviolet optical densitometry (OD).

Preparation of Agarose Blocks of DNA for Pulsed Field Gel

Electrophoresis:

a) Approximately 10%® cultured lymphoblastoid cells were
transferred to a 50 ml polypropylene tube and spun at 1000g
for 10 minutes. The supernatant was discarded and the cell
pellet resuspended in 50 ml of phosphate buffered saline (PBS)
and respun at 1000g for 10 minutes.

b) The cells were then resuspended in 5 ml of PBS and 50ul
removed and added to 5041 of PBS for counting of the cells in
an haemocytometer.

c) The remainder of the cultured cells were then respun and
resuspended in a volume of PBS to give 1.25 x 10%® cells/ml.
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d) An equal volume of 1% low melting point (LMP) agarose (kept
at 42°C) was added, and the cell suspension/agarose mix
pipetted in 80M1l aliquots into plastic block formers kept on
ice. Each Dblock therefore contains approximately 5 x 10°
cells.

d) The agarose blocks were then incubated at 50°C for 48 hours
in a 0.5M EDTA pH=8, 2 mg/ml proteinase K and 1% (w/v) sodium
lauroyl sarcosinate solution.

e) The blocks were then washed three times in an excess volume
of TE pH=8, and then incubated in TE pH=8 plus 0.04 mg/ml of
phenyl methyl sulphonyl fluoride (PMSF) at 50°C for 30
minutes.

f) The incubation in TE/PMSF was repeated, and the blocks
stored in 0.5M EDTA pH=8 at 4°C to prevent degradation of the
DNA.

g) Prior to digestion of the DNA in the agarose blocks, the
EDTA was removed by incubating the blocks in a large volume of
TE pH=8 for 30 minutes at 50°C. This incubation was repeated
prior to use of the blocks.
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Extraction of RNA from Tissues/Cultured Cells:

Isolation of Total RNA from Tissues:

Total cellular RNA was extracted from tissues by the acid
guanidinium thiocyanate-phenol-chloroform extraction method of

Chomczynski and Sacchi (1987).

a) The frozen tissue sample was transferred directly from
liguid nitrogen into 1ml of a solution of 4M guanidinium
thiocyanate, 25mM sodium citrate pH=7, 0.5% sarcosyl (w/v) and
0.1M 2-mercaptoethanol (Solution D) in a small petri dish.
b) The tissue was then minced with scalpels and the homogenate
divided between two 1.5ml Eppendorf tubes.

c) To each tube was sequentially added 50ul of 2M sodium
acetate pH=4, 500ul of water saturated phenol and 100ul of
chloroform, with thorough mixing between each addition. The
mixture was then incubated on ice for 15 minutes.

d) The two phases were then separated by centrifugation at
13000g for 20 minutes at 4°C.

e) The aqueous phase was then removed and the RNA precipitated
by the addition of an equal volume (500ul) of isopropanol.

f) The RNA was recovered by centrifugation at 13000g for 10
minutes at 4°C, and the pellet redissolved in 600nl of
Solution D.

g) The RNA was then reprecipitated by the addition of an equal
amount of isopropanol and incubation at -20°C overnight.

h) The precipitate was then pelleted by centrifugation at
13000g for 10 minutes at 4°C, washed in 80% (v/v)
ethanol/water, dried under vacuum, resuspended in sterile
distilled water, and stored at -70°C.

60



Isolation of Total RNA from Cultured Lymphoblastoid Cells:

Total RNA was isolated from cultured lymphoblastoid cells
by the lithium chloride/urea method (Lovell-Badge, 1987) . This
method relies upon the selective precipitation of RNA by
lithium chloride/urea whilst leaving protein and DNA in

solution.

a) Approximately 10® cells were pelleted by centrifugation at
2000g for 5 minutes, and the cells washed in PBS.

b) The cells were then recentrifuged at 2000g for 5 minutes,
the supernatant removed, and the cells resuspended in 10ml of
6M urea/3M lithium chloride.

c) The cell suspension was then homogenised using a polytron
for 1 minute (at full speed), in order to shear the cellular
DNA. The suspension was then left to precipitate overnight at
4°C.

d) The RNA precipitate was then recovered by centrifugation at
an average of 7691g for 20 minutes at 0°C. The supernatant was
discarded, the pellet resuspended in 8ml of LiCl/urea, and
recentrifuged as before.

e) The pellet was drained thoroughly and resuspended in 6ml of
10mM Tris.HC1l pH=7.5, 0.5 (w/v) SDS containing proteinase K at
50Uug/ml. The mixture was incubated for 2 hours at 37°C.

f) The solution was extracted 3 times with an equal volume of
phenol (water saturated), and three times with chloroform. For
each extraction, the aqueous and organic phases were separated
by centrifugation at 930g for 5 minutes.

g) The RNA was then precipitated by the addition of 0.6ml of
2M sodium acetate pH=5.5, and 15ml of ethanol and incubated
overnight at -20°C.

h) The precipitated RNA was recovered by centrifugation at an
average of 7691g for 30 minutes at 0°C, the pellet washed in
80% (v/v) ethanol/water and then dried briefly under wvacuum.
i) The RNA pellet was then redissolved in water and the yield
quantified by optical densitometry

j) In order to remove any contaminating DNA the RNA
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preparation was then treated with RNase free DNase I enzyme (1
unit/gg of RNA) for 60 minutes. The RNA solution was then
extracted with phenol/chloroform (1:1), ethanol precipitated
and redissolved in sterile water. The yield of pure total RNA
was then assessed by optical densitometry, and the RNA
preparation stored at -70°C.
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Plasmid DNA Extraction:

Alkaline Lysis Method (Birnboim and Doly, 1979). Modified from
Sambrook et al (1989)

Mini—-preparations:

a) 2.5ml of LB-broth containing the appropriate antibiotic was
inoculated with a single bacterial colony and incubated
overnight at 37°C.

b) 1.5ml of the overnight culture was removed and the bacteria
pelleted by centrifugation in a microfuge at 6500g for 5
minutes.

c) The supernatant was removed by aspiration and the pellet
resuspended in 1004l of solution I.

d) The bacteria were lysed by adding 200yl of freshly prepared
solution II (alkaline SDS), and the mixture incubated for 5
minutes at room temperature.

e) To the viscous bacterial lysate was added 1504l of solution
III, the tube was vortexed and incubated for 5 minutes at room
temperature.

f) The mixture was then centrifuged at 13000g for 10 minutes
and the supernatant transferred to a fresh 1.5ml Eppendorf
tube.

g) The plasmid DNA was then precipitated with 0.6 volumes of
isopropanol (approximately 270nl), incubated for 5 minutes at
room temperature and recovered by centrifugation at 13000g for
10 minutes.

h) The pellet was washed in 70% (v/v) ethanol/water, dried
briefly under vacuum, and resuspended in 2004l of sterile
distilled water containing DNase free pancreatic RNase A
(20ug/ml), and incubated at room temperature for 5 minutes.
i) The aqueous plasmid DNA solution was then extracted with
200Ul of equilibrated phenol:chloroform (1:1) and centrifuged
at 13000g for 5 minutes.

j) The aqueous phase was removed to a clean tube and the
plasmid DNA precipitated by the addition of 20ul of 3M sodium
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acetate pH=5.2 and 5004l of ethanol.
k) The plasmid DNA was recovered by centrifugation at 13000g
for 10 minutes. The pellet was then washed in 70% (v/v)
ethanol/water, dried under vacuum, and resuspended in 504l of
sterile distilled water.

Plasmid DNA prepared by this protocol was used for
restriction enzyme digestion and dideoxy DNA sequencing.

Maxi—-preparation:

a) 200ml of LB-broth containing the appropriate antibiotic was
inoculated from either a glycerol stock or with a bacterial
colony from an LB-agar plate and incubated overnight in an
environmental shaker at 37°C.

b) The bacteria were pelleted by centrifugation at an average
of 2661g for 10 minutes, the supernatant discarded, and the
pellet resuspended in 10ml of solution I containing lysozyme
at 1lmg/ml. The mixture was left at room temperature for 5
minutes.

c) 40ml of solution II was added and the mixture incubated on
ice for 5 minutes.

d) 15ml of ice—cold solution III was added and the mixture
left on ice for a further 15 minutes.

e) The bacterial lysate was centrifuged at an average of 7691g
for 10 minutes and the supernatant carefully decanted to a
fresh 250ml plastic bottle.

f) 0.6 volume of isopropanol was added, the bottle incubated
at room temperature for 10 minutes, and the plasmid DNA
recovered by centrifugation at an average of 7691g for 15
minutes.

g) The nucleic acid pellet was then redissolved in 4ml of
sterile distilled water containing DNase free RNase A
(20ug/ml) and incubated at room temperature for 30 minutes.
h) The aqueous plasmid DNA solution was then extracted 3 times
with phenol (Tris/HCl, pH=8) and 3 times with chloroform. For
each extraction, the aqueous phase was separated by

centrifugation at 930g for 5 minutes.
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i) The plasmid DNA was then precipitated by the addition of
1/10 volume of sodium acetate pH=5.2 plus 2.5 volumes of
ethanol, and recovered by centrifugation at an average of
7691g for 15 minutes.

j) The DNA pellet was then washed in 70% (v/v) ethanol/water,
dried and dissolved in 500yl of sterile distilled water. The
concentration of plasmid DNA was then assayed by UV optical

densitometry.

Preparation of Single-Stranded Phagemid DNA:

The Bluescript plasmid vector used for the cloning of PCR
products contains a copy of the intergenic region of the M13
filamentous bacteriophage. Such vectors, which contain both
the ColEl plasmid origin of replication and the intergenic
region of a filamentous bacteriophage are known as phagemids.
The infection of cells carrying the Bluescript plasmid with a
helper virus (such as VCSM13) results in the production of
bacteriophage particles containing single-stranded copies of
the phagemid genome. The single-stranded DNA purified from
these particles may then be used as a template for dideoxy
DNA sequencing.

Single-stranded phagemid DNA was prepared using the
following procedure:

a) A single colony from an agar plate was inoculated into 2ml
of LB-broth (containing 50ug/ml ampicillin), and incubated at
37°C for 6-7 hours until the culture was turbid.

b) 20ul of the culture was then inoculated into 2ml of fresh
LB-broth (no antibiotic) containing VCSM13 helper phage at
2x107 pfu/ml, and the mixture incubated for 1 hour at 37°C with
vigorous shaking.

c) Kanamycin antibiotic was then added to a final
concentration of 70pug/ml, and the incubation continued for a
further 14-18 hours at 37°C.

d) 1.5ml of the culture was transferred to a 1.5ml Eppendorf
tube, and the bacterial cells pelleted by centrifugation at
13000g for 5 minutes.
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e) 1.3ml of the supernatant was transferred to a fresh 1.5ml
tube, and 200pl of a solution of 20% polyethylene glycol (PEG
8000) in 2.5M NaCl was added. The tube was vortexed briefly
and incubated for 15 minutes at room temperature to allow
precipitation of the bacteriophage particles.

f) The bacteriophage particles were recovered by
centrifugation at 13000g for 5 minutes, and all the
supernatant removed.

g) The bacteriophage pellet was then resuspended by vortexing
in 100ul1 of water, and 50ul of phenol (Tris.HCl pH=8
saturated) was added. The tube was vortexed for 30 seconds,
allowed to stand for 1 minute, and then vortexed for another
30 seconds.

h) The aqueous and organic phases were separated by
centrifugation at 13000g for 5 minutes, and the supernatant
transferred to a fresh 1.5ml tube.

i) The aqueous phase was then extracted with an equal volume
of chloroform, and the two phases separated once more by
centrifugation.

j) The upper aqueous phase was transferred to a fresh 1.5ml
tube and the single-stranded bacteriophage DNA precipitated by
the addition of 104l of sodium acetate pH=5.2 and 250yl of
ethanol.

k) The bacteriophage DNA precipitate was recovered by
centrifugation at 13000g for 10 minutes, the pellet washed in
70% (v/v) ethanol/water, dried briefly under vacuum, and
redissolved in 20yl of water.

