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ABSTRACT
Hyperparathyroidism, a disease of the parathyroid glands, is one of the most common
endocrinopathies, having a prevalence of 1 – 3 per 1000 individuals. It is
characterised by calcium insensitive hypersecretion of parathyroid hormone, and
increased cell proliferation. While the treatment for familial as well as many sporadic
tumours associated with hyperparathyroidism includes parathyroidectomy, the extent
of surgery and the follow-up monitoring regime, are dependent on accurate clinical
and

histopathological

classification

of

the

lesion.

However,

overlaps

in

histopathological and morphological features confound distinctions between the three
main classifications of adenoma, hyperplasia and carcinoma and differential diagnosis
of these lesions remains challenging.

At the start of this candidature in January 2002, the genes associated with two familial
syndromes in which hyperparathyroidism may feature, Multiple Endocrine Neoplasia
(MEN) 1 and 2 had been identified, respectively MEN1 and RET. In addition,
overexpression or translocation of cyclin D1 had been identified in both benign and
malignant sporadic lesions, indicating a role for cyclin D1 in parathyroid
tumorigenesis. However, the underlying events leading either directly, or indirectly, to
the development of a large proportion of parathyroid lesions are still largely unknown.

The work described in this thesis has contributed to the understanding of parathyroid
lesions and the diagnosis and prognosis of affected individuals. During this
candidature,

constitutive

mutation

of

HRPT2

was

associated

with

Hyperparathyroidism–Jaw Tumour syndrome (HPT-JT). HRPT2 mutation analysis
and loss of heterozygosity studies at 1q24-32 in parathyroid tumours presented in this
thesis identified the strong association of HRPT2 mutation with sporadic parathyroid
malignancy. In addition, 2-hits affecting HRPT2 were identified in several tumours
suggestive of a role for HRPT2 as a tumour suppressor gene in sporadic parathyroid
tumorigenesis.

Microarray analysis of parathyroid tumours presented in this thesis identified three
broad clusters of tumours. Cluster 1 comprised predominantly hyperplastic specimens

xii

and also included the normal tissue. Cluster 2, the most robust of the clusters,
consisted of tumours harbouring HRPT2 mutations. The HPT-JT-associated tumours,
both benign and malignant, and sporadic carcinomas, comprised this cluster. Cluster 3
contained the majority of the sporadic adenoma specimens, some hyperplasia, as well
as all of the MEN 1-associated tumours. The cluster data is strongly suggestive that
parathyroid tumours with somatic HRPT2 mutation, or tumours developing on a
background of germline HRPT2 mutation, follow pathways distinct from those
involved in mutant MEN 1-related parathyroid tumours. The results of this work
provide strong evidence for an adenoma to carcinoma progression model for
parathyroid tumorigenesis in the presence of a germline HRPT2 mutation.

With the knowledge that both HRPT2 and MEN1 have significant roles in familial as
well as sporadic parathyroid tumorigenesis, assays for mutation screening of these
two genes have been developed as part of this thesis. These assays will facilitate a
rapid molecular diagnosis for patients with one of these familial syndromes.

Furthermore, novel putative biomarkers for different parathyroid tumour subtypes
have also been identified. VCAM1 and UCHL1 (PGP9.5) were found to be
significantly overexpressed in tumours harbouring an HRPT2 mutation at both the
transcript and protein level. These two molecules are suggested as putative
biomarkers for the discrimination of sporadic carcinoma or HPT-JT-associated
tumours. RALDH2 transcript and protein were highly significantly overexpressed in
the hyperplasia class relative to the adenoma class, and this molecule is suggested as a
putative biomarker for discrimination of these classes of parathyroid tumours.

These biomarkers may assist in the accurate diagnosis and prognosis of
hyperparathyroidism. Large cohort studies of these putative biomarkers will be
required to determine their robustness in discriminating parathyroid tumour subtypes.
Further studies of their putative role in parathyroid tumorigenesis may identify them
as novel molecular targets for future therapeutics to treat both hyperplastic and
neoplastic parathyroid lesions.
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ONE

Review of the literature

1.1 INTRODUCTION
Hyperparathyroidism (HPT), a disorder of the parathyroid glands, is a common
endocrinopathy. It is characterised by calcium insensitive hypersecretion of
parathyroid hormone and increased cell proliferation. The increased cell proliferation
manifests as hyperplastic or neoplastic parathyroid lesions. HPT may arise as a
primary disorder, either idiopathic or familial, or as a secondary disorder in response
to a biochemical imbalance. Secondary HPT may in turn progress to a tertiary
disorder no longer responsive to physiological regulation. By 2002, two genes, MEN1
and cyclin D1 had been established as having important roles in parathyroid
tumorigenesis (Chandrasekharappa et al. 1997; Lemmens et al. 1997; Imanishi et al.
2001). During the course of this candidature, HRPT2, associated with a familial HPT
syndrome was identified (Carpten et al. 2002).
This chapter describes the parathyroid glands and the disorders and lesions associated
with HPT. Studies which have contributed to the understanding of the genetic events
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involved in the formation of these lesions are reviewed. HRPT2 had not been
identified at the start of this candidature, and therefore is not included in this review.

1.2 THE PARATHYROID GLANDS
1.2.1 History
The last great anatomical discovery in man was that of the parathyroid glands. The
glandulae parathyroidea were discovered in 1877 by Ivar Sandström, a medical
student at the University of Uppsala, Sweden (Sandström 1879-80). No function was
attributed to these glands at this time and this landmark event was largely ignored
until 1891 when the first description of bone disease associated with HPT was
presented by von Recklinghausen (von Recklinghausen 1891). In the early 1900’s
Erdheim established the connection between parathyroid glands, bone disease and
calcium metabolism, through his experiments inducing tetany in rats by
parathyroidectomy (Erdheim 1911). However, it was not until 34 years later, in
Vienna, Austria, that the first parathyroidectomy was performed (reviewed by
Colacchio et al. 1980).

1.2.2 Embryology and gross anatomy
Most individuals have 4 parathyroid glands. In the adult, these are oval, tan to reddish
brown structures, each averaging 30 mg in weight. The parathyroid glands are of
epithelial cell origin. The left and right superior parathyroid glands arise from the
fourth branchial (pharyngeal) pouch and descend in the neck with the thyroid to a
final location generally behind the upper pole of the thyroid capsule. The left and right
inferior parathyroid glands arise from the third branchial pouch and descend with the
thymus to a final location between the anterior lower pole of the thyroid and the
thymus (LiVolsi 2001).

1.2.3 Histology
The parathyroid glands are delineated by thin layers of fibrous connective tissue. The
primary components of the glands are parenchymal and fat cells (Figure 1.1A). The
fat content increases with age up to approximately 30 years and constitutes
approximately 17% to 35% of the gland (Iwasaki et al. 1995).
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A

C

B

D

Figure 1.1 Normal parathyroid tissue and the three different parathyroid cell types.
Figure A: Normal parathyroid section with a mix of cells (primarily chief cells) and fat
(large clear spaces) interspersed with the cells;
Figure B: parathyroid chief cells (from a parathyroid chief cell adenoma);
Figure C: parathyroid clear cells (from a parathyroid clear cell adenoma);
Figure D: Oxyphilic cells (from a parathyroid hyperplastic gland).
The tissue sections have been stained with Haematoxylin and Eosin (H&E). Original
magnification, 400x. All images were taken by the candidate.
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Three morphologically distinct parenchymal cell types are found in the parathyroid
glands – chief, clear and oxyphilic or oncocytic cells (Figure 1.1). The adult
parathyroid cell has a life span of approximately 20 years and death is likely due to
apoptosis (Parfitt 2001). Chief cells are the most abundant cells in the parathyroid
glands and are the sites of parathyroid hormone (PTH) synthesis. They have
prominent nuclei and minimal cytoplasm (Figure 1.1B). The staining intensity of the
cytoplasm varies with the secretory activity of the cell. Actively secreting cells stain
strongly due to the increased amount of endoplasmic reticulum, and inactive cells
with little endoplasmic reticulum stain poorly. A subset of chief cells contain
excessive cytoplasmic glycogen. The glycogen appears clear in routine histological
sections, giving rise to the term “clear cell” for these glycogen rich cells (Figure
1.1C). Clear cells are slightly larger than chief cells and are the predominant cell type
until birth (Apel and Asa 2002).
Oxyphilic cells are larger and much less numerous than chief cells. They are observed
initially at puberty, and increase in number with age. They have smaller densely
stained nuclei, strongly eosinophilic (oxyphilic) cytoplasm, are rich in mitochondria,
and tend to occur in clumps amongst the chief cells (Apel and Asa 2002) (Figure
1.1D). Oxyphilic cells appear to be the only sites of prostaglandin synthesis within the
parathyroid glands as demonstrated by cyclooxygenase (Cox-1, Cox-2) activity (Bell
et al. 2004).

1.2.4 Physiology
The parathyroid glands are involved in the control of calcium homeostasis by the
synthesis and secretion of PTH. More than 99% of total body calcium is stored in
bone as calcium phosphate salts, with only a very small portion available for
exchange with serum (reviewed by Brown 2001). Calcium-sensing receptors (CaSR)
situated on the surface of parathyroid chief cells inversely regulate the secretion of
PTH. CaSR is activated by elevated levels of extracellular calcium (Brown et al.
1993; Brown et al. 1995). Activated CaSR modulates several intracellular pathways,
activating

phospholipases C (PLC), A2 (PLA2), and D (PLD), as well as the

mitogen-activated protein kinase pathway (MAPK), and induces inhibition of cellular
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cyclic-AMP (cAMP) accumulation via inhibition of adenylate cyclase (Brown and
MacLeod 2001).
The chief cells store little PTH, but are capable of responding rapidly to the changes
in calcium (reviewed by Brown 2001). PTH promotes absorption of calcium from
bone by activation of osteocytes and osteoclasts. It also increases renal calcium
resorption and phosphate excretion, and activates 1-α-hydroxylase in the proximal
tubules of the kidney to convert 25-hydroxyvitamin D to its active metabolite, 1,25dihydroxyvitamin D (1,25-(OH)2D) (reviewed by Murray et al. 2004). The primary
action of 1,25-(OH)2D is to promote intestinal absorption of calcium and phosphate,
but it also provides a negative feedback mechanism by inhibiting PTH secretion
(reviewed by Goltzman et al. 2004).

1.3 CLINICAL PRESENTATIONS OF
HYPERPARATHYROIDISM
1.3.1 Overview
HPT is characterised by calcium insensitive hypersecretion of PTH, and increased
parathyroid cell proliferation. HPT may be classified as a primary, secondary or
tertiary disorder (Table 1.1).

Table 1.1 Biochemical diagnosis of Hyperparathyroidism
Primary HPT

Secondary HPT

Tertiary HPT

PTH

↑ - ↑↑

↑↑

↑↑↑

Serum Calcium

N - ↑↑

N-↓

↑↑

Legend: N: within normal reference interval; ↓: below normal reference interval; ↑: above normal
reference interval. The number of arrows indicate the increasing severity of the elevation.

Primary HPT is caused by an inherently abnormal or excessive growth of the
parathyroid glands and inappropriate hyper-secretion of PTH. This may be due to an
increase in the secretory set-point, so that the calcium level which activates CaSR to
inversely regulate the parathyroid cell to secrete PTH, is increased, resulting in
hypercalcaemia (Sudhaker Rao et al. 2000). Secondary HPT develops with hypersecretion of PTH in response to chronic depression in serum calcium levels, generally
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due to renal impairment or vitamin D deficiency, and results in hyperplastic
enlargement of the parathyroid glands. In a minority of patients, this parathyroid
hyperactivity becomes autonomous, resulting in tertiary HPT. HPT may also arise in
response to lithium treatment as a therapy for bipolar disorder (Garfinkel et al. 1973).
Secondary HPT is treated by administration of 25-hydroxyvitamin D3. Treatment of
unresolved secondary HPT, and other parathyroid lesions involves surgical resection
of the enlarged gland or glands. Successful parathyroidectomy is curative of the HPT
and is dependent on accurate tumour localisation as well as classification as adenoma,
hyperplasia or carcinoma.

1.3.2 Primary Hyperparathyroidism
1.3.2.1 Sporadic Hyperparathyroidism
Primary HPT is one of the most common endocrinopathies, with a prevalence of
approximately 1-3 per 1000 individuals (Adami et al. 2002). Approximately 95% of
cases are sporadic and 80-85% of these present with a single parathyroid adenoma.
Sporadic primary HPT is most common in post-menopausal women, with a suggested
prevalence of 34 per 1000 individuals from this population subgroup (Lundgren et al.
2002). The mnemonic learned by medical students “renal stones, broken bones,
abdominal groans and psychotic moans” often credited to St Goar, summarises the
classic symptoms of untreated HPT (St Goar 1957). The hypersecretion of PTH in
primary HPT results in increased serum calcium levels (hypercalcaemia) (reviewed by
Brown 2002). The calcium is reabsorbed from the bones and loss of calcium from
mineralised bone may manifest as bone pain, fractures, osteopenia, osteoporosis or, in
sustained HPT, osteitis fibrosa cystica (reviewed by Khan and Bilezikian 2000).
Increased renal tubular reabsorption increases the retention of the calcium and
predisposes to the formation of renal calculi (reviewed by Klugman V.A. 2001).
Calcium imbalance also affects the nervous system, muscles and stomach, and may
present as fatigue, muscle weakness, depression, psychoses, gastrointestinal
complaints or cardiovascular disease (reviewed by Silverberg 2002). Increased
mortality in primary PHT has been associated with cardiovascular disease (reviewed
by Andersson et al. 2004).
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The advent of routine biochemical screening has dramatically changed the clinical
presentation of primary HPT in the last few decades. With the introduction of routine
serum calcium determinations, asymptomatic or pre-symptomatic patients with HPT
began to be diagnosed (Wermers et al. 1997). For these patients, possible risk factors
for the development of complications of primary HPT have been identified. Surgery is
recommended in asymptomatic patients if one or more of the following findings are
present (Bilezikian et al. 2002):
•

serum calcium is greater than 0.25 mM above the accepted reference interval;

•

urinary calcium is markedly elevated (> 10 mmol/24 hours);

•

creatinine clearance is reduced by greater than 30%;

•

bone density is more than 2.5 standard deviations below peak bone mass;

•

the patient is under the age of 50 years.

Several recent surveys assessing the long term effects up to 20 years following
parathyroidectomy found decreased morbidity, primarily due to reduced risk of
fractures and gastric ulcers, and decreased mortality, possibly due to the decreased
cardiovascular disease (Hedback and Oden 2002; Garcia de la Torre et al. 2003;
Vestergaard and Mosekilde 2003).

1.3.2.2 Familial Hyperparathyroidism
Approximately 5% of cases of primary HPT are associated with the autosomal
dominant hereditary cancer syndromes Multiple Endocrine Neoplasia type 1 and 2A
(MEN 1 and MEN 2A), Hyperparathyroidism-Jaw Tumour Syndrome (HPT-JT) and
Familial Isolated Hyperparathyroidism (FIHP) (Marx et al. 2002).

1.3.2.2.1 Multiple Endocrine Neoplasia type 1
MEN 1 (OMIM 131100) is an autosomal dominant disorder with a prevalence of
approximately 1 in 15,000 - 30,000 (Marx 2002). It is characterised by tumours in
multiple endocrine glands, most commonly the parathyroid, enteropancreatic and
anterior pituitary glands. Multiglandular HPT is often the earliest presenting symptom
and has the highest penetrance (90% by the age of 40) (Agarwal et al. 2004). While
there is a high rate of recurrence of HPT, parathyroid carcinoma has not been reported
in MEN 1. The recurrences may relate to new neoplasia arising in the residual normal
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tissue or the progression of neoplasia in the residual tissue. Other endocrine tumours
include, in decreasing order of penetrance, anterior pituitary tumour, prolactinoma,
gastrinoma, insulinoma, thymic carcinoid, and phaeochromocytoma. Non-endocrine
tumours found in MEN 1 include facial angiofibroma, truncal collagenoma, lipoma,
leiomyoma and meningioma (Agarwal et al. 2004). Affected individuals carry
germline inactivating mutations of the tumour suppressor gene MEN1, located at
11q13 (Chandrasekharappa et al. 1997; Lemmens et al. 1997).

1.3.2.2.2 Multiple Endocrine Neoplasia type 2
MEN 2 (OMIM 171400) is a rare autosomal dominant disorder characterised by the
presence of medullary thyroid carcinoma (MTC). In MEN 2A, MTC occurs in
conjunction with phaeochromocytoma in 50% of cases and HPT (either hyperplasia or
adenoma) in 10 – 20% of cases (Jimenez and Gagel 2004). MEN 2 is caused by
germline activating mutations of the RET proto-oncogene at 10q11.2 (Donis-Keller et
al. 1993; Mulligan et al. 1993).

1.3.2.2.3 Hyperparathyroidism-Jaw Tumour Syndrome
HPT-JT (OMIM 145001) is an autosomal dominant syndrome characterised by HPT,
ossifying fibroma of the mandible or maxilla, and renal lesions including Wilm’s
tumour, renal cysts and polycystic kidney disease (reviewed by Chen et al. 2003).
Several cases of adenomyomatous polyps of the endometrium have also been reported
(Fujikawa et al. 1998). HPT has a penetrance of 80% and patients generally present
with HPT in late childhood or early adulthood (Marx et al. 2002). The majority of
parathyroid tumours in these patients are aggressive, occasionally recurrent adenomas,
notable also for their cystic histology (Mallette et al. 1987).

While parathyroid

carcinoma is rare, the incidence of carcinoma in HPT-JT is reported to be 15% (Marx
et al. 2002). At the start of this candidature in 2002, the identity of the gene for HPTJT, was unknown, but had been localised to a 14 cM region at 1q25-q31 (Haven et al.
2000) and named “HRPT2” (Jackson et al. 1990).

1.3.2.2.4 Familial Isolated Hyperparathyroidism
A number of families with HPT alone, Familial Isolated Hyperparathyroidism (FIHP;
OMIM 145000), have been described. This appears to have an autosomal dominant
pattern of inheritance. Germline mutations in either MEN1 (Cetani et al. 2002; Perrier
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et al. 2002; Villablanca et al. 2002b; Warner et al. 2004) or linkage to the HRPT2
locus (Teh et al. 1998) have been found, suggesting that in some cases FIHP may be a
variant of MEN 1 or HPT-JT. Several cases of FIHP harbouring mutations in CaSR
have also been reported (Simonds et al. 2002; Warner et al.2004). However, in many
cases no mutations have been found in known genes (Simonds et al. 2004; Warner et
al. 2004). Whether in fact FIHP is a distinct clinical entity remains uncertain.

1.3.3 Secondary Hyperparathyroidism
Unlike primary sporadic HPT where the etiology of the HPT is unknown, secondary
hyperparathyroidism arises predominantly from disturbances in calcium, phosphorus
and vitamin D metabolism. Most often these emerge as kidney function declines in
chronic renal disease (Slatopolsky and Delmez 1994). Secondary HPT may also occur
due to vitamin D-deficiencies and vitamin D-resistance disorders. Hypocalcaemia,
phosphorus retention and decreased levels of 1,25-(OH)2D contribute to the excessive
and sustained PTH synthesis and the development of parathyroid hyperplasia
(reviewed by Slatopolsky et al. 1999). The clinical consequences of secondary HPT
include metabolic bone disease, cardiovascular calcification, soft-tissue calcification,
impaired lipid metabolism, insulin resistance, increased cardiovascular risk and
marrow fibrosis (reviewed by Michael and Garcia 2004). Treatment for secondary
HPT involves dialysis and dietary restriction of phosphorus, if due to renal
impairment, and replacement of vitamin D in vitamin D deficiencies (reviewed by
Goodman 2004. In the majority of cases, the parathyroid hyperplasia resolves with
treatment. However, if the secretion of PTH remains uncontrolled, parathyroidectomy
may be performed (reviewed by Michael and Garcia 2004).

1.3.4 Tertiary Hyperparathyroidism
Tertiary HPT develops from secondary HPT in approximately 5% of patients with end
stage renal disease (Mizumoto et al. 1994). In tertiary HPT the parathyroid gland no
longer responds to physiological regulation and remains in a hyperfunctioning state
despite resolution of the causal metabolic abnormalities – hypocalcaemia,
hyperphosphatemia and vitamin D deficiency. The mechanisms leading to tertiary
disease are unclear, but may involve alterations to the calcium-sensing mechanism
and abnormal function of the vitamin D receptor. Histologically, tertiary HPT has
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been described as both hyperplastic and adenomatous. Nodular hyperplasia is
observed in tertiary HPT and may be indicative of monoclonal expansion and
progression from a secondary to tertiary disorder (Tominaga et al. 1996).

1.4 HISTOPATHOLOGY OF HYPERPARATHYROIDISM
Histologically, primary HPT can be attributed to a single adenoma in 80 – 85% of
cases, multiglandular hyperplasia in 15 – 20% of cases and carcinoma in less than 1%
of cases (Marx 2000). Secondary HPT manifests as multiglandular hyperplasia, and
tertiary HPT has been described as both hyperplasia and adenoma. While criteria for
histological classification of parathyroid tumours exist, these tumours are
heterogeneous and the differences between histological types are subtle, confounding
the classification.

1.4.1 Adenoma
A parathyroid adenoma is a benign encapsulated fat-depleted neoplasm composed of
chief, oxyphilic or clear cells, or admixtures of these cell types (Solcia et al. 2000)
(Figure 1.2A). The diagnosis of adenoma is made according to gross anatomical and
histological findings in combination with clinical and family history. Traditionally,
the diagnosis of an adenoma requires the presence of a single enlarged gland in the
presence of three normal sized glands (Solcia et al. 2000). However, contrary to this
definition, double or multiple adenomas have also been reported (refer to section
1.4.4). The presence of a rim of normal parathyroid tissue also defines an adenoma,
but is present only in 50 - 60% of adenomas (Solcia et al. 2000) (Figure 1.2A). The
likelihood of a rim of normal tissue decreases with increasing tumour size. More
commonly, adenomas occur in the inferior glands and are composed primarily of chief
cells. Oxyphilic adenomas tend to be larger in size than chief cell adenomas, and
affected individuals have minimally elevated serum calcium levels (LiVolsi 2001).
Foci of cystic degeneration, often accompanied by fibrosis and haemosiderin
deposition are common, especially in larger tumours.
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Figure 1.2 Parathyroid H&E stained tissue sections.
Figure A: Parathyroid adenoma with adjacent rim of normal parathyroid tissue with a high
fat content (marked with an arrow) (original magnification for i: 50x; ii: 200x).
Figure B: Parathyroid mixed cell (chief and oxyphilic) hyperplasia showing clear delineation
between the cell types (marked with an arrow), but with no evidence of a rim of normal tissue
(original magnification for i: 100x; ii: 400x).
Figure C: Parathyroid carcinoma showing cellular pleomorphism, nuclear atypia (marked
with a blue arrow), fibrous bands (white arrow), and capsular invasion (yellow arrow)
(original magnification for i: 100x; ii: 400x).
Images for A and C taken by Dr Anthony Gill, RNSH; images for B taken by the candidate.
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1.4.2 Hyperplasia
Parathyroid hyperplasia begins with fat depletion and is defined as the absolute
increase in parathyroid parenchymal mass resulting from proliferation of chief,
oxyphilic or clear cells (Solcia et al. 2000) (Figure 1.2B). The proliferation typically
involves all four glands, but may not be uniform. Hyperplasia is distinguished from
adenoma by the gross finding of enlargement of multiple glands and the absence of a
rim of normal tissue (Solcia et al. 2000). The pattern of hyperplasia may be diffuse
with uniformly enlarged glands, or nodular, in which the proliferative cells form
nodular aggregates and asymmetrically enlarged glands.

1.4.3 Carcinoma
A parathyroid carcinoma is an invasive neoplasm composed of chief cells with
variable numbers of oxyphilic and clear cells. Diagnostic features include thick
fibrous bands, mitotic activity, capsular and vascular invasion (Solcia et al. 2000)
(Figure 1.2C). The clinical and pathological differentiation between benign adenoma
and malignant carcinoma is of critical importance, but can be very difficult because of
overlapping histological and morphological features. It is uncertain whether
parathyroid carcinomas arise from pre-existing benign parathyroid lesions. Cases of
apparent malignant transformation of secondary or tertiary hyperplasia have been
reported (Haghighi et al. 1983; Sherlock et al. 1985; Djema et al. 1998).

1.4.4 Double adenoma
Reports of double or multiple adenomas have been published, confounding the
distinction between adenoma and hyperplasia (Harness et al. 1979; Attie et al. 1990).
Diagnosis as double adenoma may be made post-operatively by the permanent cure of
hypercalcaemia from the excision of the enlarged glands. However, assessment of
proliferative activity in the apparent normal glands of corresponding multiple
adenoma cases suggests that multiple adenoma may be a continuation of the
hyperplastic state (Larian et al. 2001). The possibility of a new entity, double
adenoma of the superior glands, has also been suggested following reports that double
adenomas occur more commonly in the superior glands (Milas et al. 2003; Bergson et
al. 2004).
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1.4.5 Clonality
A number of studies have attempted to differentiate between hyperplasia and
adenoma on the premise that hyperplasia is a multi-cellular or polyclonal proliferation
and adenoma is a monoclonal neoplasm (Arnold et al. 1988; Noguchi et al. 1994;
Arnold et al. 1995; Tominaga et al. 1996; Sanjuan et al. 1998; Shan et al. 1999). Clear
distinction between adenoma and hyperplasia has not been found. The majority of
adenomas and a smaller proportion of hyperplastic glands (generally nodular) of
various etiologies are monoclonal. Conclusions from these studies suggest that
neoplastic transformation of pre-existing polyclonal hyperplasia due to genes not yet
implicated in parathyroid tumorigenesis is likely to play a central role in these
disorders.

1.4.6 Proliferation and Apoptosis
The

rate

of

proliferation,

or

proliferative

index,

may

be

assessed

by

immunohistochemical staining for the nuclear protein Ki-67 (Gerdes et al. 1983).
Assessment of Ki-67 in parathyroid tumours has shown carcinomas to have the
highest rate of proliferation. Hyperplastic glands have slightly higher proliferative
rates compared with adenomas, and the rate in normal tissue is very low to negligible
(Gerdes et al. 1983; Vargas et al. 1997; Naccarato et al. 1998; Erickson et al. 1999;
Erickson et al. 2002; Ricci et al. 2002; Stojadinovic et al. 2003; Thomopoulou et al.
2003; Haven et al. 2004).
Apoptosis is the likely mode of cell death in parathyroid cells (Parfitt 2001) and has
been assessed in parathyroid tumours by immunohistochemical staining for the antiapoptotic proto-oncogene, Bcl-2 (Korsmeyer 1992). Independent studies have been
consistent in finding a positive correlation between the rate of proliferation and rate of
apoptosis (Vargas et al. 1997; Naccarato et al. 1998; Zhang et al. 2000; Ricci et al.
2002; Thomopoulou et al. 2003). Stojadinovic and co-workers (2003) found the
combination of low apoptosis and low proliferation which together with positive
staining for the p53 pathway component MDM2 (mouse double minute 2) and cyclin
dependent kinase inhibitor p27 highly specific (100%), and moderately sensitive
(75%) for distinguishing sporadic adenoma. The inverse phenotype, except with
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positive staining for p27, was again highly specific but had low sensitivity (9%) for
classifying carcinoma (Stojadinovic et al. 2003).

1.5 GENETICS OF HYPERPARATHYROIDISM
1.5.1 Background: Concepts in cancer genetics
The concept that cancer is a genetic disease of somatic cells was first proposed by
Theodor Boveri in 1914 (Boveri 1914). It is now widely accepted that cancer arises
because of mutations in cancer-susceptibility genes. Cancer-susceptibility genes have
been loosely grouped into 3 categories, “gatekeeper”, “caretaker” and “landscaper”
genes (Kinzler and Vogelstein 1997; Kinzler and Vogelstein 1998). Gatekeeper genes
comprise tumour-suppressor genes and oncogenes that directly regulate cellular
pathways of growth and differentiation. Caretaker genes maintain cellular genomic
integrity, and promote tumorigenesis indirectly. Mutation of caretaker genes may lead
to loss of genetic stability and the accumulation of mutations in other genes that may
control cell birth and death. The concept of landscaper genes is somewhat
controversial (Playford 2001), however these genes are hypothesised to contribute to
tumorigenesis by the generation of an abnormal stromal environment, such as the
promotion of angiogenesis and cellular immunity, that may enhance the neoplastic
transformation of cells (reviewed by Michor et al. 2004).
Tumour development generally requires multiple mutational events. The process
depends not only on mutations initiating tumorigenesis, but also on subsequent
mutations driving the progression (reviewed by Knudson 2001). Initiation of
tumorigenesis by a tumour suppressor gene requires inactivation of the gene by
mutational events affecting the two alleles of the gene, in accordance with Knudson’s
“2 hit” hypothesis (Knudson 1971).
In familial cancer syndromes the most common form of initiating mutational event is
intragenic germline mutation - small insertions or deletions, and base substitutions.
Additional mutational events include somatic intragenic mutations, chromosomal
translocations and changes in copy number (reviewed by Futreal et al. 2004). Changes
in copy number, either loss or gain, may be assessed by comparative genomic
hybridisation (CGH), and allelic loss of tumour suppressor genes by loss of
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heterozygosity (LOH) studies of microsatellite markers or single nucleotide
polymorphisms

(SNPs)

at

the

relevant

loci.

Epigenetic

events

such

as

hypermethylation and chromatin remodelling are now also implicated in the
inactivation of tumour suppressor genes (Jones and Baylin 2002). However, whether
reduced expression alone is sufficient evidence for consideration as a classic tumour
suppressor gene is a contentious issue. While altered expression may result from a
mutation, it may also be a consequence of the neoplastic phenotype rather than a
determinant of it (Futreal et al. 2004).

1.5.2 Overview of the genetics of hyperparathyroidism
Although HPT is a common disorder, the genetic events involved in the formation of
these lesions are poorly understood. At the start of this candidature, two genes, cyclin
D1 and MEN1, had been established as having important roles in parathyroid
tumorigenesis. A translocation between cyclin D1 and PTH resulting in the
overexpression of cyclin D1 has been found in a small number of parathyroid
adenomas (Arnold et al. 1992). Germline mutations of MEN1 are carried by MEN 1
affected individuals, and “2-hits” affecting MEN1 are found in MEN 1-associated
parathyroid tumours as well as some sporadic parathyroid adenomas (Lemmens et al.
1997; Farnebo et al. 1998b).
A number of other genes have been studied in parathyroid tumours. These include
CaSR and Vitamin D Receptor (VDR), both of which are integral to normal
parathyroid function. Other genes investigated had been targeted by their tumour
suppressor roles identified in other tissues such as Rb1 and TP53; or by their
chromosomal localisation to a region of frequent loss in parathyroid tumours,
(described in section 1.5.3 below), including p18 and RAD54 at 1p; or by their
involvement in processes associated with cancer-susceptibility genes. Genes and
proteins that have been investigated for involvement in parathyroid tumorigenesis are
summarised in Tables 1.2 – 1.3. and the findings are described in sections 1.5.4 1.5.12. Candidate tumour suppressor genes have been extensively analysed for allelic
loss and intragenic mutations. However, post-transcriptional repression through
epigenetic events such as hypermethylation and chromatin remodelling has not been
assessed in any of these genes in the context of parathyroid tumorigenesis.
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Table 1.2 Genes / chromosomal regions investigated for involvement in parathyroid
tumorigenesis. References are given in section 1.5 of the text.

Gene

locus

11q13
3q21-24
12q12-14
13q14.2
13q14.2
1q
p16
9p
p15
9p
TP53
17p
p18
1p
RAD54
1p
RAD51
15q
RET
10q11.2
cyclin D1
11q13
Legend: : positive result;
LOH: loss of heterozygosity.
MEN1
CaSR
VDR
Rb1
BRCA2

Loss/Gain

Mutation

LOH

Tumours in which loss/gain
found
Familial
Sporadic
adenoma carcinoma

loss
loss
polymorphism
loss
loss
loss
loss
loss
loss
loss
loss
loss
gain
gain

translocation

Table 1.3 Proteins reported to be differentially expressed in parathyroid tumours by
immunohistochemistry. References are given in section 1.5 of the text.
Protein
adenoma

tumour type
hyperplasia

CaSR

2o

VDR
pRb
CRABP1
MDM2

2o

p16
p27
cyclin D1

2 o, 3 o

Legend:
decreased expression;
hyperplasia.

carcinoma

: increased expression; 2o: secondary hyperplasia, 3o: tertiary
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1.5.3 Chromosomal aberrations
Chromosomal losses and gains have been characterised in parathyroid tumours by
metaphase CGH. Chromosomal losses are more common than gains, and together
have been found in 70 – 90% of sporadic adenomas (Agarwal et al. 1998; Palanisamy
et al. 1998; Farnebo et al. 1999b; Dwight et al. 2002), 80 – 86% of sporadic
carcinomas (Agarwal et al. 1998; Kytola et al. 2000), 40% of lithium associated
tumours (Dwight et al. 2002), 61% of unresolved secondary HPT (Afonso et al. 2003)
and 54% of tertiary HPT (Afonso et al. 2003) assessed. The most frequent losses in
sporadic adenomas and lithium-associated tumours are of chromosomes 11 (>50%)
and 15q (19%: sporadic adenomas; 30%: lithium-associated) (Table 1.4). Losses of
these chromosomal regions are not common in other parathyroid tumour classes. The
only region of significant loss common to all tumour classes is chromosome 1p. This
region is the area of most frequent loss in sporadic carcinomas (43%), secondary
(72%) and tertiary HPT (73%). Loss of chromosome 1p is also observed in 17% of
adenomas and 30% of lithium-associated tumours. Loss of chromosome 13q is found
in both sporadic adenomas (15%) and carcinomas (31%). There are no other areas of
significant loss common to both adenomas and carcinomas, or between carcinomas
and the other tumour classes, suggesting that carcinomas may follow tumorigenic
pathways different to those of non-malignant sporadic parathyroid tumours. Tumours
of secondary and tertiary HPT have several areas of common loss and gain (Table
1.4).
Different patterns of chromosomal gain are seen for sporadic adenoma, carcinoma and
secondary/tertiary HPT (Table 1.4). No gains have been detected in lithium-associated
tumours. The only region of frequent gain observed in both sporadic adenoma and
carcinoma is chromosome 16.
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Table 1.4 Summary of the most frequent chromosomal aberrations detected by
metaphase Comparative Genomic Hybridisation
Percentage of tumours with aberrations
Tumour Class

Chromosomal Region
LOSSES

GAINS

Study §

11pq
15q
1p
13q
22pq
19pq
20q
16q
17pq
12q
6q
9p
4q
15q
19p
7pq
16pq
19q
1q
9q
Xpq
13q
6q
5q
4q
12q

Adenoma
> 50
19
17
15
14

Lithium*
60
30
30
30

Secondary†

Genes in region
Tertiary‡

Carcinoma
MEN1
SMAD3, RALDH2

72

73

46
46
44
43
31

27
27
33

43
31

TP53, GFAB
VDR, MDM2

27
21
21
14
9
9
7
6

a, b, c, d

p18, RAD54
Rb1, BRCA2
RAD53(CHK2)
Bax, FHH2/3

p16, p15, COX-1
p27

Cav-1
22
34
22
18
21

d

26
26
23
12
11
e

14
7
14
7
e

Bax, TGF-β
COX-2
TGF-βR1

a, f

No of tumours^
102
12
57
28
39
Legend: * Tumours associated with lithium therapy; † Secondary described by Afonso and co-workers
(2003) as unresponsive / refractory secondary HPT; ‡ Tertiary also described Afonso and co-workers
(2003) as refractory secondary HPT following renal transplant; § Study a: Agarwal et al. 1998, b:
Palanisamy et al. 1998, c: Farnebo et al. 1999b, d: Dwight et al. 2002, e: Afonso et al. 2003, and f:
Kytola et al. 2000; ^ Total number of tumours studied.
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Recently, parathyroid tumours (adenomas, carcinomas and hyperplasia) have been
assessed for chromosomal losses and gains by interphase fluorescence in situ
hybridisation (FISH) (Erickson et al. 2004). Consistent with metaphase CGH, this
study found loss of chromosome 11 to be the most frequent aberration of adenomas.
The patterns of losses for the adenoma and carcinoma classes were similar to those
seen by CGH.
However, unlike CGH studies, chromosomal gains were more common than losses.
Gain of chromosome 11q in carcinomas was a frequent finding in this study. Across
all tumour types examined an average of 2.7 gains per case and 0.5 losses per case
were observed. Overall there was poor correlation with CGH for the patterns of gains
observed by FISH. This may be explained in part by the limited areas analysed
(chromosomes 1, 6, 9, 11, 13, 15, 17, 22 and loci for Cyclin D1 and TP53). The
different proportions of gains and losses found by CGH and FISH may also reflect the
different sensitivities of the two techniques.
LOH studies have been performed in conjunction with CGH to refine regions of loss
and search for possible tumour suppressor genes. These results are discussed in the
following sections for specific genes.
The chromosomal aberrations observed in parathyroid tumours suggest that tumour
suppressor genes in addition to MEN1 (11q13), and oncogenes are involved in the
formation of parathyroid tumours. The different patterns observed for the different
tumour classes suggest that, with the exception of a putative tumour suppressor gene
on chromosome 1p which appears to be involved in all classes of tumours assessed,
different genetic events are involved in the formation of different tumour types.

