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Summary

Papillary thyroid carcinoma is the most common thyroid malignancy, with an incidence
of <100 cases per year in Ireland and 16,000 cases per year in the U.S. Incidence is
increasing with a global estimate of half a million new cases this year. However, benign
thyroid nodules are far more frequent and distinguishing between them and malignant
nodules is a common diagnostic problem. It is estimated that 5-10% of people will
develop a clinically significant thyroid nodule during their lifetime. Although the
introduction of fine needle aspiration (FNA) 30 years ago made identifying PTC more
reliable, clinicians often have to make decisions regarding patient care on the basis of

equivocal information.

The molecular pathogenesis of PTC is poorly characterised with only a few chromosomal
or genetic abnormalities being described. V6OOE BRAF mutations and ret/PTC oncogene
rearrangements are the most common. The purpose of this project was to evaluate
molecular algorithms in thyroid neoplastic and inflammatory disease. The assessment
was carried out using molecular techniques including TagMan® PCR for both expression

and genotyping, and microarray technology.

The effect of ret/PTC-1 oncogene rearrangement on expression levels of the cellular
adhesion molecules E-cadherin and its ligands B- and 7y-catenin was investigated.
Variable down-regulation of adhesion molecules was demonstrated in thyroid carcinoma.
Follicular lesions had significantly altered expression levels to papillary lesions.

Expression levels of E-cadherin in Hashimoto’s thyroiditis were comparable to those in

X



ret/PTC-1 positive papillary carcinomas suggesting not only an association between ret
activation and the loss of cellular adhesion but, more significantly an association between

papillary thyroid carcinoma and Hashimoto thyroiditis.

The incidence and temporal trends of BRAF mutation in thyroid cancer in the Irish
population in conjunction with ret/PTC-1 was investigated. Heterozygous T1799A
mutations were detected in 15 of 34 (44%) PTCs tested. No significant association
between BRAF mutation and ret/PTC-1 was demonstrated. A significant temporal trend
was observed, with ret/PTC chimera detected for the most part pre-1997 and BRAF
mutations being more prevalent post-1997. Our results suggest that some
environmental/etiological agent(s) may have influenced the pathobiology of thyroid

tumour development, among the population examined, over time.

Finally, gene expression profiles for several thyroid cell lines were compared using a
whole genome microarray system. A variety of cell lines were analysed which were
characteristic of various papillary and anaplastic thyroid carcinomas harbouring genetic
abnormalities consistent with those found in vivo. Genes involved in cell structure and
motility and the extracellular matrix were consistently found to be differentially
expressed between compared groups. This, coupled with the discovery of over-expressed
histones in some groups, led to speculation that these genes may be responsible for the
structural peculiarities of certain types of PTC. Escape of apoptosis was also a consistent
theme with its inducers and inhibitors frequently found to be down- and up-regulated

respectively. Individual genes from inter-group comparisons were also evaluated.
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Chapter 1 Introduction

1.1 History of the thyroid

The occurrence of goitre was a common observation in Europeans over two millennia
ago, especially to those living in the Alps (Merke, 1984). They did not know, however,
that this condition was related to the thyroid gland, or in fact that the thyroid actually
existed. The ancient Greeks called the swelling in the neck a bronchocele (“tracheal
outpouch”). This term was still being used in the 19" century despite the fact that the
thyroid had been discovered and named over 200 years previously. The gland was
thought to round out and beautify the neck, thus explaining why women had larger glands
than men. The many functions it was thought to serve include lubricating the larynx,
serving as a vascular shunt to maintain blood flow to the brain and the formation of

blood.

It took until the Renaissance period for the thyroid to be identified and characterised. It is
presumed that da Vinci found it circa 1500. Vesalius termed it the laryngeal glands in
1543. Anatomists had definitely identified it in humans by the early 17" century and
realised that its enlargement caused swelling in the neck. The glands more familiar
modern term arose in 1656, when Thomas Wharton named it after the Greek for “shield-
shaped”, not by virtue of its own shape but because of the shape of nearby thyroid

cartilage (Wharton, 1664).

Alpine travellers’ observations of cretinism can be traced back as far as the B century,
but clinically relevant descriptions did not appear until the 16™, when Paracelsus and

Platter made the connection between goitre and cretinism (Cranefield, 1962). This was
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the extent of human knowledge of thyroid physiology and disease until the 19" century.
Prior to this, medical theories of the origin of disease were crude to say the least. An
imbalance of the four humors: blood, phlegm, green bile and black bile, was thought to
cause sickness in an individual. It was believed that goitre was caused by an excess of
phlegm. Treatment was quite empiric and several remedies were proposed, usually
comprising of mixtures of seaweed and marine sponge. These “treatments” were quite
familiar to medieval Europeans, who were thought to have learned of them from the

Chinese who had been using such substances to treat goitre for over a thousand years.

Iodine was discovered in the residue of burnt seaweed by Courtois in 1812. Subsequently,
Coindet, a physician working with goitrous people in Geneva, considered iodine to be the
active ingredient of the empiric remedies. In 1820, he gave iodine as a potassium salt to
his patients. Their goitres shrank remarkably (Coindet J-F, 1820). Unfortunately, he also
saw severe toxic effects in patients (not his own) who took too much of the miraculous
remedy, which consequently fell into disfavour. Despite this, iodine continued to be
administered for other disorders, including scrofula, tuberculosis and even syphilis
(Lugol, 1829). Coindet had probably described the earliest case of iodine-induced

thyrotoxicosis, although the true nature of the disorder was not recognised for decades.