Quantification of DNA and RNA by UV Spectrophotometry:

In order to quantify the concentration of DNA or RNA in
aqueous solutions, their optical density (OD) was measured at
260nm and 280nm in an wultraviolet spectrophotometer. An
optical density of 1 at 260nm corresponds to 50ug/ml for
double stranded DNA, 40pg/ml for RNA, and 20pug/ml for
oligonucleotides. The ratio of the readings for optical

densities for 260nm/280nm provides an estimate of the nucleic
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acid purity, with pure preparations of DNA and RNA having
ratios of 1.8 and 2.0 respectively.

eg. For a sample of human genomic double stranded DNA, diluted
60 fold in distilled water for quantification:

DNA Concentration (Mg/ml): 0.6 x 50 x 60 = 1800.

2.2.2 Restriction Enzyme Digestion

DNA was incubated in the appropriate restriction enzyme
buffer in the presence of a fourfold excess of the restriction
endonuclease (s) . These digests were incubated at the
appropriate temperature as per manufacturer’s instructions
from 1-14 hours. For genomic DNA, digests were carried out in
the presence of 3.75mM spermidine unless the enzyme required
a low salt buffer in which case 0.1875mg/ml of bovine serum

albumin was used.

2.2.3 Agarose Gel Electrophoresis

Conventional Gel Electrophoresis:

For resolution of DNA fragments, samples were
electrophoresed on 0.8-1.5% agarose gels containing ethidium
bromide at 0.5ug/ml under voltage-limiting conditions. For
small gels to analyse PCR products/plasmid DNA or to check the
completion of genomic DNA digests, agarose gels were cast in
1XTBE buffer , and run at 100-150 Volts. For agarose gels to
resolve DNA for Southern blot analysis, gels were cast in
1xXTAE buffer and run at 37 Volts to improve resolution of the
DNA fragments. In order to identify the size of DNA fragments
of interest, size markers (lambda phage DNA digested with
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HindIII and/or ®x174 phage DNA digested with HaeIIl) were
electrophoresed alongside the DNA samples.

Pulsed Field Gel Electrophoresis:

In order to resolve large DNA molecules on agarose gels,
pulsed field gel electrophoresis was performed. DNA samples in
agarose blocks were electrophoresed on 0.8%-1% TBE agarose
gels in an LKB 2015 Pulsaphor electrophoresis unit using an
hexagonal electrode apparatus. The temperature of the
circulating TBE buffer was maintained at 10.5°C throughout the
electrophoresis wusing an LKB Multitemp II thermostatic
circulator. The pulse time and length of electrophoresis run
was controlled using an LKB 2015 Pulsaphor plus control unit.
Pulse times (between 40 and 100 seconds) and the total run
times (20-31 hours) were varied depending upon the range of
DNA fragment sizes to be resolved upon the agarose gel.

In order to accurately determine the size of the resolved
DNA fragments (up to 1 Megabase in size) , two types of size
markers were used: Concatamers of lambda phage, and the intact
chromosomes from the yeast Saccharomyces cerevisiae.

When the electrophoresis was complete, the DNA in the gel
was stained with ethidium bromide, and the gel photographed.

Photography of Agarose Gels:

The ethidium bromide stained DNA on the agarose gel was
visualised by ultraviolet (254 nm) transillumination and
photographed onto Polaroid 667 instamatic film using a Kodak
22A Wrattan filter.
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2.2.4 Transfer of DNA from Agarose Gels onto Nylon Filters
(Southern Blotting)

Southern Blotting of Conventional Gels:

The method used is based upon that published by Southern
(1975) .
a) The DNA fragments in the agarose gel were denatured by
immersing the gel in denaturing solution for 45 minutes. The
denaturing solution was then replaced and the DNA denatured
for a further 45 minutes.
b) The gel was then neutralised for 45 minutes in neutralising
solution. The neutralising buffer was then replaced and the
gel incubated for a further 45 minutes.
c) A piece of Whatman 3MM paper which is the same width but
approximately twice as long (prewetted in 3xSSC) was placed
over the gel to act as a wick, and the gel was then inverted
and placed on a support into a tray containing 20xSSC as the
transfer buffer. A plastic pipette was used to smooth out any
air bubbles which may prevent the efficient transfer of the
DNA from the gel to the membrane.
d) A piece of nylon membrane (Hybond-N) cut to the same size
as the agarose gel was wetted in 3xSSC and then placed onto
the gel. All air bubbles were removed using a plastic pipette.
e) Two pieces of Whatman 3MM paper, cut to the same size as
the agarose gel, were wetted in 3xSSC and placed on top of the
nylon membrane. Once more, all air bubbles were removed.
f) In order to draw the transfer buffer through the gel and
elute the DNA onto the nylon membrane, a stack of paper
tissues was placed onto the Whatman 3MM paper overlying the
gel. A sheet of perspex was placed over the tissues and a
weight of about 500g placed on top.
g) The assembled blot was then left to allow the transfer of
DNA to proceed (overnight for genomic DNA gels, 1-2 hours for
plasmid digests/PCR products).
h) After blotting was complete, the filter was then removed
from the gel, washed in 3xSSC, and the DNA crosslinked to the
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nylon filter by exposure to ultraviolet light (120 Joules) in
a Stratalinker apparatus (Stratagene).

For Southern Blotting of Pulsed Field Gels:

The above protocol was also used, but with the following
modifications:
a) The DNA in the pulsed field agarose gel was "acid nicked",
to facilitate transfer, by immersing the gel in 0.25M HCl for
25 minutes. The gel was then washed in deionised water for 5
minutes.
b) The DNA fragments in the gel were then denatured for 30
minutes in 0.4M NaOH.
c) The pulsed field gel was then Southern blotted overnight as
above using 0.4M NaOH as the transfer solution onto an Hybond-
N+ nylon membrane.
d) The nylon filter was then washed in 3xSSC and stored.
NB. No UV-crosslinking is required for Hybond-N+ membrane

2.2.5 Radiolabelling of DNA with *p

Random Prime Labelling of DNA fragments:

DNA fragments were radiolabelled to high specific
activity (approximately 10° counts per minute/gg DNA)
according to the random priming procedure of Feinberg and
Vogelstein (1983) wusing a "Megaprime" kit purchased from
Amersham.

a) Approximately 50ng of the DNA fragment to be labelled was
suspended in 28Ul of water and to this was added 5ul of the
primer mix (random nonamers in aqueous solution).

b) The mixture was heated to 100°C for 5 minutes, and left at
room temperature for the nonamer primers to anneal to their
complementary sequences.

c) To the DNA mixture was added 10pul of the reaction buffer
(containing dATP, dGTP and dTTP in a Tris—-HCl pH=7.5 buffer),
5ul of [0—*?P]-dCTP (50uCi), and 2Ul1 (2 units) of Klenow DNA
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polymerase.
d) The labelling reaction was incubated at 37°C for 15
minutes.
e) Once labelling is complete, unincorporated [0-%?P]-dCTP
nucleoside was then removed by centrifuging the reaction
mixture through a G-50 Sephadex gel filtration column, packed
in a 1ml disposable plastic syringe.

Prior to use, the **P-labelled probe was denatured for 10
minutes at 100°C, and then kept on ice before adding to the
hybridisation fluid.

5’ -End Labelling of Oligonucleotides using T4 Polvynucleotide

Kinase:

The following procedure was used to label oligonucleotide
primers at their 5’ terminus for wuse 1in microsatellite
detection or as probes:

a) 100ng of the primer to be labelled was suspended in 3ul of
water, and to this was added 1Ml of 10 x kinase buffer, 5ul of
[Y-3*P]-ATP and 1Ml (4 units) of T4 polynucleotide kinase. The
mixture was incubated at 37°C for 30 minutes.

b) The 10yl reaction was made up to 100pl with water and
unincorporated [Y—*?P]-ATP removed by centrifuging the reaction
mixture through a G50 Sephadex gel filtration column.

2.2.6 Hybridisation of Nylon Membranes/cDNA Library Filters
with *’P Labelled Probes

a) The nylon membranes/cDNA library fiters were prehybridised
in Church buffer (containing sonicated salmon sperm DNA at
100pug/ml) for 4 hours at 65°C.

b) Denatured 3*?P-labelled probe was then added and the
membranes/filters hybridised overnight at 65°C.

c) Non-specific hybridised probe was then removed by washing
the membranes/filters in SSC/SDS solutions of increasing
stringency at 65°C.
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d) Hybridising DNA fragments/phage colonies were then revealed

by autoradiography onto photographic film at -20°C.

Stripping of*P-Probes from Nylon Membranes:

Stripping of hybridised nylon membranes for reprobing was
performed by immersing the membrane in boiling water for 10
minutes. The membrane was then reautoradiographed to check
that all the probe had been removed.
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2.2.7 Microbiological/Cloning Protocols

Preparation of Competent Cells:

a) A single colony from an agar plate was inoculated into 2ml
of LB-broth and cultured overnight at 37°C.
b) 1ml of the overnight culture was used to inoculate 100ml of
LB-broth and the culture incubated at 37°C with wvigorous
shaking until an optical density of 0.5 at 600nm was achieved
(approximately 4 hours).
c) The culture was then chilled on ice for 10 minutes before
pelleting the cells by centrifugation at 2000g for 5 minutes
at 4°C.
d) The supernatant was discarded and the cells resuspended in
50ml of ice—-cold 50mM CaCl,, and the cell suspension incubated
on ice for 15 minutes.
e) The cells were then pelleted by centrifugation at 2000g for
5 minutes at 4°C, the supernatant discarded, and the cells
resuspended in 3ml of 50mM CacCl,.

For each transformation, 100ul of the prepared competent
cells suspension was used.

Construction of T-Vector for Direct Cloning of PCR Products:

The template—-independent terminal transferase activity of
Tag DNA polymerase to add a single nucleotide (almost
exclusively an adenosine, due to the strong preference of the
polymerase for dATP) may be exploited for the use of cloning
PCR products into plasmid vectors by producing a modified
plasmid with a complimentary 3’ thymidine overhang (Marchuk et
al 1991). The plasmid vector modified for use as a T-vector
was Bluescript, thereby allowing blue/white selection of
recombinants.
The following protocol was used:
a) 1lpg of Bluescript vector was blunt end digested with ECoRV
restriction endonuclease for 1 hour at 37°C . The reaction

mixture was then extracted with an equal volume of
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phenol/chloroform (1:1), and the plasmid DNA ethanol
precipitated.

b) The plasmid DNA was then resuspended in 5041 of a buffer
consisting of 50mM KCl, 10mM Tris.HCl pH=8.3, 1.5mM MgCl,, 2mM
dTTP and 5 units of Tag DNA polymerase, and incubated for 2
hours at 72°C.

c) The plasmid DNA was phenol/chloroform extracted,
precipitated, and redissolved in water. 10ng of this
Bluescript T-vector plasmid was used for each 1ligation

reaction.