1.5.4 MEN1
The MEN1 gene is located at 11q13. It spans 9.2 kb of genomic sequence and contains
10 exons. The first exon is noncoding and constitutes the majority of the 5’
untranslated region. The transcript is 2.8 kb in length and encodes a 610 amino acid
protein termed menin (Chandrasekharappa et al. 1997; Lemmens et al. 1997). Over
300 different germline and somatic mutations have been reported, the majority of
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which are truncating frameshift or nonsense mutations. Approximately 10% of the
germline mutations are de novo mutations found in sporadic adenomas
(Chandrasekharappa and Teh 2003). The mutations are scattered along the gene, and
no genotype / phenotype correlation has been identified (Wautot et al. 2002). MEN1
is thought to have a tumour suppressor role in the formation of sporadic as well as
familial MEN 1 tumours, with LOH at the MEN1 locus reported in 20 – 40% of
sporadic parathyroid adenomas, and somatic MEN1 mutations found in 46 – 100% of
these tumours (Heppner et al. 1997; Carling et al. 1998; Farnebo et al. 1998b; Dwight
et al. 2000). LOH at the MEN1 locus has also been recently reported in 50% of
sporadic parathyroid carcinomas (Haven et al. 2004) and chromosomal loss of 11q
and an inactivating mutation found in a single case of secondary hyperplasia
(Forsberg et al. 2001).
Human MEN1 shares 67 – 97% homology with other species including zebrafish,
mouse and rat. Menin appears to be ubiquitously expressed but has no homology to
known protein sequences. The protein resides primarily in the nucleus (Guru et al.
1998) although Huang and co-workers reported cytoplasmic localisation of menin
during M phase in several cell lines (Huang et al. 1999). Menin has two C-terminus
nuclear localisation signals (NLS). Truncating mutations are predicted to result in the
loss of one or both NLS, implying that truncated forms of the protein may not localise
to the nucleus. However, truncated proteins were not found in either cytoplasmic or
nuclear protein extracts from two lymphoblastoid cell lines carrying nonsense
mutations (Wautot et al. 2000). These unexpected results however, provide further
evidence that mutant menin degrades rapidly, relative to wild-type menin as
previously hypothesised (Ikeo et al. 1999).
The tumour suppressive nature of menin has been demonstrated by overexpression of
menin in RAS-transformed NIH 3T3 cells resulting in suppression of growth (Kim et
al. 1999). In addition, reduced menin expression in the rat duodenal crypt-like cell
line IEC-17, has been shown to lead to increased cell proliferation, loss of cell cycle
arrest in G1 phase by resting cells and overexpression of cyclin D1 and cyclindependent kinase CDK4. Decreased expression of TGF-β type II receptor was also
observed, suggesting an association between reduced menin expression and loss of
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TGF-β induced inhibition of proliferation (Ratineau et al. 2004). Further evidence for
a tumour suppressor role for menin comes from the observation that wild-type menin
has been shown to repress the promoter of the cell proliferation regulator gene
IGFBP-2, altering the chromatin structure surrounding the promoter region of this
gene (La et al. 2004a).
To assist in the elucidation of the functions of menin, proteins that interact with menin
have been identified. The interaction and suppression of the transcription factor JunD
by nuclear menin has been reported by several groups (Agarwal et al. 1999; Knapp et
al. 2000), and has been suggested to involve the recruitment of histone deacetylases
(Kim et al. 2003). While JunD is known to inhibit cell proliferation, it has been
demonstrated to promote cell proliferation when unable to bind to menin (Agarwal et
al. 2003).
Both nuclear and cytoplasmic menin have been reported to interact with the
transcription factors Smad3 (Kaji et al. 2001) and NF-κβ (Heppner et al. 2001), and
the nucleoside diphosphate kinase Nm23 (Ohkura et al. 2001). In mouse osteoblasts,
the interaction of menin with TGF-β and its signalling molecule Smad3, has been
shown to negatively regulate BMP-2/Smad1-5 and Runx2-induced transcriptional
activities leading to inhibition of late-stage differentiation (Sowa et al. 2004a). In
pituitary cell lines, TGF-β has been shown to increase the expression of wild-type
menin via Smad3, and inactivation of menin (by antisense menin) specifically inhibits
Smad3 binding to DNA, thereby blocking TGF-β signalling (Kaji et al. 2001). These
results have been recently corroborated in parathyroid cells where the addition of
TGF-β to uraemia-induced human hyperplastic parathyroid cells inhibited cell
proliferation and PTH secretion. This inhibition was however, lost in menin
inactivated hyperplastic cells and cells from an MEN 1 patient (Sowa et al. 2004b).
These results demonstrate a role for TGF-β as a negative regulator of parathyroid cell
proliferation and PTH secretion and that loss of TGF-β signalling due to the menin
inactivation and subsequent loss of binding to Smad3, contributes to parathyroid
tumorigenesis.
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Menin has been shown to directly bind double stranded DNA (La et al. 2004b) and to
associate with a histone methyltransferase complex (Hughes et al. 2004). Nuclear
menin has also been reported to interact with the transcription factor Pem (Lemmens
et al. 2001), FANCD2 involved in repair of DNA damage (Jin et al. 2003) and single
stranded DNA binding protein RPA2 (Sukhodolets et al. 2003). Cytoplasmic menin
alone has been reported to interact with the cytoskeletal intermediate filament proteins
glial fibrillary acidic protein (GFAP) and vimentin, raising speculation that the
intermediate filament network may serve to sequester cytoplasmic menin (LopezEgido et al. 2002).
Men1 knockout and heterozygous mice have been generated for the study of menin
and MEN l-associated tumorigenesis (Crabtree et al. 2001; Bertolino et al. 2003b).
Homozygous Men1 knockout mice die in mid-gestation (Crabtree et al. 2001;
Bertolino et al. 2003a). Heterozygous Men1 knockout mice begin to develop multiple
endocrine tumours between 9 and 16 months of age. The range of tumours is similar
to those seen in human MEN 1, with lesions observed in pancreatic islets, parathyroid,
thyroid, adrenal cortex, and pituitary glands (Crabtree et al. 2001).
In addition, mouse models with somatic deletions of Men1 have been created using
floxed Men1 and Cre recombinase (Lakso et al. 1996; Biondi et al. 2002; Bertolino et
al. 2003c; Crabtree et al. 2003; Libutti et al. 2003; Biondi et al. 2004). The model in
which Cre recombinase is driven by a parathyroid cell-specific promoter, consistently
develops systemic hypercalemia and histological changes consistent with parathyroid
neoplasia by 7 months of age (Libutti et al. 2003). Examination and further molecular
manipulations in these model may assist in uncovering pathways involved in
parathyroid tumorigenesis resulting from the loss of function of menin.
Using Men1-null mouse embryonic fibroblasts a proapoptotic role for menin has
recently been suggested (Schnepp et al. 2004). Reduced expression of procaspase 8,
an essential procaspase for apoptosis induced by death-receptors, was observed in
these cells. Further, increased activation of caspase 8 in response to TNF-α treatment
was shown following the addition of menin.
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In summary, the function of menin and its mechanism of endocrine specificity
remains to be fully elucidated. Evidence for a broad spectrum of menin interactions is
accumulating and further studies associating menin with as yet unidentified processes
and pathways are likely.

1.5.5 Cyclin D1
The oncogene Cyclin D1, initially named Parathyroid Adenomatosis 1 (PRAD1), is
located on chromosome 11q13 and was cloned initially from a parathyroid adenoma
(Arnold et al. 1989; Arnold et al. 1992). It is a cell cycle protein involved in the
transition between G1 cell cycle arrest and the S phase of DNA synthesis by
regulation of CDK4 and CDK6 (Pestell et al. 1999) (Figure 1.3). These kinases
inactivate the tumour suppressor retinoblastoma (pRb) protein by phosphorylation.
When pRb is inactivated, the transcription factor E2F is released and there is cell
cycle progression from G1 to S phase. Cyclin D1 is activated by growth factor signals
but is inherently unstable, with only very low levels detected in normal cells. It is
degraded via the ubiquitin-proteasome pathway (Diehl et al. 1997).
A reciprocal rearrangement identified between the genes PTH at 11p15 and cyclin D1
at 11q13 in 5% of parathyroid adenomas provided the initial evidence that cyclin D1
may have a role as an oncogene in parathyroid tumorigenesis (Arnold et al. 1989).
Following this discovery, immunohistochemical studies have reported overexpression
of cyclin D1, without identification of this rearrangement, in up to 90% of parathyroid
carcinomas (Hsi et al. 1996; Vasef et al. 1999; Stojadinovic et al. 2003; Haven et al.
2004), up to 60% of sporadic parathyroid hyperplasia (Vasef et al. 1999; Hemmer et
al. 2001; Haven et al. 2004) and up to 40% of sporadic parathyroid adenomas (Hsi et
al. 1996; Vasef et al. 1999; Hemmer et al. 2001; Ikeda et al. 2002; Stojadinovic et al.
2003; Haven et al. 2004). A transgenic mouse model with the PTH–cyclin D1
rearrangement provided further evidence for an oncogenic role for cyclin D1 in
parathyroid tumorigenesis. Overexpression of cyclin D1 was observed, and this
mouse

developed

both

parathyroid

cell

proliferation

and

biochemical

hyperparathyroidism (Imanishi et al. 2001).
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Figure 1.3 G1 and S phases of the cell cycle. Activation/progression is depicted by green arrow,
inhibition by red bars, and phosphorylation by “P”.
Passage through the cell cycle is controlled by the synthesis of appropriate cyclins which complex with
cyclin-dependent kinases (CDKs) during specific phases to regulate cell cycle progression. The
cyclin/CDK complex of early G1 phase consists of the cyclin D isoforms (D1-D3) bound to either CDK4
or CDK6. Activation of Cyclin D/CDK4(6) triggers passage through the restriction point and transition to
S phase by phosphorylation of retinoblastoma protein (pRb) leading to the dissociation of the transcription
factor E2F. E2F is then free to initiate DNA synthesis. When cyclin D/CDK4(6) is inhibited (by CDK
inhibitors p15, p16, p18 and p19), pRb is in a state of low phosphorylation and is tightly bound to E2F,
inhibiting the activity of E2F. Cyclin E/CDK2 accumulates during late G phase and assists in triggering
passage to S phase. This complex is inhibited by p27.
If DNA damage occurs, p53 accumulates in the cell and induces inhibition of cyclin D/CDK as well as
cyclin E/CDK2 by the CDK inhibitor p21. MDM2 facilitates the inactivation/nuclear export of p53 and
becomes part of an inhibitory loop that inactivates p21-mediated G1 arrest. (Figure adapted from SigmaAldrich Co., St Louis, MO, USA.)
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While cyclin D1 is considered to have a primary role in parathyroid tumorigenesis,
mutations have not been found in parathyroid tumours (Hosokawa et al. 1995b). A
splice donor site polymorphism at codon 241 (termed NciI) which may be involved in
the modulation of splicing (Hosokawa et al. 1995b), has been associated with tumour
progression in several carcinoma types (reviewed by (Correa et al. 2001). This
polymorphism was assessed in parathyroid tumours by genotyping, but no significant
association between this polymorphism and the development of tumours was found
(Correa et al. 2001).

1.5.6 RET
Germline activating mutations in the RET proto-oncogene located on chromosome
10q11.2 are found in patients with MEN 2, and result in a predisposition to HPT
(Mulligan et al. 1993). RET is activated through ligand-co-receptor binding and
results in the activation of downstream signalling targets including the RAS/ERK
pathway. Protein and transcript expression of RET has been demonstrated in
parathyroid tumours (Kimura et al. 1996; Pausova et al. 1996). However, no somatic
RET mutations have been found in sporadic parathyroid tumours, implying that RET
does not have an oncogenic role in these sporadic tumours (Padberg et al. 1995;
Pausova et al. 1996; Williams et al. 1996).

1.5.7 Calcium-Sensing Receptor
CaSR is located on chromosome 3q21-q24 and encodes a large G protein-coupled
receptor protein of 1,078 amino acids (Pollak et al. 1993; Janicic et al. 1995). The
wild type mRNA transcript is 5.4 kb, however less abundant alternatively spliced
transcripts between 4.2 kb and 10 kb have also been identified (Garrett et al. 1995).
Expression of the alternate splice transcripts have recently been shown to be regulated
by two Vitamin D Response Elements (VDREs) in the promoter region of the gene
(Canaff and Hendy 2002). CaSR detects changes in blood ionised calcium
concentration and modulates PTH secretion to maintain the serum calcium level
within a narrow physiological range. Possibly through its modulation of several
pathways (described in section 1.2.4), it is thought to have regulatory roles in cellular
proliferation, including the inhibition of proliferation of parathyroid cells,
differentiation and apoptosis (reviewed by Brown and MacLeod 2001).
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Studies of CaSR cellular localisation have identified possible interacting proteins.
CaSR is found most abundantly within caveolae in the plasma membrane of chief
cells and in bovine parathyroid cells it co-localises with caveolin-1 (Kifor et al. 1998).
Caveolin-1 may also be involved in the regulation of parathyroid cell proliferation as
reduced levels have been shown to blunt the effects of calcium on PTH secretion
(Kifor et al. 2003). Caveolin-1 also inhibits expression of cyclin D1 (Hulit et al.
2000).
Inactivating germline mutations of CaSR have been identified in Familial
Hypocalciuric Hypercalcaemia (FHH), neonatal severe hyperparathyroidism (Pollak
et al. 1993; Chou et al. 1995) and several cases of FIHP (Warner et al. 2004). FHH is
an autosomal dominant trait presenting with hypercalcaemia, normal PTH, and
apparently normal parathyroid histology. Activating germline mutations of CaSR are
found in familial hypocalcaemia (Pollak et al. 1994). Several families with FHH do
not have CaSR mutations, but show linkage at either 19p13 (Heath et al. 1993) or
19q13 (Lloyd et al. 1999). These chromosomal regions (19p and 19q), are areas of
frequent loss in unresponsive secondary and tertiary hyperplastic glands (Table 1.4).
LOH of the CaSR locus at 3q has been reported in a small number of sporadic
adenomas (Thompson et al. 1995) and secondary hyperplastic glands (Farnebo et al.
1997), but loss at 3q is not a frequent finding by CGH (Table 1.4). Further, somatic
mutations have not been found in sporadic tumours (Hosokawa et al. 1995a; Cetani et
al. 1999). However, immunohistochemical studies have reported decreased CaSR
protein expression in parathyroid adenomas (Kifor et al. 1996; Gogusev et al. 1997;
Kaneko et al. 1999; Cetani et al. 2000; Sudhaker Rao et al. 2000; Yano et al. 2003);
secondary hyperplasia, with lowest expression demonstrated in the nodules (Kifor et
al. 1996; Gogusev et al. 1997; Yano et al. 2000; Martin-Salvago et al. 2003); and in
31% of sporadic parathyroid carcinomas (Haven et al. 2004). No correlation between
the degree of CaSR reduction and either tumour size or pre-operative serum calcium
level has been found, however a strong inverse correlation with proliferative index
was noted in carcinoma samples (Haven et al. 2004). Reduced CaSR transcript levels
have also been reported using semi-quantitative techniques in adenoma and
hyperplastic glands (Gogusev et al. 1997; Farnebo et al. 1998a; Corbetta et al. 2000).
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Quantitative and comparative assessment of CaSR transcript levels in all three
parathyroid tumour classes, specifically adenoma, hyperplasia and carcinoma, has not
been reported.
Reduced protein expression of mouse CaSR (Casr) has been found in the parathyroid
tumours of a transgenic mouse model overexpressing cyclin D1 by incorporation of
the PTH – cyclin D1 rearrangement (Imanishi et al. 2001), and in the hyperplastic
parathyroid glands of uraemic rats (Brown et al. 1999). Ritter and co-workers (2001)
also found reduced Casr expression in uraemic rats, but demonstrated that the
parathyroid hyperplasia induced in these rats by a high phosphate diet, preceded
down-regulation of Casr expression (Ritter et al. 2001), inferring an indirect rather
than direct role for CaSR as a modifier of parathyroid cell proliferation.
Parathyroid hyperplasia is a prominent finding in a mouse model with a heterozygous
inactivating Casr mutation, and more severe hyperplasia is found in mice
homozygous for the mutation (Ho et al. 1995). In order to separate the effects of
reduced Casr expression and the resulting secondary hypercalcaemia, Kos and coworkers generated a mouse model deficient in both Casr and Pth (Kos et al. 2003).
They reported that all double-null mice developed grossly enlarged parathyroid
glands, demonstrating that hyperplasia can occur independently of the presence of
PTH. While CaSR mutations have not been found in sporadic tumours, the results
from the mouse models provide compelling evidence for CaSR having a primary role
in parathyroid cell proliferation and the development of parathyroid hyperplasia.

1.5.8 Vitamin D Receptor
VDR is the nuclear receptor for 1,25-(OH)2D and is located on chromosome 12q1214. Mutations in VDR result in the autosomal recessive disorder, hereditary
hypocalcemic vitamin D resistant rickets and tissue insensitivity to 1,25-(OH)2D
(Malloy et al. 1990). 1,25-(OH)2D stimulates the absorption of calcium and phosphate
in the intestine, reabsorption of calcium in the kidney, and via increased blood
calcium and phosphate levels, mineralisation of bone. 1,25-(OH)2D binds to VDR
which then complexes with the retinoid X receptor (RXR). This complex is known to
bind to vitamin D Response Elements (VDREs) in the promoter region of a number of
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genes to either activate or repress transcription (Haussler et al. 1998). It has been
shown to activate transcription of p21 (Liu et al. 1996a) and CaSR (Canaff and Hendy
2002), and repress the activation of PTH (Mackey et al. 1996).
Vitamin D deficiency and reduced parathyroid VDR expression is associated with
development of HPT secondary to uraemia. Vdr-null mice can be prevented from
developing secondary HPT by mineral normalisation through diet (Li et al. 1998)
suggesting that the HPT is secondary to the impaired calcium absorption rather than a
deficiency of the receptor.
Reduced levels of VDR transcript (Carling et al. 2000) and protein have been
observed in sporadic adenomas (Carling et al. 2000; Sudhaker Rao et al. 2000; Yano
et al. 2003) and secondary hyperplasia (Carling et al. 2000). Loss of chromosome 12q
is a frequent finding in tertiary HPT (Table 1.4), however no somatic VDR mutations
have been detected in sporadic tumours of patients with tertiary HPT (Brown et al.
2000). VDR polymorphisms may influence VDR mRNA levels and have been
associated with an increased risk of parathyroid adenoma of primary HPT (Carling et
al. 1995; Carling et al. 1997a; Carling et al. 1997b) in some, but not all ethnic
populations (Beaven et al. 1996), suggesting a possible familial predisposition to
apparently sporadic HPT.

1.5.9 Retinoblastoma
Rb1 is located on chromosome 13q14.2 (Lee et al. 1987) and has a primary role as a
tumour suppressor gene in a number of tumours including retinoblastoma and
osteosarcoma (reviewed in Liu et al. 2004). In these tumour types inactivation is the
result of mutations and allelic loss of Rb1. Epigenetic silencing by hypermethylation
of a CpG island within the Rb1 promoter has also been described and reported in
retinoblastoma (Simpson et al. 2000), glioblastoma (Nakamura et al. 2001) and
pituitary adenoma (Simpson et al. 2000) but not in acute myeloid leukemia (Kornblau
and Qiu 1999) or neuroendocrine lung tumours (Gouyer et al. 1998). In other tumour
types inactivation of Rb1 may be a consequence of altered activity of upstream
regulators such as cyclin D1 and CDK4 (Figure 1.3). The involvement of Rb1 in
parathyroid tumorigeneis was investigated following the finding of overexpression of
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cyclin D1 in parathyroid tumours (described in section 1.5.5). Through its regulation
by cyclin D1, pRb is involved in the control of cell cycle progression (Figure 1.3).
Rb1 was proposed as a marker of parathyroid malignancy by Cryns and co-workers
following the finding of LOH at its locus and reduced protein expression in many
sporadic carcinomas (Cryns et al. 1994b). Further studies showed loss in the majority
of sporadic carcinomas, but also in a small number of sporadic adenomas (Cryns et al.
1994b; Lloyd et al. 1995; Subramaniam et al. 1995; Dotzenrath et al. 1996; Farnebo et
al. 1999a; Cetani et al. 2004a). CGH studies have confirmed the 13q14-q31 region to
be one of the most frequently deleted areas in parathyroid carcinoma. This region is
deleted in 31% of parathyroid carcinomas, but also in 15% of parathyroid adenomas
(Table 1.4). The region of loss is generally large and contains other candidate tumour
suppressor genes including BRCA2 (Wooster et al. 1994) and an unidentified gene
found deleted in 10% of cases of B-cell chronic lymphocyctic leukemia (Rowntree et
al. 2002). Both Rb1 and BRCA2 have been screened for mutations in a small series of
parathyroid carcinomas which demonstrated LOH of the Rb1 or BRCA2 region, or
gross loss of 13q detected by CGH (Shattuck et al. 2003a). No mutations were found
in either gene. Assessment of epigenetic changes such as hypermethylation of Rb1 has
not been reported for parathyroid tumours.
Mouse models heterozygous or chimeric for Rb1 mutations have been developed but
are imperfect models for human disease as they do not develop retinoblastoma.
Interestingly, these mice develop tumours of the pituitary glands and hyperplasia of
the adrenal medulla amongst other defects, but tumours of the parathyroid or
symptoms of HPT have not been found (Jacks et al. 1992; Williams et al. 1994).
A review of Rb1 studies in parathyroid tumours, found that 90% of carcinomas and
10% of adenomas showed LOH at the Rb1 locus or flanking regions, and
approximately 60% of carcinomas and 30% of adenomas demonstrated negative
staining for pRb (Cetani et al. 2004a). Thus, while Rb1 appeared initially to play a
role in parathyroid carcinoma development, the evidence to date suggests a
circumstantial rather than primary role for Rb1 in these tumours, and the possibility of
an as yet unidentified tumour suppressor gene at the same chromosomal location
cannot be excluded.
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1.5.10 HRPT2
In 1990, Jackson and co-workers described two families with HPT and ossifying jaw
fibromas that did not demonstrate linkage to either the MEN 1 or MEN 2 loci on
chromosomes

11

and

10,

respectively.

They

named

this

syndrome

“Hyperparathyroidism-jaw tumour syndrome”, and postulated that these families had
mutations in an unknown gene they called “Hyperparathyroidism 2” (HRPT2)
(Jackson et al. 1990). In 1995, Szabo and co-workers mapped HRPT2 to 1q21-q31
(Szabo et al. 1995). This region was quickly narrowed to 34 cM, and LOH in this
region was also demonstrated in renal hamartomas from patients with HPT-JT,
providing the first evidence of a tumour suppressor role for HRPT2 (Teh et al. 1996).
LOH was subsequently demonstrated in some, but not all HPT-JT (Haven et al. 2000;
Cavaco et al. 2001) and FIHP (Teh et al. 1998) associated parathyroid tumours, as
well as in 9 – 13% of sporadic adenomas (Farnebo et al. 1997; Dwight et al. 2000;
Villablanca et al. 2002a). The HRPT2 candidate region was narrowed to 21 cM
(Williamson et al. 1999) and then 0.7 cM (Hobbs et al. 1999). However, this region
was later revised to a 14 cM region at 1q25–q31, delineated by markers CHC.12F10
and D1S1632 (Haven et al. 2000). Whether in fact HRPT2 was a tumour suppressor
was questioned by some, due to the low frequency of LOH at 1q in HPT-JT
associated tumours and the finding of amplification of 1q in some of these tumours
(Haven et al. 2000).

1.5.11 Cell cycle regulator genes
The involvement of the oncogene cyclin D1 in parathyroid tumour proliferation has
lead to the investigation of other cell cycle genes, in particular, genes involved in
G1/S transition. Regulators of G1/S transition belong to two main interconnected
pathways: cyclin D1/p16INK4A/Rb1 and p14ARF/TP53/MDM2 (Figure 1.3).
Immunohistochemical studies have found increased levels of p16 in secondary and
tertiary hyperplasia (Alcazar et al. 2003) and sporadic adenomas (Cristobal et al.
2000). Conversely, other studies have found LOH at the chromosome 9p locus for p16
and p15 in 16% of adenomas. However, no mutations have been found in either the
p16 or p15 genes (Tahara et al. 1996).
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LOH at the chromosome 17p locus for TP53 has been found in a minority of
carcinomas (Cryns et al. 1994a), and sequencing of sporadic adenomas and
carcinomas (Cryns et al. 1994a; Hakim and Levine 1994; Kishikawa et al. 1999) has
revealed only a single missense mutation and several polymorphisms in sporadic
adenomas (Kishikawa et al. 1999). Immunohistochemical staining for p53 has found
no significant differences between tumour types (Vargas et al. 1997; Kayath et al.
1998; Naccarato et al. 1998; Kishikawa et al. 1999; Gulkesen et al. 2001; Ricci et al.
2002; Stojadinovic et al. 2003; Szende et al. 2004).
LOH at the chromosome 1p locus for p18 and RAD54 has been reported in 32% of
sporadic adenomas, and CGH studies have found this region to be the only area of
frequent loss common to all tumour types examined (Table 1.4), however no
mutations have been found in either p18 (Tahara et al. 1997) or RAD54 (Carling et al.
1999a).
A negative correlation with proliferation (Ki-67) has been observed by
immunohistochemcial studies for p27 (Lloyd et al. 1997; Erickson et al. 1999;
Erickson et al. 2002; Stojadinovic et al. 2003), and strong positive correlation reported
for both p21 and p27 with VDR (Tokumoto et al. 2002; Tokumoto et al. 2003).
Expression of both p21 and p27 were found to be induced by 1,25-(OH)2D in uraemic
rats (Cozzolino et al. 2001). Stojadinovic and co-workers however, found inconsistent
expression levels of p21 between tumour classes (Stojadinovic et al. 2003). Double
mutant mice lacking either p18 and p27, or p18 and p21, develop tumour profiles
which overlap with those seen in MEN 1 and MEN 2A. Of these, 38% of p18null/p27
+/-

and 14% of p18null/p21null mice developed parathyroid tumours (Franklin et al.

2000).
Chromosomal loss of 15q is a frequent finding in sporadic adenomas and lithiumassociated tumours (Table 1.4), suggesting a role for RAD51 in these tumours,
however sequencing of sporadic adenomas demonstrating LOH at the RAD51 locus
did not reveal any somatic RAD51 mutations (Carling et al. 1999b).
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1.5.12 Genes involved in Retinoic Acid metabolism
Retinoic acid is known to inhibit PTH gene expression and secretion, as well as
parathyroid cell proliferation (Liu et al. 1996b). In addition to being a target of
retinoic acid, parathyroid cells are also involved in the synthesis of retinoic acid (Liu
et al. 1996b). The expression of retinoid binding proteins cellular retinoic acidbinding protein 1 (CRABP1) and cellular retinol-binding protein 1 (CRBP1) have
been assessed in parathyroid normal tissue and adenomas by immunohistochemical
staining. Decreased expression of CRABP1 on the nuclear membrane of parathyroid
adenomas was found, suggesting that impaired transport of retinoic acid to the cell
nuclei may contribute to parathyroid cell proliferation and the development of HPT
(Melhus et al. 2001). Evidence of parathyroid cells requirement for retinoic acid is
also gleaned from the embryonic development of parathyroid glands. Retinoic acid
deficient mouse embryos, created by the generation of a retinaldehyde dehydrogenase
2 (Raldh2)-heterozygous mutant genotype, demonstrate abnormal development which
includes lack of parathyroid glands (Niederreither et al. 2003). Whether RALDH2 is
of relevance in the adult human parathyroid gland has not been assessed.

1.6 SUMMARY AND AIMS
In summary, while parathyroid lesions have been extensively studied (summarised in
Tables 1.2 – 1.3), the genetic events leading to primary parathyroid tumorigenesis are
largely unknown. At the start of this candidature, two genes, MEN1 and cyclin D1,
had been established as having important roles in parathyroid tumorigenesis, and a
third gene (HRPT2, associated with HPT-JT) had been localised to a 14 cM region of
chromosome 1q25-q31. This gene was identified during the course of this
candidature, but the extent of its role in parathyroid tumorigenesis was yet to be
determined.
The goals of this project were to further elucidate the molecular genetic events
underlying the formation of both familial and sporadic parathyroid lesions, and to
apply the knowledge gained through this study to improve the diagnosis of HPTaffected individuals.
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To address these goals, the specific aims for this project were:
1. To identify and characterise the role of HRPT2 in both familial and sporadic
HPT by sequencing of HRPT2, assessment of LOH at the HRPT2 locus, and
accurate quantitation of HRPT2 transcript levels in a series of tumours of
various subtypes.
2. To

determine

the

utility

of

denaturing

high

performance

liquid

chromatography (DHPLC) for the rapid molecular diagnosis of familial HPT,
specifically MEN 1 and HPT-JT kindreds, as well as identification of somatic
MEN1 and HRPT2 mutations in parathyroid tumours.
3. To classify parathyroid lesions based upon combined clinical, pathological and
molecular profiles generated by cDNA microarray analysis, and from this
analysis, to determine relationships between tumour subtypes and identify
novel genes and processes which may be involved in the formation of these
tumours.
4. To identify novel putative genetic biomarkers that distinguish between
parathyroid tumour subtypes by analysis of cDNA microarray data. Further, to
test

these

biomarkers

by

accurate

quantitation

of

transcript

and

immunohistochemical assessment in three parathyroid tumour subtypes.
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TWO

Methods and Materials

2.1 INTRODUCTION
This chapter details the ethics approval and acquisition of specimens used in this
thesis. The comprehensive study of multiple entities of parathyroid tumours, including
rare familial tumours described in this thesis, required collaboration with overseas
hospitals and universities that also collected and stored parathyroid tumours. These
collaborations are detailed in this chapter. General methods adopted within this thesis
are also described and commonly used materials are listed. Specific methods are
described in the relevant chapters, and the suppliers of more specific materials are
listed when first mentioned in the text.

2.2 ETHICS
Approval for the use of human parathyroid tissue and matching blood samples for
genetic testing in this study, Protocol 0111-180M, was granted by the Northern
Sydney Health Human Research Ethics Committee (NSHREC) in February 2002.
Approval encompassed both the use of retrospectively collected specimens from a
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previous research study (“Genetic Studies of parathyroid tumours”, Protocol 9803060M) as well as the collection and use of prospective specimens. The approved
patient information sheet and consent forms for prospective patients and relatives of
patients, are included in Appendices 1.1 – 1.3. The protocol established for the
disclosure of research findings from this study, in the event that these findings may be
of clinical relevance to the patient, followed the published guidelines for clinical
testing (HGSA 1999; NHMRC 1999) with consideration to the documented wishes of
the patient either to be, or not to be, informed of such information. Children were not
excluded from this research, as they may be members of families which may benefit
from the disclosure of research findings in terms of preventative strategies and
monitoring. However, the participation of a child in research involving other family
members would be decided by the parents or guardians and the child (where possible),
assisted by counsellors and other health professionals as requested, with each case
depending on its individual circumstances.

Two amendments were made to this protocol. The first amendment was for the use of
anonymised normal parathyroid tissue sections stored frozen in the Endocrine Tumour
and Tissue Bank (Approved Ethic Protocol 0211-171M). These tissue sections were
obtained from excess cell washings after routine parathyroid autotransplantation
during thyroidectomy. Normal parathyroid tissue sections were pooled for microarray
analysis in chapter 5 and for quantitative assessment of transcript and
immunohistochemcial staining of putative biomarkers in chapter 6. The second
amendment was for the use of anonymised paraffin-embedded sections of nonparathyroid tissue. These were for use as positive control sections for the
immunohistochemical staining of putative biomarkers detailed in chapter 6.

2.3 SPECIMENS
Parathyroid tissue was frozen in liquid nitrogen immediately following surgery and
stored along with peripheral blood samples collected into EDTA anticoagulant
(Becton Dickinson VACUTAINER Systems, Franklin Lakes, NJ, USA) at –70ºC until
extraction. Paraffin-embedded blocks were obtained either from the histopathology
departments, or prepared from the frozen stored tissue. Parathyroid tumour specimens
and where possible, matching blood specimens, were collected with ethics approval at
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Royal North Shore Hospital (RNSH), Sydney, NSW, Australia. For the acquisition of
parathyroid tumour specimens and, or, matching germline DNA, in addition to those
obtained at RNSH, collaborations were formed with the following individuals and
institutes:
•

Dr Oliver Gimm, Dr Cuong Hoang-Vu, Ms Kathrin Hammje, Dr Ulf Krause
and Prof Henning Dralle, at Martin Luther University (MLU), HalleWittenberg, Germany;

•

Dr Carola J Haven, Dr Hans Morreau and Prof Gert Jan Fleuren, at Leiden
University Medical Center (LUMC), Netherlands;

•

Dr Janet Warner and Dr John Cardinal at Princess Alexandra Hospital,
Woolloongabba, QLD, Australia (chapter 4);

•

A/Prof Roberto T Zori, Ms Heather J Stalker, Dr Charles Williams and Dr
Nathan Jesse, at University of Florida, Gainesville, FL, USA (chapter 4).

Ethics approval for the use of anonymised tissue was obtained from the Human
Research Ethics committee of each institute under local protocols.

Details of the specimens used for the work in chapters 3, 5 and 6 are listed in Tables
2.1A-D. The specimens used in chapter 4 exclusively, are not included in this table,
but are listed in Table 4.1. The specimens received from collaborators were in the
form of extracted total RNA, DNA, or paraffin-embedded blocks, as required.

In addition to the above specimens, a panel of 65 anonymised peripheral blood
samples collected from healthy volunteers constituted the normal germline DNA
panel.
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Table 2.1A Clinical information for parathyroid tumours used in this thesis associated with familial hyperparathyroidism.
"Age" is age at parathyroidectomy; and source is the institute that contributed the tumour. "Y" indicates that the tumour was used for
the work in the corresponding chapter of this thesis. All tumour tissue consisted of at least 70% neoplastic cells. Any relevant
additional genetic information identified in previous studies of the tumour is listed under "Additional Information". Specimens used
exclusively in chapter 4 are not listed in this table, but are found in Table 4.1.
Additional information

Hyperparathyroidism-Jaw tumour syndrome
1765G

carcinoma

51

M

MLU

Y

1613G

carcinoma

20

M

MLU

Y

IV-3

adenoma

27

F

LUMC

Y

IV-4

adenoma

38

F

LUMC

Y

5771

adenoma

36

F

LUMC

Y

Y

Y

Family F3, ROH at 11q13§

Y

Y

Y

Family F3, ROH at 11q13§

Y

Y

Family F4

Y

Family F4

Y

Y

Family F4

Familial Isolated Hyperparathyroidism
54A adenoma/hyperplasia

19

F

RNSH

Y

Y

Y

Y

Family F1, germline HRPT2 mutation L64P*

4A adenoma/hyperplasia

22

M

RNSH

Y

Y

Y

Y

Y

Family F1, germline HRPT2 mutation L64P*,
1q24-32 LOH at D1S218 and D1S477 †
Family F2, No MEN1 germline mutation found
but linkage to MEN1 locus could not be
excluded, CGH loss 11p-q, LOH at 11q13§

60A

adenoma

52

F

RNSH

29A

hyperplasia

59

F

RNSH

M

RNSH

Multiple Endocrine Neoplasia Type 1
63A
adenoma
33
1540G

hyperplasia

37

F

MLU

Y

11738

hyperplasia

49

F

LUMC

18964

adenoma

42

F

LUMC

Y

1996G

hyperplasia

42

M

MLU

Y

F

LUMC

Y

Y

Family F5, No MEN1 germline mutation found
but linkage to MEN1 locus could not be excluded

Y

Y

Family F6, MEN1 germline mutation c1659insG

Y

Y

Family F7, MEN1 germline mutation c788del6

Y

Family F8, MEN1 germline mutation
c930delGGinsATGACC
Family F9, MEN1 germline mutation c1526insG

Y
Y

Y

Family F10, MEN1 germline mutation
IVS4-9G→A

Y

Family F11

Multiple Endocrine Neoplasia Type 2A
6887

adenoma

46

Legend: "RNSH" is Royal North Shore Hospital, Australia, "MLU" is Martin Luther University, Germany, and "LUMC" is Leiden
University Medical Centre, Netherlands; "ROH" is retention of heterozygosity, and "LOH" is loss of heterozygosity; * Carpten et al.,
2000, † Teh et al., 1998, § allelic status at 11q13 assessed using microsatellite markers D11S480, PYGM, D11S4940 and D11S4941.
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6937

adenoma

24

M

LUMC

T32B6

adenoma

27

F

RNSH

Y

100a

adenoma

37

F

RNSH

96a

adenoma

42

M

RNSH

Y

10163

adenoma

42

M

LUMC

Y
Y

pt
6

pt
5

Additional information
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Source

pt
4

Sex

Ch

Age

Ch

Histology

Ch

ID
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3

Table 2.1B Clinical information for parathyroid tumours used in this thesis associated with primary sporadic hyperparathyroidism.
"Age" is age at parathyroidectomy; and source is the institute that contributed the tumour. "Y" indicates that the tumour was used for the work in
the corresponding chapter of this thesis. All tumour tissue consisted of at least 70% neoplastic / hyperplastic cells. Any relevant additional
genetic information identified in previous studies of the tumour is listed under "Additional Information". Specimens used exclusively in chapter
4 are not listed in this table, but are found in Table 4.1.
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F
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Legend: "RNSH" is Royal North Shore Hospital, Australia, "MLU" is Martin Luther University, Germany, and "LUMC" is Leiden University
Medical Centre, Netherlands; "cgma" indicates that the tumour was used in chapter 4 only for comparative genomic microarray analysis, and
"cryo" indicates that the tumour was used in chapter 6 only for cryostat sections; "ROH" is retention of heterozygosity, and "LOH" is loss of
heterozygosity; ‡ Dwight et al., 2002, "CGH" is comparative genomic hybridisation; § allelic status at 11q13 assessed using microsatellite
markers D11S480, PYGM, D11S4940 and D11S4941 .

- 38 -

LUMC
MLU
LUMC
MLU
MLU
MLU
MLU
MLU
RNSH
MLU
RNSH
MLU
MLU
MLU
MLU
LUMC
MLU
RNSH
RNSH
MLU
RNSH
MLU

29
27
32
42
46
49
56
58
78

F
M
F
F
F
M
F
M
M

LUMC
MLU
LUMC
LUMC
LUMC
RNSH
RNSH
MLU
RNSH

50
78

F
F

RNSH
RNSH

t6

M
M
M
F
F
M
F
F
M
M
M
F
M
F
F
F
F
F
M
M
F
F

t5

25
26
23
28
32
33
36
40
43
46
46
47
47
51
56
57
58
66
70
71
62
62

Ch
p

Source

t4

Sex

Ch
p

Age

Ch
p

Histology

Ch
p

ID

t3

Table 2.1C Clinical information for parathyroid tumours used in this thesis associated with lithium therapy, secondary and tertiary
hyperparathyroidism. "Age" is age at parathyroidectomy; and source is the institute that contributed the tumour. "Y" indicates that the tumour
was used for the work in the corresponding chapter of this thesis. All tumour tissue consisted of at least 70% neoplastic / hyperplastic cells. Any
relevant additional genetic information identified in previous studies of the tumour is listed under "Additional Information".

Additional information

Secondary hyperplasia
8863
hyperplasia
784G
hyperplasia
7102
hyperplasia/adenoma
866G
hyperplasia
2356G
hyperplasia
2085G
hyperplasia
1417G
hyperplasia
381G
hyperplasia
94A
hyperplasia
2358G
hyperplasia
8A
hyperplasia
2082G
hyperplasia
1749G
hyperplasia
2158G
hyperplasia
2190G
hyperplasia
4266
hyperplasia
1293G
hyperplasia
17A
hyperplasia
86A
hyperplasia
1363G
hyperplasia
95A
hyperplasia
2636G
hyperplasia
Tertiary Hyperplasia
2950
hyperplasia
407G
hyperplasia
9706
hyperplasia
8263
mild adenoma/hyperplasia
7248
adenoma/hyperplasia
87A
hyperplasia
34A
hyperplasia
770G
hyperplasia
P915
hyperplasia
Lithium associated
80A
adenoma/hyperplasia
76A
adenoma/hyperplasia
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Y
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Y
Y
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Y
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Y
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Y
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Y
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Y
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Y
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Y
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Y
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cryo

ROH at 11q13§
ROH at 11q13§
ROH at 11q13§
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Y
Y

Y

ROH at 11q13§
11q13 LOH§, CGH loss 1pter-p31, 11q13-qter, 15q‡

Y

68A
normal
normal
normal

Normal tissue
Normal tissue
Normal tissue
Normal tissue

RNSH
RNSH
RNSH
RNSH

t6
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p

Age
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Histology
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Table 2.1D Information regarding normal parathyroid tissue used in this thesis. All normal tissue was collected from excess cell washings
after routine parathyroid autotranplantation during thyroidectomy. "Y" indicates that the tissue was used for the work in the corresponding chapter
of this thesis.

Y
Y
Y
cryo

Additional information
pool of 16 anonymised fragments (RNA)
pool of 5 anonymised fragments (RNA)
8 anonymised fragments (paraffin embedded)
4 anonymised fragments (frozen sections)

Legend: "RNSH" is Royal North Shore Hospital, Australia, "MLU" is Martin Luther University, Germany, and "LUMC" is Leiden University
Medical Centre, Netherlands; "cryo" indicates that the tumour was used in chapter 6 only for cryostat sections; "ROH" is retention of
heterozygosity, and "LOH" is loss of heterozygosity; § allelic status at 11q13 assessed using microsatellite markers D11S480, PYGM, D11S4940
and D11S4941; "CGH" is comparative genomic hybridisation; ‡ Dwight et al., 2002.
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2.4 GENERAL METHODS
2.4.1 Histological assessment of tumours
Representative tumour sections from RNSH samples were cut from each frozen
tumour specimen, placed into 10% neutral buffered formalin overnight and then
transferred to 70% ethanol. The tissues were then processed and paraffin embedded
by the Department of Anatomical Pathology (PaLMS, RNSH). One section from each
block cut and stained with Haematoxylin and Eosin (Bancroft 1996) according to the
standard operating procedures of the department. These slides were assessed by
histopathologist A/Prof Jeanette Philips, to confirm the histological classification and
ensure the presence of at least 70% neoplastic cells. However, the possibility of
contamination of parathyroid tissue with adjacent non-parathyroid tissue could not
entirely be excluded due to wide resection of the carcinoma tumours.

Histological assessment of MLU specimens was performed at MLU, Germany by
histopathologist Dr Ulf Krause, and reassessed in Australia by A/Prof Jeanette Philips.
LUMC specimens were assessed at LUMC, Netherlands by histopathologist Dr Hans
Morreau.

2.4.2 Preparation of RNA from tissue
RNase-free reagents were used in all RNA-related work. Equipment and bench areas
used for RNA-related work were cleaned with RNase-Zap (Ambion Inc., Austin, TX,
USA) prior to use.

2.4.2.1 RNA extraction using TRI REAGENT
RNA was extracted using the TRI REAGENT method (Molecular Research Centre,
Inc, Manufacturer’s protocol, 1998). Tissue for extraction was cut from the specimen
while seated in dry ice, using sterile disposable forceps (Swann-Morton Ltd,
Sheffield, UK) and immediately transferred to a pre-cooled and pre-weighed, 2mL
tube with a rounded base. It was essential that tissue for extraction did not come to
room temperature as this may result in degradation of the tissue RNA. The tube was
weighed again to determine the weight of the tissue. Where greater than 100µg of
tissue was to be processed, the tissue was divided, so that 50 - 100µg was processed in
each tube. This ensured maximal yield and optimal extraction. Two acid-washed and
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sterilised 6mm Pyrex®-borosilicate glass beads (Crown Scientific Ltd, Moorebank,
NSW, Australia) and 1mL of TRI REAGENT (Molecular Research Center, Inc,
Cincinnati, OH, USA) were added to the frozen tissue and the sample milled
immediately for 4 minutes at 30 revolutions per second in a Model 200 Mixer Mill
(Retsch Technology GmbH, Haan, Germany). The tubes were incubated at room
temperature for 5 minutes to allow complete dissociation of nucleoprotein complexes
before the addition of 100µL of 1-bromo 3-chloropropane (BCP) (Sigma Aldrich Co.,
St Louis, MO, USA) to each tube. The tubes were mixed by inversion and vortexing
and incubated at room temperature for 10 minutes. The tubes were then centrifuged at
10,000g for 15 minutes at 4ºC. The aqueous phase containing RNA at the top of the
solution was removed by pipette, taking care not to touch the lower phase which
contained DNA, and transferred to a fresh eppendorf tube.

To precipitate the RNA, 1mL of cold isopropanol (100%) was added to the aqueous
phase, and the tubes gently mixed by inversion for 1 minute. The samples were then
centrifuged at 12,000g in a refrigerated centrifuge at 4ºC for 15 minutes. Often a
pellet of RNA was visible following centrifugation. The isopropanol was carefully
removed with a pipette tip without disturbing the RNA pellet. The RNA was washed
twice by adding 1mL of 75% ethanol to each sample and centrifuging for 5 minutes at
10,000g. Following the removal of ethanol after the second wash, the pellets were airdried by inverting the tubes on the bench-top at room temperature. The RNA pellets
were resuspended in 20-50µL of RNase-free water (Sigma Aldrich Co, St Louis, MO,
USA) depending on the size of the pellet. The yield of RNA was generally 1 –
2µg/mg of tissue. The RNA was stored at -80ºC.

2.4.2.2 RNA quantitation by spectroscopy
RNA was diluted 1:50 in RNase-free water to a volume of 100µL, loaded into a
quartz cuvette with a 100µL capacity, and the absorbance read at 260 and 280 nm.
The amount of RNA was calculated as 40µg/mL per absorbance unit at 260 nm.

2.4.2.3 RNA gel electrophoresis
The integrity of the extracted RNA was assessed by gel electrophoresis on a
formaldehyde gel consisting of 0.7% agarose, 1X MOPS (20mM 3-[Nmorpholino]propane (MOPS) (Sigma Aldrich, St Louis, MO, USA), 5mM sodium
- 41 -

acetate and 1mM EDTA in RNase-free water, pH 7), 1.5M formaldehyde in RNasefree water. The formaldehyde was added to the mixture when it had cooled to 60°C,
then the gel immediately poured. The running buffer for the gel was 1X MOPS which
contained 25µL per litre of ethidium bromide. The gel was soaked in the buffer for
approximately 30 minutes prior to sample loading. The sample aliquots of RNA
(approximately 3µg in 3µL) and the molecular weight marker (0.24-9.5 Kb RNA
Ladder, Roche Diagnostics, GmbH, Mannheim, Germany) were diluted with 15µL of
loading buffer. The loading buffer consisted of 40µL of blue dye (50% glycerol (v/v),
1% EDTA (w/v), 0.4% bromophenol blue (w/v) in RNase-free water), 40µL of 10X
MOPS, 65µL of 37% formaldehyde and 180µL of deionised formamide (Sigma
Aldrich, St Louis, MO, USA). The samples were denatured by heating to 65°C for 3
minutes, then transferred to ice prior to loading. Following loading, the gel was
electrophoresed at 110 Volts for 120 minutes and then viewed under UV light. RNA
of high integrity was determined by the presence of two predominant and discrete
bands of small (~2kb) and large (~5kb) ribosomal RNA. Low molecular weight (0.1 –
0.3kb) RNA and discrete bands or smears of high molecular weight (7-15kb) RNA
were often also evident. The presence of smears without discrete bands of ribosomal
RNA suggested that the RNA was degraded. In these cases, the RNA was discarded.

2.4.2.4 Purification of RNA by precipitation with lithium chloride
Total RNA prepared with TRI REAGENT was purified by precipitation with lithium
chloride before the synthesis of cDNA. In a 1.5mL microfuge tube, 50µL of 7.5M
lithium chloride (Ambion Inc., Austin, TX, USA) was added to a maximum of 100µg
of total RNA in a volume of 100µL. The tube was mixed well and incubated at -20oC
for between 1 and 8 hours. The tube was then centrifuged at 12,000g for 20 minutes at
4ºC. Following centrifugation, a clear pellet was often visible. The supernatant was
carefully removed by decanting and the cell pellet washed three times by adding 1mL
of 75% ethanol, vortexing, and centrifuging at 12,000g at 4ºC for 10 minutes. After
the final wash had been discarded, the tube was centrifuged for a further 1 minute and
the residual ethanol carefully removed from the pellet by pipetting. A recovery of
50% of the starting RNA was assumed, and the RNA was reconstituted in 12µL of
RNase-free water per 100µg of starting total RNA, to ensure a minimum
concentration of 4µg/µL that was required for the microarray experiments. The RNA
was quantitated and stored at -80oC until required.
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2.4.2.5 RNA concentration and transport in ethanol
In some instances it was necessary to either concentrate or transport the prepared
RNA. This was performed by precipitation of the RNA in the presence of 0.3M
sodium acetate and absolute ethanol. The dissolved RNA was diluted to a volume of
248µL with RNAse-free water in a 1.5mL microfuge tube. To this was added 28µL of
3M sodium acetate (Sigma Aldrich, St Louis, MO, USA) and 700µL of absolute
ethanol. The tube was mixed and placed on ice for approximately 15 minutes, before
centrifuging at 12,000g in a refrigerated centrifuge at 4ºC for 15 minutes. The
supernatant was decanted and discarded, and the pellet washed once, by the addition
of 1mL of 75% ethanol, vortexing, and then centrifuging as before. The supernatant
was decanted and discarded and 1mL of 75% ethanol added. The RNA was then
stored at -80oC until required.

To reconstitute the RNA, the tube was centrifuged at 12,000g in a refrigerated
centrifuge at 4ºC for 15 minutes. The supernatant was then decanted and discarded.
The tube was centrifuged again for 1 minute and all remaining ethanol was carefully
removed by pipetting. The RNA was reconstituted in RNase-free water and stored at 80oC until required.

2.4.3 Preparation of Universal Human Reference RNA
Universal Human Reference RNA (UHR) (Stratagene, La Jolle, CA, USA) was used
as a reference RNA in chapters 5 and 6. UHR is RNA pooled from a mix of the 10
different human cell lines detailed in Table 2.2. It is supplied as pellets of ~ 200µg
RNA in ethanol and stored at -80oC. In preparation for use, the vials were thawed and
centrifuged at 12,000g for 15 minutes at 4ºC. The supernatant was decanted and
discarded and the pellet washed once, by the addition of 1mL of 70% ethanol,
vortexing, and centrifuging at 12,000g for 10 minutes at 4ºC. The supernatant was
decanted and discarded. The vial was centrifuged again for 1 minute and all remaining
ethanol was carefully removed by pipetting. Each vial was reconstituted in 36µL of
RNase-free water to ensure a concentration of at least 4µg/µL that was required for
the microarray experiments. The RNA was quantitated and stored at -80oC until
required.
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Table 2.2 Composition of the Universal Human Reference RNA (Stratagene)
Cell line components of UHR (Stratagene)
Adenocarcinoma, mammary gland
Melanoma
T-Lymphoblastic leukaemia
Plasmacytoma, myeloma
Liposarcoma
Hepatoblastoma, liver
Adenocarcinoma, cervix
Embryonal carcinoma, testis
Glioblastoma, brain
Histiocytic lymphoma

2.4.4 Synthesis of cDNA
Complementary DNA (cDNA) was synthesised from 2.5 - 5µg of total RNA using the
Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen Corporation,
Carlsbad, CA, USA) and random hexamers. In a 500µL PCR tube, to between 2.5 and
5µg of total RNA diluted in a volume of 8µL, was added 1µL of each, 50ng/µL
random hexamers and 10mM dNTPs. This mix was incubated in a DNA Engine
Dyad™ thermal cycler (MJ Research, Incline Village, NV, USA) at 65oC (using block
temperature) for 5 minutes and then cooled on ice for 1 minute. A master mix
consisting of, for each sample, 2µL of 10xRT Buffer, 4µL of 25mM MgCl2, 2µL of
0.1M DTT, 1µL RNaseOUT (40U/µL) and 1µL of Superscript III Reverse
Transcriptase (200U/µL), was added to each tube, and the tubes incubated at 25oC for
10 minutes, followed by 50oC for 50 minutes and 85oC for 5 minutes. At the end of
this incubation, 1µL of RNaseH (2U/µL) was added to each tube and the tubes
incubated at 37oC for 20 minutes. The resulting cDNA was assessed for DNA
contamination and integrity by PCR amplification of the housekeeping gene βGlucuronidase

(GUSβ)

transcript

using

primers

(5’-3’)

GUSβ3:

actatcgccatcaacaacacactcacc and GUSβ5: gacggtgatgtcatcgatgt (Ivanchuk et al. 1997),
1µL of cDNA, master mix 1.5 (detailed in Table 2.3) and thermal cycling program
60P30 (detailed in Table 2.4). A product of ~200bp confirmed the presence of cDNA
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suitable for PCR, and as this primer pair spanned an intron, the presence of a band at
~ 400bp indicated contamination of the cDNA with genomic DNA.

Table 2.3 Master mix components for optimisation of PCR. The final concentration of
each component is given. Each master mix was made up to the final volume less the volume of DNA to
be added (generally 1 - 2µL) with RNase-DNase free water (Sigma Aldrich Co., St Louis, MO, USA).
Primer pairs for HRPT2 amplicons were optimised using master mixes 1.5, 3 and 4. Primer pairs for
MEN1 amplicons were optimised using all master mixes except 3.

Master Mix

1.5

1.5B

2.5

2.5B

3

4

4B

Components
Buffer*
1x
1x
1x
1x
1x
1x
1x
dNTPs (µM)†
200
200
200
200
200
200
200
MgCl2 (mM)‡
1.5
1.5
2.5
2.5
3
4
4
Betaine (M)§
0
1.3
0
1.3
0
0
1.3
Forward primer (µM)
0.4
0.4
0.4
0.4
0.4
0.4
0.4
Reverse primer (µM)
0.4
0.4
0.4
0.4
0.4
0.4
0.4
Taq Polymerase (Units)*
1.5
1.5
1.5
1.5
1.5
1.5
1.5
*Three different Polymerases with matching buffer were used for different assays in this thesis:
Platinum Taq DNA Polymerase and PCR Buffer (Invitrogen Corporation, Carlsbad, CA, USA);
Amplitaq GOLD DNA polymerase and Buffer II (Applied Biosystems, Foster City, CA, USA); Taq
DNA Polymerase and reaction buffer (Invitrogen Corporation, Carlsbad, CA, USA).
† deoxyribonucleoside triphosphates (working stock consisted of 2mM dATP, 2mM dCTP, 2mM
dGTP, 2mM dTTP) (Roche Molecular Systems Incorporated., Branchburg, NJ, USA)
‡ Invitrogen Corporation, Carlsbad, CA, USA.
§ Sigma Aldrich Co., St Louis, MO, USA.

Table 2.4 Thermal cycling programs for PCR. Each polymerase (detailed in Table 2.3)
required different cycling programs as listed below, where “x” is the specific annealing temperature
used for each amplicon and is found listed with the primer sequences.
Polymerase

Program ID

Initial
Denaturation

steps x 35 cycles

Final extension

Platinum
Taq*

xP30

95oC 5 minutes

95oC 30 seconds,
xoC 30 seconds,
72oC 30 seconds

72oC 10 minutes

Amplitaq
GOLD†

xG30

95oC 10 minutes

95oC 30 seconds,
xoC 30 seconds,
72oC 30 seconds

72oC 10 minutes

Taq DNA*

xD45

94oC 5 minutes

95oC 30 seconds,
xoC 30 seconds,
72oC 45 seconds

72oC 10 minutes

* Invitrogen Corporation, Carlsbad, CA, USA;
† Applied Biosystems, Foster City, CA, USA
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2.4.5 Preparation of DNA
2.4.5.1 Extraction of genomic DNA from peripheral blood leucocytes
The Puregene® DNA Purification System (Gentra, Minneapolis, MN, USA) was used
for the extraction of genomic DNA from peripheral blood leucocytes, using solutions
from the kit, as described following.
Patient blood samples were thawed at 37oC, mixed thoroughly by gentle inversion
before taking a 300µL aliquot and adding it to a 1.5mL microfuge tube containing
900µL of Red Blood Cell (RBC) Lysis Solution. This was incubated for 1 minute at
room temperature, and inverted gently 10 times during the incubation. Samples were
centrifuged for 20 seconds at 13,000-16,000g and as much of the supernatant as
possible was removed leaving behind a visible white pellet and about 10-20µL of
residual liquid. The tube was vortexed vigorously for 10 seconds to resuspend the
white cells in the residual liquid. Cell Lysis Solution (300µL) was added to the
resuspended cells and pipetted up and down to lyse the cells. After adding 100µL of
Protein Precipitation Solution to the cell lysate, the samples were mixed vigorously at
high speed for 20 seconds to mix the Protein Precipitation Solution uniformly with the
cell lysate. The samples were centrifuged at 13,000-16,000g for 1 minute at room
temperature, and the proteins formed a tight, dark pellet. The supernatant containing
the DNA was decanted into a clean 1.5mL microfuge tube containing 300µL of
isopropanol (100%), and the sample mixed by inverting gently 50 times, before
centrifuging at 13,000-16,000g for 1 minute at room temperature. The DNA was
visible as a small white pellet. After discarding the supernatant, the tube containing
the DNA was drained briefly on clean absorbent paper, then 300µL of 70% ethanol
was added and the tube inverted several times to wash the DNA pellet before
centrifuging at 13,000-16,000g for 1 minute at room temperature. The ethanol was
carefully decanted to avoid dislodging the pellet, and the tube was inverted and
drained on clean, absorbent paper for 5 seconds, before leaving the tube to air dry for
approximately 20 minutes. DNA Hydration Solution (20-30µL) was then added and
the tube vortexed for 5 seconds at medium speed to mix. The sample was incubated at
65oC for 5 minutes to accelerate rehydration, then vortexed for 5 seconds at medium
speed to mix and spun briefly to collect the sample at the bottom of the tube. The
DNA was stored at 4oC.
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2.4.5.2 Extraction of somatic tumour DNA
Two different methods of DNA extraction were used for tumour tissue. For tumours
from which RNA had been extracted using TRI REAGENT (described in section
2.4.2.1 above), DNA was extracted from the remaining interphase and phenol phase.
For other tumours, DNA was extracted directly from fresh frozen tissue. Both
methods are detailed below.

2.4.5.2.1 DNA extraction using TRI REAGENT
This method is an extension of the method for extraction of RNA described in section
2.4.2.1 above. The removal of any residual aqueous phase (which contained the RNA)
was critical for the extraction of good quality DNA. Following removal of the
aqueous phase, the tube was stored at 4oC until required for extraction of DNA. The
tube was then centrifuged at 13,000g for approximately 5 minutes at 4oC to sediment
any tissue debris. The interphase and phenol phase were carefully pipetted from the
tube and placed into a clean 1.5mL microfuge tube. The tissue debris including
fibrous tissue and lipids, as well as the glass beads used for milling the tissue were
discarded. Absolute ethanol (300µL) was added to the interphase and phenol phase,
the tube mixed by inversion, left at room temperature for 3 minutes, and then
centrifuged at 2,000g for approximately 5 minutes at 4-25oC. The supernatant was
carefully and completely removed and the pelleted DNA washed three times. For each
wash, lmL of 0.1M sodium citrate (Sigma Aldrich Co., St Louis, MO, USA) in 10%
ethanol was added to the pellet and the tube mixed gently for 30 minutes at room
temperature followed by centrifugation at 2,000g for 5 minutes at 4-25oC. Following
removal of the supernatant after the final wash, the pellet was suspended in 2mL of
75% ethanol, gently mixed for 20 minutes at room temperature and centrifuged at
2,000g for 5 minutes at 4-25oC. The ethanol was removed by decanting and the pellet
air-dried by inverting the tube on the bench-top at room temperature for 5 minutes.
The DNA was dissolved in 50 – 100µL of 8mM NaOH, depending on the size of the
pellet, and left for at least 16 hours to dissolve the DNA. The pH was then adjusted to
approximately 8.4 by the addition of 3.3µL of 1M HEPES (N-(2-Hydroxyethyl)
piperazine-N’-(2-ethanesulphonic

acid);

4-(2-Hydroxyethyl)

piperazine-1-

ethansulphonic acid) pH 7.0-7.6 (Sigma Aldrich Co., St Louis, MO, USA) per 50µL
of 8mM NaOH added. The DNA was quantitated and stored at 4oC until required.
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2.4.5.2.2 DNA extraction using phenol-chloroform
The selected small piece of tumour was placed onto a sterile wire mesh in an
autoclaved Pyrex® glass petri dish (Crown Scientific Ltd, Moorebank, NSW,
Australia) and bathed in 400µL of phosphate buffered saline (PBS) and teased
through the wire with a glass rod (Crown Scientific Ltd, Moorebank, NSW,
Australia). An additional 400µL of PBS was added to wash the mesh, and the
suspended tumour cells in the Petri dish were aspirated and placed in a 10mL sterile
tube. A volume of 1.2mL of 5% Triton-X 100 (Sigma Aldrich Co., St Louis, MO,
USA) was added and the total volume made up to 4mL with PBS. The sample was
centrifuged at 1500g for 5 minutes at room temperature and the supernatant was
discarded. This was followed by the addition of 100µL of 10% Sodium Dodecyl
Sulphate (SDS) and 100µL of Proteinase K (10 mg/ml) (Sigma Aldrich Co., St Louis,
MO, USA). The tubes were then shaken in an orbital shaker incubator for 16-20 hours
at 37oC.

Following incubation, equal volumes of phenol and chloroform-isoamyl alcohol
(24:1) were added to the samples, which were then mixed by inversion, allowed to
stand for 1 minute, shaken again and centrifuged at 1500g for 10 minutes at room
temperature. After transferring the aqueous phase to a new 10mL tube, the extraction
was repeated as before. A final extraction was performed with an equal volume of
chloroform-isoamyl alcohol (24:1). The aqueous phase was transferred to a new 10
mL tube, 3M ammonium acetate (pH 5.5) (Sigma Aldrich Co., St Louis, MO, USA)
was added to a final concentration of 0.3M, followed by an equal volume of
isopropanol at room temperature and the samples were mixed by inversion. Samples
were stored overnight at -20oC to aid precipitation of the DNA and then centrifuged at
1500g for 30 minutes at 4oC. After the supernatant had been discarded, the DNA
pellet was dried by vacuum desiccation and then resuspended in 30-50µL of Tris
EDTA (TE) (10mM Tris-Cl, 1mM EDTA) buffer pH8 (Sigma Aldrich Co., St Louis,
MO, USA). The DNA was stored for at least 16 hours at 4oC before quantitation.
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2.4.5.3 DNA quantitation by spectroscopy
DNA was diluted 1:50 in TE buffer to a volume of 100µL, loaded into a quartz
cuvette with a 100µL capacity, and the absorbance read at 260 and 280 nm. The
amount of DNA was calculated as 50µg/mL per absorbance unit at 260 nm.

2.4.6 Polymerase Chain Reaction
2.4.6.1 Primer design
Primer pairs for Polymerase Chain Reaction (PCR) were designed using Primer 3
online

software

(Rozen

and

Skaletsky

2000)

(http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi). Suggested primer pairs were assessed visually to
ensure minimal sequence complementarity within the primer and between the primer
pairs; that primers were not constituted of repetitive sequences; and that the 3’-region
was not composed exclusively of G and C bases. Primer pairs meeting these criteria
were

checked

by

nucleotide-nucleotide

BLAST

(http://www.ncbi.nlm.nih.gov/BLAST/) for confirmation of specificity to target locus
and identification of any other regions of specificity. Primers were synthesised by
Invitrogen Corporation, Carlsbad, CA, USA, Pacific Oligos, Lismore, NSW, Australia
or Proligo LLC, Boulder, CO, USA.

2.4.6.2 Optimisation of PCR
Amplicons were optimised using the master mixes detailed in Table 2.3, thermal
cycling programs detailed in Tables 2.4 – 2.5, and commercial pooled normal DNA
(Promega Corporation, Madison, WI, USA) for genomic amplicons and cDNA from
normal thyroid tissue for cDNA amplicons. Final master mix conditions were chosen
following assessment of PCR products on 6% polyacrylamide minigels with
visualisation by ethidium bromide staining as described in section 2.5.6.3 below. For
each amplicon, the master mix producing the strongest single band of predicted size
with no non-specific background was selected for further use. All PCR was performed
on either a DNA Engine Dyad™ or Tetrad™ thermal cycler (MJ Research, Incline
Village, NV, USA).
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Table 2.5 Touchdown thermal cycling protocol for MEN1 amplicons using the
MJ Dyad (advanced mode) and Amplitaq GOLD DNA Polymerase
Step
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Details
95oC for 10 minutes
95oC for 30 seconds
65oC for 30 seconds
Decrease by 1oC per cycle
72oC for 30 seconds
Go to step 2, 4 more times
95oC for 30 seconds
60oC for 30 seconds
72oC for 30 seconds
Go to step 6, 4 more times
95oC for 30 seconds
59oC for 30 seconds
Decrease by 1oC per cycle
72oC for 30 seconds
Go to step 10, 4 more times
95oC for 30 seconds
55oC for 30 seconds
72oC for 30 seconds
Go to step 14, 30 more times
72oC for 5 minutes
11oC forever

2.4.6.3 Electrophoresis and visualisation of PCR products
PCR products were electrophoresed on 6% polyacrylamide gels. Gels were prepared
in pairs by mixing 12.7mL of 0.5x Tris-borate-EDTA (TBE) buffer (containing 0.045
M Tris-borate, 0.045 M boric acid and 0.001 M EDTA) (Amresco, Solon, OH, USA)
with 2.3mL of 40% polyacrylamide/bis (19:1) solution (Amresco, Solon, OH, USA).
Immediately before pouring, 21µL of N,N,N’,N’-Tetramethylethylenediamine
(TEMED) (Sigma Aldrich Co., St Louis, MO, USA) and 120µL of 10% (w/v)
ammonium persulphate (Sigma Aldrich Co., St Louis, MO, USA) were added to
catalyse polymerisation. The Mini PROTEAN 3 Casting apparatus (Bio-Rad
Laboratories, Hercules, CA, USA) was used to prepare and pour the gels, according to
the manufacturer’s instructions. Immediately after the addition of ammonium
persulphate and TEMED, the gels were poured and either a 10-well or a 15-well comb
inserted into the top of both gels. The gels were allowed to set for approximately 20
minutes. When the gels had polymerised, they were removed from the gel casting
apparatus and transferred to the Mini PROTEAN 3 Cell (Bio-Rad Laboratories,
Hercules, CA, USA) electrophoresis unit with 0.5x TBE running buffer. Usually, 4µL
of PCR product was mixed with 2µL of neutral loading buffer (containing 20%
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sucrose [w/v], 10mM Tris-HCl, 1mM EDTA, 0.1% bromophenol blue [w/v]). PCR
products and 200ng of the DNA marker pUC/HpaII (Bresatec, Adelaide, SA,
Australia) were loaded onto the gel and the gel was electrophoresed at 120 Volts for
30 minutes.

At the end of the electrophoresis, the gel was removed from the electrophoresis tank,
one plate was removed and the gel on the remaining plate was placed in a solution
containing 5µL of ethidium bromide (10mg/ml) (Bio-Rad Laboratories, Hercules, CA,
USA) in 200mL of 0.5x TBE. The gel was left in this stain solution, shielded from
light, for approximately 10 minutes. The gel was rinsed twice in tap water and then
visualised in a FUJIFILM Image Reader FLA-3000 (Fuji Photo Film Co., Ltd.,
Tokyo, Japan) using FUJIFILM, Science Lab 2001, Image Gauge v4.0 software (Fuji
Photo Film Co., Ltd., Tokyo, Japan) and analysed with FUJIFILM, Science Lab 2001,
LProcess v2.0 software (Fuji Photo Film Co., Ltd., Tokyo, Japan).

2.4.7 Sequencing of PCR products
Following confirmation of the PCR product by gel electrophoresis, PCR fragments
were purified according to the manufacturer’s instructions, using one of the three kits
as described below. Following purification, the PCR products were usually
quantitated by electrophoresing on a 6% polyacrylamide gel and comparing the
fragment intensity after ethidium bromide staining to that of a known dilution of the
pUC/HpaII marker. For automated sequencing, 100-200ng of purified product and
6.4pmol of primer (either forward or reverse) was prepared to a final volume of 16µL.
Both directions were sequenced for all fragments prepared in Australia. Sequencing at
VARI was performed in one direction, unless both directions were required to confirm
variants or clarify ambiguity.

2.4.7.1 Purification of PCR products using a Microcon-PCR Device
Each PCR product was diluted to 500µL with RNase-DNase free water (Sigma
Aldrich Co., St Louis, MO, USA), and loaded onto a Microcon-PCR Device
(Millipore Corporation, Billerica, MA, USA) seated in a supplied microfuge tube. The
Microcon-PCR unit was then centrifuged for 15 minutes at 1,000g at room
temperature. The device was placed into a supplied clean microfuge tube and 30µL of
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TE Buffer added. The device was then inverted in the microfuge tube and centrifuged
for 2 minutes at 1,000g at room temperature to collect the purified PCR product into
the microfuge tube.

2.4.7.2 Purification of PCR products using a Microcon Multiscreen96 PCR Device
Where large scale purification was required, PCR products were diluted to 300µL,
transferred to a Multiscreen96 PCR Filter plate (Millipore Corporation, Billerica, MA,
USA) and filtered using a vacuum manifold (Millipore Corporation, Billerica, MA,
USA) until the wells were empty (generally 10 – 20 minutes). Each well was then
resuspended in 50µL of TE Buffer, the plate mixed well for 10 minutes to recover the
purified PCR products from the filter, and the purified PCR products aspirated into a
clean 96-well plate.

2.4.7.3 Purification of PCR products using a QIAquick PCR Purification kit
PCR products were also purified using the QIAquick PCR Purification Kit (QIAGEN
Pty Ltd, Clifton Hill, Vic, Australia) according to the manufacturer’s recommended
protocol. Briefly, each PCR product was combined with 5 volumes of Buffer PB,
applied to a QIAquick spin column seated in collection tube and centrifuged at
17,000g for 1 minute at room temperature. The flow through was discarded, the
column again seated in the collection tube, and 750µL of Buffer PE added to the
column. The column was centrifuged at 17,000g for 1 minute at room temperature.
The flow through was discarded, the column again seated in the collection tube and
then centrifuged at 17,000g for 1 minute at room temperature. The column was placed
into a clean 1.5mL microfuge tube and 30µL of Buffer EB applied to the column. The
column was left for 1 minute and then centrifuged at 17,000g for 1 minute at room
temperature to elute the purified PCR product from the column.

2.4.7.4 Automated sequencing
Automated sequencing was carried out either by SUPAMAC (Sydney University,
NSW, Australia: http://www.supamac.com/) or the Department of Cancer Genetics,
Van Andel Research Institute (VARI, Grand Rapids, MI, USA) using the ABI prism
BigDye Terminator v3.0 Ready Reaction Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, USA) and 3700 DNA Analyzer (Applied Biosystems, Perkin-Elmer
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Corp., Foster City, CA, USA) according to the manufacturers’ recommended
protocols.

2.4.7.5 Sequencing chromatograms
Sequencing results were read using Chromas 2.23 software (Technelysium Pty Ltd.,
Tewantin, Qld., Australia). Sequencing results were compared to known wild type and
published sequences.

2.4.8 Preparation of PCR products for denaturing high
performance liquid chromatography
All amplicons for analysis by denaturing high performance liquid chromatography
(DHPLC) were optimised using Amplitaq GOLD DNA polymerase (Applied
Biosystems, Foster City, CA, USA). This is the non-proof reading polymerase
recommended for DHPLC work (Bayat et al. 2003). Polymerases with enhancers and
proprietary additives are not recommended for injection into the flow path of the
column used for DHPLC as they may be retained by the column and thus reduce the
lifespan of the column. Following amplification in 50µL reactions, all amplicons for
DHPLC underwent heteroduplex enhancement by denaturation and slow reannealing
over 45 minutes in an MJ Dyad™ thermal cycler according to the program detailed in
Table 2.6.

Table 2.6 Heteroduplex enhancement protocol for DHPLC amplicons using the
MJ Dyad (advanced mode)
Step
1
2
4
5
6

Details
95oC for 4 minutes
95oC for 1 minute
Decrease by 2oC per cycle
Go to step 2, 34 more times
25oC for 1 minute
11oC forever
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2.5 GENERAL MATERIALS
2.5.1 General materials not mentioned elsewhere
Acetone

BDH Chemicals, Kilsyth, Victoria, Australia

Boric acid

BDH Chemicals, Kilsyth, Victoria, Australia

Bromophenol blue

International Biotechnologies Inc., New Haven, CT, USA

Chloroform

BDH Chemicals, Kilsyth, Victoria, Australia

Ethanol

BDH Chemicals, Kilsyth, Victoria, Australia

Ethylene diamine tetraacetic acid (EDTA)

BDH Chemicals, Kilsyth, Victoria, Australia

Formaldehyde

BDH Chemicals, Kilsyth, Victoria, Australia

Hexane

BDH Chemicals, Kilsyth, Victoria, Australia

Isoamyl alcohol

May and Baker Ltd, Dagenham, England

Isopropanol

Ajax Chemicals, Auburn, NSW, Australia

Phosphate buffered
saline (PBS)

Difco Laboratories, Detroit, MI, USA

Phenol

Amresco, Solon, OH, USA

Sodium chloride

Ajax Chemicals, Auburn, NSW, Australia

Sodium dododecyl
sulphate (SDS)

Sigma Aldrich, St. Louis, MO, USA

Sodium hydroxide

Amresco, Solon, OH, USA

Sucrose

BDH Chemicals, Kilsyth, Victoria, Australia

Tris (Trishydroxymethyl amino
methane)

BDH Chemicals, Kilsyth, Victoria, Australia

Tris Hydrochloride

Amresco, Solon, OH, USA

Xylene cyanol

International Biotechnologies Inc., New Haven, CT, USA
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2.5.2 General equipment not mentioned elsewhere
Benchtop GPR
centrifuge

Beckman Instruments Inc., Palo Alto, CA, USA

Dry block heater

Thermoline Scientific Equipment Pty Ltd., Smithfield,
NSW, Australia

Microfuge Model 5415C Eppendorf, Hamburg, Germany
Microwave, 1000 watts

Panasonic Asia Pacific Pty Ltd., Singapore

Orbital shaker

Paton Scientific P/L, Victor Harbour, SA, Australia

Powerpacks

Bio-Rad Laboratories Inc., Hercules, CA, USA

Quartz cuvette 100µL

Beckman Instruments, Inc., Palo Alto, CA, USA

Refrigerated centrifuge
Model 1K15

Sigma Laborzentrifugen, Osterode am Harz, Germany

Rotating wheel

Salmond Smith Biolab Ltd., Auckland, New Zealand

SpeedVac concentrator
Model SVC100H

Savant Instruments Inc., Farmingdale, NY, USA

Spectrophotometer
Model DU ® 650

Beckman Instruments, Inc., Palo Alto, CA, USA

Ultraviolet
transilluminator Model
TM-36

UVP Inc., San Gabriel, CA, USA

Waterbaths

Thermoline Scientific Equipment Pty Ltd., Smithfield,
NSW, Australia
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THREE

Molecular studies of HRPT2 in
hyperparathyroidism

3.1 INTRODUCTION
3.1.1 Overview
The disorder “Hyperparathyroidism-Jaw Tumour syndrome” (HPT-JT) was first
defined in 1990, when Jackson and co-workers described two families with HPT and
ossifying jaw tumours (Jackson et al. 1990). Neither family demonstrated linkage to
the 2 known HPT loci associated with MEN 1 and MEN 2 on chromosomes 11 and
10, leading Jackson to postulate that these families harboured mutations in an
unknown gene he named “Hyperparathyroidism2” or “HRPT2”. By the start of this
candidature in January 2002, the HRPT2 candidate region had been narrowed to a
14cM area at 1q25-31 and LOH in this region, in a small number of parathyroid
tumours had been reported (Dwight et al. 2000; Haven et al. 2000). By the end of
2002, the HRPT2 gene had been identified as chromosome 1 open reading frame 28
(C1orf28), by the finding of constitutive mutations in 60% of HPT-JT kindreds
(Carpten et al. 2002). This chapter describes the further characterisation of HRPT2 by
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mutation

analysis

(sequencing

and

denaturing

high

performance

liquid

chromatography (DHPLC)) and LOH studies in both familial and sporadic
parathyroid tumours. The goal of this work was to determine the role of HRPT2 in
parathyroid tumorigenesis and its relevance to clinical diagnosis.

3.1.2 Hyperparathyroidism-jaw tumour syndrome
HPT-JT is a rare autosomal dominant cancer syndrome. The penetrance of HPT is
approximately 80% (Marx et al. 2002), with presentation generally in the second or
third decade of life. The tumours in these patients have been noted to be aggressive,
cystic, and occasionally recurrent adenomas (Mallette et al. 1987). While sporadic
parathyroid carcinoma is rare, the incidence of carcinoma in HPT-JT is estimated to
be 15% (Marx et al. 2002). Jaw lesions are found in approximately 30% of patients in
HPT-JT families (reviewed in Chen et al. 2003), and have been classified as ossifying
fibromas, fibro-osseous lesions, cementing fibromas and occasionally as fibrous
dysplasia (although fibrous dysplasia is now considered as a separate entity (Bertolini
et al. 2002)). Unlike the “brown tumours” of HPT, which resolve following
parathyroidectomy, the jaw lesions in HPT-JT patients do not resolve following
correction of the HPT and require resection. In addition to HPT and jaw lesions,
patients with HPT-JT may also present with other tumours, most notably renal
lesions, which are found in up to 15% of affected individuals, and include renal cysts,
polycystic kidney disease, renal hamartoma and Wilm’s tumour (Simonds et al. 2002;
Chen et al. 2003).

3.1.3 HRPT2 and parafibromin
HRPT2, previously known as C1orf28 (Sood et al. 2001), was identified by
refinement of the 1q24-q32 region to 12cM by linkage studies and sequencing of
candidate genes within this region (Carpten et al. 2002). C1orf28 maps to 1q25,
consists of 17 exons, containing 1596 nucleotides and is predicted to encode a 531
amino acid (aa) protein. This gene was found to harbour germline mutations predicted
to lead to loss of function in 14 of 24 HPT-JT kindreds, 1 of 2 Familial Isolated
Hyperparathyroidism (FIHP) kindreds, as well as 2 somatic mutations in 2 of 47
sporadic cystic adenomas, confirming C1orf28 as the causal gene in HPT-JT (Carpten
et al. 2002).
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Carpten and co-workers termed the protein “parafibromin” for its involvement in the
development of both parathyroid tumours and ossifying jaw fibromas (Carpten et al.
2002). Parafibromin has no homologies with known protein domains, however it does
have similarity to the yeast protein Cdc73 (Pfam 05179) (Figure 3.1). Yeast Cdc73 is
a component of the Paf1-RNA polymerase II complex that may be required for the
expression of genes involved in cell replication and cell wall biosynthesis via the
PKC1-mitogen activated protein kinase cascade (Betz et al. 2002; Porter et al. 2002).
Yeast Cdc73 co-localises with RNA Polymerase II on chromatin at promoters and in
the coding regions of actively transcribed genes (Mueller et al. 2004).

exon

1

2

3

6 7

13

14

15

17

aa
HRPT2

Pfam05179 CDC73

Legend
PDK1 binding site

NLS

CpG island extending into promoter

Figure 3.1 Schematic of homo sapiens HRPT2 amino acid (aa) map including the locations of some
exons. HRPT2 consists of 17 exons and encodes 531 aa’s. Shown is the area of similarity to pfam0519
CDC73 (aa 233 – 525) (adapted from Conserved Domain Summary: CDD at
http://www.ncbi.nlm.nih.gov/), as well as locations of 2 sequences predicted to be weak Nuclear
Localisation Signals (NLS) (aa 76 – 93 and aa 393 – 410), the predicted PDK1 binding site (centred at
aa 31) and the predicted CpG island extending from the predicted promoter region to aa 31 (base 64).

Examination of the human parafibromin protein sequence has identified a 713bp CpG
island

in

the

promoter

extending

64

bp

into

exon

1

(EMBOSS:

http://www.ebi.ac.uk/emboss/cpgplot); 2 predicted weak Nuclear Localisation Signals
(NLS)

at aa’s 76 – 93 and 393 - 410 (Motif Scan: http://myhits.isb-sib.ch/cgi-

bin/motif_scan); and a 3-phosphoinositide dependent protein kinase-1 (PDK1)binding site (http://smart.embl-heidelberg.de/smart/show_motifs.pl) centred at Ser31
(Figure 3.1). The function of parafibromin remains to be elucidated.
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3.1.4 Loss of heterozygosity at 1q24-32
Prior to the identification of HRPT2, LOH studies at 1q24-32 had identified allelic
loss in some but not all HPT-JT associated tumours, suggesting a tumour suppressor
role for HRPT2 (Haven et al. 2000; Cavaco et al. 2001). Similar loss at the HRPT2
locus has also been reported in tumours from members of an FIHP family (Teh et al.
1998). Studies of sporadic parathyroid tumours have found allelic loss at 1q24-32 in 9
– 13% of adenomas (Farnebo et al. 1997; Dwight et al. 2000; Villablanca et al. 2002),
including 1 of 2 sporadic cystic adenomas which were later found to harbour somatic
HRPT2 mutations (Carpten et al. 2002). LOH at this locus has not been detected in
lithium associated tumours or secondary hyperparathyroidism (Farnebo et al. 1997;
Dwight et al. 2002).

3.1.5 Aims
HRPT2 mutation analysis and LOH studies at the HRPT2 locus were undertaken,
firstly to determine the role of this gene in seven different entities of parathyroid
lesions: familial MEN 1 and 2A tumours, sporadic benign and malignant tumours,
lithium-associated tumours, secondary and tertiary hyperparathyroidism; and
secondly, to further the understanding of the role of this gene in tumours associated
with the familial syndromes HPT-JT and FIHP.
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3.2 METHODS
3.2.1 Specimens
Sixty parathyroid tumours were included in the work presented in this chapter. These
tumours were from 9 different clinical or histopathological classes: familial MEN 1 (3
tumours), MEN 2A (1 tumour), HPT-JT (5 tumours) and FIHP (3 tumours); sporadic
adenoma (25 tumours), and carcinoma (4 tumours); lithium-associated (2 tumours),
secondary (11 tumours) and tertiary hyperplasia (6 tumours). Corresponding
peripheral blood samples were also available for 39 of these tumours. Clinical
information pertaining to these tumours is listed in Table 2.1.

Anonymised normal thyroid tissue, and commercial pooled human normal DNA
(Promega Corporation, WI, USA) were used to clarify the intron/exon boundaries and
confirm the published sequence of HRPT2. A normal DNA panel (described in
section 2.3) was used to determine the frequency of the likely polymorphisms
identified.

3.2.2 Preparation of cDNA
Total RNA was extracted from fresh frozen normal thyroid and parathyroid tumour
tissue using TRI REAGENT as described in section 2.4.2.1 of this thesis. The RNA
was quantified and the integrity assessed by gel electrophoresis as described in
sections 2.4.2.2 – 2.4.2.3. cDNA was synthesised from 2.5 – 5µg of total RNA using
the Superscript III First-Strand Synthesis System for RT-PCR (Invitrogen
Corporation, Carlsbad, CA, USA) and random hexamers as described in section 2.4.4
of this thesis.

3.2.3 Preparation of DNA
DNA was prepared from the frozen tissue and peripheral leucocytes as described in
section 2.4.5 of this thesis.