Ligation of DNA:

Ligations were carried out in a total volume of 104l in
1x ligase buffer (containing 1mM ATP) and 1 unit of T4 DNA
ligase. The mixture was incubated for 1-4 hours at room
temperature to allow ligation to proceed.

Transformation of Plasmid DNA:

a) The ligation reaction (10pl) was diluted 5-fold with water
and added to 100pul of competent cells.

b) The mixture was incubated on ice for 30 minutes, and then
the bacteria were "heat shocked" at 42°C for 90 seconds.

c) 1ml of LB-broth (containing no antibiotic) was added and
the cells incubated at 37°C for 30 minutes, before plating
onto LB-agar plates containing the appropriate antibiotic.

Bacteriophage A cDNA Library Screening

Preparation of Host Plating Bacteria:

a) A single colony (Escherichia coli strain XL1-Blue or NM514)
from an agar plate was inoculated into 2ml of LB-broth (0.2%
maltose), and cultured overnight at 37°C.

b) 1ml of the overnight culture was used to inoculate 100ml of
ILB-broth (0.2% maltose), and the culture incubated at 37°C
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with shaking until an optical density of 0.5 at 600nm was
achieved.

c) The cells were then pelleted by centrifugation at 2000g for
5 minutes, resuspended in 5ml of 10mM MgSO,, and stored at 4°C.

Plating out of the cDNA Library:

a) Serial dilutions of the cDNA library stock (1072 to 107)
were prepared in SM buffer.

b) 100ul of these dilutions was mixed with 100ul of the
appropriate plating bacteria, and the mixture incubated at
37°C for 15 minutes.

c) 10ml of LB-agarose (kept at 45°C) was added to the
phage/bacteria, and the mixture quickly poured on top of a
dried 140mm LB—agar plate.

The plate was incubated overnight at 37°C, and the number
of plaque forming wunits (pfu) per ml of 1library was
calculated. The appropriate dilution was then made of the
library to give approximately 50,000 pfu per 100ul. Using this
dilution, 10 plates were prepared as above.

Bacteriophage Plaque Lifts:

a) The plates which had been incubated overnight at 37°C, were
placed at 4°C for 1 hour to allow the agarose to harden.

b) A labelled nitrocellulose filter was carefully placed using
forceps onto the top of the agarose, and orientation marks
made on both the filter and the plate.

c) The replica filter was then carefully lifted from the
plate, placed face upwards onto a piece of Whatman 3mm paper
soaked in denaturing solution, and left for 5 minutes.

d) The filter was then transferred onto Whatman paper soaked
in neutralising solution, and the filter neutralised for 5
minutes.

e) The nitrocellulose filter was then washed in 3xSSC, dried,
and then baked at 80°C for 1 hour under vacuum in order to fix

the bacteriophage DNA.
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Two filters were prepared for each plate, and the filters
were then hybridised, washed and autoradiographed as

previously described.

cDNA Library Used:

The mouse cDNA library used was obtained from Clontech
Laboratories (distributed by Cambridge Biosciences,
Cambridge) . The library was prepared from whole mouse embryo
(17.5 days post coitum), was oligo d(T)-primed and cloned into
the EcoRI site of lambda gtl0 bacteriophage vector. The mouse
embryo used was from a cross between ICR outbred females and

outbred Swiss Webster males.

2.2.8 Sequencing of DNA

For the sequencing of single and double stranded DNA
templates, the dideoxy chain termination protocol of Sanger et
al (1977) was followed using a Sequenase version 2.0 DNA
sequencing kit purchased from United States Biochemicals.

For single stranded M13 or phagemid DNA and double
stranded plasmid DNA templates, annealing of the sequencing
primer and the sequencing reactions were performed as per the
manufacturer’s instructions. For the direct sequencing of
double stranded PCR products, the following modifications were
made to the Sequenase protocol:

a) The PCR amplified DNA fragment was purified using a
Geneclean kit protocol to remove excess primers.

b) 100ng of the double-stranded PCR product was denatured at

100°C for 3 minutes and then snap cooled onto dry ice in the
presence of 200ng of sequencing primer and 0.5% NP40/Tween20
detergent. The addition of detergent to the annealing reaction
prevents secondary structure formation and reannealing of the
PCR product (Bachmann et al 1990).

c) The Sequenase protocol was then followed, with the
concentration of detergent being maintained throughout.
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The sequencing reaction samples were then resolved by
electrophoresis on 6% acrylamide/7M urea denaturing gels.

2.2.9 Polymerase Chain Reaction (PCR) Amplification of DNA

Amplification of target DNA sequences was performed
according to the method described by Saiki et al (1988) using
an automated DNA thermal cycler (Hybaid Omnigene). The PCR
mixture consisted of 1 x PCR buffer (containing the
appropriate MgCl, concentration), 0.05% Wl detergent, 100ng of
each oligonucleotide primer, and 1 unit of thermostable
Thermus Aquaticus (Tagqg) DNA polymerase (BRL) in a 25ul
reaction volume. The reaction mixture was then overlaid with
liquid paraffin o0il to ©prevent evaporation. For PCR
amplification from genomic DNA, 250ng of DNA was added to the
reaction mixture.

After an initial denaturation of 5 minutes at 94°C, 30-35
cycles of PCR amplification were performed. Each cycle
consisted of 30 seconds at 94°C to denature double-stranded
DNA, 30 seconds at the appropriate temperature to allow the
primers to anneal to their complementary sequences, and 1
minute (2 minutes for products of >1 kb) for the extension of
the DNA strands. At the end of the 30-35 cycles, a period of
10 minutes at 72°C was allowed for final extension of the DNA
strands.

In order to check for contamination by extraneous DNA of
the PCR buffer, oligonucleotide primer and Tag DNA polymerase
stocks, a negative control, to which no sample DNA was added,
was always performed alongside the other samples.

PCR Detection of Microsatellite Polymorphisms:

For the detection of polymorphic microsatellite repeats,
oligonucleotide primers flanking the repetitive sequence were
synthesized and wused in the polymerase chain reaction
amplification of the repeat. In order to visualise the PCR

products (polymorphic in size due to wvariation in tandem
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repeat number), one of the primers was labelled at its 5’ end
with 3P using T4 polynucleotide kinase.

PCR amplification was carried out as described above,
using 100ng of each unlabelled primer and 1ng of *P end-
labelled primer. Following amplification, the PCR products
were then electrophoresed on 6% acrylamide/7M urea sequencing
gels, and the microsatellite polymorphisms visualised by
autoradiography.
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2.2.10 cDNA Synthesis

a) 10ug of total RNA was heat denatured for 5 minutes at 95°C,
cooled on ice, and added to 200ng of primer complementary to
the 3’ domain of the mRNA in a reaction mix containing 1xPCR
buffer (2.5mM MgCl,), 35 units of RNase inhibitor, and 50
units of Avian Myeloblastosis Virus (AMV) reverse
transcriptase.

b) The reaction was incubated for 10 minutes at 22°C to allow
annealing of the oligonucleotide primer, 60 minutes at 42°C to
allow cDNA synthesis, and for 5 minutes at 95°C to terminate

the reaction.

PCR amplification of cDNA’s:

For amplification of the cDNA, 4ul of the 20Hl reaction
mix containing the reverse transcribed cDNA strands was used
in a 25u1 polymerase chain reaction. In order to check for
contamination by extraneous cDNA, a duplicate reaction mix to
which no AMV reverse transcriptase had been added was also
used.
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2.2.11 1Isolation and Characterisation of Yeast Artificial
Chromosome Clone DNA

Preparation of High Molecular Weight Yeast Artificial

Chromosome (YAC) DNA in Agarose Blocks:

High molecular weight YAC DNA was prepared in agarose
plugs for pulsed field gel electrophoresis analysis as well as
other procedures using the following protocol (Modified from
Anand et al (1990):

a) An individual yeast colony from an SD-agar plate was
inoculated into 10ml of SD medium and cultured overnight in an
environmental shaker at 30°C.

b) The yeast cells were pelleted by centrifugation at 2000g
for 5 minutes, and resuspended in 500yl of yeast resuspension
buffer.

c) 25 units of lyticase were added and the cells incubated at
37°C for 45 minutes. The spheroplasting of the yeast cells was
monitored by mixing 3pl of cells with 3ul of 10% (w/v) SDS and
examination of the cells under a phase contrast microscope.
With the phase contrast microscope used, spheroplasts appeared
dark purple, whereas the intact yeast cells were translucent.

d) When approximately 80% of the yeast cells are spheroplasts,
600l of 1% low melting point agarose/YRB (no 2-
mercaptoethanol) kept at 37°C was added and the mixture
dispensed into 100ul plastic block formers.

e) The agarose plugs (approximately 12 in number) were then
transferred to 5ml of yeast lysis buffer (YLB), and incubated
for 1 hour at room temperature.

f) The YLB was then removed and replaced with 10ml of fresh
YLB, and incubated overnight at 45°C.

g) The agarose plugs were then washed in 15ml of TE pH=8 for
15 minutes at 45°C, before storing the blocks in fresh YLB at
room temperature.

For polymerase chain reaction (PCR) amplification of YAC
clone DNA sequences a single agarose plug was melted in 500ul
of water, and 5ul used for each reaction.
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Isolation of Terminal Sequences from YAC Clones Using The

Vectorette Procedure:

In order to isolate the terminal sequences of YAC clones,
the vectorette procedure described by Riley et al (1990) was
used. The YAC DNA was first blunt-end digested and then
ligated to the vectorette, a pair of annealed oligonucleotide
universal adaptors which have an internal region of non-
complementarity or "bubble". PCR amplification was then
performed using one primer that is specific for one arm (left
or right) of the YAC, and one primer that is specific for the
vectorette sequence. Using this approach, only terminal
fragments containing vector sequences will be amplified.
Figure 2.1 shows a schematic representation of the vectorette
procedure.
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For the isolation of YAC clone terminal sequences the

following protocol was used:

a) The YAC DNA agarose plug (1004l in volume) was incubated in
50ml TE pH=8 overnight at 4°C.

b) The agarose plug was then removed from the TE buffer, and
cut into 4 equal slices.

c) Each slice was then incubated in 5004l of the appropriate
1x restriction endonuclease buffer for 1 hour at 4°C.

d) The buffer was then removed and replaced with 50Ul of fresh
buffer containing 25 units of restriction endonuclease and
incubated overnight at 37°C. Each of the four YAC DNA slices
was digested with one of the following enzymes: EcoRV, Pvull,
Alul or Rsal.

e) The buffer was then removed, replaced with 75Ul of 1x ligase
buffer (containing no ATP), and the agarose block melted by
heating the mixture at 65°C for 10 minutes.

f) 40ul of the mixture was transferred to a fresh 1.5ml
Eppendorf tube and 10gl of a solution containing O0.5pmol
annealed vectorette and 4 units of T4 DNA ligase in 1x ligase
buffer (4mM ATP) added. The ligation reaction was incubated at
37°C for 2 hours to allow the ligation of the vectorette unit
to the digested YAC DNA fragments.

g) The ligation mix was then diluted by adding 200yl of water,
mixed, and stored at -20°C. This solution is the "vectorette
library". Vectorette libraries were thus prepared for ECORV,
PvulI, Alul and Rsal digested YAC clone DNA,.

In order to isolate the terminal sequences from the
vectorette library, PCR amplification was performed on an
aliquot of the library as follows:

a) A 2ul1 aliquot of the vectorette library was used as
template in a 50yl PCR amplification reaction with the
vectorette primer (primer 224) and one oligonucleotide primer
complementary to either the left arm (primer 1210), or the
right arm (primer 1091) of the YAC vector sequence. After an
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initial denaturation of 5 minutes at 96°C, 39 cycles of PCR
amplification were performed, denaturing at 92°C for 2
minutes, annealing at 60°C for 2 minutes, and extension at 72°C
for 3 minutes, followed by 10 minutes at 72°C for final
extension of the DNA strands.

b) A secondary PCR reaction, using nested primers to enhance
the specificity of the reaction, was then performed as
follows: 1pl of the primary PCR reaction was used as template
in a 1004l PCR reaction with the nested vectorette primer
(primer 10108) and one nested primer either from the left arm
(primer 1211) or the right arm (primer 20359) of the YAC
vector sequence. The same conditions as described above for
the primary PCR were used, with the exception that only 37
cycles of amplification were performed.

An aliquot of the secondary PCR reaction mixture was then
analysed by agarose gel electrophoresis. Amplification
products were then digested with EcoRI to remove the amplified
vector sequence (81 base pairs in size), and the PCR product
repurified by agarose gel electrophoresis, before use of the
fragments as hybridisation probes. In addition the nucleotide
sequence of the intact PCR product was determined by direct
double stranded DNA sequencing utilising primer 368 (universal
sequencing primer from the vectorette) as the sequencing

primer.
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2.3 Linkage Disequilibrium Analysis

The ASSOC (version 2.2) computer program (Ott 1985),
available from the Medical Research Council at the Human
Genome Mapping Resource Centre (HGMP), was utilised to detect
linkage disequilibrium between the (AAAT),, Taql and PstI
polymorphisms of the PTH gene. Chi squared values (%?) at 4
degrees of freedom, together with p-values and the
standardized disequilibrium coefficients (A) were ascertained.
Linkage disequilibrium was established by a significant p-
value and a A value greater than zero was indicative of the
strength of the association.

85



2.4 Buffers and stock solutions

(All autoclaving carried out at 121°C, 151bs/square inch.)

40% Acrylamide Stock:

Church Buffer:

Denaturing Solution:

Ligase Buffer 10x:

Kinase Buffer 10x:

LB-Broth (Luria-Bertani medium) :
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38% (w/v) acrylamide,
2% (w/v) N,N'-
methylenebisacrylamide

per litre:

700ml1 10%(w/v) SDS,

9.6g NaH,PQ,,

59.6g Na,HPO,.

Make up to 1 1litre with
sterile distilled water.

1.5M NaCl, 0.4M NaOH.

300mM Tris.HCl pH=7.8,
100mM MgC1l,,

100mM dithiothreitol,
10mM ATP

500mM Tris.HCl1l pH=7.5,
100mM MgC1l,,
50mM dithiothreitol,

1mM spermidine.

Per litre:

Bacto-tryptone 10g
Bacto-yeast extract 5g
NaCl 10g.

Make up to 1 litre with
deionised water and

sterilise by autoclaving.



LB-Agar:

LB-Agarose:

Ligase Buffer 10x:

Lysis Buffer:

Maltose:

Neutralising Solution:

Phosphate Buffered Saline (PBS):

PCR buffer 10x:
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LB-broth + 15g bacto-agar
per litre. Autoclave and
cool to 50°C before
addition of antibiotic.

LB-broth + 7g agarose per
litre. Autoclave and cool
to 45°C before use.

300mM Tris.HCl pH=7.8,
100mM MgCl,,

100mM dithiothreitol,
10mM ATP.

10mM Tris.HCl pH=7.5
5mM MgCl,,

0.32M Sucrose,

1% Triton X-100.

20% (w/v), sterilise by
filtration through 0.2um
filter.

1M Tris.HCl pH=8,
1.5M NaCl.

130mM NaCl,

2mM KC1,

8mM Na,HPO,,

1mM KH,PO, pH=7.4.

500mM KC1,

100mM Tris.HCl pH=8.4,
25mM/20mM/15mM MgCl,,

2mM dGTP, dATP, dTTP and
dCTP.



RNase A (DNase free):

Restriction Endonuclease Digestion

Low—Salt Buffer:

Medium Salt Buffer:

High Salt Buffer:

Smal Buffer:

Sequencing Buffer:

Solution I (for alkaline lysis):
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Stock solution 10mg/ml,
boil for 10 minutes, snap
cool and store at 20°C.

Buffers (10x):

100mM Tris.HCl1l pH=7.5,
100mM MgCl,,
10mM dithiothreitol.

500mM NaCl,

100mM Tris.HCl pH=7.5,
100mM MgCl,,

10mM dithiothreitol.

1M NacCl,

100mM Tris.HCl pH=7.5,
100mM MgCl,,

10mM dithiothreitol.

200mM KC1,

100mM Tris.HCl pH=8,
100mM MgCl,,

10mM dithiothreitol.

95% (v/v) Formamide,

20mM EDTA,

0.05% (w/v) Bromophenol
Blue, 0.05% (w/v) Xylene
Cyanol.

50mM Glucose,

25mM Tris.HC1l pH=8,

10mM EDTA pH=8;
autoclaved and stored at
4°C.



Solution II: 0.2M NaOH,
1% SDS.

Solution III: Per 100ml:
60ml 5M Potassium acetate,
11.5ml Glacial acetic acid,
28.5ml1 Sterile water.

Sodium Saline Citrate (SSC) 20x: 3M NacCl,
0.3M Sodium citrate.

SD Medium: 0.7% (w/v) Yeast Nitrogen
Base (minus amino acids),
2% Glucose, 55mg/l Adenine,
55mg/1 tyrosine. After
autoclaving, add 28ml of
20% (w/v) filter sterilised
casamino acids per 500ml

before use.

SM Buffer: 100mM NaCl, 10mM MgSOQ,,
50mM Tris.HCl pH=7.5,
0.05% (w/v) gelatin;

sterilise by autoclaving.

Tris-Borate (TBE) 10x: 0.89M Tris Base,
0.89M Boric Acid,
20mM EDTA; (final pH=8).

Tris-Acetate (TAE) 10x: 0.4M Tris.Acetate pH=8,
10mM EDTA.
Yeast Lysis Buffer (YLB): 0.1M EDTA,

10mM Tris.HCl pH=8,
1% (w/v) Lithium dodecyl
sulphate.
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Yeast Resuspension Buffer (YRB): 1.2M Sorbitol,
20mM EDTA,
10mM Tris.HCl pH=7.5,
14mM 2-mercaptoethanol.

90



RESULTS AND DISCUSSION.
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CHAPTER THREE:
AUTOSOMAL IDIOPATHIC HYPOPARATHYROIDISM.
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3. AUTOSOMAL IDIOPATHIC HYPOPARATHYROIDISM

For autosomal idiopathic hypoparathroidism, it has been
postulated that mutations either within or in the regulatory
regions of the parathyroid hormone gene may be associated with
the endocrinopathy. Human parathyroid hormone is an 84 amino
acid peptide encoded by a single gene on chromosome 11pl5
(Mayer et al 1983, Naylor et al 1983) .The parathyroid hormone
locus was therefore investigated in four families with
autosomal idiopathic hypoparathyroidism. Pedigrees A/89 and
2/89 demonstrate an autosomal recessive mode of inheritance,
and pedigrees 7/90 and 23/92 demonstrate an autosomal dominant
mode of inheritance.

In order to determine whether mutations at the PTH locus
were associated with autosomal idiopathic hypoparathyroidism
in these pedigrees, segregation analysis was first performed
on the families wusing 2 restriction fragment length
polymorphisms at the PTH locus (Schmidtke et al 1984) to
investigate for cosegregation of PTH alleles with the disease.
If there were no recombination events observed between the PTH
locus and hypoparathyroidism in the pedigree, then the PTH
gene was further investigated for DNA sequence abnormalities.

The results obtained for the investigation of the PTH
locus for each pedigree are presented.
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3.1 Pedigree A/89

A multi-generation kindred of Bangladeshi origin in whom
autosomal recessive idiopathic hypoparathyroidism had occurred
following a consanguineous marriage was investigated
(Parkinson and Thakker 1992a).

Segregation Studies at the Parathyroid Hormone (PTH) Locus:

The PTH genomic probe (p20.36) reveals 2 restriction
length polymorphisms (RFLP’s) detected by the restriction
endonucleases Tagql and PstI (Figure 3.1). An analysis of
family A/89 revealed similar results with TagI-derived and
PstI-derived RFLP’s. The mother (III.2, Figure 3.1) was
heterozygous and the father (III.1l) was homozygous and the
four children (IV.1 to IV.4) were homozygous. This preliminary
study therefore revealed no recombinants between
hypoparathyroidism and the PTH locus. Thus an association
between hypoparathyroidism and the PTH locus was not excluded
in family A/89 and the PTH gene was investigated further for

abnormalities.
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Investigation of the PTH Gene for DNA Sequence Abnormalities:

The polymerase chain reaction (PCR) was utilised to
amplify the 3 exons and 4 exon-intron boundaries of the PTH
gene using 3 pairs of oligonucleotide primers (PTH1L+ PTHIR,
PTH2L+PTH2R, and PTH3L+PTH3R (Appendix I); Figure 3.2). The DNA
sequence of these amplified segments was determined by direct
double-stranded DNA sequencing and a total sequence of 930
nucleotides of the PTH gene was determined for patient 1IV.1
from family A/89 and for an unrelated normal individual. A
comparison of the results revealed that the DNA sequence
obtained from patient IV.1l differed from the normal individual
and the published sequence (Vasicek et al 1983, Reis et al
1990) by a single nucleotide at 2 separate sites. The first
of these was a g->a transition at position +53 of intron 2 of
the PTH gene and this represents the previously observed
polymorphism (Schmidtke et al 1984) in the Tagl restriction
endonuclease site (tlcga). This finding demonstrated that the
individual IV.1 was homozygous for the absence of the Tagql
cleavage site, and thus the results of the DNA sequence
analysis confirm the findings using RFLP analysis at the PTH
locus.