3.2.4 Loss of heterozygosity studies at 1q24-32
Following the identification of C1orf28 as HRPT2 (Carpten et al. 2002), flanking
microsatellite markers in close proximity to HRPT2 were sought for the assessment of
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allelic loss in parathyroid tumours. The proximity of the microsatellite markers to
HRPT2

was

determined

using

GeneMap’99

http://www.ncbi.nlm.nih.gov/genemap/page.cgi?F=RHmapping.html.

Where DNA was available from matched tumour and blood samples, allelic deletion
of the chromosome 1q24-32 region flanking HRPT2 was assessed using a selection of
the

following

microsatellite

markers:

centromeric-D1S238-D1S422-D1S2625-

HRPT2-D1S533-D1S2757-D1S2794-telomeric (Kong et al. 2002). The primers are
listed in Appendix 3.1. PCR was performed in a 7.5µL reaction volume containing
0.17µM each of HEX-labelled forward and unlabelled reverse primer (Invitrogen
Corporation, Carlsbad, CA, USA), 4mM MgCl2, 0.3 units AmpliTaq GOLD DNA
polymerase and 1 x Buffer II, 250µM dNTPs (Invitrogen Corporation, Carlsbad, CA,
USA) and 15ng of genomic DNA. Amplification was performed in a DNA Engine
Tetrad™ with an initial denaturation of 95ºC for 10 min, followed by 10 cycles of
94ºC for 15 seconds, 55ºC for 15 seconds, 72ºC for 30 seconds, and 20 cycles of 89ºC
for 15 seconds, 55ºC for 15 seconds, 72ºC for 30 seconds, and a final extension at
72ºC for 10 min. The resulting microsatellite PCR products for each specimen were
then pooled, and 1µL was added to 10µL of Hi-Di formamide (Applied Biosystems,
Foster City, CA) and 0.2µL of ROX 400HD size standard (Applied Biosystems,
Foster City, CA), denatured at 95ºC for 5 min and loaded into an ABI Prism 3700
Genetic Analyzer (Applied Biosystems, Foster City, CA). Assessment of LOH was
performed using Genescan v. 3.7 and Genotyper v. 3.7 software (Applied Biosystems,
Foster City, CA). LOH was defined according to the following formula: LOH index =
(T2/T1)/(N2/N1), where T was the tumour sample, N was the matched germline
sample, 1 and 2 were the intensities of smaller and larger alleles, respectively. If the
ratio was < 0.5 or > 1.5, the result was determined to be LOH (Farnebo et al. 1997).
Following the identification of suitable microsatellite markers by the candidate, the
assessment of LOH was performed by Dr Sok Kean Khoo at VARI.

3.2.5 Mutation analysis of HRPT2
3.2.5.1 Primer design
Overlapping primer pairs for amplification of the HRPT2 transcript from 5’UTR to
3’UTR were designed using sequence data from GenBank Accession Number
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AF312865 (Homo sapiens C1orf28 mRNA, complete cds). Genomic DNA amplicons,
ideally 250 – 300bp in length, were designed using genomic sequence data from
GenBank Accession Numbers AL390863 (clone RPII-239J11) and AL139133 (clone
RPII-185C19), and covered all exons and intron/exon boundaries of HRPT2.
Amplicons were designed as described in section 2.4.6.1.

3.2.5.2 Optimisation and sequencing of amplicons
HRPT2 amplicons were optimised as described in sections 2.4.6.2 – 2.4.6.3. Details of
the primer sequences and PCR conditions are listed in Tables 3.1 – 3.2. PCR products
were purified and sequenced as described in section 2.4.7.

3.2.5.3 Determination of intron/exon boundaries for HRPT2
Initially, cDNA from normal thyroid tissue was amplified and sequenced in 4
overlapping segments between 5’UTR and 3’UTR of the HRPT2 transcript using the
primers and conditions described in Table 3.1. In addition, normal germline DNA was
amplified and sequenced for all 17 exons in 16 reactions as detailed in Table 3.2. The
resulting sequences were compared to determine the exact locations of the intron/exon
boundaries for HRPT2.

3.2.5.4 Mutation analysis of parathyroid tumours
Following clarification of the organisation of HRPT2, mutation analysis of DNA from
60 parathyroid tumours was undertaken. This involved PCR amplification of the 17
HRPT2 exons and intron exon boundaries using the primers and conditions detailed in
Tables 3.2 – 3.3. Following PCR, the amplicons were purified and sequenced as
described in section 2.4.7. Mutation analysis of these 60 tumours was performed
initially at VARI, USA, by Ms Katherine Khanoski (VARI), and the candidate, using
predominantly primers from Table 3.3, and completed at RNSH, Australia by the
candidate, using primers from Table 3.2.

Where matched germline DNA (from blood) was available, the status of mutations
identified in the tumours were determined as either somatic or germline. PCR was
performed for the amplicon(s) in which mutations were identified, the products
purified and sequenced as described above for tumour DNA. This work was
performed by Ms Katherine Khanoski and the candidate.
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Table 3.1 HRPT2 primer sequences and cycling conditions for cDNA. The exonic
position of each primer pair and the size of each resulting amplicon is indicated. Amplification of the
first 6 exons was performed using a forward primer either immediately upstream or downstream of the
predicted start codon in exon 1. Both forward primers are listed. Details of the master mixes (MM) are
described in Table 2.3, and details of the thermal cycling (TC) conditions for programs using Platinum
Taq (P) and Amplitaq GOLD (G) are listed in Table 2.4.
Exons

Forward primer (5’-3’)

Reverse primer (5’-3’)

Size (bp)

MM

TC

5’UTR - 7

cgaggcgacaagagaagaag

tccactgacatagcttcagacaa

617

1.5

55P30

1-7

cctgcgacagtacaacatcc

tccactgacatagcttcagacaa

519

4

60P30

6 - 10

gggtcacaaagaagggattg

caattttgaagccttccgttt

455

4

60P30

9 - 15

agcctatcccagctgcctat

ctgcacaaaaacggctacaa

494

1.5

55P30

14 – 3’UTR

ccagccccttaaacttatgc

tctccttgaagcacaaagca

439

4

60P30

Table 3.2 HRPT2 primer sequences and cycling conditions for genomic DNA. The
exon spanned by each primer pair and the size of each resulting amplicon is indicated. Details of the
master mixes (MM) are described in Table 2.3, and details of the thermal cycling (TC) conditions for
programs using Platinum Taq (P) and Amplitaq GOLD (G) are listed in Table 2.4.
Exon

Forward primer (5’-3’)

Reverse primer (5’-3’)

Size (bp)

MM

1

cgaggcgacaagagaagaag

acagccatgccggactta

228

1.5

TC

55P30
55G30
2
tgaatccagcctgaagagttg
aggccagaccctgtctctta
247
1.5
60P30
60G30
3
gttgtgtatcattgttattcatttca
tgtctgtttaagactgggaacaa
161
4
60P30
60G30
4+5
ccttacgtgaatctttttatgtcttc
aagctcctcaggttactgcaa
326
1.5
60P30
60G30
6
tgaagttggcctaaagacactg
ggtaaatgtaaatgtggagagca
320
1.5
60P30
60G30
7
ggaatgcctgctgtgaaaat
tgaaacttccacctaaaagcaa
367
1.5
60P30
60G30
8
tgtagtagggaagaatcgatagtaaga
gcaatataagtggcaacttcattaaa 260
4
60P30
60G30
9
ctgcactccagcacattaaa
gccacactgcctctcaagtt
215
1.5
55P30
55G30
10
aaaatcttaacaataagcctcttt
cacataaaatccctggaaca
225
4
60P30
60G30
11
cagtggagtaaccaactgagtga
ttgcactgttacgatcttttgaa
244
1.5
55P30
55G30
12
tggtttttatgacacagagttgtga
ccggggcctgttttgcaatcattt
141*
1.5
60P30
60G30
13
gcccaagccacactgattat
tggtatctcaatatcctacgtacagg 298
4
55P30
55G30
14
cccattttcatcacgtggaa
ttctcttgggttcaacacctg
269
1.5
60P30
60G30
15
ccccccacccacttttctact
cacatcatatgcgcagaact
218
3
55P30
55G30
16
atacggcttcagttggtgga
atgttgaaagaagggaattacc
346
1.5
60P30
60G30
17
gaaatgtcaacttgtttttacatgc
ccttgaagcacaaagcatca
249
4
60P30
60G30
Legend: * A 5bp GC-clamp was added to the 5’end of the reverse primer for exon 12 to enhance the
performance of the amplicon for analysis by DHPLC.
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Table 3.3 Additional HRPT2 primer sequences and cycling conditions for
genomic DNA. The exon spanned by each primer pair and the size of each resulting amplicon is
indicated. Details of the master mixes (MM) are described in Table 2.3, and details of the thermal
cycling (TC) conditions for programs using Invitrogen Taq DNA Polymerase (D) are listed in Table
2.4. These primers and sequences were used for the work performed at VARI.
Exon

Forward primer (5’-3’)

Reverse primer (5’-3’)

Size(bp)

MM

TC

1

gaggacggctgttagtgct

ccccttctttccttacccta

451

1.5

58D45

2

taaatgaatccagccctgaag

aggccagaccctgtctct

251

1.5

62D45

3

tcaagatatgttggaataaaattc

tggacaaaaatgaaggtagg

300

1.5

55D45

4+5

acctagagaaaatcaccata

tcaggttactgcaatcaaagaatcct

408

1.5

55D45

6

ggcctaaagacactgatacc

cgaacttaagagcaaagagg

351

1.5

58D45

7

ggaatgcctgctgtgaaaat

ttccacctaaaagcaaagtt

361

1.5

55D45

8

ctctggatcaatatcttagtagtgg

tgtcttcaacgttactacactgc

349

1.5

58D45

9

atggtcatgctactgcactcca

ccaacccttacccttaaaca

251

1.5

58D45

10

cagagatagtcttaaccagcttc

cttcaacatgtgctactcacat

384

1.5

58D45

11

aacatgttcagtggagtaacc

ttgcactgttacgatcttttg

252

1.5

60D45

12+13

tggttaactgaaactgcaga

gtatctcaatatcctacgtacagg

713

1.5

60D45

14

atcttcccattttcatcacgt

ccccatctcttaaaaagcaa

321

1.5

58D45

15

tgcctaagggatttatagtagct

acatcatatgcgcagaact

281

1.5

60D45

16

ggcgtgtataaaccctgaat

gaaagaagggaattagggaa

401

1.5

60D45

17

gaggagtgttatttctagcttatt

gatcaatctgtgaccttcttca

301

1.5

60D45

Tumour RNA was available from three tumours in which mutations were identified.
cDNA was synthesised, amplified using the conditions described in Table 3.1,
purified and sequenced as described in section 2.4.7, to test whether there were
aberrant splicing products of the gene.

3.2.6 Scanning of a normal DNA panel for HRPT2
polymorphisms
A number of sequence variants identified by mutational analysis were predicted to be
polymorphisms. These were either located in introns or did not result in the change of
a codon. Restriction digestion and DHPLC assays were developed to establish the
frequencies of these variants in a normal germline DNA panel (described in section
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2.3) in order to determine whether these variants segregated with disease or were
likely polymorphisms. The frequencies of these variants in the HPT specimens were
compared with those estimated from the normal panel.

DHPLC is a technique for rapid and automated mutation scanning (Kuklin et al.
1997). This technique detects heteroduplexes (mismatched alleles) formed during
PCR amplification of heterozygous template DNA. Following amplification, PCR
fragments are denatured and slowly re-annealed to enhance formation of
heteroduplexes if present. The renatured products are injected into the flow path of a
reverse phase column in an HPLC system. Under partially denatured conditions, the
less stable (more denatured) heteroduplexes elute from the column earlier than the
more stable homoduplexes. The DHPLC chromatograms plot the absorbance at 260
nm in mVolts versus elution time in minutes. When only 1 species is present in a
fragment, the chromatogram will show only 1 peak. A heterozygous sample will show
up to 4 peaks, representing the 2 heteroduplex and 2 homoduplex populations present.
DHPLC is described in detail in section 4.1.4.

3.2.6.1 Rsa1 digest for detection of c33CÆT (Y11Y)
DNA was amplified in a 20µL volume with exon 1 primers and 1 unit of AmpliTaq
GOLD DNA polymerase as detailed in Table 3.2. Four microlitres of the resulting 228
bp amplicon was digested with 1 unit of restriction endonuclease RsaI (Fermentas
AB, Vilnius, Lithuania) in 1 X Buffer Y+/Tango (Fermentas AB, Vilnius, Lithuania)
in a final volume of 8µL, and incubated at 37oC for 8 hours. After incubation, 1µL of
the resulting digest was mixed with 1µL of loading dye (5g/L Bromophenol Blue,
12.5mM EDTA, 50% formamide) and electrophoresed in a Corbett Research Gel
Fragment Analyser (Corbett Research, Mortlake, NSW, Australia) through a 5%
polyacrylamide (Amresco, Solon, Ohio, USA) 0.6 X TBE (Amresco) gel at 1300
Volts and 35oC for 30 minutes. Wild type amplicons were distinguished by the
presence of bands at 109 bp and 119 bp. Heterozygotes contained an additional band
at 228 bp.

3.2.6.2 DHPLC detection of polymorphisms
DNA was amplified in a 50µL volume as described in section 2.4.8 using the exon 2,
7 or 13 primers and conditions listed in Table 3.2. Following amplification the
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resulting products underwent enhancement of heteroduplex formation as detailed in
Table 2.6. Five microlitres of the amplicon was then injected into the flowpath of a
DNASep-MD cartridge in the WAVE-MD® Mutation Detection System Model 2000
denaturing HPLC (Transgenomic Inc., Omaha, NE, USA) under WAVE-MD
Standard Method gradient conditions and temperatures predicted for each amplicon
by WAVEMAKER® (Transgenomic Inc., Omaha, NE, USA): exon 2 at 53oC; exon 7
at 56oC and exon 13 at 52.2oC. Eluted fragments were detected by the system’s UV
detector and analysed as chromatograms. Wild type amplicons eluted as a single
homoduplex peak whereas heterozygous samples presented with up to 4 peaks
representing homo- and heteroduplexes. For the IVS2+28CÆT variant, homozygotes
for either the C or T allele were mixed with an equal aliquot of an exon 2 amplicon
homozygous for the C allele, denatured, slowly reannealed and re-injected into the
DHPLC to determine which allele was present.

- 66 -

3.3 RESULTS
3.3.1 Determination of intron/exon boundaries for HRPT2
The intron / exon boundaries for HRPT2 were determined by comparing the cDNA
and genomic DNA sequencing results. A number of discrepancies with the sequences
published at the time were noted. These included a base discrepancy in exon 11 as
well as differences in the locations of intron / exon boundaries. The results detailing
the organisation of HRPT2 are summarised in Table 3.4, and the coding and genomic
sequence amplicons shown in Appendices 3.2-3.3.

Table 3.4 HRPT2 exon / intron organisation determined from comparison of the
sequencing results for transcript and genomic DNA.
Exon
No

1

bp

131

cDNA

1-131

Amino
acids
1-44

Genomic
Seq. No.*

3’splice
Acceptor Region

2583-2713

5’splice Donor
Region

Intron
No.

Kb

5’

2.5

TGGGG/gtaag

1

2.8

AGCT/gtaag

2

5.0

2

106

132-237

45-79

5494-5599

atttcag/GACT

3

70

238-307

80-102

10,556-10,625

gttttag/ACTG

GCGT/gtgag

3

5.1

4

63

308-370

103-123

15,773-15,835

cttcag/CAAC

CAAG/gtatg

4

0.1

5

53

371-423

124-141

15,919-15971

cttttatag/TCAA

ATTGAG/gtaaa

5

2.5

6

89

424-512

142-170

18,467-18,555

atttccag/GATG

ATTAG/gtaag

6

3.7

7

217

513-729

171-243

22,232-22,448

cttttag/GTCT

GGAAAG/gtaatt

7

5.8

8

99

730-828

244-276

28,249-28,347

attttag/AATTTTT

TGTG/gtaag

8

2.4

277-302

30,686-30,764

atttttttacag/GATC

GAAG/gcaagt

9

2.0

32,762-32,826

cttttttttcgtag/AAAC

AACG/gtaag

10

51.3

CCAG/gtag

11

8.2

9
10

79
65

829-907
908-972

303-324

11

58

973-1030

325-343

84,177-84,234

ttttaaag/GAGGTG‡C

12

36

1031-1066

344-355

92,447-92,482

tcacag/TTTCT

GAAAG/gtga

12

0.3

13

88

1067-1154

356-384

92,772-92,859

ctttatag/GATC

TGAA/gtaag

13

20.5

14

162

1155-1316

385-438

113,375-113,536

gttttttcaaag/ATTT

ACTG/gtaag

14

3.1

15

101

1317-1417

439-472

116,638-116,738

cttgtag/GGAC

TAAAA/gtaag

15

13.4†

16

142

1418-1559

473-519

9,248-9,389

tatag/TTAA

ACAG/gtaat

16

0.8

520-531

10,194-10,230

atttttttcag/GTAC

3’

0.7

17

37

1560-1596

Legend: 5’ is 5’UTR and 3’ is 3’UTR;
* The genomic sequence no. was taken from clones RP11-239J11 (AL390863/AF312865) and RP11185C19 (AL139133/AF312865);
† Position of overlap of these clones;
‡ Base found to be discrepant with the published sequence is in bold.
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3.3.2 HRPT2 mutation analysis
Mutation analysis of 60 parathyroid tumours was performed by amplification of the
17 exons and flanking intronic regions of HRPT2, followed by sequencing of the
purified PCR products. HRPT2 mutations were detected in the DNA from 4 of 4
sporadic parathyroid carcinoma samples, 5 of 5 HPT-JT parathyroid tumours from 2
different families, and parathyroid tumours from 1 of 2 FIHP families. Two of these
familial tumours were classified as carcinomas and the others as benign adenoma or
hyperplasia. No mutations were detected in any of the other 49 tumours sequenced,
which included 25 sporadic adenomas, 17 hyperplastic glands, 2 lithium associated
tumours, 3 familial MEN 1-, 1 MEN 2A- and 1 FIHP-associated tumours. The finding
of HRPT2 mutations in 4 of 4 sporadic carcinomas, but not in any of the 25 sporadic
adenomas was highly significant (p<0.001, Fisher’s Exact Test). The results for the
tumours harbouring HRPT2 mutations are summarised in Figure 3.2 and the results
for all 60 tumours analysed are detailed in Appendix 3.4.

Eight different HRPT2 mutations were detected. With the exception of L64P, that had
been previously published (Carpten et al. 2002), all the mutations identified were
novel. The mutations detected were confined to exons 1, 2 and 7. Three of these
(c162CÆG, c165CÆA and c165delC) are in a likely “hot spot” region in exon 2
(TAC TAC) where another mutation has been previously found (c165CÆG) (Carpten
et al. 2002). Two of the exon 7 mutations are also in a region where a mutation has
previously been found. This region consists of an (AG)5 repeat sequence, and the
current study identified 2 different frameshift mutations in the area of this repeat
sequence, c679delAG and c686delGAGT. The sequence chromatograms for all of the
mutations detected are shown in Figures 3.3 – 3.6. A map showing the positions of
these mutations as well as previously identified mutations is detailed in Figure 3.7.
One of the mutations identified, c76delA was detected both in a sporadic carcinoma
and in a carcinoma from a HPT-JT family.
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Microsatellite markers
HRPT2 Mutations

D1S477

D1S2794

D1S2757

D1S533

HRPT2 *

D1S081

D1S2625

D1S422

1q24-32
D1S238

Age Sex Histology

D1S218

Tumor
Tumourtype
type
Specimen &
Family ID

Sporadic Carcinom a

c162C>G (Y54X)

2119G

42

M

Carcinoma

1798G

34

F

Carcinoma

c76delA

2077G

56

M

Carcinoma

IVS6-1delG [S], c165C>A (Y55X) [S]

10977

32

M

Carcinoma / cystic

c165delC

HPT-JT

c76delA [G], c686delGAGT [S]

[Family F3] 1613G

20

M

Carcinoma

[Family F3] 1765G

51

M

Carcinoma / cystic

c76delA [G]

[Family F4] IV-3

27

F

Adenoma / cystic

c679delAG [G]

[Family F4] IV-4

38

F

Adenoma

c679delAG [G]

[Family F4] 5771
FIHP

36

F

Adenoma / cystic

[Family F1] 54A

19

F

Adenoma/hyperplasia

c191T>C (L64P) [G]

[Family F1] 4A

22

M

Adenoma/hyperplasia

c191T>C (L64P) [G]

c679delAG [G]

Sporadic Adenom a
9A

55

F

Adenoma

No mutations detected

101A

68

M

Adenoma / fibrosis

No mutations detected

Legend
Loss of heterozygosity
Retention of heterozygosity
Uninformative marker due to homozygosity
Previously identified loss

Figure 3.2 Mutations detected within HRPT2, and LOH analysis of flanking markers. "Age" is the age in
years at the time of parathyroidectomy. HRPT2 mutations detected are listed as nucleotide changes and
amino acid changes where relevant. Where two mutations were detected in the same patient, both are
listed. Germline mutations are denoted "[G]", and somatic mutations are denoted "[S]". For the
microsatellite markers see the legend in the figure. Blank spaces indicate LOH testing was not performed
as germline DNA was not available. *The approximate location of HRPT2 within the 1q24-32 region. The
results in the column shaded pale blue represent retention or loss of heterozygosity at the HRPT2 locus by
combined microsatellite and intragenic mutation results.
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Where available, matched constitutive DNA was analysed to determine whether the
mutations identified in the parathyroid tumours were somatic or germline. HPT-JT
tumour 1613G harboured both a germline and a somatic HRPT2 mutation, and 2
somatic HRPT2 mutations were detected in carcinoma 2077G. It is predicted that
where 2 mutations are present in tumours, these mutations are on different alleles. The
other mutations detected in the familial tumours were found to be present in the
germline. Constitutive DNA was not available from the 3 remaining sporadic
parathyroid carcinomas to determine the nature of the mutations identified in these
tumours.

3.3.3 Loss of heterozygosity studies at 1q24-32
LOH analysis of 1q24-32 was performed on 39 of the 60 tumours. All samples tested
were informative for at least 1 of the markers. LOH was detected in 5 samples: HPTJT tumour 1765G, FIHP tumours 4A and 54A and sporadic adenomas 9A and 101A.
The results for all tumours are shown in Appendix 3.4 and summarised results for
tumours demonstrating LOH are shown in Figure 3.2. In addition, LOH at 1q24-32
had been previously identified in sporadic carcinoma 10977 as detailed in Table 2.1.

Of the six tumours with LOH at 1q24-32, four also harboured a HRPT2 mutation.
LOH was confirmed in sporadic carcinoma sample 10977, HPT-JT sample 1765G and
FIHP samples 4A and 54A by the presence of only the mutant allele in tumour DNA
sequence (Figures 3.4D, 3.3C and 3.5D).

Retention of heterozygosity was demonstrated in the remaining 18 tumours not
assessed for LOH by the presence of a heterozygous mutation or polymorphism in
HRPT2. These results are shown in Appendix 3.4.
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A

WT - c76A

B

c76delA / WT

C

c76delA + LOH

Figure 3.3 Sequence chromatograms showing in panel A: the forward orientation
of HRPT2 exon 1 wild type (WT) sequence spanning c76A; in panel B: the WT
sequence overlaid with the c76delA mutant sequence found in HPT-JT tumour
1613G, sporadic carcinoma 1798G, and the germline DNA from HPT-JT affected
individuals 1613G and 1765G; and in panel C: the mutant sequence in HPT-JT
tumour 1765G, in which the WT sequence was lost.
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A

B

WT – c162C
WT– c165C

c162CÆG / WT

C

D

c165CÆA / WT

c165delC + LOH

Figure 3.4 Sequence chromatograms showing in panel A: the forward orientation of HRPT2 exon 2 wild
type (WT) sequence spanning c162C and c165C; in panel B: the WT sequence overlaid with the
c162CÆG (Y54X) mutant sequence found in sporadic carcinoma 2119G; in panel C: the WT sequence
overlaid with the c165CÆA (Y55X) mutant sequence found in sporadic carcinoma 2077G; and in panel
D: the c165delC mutant sequence in sporadic carcinoma 10977, in which the WT sequence was lost.
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A

B

WT – IVS6-1

IVS6-1delG / WT

C

D

WT – c191T

c191TÆC + LOH

Figure 3.5 Sequence chromatograms showing in panel A: HRPT2 exon 7 wild type sequence at the IVS6
/ exon 7 boundary; in panel B: reverse primer sequence (
) of the wild type sequence overlaid
with the IVS6-1delG mutant sequence found in sporadic carcinoma 2077G; in panel C: the forward
orientation of HRPT2 exon 2 wild type sequence at c191T; and in panel D: the c191TÆC mutant
sequence in FIHP associated tumours 4A and 54A in which the wild type allele was lost.
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WT – c679-c687(AG)5

A

B

c686delGAGT / WT

C

c679-687delAG / WT

Figure 3.6 Sequence chromatograms showing in panel A: the forward orientation
of HRPT2 exon 7 wild type (WT) sequence spanning the (AG)5 sequence between
c679A and c687A; in panel B: the WT sequence overlaid with the c686delGAGT
mutant sequence found in HPT-JT tumour 1613G; and in panel C: the WT
sequence overlaid with the c679-687delAG mutant sequence found in HPT-JT
tumours IV-3, IV4, 5771 and in the germline DNA of the individuals harbouring
these tumours.
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c191T→C (L64P)

Figure 3.7 Distribution of HRPT2 mutations and polymorphisms. Exons 8-12 inclusive, 15 and 16,
have not been shown for clarity. The mutations identified from the work in this study are printed in red.
The mutations in black are reported in Carpten et al., 2002. Variants predicted to be polymorphisms,
also identified in this study, are italicised and printed in blue.
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3.3.4 Assessment of HRPT2 predicted polymorphisms
One exonic variant, c33CÆT (Y11Y), and 5 intronic sequence variants
(IVS2+28CÆT, IVS2+28delCCTA, IVS7+33(GA)8, IVS12-86CÆT and IVS12109TÆG), predicted to be polymorphisms, were detected from sequencing of the 60
parathyroid tumours. One of these, IVS2+28CÆT, was found to be a common
polymorphism, present in the heterozygous state in 26 of 56 (46%) tumours, and also
found in the homozygous state in an additional 4 of 56 (7%) tumours. The presence of
a polymorphism in the heterozygous state was also useful for confirmation of the
retention of heterozygosity at the HRPT2 locus in these tumours. The positions of the
variants are shown in Figure 3.7 and the sequencing chromatograms shown in Figures
3.8 – 3.10 together with the DHPLC chromatograms for the 6 sequence variants
assessed by DHPLC. The dinucleotide repeat variant in intron 7, IVS7+33(GA)8 (wild
type IVS7+33(GA)9) was found in 5 tumours. cDNA was sequenced in 3 tumours
harbouring this IVS7 dinucleotide repeat variant, tumours 4A, 54A and 76A, however
aberrant splicing was not detected in transcript generated from these tumours.

Where available, the variants were assessed in matched constitutive DNA. In all
cases, the variants were present in the germline. Five of the 6 variants were also
identified following the testing of a normal germline DNA panel of 65 subjects. An
additional variant (IVS13+20AÆC), not detected in the tumours, was found in the
normal panel while screening by DHPLC for other exon 13 amplicon variants. The
allelic frequencies for the variants ranged from 0 (for IVS13+20AÆC) to 0.30 (for
IVS2+28CÆT) in the parathyroid tumours. No significant differences were detected
between the allelic frequencies determined in the parathyroid tumours to the normal
germline panel. The frequencies of these sequence variants in both the parathyroid
tumours and in the normal panel are summarised in Table 3.5.
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Table 3.5 HRPT2 identified sequence variants predicted to be polymorphisms.
The frequencies of the variants in both parathyroid tumour DNA and germline DNA from a normal
panel are listed, as well as the classification of the tumours harbouring the polymorphisms. Variant
Y11Y was found only in 1 tumour, and variant IVS13+20AÆC was detected by DHPLC in a single
normal panel DNA while screening for other exon 13 amplicon variants.
Polymorphism

Heterozygote
frequency in tumour
DNA*
(allele frequency)

Classification of tumours
harbouring a polymorphism

Heterozygote frequency
in germline DNA from a
normal panel
(allele frequency)

Y11Y (c33CÆT)

1 in 56 (0.01)

1 sporadic adenoma [G]

0 in 65

IVS2+28delCCTA

2 in 56 (0.02)

1 secondary hyperplasia [G]
1 tertiary hyperplasia [?]

5 in 65 (0.04)

IVS2+28CÆT

26 in 56 (CT) (0.30)
4 in 56 (TT)

all tumour types [G]

33 in 65 (CT) (0.32)
4 in 65 (TT)

IVS7+33(GA)8

4 in 56 (0.04)

1 lithium [G]
1 secondary hyperplasia [G]
1 MEN 1 [?]
1 FIHP† (2 affected family
members [G])

1 in 65 (0.01)

IVS12-86CÆT

3 in 56 (0.03)

1 sporadic adenoma [?]
2 secondary hyperplasia [?]

3 in 65 (0.02)

IVS12-109TÆG

5 in 56 (0.05)

1 secondary hyperplasia [G]
1 tertiary hyperplasia [?]
3 sporadic adenomas [?]

6 in 65 (0.05)

IVS13+20AÆC

0 in 56

1 in 65 (0.01)

Legend: * Only 1 sample from each family was included in the heterozygote frequency estimation;
[G] Present also in germline;
[?] Germline status not ascertained;
† The variant IVS7+33(GA)8 was found in tumour and in germline in 2 affected members of the same
family. Both tumours demonstrated LOH at 1q24-32 and the polymorphism was found on the mutated
allele in tumour DNA.
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A
WT
IVS2+28delCCTA / WT
IVS2+28delCCTA / IVS2+28CÆT
IVS2+28CÆT / WT

B

C

D

IVS2+28delCCTA / WT

IVS2+28CÆT / WT

c33CÆT / WT

Figure 3.8 Panel A shows the different DHPLC profiles for HRPT2 exon 2 amplicon for a wild
type (WT) sample which elutes as a single peak; samples heterozygous for each of the exon 2
amplicon polymorphisms, and a sample heterozygous for both polymorphisms, all 3 of which
present with both homo- and heteroduplex patterns in their DHPLC profiles, but are also different
from each other. Panels B and C show the sequencing traces for intron 2 polymorphisms. Panel D
shows the sequencing trace for the HRPT2 exon 1 variant, c33CÆT (Y11Y) which was identified
in a single sporadic parathyroid adenoma.
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A
WT

IVS7+33(GA)8/9

B

C

WT - IVS7+33(AG)9

IVS7+33(AG)9/8

Figure 3.9 Panel A shows the different DHPLC profiles for HRPT2 exon 7 amplicon for a wild
type (WT) sample which elutes as a single peak; and a sample heterozygous for an (AG) repeat in
IVS7, which presents with both a homo- and heteroduplex peak. Panel B shows the sequencing
trace for a sample homozygous for the (AG)9 repeat, and panel C shows the WT overlaid with the
IVS7+33(AG)8 variant.
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A

WT
IVS13+20AÆC / WT
IVS12-109TÆG / WT
IVS12-86CÆT / WT

B

IVS13+20AÆC / WT

C

IVS12-109TÆG / WT

D

IVS12-86CÆT / WT

Figure 3.10 Panel A shows the different DHPLC profiles for HRPT2 exon 13 amplicon for
a wild type (WT) sample which elutes as a single peak and samples heterozygous for each
of the exon 13 amplicon polymorphisms, all 3 of which present with both homo- and
heteroduplex patterns in their DHPLC profiles, but are also different from each other.
Panels B, C and D show the sequencing traces for samples heterozygous for the 3
polymorphisms.
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3.3 DISCUSSION
3.3.1 HRPT2 mutations in non-familial parathyroid tumours
The finding in this study of HRPT2 mutations in 100% (4 of 4) of sporadic
parathyroid carcinomas is the first report of HRPT2 mutations in sporadic carcinomas
(Figure 3.2). The mutations identified in these malignant tumours included frameshift
(c76delA, c165delC) and nonsense (Y54X, Y55X) mutations as well as a splice site
deletion (IVS6-1delG) mutation (Figures 3.3-3.5). All of these mutations are predicted
to prematurely truncate parafibromin. No HRPT2 mutations were found in any of the
44 non-familial, non-carcinoma samples in this study, which included 25 sporadic
adenomas. These results demonstrate a strong association between intragenic
mutation of HRPT2 and malignancy in parathyroid tumours (p<0.001). In addition, 1
of the carcinomas harboured 2 somatic mutations (2077G: IVS6-1delG and Y55X)
(Figures 3.4C and 3.5B), and 1 carcinoma harboured 1 mutation with loss of the wild
type allele (10977: c165delC and LOH 1q24-32) (Figure 3.4D). These findings are
consistent with Knudson’s “2-hit” hypothesis, and suggest a role for HRPT2 as a
tumour suppressor gene in sporadic parathyroid tumorigenesis (Knudson 1971). Proof
of a tumour suppressor function for parafibromin will require study of this gene in cell
line models.

3.3.2 HRPT2 mutations in familial parathyroid tumours
Germline mutations were found 2 of 2 HPT-JT families (c76delA and c679delAG)
and a previously identified germline mutation confirmed in 1 of 2 FIHP families
(L64P) (Figures 3.3, 3.5 and 3.6C). These results support the conclusions of Carpten
and co-workers (Carpten et al. 2002), that HRPT2 is the causative gene in HPT-JT
and in a subset of FIHP. Of additional significance was the finding of the “second-hit”
in 4 of the 7 samples with germline mutations (Figure 3.2). Three familial tumour
samples demonstrated loss of the wild-type allele, and one tumour contained a
somatic frameshift mutation (686delGAGT) (Figure 3.6B). These results provide
evidence of a role for HRPT2 as a tumour suppressor gene in familial as well as
sporadic parathyroid tumorigenesis.
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3.3.3 Phenotype / genotype correlation for HRPT2 mutations
The two germline mutations in the HPT-JT families are, like those found in the
sporadic carcinomas, predicted to prematurely truncate the protein, whereas the FIHPassociated mutation is a missense mutation of unknown consequence. Whether there
is a phenotype / genotype correlation between mutation type and the presence of
parathyroid disease alone, or in conjunction with jaw tumours or renal lesions (i.e.
FIHP versus HPT-JT) will require study of a larger cohort of FIHP families with
HRPT2 mutations. Similarly, it is uncertain whether the severity or number of “hits”
affecting HRPT2 determines the presentation of familial tumours as benign, cystic or
malignant. An alternative scenario may be that intragenic mutation of HRPT2 is an
early event in a subset of patients with parathyroid lesions, and that additional, as yet
unknown events are required for the progression to malignancy. It is noteworthy that
HRPT2 mutations have been previously detected in 2 of 47 (4%) sporadic cystic
adenomas, and 1 (2%) had additional 1q24-32 LOH (Carpten et al. 2002). Given the
strong association demonstrated between intragenic mutation of HRPT2 and
malignancy in the work in this study, such a finding in a benign tumour might be
considered a marker of malignant potential and long term monitoring would be
suggested for these patients.

3.3.4 HRPT2 mutations
In this study, seven novel HRPT2 mutations were identified, taking the total number
of unique HRPT2 mutations identified at the completion of this study, to 24 (Figure
3.7) (Carpten et al. 2002). Over 80% (20 of 24) of these mutations are located in
exons 1, 2 or 7, or flanking intronic sequences, thus identifying apparent mutational
“hotspots”. Three mutations, including 2 from this study, have been found at c165C in
exon 2, with a further mutation found in the preceding codon at c162C (Figures 3.4
and 3.7). Exon 7 contains a repeat element, (AG)5 and three different frameshift
mutations altering this motif, including 2 from this study, have been detected (Figures
3.6 – 3.7). Since the completion of this study, further HRPT2 mutations have been
identified. The distribution of mutations remains consistent with the observations
from this study, with approximately 80% of all mutations located to exons 1, 2 or 7, or
flanking intronic sequences. These additional mutations are described in section 4.1.3.
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3.3.5 HRPT2 polymorphisms
This study also detected 7 apparent polymorphisms (Table 3.5 and Figures 3.7-3.10).
The allele frequencies for these polymorphisms in the parathyroid tumours ranged
from 0 (IVS13+20AÆC) to 0.30 (IVS2+28CÆT). No polymorphisms were found to
be somatic in origin. Determination of the allele frequencies for these apparent
polymorphisms in a normal germline panel did not reveal any significant differences
between HPT specimens (tumours) and normal specimens. The common
polymorphism IVS2+28CÆT, was determined to have an allele frequency in the
normal panel of 0.32 (compared with 0.30 for HPT specimens), and the frequencies
for other polymorphisms ranged from 0 (c33CÆT) to 0.05 (IVS12-109TÆG) in the
normal panel. These polymorphisms, in particular, IVS2+28CÆT, which has a
heterozygote frequency of 49% when the results for the tumours and normal panel are
combined, may be useful markers for exclusion of LOH at the HRPT2 locus. No
evidence was obtained to suggest that these polymorphisms may be influencing the
development of parathyroid lesions. Further evaluation of possible functional effects
of these polymorphisms, such as changes to exonic splicing enhancer sites, is beyond
the scope of this thesis (reviewed in Zheng 2004).

3.3.6 Loss of heterozygosity at 1q24-32 in parathyroid tumours
Loss of heterozygosity at 1q24-32 has been found in 9 – 13 % of sporadic adenomas
in a number of studies (Farnebo et al. 1997; Dwight et al. 2000; Villablanca et al.
2002). The finding in this study of LOH in 2 of 25 (12.5 %) sporadic adenomas is in
agreement with these previous reports (Figure 3.2 and Appendix 3.4). The finding of
no LOH in the 17 hyperplasia or 2 lithium associated tumours is also consistent
previous reports (Farnebo et al. 1997; Dwight et al. 2002) (Appendix 3.4). However,
HRPT2 mutations were not detected on the remaining allele of either of the sporadic
adenomas with LOH at 1q24-32 in this study, suggesting that the LOH at 1q24-32 in
the majority of sporadic adenomas may in fact be targeted at a tumour suppressor
gene elsewhere within this interval. An alternative explanation may be that rather than
inactivation of HRPT2 by mutation in these tumours, HRPT2 may undergo epigenetic
modification. The promoter region of HRPT2 contains a CpG island (Figure 3.1)
which may become hypermethylated causing inactivation of transcription and
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resulting in silencing of the second allele. Hypermethylation is an important
mechanism in a number of tumour suppressor genes including Rb1, and BRCA1
(Esteller 2000). The contribution of hypermethylation of HRPT2 to parathyroid
tumorigenesis remains to be investigated but is beyond the scope of the work in this
thesis. To date however, there is no evidence that LOH at 1q24-32 alone confers a
higher likelihood of malignancy.