The second DNA sequence alteration was associated with a
g->c substitution at position +1 of intron 2 of the PTH gene
(Figure 3.3), and this mutation is of importance as it
disrupts the invariant gt dinucleotide (Breathnach et al 1978)
of the donor splice site sequence. The g->c mutation in the
donor splice site sequence (gtaagt) resulted in the occurrence
of a recognition site (citaag) for cleavage by the restriction
endonuclease DdeI, and this facilitated the detection of this
donor splice site mutation in other members of pedigree A/89.
For this study, blood samples from the maternal grandmother
and grandfather as well as the paternal grandfather were
obtained and leukocyte DNA extracted, allowing the analysis of
the PTH gene for this mutation to be carried out on an
extended pedigree comprising of 3 generations (Figure 3.4).

DdelI restriction enzyme analysis in family A/89 revealed
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inheritance of the mutant PTH donor splice site with autosomal
recessive hypoparathyroidism (Figure 3.4). Incubation of the
PCR-amplified 474 base pair PTH gene segment (amplified from
genomic DNA using primers 2L and 2R, Figure 3.2) spanning the
exon 2-intron 2 boundary with DdeI enzyme demonstrated that
the affected individuals (IV.1l, IV.3 and IV.4, Figure 3.4)
were homozygous for the mutant allele (cltaag) and that a
panel of 10 unrelated normal individuals (N; to N; shown) were
homozygous for the wild-type donor splice site sequence
(gtaag) . The unaffected members of family A/89, for example
the parents (III.1 and III.2), and the grandfathers (II.2 and
II1.4) and the sibling (IV.2) were heterozygous for the mutant
and wild-type alleles.

Thus, a donor splice site mutation, which is detected by
DdeI cleavage, within the PTH gene 1is cosegregating with
hypoparathyroidism in this family. The donor splice site
sequence (gtaagt) is found to be highly conserved at the 5’
end of introns (Lewin 1980), and the integrity of this
consensus sequence has been demonstrated to be necessary for
the correct splicing of mRNA molecules to produce the mature
mMRNA (Wieringa et al 1983). The donor splice site mutation
detected in the PTH gene of patients from family A/89 would
therefore be likely to result in abnormal splicing of PTH
mRNA.

In order to investigate the abnormalities in PTH mRNA
splicing that may occur due to the donor splice site mutation
observed to be segregating with hypoparathyroidism in pedigree
A/89, it was necessary to detect and analyse parathyroid
hormone mRNA from individuals with the mutation. Parathyroid
tissue was unavailable from these patients and therefore a
novel approach was used. I have used the sensitivity of the
polymerase chain reaction to detect the "illegitimate"™ or
"non-tissue specific" (Sarkar et al 1989, Chelly et al 1989,
Berg et al 1990) transcription of the PTH gene in lymphocyte
cell lines from normal individuals and individuals with the
donor splice site mutation.
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Figure 3.2: Schematic representation of the human parathyroid hormone (PTH) gene, which consists
of 3 exons (hatched) and 2 introns (stippled), (Vasicek et al 1983). Three pairs of PCR primers
were designed to amplify the 3 exons and 4 exon-intron boundaries: primers PTHIL and PTHIR (shown
as 1L and 1R in figure) amplify a 228 bp segment which consists of exon 1 and the exon l-intron
1 boundary; primers PTH2L and PTH2R amplify a 474 bp segment which consists of the intron l-exon
2 boundary, exon 2, the exon 2-intron 2 boundary, intron 2, the intron 2-exon 3 boundary and part
of exon 3; primers PTH3L and PTH3R amplify a 565 bp segment of exon 3. An additional 2 pairs of
PCR primers, designated PTH4L and PTH4R, and PTH5L and PTH5R were designed to specifically amplify
PTH cDNA, which in normals consists of exons 1,2 and 3. The Taql polymorphic site (closed
triangle) within intron 2 and the PstI polymorphic site (open triangle) which is 1.7 Kbp
downstream are indicated; (from Parkinson and Thakker 1992a).
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Detection of Correctly Spliced PTH mRNA in Lymphocvte Cell

Lines from Normal Individuals:

Total RNA isolated from Epstein Barr Virus (EBV)-
transformed lymphocytes was used for the specific reverse
transcription of PTH mRNA using the oligonucleotide PTH4R
(Figure 3.2), which was specific for the 3’ end of exon 3, as
the primer for AMV reverse transcriptase. The resulting
specific first strand PTH cDNA was amplified by 2 rounds of
PCR using the primers PTH4L and PTH4R for the first round of
amplification and the nested primers PTH5L and PTH5R (Figure
3.2) for the second.

The amplified PTH cDNA was then analysed by agarose gel
electrophoresis, and the expected 258 base pair cDNA derived
fragment observed (Figure 3.5). This amplified cDNA fragment
was not observed either when genomic DNA (G) was used as the
amplification template, or when the reverse transcriptase
enzyme was omitted from the c¢cDNA synthesis reaction (-),
(Figure 3.6). Thus, this PTH cDNA arose from the non-tissue
specific expression of PTH mRNA and not from amplification of
a genomic sequence. Sequence analysis of the 258 bp PCR-
amplified fragment wusing oligonucleotide PTHS5R as the
sequencing primer and comparison to the previously published
sequence (Vasicek et al 1983) confirmed that this cDNA was
derived from a correctly spliced PTH mRNA transcript in which
exon 1 was spliced to exon 2 and exon 2 was spliced to exon 3
(Figure 3.5).

These results, which have subsequently been confirmed by
Handt et al (1992), therefore demonstrate that parathyroid
hormone mRNA expression is not confined to parathyroid cells,
but that a low level of correctly spliced PTH mRNA expression
can be detected in a non-tissue specific manner by utilising

the sensitivity of the polymerase chain reaction.
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Characterisation of Mutant PTH cDNA in Lymphocvte Cell Lines

from Individuals with the Donor Splice Site Mutation:

The finding of a donor splice site mutation at the exon
2-intron 2 boundary of the PTH gene in affected individuals of
family A/89 (Figure 3.4) indicated that hypoparathyroidism in
this family may result from abnormal PTH mRNA splicing.
Parathyroid cells were not available for studies from these
patients, and PTH mRNA processing abnormalities were therefore
investigated by the detection of non-tissue specific
transcription of the PTH gene in EBV-transformed lymphocytes
from members of family A/89 (Figure 3.6).

The results revealed an abnormal PTH cDNA of 168 bp from
the patients IV.1, IV.3 and IV.4, who were previously observed
to be homozygous for the g->c donor splice site mutation. The
mutant cDNA therefore differed from the normal cDNA by 90 bp
in size, which corresponds to the size of exon 2 of the PTH
gene. Both the normal (258 bp) and mutant (168 bp) PTH cDNA
fragments were obtained from the parents (III.1 and III.2,
Figure 3.6) and from the sibling (IV.2) who were heterozygous
for the donor splice site mutation. Thus, the g->c base
substitution at the donor splice site segregating with
hypoparathyroidism in this family, 1is associated with a
smaller PTH cDNA which reflects the altered size of the PTH
mRNA transcript and the abnormal splicing of PTH mRNA.
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In order to further characterise the abnormally spliced
PTH mRNA, the nucleotide sequence of the mutant 168 bp cDNA
obtained from patient IV.1 was determined by direct DNA
sequencing (Figure 3.7). This revealed that the loss of the 90
bp in the size of the mutant PTH cDNA was indeed the result of
a loss of exon 2, and that the mutant PTH cDNA consisted of
exon 1 spliced to exon 3. The loss of exon 2 removed the
initiation codon (ATG) and the nucleotide sequence encoding
the 25 amino acid signal sequence of the PTH transcript
(Figure 3.2). Thus the 1loss of exon 2 will prevent the
commencement of PTH mRNA translation (Kozak 1989) at the
correct point to the pre—-pro—-PTH protein and the translocation
(Emr et al 1980) of any PTH peptide through the endoplasmic
reticulum prior to secretion. The possible alternative use of
the ATG codons at the 3’ terminus of exon 1 (Figure 3.7), and
at codon 20 of exon 3 for the initiation of translation would
yield a protein lacking the signal peptide, which would
prevent its translocation.

Thus, autosomal recessive hypoparathyroidism in family
A/89 has resulted from a g->c donor splice site mutation,
which has caused abnormal splicing (exon skipping) of the PTH
mRNA and lead to a loss of exon 2 from the mRNA transcript.
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3.2 Pedigree 7/90

For pedigree 7/90, autosomal dominant inheritance of

idiopathic hypoparathyroidism was observed (Figure 3.8).

Segregation Studies at the PTH Locus:

Segregation analysis using the PstI and Tagl restriction
fragment length polymorphisms at the PTH locus was performed
for individuals from family 7/90 (Figure 3.8). An examination
of the results for the PstI RFLP revealed that the father
(I.1) was heterozygous and the mother (I.2) was homozygous for
allele 1. Individuals II.1 and II.4 who are both affected,
have therefore inherited allele 1 from their mother but have
inherited different PTH alleles from their father. In
addition, the unaffected daughter (II.2) has inherited the
same PTH allele from her father as the affected son (II.4),
demonstrating a second recombination event between
hypoparathyroidism and the PTH 1locus in this pedigree.
Analysis of Tagl RFLP’s at the PTH locus in this family proved
uninformative.

The polymorphic PstI restriction endonuclease site 1is
located approximately 1.7 Kb downstream from the 3’ end of the
PTH gene, and it is therefore very unlikely that this result
could arise from meiotic chromosomal recombination between the
PTH allele and the Pstl polymorphic site of the father (I.1).

This result therefore demonstrates recombination between the
PTH locus and hypoparathyroidism in this pedigree, and would
thus exclude an association between the PTH gene and autosomal
dominant hypoparathyroidism in this family.
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Figure 3.8: Segregation analysis at the PTH locus in pedigree
7/90 with autosomal dominant idiopathic hypoparathyroidism
using PstI (P) and Tagql (T) restriction fragment length
polymorphisms (RFLPs). For members of the family, affected
males are indicated by solid squares, unaffected males by open
squares and unaffected females as open circles. Recombinants
between idiopathic hypoparathyroidism and the PTH locus are
indicated by an asterisk. Analysis of the results for the PstI
RFLP demonstrate that individuals 1II.1 and 1II.2 show
recombination between hypoparathyroidism and the PTH locus,
thereby excluding an association between the PTH gene and
hypoparathyroidism in this family.
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3.3 Pedigree 2/89

For pedigree 2/89, autosomal recessive hypoparathyroidism
together with renal insufficiency and developmental delay was
observed in affected individuals (Shaw et al, 1991) following

consanguineous marriage.

Segregation Studies at the PTH Locus:

Segregation analysis wusing PstI and Tagl restriction
fragment length polymorphisms at the PTH locus was performed
for individuals from family 2/89 (Figure 3.9). An examination
of the results obtained revealed no recombination events
between the PTH locus and hypoparathyroidism in this family
and the PTH locus was further investigated for DNA sequence

abnormalities.

Investigation of PTH Gene for DNA Sequence Abnormalities:

The polymerase chain reaction was utilised to amplify the
3 exons and 4 exon/intron boundaries of the PTH gene from an
affected individual from family 2/89 (III1.9, Figure 3.9). The
nucleotide sequence of the resulting DNA fragments was
determined by direct DNA sequencing. Comparison of the
sequence obtained from individual III.9 to the normal PTH gene
sequence (Vasicek et al 1983, Reis et al 1990) revealed no
abnormalities. In addition to the investigation of the coding
sequence of the PTH gene, the 5’ promoter region of the PTH
gene was also examined for DNA sequence abnormalities that may
be associated with hypoparathyroidism in this pedigree.
Oligonucleotides PTHI1R and PTHPROM were utilised to amplify an
807 base pair fragment encompassing the characterised region
of the parathyroid gene promoter (Reis et al 1990) from
individual III.9 . The resulting PCR product was ligated into
Bluescript T-vector as described in Materials and Methods, and
the DNA sequence of 10 individual <clones determined.

Comparison of the sequence obtained from individual III.9 to
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the published sequence revealed no DNA sequence abnormalities
associated with the proposed TATA box sequence (at -30 in the
human gene) CAT box sequences (CCAAT, at -175 and -140) and a
GC box (putative SP1l transcription factor binding site) at
position -146 of the PTH promoter (Reis et al 1990). Thus PTH
gene abnormalities were excluded as a cause of

hypoparathyroidism in this family.
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Figure 3.9: Segregation analysis at the PTH locus in pedigree 2/89 with autosomal recessive
idiopathic hypoparathyroidism using PstI (P) and TagIl (T) RFLPs. For members of the family,
affected males are shown as solid squares, unaffected males as open squares, affected females by
solid circles and unaffected females as open circles. Analysis of the results for the PstI and
Tagl RFLPs revealed no recombination events between the PTH locus and hypoparathyroidism. An
association between the PTH gene and hypoparathyroidism cannot therefore be excluded.



3.4 Pedigree 23/92

For pedigree 23/92, autosomal dominant familial
hypoparathyroidism together with renal dysplasia and
sensorineural deafness was observed in affected individuals
(Bilous et al 1992), as shown in Figure 3.10. I have
investigated the PTH gene for abnormalities that may be
associated with this disorder.
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Figure 3.10: Pedigree 23/92 with hypoparathyroidism,
sensorineural deafness, and renal dysplasia. For members of
the family, affected males are indicated by solid squares,
unaffected males as open squares, affected females as solid
circles and unaffected females as open circles. Individuals
who are shown as striped symbols denote that they are possibly
or partially affected. The arrow denotes the index patient
(individual III.3). MI denotes myocardial infarction, and SIDS
sudden infant death syndrome. Segregation analysis using PstI
and Tagl RFLPs demonstrated that individual III.2 was
homozygous for both polymorphisms and therefore proved
uninformative. (From Bilous et al 1992).
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Segregation Studies at the PTH Locus:

Segregation analysis in pedigree 23/92 using PstI and
TaqIl RFLPs proved uninformative (data not shown) as individual
IITI.2 (Figure 3.10) was homozygous for both polymorphisms. An
association between hypoparathyroidism and the PTH gene in
this kindred could therefore not be excluded, and the locus
was therefore further investigated.

Investigation of PTH Gene for DNA Sequence Abnormalities:

An analysis of the PTH gene sequence together with its
associated promoter was performed (as for pedigree 2/89) on
individual III.2 from pedigree 23/92. Comparison of the DNA
sequence to the normal published sequence (Vasicek et al 1983,
Reis et al 1990) revealed no abnormalities.
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3.5 Discussion:

Pedigree A/89:

The detection by PCR of a low level of transcription of
a tissue-specific gene in cells that do not exhibit a
physiological expression of the gene has been referred to as
either "non-tissue specific" or "ectopic" or "illegitimate"
transcription (Sarkar et al 1989, Chelly et al 1989, Berg et
al 1990). For example, such illegitimate transcription of the
Duchenne muscular dystrophy (DMD) gene encoding dystrophin,
which is physiologically expressed only in muscle, has been
observed to occur in fibroblasts, lymphoblastoid cells, HepG2
hepatoma cell lines and peripheral blood lymphocytes (Chelly
et al 1988, Scloesser et al 1990). Additional studies have
demonstrated that such illegitimate transcription with correct
splicing of the mRNA also occurs for other highly tissue-
specific genes which encode clotting factor VIIIc, B-globin,
anti—-Mullerian hormone and aldolase A (Chelly et al 1989). The
extent of the non-tissue specific expression of these genes
has been estimated (Chelly et al 1988, Berg et al 1990, Chelly
et al 1989) to be approximately one molecule of correctly
spliced mRNA per 1000 cells and the physiological relevance
and mechanisms involved in this low level of non-tissue
specific transcription are not known. It has been postulated
that the promoter regions of the gene may be activated by the
ubiquitous transcriptional factors in the nucleus, for example
TATA box binding factors, and CAAT box binding proteins in the
absence of the respective tissue-specific transcription
factors (Chelly et al 1989). The binding of these ubiquitous
transcriptional factors would be facilitated by the chromatin
disruption that occurs during DNA replication, and non-tissue
specific transcription has been observed to be greater in
actively proliferating 1lymphoblasts than in confluent
fibroblasts (Chelly et al 1989). The demonstration of this
non-tissue specific transcription is of medical importance as
it enables the use of easily accessible peripheral blood
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lymphocytes for the detection of abnormalities in mRNA
processing and thereby avoids the requirement for expressing
tissue that may only be obtainable by biopsy. These results
demonstrated that the PTH gene was illegitimately transcribed
and this facilitated the investigation of the donor splice
site mutation.

The investigation of the PTH locus in individuals from
family A/89 with autosomal idiopathic hypoparathyroidism has
identified a mutation involving a single base substitution
(g—>c) at position +1 of intron 2 of the gene, and this has
altered the invariant gt dinucleotide of the 5’ donor splice
site consensus sequence gtaagt (Mount 1982). This consensus
sequence is complementary to the RNA component of the Ul small
nuclear ribonucleoprotein complex (Ul-snRNP), which anneals to
the 5’ end of the intron during the process of mRNA splicing
(Lerner et al 1980, Rogers et al 1980, Lewin 1980). Thus an
alteration of the 5’ donor splice site sequence of the intron
will affect the annealing of the Ul-snRNP, and previous
studies have demonstrated that such mutations are associated
with abnormalities of mRNA processing (Wieringa et al 1983,
Weatherall et al 1982, Treisman et al 1982). For example, an
analysis of patients suffering from B-Thalassaemia (Treisman
et al 1982, Orkin et al 1982, Treisman et al 1983), Tay Sachs
disease (Ohno et al 1988), and the Ehlers— Danlos type IV
(Kontusaari et al 1990) and type VII (Nicholls et al 1991)
syndromes have revealed that mutations in the 5’ donor splice
site regions were associated with: either an accumulation of
unspliced precursor mRNA,a retention of incompletely spliced
precursors, or to the appearance of aberrantly processed mRNA
which had resulted from the wutilisation of alternative
normally occurring 5’ splice sites or from the use of cryptic
splice sites. In addition, in vitro studies utilising the
human adenovirus late transcription unit (Talerico and Berget
1990), and the rat preprotachykinin gene (Kuo et al 1991) have
demonstrated that alterations at an internal exon-intron
boundary result in the splicing out of the exon together with

its adjacent intron sequences.
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This form of abnormal splicing out of the exon has been
referred to as "exon skipping" and has been reported to occur
in patients with Tay Sachs disease (Ohno et al 1988), Ehlers-
Danlos type VII syndrome (Nicholls et al 1991) and hereditary
elliptocytosis (Garbarz et al 1991). The in vitro mRNA
splicing studies performed by Talerico and Berget (1990),
together with analysis of the phenotypes of 18 published
naturally occurring mutations in the donor splice site
consensus sequence of internal exons, indicated that exon
skipping was the preferred (15 out of 18) in vivo phenotype
for such mutations. Talerico and Berget therefore postulated
that mutation at the 5’ donor splice site sequence at the 3’
end of an internal exon inhibits the ability of splicing
factors to detect this exon despite the presence of wvalid
splicing signals within the upstream intron, indicating that
the exon is the basic unit of spliceosome assembly in multi-

exon precursor mRNA’s.

I have investigated the abnormalities in parathyroid
hormone mRNA splicing in these hypoparathyroid patients who
had inherited a 5’ donor splice site mutation of the PTH gene.
The results demonstrate that this mutation, which is at the
exon 2-intron 2 boundary, lead to an abnormality of mRNA
processing in which the normal 5’ donor splice site sequence
at the exon l-intron 1 boundary of the gene was utilised, and
exon 1 was spliced to exon 3. Thus, mutation of the donor
splice site sequence at the 3’ end of exon 2 has resulted in
the failure of the exon to be recognized by the splicing
apparatus of the cell, and exon skipping has occurred in these
hypoparathyroid patients. The resulting PTH mRNA transcript
lacked exon 2 and this lead to a loss of the initiation codon
and the signal peptide which are required respectively for the
commencement of PTH mRNA translation and for the translocation
of the PTH peptide. These findings therefore have defined the
molecular pathology of the PTH gene that causes autosomal
recessive hypoparathyroidism in this family.
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Pedigree 7/90:

The finding of recombination between the PTH locus and
hypoparathyroidism in pedigree 7/90 demonstrates that there is
genetic heterogeneity for familial idiopathic
hypoparathyroidism. This premise is in agreement with previous
reports which have used either PstI and TagqI RFLPs or
polymorphic PTH gene mutations to exclude an association
between idiopathic hypoparathyroidism and the PTH locus (Ahn
et al 1986, Schmidtke et al 1986, Miric et al 1992)

However in the study published by Ahn et al,although the
PTH gene was &excluded as the cause of idiopathic
hypoparathyroidism in 4 of the 8 pedigrees investigated, in 2
of the families with autosomal dominant hypoparathyroidism,
cosegregation of a PTH allele with the condition was observed.
For one of these families (pedigree D, Ahn et al 1986) the
PTH gene from an affected individual (II.1l) was cloned and the
DNA sequence investigated for abnormalities that may be
associated with the endocrinopathy (Arnold et al 1990).
Comparison of the DNA sequence obtained from the patient to
the normal sequence demonstrated the presence of a T to C
transition in exon 2 of the PTH gene. This single base change
resulted in a cysteine to arginine substitution at position 18
in the 25 amino acid signal sequence. The introduction of a
charged amino acid into the midst of the hydrophobic PTH
signal sequence was demonstrated, by in vitro translation of
the mutant c¢cDNA in the presence of canine microsomal
membranes, to dramatically interfere with the processing of
the preproPTH peptide to the proPTH peptide (signal peptide
recognition and cleavage), thereby impairing the release of
mature PTH peptide from the parathyroid gland.

The finding of this mutation acting in a dominant manner,
when the DNA sequence for the other PTH allele of the patient
appeared to be normal was proposed to be due to the mutant
preproPTH protein obstructing the translocatory pathway of the
parathyroid cell, thereby blocking processing and secretion of
PTH protein encoded by the wild-type allele; indeed PTH
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secretion in affected individuals was not completely abolished
and levels of the hormone, while low, were still detectable
(Arnold et al 1990).