3.3.7 Conclusion
In conclusion, the results in this study support a role for HRPT2 as a tumour
suppressor gene in agreement with Knudson’s “2-hit” hypothesis in sporadic
parathyroid carcinoma. These results also provide further evidence for HRPT2 as the
causative gene in HPT-JT, and a subset of FIHP. In light of the presence of HRPT2
mutations in both benign and malignant familial tumours, and the strong association
between mutations of HRPT2 and sporadic parathyroid carcinoma demonstrated in
this study, it is hypothesised that HRPT2 mutation is an early event that may lead to
parathyroid malignancy, and intragenic mutation of HRPT2 is suggested as a marker
of parathyroid malignant potential in both familial and sporadic tumours. Following
the completion of the work in this study, evidence in support of this hypothesis has
included the finding of HRPT2 mutations in parathyroid carcinomas from an
additional 10 of 15 patients (Shattuck et al. 2003). With growing evidence supporting
a pivotal role for this gene in both familial and sporadic parathyroid malignancy,
efficient assays for the detection of HRPT2 mutations are of paramount importance to
the clinical diagnosis and management of affected individuals. The development of
efficient and rapid DHPLC mutation screening of HRPT2 amplicons predicted to
harbour approximately 80% of mutations, is described in chapter 4. Further studies,
beyond the scope of the work in this thesis, will clarify the exact nature of the
relationship between intragenic mutation of HRPT2 and parathyroid malignancy.
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FOUR

Development of Rapid Mutation Screening for
MEN1 and HRPT2

4.1 INTRODUCTION
4.1.1 Overview
This chapter describes the development of mutation scanning by denaturing High
Performance Liquid Chromatography (DHPLC) and assessment of its utility in
screening for mutations in two genes. These two genes are associated with the familial
(autosomal dominant) cancer syndromes MEN 1 and HPT-JT. Both syndromes
(described in sections 1.3.2.2.1 and 1.3.2.2.3) have a high penetrance of
hyperparathyroidism. Germline MEN1 mutations have been detected in approximately
70% of MEN 1 affected individuals (Chandrasekharappa et al. 1997; Lemmens et al.
1997; Agarwal et al. 2004). The results in chapter 3 of this thesis in combination with
other studies have found that approximately 60% of patients with HPT-JT carry
germline HRPT2 mutations (Carpten et al. 2002; Cavaco et al. 2004). A small number
of patients presenting with FIHP have been reported with germline mutations in either
MEN1 or HRPT2 (Teh et al. 1998a; Teh et al. 1998b; Kassem et al. 2000; Villablanca
et al. 2002b; Simonds et al. 2004; Villablanca et al. 2004; Warner et al. 2004).
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4.1.2 MEN1 mutations
The MEN 1 gene MEN1, is located at 11q13. It spans 9.2kb of genomic sequence in
reverse orientation and contains 10 exons. The first exon and 23bp of the second exon
are noncoding and constitute the majority of the 5’ untranslated region. The normal
2.8kb transcript encodes a 610 amino acid protein termed menin (Chandrasekharappa
et al. 1997; Lemmens et al. 1997). The Human Genome Mutation Database, Cardiff
available at http://archive.uwcm.ac.uk/uwcm/mg/hgmd0.html (Stenson et al. 2003)
has to date, recorded 320 MEN1 germline mutations. The majority (51%) of mutations
recorded are small insertions, deletions or combinations of small insertions and
deletions (indels), 43% are missense or nonsense substitutions and 5% are splice site
substitutions. Two major deletions (> 3kb) have also been recorded. Approximately
10% of the germline mutations are de novo mutations found in sporadic adenomas
(Chandrasekharappa and Teh 2003). The mutations are distributed throughout the
gene (excluding exon 1 which is not translated), and no genotype / phenotype
correlation has been identified (Wautot et al. 2002). A selection of MEN1 mutations
are in Table 4.1 which lists the mutations assessed by DHPLC in this study. MEN1 is
thought to have a tumour suppressor role in the formation of sporadic as well as
familial MEN 1 tumours, with LOH at the MEN1 locus reported in 20 – 40% of
sporadic parathyroid adenomas, and somatic MEN1 mutations found in 46 – 100% of
these tumours (Heppner et al. 1997; Carling et al. 1998; Farnebo et al. 1998; Dwight
et al. 2000). MEN1 mutation detection is most commonly performed by direct
sequencing or Single Stranded Conformational Polymorphism analysis (SSCP)
(Lemmens et al. 1997; Tanaka et al. 1998; Dwight et al. 2000). Fluorescent SSCP
techniques in combination with heteroduplex analysis have recently been reported for
MEN1 with 100% detection of 27 known variants (Crepin et al. 2003) and DHPLC in
combination with SSCP and sequencing has been used for the detection of four MEN1
mutations (Park et al. 2003). However validation studies of DHPLC for MEN1 have
not been reported.
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Table 4.1 MEN1 mutations. Over 300 MEN1 germline mutations have been reported. The 49
mutations (germline and somatic) listed in the table are those that were assessed by DHPLC in this
study. DNA indicates the source of the DNA used to assess this mutation. Sequence information was
derived from GenBank accession numbers U93236 (2.7kb) and U93237 (9.2kb). The mutation
nomenclature follows that of Chandrasekharappa et al. 1997, Wautot et al. 2002, and others, with the
cDNA number designated as 111 for the first base of amino acid 1.
Mutation

Location
m

†
§

†

c122ins5del3
c352delC
c359delGTCT
c366ins18
c379delAT
c452delC
c512delC
IVS2-3CÆG
c593GGÆTT (V161V, V162F), R171Q
c622GÆA (R171Q)
c700CÆT (T197I)
c707CÆGG
c738delACAG
c769GÆA (W220X)
IVS3+1GÆT
c788delATACAT
c868CÆT (S253L)
IVS4+2TÆA
IVS4-9GÆA
c911insT
IVS5+1GÆA
c960GÆC (A284P), c934+39CÆT
IVS6+2TÆA
c1120CÆA (A337D)
c1164delAAC
c1167TÆG (Y353D)
c1193insTAC
c1197delGAG
c1242GÆT (E378X)
c1227CÆT (P373S)
c1337CÆA (C409X)
c1354GÆC (R415L), c1364CÆT(D418D)
c1362GÆC (D418H)
c1364CÆT (D418D)
c1378GÆA (W423X)
c1390GÆT (S427M)
c1414delG
c1458CÆT (Q450X), c1364CÆT (D418D)
IVS9+1del11
c1462del14
c1488CÆT (R460X)
c1539delG
c1656delC
c1657insC
c1659insG
c1700delA+c1702GÆC (G531A)
c1798AÆT (Q563V) + c1800delCT
c1809delG
c1814delC
Total number of samples = 49

Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Intron 2
Exon 3
Exon 3
Exon 3
Exon 3
Exon 3
Exon 4
Intron 3
Exon 4
Exon 4
Intron 4
Intron 4
Exon 5
Intron 5
Exon 6
Intron 6
Exon 7
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 8
Exon 9
Exon 9
Exon 9
Exon 9
Exon 9
Exon 9
Exon 9
Exon 9
Intron 9
Exon 10
Exon 10
Exon 10
Exon 10
Exon 10
Exon 10
Exon 10
Exon 10
Exon 10
Exon 10

Mutation type
n
d
s p
d
d
d
d
d
d
d
s

m

p
p

m
d
d

p

n
s
d
m
s
s
d
s
m

p
s

m
d
m
d
d
n
m
n
m
m

p
p
n

m
d
n

p
d
d

n
d
d
d
d
d
d
d
d

m
m

12

6

25

6

DNA
germline
tumour*
germline
germline
germline
tumour*
germline
germline
tumour*
germline
germline
tumour*
germline
germline
germline
germline
Tumour*
germline
germline
tumour*
germline
tumour*
tumour*
germline
germline
germline
tumour*
germline
germline
germline
germline
germline
germline
germline
germline
germline
germline
germline
germline
germline
germline
tumour*
germline
germline
germline
germline
germline
germline
tumour*

7

Legend: Mutation classifications - m: missense; n: nonsense; d: deletion; insertion or indel; s: splice site
substitution; and p: polymorphism. *All tumour DNA specimens displayed LOH at 11q13 (Dwight et al. 2000); †:
blinded sample analysed as an “unknown”; §: mutation identified by DHPLC analysis described in this chapter.
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4.1.3 HRPT2 mutations
The HPT-JT gene HRPT2, is located at 1q25 and spans 130kb of genomic sequence.
The normal full length transcript is suggested to be 2.7kb and encodes a 531 amino
acid protein termed parafibromin (Carpten et al. 2002). Chapter 3 of this thesis reports
the identification of somatic HRPT2 mutations in four of four sporadic parathyroid
carcinomas with “2-hits” affecting HRPT2 (either two mutations or a mutation and
LOH at 1q24-32) detected in two of these carcinomas, providing the first evidence for
HRPT2 as a putative tumour suppressor gene in sporadic parathyroid carcinomas.
However, the incidence of LOH at the HRPT2 locus was less that 13% in the tumours
tested, in agreement with previous studies of LOH at this locus (Farnebo et al. 1997;
Dwight et al. 2000; Villablanca et al. 2002a). To date, 41 different HRPT2 mutations
have been reported, including 8 novel mutations from the work in this thesis (Table
4.2 and Figure 3.2). Seven polymorphisms have also been identified and these are
detailed in Table 3.5 and Figure 3.7. Only 8 of the 17 exons have been found to
harbour mutations, and almost 80% of the mutations locate to exons 1, 2 and 7.
Similar to MEN1, the majority (68%) of HRPT2 mutations are small insertions,
deletions, or indels, with the remainder being substitutions resulting primarily in
nonsense mutations. Two missense and two splice site substitution mutations have
been reported. All mutation reports for HRPT2 have used direct sequencing for
mutation detection (Carpten et al. 2002; Shattuck et al. 2003; Cetani et al. 2004;
Simonds et al. 2004; Villablanca et al. 2004; Warner et al. 2004) with confirmation of
one mutation by Allele-Specific-Oligonucleotide Hybridisation (Cavaco et al. 2004).
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Table 4.2 Published HRPT2 mutations
Mutation

*

*
*
*
*

*
*

*
*
§

c3GÆA (M1I)
c16delA
c23TGCGÆGTG
c25GÆT (R9X)
41-bp duplication
c30delG
c34delAACATCC
c39delC
c53delT
c60del10
c70GÆT (E24X)
c76delA
c82del4
c126del24
c128GÆA (W43X)
IVS1+1GÆA
c162CÆG (Y54X)
c165CÆG (Y55X)
c165CÆA (Y55X)
c165delC
c191TÆC (L64P)
c195insT
c195insA
c226CÆT (R76X)
IVS2+1GÆC
c306delGTgtgagtacttttt
c356delA
c373insA
c406AÆT (L136X)
IVS6-1delG
c636delT
c664CÆT (R222X)
c679insAG
c679delAG
c686delGAGT
c700CÆT (R234X)
c732delT
c746delT
c765delTG
c1230delC
c1238delA
Total number: 41

Location
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Exon 1
Intron 1
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Exon 2
Intron 2
Exon 3
Exon 4
Exon 5
Exon 5
Intron 6
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 7
Exon 8
Exon 8
Exon 8
Exon 14
Exon 14

Mutation type
m
n d
s
m
d
d
n
d
d
d
d
d
d
n
d
d
d
n
s
n
n
n
d
m
d
d
n
s
d
d
d
n
d
d
n
d
d
d
n
d
d
d
d
d

germline
?
somatic
germline/somatic
germline
germline
germline
germline/somatic
somatic
?
somatic
germline/ ?
somatic
somatic
somatic
germline
? / somatic
somatic
germline
?
germline
somatic
somatic
somatic
germline
germline
germline
germline
germline
somatic
germline
germline
germline/somatic
germline
somatic
germline/ ?
somatic
somatic
germline
?
germline

2

total germline:22

10

27

2

Status

Reference
1
3
3
1, 7
1
1
1
1, 3
1
3
3
2
3
1
1
7
2, 3
2
1
2
1, 2
7
7
3
4
1
1
3
1
2
1
3
1, 3, 5
2
2
3, 7
3
3
6
3
1

Legend: Mutation “m” is missense, “n” is nonsense, “d” is deletion, insertion or indel, and “s” is splice
site substitution. Reference 1: Carpten et al. 2002; 2: identified in chapter 3 of this thesis; 3: Shattuck et
al. 2003; 4: Villablanca et al. 2004; 5: Simonds et al. 2004; 6: Cavaco et al. 2004;7: Cetani et al. 2004.
* samples harbouring these mutations were available for DHPLC assessment; § unknown mutation
identified by DHPLC analysis described in this chapter.
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4.1.4 Denaturing High Performance Liquid Chromatography
DHPLC is a technique for automated mutation scanning (Kuklin et al. 1997). This
technique detects heteroduplexes formed during PCR amplification of heterozygous
template DNA. During PCR amplification of homozygous DNA, a stable homoduplex
species forms between the sense and anti-sense strands of DNA. If the template DNA
is heterozygous for a mutation or polymorphism, 2 homoduplex species and 2
heterozygous species are formed (Figure 4.1). The heteroduplexes contain
mismatched strands of DNA and are therefore inherently less stable than the perfectly
matched homoduplexes. Following amplification, PCR fragments are denatured and
slowly re-annealed to enhance formation of heteroduplexes if present. The renatured
products are injected into the flow path of a reverse phase column in a HPLC system.
In the presence of an ion-pairing reagent, triethylammonium acetate (TEAA), the
negatively charged DNA binds to the polymeric stationary phase column. The DNA is
eluted against an increasing gradient of acetonitrile mobile phase and is detected by a
change in the absorbance at 260nm. For mutation scanning, partially denatured
conditions predicted by mathematical algorithms as part of the commercial software,
are created by increasing the temperature of the column. The less stable (more
denatured) heteroduplexes are eluted from the column earlier than the more stable
homoduplexes. When only 1 species is present in a fragment, the chromatogram will
show only 1 peak. A heterozygous sample will show up to 4 peaks, representing the 2
heteroduplex and 2 homoduplex populations present (Figure 4.1). Amplicons
presenting with multiple or aberrant peaks are sequenced to characterise the variants.
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Figure 4.1 Schematic showing the composition of the hetero- and homoduplex
species formed following amplification of heterozygous template DNA. The
heteroduplexes are less stable and elute earlier than the homoduplexes, resulting
in a DHPLC pattern of up to 4 peaks.
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DHPLC enables automated mutation scanning of PCR products amenable to high
throughput workloads. Advantages of this technique compared with SSCP, the most
common method reported for MEN1 mutation scanning, include higher sensitivity of
between 95% and 100%, larger fragment sizes able to be analysed, automated
sampling and the ability to program multiple conditions per run or project (reviewed
by Xiao and Oefner 2001). In a comparative study of BRCA1, DHPLC detected 100%
of mutations assessed compared with 65% detection by SSCP (Eng et al. 2001).
Mutation scanning by DHPLC has been successfully applied to a number of tumour
suppressor genes including PTEN, VHL and RET (Marsh et al. 2001). A limitation of
this and other mutation scanning techniques is likely interference from the detection
of common polymorphisms.

An anticipated problem specific to tumour suppressor genes is the possibility of false
negative results due to LOH when testing tumour DNA. The loss of an allele will
result in the loss of heteroduplexes and thus the loss of the mutant chromatographic
profile. This effect has been successfully used for the assessment of LOH in various
tumours including loss at the TP53 locus in ovarian tumours (Gross et al. 2001).
Whether the loss of heteroduplexes due to LOH can be utilised for the detection of
LOH in mutated tumour DNA without the need for corresponding germline DNA and
informative polymorphisms has not been previously assessed. Samples with LOH
would be expected to show wild type chromatographic patterns. When these samples
are mixed with wild type samples however, it can be proposed that heteroduplexes
would form in the amplicons harbouring sequence variants, and an aberrant
chromatographic pattern, different to that for the unmixed sample, would be observed.
This would indicate the presence of both a mutation (or polymorphism) and LOH in
the tumour sample under investigation. This hypothesis was tested in these studies.

4.1.5 Aims
The aim was to develop and then evaluate the sensitivity of mutation scanning by
DHPLC for the putative tumour suppressor genes MEN1 and HRPT2. Germline and
tumour DNA samples harbouring previously identified germline or somatic mutations
were analysed. As both genes contain known common polymorphisms, interference
by common polymorphisms was also assessed. Following establishment of the
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mutation scanning conditions, assay sensitivity was tested further by mutation
scanning for unknown mutations in several germline samples. LOH was also assessed
by visual comparison of chromatograms from tumour DNA samples previously
identified with LOH at 11q13 (using polymorphic microsatellite markers) and somatic
MEN1 mutations, both unmixed as well as mixed with wild type DNA.
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4.2 METHODS
4.2.1 DNA samples
De-identified germline and parathyroid tumour DNA with previously identified
MEN1 mutations (Dwight et al. 2000) were available within the laboratory, or
obtained according to the ethical guidelines pertaining to our project as detailed in
section 2.3. The mutations and polymorphisms present in the 49 samples tested are
listed in Table 4.1. Twenty-five (51%) of these mutations are small insertions,
deletions or indels reflecting the proportion of this mutation type found worldwide
(51%) (section 4.1.2). All tumour DNA samples had demonstrated LOH at 11q13 by
assessment of polymorphic microsatellite markers (Dwight et al. 2000). These
samples had greater than 50% loss of the wild type allele relative to corresponding
germline DNA. Three of the 49 samples were “unknown” germline DNA samples. Of
these three, two samples had previously identified mutations, but were tested blind
(described in section 4.2.4), and one had not been previously tested (Table 4.1). The
clinical diagnosis of MEN 1 was established by the referring centres (data not shown).

De-identified germline and parathyroid tumour DNA specimens with HRPT2
mutations and polymorphisms identified in Chapter 3 of this thesis were used for
assessment of DHPLC mutation scanning of HRPT2. The nine mutations tested are
asterisked in Table 4.2. An additional unknown sample from a suspected HPT-JT
individual was also tested (as described in section 4.2.4). This sample was obtained
according to the ethical guidelines pertaining to this project as detailed in sections 2.2
– 2.3. The clinical information leading to the testing of this individual is detailed
below in section 4.2.1.1.

Commercially prepared pooled normal DNA (Promega Corporation, WI, USA) was
initially trialled as wild type DNA. Some amplicons gave aberrant patterns for this
DNA, likely indicating the presence of common polymorphisms in this pool. In these
cases anonymised DNA samples from a normal DNA panel (described in section 2.3)
were trialled and used in place of the pooled commercial DNA.

All DNA samples had been previously extracted by standard procedures. DHPLC
work prior to the work in this thesis demonstrated that excessive template DNA may
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be apparent as an additional peak at 3 minutes. As such, it is a potential source of
interference in the interpretation of DHPLC results and thus DNA samples for
DHPLC assessment were diluted to 50 – 100ng/µL. Approximately 200ng was used
for MEN1 amplicons and 50ng for HRPT2 amplicons for each 50µL reaction.

4.2.1.1 Clinical information: unknown sample for HRPT2 testing
The unknown sample for HRPT2 testing was referred by Associate Professor Roberto
Zori, University of Florida, USA and was from a 16 year old male who presented with
a three year history of recurrent kidney stones. On investigation he was found to have
primary hyperparathyroidism (serum calcium: 13.8 mg/dL, Reference Interval (RI):
8.4 – 10.2 mg/dL, intact PTH: 488 pg/mL, RI: 15 – 65 pg/mL) and a neck mass.
Sestamibi scan suggested the mass to be a probable parathyroid cystic tumour.

Investigations assessing bone and cardiovascular changes due to the sustained
hypercalcemia were performed. Radiological examination of the right hand and left
knee showed coarsening of the trabecular pattern with early subperiosteal
reabsorption and loss of cortex. Focal bone loss was seen in the distal radius.
Examination of the right mandible revealed expansile cystic-like lesions. The
electrocardiogram showed a normal sinus rhythm, however the patient showed signs
of early repolarisation secondary to the increased calcium.

Family history revealed that the patient’s father also had recurrent kidney stones and
had undergone surgery at 38 years of age to remove a parathyroid adenoma. No
further family history was available.

A parathyroidectomy was performed and a single parathyroid gland of 6.8gm was
removed. Histology was consistent with parathyroid adenoma. Following surgery the
patient’s calcium normalised with calcium supplementation. He was discharged on
calcium phosphate and magnesium supplements and has maintained normal calcium
levels.
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4.2.2 PCR Amplicons
Initially, MEN1 primers, previously used for SSCP and sequencing were trialled
(Lemmens et al. 1997; Shimizu et al. 1997; Dwight et al. 2000). Exon 2, 3 and 10
primers included several overlapping primer pairs each producing amplicons of
approximately 200bp in length. Fragment lengths up to 1.5kb have been successfully
used for mutation scanning by DHPLC, however the sensitivity of detection appears
to decrease as the amplicon length increases above 700bp (reviewed by Xiao and
Oefner 2001). Different combinations of forward and reverse primers for fragments >
200bp were trialled and additional primers were designed as described in section
2.4.6.1. The primer sequences for the MEN1 amplicons finally selected for DHPLC
are listed in Table 4.3. All primers were diluted to a working concentration of 20µM
and 1µL of each primer used in a 50µL reaction.

MEN1 amplicons were optimised as described in sections 2.4.6.2 and 2.4.8 using
Amplitaq GOLD DNA polymerase, the touchdown thermal cycling protocol detailed
in Table 2.5 and the master mixes detailed in Table 2.3. HRPT2 primers and cycling
conditions (using Amplitaq GOLD DNA Polymerase and 50µL reactions) are listed in
Table 3.2.

Once optimal PCR conditions were established for each exon, DNA samples were
amplified and electrophoresed on a gel (as described in section 2.4.6.3) to check their
integrity. The PCR products then underwent heteroduplex enhancement by
denaturation and slow reannealing over 45 minutes as detailed in Table 2.6. Aliquots
of PCR products from tumour DNA with LOH were mixed with equal amounts (as
determined by visual inspection of the intensity of bands on polyacrylamide gels) of
wild type PCR product. These also underwent heteroduplex enhancement. The PCR
products were stored at 4oC until injected in to the HPLC.
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Table 4.3 Primer sequences for MEN1 amplicons assessed for DHPLC
Primer ID

Primer sequence (5’ – 3’)

Reference

2.2F

ggcttcgtggagcattttct

1

M2R

ttgaagaagtgggtcatgg

3

2.1jF

gggtggaaccttagcggaccctgg

2

2.2R

ctcgaggatagagggacagg

1

2.2jR

taagattcccacctactggg

2

3.1F

gcacagaggaccctctttcattac

1

3.2R

tgggtggcttgggctactacag

1

M4F

gggccatcatgagacataatg

1

M4aR

ggtcccacagcaagtcaagt

3

56.1jF

aaggacccgttctcctccctgttcc

2

56.2jR

ggcccctgcctcagccactgttag

2

7F

ggctgcctccctgaggatc

1

7R

ctggacgagggtggttgg

1

8F

gtgagaccccttcagaccctac

1

8R

tgggaggctggacacagg

1

9F

gggtgagtaagagactgatctgtgc

1

9R

tgtagtgcccagacctctgtg

1

10.2F

ccaagaagccagcactggac

1

10.2jR

ggtccccacaagcggtccgaagtc

2

M10F

accttgctctcaccttgctct

3

10.2R

cactctggaaagtgagcact

1

M10aR

ccttcatgcccttcatcttc

3

10.1jF

tggccggcaaccttgctctcacctt

2

Legend: Reference 1: Lemmens et al. 1997 and Dwight et al. 2000; 2: Shimizu et al. 1997; 3: This
study.

4.2.3 DHPLC
DHPLC was performed on a WAVE® System for Mutation Detection 2100
(Transgenomic Inc., Omaha, NE, USA) which consists of a L7300+ high precision
peltier oven, single plate autosampler with peltier controlled chiller module,
programmable UV detector, quaternary gradient solvent delivery system, four line
degasser, General Purpose Interface Board (GPIB) control module, computer system
with remote system control and Navigator™ Software version 33. The arrangement
and interaction of these modules, including sample introduction, mobile phase flow
path and data acquisition is illustrated in Figure 4.2.
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Navigator software

GPIB

Sample introduction

Degasser,
Buffers A,B,
D and
syringe wash

Pump Autosampler
and chiller

Oven and
DNA Sep
cartridge

UV
Detector
and waste

Flow path
Data acquisition
Figure 4.2 Schematic of the WAVE system, showing the relative placement of hardware
components, the direction of the flow of the mobile phase, point of introduction of the sample and
the transfer or acquisition of data via the General Purpose Interface Board (GPIB).
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The stationary phase in the WAVE is a DNASep® cartridge (Transgenomic Inc.,
Omaha, NE, USA) consisting of polystyrene-divinylbenzene copolymer beads. The
beads are alkylated with C-18 chains that form single C-C bonds. The mobile phase
consists of a combination of two buffers in varying concentrations. WAVE
Optimized™ Buffer A (Transgenomic Inc., Omaha, NE, USA) is a solution of 0.1M
TEAA (pH 7) and WAVE Optimized™ Buffer B (Transgenomic Inc., Omaha, NE,
USA) is a solution of 0.1M TEAA (pH 7), 25% acetonitrile. WAVE Optimized™
Buffer D (Transgenomic Inc., Omaha, NE, USA), a solution of 75% acetonitrile, is
used to clean the column following each injection and two controls (WAVE LowRange Mutation Standard #560077 and WAVE High-Range Mutation Standard
#562001, Transgenomic Inc., Omaha, NE, USA) are used to check the resolution of
the column before use.

A 5µL aliquot of heteroduplex enhanced PCR product placed in the chiller was
aspirated with a feed volume of 25µL by the autosampler and injected into the mobile
phase in the direction of the flow path of the DNASep® cartridge (Figure 4.2). The
mobile phase had a constant flow rate of 0.9 ml/minute with a linear acetonitrile
gradient determined by the Navigator™ software according to the size of the
amplicon. The gradient was achieved by a combination of Buffers A and B where the
percentage of Buffer A equals 100% minus the percentage of Buffer B. For each
sample the processing time was 8.1 minutes (Figure 4.3A). This consisted of 0.5
minutes for injection with a 5% decrease in Buffer B (identified by the injection
peak), followed by a linear gradient (which included a 2.2 minute lag time for
detection) with a slope of 2% increase in Buffer B per minute, a 0.5 minute cleaning
stage starting at 6.7 minutes using 100% buffer D (identified by a wash off peak), and
a 0.9 minute equilibration before the next injection. The elution and detection of
homo- and heteroduplex peaks occurred during the linear gradient.
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A
65oC
64oC
63oC
62oC
61oC
50oC

Injection peak

homoduplex peak

wash off peak

0.5 minutes

4.0 – 6.0 minutes

6.7 minutes

B

Figure 4.3A Chromatograms of optimisation of MEN1 exon 7 amplicon with pooled
normal DNA graphed as Time in minutes versus Absorbance at 260nm as millivolts. The
injection peak at the start, the homoduplex peak of interest and wash off peak at the end
of each injection are shown. As partially denaturing conditions are reached the
homoduplex peak shifts to the left towards the injection peak. As the temperature
increases above the predicted optimal temperature the peak starts to broaden and collapse
indicating temperatures approaching denaturing condtions.
Figure 4.3B Navigator™ Software predicted melt profile for MEN1 exon 7 amplicon.
The optimal predicted temperature for mutation detection is 62.5oC (black line). Melt
profiles for temperatures 0.5 and 1.5oC above and below this temperature are also
mapped.
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Initially, Navigator™ Software was used to construct melt profiles for each amplicon
to predict the temperature of 75% helicity, where 75% of the amplicon is doublestranded (Figure 4.3B). This temperature is predicted to be the optimal temperature
for partially denatured conditions for mutation detection. PCR products were initially
run under non-denaturing conditions (50oC) to assess the quality of the peak, with a
single narrow peak being the ideal. Wild type PCR products were then run at between
1 and 5 temperatures 0.5 – 2oC above and below the predicted optimal temperature to
confirm partially denaturing conditions. Partially denaturing conditions are indicated
by a left shift of the peak (towards the injection peak) of approximately 1 minute
(Figure 4.3A). Wild type DNA is expected to present with a single homoduplex peak
under partially denaturing conditions. Once partially denaturing conditions were
established for the wild type DNA, prepared PCR products heterozygous for
previously identified sequence variants were run at these conditions. The results were
analysed using Navigator™ Software. The chromatograms were normalised against
the wild type and resulting peaks assessed both visually and by the software using the
scattergraph function (described below in section 4.2.3.1).

The final amplification and DHPLC conditions for optimal MEN1 and HRPT2
amplicons are detailed in Table 4.4. The conditions for amplicons that were trialled
but later rejected, and for which results are shown, are listed in Table 4.5. DHPLC
polymorphism testing of HRPT2 exons 2, 7 and 13 using a WAVE-MD instrument
was developed in Chapter 3 of this thesis. For inclusion in this current work, the
DHPLC conditions were transferred to the WAVE 2100 (which replaced the WAVEMD at the Kolling Institute in 2004) and further optimisation undertaken by the
assessment of both mutations and polymorphisms. No mutations were detected in
exon 13, but the transferred DHPLC conditions are included in this chapter for
completeness.
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Table 4.4A Final PCR and DHPLC conditions used for mutation scanning of
MEN1 amplicons. Sets of two overlapping amplicons were used for exons 2 and 10,
with exons 5 and 6 amplified in a single amplicon.
Primers (amplicon)

MM

Ti (oC) (range)

%B start

62 (62-64)

Tp
(oC)
61.8

1.5

2.2F+M2R

(M2C)

Size
bp
369

2.1jF+2.2R

(M2B)

428

1.5

65 (64-67)

64.9

57.5

M3.1F+M3.2R

(M3)

306

4B

64

62.3

54.9

M4F+M4aR

(M4)

228

1.5

63

61.4

52.1

(M56)

324

1.5

62

62

55.4

7F+7R

(M7)

334

1.5

63

62.5

55.6

8F+8R

(M8)

218

1.5

63 (61-63)

61.6

51.6

9F+9R

(M9)

246

1.5

62

63.6

52.9

10.2F+10.2jR

(M10E)

381

1.5

62 (62-63)

62.4

56.7

M10F+10.2R

(M10C)

351

1.5

67 (66-67)

66

56

56.1jF+56.2jR

56.4

Table 4.4B Final PCR and DHPLC conditions used for mutation scanning for
HRPT2 amplicons
MM/TC

Ti (oC) (range)

Exon 1

Size
bp
226

1.5/55G30

Exon 2

247

Exon 7
Exon 13**

Amplicon*

%B start

62 (60-65)

Tp
(oC)
61.2

1.5/60G30

53+57

54.4

52.9

367

1.5/60G30

56+57

55.8

56.4

299

4/55G30

52.2

52.2

54.7

52.1

Legend: “MM” is the Master Mix used for PCR (detailed in Table 2.3); “TC” is the thermal cycling
program used for HRPT2 amplicons (detailed in Table 2.4); “Tp”is the Navigator™ Software predicted
optimal temperature for DHPLC and “Ti” is the experimentally determined optimal temperature for
DHPLC. Where two temperatures were required for detection of all mutations, these are noted by “+”,
and the temperatures in brackets indicate the temperature range over which all mutations in that
amplicon were detected. “%B” is the percentage of Buffer B at the start of the gradient. *HRPT2
primers are listed in Table 3.2. **Conditions established in Chapter 3 and transferred from WAVE-MD
to WAVE 2100 for inclusion in this table.

Table 4.5 Details for the MEN1 exon 2 and exon 10 amplicons trialled but later
rejected
Amplicon

Primers

Master Mix

Size (bp)

M2A

2.1jF + 2.2 jR

1.5

581

M10A

10.1jF + 10.2 jR

1.5B

560

M10B

M10F + 10.2jR

1.5

551

M10D

M10F + M10aR

2.5B

372
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4.2.3.1 Navigator™ Software scattergraph function
The scattergraph function of the Navigator™ software allowed automated
discriminant analysis of the DHPLC chromatograms. Using this function
chromatograms with similar features are grouped into a cluster and each cluster is
assigned a colour. These clusters are represented in 3-dimensional space so that the
further apart 2 clusters are, the further apart their points appear on the scattergraph.
The axes represent the 3-dimensions and may be manually rotated for different views
of the data. The percentage of variance (variability) in the data is indicated on the 3
axes. In cases where there are only 2 chromatograms, there is 100% variance along 1
axis only. Where there are more clusters the numbers sum to less than 100% because
some of the variability is only visible in higher dimensions.

4.2.4 Assessment of unknown samples
Unknown “test” samples, described in section 4.1.2, were not assayed until all the
known mutations had been assessed and the final assay conditions established (Table
4.4). For each of the three MEN 1 unknown samples, all 10 MEN1 amplicons were
amplified and analysed by DHPLC according to the established conditions, to locate
the amplicons harbouring MEN1 mutations. This work was performed by research
assistant Ms Anne-Louise Richardson (Cancer Genetics, Kolling Institute).

Three HRPT2 amplicons (exons 1, 2 and 7) were similarly amplified and assessed (by
the candidate) for the germline DNA from a suspected HPT-JT individual (described
in section 4.2.1.1).

4.2.5 Sequencing
Mutations were confirmed by purification of PCR products and commercial
sequencing as detailed in section 2.4.7.
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4.3 RESULTS
4.3.1 MEN1 mutation detection
DHPLC mutation scanning of the MEN 1 gene, MEN1, was developed to span the
nine coding exons and flanking intronic regions. Exon 1 was not assessed as this exon
is non-coding and no exon 1 mutations have been reported (Wautot et al. 2002). The
final set of ten different amplicons included sets of two overlapping amplicons for
exon 2 (M2C and M2B) and exon 10 (M10E and M10C) (Table 4.4A). MEN1
mutation detection by the DHPLC method developed, entails the PCR amplification
of ten fragments per sample, followed by heteroduplex enhancement, injection into
the DHPLC at 1 – 2 temperatures per amplicon and analysis of the resulting
chromatograms by comparison with wild type chromatograms.

During development of DHPLC mutation detection, each amplicon was assessed by
the success or failure to detect sequence variants (both mutations and
polymorphisms). In some cases, multiple amplicons were trialled due to the failure of
some amplicons to detect the available variants (described in section 4.3.3 below).
The final conditions established for the ten MEN1 amplicons resulted in the successful
detection of all 46 samples with different MEN1 sequence variants (Figures 4.4 –
4.11). Between one (exon 7: Figure 4.8) and eight samples (exon 9: Figure 4.10) were
available for assessment of each amplicon.

Following the establishment of the assay conditions, a test set of three “unknown”
samples was tested. All ten amplicons were analysed for these three unknowns, and
the mutations, which were different to those used for assay development, were
successfully localised to exons 8 and 9 (shown in red text in Figures 4.9B and 4.10B).
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Figures 4.4 – 4.11
These figures show the results for DHPLC testing of MEN1, in the
following format:
Panel A: the predicted melt curves,
Panel B: the actual chromatograms,
Panel C: the locations of the mutations tested for each amplicon.
The melt curves were generated by Navigator™ Software. Where
multiple temperature curves are displayed, the curve for the
predicted optimal temperature for DHPLC is in black. Numbered
arrows above the melt curve show the approximate positions of the
mutations. The numbers match the mutation chromatograms.
All chromatograms were generated by Navigator™ Software and
all were normalised against the wild type for that amplicon.
The locations of the mutations are shown in the sequence for each
amplicon. Intronic sequence is in lower case blue text and coding
sequence is in upper case black text. Primers are highlighted in
yellow. In exons with overlapping primer pairs, the second set of
primers is highlighted in green. The sequence is divided into
codons, with the 3 letter amino acid designation above the
sequence, and the codon number above the amino acid designation.
The cDNA number of the first base in each line is above the codon
numbers. Mutation locations are highlighted in blue and named in
red. Sequence information was obtained from GenBank accession
numbers U93236 (2.7kb) and U93237 (9.2kb) and confirmed by
sequencing of genomic DNA. Mutation nomenclature follows that
of Chandrasekharappa et al. 1997 and Wautot et al. 2002.
“Unknown” mutations acting as a small “test set” that were
detected following the establishment of the conditions are shown in
red text in exons 8 and 9.
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A
i

ii
M2A: 581bp

M2B: 428bp

M2C: 369bp
iii

c122ins5del3
c352delC [± A]

c512delC

c359delGTCT
[: A, B]

c452delC

c366ins18

c379delAT

Figure 4.4A MEN1 exon 2 mutation map and melt profile. Part i shows the plot of Tm versus bp
generated by Navigator™ Software for 843bp of sequence incorporating MEN1 exon 2 (shaded area) and
180 bp of 5’UTR or intronic sequence adjacent to the exon. Part ii shows the approximate positions of 3
different exon 2 amplicons (M2A, M2B and M2C) assessed by DHPLC and their predicted melt profile at
the optimal detection temperatures of 62oC (red) or 65oC (blue). The vertical lines through parts i and ii
show the location of the mutations which are named in Part iii. Amplicons in which a mutation was not
able to be detected are noted in brackets; : = not detected and ± = equivocal detection. No symbol
indicates the mutation was detected if present in the amplicon. The chromatograms for amplicons M2B
and M2C, which were selected for DHPLC analysis, are shown in Figure 4.4B and the sequence locations
of the mutations are shown in Figure 4.4C.
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B
M2B
4

5

Wild type

6

c122ins5del3

c352delC

M2C

M2B
c359delGTCT

c366ins18

c379delAT

M2C

c452delC

c512delC

M2C

Figure 4.4B Chromatograms of MEN1 exon 2 wild type samples and mutations for overlapping
fragments M2B at 65oC and M2C at 62oC. Single results are shown for mutations present in only 1
amplicon.
Figure 4.4C (adjacent) MEN1 exon 2 sequence. M2B primers are highlighted in yellow and M2C
primers are highlighted in green.
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C
gggtggaaccttagcggaccctgggaggagctccccggccgaacctgcccgaccctccctcccccggct
tgccttgcagGCCGCCGCCCACCGCCCGCCGCC
111
132
1
2
3
4
5
6
7
8
9
10 11 12 13 14 15 16
Met Gly Leu Lys Ala Ala Gln Lys Thr Leu Phe Pro Leu Arg Ser Ile
ATG GGG CTG AAG GCC GCC CAG AAG ACG CTG TTC CCG CTG CGC TCC ATC
c122ins5del3
159
180
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Asp Asp Val Val Arg Leu Phe Ala Ala Glu Leu Gly Arg Glu Glu Pro
GAC GAC GTG GTG CGC CTG TTT GCT GCC GAG CTG GGC CGA GAG GAG CCG
207
33 34 35 36 37 38 39
Asp Leu Val Leu Leu Ser Leu
GAC CTG GTG CTC CTT TCC TTG

228
40 41 42 43 44 45 46 47 48
Val Leu Gly Phe Val Glu His Phe Leu
GTG CTG GGC TTC GTG GAG CAT TTT CTG

255
49 50 51 52 53 54 55
Ala Val Asn Arg Val Ile Pro
GCT GTC AAC CGC GTC ATC CCT

276
56 57 58 59 60 61 62 63 64
Thr Asn Val Pro Glu Leu Thr Phe Gln
ACC AAC GTT CCC GAG CTC ACC TTC CAG

303
65 66 67 68 69 70 71
Pro Ser Pro Ala Pro Asp Pro
CCC AGC CCC GCC CCC GAC CCG

324
72 73 74 75 76 77 78 79 80
Pro Gly Gly Leu Thr Tyr Phe Pro Val
CCT GGC GGC CTC ACC TAC TTT CCC GTG

351
372
81 82 83 84 85 86 87 88
Ala Asp Leu Ser Ile Ile Ala Ala
GCC GAC CTG TCT ATC ATC GCC GCC
c352delC c359delGTCT c366ins18
399
420
97 98 99 100 101 102 103 104
Ile Arg Gly Ala Val Asp Leu Ser
ATC CGA GGC GCC GTC GAC CTG TCC
447
113 114 115 116
Ser Ser Arg Glu
TCC AGC CGT GAG
c452delC
495
129 130 131 132
Leu Ser Arg Ser
CTC AGC CGC TCC

89 90 91 92 93 94 95 96
Leu Tyr Ala Arg Phe Thr Ala Gln
CTC TAT GCC CGC TTC ACC GCC CAG
c379delAT
105 106 107 108 109 110 111 112
Leu Tyr Pro Arg Glu Gly Gly Val
CTC TAT CCT CGA GAA GGG GGT GTC

468
117 118 119 120 121 122 123 124 125 126 127 128
Leu Val Lys Lys Val Ser Asp Val Ile Trp Asn Ser
CTG GTG AAG AAG GTC TCC GAT GTC ATA TGG AAC AGC
516
133 134 135 136 137 138 139 140 141 142 143 144
Tyr Phe Lys Asp Arg Ala His Ile Gln Ser Leu Phe
TAC TTC AAG GAT CGG GCC CAC ATC CAG TCC CTC TTC
c512delC
555

543
145 146 147 148
Ser Phe Ile Thr
AGC TTC ATC ACA G
Gttggagcccagtaggtgggaatcttatccatgacccacttcttcaa
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1 2

A

3

4 5

6 7

c

B

Wild type

IVS2-3CÆG

e

g

c707CÆGG

d

c593GGÆTT, c622GÆA

f

c622GÆA

h

c738delACAG

c700CÆT

i

IVS3+1GÆT

C gcacagaggaccctctttcattacctcccccttccacag
IVS2-3CÆG
556
576
149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164
Gly Thr Lys Leu Asp Ser Ser Gly Val Ala Phe Ala Val Val Gly Ala
GC ACC AAA TTG GAC AGC TCC GGT GTG GCC TTT GCT GTG GTT GGG GCC
c593GGÆTT [V161V, V162F]
603
624
165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180
Cys Gln Ala Leu Gly Leu Arg Asp Val His Leu Ala Leu Ser Glu Asp
TGC CAG GCC CTG GGT CTC CGG GAT GTC CAC CTC GCC CTG TCT GAG GAT
c622GÆA[R171Q]
651
672
181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196
His Ala Trp Val Val Phe Gly Pro Asn Gly Glu Gln Thr Ala Glu Val
CAT GCC TGG GTA GTG TTT GGG CCC AAT GGG GAG CAG ACA GCT GAG GTC
699
197 198 199 200 201 202 203
Thr Trp His Gly Lys Gly Asn
ACC TGG CAC GGC AAG GGC AAC
c700CÆT[T197I] c707CÆGG
747
764
213 214 215 216 217 218
Ala Gly Val Ala Glu Arg
GCC GGT GTG GCT GAG CGG