The investigation of the PTH gene in pedigree 7/90 has
excluded such a mutation at this locus as the cause of
autosomal dominant hypoparathyroism in this kindred, and
therefore another locus or loci must be investigated. The
identification of such genes which may be involved in the
development, regulation or function of the parathyroid glands
will be of tremendous interest for the future investigation of

the molecular basis of idiopathic hypoparathyroidism.
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Pedigrees 2/89 and 23/92:

For both pedigrees 2/89 and 23/92, the presence of
familial idiopathic hypoparathyroidism has been shown to be
associated with other congenital abnormalities such as renal
insufficiency and developmental delay in family 2/89, and
renal dysplasia and sensorineural deafness in family 23/92.
For both families, the investigation of the parathyroid
hormone gene has identified no abnormalities in either the
coding sequence of the gene or in the characterised elements
of the PTH gene promoter. Whilst it may be possible that in
either of these families, there may be abnormalities in as yet
uncharacterised elements of the PTH gene promoter, which
reduces the level of PTH mRNA transcription, it would appear
more likely that another, as yet unidentified, locus or loci
are involved in the pathophysiology of the observed phenotypes
in affected individuals.

Idiopathic hypoparathyroidism has been reported to occur
in association with a diverse range of developmental
abnormalities, such as in the DiGeorge syndrome where a
congenital anomaly in development of derivatives of the third
and fourth pharyngeal pouches causes affected individuals to
be athymic, aparathyroid, have reduced thyroid tissue and have
craniofacial abnormalities. In addition, hypoparathyroidism
may be associated with the presence of growth retardation,
ophthalmologic abnormalities, delayed closure of the anterior
fontanelle, anaemia and radiological skeletal abnormalities as
in the Kenny-Caffey syndrome (Kenny et al 1966, Bergada et al
1988) . Other reports have described idiopathic
hypoparathyroidism in association with distinct dysmorphic
facial features as in the Sanjad-Sakati syndrome (Sanjad et al
1991) .

The clinical heterogeneity of syndromes in which
idiopathic hypoparathyroidism plays a part indicates an
underlying genetic heterogeneity that is the cause of the
observed endocrinopathy. It may be postulated that the
syndrome may arise due to a deletion or rearrangement
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involving a number of genetic loci, one of which may affect
the embryological development, cellular composition or
homeostatic regulation of the parathyroid glands and that the
disease represents a contiguous gene syndrome. Alternatively,
these syndromes may arise due to an abnormality at a single
locus such as a homeobox gene, which are thought to act as
"master switches" in specifying regional information and
development in the early embryo (Nusslein-Volhard et al 1980).

For the example of the DiGeorge syndrome, the cytogenetic
investigation of affected individuals (De la Chapelle 1981)
has revealed an unbalanced translocation and deletion of part
of chromosome 22 (band 22gll) as a possible cause of the
abnormality. However, in experiments carried out by Chisaka
and Capecchi (1991), targeted disruption of the mouse homeobox
gene hox-1.5 in embryonic stem cells and the production of
mice that are homozygous for the mutated gene has revealed
that the loss of hox-1.5 gene function results 1in
developmental defects remarkably similar to those of the
DiGeorge syndrome. There are important differences however
between the human and the mouse syndrome in that DiGeorge
syndrome is autosomal dominant whereas the hox-1.5 phenotype
is autosomal recessive (mice heterozygous for the mutated gene
are normal). In addition, whereas the DiGeorge syndrome has
been associated with deletions and translocations involving
chromosome 22, the human homologue to hox-1.5 maps to
chromosome 7. It may be possible, however, that the human Hox-
1.5 gene and the gene (or genes) involved in deletions on
chromosome 22 in DiGeorge syndrome may be involved in a common
developmental pathway.

Thus the analysis of the molecular basis of DiGeorge
syndrome with the observed differing Mendelian modes of
inheritance and genetic heterogeneity is likely to act as an
excellent model for the investigation of other syndromes of
which idiopathic hypoparathyroidism plays a part.
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CHAPTER FOUR:
A NOVEL TETRANUCLEOTIDE (AAAT) |

POLYMORPHISM IN THE PARATHYROID HORMONE
GENE.
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4. A NOVEL TETRANUCLEOTIDE (AAAT), POLYMORPHISM 1IN THE
PARATHYROID HORMONE GENE.

The parathyroid hormone gene locus is associated with 2
restriction fragment length polymorphisms detected by the
enzymes PstI and Tagl (Schmidtke et al 1984) which have
previously been utilised for segregation analysis in pedigrees
with autosomal idiopathic hypoparathyroidism (Ahn et al 1986,
Schmidtke et al 1986). The use of the PstI and Tagl bi-allelic
polymorphic systems is hampered both by the difficulties in
resolving the PTH alleles, and the need for good quality high
molecular weight genomic DNA in order to perform the analysis.

In order to overcome these difficulties, I have
investigated the parathyroid hormone gene locus for a
microsatellite tandem repeat polymorphism. Such polymorphisms,
which occur due to length variations in microsatellite repeats
may be detected using the polymerase chain reaction, and are
inherited in a Mendelian manner (Litt et al 1989, Weber et al
1989) . The results of this study revealed that an (AAAT),
polymorphism is associated with the PTH gene (Parkinson et al
1993).

4.1 (AAAT), Tetranucleotide Polymorphism

An examination of the published PTH genomic sequence
(Reis et al, 1990) revealed a tandem repetitive sequence
consisting of the tetranucleotide (AAAT),, at position 2859 to
2874 of intron 1. Oligonucleotide primers PTHVNTRL (position
2729-2751) and PTHVNTRR (position 3005-2982) flanking this
microsatellite were synthesized to enable PCR amplification of
the tandem repeat. An investigation of the tandem repeat in a
panel of 39 normal unrelated individuals (25 European and 14
Asian) demonstrated the presence of 2 alleles at this locus
(Figure 4.1) with a frequency for allele 1 of 0.49 and for
allele 2 of 0.51, therefore yielding a polymorphism
information content (PIC) value (Botstein et al, 1980) of

0.375. Segregation analysis in 4 multi-generation kindreds
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(Pedigree 18/92 shown, Figure 4.2) demonstrated that the
alleles for this microsatellite polymorphism were inherited in

a Mendelian manner.
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4.2 Segregation Studies in Families with Idiopathic
Hypoparathyroidism

The (AAAT), tetranucleotide intragenic tandem repeat
polymorphism at the PTH locus was utilised for segregation
analysis in pedigrees 7/90, A/89 and 2/89 with autosomal
idiopathic hypoparathyroidism (Figure 4.3). For pedigree 7/90
with autosomal dominant hypoparathyroidism, recombination was
observed between the PTH locus and hypoparathyroidism, thereby
excluding an association between the PTH gene and
hypoparathyroidism in this family. This result confirms the
finding of recombination observed in this pedigree using the
PstI restriction fragment length polymorphism (see Results and
Discussion, Chapter 3)

For pedigrees A/89 and 2/89, with autosomal recessive
idiopathic hypoparathyroidism, segregation analysis using the

tetranucleotide polymorphism proved uninformative.
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BLE

Figure 4.3: Segregation studies in families A/89, 2/89 and 7/90 with idiopathic
hypoparathyroidism. For the three families designated A/89, 2/89 and 7/90, affected males are
indicated by solid squares, unaffected males by open squares, affected females by solid circles
and unaffected females by open circles. The genotypes at the PTH locus detected by the polymorphic
(AAAT), microsatellite are represented by alleles 1 and 2, and are indicated below the symbol for
each family member with the paternal allele on the left and the maternal allele on the right. In
family 7/90, recombination, which is indicated by an asterisk, is observed between the PTH locus
and hypoparathyroidism, thereby excluding an association. In families A/89 and 2/89 an association

between the PTH locus and hypoparathyroidism cannot similarly be excluded. (From Parkinson et al
1993).

1.2 1.1

1.1
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4.3 Linkage Disequilibrium Analysis for the Tetranucleotide
(AAAT),, PstI and Taql Polymorphisms at the PTH Locus

The genotypes obtained with the (AAAT), polymorphism in
36 unrelated individuals were compared to those obtained with
PstI and Tagql RFLPs. The genotypes obtained with each of the
three polymorphisms were the same in 21 individuals, but in
the remaining 15 individuals the (AAAT), and Tagql genotypes
differed in 13 individuals, the (AAAT), and PstI genotypes
differed in one individual and the (AAAT), genotype differed
from both the PstI and TagIl genotypes in one other individual.
The combined use of these three polymorphisms of the PTH gene
enabled the detection of heterozygosity for segregation
studies in 66% of individuals. Linkage disequilibrium analysis
of the (AAAT), polymorphism and the Tagl and PstI RFLPs
yielded similar results from the European and Asian
populations (Table 3), and significant linkage disequilibrium
between these three polymorphisms was observed.

Linkage disequilibrium 1is wusually observed between
markers that have a low mutation rate and are closely linked
(Snell et al 1989). The (AAAT), polymorphism in intron 1 of
the PTH gene is 383 bp upstream from the polymorphic Taql site
in intron 2, and 2.4 Kbp upstream from the polymorphic PstI
site (Figure 4.4). Thus the finding of linkage disequilibrium
is in keeping with the close proximity of these three
polymorphic sites and provides indirect evidence for a low
mutation rate at these sites.

However, linkage disequilibrium has not been previously
observed (Miric et al 1992) between two internal polymorphic
mutations of the PTH gene designated Mirl and Mir2 (Figure
4.4y . Both Mirl and Mir2 polymorphisms consist of neutral
point mutations within the PTH gene which may be detected
using the technique of denaturing gradient gel electrophoresis
(DGGE) . This analysis relies on the detection of the
difference in electrophoretic mobility that the mutation
confers upon the amplified PTH gene fragment under denaturing

conditions. The Mirl polymorphism occurs in intron 1, and
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consists of an A to G transition 10 base pairs upstream of
exon 2. The Mir2 polymorphism occurs 364 bp downstream in exon
3, and consists of a neutral polymorphism (CGA to AGA) that
conserves the arginine residue at codon 52 of the PTH gene.
The absence of 1linkage disequilibrium between two such
physically close sites suggests that these sites may be
associated with high mutation rates. This complex pattern of
linkage disequilibrium at the PTH 1locus 1in which some
polymorphisms display a random association and are
interspersed among those which display significant 1linkage
disequilibrium is analogous to that observed at the Huntingdon
disease locus (MacDonald et al 1991). The absence of linkage
disequilibrium of the Mirl and Mir2 polymorphisms does not
necessarily imply that it does not exist, but rather that it
was not detected. Further combined studies utilising the Mirl,
Mir2, (AAAT),, Tagql and Pstl polymorphisms associated with the
PTH gene will help to elucidate the degree of 1linkage
disequilibrium and mutation rates among these PTH gene
polymorphisms.
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PTH Polymorphisms Group

E (n=25) A(n=11) E+A (n=36)

x? P A X2 P x? P A
(AAAT), vs TaqTl 18.7 <0.001 0.12 11.6 <0.05 .18 22.5 <0.001 0.14
(AAAT), vs PstT 43.7 <107® 0.24 16.1 <0.01 .23 57.3 <107 0.24
PstI vs TaqI 19.6 <0.001 0.13 8.2 0.09 .17 23.8 <107 0.14

Table 3: Linkage disequilibrium for PTH polymorphisms. Chi squared (%?) values with corresponding
and for the

P and A values obtained for each population (E, European; A, Asian)

combined populations, are shown. (From Parkinson et al 1993)
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polymorphism (AAAT),  Mir1 Taq1 Mir2 Pst1

) R b b
- I

distance (bp) +«— 231 —><4«— 152 —><— 212 —»<«—1821 —>

Figure 4.4: Schematic representation of the PTH gene. The 3 exons of the PTH gene are shown as
solid boxes and the introns as lines. The polymorphic sites associated with the PTH gene are
indicated. The distance between the tetranucleotide (AAAT), polymorphism and the polymorphic Mirl
mutation is 231 bp, that between the Mirl mutation and the TagIl RFLP site is 152 bp, that between
the Tagl RFLP site and the polymorphic Mir2 mutation is 212 bp, and that between the Mir2 mutation
and the PstI RFLP site is 1821 bp. Linkage disequilibrium between the (AAAT),, Tagl and PstI
polymorphic sites was established.
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4.4 Discussion

This study, which has demonstrated an intragenic
tetranucleotide polymorphism for the PTH gene, provides an
additional wuseful marker for investigating the molecular
pathology of the PTH gene in familial parathyroid disorders.
In addition, the detection of linkage disequilibrium between
this (AAAT), polymorphism and the previously reported Tagl and
PstI polymorphic sites of the PTH locus will facilitate
haplotype analysis at this locus. The identification of a
microsatellite polymorphism in the PTH gene which may be
detected wusing the polymerase chain reaction is also of
medical importance as it enables investigation of the limited
quantities of DNA that are available either from neonates or
from post-mortem tissue.
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CHAPTER FIVE:

X—LINKED RECESSIVE IDIOPATHIC
HYPOPARATHYROIDISM.
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5. X-LINKED RECESSIVE IDIOPATHIC HYPOPARATHYROIDISM.

Idiopathic hypoparathyroidism has been reported to occur
as an X-linked recessive disorder in two multi-generation
kindreds designated P/60 and W/81 (Peden 1960, Whyte et al
1981) from Missouri, USA. Affected individuals, who are all
males, suffer from infantile onset of =epilepsy and
hypocalcaemia due to parathyroid hormone deficiency. In
addition, the autopsy of an affected male from pedigree P/60
(Whyte et al 1986) revealed the absence of parathyroid tissue,
thereby indicating that there is an isolated congenital defect
in parathyroid gland development. The gene causing X-linked
recessive hypoparathyroidism has been previously mapped by
linkage studies to the long arm of the X-chromosome at Xg26-27
(Thakker et al 1990, Thakker et al 1991), defining the locus
order: Xcen-DXS294-F9-(DXS105, CDR)-HPT-DXS98-DXS52-Xgter.

I have combined the wuse of pulsed field gel
electrophoresis physical mapping together with the isolation
and investigation of yeast artificial chromosome (YAC) clones
for the markers CDR and DXS98 in order to further characterise
the region of interest and identify this gene may be involved
in parathyroid gland genesis.
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5.1 Physical Mapping Studies Using Pulsed Field Gel
Electrophoresis (PFGE)

Physical mapping studies (Patterson et al 1987) in the
Xq26-Xg27 region using pulsed field gel electrophoresis (PFGE)
have indicated physical 1linkage for the markers DXS105
(CX55.7) and DXS98 (4D.8) on a 400 Kilobase pair DNA fragment
generated by partial digestion of human genomic DNA with the
rare cutter enzyme Sfil (Patterson et al 1987). From both the
genetic linkage analysis and the deletion mapping performed,
the order of the two loci DXS105 and CDR with respect to DXS98
cannot be ascertained. Due to the fact that both markers are
deleted in the patient Manchester 2, it is therefore of
importance to establish whether CDR maps proximal or distal to
DXS105, and to further define the physical map of this region.

In order to attempt to determine the locus order, double
digests of human genomic DNA from a normal individual were
performed with SfilI and one of the following rare cutter
restriction enzymes: SallI, SstII (SacII), or BssHII. The
resulting fragments were resolved on an 0.8% agarose gel by
pulsed field electrophoresis, and transferred to a Hybond-N+
membrane by Southern blotting. The Hybond-N+ filter was then
probed with DXS98 (4D.8) and autoradiographed. The hybridised
probe was then stripped off the filter, and the filter
reautoradiographed to ensure that all the probe had been
removed. The filter was then hybridised with CDR in order to
identify DNA fragments that hybridise to both probes and
establish physical linkage between the 2 loci. Figure 5.1
shows the results obtained for this analysis.

For the probe pCDR1 (CDR locus), hybridisation to the
SfiI+ Sall digested DNA revealed bands at approximately 275,
330 and 400 Kbp, and the SfiI+ SstIl digested DNA revealed
bands at 250 and 300 Kbp. When the filter was rehybridised
with the probe 4D.8 (locus DXS98), for the SfiI+ SstII
digested DNA, a band of 300 Kbp in size was observed, thus
providing preliminary evidence that the CDR locus and the
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DXS98 locus are physically linked on a 300 Kbp SfiI/SstII
fragment. Hybridisation of the probe CX55.7 (locus DXS105) to
this filter was unsuccessful and it can therefore not be
determined whether this probe also 1localises to the same
fragment.

This analysis therefore suggests that the maximum
physical distance between the flanking loci CDR and DXS98 is
300 Kbp. In order to further investigate the physical distance
between these two markers, and to characterise this region of
interest, the markers CDR and DXS98 were used to isolate yeast
artificial chromosome (YAC) clones.
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5.2 Isolation of Yeast Artificial Chromosome (YAC) Clones for
CDR and DXS98

In order to further characterise the region containing
the X-linked recessive hypoparathyroid gene, yeast artificial
chromosome (YAC) clones for the CDR and DXS98 loci from the
ICI human genomic library (Anand et al 1990) were isolated.
This 1library has been constructed from a 48XXXX human
lymphoblastoid cell line in the artificial chromosome cloning
vector pYAC4, and is thought to represent approximately 3.5
times coverage of the human genome with an average insert size
of 350 kilobase pairs. The library consists of approximately
35000 clones which are arranged and stored as glycerol stocks
in 96 well microtitre plates. The ICI 1library has been
organized so that it may be screened by using a polymerase
chain reaction based strategy. YAC clone DNA from each of the
96 clones on a single microtitre plate is pooled to make a
subpool. Nine such subpools are themselves pooled to make a
masterpool; each masterpool therefore contains YAC DNA from
864 individual clones.

In order to screen the 1library, locus specific
oligonucleotide primers are used in a polymerase chain
reaction assay on DNA from each of the 40 masterpools which
constitute the YAC library. Masterpool(s) which are positive
may then be identified, and the relevant subpools selected.
For the final stage of screening, once the positive subpocol
has been identified, YAC clone DNA is prepared from the rows
(1-12) and the columns (A-H) of the corresponding 96 well
microtitre plate. PCR screening of these DNA samples gives the
coordinate position on the microtitre plate for the positive
YAC clone of interest.

For the CDR 1locus, primers CDRLEFT and CDRRIGHT were
chosen from the published sequence (Dropcho et al 1987) which
amplified a 345 base pair fragment from genomic DNA. For the
DXS98 locus, the probe used (4D.8) consists of a single copy
1.5 Kbp HindIII fragment for which there is no DNA sequence
available. In order to design sequence specific PCR primers to
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screen the YAC library, the DNA sequence of approximately 400
base pairs of the 1.5 Kbp probe was determined. Figure 5.2
shows the results of the DNA sequence analysis, together with
the sequence of the oligonucleotide primers used (DXS98LEFT
and DXS98RIGHT, shown in capital letters) which amplify a 266
base pair fragment from human genomic DNA.

Screening of the ICI library for YAC clones for the loci
CDR and DXS98 was performed at the Human Genome Mapping
Resource Centre at the Clinical Research Centre in Harrow, UK.
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1 gaattctata CACCTCACTA AGCATCATAG GTCTGcggtc atttcttcectt
51 ggataaggca atactgtaac cttctaactt gtacttcctt aaccagtaat
101 attaaaacat tatcccataa tccaccctac ttttgtctgt aattcttttc
151 acaatttttc gagttactat gtaggctatc tctaattatg taaccattca
201 gtacatggag aagagatgca agtgccaaga tgtctagaat agcccagaaa
251 aCTAGAGTGC TGATTACTAG AAGATAGtta gaggtgaggt gcttatgggce
301 agacagcaaa tatttcttaa ctaagggctt taaagttgca gtggtacaca
351 gatttatctc atccaaccca ataatggaag ggattatggt ag

Figure 5.2:

Nucleotide sequence of 392 base pairs from the

single copy 1.5 Kb HindIII fragment 4D.8 (locus DXS98). The
oligonucleotide primers chosen for PCR screening of the ICI
yeast artificial chromosome library are shown in capital
letters; DXS98LEFT corresponds to nucleotides 11 to 35 of the
sequence shown and DXS98RIGHT corresponds to nucleotides 277
to 252. The primers DXS98LEFT and DXS98RIGHT amplify a single
266 base pair PCR product from human genomic DNA.
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Screening of the ICI library with the primers CDRLEFT and
CDRRIGHT identified a single positive YAC clone (CDRYAC1).
Screening of the 1library with the primers DXS98LEFT and
DXS98RIGHT identified five positive YAC clones (DXS98YAC1-5).

The strategy used for the investigation and
characterisation of the CDR and DXS98 positive YAC clones is
shown in Figure 5.3. Firstly, the YAC clones were investigated
using pulsed field gel electrophoresis. Hybridisation of the
YAC DNA pulsed field Southern blot with the probes pCDR and
4D.8 was performed in order to confirm that the YAC clones
were positive for the CDR and DXS98 1loci respectively. In
addition, hybridisation with pBR322 plasmid DNA (which anneals
to pBR322 sequences in the YAC vector arms, Burke et al 1987)
was performed in order to confirm the size of the YAC clones,
their stability, and to investigate the possibility of the
cotransformation of two distinct YAC clones into the same
yeast cell.

Secondly, the technique of Alu-PCR was utilised to
fingerprint the YAC clones (Butler et al 1992) in order to
investigate the overlap between the CDR and DXS98 positive YAC
clones. Thirdly, the vectorette procedure (Riley et al 1990)
was used to 1isolate the terminal sequences from the YAC
clones. Establishment of sequence tagged sites or STS’s (Olson
et al 1989), and the assignment of their chromosomal location,
allows investigation of the YAC clone for chimaerism. The
establishment of STS’s from the ends of the YAC clones and
their use in rescreening of the YAC library for overlapping
clones in order to establish contiguous maps or "contigs"
across the region of interest.
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YAC CLONE

1. PULSED FIELD GEL 2. ALU - PCR 3. VECTORETTE ISOLATION
ELECTROPHORESIS FINGERPRINTING OF TERMINAL SEQUENCES
A) Hybridise with marker to establish Establish overlap between A) Investigation for YAC clone
size of YAC , and confirm YAC is clones chimaerism.

positive for desired locus.

) ] ) . B) Establish sequence tagged sites
B) Hybridise with pBR322 to investigate (STS's) for rescreening of library and
Stablllty of YAC and eliminate pOSSIbI!Ity orientation of YAC clones.
of cotransfection of several YACs in the
same yeast cell.

Figure 5.3: Strategy used for the investigation of the CDR and DXS98 positive YAC clones.
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