720
204 205 206 207 208 209 210 211 212
Glu Asp Arg Arg Gly Gln Thr Val Asn
GAG GAC CGC AGG GGC CAG ACA GTC AAT
c738delACAG

gtattgttccctccccccagccttgtccccttcatactgtagtagcccaagccacccaag
IVS3+1GÆT

Figure 4.5 MEN1 exon 3. A: amplicon melt curve, B: wild type and mutation chromatograms
at 64oC and C: amplicon sequence.
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1 2

A

B

3 4

c
Wild type

e

c868CÆT

d

c769GÆA

c788del6

f

IVS4+2TÆA

C
gggccatcatgagacataatgatctcatccccccctaag
765
219 220 221 222 223
Ser Trp Leu Tyr Leu
AGC TGG CTG TAC CTG
c769GÆA[W220X]
813
235 236 237 238 239
Glu Val Ala Phe Met
GAG GTG GCG TTC ATG

786
224 225 226 227 228
Lys Gly Ser Tyr Met
AAA GGA TCA TAC ATG
c788del6
834
240 241 242 243 244
Val Cys Ala Ile Asn
GTG TGT GCC ATC AAC

229 230 231 232 233 234
Arg Cys Asp Arg Lys Met
CGC TGT GAC CGC AAG ATG

245 246 247 248 249 250
Pro Ser Ile Asp Leu His
CCT TCC ATT GAC CTG CAC

861
882
893
251 252 253 254 255 256 257 258 259 260 261
Thr Asp Ser Leu Glu Leu Leu Gln Leu Gln Gln
ACC GAC TCG CTG GAG CTT CTG CAG CTG CAG CAG
c868CÆT[S253L]
gtgagggctgagccaatggggcaggactgggctaggccagacttgacttgctgtgggacc
IVS4+2TÆA

Figure 4.6 MEN1 exon 4. A: amplicon melt curve, B: wild type and mutation chromatograms at
63oC and C: amplicon sequence.
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12

A

4

5

c

B
e

3 4

Wild type

IVS5+1GÆA

f

d
IVS4-9GÆA

c960GÆC,IVS5+39CÆT

g

c911insT

IVS6+2TÆA

C
aaggacccgttctcctccctgttccgtggctcataactctctccttcggctcctag
IVS4-9GÆA
894
915
934
262 263 264 265 266 267 268 269 270 271 272 273 274 275
Lys Leu Leu Trp Leu Leu Tyr Asp Leu Gly His Leu Glu Arg
AAG CTG CTC TGG CTG CTC TAT GAC CTG GGA CAT CTG GAA AG
c911insT
gtcagtagagggaagtggccaggctgcgcctggtgaggccggggggctgggtggcagcct
IVS5+1GÆA
IVS5+39CÆT
gaattatgatcctttcctag
935
954
276 277 278 279 280 281 282 283 284 285 286 287 288 289 290
Tyr Pro Met Ala Leu Gly Asn Leu Ala Asp Leu Glu Glu Leu Glu
G TAC CCC ATG GCC TTA GGG AAC CTG GCA GAT CTA GAG GAG CTG GAG
c960GÆC[A284P]
981
1002
1022
291 292 293 294 295 296 297 298 299 300 301 302 303 304
Pro Thr Pro Gly Arg Pro Asp Pro Leu Thr Leu Tyr His Lys
CCC ACC CCT GGC CGG CCA GAC CCA CTC ACC CTC TAC CAC AAG
gtgggggcatctaaggagggtgcagaagggagaccctaacagtggctgaggcaggggccc
IVS6+2TÆA

Figure 4.7 MEN1 exons 5 and 6. A: amplicon melt curve, B: wild type and mutation
chromatograms at 62oC and C: amplicon sequence.
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1

A

B

c

Wild type

c1120CÆA

C
agtggagatggagaggactccctgggatcttcctgtggccccttctgggtgtgccctggtggggcattt
gtgccagcagggcagctggggctgcctccctgaggatcctctgcctcacctccatccag
1023
1044
305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320
Gly Ile Ala Ser Ala Lys Thr Tyr Tyr Arg Asp Glu His Ile Tyr Pro
GGC ATT GCC TCA GCC AAG ACC TAC TAT CGG GAT GAA CAC ATC TAC CCC
1071
1092
321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336
Tyr Met Tyr Leu Ala Gly Tyr His Cys Arg Asn Arg Asn Val Arg Glu
TAC ATG TAC CTG GCT GGC TAC CAC TGT CGC AAC CGC AAT GTG CGG GAA
1119
1140
1159
337 338 339 340 341 342 343 344 345 346 347 348 349 350
Ala Leu Gln Ala Trp Ala Asp Thr Ala Thr Val Ile Gln Asp
GCC CTG CAG GCC TGG GCG GAC ACG GCC ACT GTC ATC CAG GA
c1120CÆA [A337D]
Gtgaggatccccctactagggcctgcagcctgtcctttcttcccctccatcagtttccaaccaccctcg

Figure 4.8 MEN1 exon 7. A: amplicon melt curve, B: wild type and mutation chromatograms at
63oC and C: amplicon sequence.
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12

A

B

34

56

c
Wild type

e

d
c1164delAAC

f

c1193insTAC

c1167TÆG

g

c1197delGAG

c1227CÆT

h
c1242GÆT

C
gtgagaccccttcagaccctacagagaccccactgctctcacag
1160
1179
351 352 353 354 355 356 357 358 359 360 361 362 363 364 365
Tyr Asn Tyr Cys Arg Glu Asp Glu Glu Ile Tyr Lys Glu Phe Phe
C TAC AAC TAC TGC CGG GAA GAC GAG GAG ATC TAC AAG GAG TTC TTT
c1164del3 c1167TÆG [Y353D]
c1193insTAC c1197delGAG
1206
1227
366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381
Glu Val Ala Asn Asp Val Ile Pro Asn Leu Leu Lys Glu Ala Ala Ser
GAA GTA GCC AAT GAT GTC ATC CCC AAC CTG CTG AAG GAG GCA GCC AGC
c1227CÆT [P373S] c1242GÆT [E378X]
1254
1275
1295
382 383 384 385 386 387 388 389 390 391 392 393 394 395
Leu Leu Glu Ala Gly Glu Glu Arg Pro Gly Glu Gln Ser Gln
TTG CTG GAG GCG GGC GAG GAG CGG CCG GGG GAG CAA AGC CAG
gtgaaaggctggagctccagcctgtgtccagcctccca

Figure 4.9 MEN1 exon 8. A: amplicon melt curve, B: wild type and mutation chromatograms at
63oC with the unknown mutations detected highlighted in red text, and C: amplicon sequence.
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1 2 3-6 7 8-9

A

B
c
Wild type

d
c1337CÆA

e

c1354GÆC, c1364CÆT

f
c1362GÆC

g

c1364CÆT

h

c1378GÆA

i

c1390GÆT

j
c1458CÆT, c1364CÆT

c1414delG

k
IVS9+1del11

Figure 4.10A - B MEN1 exon 9. A: amplicon melt curve, B: wild type and mutation
chromatograms at 62oC. The “unknown” mutation acting to test the integrity of this scanning model
is highlighted in red text. Discrimination of this unknown sample from both wild type and D418D
(c1364CÆT) heterozygotes using the scattergraph function is shown in Figure 4.10D (adjacent).

- 114 -

C
gggtgagtaagagactgatctgtgccctcccttccccctcgtccag
1296
1317
396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411
Gly Thr Gln Ser Gln Gly Ser Ala Leu Gln Asp Pro Glu Cys Phe Ala
GGC ACC CAG AGC CAA GGT TCC GCC CTC CAG GAC CCT GAG TGC TTC GCC
c1337CÆA [C409X]
1344
1365
412 413 414 415 416 417 418 419 420 421 422 423 424 425 426 427
His Leu Leu Arg Phe Tyr Asp Gly Ile Cys Lys Trp Glu Glu Gly Ser
CAC CTG CTG CGA TTC TAC GAC GGC ATC TGC AAA TGG GAG GAG GGC AGT
c1354GÆC c1362GÆC c1364CÆT
c1378GÆA c1390GÆT
[R415L]
[D418H] [D418D]
[W423X]
[S427M]
1392
1413
428 429 430 431 432 433 434 435 436 437 438 439 440 441 442 443
Pro Thr Pro Val Leu His Val Gly Trp Ala Thr Phe Leu Val Gln Ser
CCC ACG CCT GTG CTG CAC GTG GGC TGG GCC ACC TTT CTT GTG CAG TCC
c1414delG
1440
1460
444 445 446 447 448 449 450
Leu Gly Arg Phe Glu Gly Gln
CTA GGC CGT TTT GAG GGA CAG
c1458CÆT [Q450X]
gtgagggacagctgcacagaggtctgggcactaca
IVS9+1del11

Di

ii

Wild type

Legend

D418D heterozygotes
Unknown sample later identified as c1390GÆT

Figure 4.10C - D MEN1 exon 9. C: amplicon sequence, Di: Discriminant analysis using the
scattergraph function of Navigator™ Software (described in section 4.2.3.1) of exon 9 wild type,
D418D heterozygous and unknown samples. Scattergraph grouped the chromatograms into 3
different clusters which matched the 3 different genotypes, with each cluster distinguishable by
colour. The clusters are shown in 3-dimensional space with clear separation of the three different
clusters or genotypes; Dii: the corresponding chromatographic profiles for the scattergraph analysis.
The wild type sample used for normalisation of the samples is identified by the dashed line.
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A

i

ii

M10A: 560bp
M10B: 551bp
M10C: 351bp

iii
c1462del14

M10D: 372bp
M10E: 381bp

c1488CÆT
[: A]
c1539delG
[: A, B,]
c1656delC [: A, B, E]
c1657insC [± A]
c1659insG [: A, E]
c1700delA,c1702GÆC [: A]

c1814delC

c1809delG

c1798AÆT,c1800del2

Figure 4.11A MEN1 exon 10 mutation map and melt profile. Part i shows the plot of Tm versus base position
for 840bp of sequence incorporating MEN1 exon 10 (shaded area) and 180 bp of intronic sequence either side
of the exon. In Part ii the horizontal coloured bars represent the approximate positions of 5 different exon 10
amplicons (M10A – M10E) assessed by DHPLC, and the predicted melt profile at the optimal detection
temperatures of 62oC (red), 64oC (blue) or 67oC (green) for 3 of these amplicons. The melt profiles for M10A
& M10B were very similar, as were the melt profiles for M10C & M10D. The vertical lines through parts i-ii
show the location of the mutations. These mutations are named in Part iii, and amplicons in which a mutation
was not able to be detected are noted in brackets; : = not detected and ± = equivocal detection. No symbol
indicates the mutation was able to be detected. The chromatograms for amplicons M10C and M10E, which
were selected for the DHPLC analysis, are shown in Figure 4.11B and sequence locations in Figure 4.11C
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B
M10C

Wild type

c1462del14

c1488CÆT

M10C

c1539delG

c1656delC

c1657insC

M10C

c1659insG

c1700delA, c1702GÆC

c1798AÆT, c1800del2

M10E

M10E
c1809delG

c1814delC

wild type

Figure 4.11B MEN1 exon 10 chromatograms at 67oC for amplicons M10C and 62oC for
amplicons M10E.

Figure 4.11C (adjacent) MEN1 exon 10 sequence. The primers for M10C are highlighted
in yellow and the primers for M10E are highlighted in green.
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C
caaccttgctctcaccttgctctccccactggcccag
1461
1482
451 452 453 454 455 456 457 458 459 460 461 462 463
Val Arg Gln Lys Val Arg Ile Val Ser Arg Glu Ala Glu
GTG CGG CAG AAG GTG CGC ATA GTG AGC CGA GAG GCC GAG
c1462del14
c1488CÆT[R460X]
1509
1530
467 468 469 470 471 472 473 474 475 476 477 478 479
Ala Glu Glu Pro Trp Gly Glu Glu Ala Arg Glu Gly Arg
GCC GAG GAG CCG TGG GGC GAG GAA GCC CGG GAA GGC CGG
c1539delG
1557
1578
483 484 485 486 487 488 489 490 491 492 493 494 495
Pro Arg Arg Glu Ser Lys Pro Glu Glu Pro Pro Pro Pro
CCA CGG CGG GAG TCC AAG CCA GAG GAG CCC CCG CCG CCC

464 465 466
Ala Ala Glu
GCG GCC GAG

480 481 482
Arg Arg Gly
CGG CGG GGC

496 497 498
Lys Lys Pro
AAG AAG CCA

1605
1626
499 500 501 502 503 504 505 506 507 508 509 510 511 512 513 514
Ala Leu Asp Lys Gly Leu Gly Thr Gly Gln Gly Ala Val Ser Gly Pro
GCA CTG GAC AAG GGC CTG GGC ACC GGC CAG GGT GCA GTG TCA GGA CCC
1653
1674
515 516 517 518 519 520 521 522 523
Pro Arg Lys Pro Pro Gly Thr Val Ala
CCC CGG AAG CCT CCT GGG ACT GTC GCT
c1656delC, c1657insC, c1659insG
1701
1722
531 532 533 534 535 536 537 538 539
Gly Gly Ser Thr Ala Gln Val Pro Ala
GGT GGC AGC ACG GCT CAG GTG CCA GCA
c1702GÆA [G531A]
1749
1770
547 548 549 550 551 552 553 554 555
Glu Gly Pro Val Leu Thr Phe Gln Ser
GAG GGT CCA GTG CTC ACT TTC CAG AGT

524 525 526 527 528 529 530
Gly Thr Ala Arg Gly Pro Glu
GGC ACA GCC CGA GGC CCT GAA
c1700delA +
540 541 542 543 544 545 546
Pro Ala Ala Ser Pro Pro Pro
CCC GCA GCA TCA CCA CCG CCG

556 557 558 559 560 561 562
Glu Lys Met Lys Gly Met Lys
GAG AAG ATG AAG GGC ATG AAG

1797
1818
563 564 565 566 567 568 569 570 571 572 573 574 575 576 577 578
Glu Leu Leu Val Ala Thr Lys Ile Asn Ser Ser Ala Ile Lys Leu Gln
GAG CTG CTG GTG GCC ACC AAG ATC AAC TCG AGC GCC ATC AAG CTG CAA
c1798AÆT c1800delCT c1809delG c1814delC
[Q563V]
1845
1866
579 580 581 582 583 584 585 586 587 588 589 590 591 592 593 594
Leu Thr Ala Gln Ser Gln Val Gln Met Lys Lys Gln Lys Val Ser Thr
CTC ACG GCA CAG TCG CAA GTG CAG ATG AAG AAG CAG AAA GTG TCC ACC
1893
1914
595 596 597 598 599 600 601 602 603 604 605 606 607 608 609 610
Pro Ser Asp Tyr Thr Leu Ser Phe Leu Lys Arg Gln Arg Lys Gly Leu
CCT AGT GAC TAC ACT CTG TCT TTC CTC AAG CGG CAG CGC AAA GGC CTC
1941 1943
611
STOP
TGA ACTACTGGGGACTTCGGACCGCTTGTGGGGACC
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4.3.2 HRPT2 mutation detection
Mutation scanning of the HPT-JT gene HRPT2, was developed to screen three exons
for which mutations were available to allow assessment of the detection sensitivity.
Testing was developed for HRPT2 exons 1, 2, 7 and their flanking intronic regions by
PCR amplification of three fragments (Table 4.4B). These three exons harbour 80%
of mutations detected in this gene to date (Table 4.2). In total, fifteen DNA samples
harbouring HRPT2 mutations or polymorphisms were successfully assessed: one
mutation and one polymorphism in exon 1 (Figure 4.12), four mutations and two
polymorphisms in exon 2 (Figure 4.13) and five mutations and one polymorphism (as
well as one sample heterozygous for both a mutation and polymorphism) in exon 7
(Figure 4.14).

4.3.2.1 Mutation detection in the suspected HPT-JT individual
The three amplicons for exons 1, 2 and 7 of HRPT2 were amplified from germline
DNA from the individual with suspected HPT-JT (described in section 4.2.1.1) and
assessed by DHPLC. The amplicon for exon 7 exhibited an aberrant pattern (shown in
red text in Figure 4.14Biii). Upon sequencing, this unknown germline sample was
found to harbour a nonsense mutation, R234X (c700CÆT). This mutation was novel
at the time of identification, but has since been additionally detected in both sporadic
parathyroid carcinoma as well as in the germline of HPT-JT individuals (Table 4.2).
The finding of a germline HRPT2 mutation predicted to truncate normal parafibromin
from 531 amino acids to 234 amino acids, in combination with the symptoms
described, provided a definitive diagnosis of HPT-JT in this individual. Mutation
scanning of the remaining HRPT2 exons (exons 3 – 6, 8 – 17) was not performed.
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Figures 4.12 – 4.14
These figures show the results for DHPLC testing of HRPT2 in the
following format:
Panel A: the predicted melt curves,
Panel B: the actual chromatograms,
Panel C: the locations of the mutations tested for each amplicon.
The melt curves were generated by Navigator™ Software. Where
multiple temperature curves are displayed, the curve for the
predicted optimal temperature for DHPLC is in black. Numbered
arrows above the melt curve show the approximate positions of the
mutations. The numbers match the mutation chromatograms.
All chromatograms were generated by Navigator™ Software and
all were normalised against the wild type for that amplicon.
The locations of the mutations are shown in the sequence for each
amplicon. Intronic sequence is in lower case blue text and coding
sequence is in upper case black text. Primers are highlighted in
yellow. In exons with overlapping primer pairs, the second set of
primers is highlighted in green. The sequence is divided into
codons, with the 3 letter amino acid designation above the
sequence, and the codon number above the amino acid designation.
The cDNA number of the first base in each line is above the codon
numbers. Mutation locations are highlighted in blue and named in
red. Sequence information follows the organisation detailed in
Table 3.4.
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1

A

B

2

c
Wild type

c33CÆT

d
c76delA

C
cgaggcgacaagagaagaaggaggcaggcgcggcggcagcggcggcgccccgagccggcggaggcg
aggggggggaag
1
1
2
3
4
5
6
7
Met Ala Asp Val Leu Ser Val
ATG GCG GAC GTG CTT AGC GTC
52
18 19 20 21 22 23 24
Ile Val Val Lys Gly Asp Glu
ATT GTG GTG AAG GGA GAC GAA
103
35 36 37 38 39 40 41
Asn Val Lys Thr Asn Tyr Val
AAT GTG AAG ACC AAC TAT GTT

22
8
9
10 11 12 13 14 15
Leu Arg Gln Tyr Asn Ile Gln Lys
CTG CGA CAG TAC AAC ATC CAG AAG
c33CÆT [Y11Y]
73
25 26 27 28 29 30 31 32
Val Ile Phe Gly Glu Phe Ser Trp
GTG ATC TTC GGG GAG TTC TCC TGG
c76delA
124
131
42 43
Val Trp
GTT TGG GG

16 17
Lys Glu
AAG GAG

33 34
Pro Lys
CCC AAG

gtaagtccggcatggct

Figure 4.12 HRPT2 exon 1. A: amplicon melt curve, B: wild type and mutation chromatograms at
62oC, and C: amplicon sequence.
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1,2,3

A

Bi
53oC

4

5,6

c
wild type

d

c162CÆG

c165CÆG, IVS2+28CÆT

57oC
Bii
53oC

f

e
C165delC

c191TÆC

57oC
Biii
53oC

g
IVS2+28CÆT

57oC
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h
IVS2+28del4

C
tgaatccagcctgaagagttgaattagaattgtcagtaaaaaaaatcttgccttaattatttcag
132
44 45 46 47 48 49 50
Gly Thr Gly Lys Glu Gly Gln
G ACT GGA AAG GAA GGC CAA

151
51 52 53 54 55 56 57 58 59 60
Pro Arg Glu Tyr Tyr Thr Leu Asp Ser Ile
CCC AGA GAG TAC TAC ACA TTG GAT TCC ATT
c162CÆG[Y54X] c165CÆG[Y55X] c165delC
181
202
61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77
Leu Phe Leu Leu Asn Asn Val His Leu Ser His Pro Val Tyr Val Arg Arg
TTA TTT CTA CTT AAT AAC GTG CAC CTT TCT CAT CCT GTT TAT GTC CGA CGT
c191TÆC[L64P]
232
237
78 79
Ala-Ala
GCA GCT
Gtaagtagaattcattttacttatctacctatttatcagttttatttttatttatttaaga
IVS2+28CÆT IVS2+28del4
gacagggtctggcct

Figure 4.13 Results for HRPT2 exon 2.
Panel A (adjacent): The melt curves are shown in panel A at 53oC in red, 57oC in blue and the
predicted optimal temperature of 54.4oC in black.
Panels Bi – iii (adjacent): The chromatograms are shown at 2 different temperatures – 53oC and 57oC.
Panel Bii: At the lower temperature (53oC), the 2 mutations in this panel are unable to be differentiated
from the wild type (in panel Bi), but at the higher temperature (57oC) distinctly aberrant peaks were
observed.
Panel Biii: The two intronic polymorphisms in this panel are readily discernible from the wild type (in
panel Bi) at 53oC, but at the higher temperature (57oC) the aberrant peaks are “melted” and
discrimination from the wild type is no longer possible. This is the opposite effect to that observed for
the mutations in Panel Bii (above).
Panel C: The amplicon sequence showing the locations of the mutations.
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A

1

2,3 4,5,6 3,7

Bi

c

56oC
Wild type

d

IVS6-1delG

c636delT

57oC

Bii
56oC

e

f

c636delT/IVS7+33(GA)8

g

c679delAG

c686del4

57oC

Biii

h

56oC

c700CÆT

57oC
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i
IVS7+33(GA)8

C
ggaatgcctgctgtgaaaatttaaaaaagaaattgcttttag
IVS6-1delG
513
532
171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187
Arg Ser Leu Ser Glu Ala Met Ser Val Glu Lys Ile Ala Ala Ile Lys Ala
G TCT TTG TCT GAA GCT ATG TCA GTG GAA AAA ATT GCT GCA ATC AAA GCC
562
188 189 190 191 192 193 194
Lys Ile Met Ala Lys Lys Arg
AAA ATT ATG GCT AAG AAA AGA

583
195 196 197 198 199 200 201 202 203 204
Ser Thr Ile Lys Thr Asp Leu Asp Asp Asp
TCT ACT ATC AAG ACT GAT CTA GAT GAT GAC

613
205 206 207 208 209 210 211
Ile Thr Ala Leu Lys Gln Arg
ATA ACT GCC CTT AAA CAG AGG

215 216 217 218 219 220 221
Asp Ala Glu Val Asp Val Thr
GAT GCT GAG GTA GAT GTG ACC

664
222 223 224 225
Arg Asp Ile Val
CGA GAT ATT GTC
715
239 240 241 242
Gln Ser Thr Gly
CAA AGC ACA GGA

634
212 213 214
Ser Phe Val
AGT TTT GTG
c636delT
685
226 227 228 229 230 231
Ser Arg Glu Arg Val Trp
AGC AGA GAG AGA GTA TGG
c679delAG c686delGAGT
729
243
Lys
AAG

232 233 234 235 236 237 238
Arg Thr Arg Thr Thr Ile Leu
AGG ACA CGA ACA ACT ATC TTA
c700CÆT [R234X]

Gtaattaaaatattttactcattcattggagtgagagagagagagagagagtgcgtttaatc
IVS6+33(AG)8
tgtggttatagaattggttaaactttgcttttaggtggaagtttca

Figure 4.14 Results for HRPT2 exon 7.
Panel A (adjacent): The melt curves
Panels Bi - iii (adjacent): The chromatograms are shown at two different temperatures – 56oC and
57oC. At the lower temperature, mutation 2: c636delT (in Panel Bi) was not able to be differentiated
from the wild type. At the higher temperature this mutation developed an aberrant pattern easily
discernible from the wild type. The opposite effect was seen for the intronic polymorphism (7) in Panel
Biii. The unknown, or “test” mutation identified in the suspected HPT-JT individual is highlighted in red
text (6) (Panel Biii).
Panel C: The amplicon sequence and locations of the mutations.
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4.3.3 Amplicon size
Not all amplicons trialled were suitable for DHPLC. Amplicons greater than 380bp in
length consistently demonstrated reduced sensitivity. The initial amplicons trialled for
exons 2 (M2A: Table 4.5) and 10 (M10A: Table 4.5) were each greater than 500bp
(581bp and 560bp respectively). Amplicon M2A was unable to detect two of seven
exon 2 mutations (Figure 4.4A), and amplicon M10A was unable to detect six of ten
mutations (Figure 4.11A). Moving the forward exon 10 primer improved the detection
(amplicon M10B: 551bp: Table 4.5), however two of the ten mutations still could not
be detected (Figure 4.11A). These results suggested a need for shorter length
amplicons, therefore overlapping shorter amplicons which together spanned the length
of the exon were trialled. The shorter exon 2 amplicon, M2C (369bp: Table 4.4A),
successfully detected all six mutations within this amplicon (Figures 4.A-B). The
longer of the two overlapping exon 2 amplicons, M2B (428bp: Table 4.4A) was able
to detect the single mutation (c122ins5del3) outside of the range of amplicon M2C, as
well as two of the three mutations in the region of overlap between these two
amplicons (Figure 4.4A), the third mutation being detected by M2C. An alternative to
this set of two overlapping amplicons was a set of three overlapping amplicons. As
the combination of the two overlapping amplicons M2B and M2C was able to detect
all mutations and had a large region of overlap (Figures 4.4B-C), this combination
was implemented for mutation scanning for exon 2.

A similar strategy was trialled for exon 10. The two amplicons assessed for the
5’region of exon 10: M10C and M10D, which differed in size by 21bp and had a
common forward primer (Tables 4.4A and 4.5), were able to detect all seven
mutations present in the amplicon (Figure 4.11A). The largest amplicon, M10E
(381bp: Table 4.4A) which extended to the 3’region of exon 10, was able to detect
four mutations in the 3’region and five of seven mutations in the region of overlap
(Figure 4.11A), the other two mutations being detected by M10C. Alternative
amplicons for the 3’region of exon 10 were sought, however the amplicons designed
(as described in section 2.4.6.1) resulted in a very small region of overlap with
amplicon M10C(D) and placed the forward primer over deletion mutations used in
this study. On balance, 100% sensitivity for the ten mutant samples tested using two
overlapping amplicons (M10C and M10E: Figures 4.11B-C) with a large region
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common to both, was considered to be preferable to a minimal region of overlap with
a predicted decreased sensitivity of detection in this region, compounded by the
likelihood of allelic drop-out due to non-annealing of the forward primer to DNA
harbouring mutations in the primer site.

4.3.4 Navigator™ predicted temperatures
The experimentally determined optimal temperatures for detection were within 2oC of
the Navigator™ predicted optimal temperatures except for HRPT2 exon 2 amplicon.
This amplicon was run at two temperatures, the higher of which was 2.6oC above the
predicted optimal temperature (Table 4.4B and Figure 4.13). Single temperature
detection was evident for some mutations, but the majority were detected over a range
of temperatures (Table 4.4).

4.3.5 DHPLC chromatograms
The observed change from the wild type pattern for some variants was subtle and, as
previously reported, careful assessment of all peaks including the leading edge of
peaks was imperative for successful detection (Eng et al. 2001). Comparative analysis
of wild type and unknown samples using the scattergraph function of the Navigator™
Software was also useful for the detection of sequence variants. Such analysis was
important for accurate assessment of exon 9 which harbours a common polymorphism
(D418D). The scattergraph was able to separate wild type samples from samples
heterozygous for D418D as well as from other sequence variants as shown in Figure
4.10D.

The separation of the homo- and heteroduplex peaks is a result of different elution
times for the different duplex species (Figure 4.1) and depends on the degree of
instability caused to the entire amplicon by the introduction of the sequence variant.
Factors influencing this instability include the type of sequence change (single base
substitution or deletion / insertion), the composition of the bases changed, as well as
the location of the sequence variant within the amplicon. The results observed in this
study show that the chromatographic patterns for different sequence variants may not
always be unique. Similar patterns were seen for MEN1 exon 9 mutations c1362GÆC
and c1378GÆA (Figure 4.10B), and MEN1 exon 3 variants c622GÆA and
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c700CÆT (Figure 4.5B). These results highlight the need for confirmation by
sequencing following the finding of an aberrant pattern. Exceptions to this may
include the detection of common polymorphisms such as the MEN1 polymorphism
D418D described below in section 4.3.6. Similarly, the testing of family members
following the identification of the germline mutation in the proband, such as the
family of the suspected HPT-JT individual identified in this study to have a HRPT2
c700CÆT mutation (Figure 4.14B) may not require further confirmation by
sequencing.

4.3.6 Detection of polymorphisms
The presence of common polymorphisms can reduce the efficiency of DHPLC
mutation scanning. The exonic MEN1 polymorphism c1364CÆT (D418D) has a
reported heterozygous frequency of > 29% (Correa et al. 2002). This polymorphism
presented as a subtle peak broadening and did not interfere with mutation detection
within exon 9 at the optimal temperature chosen as described above in section 4.3.5
(Figure 4.10B4). The pattern for this polymorphism was also different to the
polymorphism in combination with a nearby missense mutation (1354GÆC +
1364CÆT) as well as to another base substitution on the same codon (1362GÆC,
D418H) (Figure 4.10B2 and 8). It is not inconceivable however, that a mutation will
present with the same pattern as this polymorphism, and the approach taken for each
unknown sample would depend on the findings in the other nine amplicons.

In direct contrast to the subtle presentation of the common MEN1 polymorphism
D418D, HRPT2 polymorphisms IVS2+28CÆT and IVS2+28del4 have distinct multipeak patterns which may interfere with mutation detection (Figure 4.13Biii). The
heterozygous frequencies for IVS2+28CÆT and IVS2+28del4 are 51% and 8%
respectively (Table 3.5). By taking advantage of the different melt domains in the
exon 2 amplicon, it was possible to determine the presence of these polymorphisms,
but also to “melt” these intronic variants and determine the presence of exonic
mutations (Figure 4.13Biii). This 2-phase elimination testing was also possible in
HRPT2 exon 7 with the loss of the aberrant profile for the less common
polymorphism IVS7+33(GA)8 when run above the predicted temperature (Figure
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4.14Biii). An additional strategy for these intronic polymorphisms would be to design
primers to exclude the polymorphic regions.

4.3.7 Confirmation of LOH status
LOH at the MEN1 locus is common in sporadic parathyroid tumours and a potential
source of false negative results for mutation scanning. Eleven tumour samples had
both an MEN1 mutation and LOH at the MEN1 locus, likely representing 2 “hits” of
the MEN 1 gene in accordance with Knudson’s 2-hit hypothesis of tumour suppressor
genes (Knudson 1971). LOH is defined as > 50% loss of an allele in tumour DNA
relative to germline DNA by microsatellite analysis (Farnebo et al. 1997). DHPLC
has been reported to detect mutations when present in 5% of the total alleles
compared with 10% for sequencing (Wolford et al. 2000). The unmixed
chromatograms from three of the eleven samples were indistinguishable from normal,
whereas the mixed tumour + wild type chromatograms for these three samples
showed aberrant peaks, two of which are shown in Figure 4.15. The somatic
mutations on the remaining eight tumours with LOH were detectable without mixing
with wild type DNA. Therefore, LOH, using this method, could be confirmed in only
3 of eleven tumours. The remaining tumours were likely composed of both tumour
and between 5 - 50% normal tissue.
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M
U
c960GÆC, IVS5+39CÆT

c 911insT

c352delC

U
M
c707CÆGG

c868CÆT

U
M
IVS6+2TÆA

c1814delC

c1539delG

Figure 4.15 Chromatograms of a selection of the tumour DNA samples, each with both a somatic MEN1
mutation and loss of the wild type allele. Each sample is shown with and without mixing with an equal
quantity of corresponding wild type amplicon as detailed in section 4.2.2, where “M” indicates mixed
samples and “U” indicates unmixed samples. The 2 samples in the centre row show aberrant
chromatograms indicating the presence of a mutation, only following mixing with a wild type amplicon.
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4.4 DISCUSSION
4.4.1 DHPLC
In this chapter, rapid DHPLC scanning for MEN1 and HRPT2 mutations was
developed. This technique was determined to be both efficient and sensitive for the
detection of mutations in these genes by the successful detection of all 49 DNA
samples with different MEN1 genotypes, and 15 DNA samples with different HRPT2
genotypes. During the assay development it was observed that amplicons longer than
400bp had lower sensitivity of detection for the same sequence variants than shorter
amplicons (Figures 4.4A and 4.11A). Previous reports have recommended amplicons
up to 700bp in length (reviewed by Xiao and Oefner 2001). Based on the work in this
study, the optimal size for MEN1 amplicons appears to be between 200 and 370bp.

Once assay conditions are established, the bench time for DHPLC mutation detection
is limited to PCR set-up and programming of the Navigator™ Software, as both
DHPLC sampling and injections are automated. To confirm good DNASep®
cartridge resolution, several wild type samples and samples with mutations (where
available) in each amplicon should be run in conjunction with the samples under
investigation. To ensure sensitive detection of mutations, careful assessment of the
resulting chromatograms is required. While the majority of mutations present with
overtly aberrant peaks, some mutant patterns are subtle and require rigorous
comparison with wild type samples.

4.4.2 MEN1 mutation and LOH detection
For DHPLC scanning of the nine coding MEN1 exons and flanking intronic regions, a
10-tube PCR protocol per patient, cycled under identical conditions was established.
Two amplicons were required for exons 2 (M2C and M2B) and 10 (M10E and
M10C), with exons 5 and 6 analysed in a single amplicon (M56) (Table 4.4A).
Analysis of a single injection per amplicon at the specified temperatures, ranging
from 62oC to 67oC, demonstrated a sensitivity approaching 100% for the mutations
assessed (Table 4.4A and Figures 4.4 – 4.11). This DHPLC assay enables amplicon
localisation of mutations if present, in less than 24 hours. Subsequent identification of
the mutation would require sequencing of one amplicon rather than all nine, although
the presence and detection of rare polymorphisms would increase the number of
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amplicons requiring sequencing. For the test set of three samples with “unknown”
MEN1 mutations included in this study, sequencing of the single amplicon identified
by DHPLC located the mutation in each case (Figures 4.9B4, 4.9B6 and 4.10B6). The
work in this study showed that the common MEN1 polymorphism, D418D, which has
a reported frequency > 29% (Correa et al. 2002), can be identified by scattergraph
analysis of multiple wild type and D418D heterozygous samples (Figure 4.10D) and
did not confound mutation detection in the exon 9 amplicon (Figures 4.10B and D). It
is however, conceivable that a mutation will present with the same pattern as this
polymorphism. Ultimately, the approach taken for the exon 9 amplicon may be
different for each unknown sample and will depend on the DHPLC findings in the
other nine amplicons. For family studies of previously identified mutations, DHPLC
offers an efficient alternative or adjunct to repeat sequencing.

Where tumour DNA is under investigation for MEN1 mutations, samples from
unrelated patients may be paired for increased efficiency and elimination of possible
false negative results due to LOH at the MEN1 locus. The previously reported ability
of DHPLC to detect low levels of heteroduplexes (reviewed by Xiao and Oefner
2001) was substantiated in this study. Mutations were detected in eight of eleven
tumour samples previously identified with LOH, without mixing, and in the
remaining three, following mixing with PCR product from wild type DNA (Figure
4.15). Therefore, the simple comparison of DHPLC patterns for somatic mutations in
mixed and unmixed tumour DNA samples was able to confirm LOH in only three
samples and is thus not suitable for routine assessment of LOH. This was likely due to
the admix of tumour and normal tissue. However, if the presence of normal tissue can
be excluded, such as by laser capture dissection, this method for the simultaneous
detection of mutation and LOH may be not only useful, but also advantageous
through its efficient use of template DNA.

4.4.3 HRPT2 mutation detection
To date, 41 HRPT2 mutations have been reported, including eight from the work in
this thesis (Table 4.2). Hotspot regions are evident, with almost 80% of mutations
localised to exons 1, 2 and 7. A 3-tube PCR protocol was established for DHPLC
mutation scanning of exons 1, 2, 7 and flanking intronic regions, and involved
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analysis of chromatograms of one or two different temperatures (ranging from 53oC to
62oC) per amplicon (Table 4.4B). This assay demonstrated 100% sensitivity for the
available fifteen DNA samples with different HRPT2 genotypes (10 mutations and 4
polymorphisms) (Figures 4.12- 14).

In chapter 3 of this thesis, seven polymorphisms (in exons 1, 2, 7 and 13) with
heterozygote frequencies between <1% and >50% were also identified by DHPLC.
The two most common polymorphisms (IVS2+28CÆT and IVS2+28del4) are in
intron 2 and are included in the exon 2 amplicon for mutation detection. These
polymorphisms are readily detected in this amplicon, but by adjusting the DHPLC
running conditions their interference in mutation detection was able to be minimised
(Figure 4.13Biii).

HRPT2 mutations have been found in approximately 60% of HPT-JT families. It
remains to be determined whether the remaining 40% of HPT-JT families harbour
currently undetected mutations. These families may carry large deletions spanning 1
or more exons as have been found recently in MEN1 and BRCA1 (Bergman et al.
2000; Hogervorst et al. 2003; Kikuchi et al. 2004). In chapter 3 of this thesis, testing
of a normal panel found that 65% of individuals were heterozygous for at least one
polymorphism. Confirmation of the presence of two HRPT2 alleles through
demonstration of heterozygosity for at least one of the seven polymorphisms thus is
anticipated in 65% of individuals, and would easily and rapidly eliminate the
possibility of a full gene or exonic deletion germline mutation. Large intragenic
mutations (if present) however, may still go undetected.

4.4.3.1 Detection of a HRPT2 mutation: implications for a suspected HPT-JT
individual
In this study, an adolescent who presented with recurrent kidney stones (described in
section 4.2.2.1) was assessed for HRPT2 mutations by DHPLC screening of three
exons. A mutation predicted to truncate the parafibromin protein (c700CÆT, R234X)
was detected by DHPLC (Figure 4.14Biii) and confirmed by sequencing. This is the
first case of a diagnosis of HPT-JT by molecular findings and has several implications
for this individual.
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The diagnosis of HPT-JT in this adolescent should initiate vigilant monitoring for
increasing serum calcium levels, with subsequent progression of bone disease, as well
as for tumours of primarily the parathyroid, jaw and kidney. The finding in this
patient also has implications for other family members and following genetic
counselling, relatives, especially those with similar signs and symptoms may choose
to be screened for this molecular defect. One of two of the proband’s sisters has a
history of urinary tract infections and warrants further investigation for HPT-JT.

4.4.4 Conclusions and future directions
DHPLC mutation scanning is a rapid method for the detection of both known and
unknown mutations. The amplicon sets developed in this study for MEN1 and HRPT2
have demonstrated a sensitivity approaching 100%. These assays are an efficient first
step in the detection of germline mutations in MEN 1 or HPT-JT probands as well as
a suitable alternative strategy for screening family members for previously identified
mutations.

DHPLC detection of MEN1 mutations has been previously reported with the
successful detection of four mutations in three exons (exons 9, 2 and 7) (Park et al.
2003). However, DHPLC assessment of the other six exons was not performed, and
the impact of the presence of the common D418D polymorphism in exon 9 was
likewise not addressed. This current study has investigated the utility of DHPLC
mutation scanning for all nine coding exons by the detection of between one and nine
sequence variants in amplicons of varying length. In addition, the common
polymorphism D418D was determined not to interfere with detection of mutations in
exon 9, and a strategy to recognise this common polymorphism was developed to
avoid the need to sequence this amplicon in the majority of cases. DHPLC analysis
was successfully used to analyse a small test set of three “unknown” samples,
therefore demonstrating the potential application of this method to MEN1 mutation
detection. Analysis of a larger test set will provide more rigorous validation, but is
beyond the scope of this thesis.

DHPLC detection of HRPT2 mutations was developed for three exons for which
mutations were available to test the sensitivity of detection. These three exons (1, 2
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and 7) to date, harbour the majority (80%) of mutations enabling limited, yet sensitive
and efficient screening. As mutations become available for other exons, assessment of
these will also be possible.

Mutations in MEN1 or HRPT2 have been detected in up to 70% of affected
individuals, and in these cases, sequencing of only one or several amplicons (due to
the presence of additional uncommon polymorphisms) should be necessary. Such
strategies are in common use for many other genes, including tumour suppressor
genes such as BRCA1, BRCA2, TP53, MLH1, MSH2, APC, HPP1, PTEN and VHL
(Wagner et al. 1999; Eng et al. 2001; Gross et al. 2001; Marsh et al. 2001; Young et
al. 2002).

Where a mutation has not been detected, second stage sequencing using different
amplicons is recommended to detect false negative DHPLC and sequencing results
through primer site polymorphisms causing allele drop-out. The presence of
heterozygous polymorphisms easily detected by DHPLC will also exclude allele dropout due to either primer site polymorphisms or major deletion mutations. In cases
where heterozygosity for neither a mutation nor a polymorphism can be demonstrated,
the presence of a major deletion cannot be excluded, although to date, no large
deletions have been identified in HRPT2, and are only rarely seen in MEN1.
Techniques such as Multiplex Ligation-dependent Probe Amplification (Hogervorst et
al. 2003) have been developed specifically to detect these large deletions, and will
complement initial DHPLC screening for mutations.
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FIVE

Gene expression profiling of parathyroid
tumours

5.1 INTRODUCTION
5.1.1 Overview
While HPT is one of the most common endocrinopathies with a prevalence of
approximately 1 per 1000 individuals (Adami et al. 2002), little is known of the
molecular events involved in the formation of the associated tumours. This chapter
describes the molecular characterisation of parathyroid tumours by analysis of cDNA
microarray experiments performed on parathyroid tumours and normal tissue. The
aims of this work were to identify molecular profiles to distinguish between the
tumour classes and to further elucidate the underlying molecular mechanisms
involved in the formation of parathyroid tumours, with the longer term goals of
improved diagnosis and management of affected patients.
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5.1.2 Hyperparathyroidism
HPT may be classified as a primary, secondary or tertiary disorder. Primary HPT is
caused by an inherently abnormal or excessive growth of the parathyroid glands. The
majority of tumours associated with primary HPT are sporadic, however
approximately 5% are associated with the autosomal dominant hereditary cancer
syndromes MEN 1 and MEN 2, HPT-JT and FIHP (reviewed in section 1.3.2). The
tumour suppressor gene MEN1, is involved in the formation of some sporadic
tumours as well as familial MEN 1 tumours (reviewed in section 1.5.4). MEN 2affected individuals carry germline mutations of the RET proto-oncogene (reviewed in
section 1.5.6). Germline mutations in the recently identified putative tumour
suppressor gene, HRPT2 are found in HPT-JT affected individuals (reviewed in
section 3.1.3). Reported in chapter 3 of this thesis, HRPT2 was also found to be
mutated in sporadic parathyroid carcinomas. Germline mutations of MEN1 or HRPT2
have been identified in FIHP-affected kindreds, suggesting that in some cases FIHP
may be a variant of MEN 1 or HPT-JT. Whether in fact FIHP is a distinct clinical
entity remains uncertain.
Histopathologically, primary HPT can be attributed to a single adenoma in 80 – 85%
of cases, multiglandular hyperplasia in 15 – 20% of cases and carcinoma in less than
1% of cases (Marx 2000) (reviewed in section 1.4). However, parathyroid tumours are
heterogeneous and the differences between histological types are subtle, confounding
the classification.
Secondary HPT develops in response to chronic depression in serum calcium levels,
generally due to renal impairment and presents histopathologically as hyperplasia
(reviewed in section 1.3.3). In a minority of patients, this parathyroid hyperactivity
becomes autonomous, resulting in tertiary HPT. Histopathologically, tertiary HPT has
been described as both hyperplastic and adenomatous (reviewed in section 1.3.4).
HPT may also arise in response to lithium treatment which is common therapy for
bipolar disorder (Garfinkel et al. 1973).
Comprehensive LOH and CGH studies of parathyroid tumours have identified a
number of genomic regions of loss (1p, 1q, 11q, 12p, 13q) and gain (1q, 19),
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indicating the involvement of additional tumour suppressor and proto-oncogenes in
the formation of parathyroid tumours (reviewed in section 1.5.3).

5.1.3 Microarray technology
The cDNA microarray is a high-throughput system for the generation of gene
expression profiles by means of small array slides spotted with up to 20,000 different
cDNAs. The large number of genes (cDNAs) able to be spotted onto each slide
enables genome wide monitoring of gene expression. Typically, mRNA from two
samples to be compared are reverse transcribed and labelled with different
fluorophores, and then hybridised simultaneously to the array slide. The intensity
values generated from hybridisation to individual cDNA spots are indicative of the
relative gene expression levels, and comparisons in gene expression levels between
the two samples are derived from the resulting intensity ratios (Taniguchi et al. 2001).
Applications of microarrays range from the study of gene expression changes in cells
under different environmental stimuli to the comparison of gene expression profiles in
cancerous and normal tissue (DeRisi et al. 1996; Ishida et al. 2004).
Analysis of the enormous amount of data generated by microarray experiments is
complex. Prior to analysis, the data must be normalised to correct for experimental
variation to allow comparison of results from different arrays (Smyth and Speed
2003). Pre-existing methods of data analysis rely on the number of measurements
(variables) being less than the number of samples. However, for microarray data there
may be 20,000 measurements for each sample, necessitating new methods of analysis.
An ever-increasing number of analysis tools have been applied to microarray data.
These include user targeted gene by gene analysis; cluster analysis, where arrays with
similar expression profiles are grouped or clustered together (Eisen et al. 1998); linear
regression, profile analysis (Kiiveri 2003) and principal component analysis
(reviewed by Kerr 2003).
Some analysis tools define preferentially small sets of genes with high predictive
accuracy, while other tools identify large lists of differentially expressed genes. To
assist in the identification of gene relationships within these lists, the biological
knowledge regarding gene roles is being structured into precisely defined, common,
controlled vocabulary by the Gene Ontology Consortium (Ashburner et al. 2000)
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(http://www.geneontology.org/). The gene ontology comprises three major categories
that describe the attributes of biological process, molecular function and cellular
component for a gene product. Grouping genes into these categories assists in
identifying biological relationships and functional profiles.

5.1.4 Aims
Gene expression profiling of different classes of parathyroid tumours and normal
parathyroid tissue was undertaken with the aims of firstly, identifying relationships
between the different tumour classes; secondly, identifying further chromosomal
regions, genes and processes which may be involved in the formation of these
tumours; and thirdly, identifying genes with high predictive accuracy which may be
utilised as biomarkers for tumour classification and disease prognosis.

- 139 -

5.2 METHODS
5.2.1 Specimens
Fifty-three parathyroid tumours were included in the microarray gene expression
work presented in this chapter. These tumours were from ten different clinical or
histopathological classes: familial MEN 1 (five tumours), MEN 2A (one tumour),
HPT-JT (five tumours) and FIHP (four tumours); sporadic adenoma (sixteen
tumours), hyperplasia (two tumours) and carcinoma (five tumours); lithiumassociated (one tumour), secondary (nine tumours) and tertiary hyperplasia (five
tumours). An additional six sporadic adenomas were included in the comparative
genomic microarray analysis (CGMA). Normal parathyroid tissue was also analysed.
This consisted of a pool of normal parathyroid tissue fragments from sixteen different
individuals obtained from excess cell washings after routine parathyroid
autotransplantation during thyroidectomy. The cell washings were created from a
suspension of the resected gland which was then injected into the muscle. Excess
washings left in the syringe were then available for research. The washings were
prepared rapidly under sterile (surgical) conditions to ensure viability upon
autotransplantation. Therefore there is a very low likelihood of specimen deterioration
which would in turn alter gene expression. The tumour and normal tissue samples are
listed in Table 5.1. The collection and histological assessment of these samples, as
well as the collaborative sources from which these samples were obtained are detailed
in sections 2.3, 2.4.1, 2.4.2 and Tables 2.1A-D).
cDNA microarray analysis involves comparative hybridisation of the sample of
interest against a reference, for example tumour versus normal. It was logistically and
ethically not possible to obtain sufficient matched normal parathyroid tissue for all of
the proposed experiments. Therefore, a commercial RNA mix designed specifically
for use as an alternative to normal tissue for microarray experiments was used as the
reference for all experiments (Eisen and Brown 1999; Novoradovskaya et al. 2004).
Universal Human Reference RNA (UHR) (Stratagene, La Jolla, CA, USA) is a mix of
ten different cell lines, chosen to provide optimal and maximal gene expression
coverage. The composition of UHR is listed in Table 2.2. All tumours and the pool of
normal parathyroid tissue were hybridised against UHR.
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Table 5.1 Specimens used for microarray experiments. Familial MEN 1 tumours included both hyperplastic and adenomatous
tumours. Familial HPT-JT tumours included both benign (adenoma) and malignant (carcinoma) tumours. Two FIHP tumours harboured
HRPT2 mutations (‡) and are referred to as HPT-JT in some figures in chapter 5, and linkage to the MEN1 locus could not be excluded in the
other 2 FIHP tumour families (†). No additional tumours were found in any of the FIHP families. Three specimens underwent reciprocal
labelling (dye-swap) experiments (*). Six adenomas were included only in the CGMA analysis (§). Specimens harbouring MEN1 or HRPT2
mutations, or LOH at these loci are noted. HRPT2 mutation and 1q24-32 LOH analysis are detailed in chapter 3. Other specimens did not
harbour mutations and did not demonstrate LOH, or were not able to be tested due to lack of DNA. These specimens are detailed further in
Tables 2.1A-D.

*

§
§
§
§
§
§

†
‡
‡
†

Tumour ID and
classification
Adenoma_10163
Adenoma_1063
Adenoma_10643
Adenoma_3063
Adenoma_4131
Adenoma_57A
Adenoma_658
Adenoma_6937
Adenoma_77A
Adenoma_79A
Adenoma_85A
Adenoma_88A
Adenoma_91A
Adenoma_9885
Adenoma_99A
Adenoma_9A
Adenoma_103A
Adenoma_14A
Adenoma_101A
Adenoma_82A
Adenoma_93A
Adenoma_100A
Carcinoma_10977
Carcinoma_1798G

adenoma
adenoma
adenoma
adenoma
adenoma
adenoma/hyperplasia
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
adenoma
carcinoma
carcinoma

Carcinoma_2077G

carcinoma

somatic HRPT2 mutations, IVS6-1delG, c165C→A (Y55X), LOH at 11q13

Carcinoma_2119G
Carcinoma_779G
FIHP_29A
FIHP_4A [HPTJT]
FIHP_54A [HPTJT]
FIHP_60A

carcinoma
carcinoma
hyperplasia
adenoma/hyperplasia
adenoma/hyperplasia
adenoma

HRPT2 mutation, c162C→G (Y54X)

germline HRPT2 mutation, c191T→C (L64P) + LOH 1q24-32
germline HRPT2 mutation, c191T→C (L64P) + LOH 1q24-32
LOH at 11q13

HPTJT_1613G

carcinoma

germline HRPT2 mutation, c76delA + somatic HRPT2 mutation, c686del4

HPTJT_1765G
HPTJT_5771
HPTJT_IV3
HPTJT_IV4
Lithium_76A
MEN1_11738
MEN1_1540G
MEN1_18964
MEN1_1996G
MEN1_63A
MEN2_6887
* normal_68
* Prim_hyperplasia_10544
Prim_hyperplasia_98A
Secondary_17A
Secondary_2085G
Secondary_2190G
Secondary_4266
Secondary_7102
Secondary_86A
Secondary_8863
Secondary_94A
Secondary_95A
Tertiary_34A
Tertiary_7248
Tertiary_8263
Tertiary_87A
Tertiary_9706

Histology

Mutation and LOH status

somatic MEN1 mutation, 10bp deletion in exon 2
mut

LOH at 1q24-32

LOH at 1q24-32

HRPT2 mutation, c165delC + LOH 1q24-32
HRPT2 mutation, c76delA

carcinoma
germline HRPT2 mutation, LOH at 1q24-32
adenoma
germline HRPT2 mutation, c679delAG
adenoma
germline HRPT2 mutation, c679delAG
adenoma
germline HRPT2 mutation, c679delAG
adenoma
LOH at 11q13
hyperplasia
germline MEN1 mutation, c930delGGins6
hyperplasia
germline MEN1 mutation, c788del6
adenoma
germline MEN1 mutation, c1526insG
hyperplasia
germline MEN1 mutation, IVS4-9G→A
adenoma
germline MEN1 mutation, c1659insG
adenoma
normal
adenoma/hyperplasia
hyperplasia/normal
hyperplasia
hyperplasia
LOH at 11q13
hyperplasia
hyperplasia
adenoma/hyperplasia
hyperplasia
hyperplasia
hyperplasia
hyperplasia
hyperplasia
adenoma/hyperplasia
adenoma/hyperplasia/normal
hyperplasia
hyperplasia
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5.2.2 Microarray slides
The microarray slides were fabricated in the cDNA Microarray Core Facility at Van
Andel Research Institute (VARI), Grand Rapids, MI, USA. The slides were spotted
with 19,968 cDNA clones from the Research Genetics 40K Human Clone Set
(Research Genetics Inc., Huntsville, AL, USA). These clones were amplified directly
from the commercial bacterial stocks, ethanol precipitated and transferred to 384-well
plates. The clones were printed onto poly-L-lysine-coated glass slides by a home-built
robotic

arrayer

and

then

blocked

with

succinic

anhydride

(http://cmgm.stanford.edu/pbrown/). Slides from three different print batches, but
spotted with the same 19,968 clones, were purchased from the Microarray Core
Facility. The genetic annotation of the clones was incomplete at the time of analysis
of these microarray slides. Genes of interest related to this project were confirmed by
sequencing of the clones. This work was performed by the Microarray Core Facility,
VARI.

5.2.3 Preparation of RNA samples
Total RNA was extracted from fresh frozen parathyroid tissue using TRI REAGENT
as described in section 2.4.2.1. The RNA was quantified and the integrity assessed by
gel electrophoresis as described in sections 2.4.2.2 – 2.4.2.3. These steps were
performed in the country of origin of the tumours.
All further experimental work was performed in the Department of Cancer Genetics,
VARI by the candidate, for the thirty-nine samples (including the pooled normal
tissue and the six tumours for CGMA analysis only) from RNSH and MLU, and by
Dr Carola Haven, for the twenty-one LUMC tumours (Tables 5.1 and 2.1). The
analysis of the combined microarray results presented in this chapter was performed
by the candidate with assistance from Drs Rob Dunne (CSIRO Bioinformatics, North
Ryde, NSW Australia) and Kyle Furge (VARI) as noted in the text.
Tumour total RNA was purified by precipitation with lithium chloride as described in
section 2.4.2.4, concentrated to approximately 4µg/µL, and quantitated by diluting
1µL of RNA to 100µL in RNase-free water and reading in a Genequant Pro
RNA/DNA calculator (Amersham Biosciences Corp, Piscataway, NJ, USA).
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UHR RNA was prepared as described in section 2.4.3.

5.2.4 Preparation of cDNA probes
For each tumour, 50µg of purified RNA from both the tumour and UHR were reverse
transcribed using an anchored oligo-(dT20VN) primer and directly labelled with
different Cyanine (Cy) fluorescent dyes to generate 2 cDNA probes. The VN anchor
on the primer allows the primer to anneal only at the 5’ end of the poly(A) tail of
mRNA, thus providing more efficient cDNA synthesis. Tumour RNA was generally
labeled with 5-Amino-propargyl-2'-deoxycytidine 5'-triphosphate coupled to Cy5
fluorescent dye (Cy5-dCTP) (Amersham Biosciences Corp, Piscataway, NJ, USA),
and the reference RNA with 5-Amino-propargyl-2'-deoxycytidine 5'-triphosphate
coupled to Cy3 fluorescent dye (Cy3-dCTP) Amersham Biosciences Corp,
Piscataway, NJ, USA), as Cy5 has a slightly higher labelling efficiency than Cy3. If
50µg of tumour RNA was not available, equal quantities of tumour and UHR RNA
between 25µg and 50µg each, were labelled. When greater than 100µg of RNA was
available from a tumour, additional reciprocal labelling or dye-swap experiments
were performed so that the tumour was labelled with Cy3 and UHR with Cy5. The
protocol for the reverse transcription and labelling was performed as detailed in the
numbered steps below, and wherever possible was performed shielded from light to
prevent degradation of the fluorophores. Centrifugation was performed at room
temperature unless stated otherwise.
1. Fifty micrograms of purified RNA from tumour and UHR was each diluted to 13µL
with RNAse-free H2O in separate 200µL PCR tubes. To each tube 2µL of anchored
oligo-(dT20) primer (2µg/µL) (Invitrogen Corporation, Carlsbad, CA, USA) was
added. The contents were mixed well by pipetting and the 2 tubes incubated at 65oC
for 10 minutes in a thermal cycler (GeneAmp® PE9700, Applied Biosystems (ABI),
Foster City, CA, USA). At the end of the incubation, the tubes were placed on ice for
1 – 5 minutes.
2. A reaction mix, detailed in Table 5.2, was prepared for each label (Cy5 and Cy3)
and 13µL of the appropriate mix added to each tube containing the RNA and primer.

- 143 -

Two microlitres of Superscript II RNase H Reverse Transcriptase (200U/µL)
(Invitrogen Corporation, Carlsbad, CA, USA) was next added to each tube and the
tube contents mixed by pipette. The tubes were incubated for 1 hour at 42oC in the
thermal cycler. Without removing the tubes from the thermal cycler, an additional
1µL of Superscript II was added to each tube, and the tubes incubated for another
hour at 42oC.

Table 5.2 Components for the reverse transcription reaction mix for tumour and
UHR RNA
Component

µL for each tumour cDNA

µL for each UHR cDNA

5 x first-strand buffer *

6.0

6.0

0.1M DTT *

3.0

3.0

Unlabelled (low dCTP) dNTPs†

0.6

0.6

RNase Inhibitor (10U/µL) *

0.4

0.4

Amersham Fluorolink™ dye

Cy5-dCTP

Cy3-dCTP

Dye volume

0.3

0.3

Total volume

13

13

Legend: * Invitrogen Corporation, Carlsbad, CA, USA; † (25mM dATP, 10mM dCTP, 25mM dGTP,
25mM dTTP) Roche Molecular Systems, Inc., Branchburg, New Jersey, USA

3. Following this incubation, the resulting cDNA was degraded by the addition of
15µL of 0.1N NaOH to each tube and incubated at 70oC for 10 minutes, and then
neutralised by the addition of 15µL of 0.1N HCl to each tube.
4. The labeled cDNA was purified using the QIAquick PCR Purification Kit (Qiagen
Inc., Valencia, CA, USA) to remove excess primer, dNTPs and fluorophore. 540µL of
PB Buffer (from the QIAquick kit) was pipetted into a 1.5mL centrifuge tube for each
cDNA. The labeled cDNA (~ 60µL) was added to the PB Buffer and vortexed. This
combined PB-cDNA mix was transferred to a QIAquick column seated in a collection
tube (from QIAquick kit). The column was centrifuged at 0.5 x 103g for 1 minute,
then 3.0 x 103g for 15 seconds. The flow through was discarded, 750uL PE Buffer
(from QIAquick kit) added to the column, and the column was again centrifuged at
0.5 x 103g for 1 minute, then 3.0 x 103g for 15 seconds. The spin column was
transferred to a clean 1.5mL centrifuge tube and centrifuged at 14 x 103g for 2
minutes to dry the column. The spin column was transferred to clean 1.5mL
centrifuge tube and 50µL EB Buffer (from QIAquick Kit) added to the spin column to
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elute the cDNA. After 1 minute incubation at room temperature, the spin column was
centrifuged at 14 x 103g for 2 minutes and the eluted cDNA in centrifuge tube used
for hybridisation.

5.2.5 Prehybridisation and microarray hybridisation
Following labelling and purification of the cDNA probes as described above, the
tumour and UHR probes were combined, blocking reagents added and the mix
concentrated prior to the addition of the hybridisation mix. The resulting probehybridisation mix was denatured and prehybridised before hybridising to the
microarray slide. This procedure is detailed in the numbered steps below.
1. The paired cDNA samples (tumour and UHR) were mixed by adding the contents
(50µL) of the corresponding UHR purified cDNA (from step 4 above) to the 50µL of
purified tumour cDNA. To minimise non-specific binding, blocking reagents Cot-1
DNA, yeast tRNA and poly(A) RNA, were added to the labeled probe in a final
volume of 404µL as detailed in Table 5.3.

Table 5.3 Components for the blocking reagents mix
Component

Volume (µL)

TE Buffer†

380

Cot-1 DNA (1µg/µl)*

20

Yeast tRNA (10µg/µL)*

2

PolyA RNA (10µg/µL)†

2

Total Volume

404

Legend: * Invitrogen Corporation, Carlsbad, CA, USA; †Sigma-Aldrich Co., St. Louis, MO, USA

2. This cDNA-blocker mix was concentrated by pipetting the mix (~504µL) into a
Microcon YM-30 filter (Millipore Corporation, Billerica, MA, USA) seated in a
collection tube (supplied with the filter), and centrifuging at 8 x 103g for 16 minutes.
The filter was inverted and placed into a clean collection tube (supplied with the
filter) and centrifuged at 14 x 103g for 2 minutes. The filter was discarded and the
concentrated probe in the collection tube was diluted to 14µL with RNase-free H2O.
3. A hybridisation mix was prepared as detailed in Table 5.4 and 23µL added to each
probe. This mix was denatured by incubation in a boiling waterbath for 3 minutes,
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centrifuged briefly to remove any condensation in the lid, and prehybridised in a 50oC
waterbath for 60 minutes.

Table 5.4 Composition of the hybridisation mix
Component

Volume (µL)

deionised Formamide*

14

20 x SSPE*

8

10% SDS†

2

50xDenhardt’s solution*

2

Total Volume

26

Legend: * Sigma-Aldrich Co., St. Louis, MO, USA; † Digene, Bettsville, MD, USA

4. The prehybridised probe-hybridisation mix was pipetted on to a glass coverslip (24
x 40mm, Fisher Scientific Company, Pittsburgh, PA, USA) that had been pre-heated
to 50oC, and the microarray slide gently lowered onto the coverslip until in contact
with the mix. The slide was inverted so that the coverslip was resting on top of the
slide, and the slide placed into a microarray hybridisation chamber (CMT, Corning
Life Sciences, Corning, NY, USA). To keep the chamber moist to prevent drying out
of the probe mix, 10µL of 3xSSC pH7 (Bio-Rad Laboratories Inc., Hercules, CA,
USA) was added to the dimple at each end of the chamber. The chamber was sealed
and placed in the bottom of a 50oC waterbath which had been checked to ensure the
bottom was level so that the coverslip would remain in position over the spotted array
section rather than slip off the slide. The slide was then hybridised by incubation for
16 - 20 hours at 50oC.

5.2.6 Post-hybridisation microarray washes and scanning
Following hybridisation, the microarray slide was washed, immediately centrifuged
dry and then scanned as detailed in the numbered steps below.
1. After hybridisation, the microarray slide was removed from the chamber and
incubated for 5 minutes in 1xSSC, 0.1% SDS (Digene, Bettsville, MD, USA) which
had been pre-warmed to 50oC. The coverslip was removed and the slide washed in
0.2xSSC, 0.1%SDS for 5 minutes at room temperature with constant mixing. This
was followed by 2 washes in 0.2xSSC and a final wash in 0.1xSSC, all for 5 minutes
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at room temperature with constant mixing, to ensure that all SDS had been removed.
SDS fluoresces at 532nm and any residual SDS would increase the background
fluorescence of the microarray slide at 532nm.
2. Following the washes, the slide was spun dry by centrifuging in a slide rack and
carrier at 600rpm in an Eppendorf 5810-R centrifuge (Eppendorf AG, Hamburg,
Germany) for 7 minutes. Slides were stored at room temperature (for up to 24 hours)
until scanned.
3. The microarray slides were scanned as soon as possible after completion of the
washes. Each slide was scanned at 532nm (Cy3) and 635nm (Cy5) in a Scan Array
Lite (Perkin Elmer Life and Analytical Sciences Inc., Boston, MA, USA). The laser
power and photomultiplier tube settings were adjusted for each fluorophore and each
slide to minimise the background intensity, create the maximal contrast between the
background and foreground (cDNA spots) and reduce the number of saturated or
quenched (white) spots. The two channels (532nm and 635nm) were then checked for
equality of intensity. Once all of these parameters had been achieved, the slide was
scanned to create full resolution Tagged Image File Format files (Tiff, or .tif) at each
wavelength.

5.2.7 Image analysis
The resulting two Tiff file images (532nm and 635nm) were combined and overlaid
with the corresponding print run Genepix Array List File (.gal) and analysed using
GenePix Pro 3.0 (Axon Instruments, Molecular Devices Corporation, Union City,
CA, USA). The .gal file was aligned manually for each of the 32 print tips before
assessment by GenePix. Each print tip consisted of 24 rows and 26 columns of spots.
All spots on each array were visually assessed. Incorrectly assigned spots, spots that
had bled or merged into other spots, and artifacts were manually changed or flagged.
The results were then analysed by GenePix and the GenePix Results Files (.gpr) saved
for subsequent normalisation and analysis.
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5.2.8 Cluster analysis
Cluster analysis is an established and powerful tool for identifying overall patterns
from the microarray data. Unsupervised cluster analysis was utilised to identify
tumour groups with similar gene expression patterns without a priori information.
Clustering algorithms organise the gene expression data so that genes with similar
patterns of expression are grouped (clustered) together and hierarchical methods
group these clusters into a nested sequence. Identified relationships (between genes or
samples) are represented by a tree whose branch lengths reflect the degree of
similarity between objects (Eisen et al. 1998). CLUSTER and TREEVIEW software
(http://rana.lbl.gov/EisenSoftware.htm) were used for the unsupervised cluster
analysis and generation of heatmaps (Eisen et al. 1998).
Supervised cluster analysis using Cluster Identification Tool software (CIT)
(http://www.vai.org/VARI/supplemental/default.asp?content=kyle.furge/default.htm)
was utilised to identify gene expression profiles that distinguish groups of tumours
based on a priori information (Rhodes et al. 2002). CIT calculates mean gene profiles
for the specified groups, and then identifies genes that significantly discriminate
between the specified groups with a combined statistical approach incorporating a
student’s t-test and permutation testing. The identified genes are ranked based on the
discriminatory power.

5.2.8.1 Data storage, normalisation and extraction
In preparation for cluster analysis, the GenePix Result Files were deposited in
Another MicroArray Database (AMAD) at VARI. AMAD is a flat file database
system written in PERL and javascript. It was created by Mike Eisen, Max Diehn,
Paul Spellman, and Joseph DeRisi at Stanford University, CA, USA for microarray
generated data (http://www.microarrays.org/software.html). AMAD provided a means
for storage, normalisation, retrieval, and extraction of microarray data from a
centralised web based server.
Normalisation of microarray data is generally based on the assumption that the
expression for the majority of spots is unchanged between the two samples
competitively hybridised (in this case tumour and reference). An exception to this
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would be normalisation using housekeeping genes (not performed in this thesis). An
overall bias within each microarray towards over- or under-expression (a red (Cy5) or
green (Cy3) bias) is common, but is expected to be due to experimental conditions
rather than biological variation; hence the need for normalisation (Quackenbush
2002).
Normalisation using AMAD was performed individually for each slide and was based
on spots within each array with pixel correlation values > 0.75. The pixel correlation
is the correlation of all pixels in a spot between the two channels. The best quality
spot will have the same ratio (Cy5/Cy3: red/green) for every pixel in the spot and will
have a correlation value equal to 1. AMAD used these spots to determine the overall
bias by performing a log average of all the intensities for each channel for these spots.
To eliminate the bias, the intensities of one channel were adjusted to equal the
intensities of the other channel. This method, denoted hereafter as “AMAD
normalisation”, was used for the unsupervised clustering and CIT analysis described
in this chapter. Methods for normalisation as well as analysis of microarray data are
evolving and changing rapidly. AMAD normalisation was used at VARI until late
2003, when it was replaced by the method described in section 5.2.9 below.
For cluster analysis, the AMAD normalised results were filtered to exclude all flagged
results, and results with background-subtracted intensities less than 150 in either
channel (Cy3 or Cy5), and then extracted from AMAD in a single text file compatible
with CLUSTER and TREEVIEW Software.

5.2.8.2 Averaging of dye-swap pairs
The AMAD generated file of normalised and filtered results represented as
tumour/UHR ratios, was entered into CLUSTER and the data log2 transformed and
median centred across the arrays. The results were then saved as a text file. The
results were unlogged in Excel and the correlation co-efficient was calculated to be
>0.8 for each of the 3 dye-swap pairs (noted in Table 5.1), suggesting good
correlation between dye-swaps. For the pooled normal sample dye-swaps, all genes
for which 2 results were not available, or where the difference between the results was
outside the 95% confidence interval of the median-centered results, were excluded
from further analysis to prevent misinterpretation of tumour results when compared
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with the normal. The remaining results were averaged. The other dye-swap pair
results were also averaged and all further analysis was performed using the averaged
results for the dye-swaps. This file was used for the generation of gene expression
histograms.

5.2.8.3 Unsupervised average hierarchical cluster analysis
The file containing the median-centered average results for the dye-swaps was again
entered into CLUSTER and the data log2 transformed. The results were filtered such
that a result for a specific data point was present in at least 80% of all arrays, and
further that at least 2 observations at that point needed to show a greater than 2-fold
change. This reduced the number of genes from 15,572 to 6,150. These remaining
results were median-polished across the genes and using Pearson’s correlation as the
metric, average hierarchical clustering undertaken. The resulting gene cluster data file
(.cdt) generated by CLUSTER was loaded into TREEVIEW. This program computes
a dendrogram that assembles all elements into a single tree for graphical presentation
of the results. Statistical significance of gene expression levels between clusters was
determined by ANOVA (SPSS version 12.0.1, SPSS Inc, Chicago, IL, USA).

5.2.8.4 Supervised cluster analysis
Following hierarchical clustering in CLUSTER, and before viewing in TREEVIEW,
the gene data file generated by CLUSTER was entered into CIT. Each of the three
cluster groups were compared with the remaining tumours to generate lists of
discriminatory genes. The resulting files were saved as text files for the generation of
gene lists and entered into CLUSTER and TREEVIEW for the generation of
dendrograms and heatmaps.

5.2.8.5 Enriched gene ontologies
To provide an initial biological interpretation of the lists of up- or down-regulated
genes generated by analysis of microarray data, a myriad of bioinformatic tools
relating these genes to gene ontology (GO) process terms have been developed (Gene
Ontology Consortium: http://www.geneontology.org/). Grouping by ontological terms
or catergories may highlight themes of possible importance. Sets of co-expressed
genes can encode products that are involved in a common biological process, and may
be localised to the same cellular component. In addition, where a few uncharacterised
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genes are co-expressed with well-characterised genes annotated to identical or similar
GO terms, it may be possible to infer that the 'unknown' gene's product is likely to act
in the same process.
A recent refinement of GO analysis provides statistical evaluation of the significance
of genes annotated to particular ontological categories in the gene list of interest
compared with the reference gene list (Draghici et al. 2003). This analysis reveals
ontological categories with significantly unexpected numbers of genes. These
categories are highlighted as enriched categories and may provide a focal or starting
point for understanding the biology of the changes observed.
The CIT list of discriminatory genes was assessed for enriched GO categories using
GOTree Machine (GOTM: http://genereg.ornl.gov/gotm/) (Zhang et al. 2004). The
distribution of genes in each GO category was compared statistically with those in a
reference gene set. The reference set comprised the list of genes in the AMAD
generated file of normalised data (section 5.2.8.1). However, not all genes (cDNAs)
on the arrays had sufficient annotation for inclusion. Of the 15,572 genes in the
reference list, at the time of this analysis, 1,538 had not been assigned NCBI UniGene
Cluster ID’s and were excluded from analysis. Enriched GO categories which achieve
statistical significance were determined from the comparison of observed and
expected results (Zhang et al. 2004).

5.2.9 Identification of frequent cytogenetic aberrations
The microarray data was reanalysed to identify chromosomal regions with significant
overall unidirectional gene expression. These regions are highlighted and interpreted
by Comparative Genomic Microarray Analysis (CGMA) as regions of possible loss
(down-regulation or underexpression) and gain (up-regulation or overexpression). The
GenePix files (.gpr) were log2 transformed and normalised by print-tip locally
weighted linear regression (lowess) to remove intensity dependent effects (Smyth and
Speed 2003). The ratio of tumour to normal tissue expression was calculated for each
gene in each array; the gene list was grouped according to chromosomal location; and
CGMA algorithms applied (Crawley and Furge 2002). Gene expression values within
each chromosomal arm were grouped and a sign test (ie: plus or minus result) for a
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one-sample mean/median used to determine if a significant bias (up: plus / down:
minus) was present. The algorithm scored a gene as up- or down-regulated if the
relative magnitude of the expression value change was at least 1.8-fold. The sign test
z-statistic was converted to a significance value (α) and chromosomal regions which
showed significant (α ≤ 0.05) unidirectional gene expression were highlighted in a
TREEVIEW generated heatmap. This analysis was performed with the assistance of
Dr. Kyle Furge, who developed the CGMA algorithms, at VARI.

5.2.10 Identification of discriminatory genes by Gene-Rave
Identification of a small set of genes with a high predictive accuracy of tumour
classification from the microarray data was undertaken using patented Gene-Rave
algorithms (Kiiveri 2003; Kiiveri 2004). It is important to note that Gene-Rave is not
sold as an operator software package. The candidate was able to have microarray data
analysis performed by this package following the establishment of a contract between
the University of Sydney and CSIRO Bioinformatics. This contract facilitated access
to the mathematician Dr Rob Dunne, who analysed the data with Gene-Rave and
Profile analysis algorithms.

5.2.10.1 Normalisation
Initially, the results within the Genepix results files (.gpr) were rearranged so that all
genes were in the same position on all arrays in all the print runs. (Some genes were
arranged in different order in several print tips in several print runs.) This was not
required for any of prior analysis described above.
For normalisation of each array, all flags assigned in Genepix for “bad” results were
ignored (as the majority were blank spots) and the log ratios of the dyes (M, where M
= log(Cy5/Cy3)) and the averaged log intensities (A, where A = (log(Cy5) +
log(Cy3))/2) were calculated without the use of background correction. A single
lowess curve was fitted to the A-M plot, and the residuals computed from the curve
fit. The residuals underwent spatial smoothing with a median filter, were recomputed
from the spatial trend estimate and finally rescaled by the median absolute deviation
(Wilson et al. 2003). Following this normalisation, originally flagged spots with
absolute log ratios (||M||) > 5 were re-classed as “bad” spots. These results were
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removed and values imputed by the formula “row mean + column mean – grand
mean”. The three colour-swap pairs were averaged and the averages used for further
analysis. Box plots generated in r-project (www.r-project.org) of the log ratios for the
57 arrays before this normalisation and the 54 arrays after normalisation and
averaging of the 3 dye-swap pairs are shown in Figure 5.1.

5.2.10.2 Comparison of print runs
Before proceeding to pairwise analysis of the classes, the arrays were compared
according to print run to check for gross artifacts. Principal component analysis
showed that the three print runs (H38, H42 and H45) were not separable. The results
(generated in r-project) are presented in Figure 5.2.

5.2.10.3 Profile analysis and canonical variate analysis plots
The separation of the classes was visualised by Profile analysis (Kiiveri et al. 2001).
The patented Profile analysis algorithm was used to create the canonical variate
analysis (CVA) plots. Profile analysis is a modification of CVA for use in the case
where the number of variables (genes) is greater than the number of observations
(arrays). CVA is a way of displaying high dimensional data (the genes on the
microarray) in lower dimensional space – either 2- or 3-dimensions. It is useful when
the observations are believed to belong to separate classes. CVA looks for projections
that maximise the ratio Σb/Σw, where Σb is the variance between the groups, and Σw is
the pooled variance within the groups. The projection with the maximal value for this
ratio will display dense groups that are well separated. Although CVA is a display
technique it can be turned into a classifier by partitioning the CV space. The CV plots
were generated in r-project.
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Figure 5.1 Box plots showing the median and quartiles of the log ratios (M: log(Cy5/C3)) of the arrays. The
coloured boxes contain 50% of the data (data within 1 quartile length of the median); the whiskers represent the
results 1 - 1.5 quartiles from the median, and the black circles represent the outliers (> 1.5 quartiles from the
median).
Figure A The 57 arrays before normalisation. A red (Cy5) bias (where M>0) is observed for a number of the
arrays.
Figure B The 54 arrays after normalisation and averaging of the dye-swaps for Gene-Rave analysis. The bias
observed in Figure A has been normalised, so that the median of M for each array ~ 0. (Plots by Dr Rob Dunne)
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Figure 5.2 Principal component analysis for the 54 arrays showing the class labels (by number) and
the 3 print run labels (H38, H42 and H45) by colour. The arrays are not separable by print run as
demonstrated by the distribution of the Adenomas (denoted “1”), which are represented in all 3 print
runs and are not separable by print run. (Graph by Dr Rob Dunne)
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5.2.10.4 Pairwise discrimination and error rate estimation using Gene-Rave
Tumours were grouped into a priori classes, and classes with array results from at
least 5 tumours (ie. HPT-JT and FIHP tumours with HRPT2 mutations, sporadic
carcinoma, sporadic adenoma, hyperplasia and MEN 1) underwent pairwise
discrimination using Gene-Rave algorithms.
Gene-Rave uses a Bayesian penalty term to encode a prior belief into the model. The
prior belief is that the majority of genes are not discriminatory between the classes.
Patented Gene-Rave algorithms build a model for predictive classification discarding
the non-discriminatory genes. It is often the case that amongst the remaining genes are
sets of highly correlated genes. Typically, when the first set of identified
discriminatory genes are removed from the data set, and Gene-Rave is re-run, another
set of genes will be found with a somewhat lower discriminating power. This process
may be repeated a number of times before the sets of genes become essentially useless
for discrimination (Kiiveri 2003). The scatterplots for the identified discriminating
genes were generated in SPSS version 12.0.1 (SPSS Inc., Chicago, IL, USA) from the
Gene-Rave normalised data.
The apparent error rates for the experimental data will generally be optimistic. This
well-known phenomenon is termed “over-fitting” (Hastie at al. 2001). In order to get
a nearly un-biased estimate of the true error rate for each classifier, cross-validation is
used. Cross-validation is the most widely used method for estimating prediction error
(Hastie at al. 2001). In the ideal case, this analysis involves the use of two different
sets of data (microarray experiments): a training data set of microarray experiments
from which to determine the solution sets of discriminatory genes, and a separate test
set of microarray experiments on which to validate or assess the performance of these
genes. Cross-validation estimates the classification error when the proposed solution
set of discriminatory genes derived from the training set is applied to the test or
validation set. However, in the majority of microarray data sets there is insufficient
data to set aside a test set of microarray experiments for validation. To overcome this
problem, the data are divided into K roughly equal-sized parts. (It is imperative that
each K part will include experiments from the different a priori classes.) The training
set becomes K-1, and if, for example, K = 5, there will be 5 different combination
training sets. The cross-validation error rate is calculated from the sum of the errors
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for the K (in this example, 5) training sets. Typical choices for K are 5 or 10. The case
where K = N (N being the total number of microarray experiments) is known as
“leave-one-out” cross-validation. A number of values for K, including K = N, were
used to determine the error rates for the gene sets presented in this thesis, depending
on the class sizes under consideration.
Permutation testing compares the classification error rates for correctly labelled
(classified) experiments with those in which the labels have been permuted. If the
error rate for the permuted labels is less than the error rate for the correctly labelled
experiments, then the correct classification is most frequently due to chance alone
rather than the set of genes under investigation, and this set of genes is discarded.
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5.3 RESULTS
5.3.1 Cluster analysis
5.3.1.1 Unsupervised Average Cluster analysis
Unsupervised hierarchical clustering grouped the 54 arrays into 3 stable clusters. The
dendrogram and heatmap are shown in Figures 5.3A-B. Cluster 1 consisted
predominantly of hyperplastic specimens. The pooled normal sample also clustered
with this group. Cluster 2 contained all the sporadic carcinomas, all familial HPT-JT,
and 2 FIHP tumours. All tumours within this group that were analysed for HRPT2
mutations (11/12: insufficient specimen for 779G), harboured at least 1 HRPT2
mutation (Table 5.1). This cluster was the most robust even though it consisted of
tumours classified as either malignant (sporadic and familial HPT-JT) or benign
(familial HPT-JT and FIHP). Cluster 3 contained the majority of sporadic adenomas,
all MEN 1 and 2 FIHP tumours in which linkage to the MEN1 locus could not be
excluded.
All 3 clusters divided into at least 2 sub-groups. Two sporadic carcinomas in the small
cluster 2 sub-group (779g and 1798g) demonstrated expression of some thyroidspecific genes (including metallothionein 1H, E and G), suggesting possible admix
with nearby thyroid tissue that may have occurred due to extensive surgical clearance.
This was not observed in other tumours in this cluster and for this reason these two
tumours were excluded from further analyses.
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Figure 5.3 Cluster analysis of the 54 microarrays.
Figure A (adjacent): Detailed sample dendrogram of unsupervised hierarchical clustering.
Three cluster groups are evident: 1 – consisting primarily of hyperplasia samples and the
normal; 2 – consisting of all HPT-JT-associated tumours (including 2 FIHP tumours (4a and
54a) which are designated here as HPTJT) and sporadic carcinomas; 3 – consisting of
primarily sporadic adenomas and MEN 1-associated tumours. The branch lengths reflect the
degree of similarity between samples, with the shortest branched representing the closest
similarity. Cluster 2 tumours show the greatest intra-cluster similarity.
Figure B (adjacent): Heatmap of unsupervised hierarchical clustering showing the results
for approximately 6,000 genes. Red and green indicate transcript expression levels
respectively above and below the median as illustrated in the legend. Grey squares indicated
no result. The gene expression profile for each tumour runs vertically through the heatmap,
and the individual genes are in rows across the map. The largest areas of both green and red
are seen under cluster 2 tumours.
Figure C: Heatmaps of supervised clustering following CIT analysis. The heatmaps have
been rotated, so that the tumour samples are now at the side and the genes run vertically. The
coloured bars indicate the position of each cluster group (blue: 1; green: 2; pink: 3) in the
analyses of that cluster group against the remaining tumours. Cluster 1 analysis identified 22
differentially expressed genes; cluster 2 analysis identified 329, and cluster 3 analysis
identified 17 differentially expressed genes.
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5.3.1.2 Expression of parathyroid related genes
Genes with established roles in parathyroid physiology were found to be differentially
expressed between the clusters. Cluster 2 expression for CaSR was significantly lower
than the expression in the other 2 clusters (p < 0.05). VDR also demonstrated lowest
expression in cluster 2 tumours, however the inter-cluster differences did not reach
significance. The mean of the results for each cluster for CaSR and VDR are shown in
Figure 5.4. The gene encoding parathyroid hormone (PTH) was highly expressed in
all specimens resulting in image-saturation and thus could not be included in the
analysis.
The tumour suppressor gene MEN1, mutated in MEN 1-associated tumours and 10 20% of sporadic adenomas (reviewed in section 1.5.4) demonstrated significantly
reduced expression in cluster 3 tumours (p < 0.05) with markedly reduced expression
in 2 of 16 sporadic adenomas, 2 of 5 familial MEN 1-associated tumours and 1 of 2
FIHP-associated tumours with no MEN1 mutation detected, but in which linkage to
the MEN1 locus has not been excluded (Figure 5.5). However, not all tumours with
either identified MEN1 mutations or LOH at 11q13 demonstrated markedly reduced
transcript levels.
TP53 was not differentially expressed in any of the clusters. RET, RB1, and HRPT2
were not represented on the arrays.

5.3.1.3 Expression of cell cycle genes
A number of cell cycle genes were represented on the arrays. The G1 phase genes
(refer to Figure 1.3) with results for the majority of tumours and normal parathyroid
tissue are shown in Figure 5.6 along with results for E2F transcription factor 1
(E2F1) and cyclin E2. All 3 clusters demonstrated increased expression relative to the
pooled normal parathyroid sample for cyclin dependent kinase 4 (CDK4), CDK6,
cyclin D1 and E2F1 and reduced expression for cyclin dependent kinase inhibitor p21
(p21). Significant differential expression between clusters was found for cyclin
dependent kinase inhibitor p18 (p18) and cyclin D2 (p < 0.05), and p21 and CDK6 (p
< 0.001).
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Figure 5.4 Histograms showing the mean CaSR and VDR transcript expression for
each of the 3 clusters (as determined by unsupervised clustering) with the exception
of the single pooled normal sample from cluster 1, for which there was no result for
CaSR due to image saturation. There were significant differences between the
clusters for CaSR (*: p < 0.05), but not for VDR.
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Figure 5.5 Histograms showing the cluster mean (A) and individual (B) tumour/normal ratios for
MEN1 transcript expression. The individual results (B) are graphed on a logarithmic scale where
exspression in the pooled normal parathyroid tissue = 1. There was significant inter-cluster
differential expression (*: p < 0.05). Cluster 3 tumours with known MEN1 mutations are
highlighted as indicated in the legend.
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Figure 5.6 Histograms showing the cluster mean transcript expression as tumour/normal for the G1-phase
cell cycle genes represented on the arrays (cyclin-dependent kinase (CDK) 4, CDK6, cyclin D1, D2, p18
and p21) as well as cyclin E2 and E2F1. The results are shown on a logarithmic scale where expression in
the pooled normal parathyroid tissue = 1. Significant inter-cluster differential expression was found for
CDK6 and p21 (*: p < 0.001) and p18 and cyclin D2 (*: p<0.05),
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5.3.1.4 Supervised cluster analysis
Supervised clustering using CIT, identified 22, 329 and 17 genes differentially
expressed between clusters 1, 2, and 3 respectively. The heatmaps are shown in
Figure 5.3C and the genes are listed in Appendices 5.1 – 5.3.
The cluster 2 gene list was mapped according to enriched gene ontology (GO)
categories. The low number of genes in the cluster 1 and 3 lists precluded this analysis
for these 2 gene lists. The Directed Acyclic Graphs (DAGs) generated by GOTM for
enriched biological processes, molecular functions and cellular components
respectively, are shown in Figures 5.7 – 5.9. The genes in the statistically significant
categories at the end of each tree are listed in Table 5.5, making this table a subset of
Appendix 5.2. Biological processes highlighted included the metabolism of organic
acids and vitamins, organogenesis involving the skeleton, brain and epidermis, and
circadian rhythm. Molecular functions highlighted included protein-tyrosine kinase
activity, and actin binding. In addition, changes in the gene expression levels of genes
expressed in the nucleosome, and plasma and basement membranes were all
highlighted.
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Cluster 2

Figure 5.7 Directed Acyclic Graph (DAG) of biological processes gene ontology categories
for genes identified as differentially expressed by CIT for cluster 2. The original gene list is
found in Appendix 5.2. Categories with significantly enriched gene numbers (p < 0.01) are
shown in red and suggest important biological areas. The genes in the enriched categories at
the end of each highlighted tree are listed in Table 5.5. DAG generated by GOTM.
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Cluster 2

Figure 5.8 DAG of molecular function gene ontology categories for genes identified as differentially
expressed by CIT for cluster 2. The original gene list is found in Appendix 5.2. Categories with
significantly enriched gene numbers (p < 0.01) are shown in red and suggest important biological areas.
The genes in the enriched categories at the end of each highlighted tree are listed in Table 5.5. DAG
generated by GOTM.
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Cluster 2

Figure 5.9 DAG of cellular location gene ontology categories for genes
identified as differentially expressed by CIT for cluster 2. The original gene list is
found in Appendix 5.2. Categories with significantly enriched gene numbers (p <
0.01) are shown in red and suggest important biological areas. The genes in the
enriched categories at the end of each highlighted tree are listed in Table 5.5.
DAG generated by GOTM.
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Table 5.5 Cluster 2 differentially expressed genes in the enriched gene ontology categories at the end of each tree displayed in Figures 5.7-5.9.
This list is a subset of the genes in Appendix 5.2

AKR1C3

Locus Link ID (Cluster ID,
Biological process
fold change)
brain development
5090(Hs.294101, -4.6)
brain development
9600(Hs.93837, -2.4)
brain development, carboxylic
26227(Hs.3343, 3.5)
acid metabolism
8644(Hs.78183, 4.9)
carboxylic acid metabolism

SLC7A7
AMT
IDH2
OAT
PRKAB1
THNSL1
DHRS3
ACY1
EGR3
HEBP1
COL7A1
LAMA3
CRABP2
KRT14
SPP1

9056(Hs.194693, 4.7)
275(Hs.102, -2.4)
3418(Hs.5337, -3)
4942(Hs.75485, -3.1)
5564(Hs.6061, -2.2)
79896(Hs.183171, -2.6)
9249(Hs.17144, -3.4)
95(Hs.334707, -2.2)
1960(Hs.74088, 2.5)
50865(Hs.294133, -2.8)
1294(Hs.1640, 3.9)
3909(Hs.83450, 2.8)
1382(Hs.183650, 2.3)
3861(Hs.355214, 2.6)
6696(Hs.313, 2.2)

THTPA
ACAS2
ACAS2L
FLNB
MUC1
CORO1C
MYO10
ENC1
TMSB4Y
WDR1
BLVRB

79178(Hs.15098, -2.6)
55902(Hs.14779, -2.2)
84532(Hs.7218, -2.9)
2317(Hs.81008, 2.4)
4582(Hs.89603, 2.3)
23603(Hs.17377, 3.2)
4651(Hs.61638, 2.4)
8507(Hs.104925, 3.6)
9087(Hs.159201, 4.4)
9948(Hs.85100, 2.8)
645(Hs.76289, -2.9)

EPHA1
FGFR4
FYN
LYN
AXL
CAMK2D
DYRK2
PKMYT1
PTPRU
SLC26A2
EFNA1
GABBR1
GPR30
HLA-A
APP
IL1R1
AQP3
LY6E
FXYD3
PRRG2
PTPRM
SLC16A2
COL4A5
AGRN
HIST1H1C
HIST1H2BD
HIST1H2AC

2041(Hs.89839, -5.8)
2264(Hs.165950, 2.8)
2534(Hs.390567, -2.8)
4067(Hs.80887, -2.4)
558(Hs.83341, -2.2)
817(Hs.111460, -3.8)
8445(Hs.173135, -2.6)
9088(Hs.77783, -2.1)
10076(Hs.19718, -2)
1836(Hs.302738, 3.8)
1942(Hs.399713, -2.5)
2550(Hs.167017, -3.6)
2852(Hs.113207, -2.9)
3105(Hs.181244, -3.4)
351(Hs.177486, 4.1)
3554(Hs.82112, -3.9)
360(Hs.234642, 3)
4061(Hs.77667, 2)
5349(Hs.301350, 2.9)
5639(Hs.35101, -2.2)
5797(Hs.154151, -3.2)
6567(Hs.75317, -3.8)
1287(Hs.169825, -2)
375790(Hs.273330, 2)
3006(Hs.7644, 4.3)
3017(Hs.180779, 2.3)
8334(Hs.28777, 3.2)

Gene symbol
PBX3
PITPNM1
PHGDH

carboxylic acid metabolism
carboxylic acid metabolism
carboxylic acid metabolism
carboxylic acid metabolism
carboxylic acid metabolism
carboxylic acid metabolism
carboxylic acid metabolism
carboxylic acid metabolism
circadian rhythm
circadian rhythm
epidermis development
epidermis development
epidermis development
epidermis development
negative regulation of bone
mineralization
thiamin metabolism

molecular function

cellular component

phosphoglycerate dehydrogenase activity
oxidoreductase activity, acting on the CH-CH group
of donors, NAD or NADP as acceptor
integral to plasma membrane

basement membrane
basement membrane

thiamin-triphosphatase activity
acetate-CoA ligase activity
acetate-CoA ligase activity
actin binding
actin binding
actin binding
actin binding
actin binding
actin binding
actin binding
oxidoreductase activity, acting on the CH-CH group
of donors, NAD or NADP as acceptor
protein-tyrosine kinase activity
protein-tyrosine kinase activity
protein-tyrosine kinase activity
protein-tyrosine kinase activity
protein-tyrosine kinase activity
protein-tyrosine kinase activity
protein-tyrosine kinase activity
protein-tyrosine kinase activity

integral to plasma membrane
integral to plasma membrane

integral to plasma membrane
integral to plasma membrane

integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
integral to plasma membrane
basement membrane
basement membrane
nucleosome
nucleosome
nucleosome
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5.3.2 Identification of frequent cytogenetic aberrations
CGMA analysis identified chromosomal regions of possible loss and gain. A heatmap
of these regions across 54 tumours is shown in Figure 5.10 and the most frequent
regions of gain and loss are listed in Tables 5.6A-B. The most common losses in
adenomas (sporadic adenomas, MEN 1 and 2 FIHP tumours) were at 11q and 11p.
The most common loss in the carcinoma / HPT-JT group (including 2 FIHP tumours)
was at 13q. Gains were more frequent than losses. Gains at 19p and 19q were
observed in the majority of tumours (43 and 44 respectively). Notably, all MEN 1
(and 2 FIHP) tumours demonstrated gains at 1p and 6p.
Histograms of individual gene expression in several of the CGMA identified areas are
shown in Figure 5.11. Familial MEN 1 tumours and sporadic adenomas showed loss
(under-expression) along the majority of chromosome 11, but in particular at 11q13,
11p15.5, 11p13 and 11p12 (Figures 5.11A-B). No regions of consistent loss at 13q
were observed for HRPT2-associated tumours, and no discrete regions of gain were
observed along chromosome 19 for all tumours (Figure 5.11C-D).

5.3.3 Identification of discriminatory genes by Gene-Rave
5.3.3.1 Profile Analysis
The separation of the classes using the Gene-Rave normalised data was visualised in 2
and 3 dimensions by canonical variate plots generated following Profile analysis
(Figures 5.12 – 5.13). CV1 consisted of 119 genes, CV2: 49 genes and CV3: 48
genes. The genes are listed in Appendix 5.4.

5.3.3.2 Adenoma versus hyperplasia
Gene-Rave analysis identified 2 genes (antigen identified by monoclonal antibody
MRC OX-2 (MOX2 or CD200) and aldehyde dehydrogenase 1 family, member A2
(RALDH2)) that could together provide the best discrimination between the 16
adenoma and 16 hyperplasia tumours. Using these 2 genes, 3 adenomas and 3
hyperplasias were misclassified. These results are graphed in Figure 5.14 and the
frequency of error rates calculated from cross-validation using permuted and correct
class labels shown in Figure 5.15A.
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Figure 5.10 Heatmap of CGMA analysis. Chromosomal regions which demonstrated an
overall over- or under-expression of genes by CGMA analysis are considered as areas of gain
and loss respectively. Red squares indicate gain and blue squares indicate loss. Areas with no
significant changes and areas not assessed are left blank (white). The genes are grouped
according to chromosomal arm and these regions are in rows across the heatmap. The
chromosomal profiles for the individual tumours run vertically through the heatmap. The
carcinoma and HPT-JT-associated tumours (including 2 FIHP tumours) assessed in Table 5.8
are boxed in green, the hyperplasia samples are boxed in grey, and the adenoma samples
assessed lie between these 2 boxes. Loss at 11p and 11q are noted for the sporadic adenomas
and MEN 1-associated tumours. Gains for all tumour types are observed at chromosome 19.
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Table 5.6A List of the chromosomal regions demonstrating gains in at least 33% of
tumours in each tumour class. For each region, the percentage of tumours in each class exhibiting
gain is listed. The adenoma class consisted of 25 tumours and included all sporadic adenomas, the MEN 1
tumours and FIHP tumours without HRPT2 mutations. The Hyperplasia class consisted of 13 tumours.
Excluded from this class were tertiary hyperplasia 8263 and primary hyperplasia 98a, both of which had
been assessed to be mild hyperplasia, and neither of which showed any gains or losses. The carcinoma /
HPT-JT class consisted of 10 tumours, including the 2 FIHP tumours with HRPT2 mutations, and
excluding carcinomas 1798g and 779g which were shown to have significant thyroid contamination. The
results for the MEN2A- and lithium associated tumours were not included in these tables.

Chromosomal Region
of gain
19q
19p
6p
17q
1p
3p
20p
1q
17p
22q
11q
12q
9q
7q
5q
16q
16p
20q

Percentage of tumours exhibiting gain
Adenoma
92
76
76
48
44
44
44
40
36
36

Hyperplasia
100
100
54

Carcinoma / HPT-JT
50
80

54
62
62

69
69
38
38
38

40

60
50
40

Table 5.6B List of the chromosomal regions demonstrating most frequent losses for
each tumour class. For each region, the percentage of tumours in each class exhibiting loss is listed.
Chromosomal Region
of loss
11q
1p
13q
15q
18q
3qp
8qp

Percentage of tumours exhibiting loss
Adenoma
40
24
16
12

Hyperplasia

Carcinoma / HPT-JT

50
8

10
30
10
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Figure 5.11 Histograms of gene expression (log2 tumour/normal (T/N)) grouped by chromosomal
position. Areas of apparent consistent loss are indicated in red.
Figure A The expression profile at 11q for sporadic adenomas and MEN 1 familial tumours (25 tumours
in total);
Figure B The expression profile at 11p for the same set of tumours as in Figure A;
Figure C The expression profile at 13q for tumours with HRPT2 mutations (10 tumours inside the green
box in Figure 5.10);
Figure D The expression profile at chromosome 19 for all tumours.
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A

FIHP

Normal
Lithium
MEN 2A

B

Figure 5.12 Two-dimensional canonical variate (CV) plots of profile analysis for the 4
classes of tumours analysed by Gene-Rave. Both plots demonstrate the large separation
of the combined carcinoma/HPT-JT class (including the 2 FIHP tumours with HRPT2
mutations) from the other classes.
Figure A Plot of the first 2 canonical variates demonstrating the clear separation of the
adenoma and MEN 1 (including FIHP) classes, circled in red, from the other classes.
(The 2 unlabelled “other” tumours are the outlier carcinoma tumours excluded from
analysis.)
Figure B Plot of the first and third canonical variates demonstrating the clear separation
of the MEN 1 class, circled in blue, from the other classes.
(Plots generated in r-project by Dr Rob Dunne.)
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CV
2

CV3

CV1
Figure 5.13 Three-dimensional canonical variate plot of Profile analysis for the 4 classes of
tumours analysed by Gene-Rave. A large separation between the carcinoma / HPT-JT group
and the rest of the tumours is evident. The 2 FIHP specimens with HRPT2 mutations are
included in the carcinoma and HPT-JT group that is depicted in green. The 2 (green)
carcinomas distant from the main HPT-JT / carcinoma cluster are the outliers 779G and
1798G. Clear separation of the adenoma (red), hyperplasia (blue) and MEN 1 (light blue)
groups is also evident. Two MEN 1-associated tumours are overlaid in this analysis and appear
as one blue spot. The pooled normal (black) is positioned between the adenoma, hyperplasia
and MEN 1 groups. The 2 FIHP-associated tumours with linkage at 11q13 (pink) are located
between the adenomas and MEN 1 tumours. The MEN 2A (yellow) and lithium-associated
tumour (grey) are situated closest to the hyperplasia group. (Plot generated in r-project by Dr.
Rob Dunne.)
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Figure 5.14 Scattergraph of Gene Rave normalised log2 expression results generated in
SPSS demonstrating separation of the 16 sporadic adenomas from the 16 hyperplastic
samples by genes MOX2 and RALDH2. Gene-Rave predicted these 2 genes to discriminate
between these 2 groups. The tumours misclassified by this separation were adenomas 91a,
57a and 6937, and hyperplasias 2190g, 10544 and 8863. These appear to cluster in close
proximity to the pooled normal parathyroid sample.
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Figure 5.15 Histograms of the frequencies of cross-validation error rates for permuted labels in red
and correct class labels in green, for pairwise class discrimination by Gene-Rave.
Figure A Adenoma versus Hyperplasia – the correct labels have the lowest error rate and thus the
highest rate of accuracy, however the error rate is not zero, indicating a small degree of uncertainty
in the class predictions.
Figure B Carcinoma versus HPT-JT – the permuted labels have lower error rates than the correct
labels, indicating that correct classification is most frequently due simply to chance, and thus these 2
classes are not separable by genes included on the arrays.
Figure C MEN 1 versus Adenoma - the correct labels have the lowest error rate and thus the highest
rate of accuracy. This error rate is zero, indicating a high degree of certainty in the class predictions.
(Histograms by Dr. Rob Dunne)
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5.3.3.3 Carcinoma versus HPT-JT
The assessment of discriminating genes between the carcinoma and HPT-JT classes,
revealed lower cross-validation error rates with permuted labels than with the
correctly assigned labels (Figure 5.15B). This implied that these 2 classes were
inseparable, and the 2 classes were combined.

5.3.3.4 Combined carcinoma and HPT-JT versus adenoma
Carcinomas 779g and 1798g were again found to be outliers, and, for the reasons
outlined in section 5.3.1.1 above, these 2 tumours were removed from the analysis
(but were still included in the graphs). Gene-Rave identified 4 genes able to
discriminate with high accuracy between the combined carcinoma / HPT-JT and
adenoma classes. The most significant was ubiquitin carboxyl-terminal esterase L1
(UCHL1) (Figure 5.16Ai). When this gene was deleted and the model refitted, cell
surface antigen CD24 (CD24) was identified as the next most discriminatory gene
(Figure 5.16Aii). When both UCHL1 and CD24 were deleted, refitting the model
identified parvalbumin (PVALB) and vascular adhesion molecule 1 (VCAM1), which
together were able to discriminate between the classes (Figure 5.16B).

5.3.3.5 MEN 1 tumours versus adenoma and hyperplasia
Gene-Rave identified the gene DKFZp434E033 (recently identified as cyclin B1) as
having the highest predictive accuracy for the separation of MEN 1-associated
tumours from sporadic adenomas, and the 2 genes testican 3 and glutamate
decarboxylase 1 (GAD1), which together were able to separate MEN 1-associated
tumours from the hyperplasia class. The histogram of the frequencies of error rates for
assessment of MEN 1 versus adenoma is shown in Figure 5.15C. The separation of
MEN 1 using the above 3 genes is shown in Figure 5.17.
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Figure 5.16 Scattergraphs of Gene-Rave normalised log2 expression results generated in SPSS, of the
genes predicted by Gene-Rave to discriminate between the combined sporadic carcinoma and HPT-JTassociated group (including 2 FIHP tumours 4A and 54A) and sporadic adenomas.
Figure Ai Expression results grouped by class for UCHL1, the predicted best discriminator for these 2
groups.
Figure Aii Expression results grouped by class for CD24, the predicted next best discriminator for these
2 groups.
Figure B Scattergraph of expression results for VCAM1 and PVALB, which together are predicted to be
able to discriminate between these 2 groups.
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Figure 5.17 Scattergraph of Gene Rave normalised log2 expression results generated in SPSS
demonstrating separation of the 5 familial MEN 1-associated tumours (2 of which are overlaid
and appear as 1) from the 16 sporadic adenomas and the 16 hyperplastic samples by genes
cyclin B1, GAD1 and Testican 3. Gene-Rave predicted cyclin B1 able to discriminate between
MEN 1-associated tumours and sporadic adenomas, and the combination of GAD1 and
Testican 3 able to discriminate between MEN 1-associated tumours and hyperplasia.
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5.4 DISCUSSION
5.4.1 Class relationships identified by cluster analysis
5.4.1.1 Overview
Gene expression analysis of the 11 clinical parathyroid entities identified 3 broad and
distinct tumour groupings based on unsupervised clustering according to gene
expression profiles (Figure 5.3A-B) and was confirmed by Gene-Rave analysis
(Figure 5.15). The composition of the 3 tumour groups reflected, in part, the
histological classification of the tumours. However, concordance with histological
classification was not complete. Cluster 1 comprised predominantly hyperplastic
specimens, cluster 2 was defined by tumours harbouring HRPT2 mutations and
consisted of HPT-JT tumours (both benign and malignant) as well as sporadic
carcinomas, and cluster 3 contained predominantly sporadic adenomas and familial
MEN 1 tumours.

5.4.1.1 Cluster 1
Cluster 1 comprised predominantly hyperplastic tumours. The normal parathyroid
tissue also clustered in this group. This cluster had few differentially expressed genes
(n=22: Appendix 5.1) and the tumours showed the least changes when compared with
the pooled normal parathyroid tissue. The 2 hyperplastic specimens closest to the
normal were noted by histopathological assessment to have very mild hyperplasia.
Cluster 1 also included a lithium-associated tumour, MEN 2A adenoma and 3
sporadic adenomas. Using metaphase CGH, lithium-associated tumours have
previously been shown to have few chromosomal abnormalities (Dwight et al. 2002).
The positioning of the three sporadic adenomas within this cluster may suggest that
these specimens were primarily polyclonal in nature or at a very early stage of tumour
development. No unifying or unusual features were evident upon clinical reevaluation of the patients from whom these 3 tumours were resected.

5.4.1.2 Cluster 2
The most robust cluster identified in this study was cluster 2, which comprised the
sporadic carcinomas, familial HPT-JT and 2 FIHP tumours. The large number of
genes (n = 329: Appendix 5.2) differentially expressed in cluster 2 demonstrates the
distinct nature of the gene expression profile of this cluster. These results, in
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combination with the knowledge that all tumours tested in this cluster (11/12)
harboured HRPT2 mutations support a distinct molecular pathway of parathyroid
tumorigenesis for sporadic carcinomas, familial HPT-JT and FIHP tumours with a
HRPT2 mutation, that is separate from that for other parathyroid tumours. The results
are striking in that they demonstrate that HPT-JT adenomas, otherwise
indistinguishable from non-HPT-JT adenomas, exhibit a common microarray
signature with parathyroid carcinomas, which have a high incidence of HRPT2
mutations. These results suggest that HRPT2 mediates novel and fundamental
pathways of parathyroid tumorigenesis and malignant transformation. This has also
been supported by the multiple genetic changes identified by previous metaphase
CGH studies of parathyroid carcinoma (reviewed in 1.5.3). The increased incidence of
parathyroid carcinoma in HPT-JT patients and the demonstration in this study, of a
close relationship between sporadic carcinomas and familial HPT-JT tumours,
suggests that apparently benign tumours within this cluster may have the potential to
progress to malignant tumours. These results also highlight the importance of early
detection, treatment and monitoring of HPT in the clinical management of families
with diagnosed or suspected HPT-JT.

5.4.1.3 Cluster 3
Cluster 3 contained the majority of the sporadic adenoma specimens. Like cluster 1,
this cluster also had very few differentially expressed genes (n = 17: Appendix 5.3).
While the majority of hyperplasia specimens were contained in cluster 1
(predominantly hyperplasia), three of five tumours, clinically classified as tertiary
hyperplasia, as well as one of nine secondary hyperplasia specimens, were found in
this cluster. This clustering demonstrates at the molecular level the recognised clinical
transition from secondary to tertiary or autonomous disease. Additional studies are
warranted to confirm this observation and to identify gene sets that separate secondary
from tertiary hyperplasia.
All 5 MEN 1 tumours (2 single adenomas and 3 multigland hyperplasia) were also
located in cluster 3, suggesting that familial MEN 1 tumours and sporadic adenomas
may share a similar genetic pathway of tumorigenesis. This is supported by previous
findings of frequent LOH at 11q13 and of MEN1 mutations in 20 - 40 % of sporadic
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adenomas in contrast to hyperplasia (Heppner et al. 1997; Carling et al. 1998; Farnebo
et al. 1998; Dwight et al. 2000).
Two of the 4 FIHP tumours in this study also clustered with the sporadic adenomas
and MEN 1 tumours in cluster 3. These tumours were from families where linkage to
the MEN1 region could not be excluded, but with no MEN1 mutations identified. One
of these tumours (60A) had also been analysed for HRPT2 mutations, with no
mutations detected (Appendix 3.4). The separation of these 2 FIHP tumours (cluster
3) from the 2 FIHP tumours harbouring HRPT2 mutations (cluster 2) again clearly
indicates that different molecular pathways are involved in FIHP patients and adds
additional weight to a subset of FIHP being variants of either HPT-JT or MEN 1
rather than a distinct entity. The separate clustering of the 4 FIHP specimens
illustrates that microarray profiling could serve as a useful tool in determining the
nature of these tumours, especially in those FIHP families where no linkage analysis
can be performed and no mutation can be identified. It is possible that those FIHP
tumours displaying a HRPT2-like expression profile, may benefit from more
aggressive clinical management, than those displaying a MEN1-like profile.

5.4.2 Differentially expressed genes
5.4.2.1 Parathyroid function
Reduced expression of CaSR and VDR transcript and protein have been reported in
parathyroid tumours (reviewed in section 1.5.7-1.5.8). The microarray results
confirmed these previous transcript findings. Lowest expression of both transcripts
was found in the cluster 2 tumours with significantly reduced expression of CaSR in
this cluster (p < 0.05) (Figure 5.4 and Appendix 5.2). Validation of these microarray
results for CaSR by quantitative real-time PCR is reported in chapter 6 of this thesis.
MEN1 was found to be significantly under-expressed in cluster 3 tumours, however
the expression did not show complete correlation with the presence of a mutation
(Figure 5.5).

5.4.2.2.Cell cycle regulation
Cyclin D1 has been shown to have a role as an oncogene in parathyroid tumours
(Arnold et al. 1989). Overexpression of cyclin D1 was found in all cluster groups with
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significant over-expression in cluster 1 (p < 0.05) (Figure 5.6 and Appendix 5.1). The
gene expression patterns for the G1-phase cell cycle genes represented on the arrays,
including the overexpression of cyclin D1 and reduced expression of p21, suggested
increased G1-phase activity in all cluster groups, and cell cycle progression from G1to S-phase.
The increased expression of histones (H1C, H2A and H2B) in the cluster 2 tumours
corroborated the cell cycle progression suggested by the expression pattern of the G1phase genes (Table 5.5 and Appendix 5.2). Histones are involved in the synthesis of
DNA and their expression is tightly coupled with both chromosomal and DNA
replication during S-phase of the cell cycle. At the onset of replication, the
transcription of histone genes is increased and the degradation decreased (reviewed by
(Ehrenhofer-Murray 2004).

5.4.2.3 Genes identified in enriched ontologies
The cluster 2 CIT generated gene list, comprising 329 genes identified as significantly
differentially expressed between cluster 2 tumours relative to the remaining tumours,
was analysed using GOTM to identify significantly enriched GO categories within
this list (Figures 5.7 – 9 and Table 5.5). This style of analysis is a component of the
rapidly evolving bioinformatics technologies aimed at the biological interpretation of
the differential expression revealed by microarray experiments. Current limitations of
this evolving analysis method include incomplete annotation of genes (gene
identification as well as gene ontological categorisation), limited initial gene sets (on
microarray slides) which may be biased towards certain processes, and the inability to
take into account tissue specific processes. Despite these limitations, GO analysis has
been included in this thesis as a “snapshot” of this evolving interpretive tool for
microarray generated gene lists. The enriched categories revealed by this analysis may
provide a focal point to understanding the processes involved in formation of the
parathyroid tumours investigated in this thesis. Genes from several of the identified
enriched GO categories are discussed below.

5.4.2.3.1 Protein kinase activity
The most common domain encoded by cancer genes is the protein kinase, in particular
tyrosine kinase (reviewed by (Futreal et al. 2004). Significant number of genes
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encoding tyrosine kinase protein products were found to be differentially expressed in
the cluster 2 tumours. Fibroblast growth factor receptor 4 (FGFR4) was
overexpressed and membrane-associated tyrosine- and threonine-specific cdc2inhibitory kinase (PKMYT1), and EphA1 were underexpressed relative to tumours in
Clusters 1 and 3. FGFR4 is associated with cancer progression and metastasis in a
number of tumour types including pituitary adenomas (Qian et al. 2004). PKMYT1 is
a cell regulator involved in calcitriol-induced G2/M arrest of keratinocytes (Dai et al.
2004). EphA1 is a putative oncogene involved with the mediation of nervous system
development and has been shown to have highest expression in parathyroid tissue
(Hirai et al. 1987). While this gene was found to be underexpressed in cluster 2
tumours it was over-expressed in cluster 3 (predominantly adenoma) tumours.

5.4.2.3.2 Bone mineralisation and osteopontin
GOTM identified the regulation of bone mineralisation as an enriched category in the
cluster 2 gene list due to the overexpression of secreted phosphoprotein 1
(osteopontin) (SPP1). SPP1, a negative regulator of bone mineralisation, is abundant
in the mineral matrix of bone. Its transcription in bone is mediated via VDRE’s (Staal
et al. 1996). SPP1 has been shown to be a direct target of p53. Its over-expression has
been reported to correlate with increased metastatic potential in a number of tissues
including colon and breast as well as with the formation of kidney stones (Morimoto
et al. 2002; Verhulst et al. 2003; Yeatman and Chambers 2003).

5.4.2.3.3 Actin binding
GOTM identified the category of actin binding as an enriched biological process in
cluster 2. One of the seven genes in this category, Filamin B, beta (FLNB)
(overexpressed in cluster 2) is a component of the MAPK signaling pathway and is
involved with joint and skeletal development. Mutations in this gene have recently
been shown to disrupt vertebral segmentation, joint formation and skeletogenesis
(Krakow et al. 2004). Also overexpressed in this category was Mucin 1 (MUC1:
CD227). MUC1 is a large cell surface mucin glycoprotein expressed by most
glandular and ductal epithelial cells and some hematopoietic cell lineages. It has been
shown to be an important prognostic marker in several cancers, including intrahepatic cholangiocarcinoma in which MUC1 immunoreactivity has been found to
correlate with lymph node metastasis (Matsumura et al. 2002).
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5.4.3 Cytogenetic aberrations identified by CGMA
Chromosomal changes have been observed to lead to regional biases in gene
expression ratios, implying that gene expression ratios in these regions may be
regulated in concordance with gene dosage (either allelic loss or amplification)
(Hughes et al. 2000; Phillips et al. 2001). These observations have led to the
computational prediction of regions of allelic imbalance from gene expression profiles
using CGMA (Crawley and Furge 2002).
The CGMA analysis was limited to chromosomal arm regions. Therefore, small
deletions within these regions may not have been detected. The accuracy of the
analysis is also dependent on the number of genes available for assessment in each
region. As these microarrays were not designed with CGMA in mind, the coverage is
likely to be variable. Despite these limitations, the analysis identified previously
described regions of loss and gain, and highlighted additional regions for further
investigation.
CGMA analysis confirmed the major regions of loss previously identified by CGH in
parathyroid adenomas (11q, 11p) and carcinomas (13q) (Tables 5.6 and 1.2).
Assessment of the individual adenoma class gene expression ratios at 11q further
confirmed 11q13 (the MEN1 locus) as the region of consistent loss (Figure 5.11).
Similar assessment at 11p identified regions of discrete loss in the adenoma class at
11p15.5, 11p13 and 11p12. Unlike CGH studies, CGMA identified more gains than
losses, perhaps reflecting the different technologies employed. Previously reported
gain at chromosome 19 was confirmed in adenomas and carcinomas, but was also
identified in this study in hyperplasia. Of note, all MEN 1 and 2 FIHP tumours (7
tumours in total), demonstrated gains at 1p and 6p. In addition, 69% of hyperplasia
specimens demonstrated gain at 11q, and 4 genes were found to be highly
differentially overexpressed for cluster 1 in this region - BACE1, IGSF4, SPUVE and
cyclin D1 (Appendix 5.1).
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5.4.4 Gene-Rave identified biomarkers of tumour classes
The experimental data were also analysed using patented Gene-Rave algorithms
developed specifically for microarray analysis. The advantage of Gene-Rave is that it
identifies typically very small sets of genes (sets of 1 or 2 genes), that can
discriminate between classes with a high level of prediction accuracy. Further work,
such as validation is then able to be focused on a small set of genes with confidence.
Many other analyses identify hundreds of differentially expressed genes, however, the
predictive accuracy of each gene alone may be uncertain.

5.4.4.1 Adenoma versus hyperplasia
Gene-Rave analysis identified two genes MOX2 and RALDH2, which together are
predicted to discriminate adenoma from hyperplasia (Figure 5.14). MOX2 (CD200) is
involved in the immune response and RALDH2 is essential for the synthesis of alltrans retinoic acid (Zhao et al. 1996; Wright et al. 2001). Neither have been
previously associated with parathyroid tumours, and both were examined further and
reported in chapter 6 of this thesis.

5.4.4.2 Combined carcinoma and HPT-JT versus adenoma
UCHL1 and CD24 were each predicted to individually discriminate HRPT2associated tumours from sporadic parathyroid adenomas (Figure 5.16A). Increased
protein expression of both genes has been found in a variety of tumour types (Takase
et al. 2003; Kristiansen et al. 2004; Takano et al. 2004). UCHL1 is a de-ubiquitinating
enzyme and was the subject of further investigation reported in chapter 6. CD24 is a
mucin-like adhesion molecule with cell signalling capacity. It appears to be closely
associated with src-kinases, G-proteins and calcium channels, and overexpression in
some tumour types is significantly associated with metastatic progression and poor
prognosis (reviewed by (Kristiansen et al. 2004). Similar associations are evident in
parathyroid tumours, and while this molecule was not selected for further evaluation
in this thesis, it may prove to be a useful diagnostic marker for parathyroid
malignancy.
Two additional genes, VCAM1 and PVALB, were able, when paired, to discriminate
HRPT2-associated tumours from sporadic adenomas (Figure 5.16B). VCAM1 is a cell
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adhesion molecule involved in pro-inflammatory response to injury (Bochner et al.
1991). Its relevance to parathyroid tumours was investigated further and reported in
chapter 6. PVALB encodes a calcium-ion binding protein highly expressed in some
muscle tissues, brain and several neuroendocrine tissues. Its protein expression has
been assessed in parathyroid tumours by immunohistochemistry. PVALB co-localised
with PTH secreting cells, with nuclear localisation in adenomas and carcinomas and
cytoplasmic localisation in hyperplastic and normal glands (Pauls et al. 2000).

5.4.4.3 MEN 1 tumours versus hyperplasia and sporadic adenoma
Gene-Rave identified genes able to discriminate MEN 1 tumours without prior
identification of MEN1 mutations (Figure 5.17). GAD1 and Testican 3, found overand under-expressed respectively, in MEN 1-associated tumours relative to
hyperplasia, together were predicted to discriminate MEN 1 tumours from non-MEN
1 hyperplastic tissue. Testican 3 encodes a calcium ion-binding proteoglycan, which
has been observed to interfere with tumour invasion by inhibition of the activation of
matrix metalloproteinase MMP2 (Nakada et al. 2001). GAD1 has not previously been
associated with tumour tissue. It encodes glutamic acid decarboxylase, a major
autoantigen and autoreactive T cell target in insulin-dependent diabetes (Chessler et
al. 2002).
MEN 1 tumours have been reported to manifest as multigland hyperplasia or adenoma
(Table 5.1) (Chandrasekharappa and Teh 2003; Doherty et al. 2004). To discriminate
familial MEN 1 tumours from sporadic adenoma, Gene-Rave identified cyclin B1 as
having the highest predictive accuracy. Cyclin B1 (identified with higher expression
levels in sporadic adenomas relative to MEN 1-associated tumours) encodes a mitotic
regulatory protein that complexes with p34(cdc2) to form the maturation-promoting
factor. Cyclin B1 has highest expression during G2-M phase, and its nuclear
localisation at this stage is critical for completion of G2-M transition (Pines and
Hunter 1989). Overexpression of cyclin B1 has been correlated with cancer
progression and poor prognosis in several tissues including the lung and colon (Li et
al. 2003; Yoshida et al. 2004). These observations in combination with its high
predictive potential for MEN 1 tumours, make cyclin B1 an interesting candidate for
future investigations of MEN 1 tumours and sporadic adenomas as a discriminatory
biomarker.
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5.4.5 Conclusions
In conclusion, cluster analysis identified 3 broad cluster groupings of parathyroid
disease. Cluster 2 was the most striking and included both benign and malignant
tumours from patients with HPT-JT, sporadic parathyroid carcinomas with somatic
HRPT2 mutation, and a subset of tumours from patients with FIHP. This cluster is
strongly suggestive that parathyroid tumours with somatic HRPT2 mutation, or
tumours developing on a background of germline HRPT2 mutation, follow pathways
distinct from those involved in mutant MEN 1-related parathyroid tumours. Further,
these findings likely preclude an adenoma to carcinoma progression model for
parathyroid tumorigenesis in the absence of either a germline or somatic HRPT2
mutation.
Novel genes which may play roles in parathyroid tumorigenesis were highlighted.
Several of these genes, found to have high predictive accuracy, were identified as
putative biomarkers for the different classes of tumours. Further, the microarray
analysis corroborated the expression patterns for genes known to be differentially
expressed in parathyroid tumours, and analysis of gene expression by CGMA was in
concordance with regions of chromosomal gain and loss identified by CGH.
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