At the time, most believed goitres to be caused by some outside influence such as a toxin,
bacterium or parasite present in the food chain/water supply. Few accepted the theory that
diseases could be caused by an inherent lack of something in the body. The issue was not

resolved until the 1920s when iodine was found to prevent goitre in schoolgirls in Akron,
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Ohio (Marine et al., 1920). Even post-1920, the concept of iodine replacement therapy
never became widespread due to the thyrotoxicosis taboo that remained attached to it.
This negativity resulted in continued goitre and the associated cretinism. The usefulness
of iodine as a prophylactic agent has still, to this day, not been implemented universally.
The International Council for the Control of Iodine Deficient Disorders currently attempts

to ensure that everyone receives adequate amounts of iodine worldwide.

In his published Meath Hospital lectures (Graves, 1835), Dublin doctor Robert Graves
and his student Stokes described a group of women with goitre, palpitations and
exophthalmos. Both believed the illness to be cardiac in origin. The descriptions were not
well known on the European continent, so when Basedow described similar patients in
1840 (Basedow, 1840), he was thought to be the first to describe the illness. Graves’ and
Basedow’s disease subsequently became synonymously known as the former. At the time
though, the disease was not thought to be connected to the thyroid. However, by the end
of the 19"/beginning of the 20™ century, there was a shift in medical thinking toward a
thyroid origin for goitre. Partial/full thyroidectomies were being performed without
excessive fatalities with the survivors being relatively “cured”. It was at the turn of the

century that thyroidtoxicosis was also finally understood.

Hypothyroidism was recognised clinically even later than hyperthyroidism. It was
initially defined in London in the 1870s and was termed myxoedema because of the
swollen skin (oedema) and its excess content of mucin (myx-). Once again it was

misdiagnosed as a neurologic or skin disorder. Full understanding of the condition did not
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come until 1888 (Ord, 1888) following observations that patients with total

thyroidectomies were similar to those with myxedema.

Despite the increased level of understanding, a treatment proved elusive. At the time,
Brown-Sequard was working on the subject of organotherapy - the use of tissue extracts
for the treatment of diseases. Although his work with testicular extracts proved
promising, most of the treatments failured. Until that is, Murray began to inject sheep
thyroid extract into myxedema patients in 1891 (Murray, 1891), resulting in an unlikely
cure. A year subsequently, the injections were disposed of and patients merely had to

ingest ground or fried sheep thyroid.

The active ingredient in thyroid extracts remained a mystery, even though Baumann
discovered iodine in the thyroid gland in 1895. It took another 20 years for Kendall and
his associate Osterberg of the Mayo Clinic isolated bioactive crystalline material from
thyroid extract on Christmas Day, 1914, which they subsequently named thyroxin
(Kendall, 1915). However, Kendall was wrong about the molecule’s structure and never
succeeded in synthesising the active molecule. In 1926, Harington figured out the correct
structure and a year later synthesised the molecule and renamed it thyroxine (Harington,

1926, 1927),

Kendall patented his extracted thyroxine and sold it commercially, but it was by far more
expensive and not as effective as desiccated thyroid. Harington’s synthesised treatment

was also too costly. Therefore, administration of desiccated thyroid remained standard
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treatment for myxedema until the successful synthesis of thyroxine in high yields as a salt
in 1949 led to its use therapeutically to modern times. Although both men suspected there
to be a second hormone at work in the thyroid, neither of them ever found it. That
accolade went to Harington’s later associate in London’s National Institute for Medical
Research, Pitt-Rivers who, in 1952 discovered and synthesised triiodothyronine (Gross,
1952). A group in Paris duplicated the work almost simultaneously and the presence of a

second thyroid hormone was confirmed.
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1.2 Thyroid embryonic development

The thyroid is the earliest recognisable endocrine glandular structure in mammalian
development. Between the second and eleventh week of gestation, the thyroid begins to
develop from three pharyngeal bodies: the median anlage and two lateral anlagen. The

gland begins thyroid hormone production by the 12" week of foetal life.

The median anlage develops first from an invagination of the developing pharyngeal
endoderm located at the base of the tongue and is visible during gestational days 16 and
17. The thyroid diverticulum continues to expand ventrally but remains attached to the
pharyngeal floor via the thyroglossal duct. The rudimentary thyroid then begins to expand
laterally, leading to the formation of the characteristic bilobed structure. It then enlarges
further, becomes lobulated and bifurcates prior to its descent in front of the hyoid bone to
its final resting position anterior to the trachea by about 7 weeks. The descended thyroid
expands and enlarges further, both laterally and caudally. The thyroglossal duct normally

atrophies in gestational weeks 7-10 following descent.

The lateral thyroid develops from the fourth or fifth branchial pouches as the medial
thyroid anlage makes its descent. These ultimobranchial bodies eventually separate from
the pharyngeal pouches after the 7" week of gestation and fuse with the lateral parts of
the medial thyroid. The connection from the lateral lobes to the pharynx is lost and cells
from the differentiating medial anlage surround tissue derived from the lateral anlage.
The merging of the anlage is usually complete by 8 — 9 weeks of gestation at which time

the thyroid has assumed its definitive form.
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The ultimobranchial bodies/lateral anlagen are thought to give rise to the calcitonin-
producing C cells as well as follicular cells. Persistence of ultimobranchial body
remnants, known as solid cell nests, can be seen in up to 30% of sectioned adult thyroids

and 88% of foetal/neonatal glands.

The gland is initially composed of a solid mass of endodermal cells. However, epithelial
cells are identifiable by 10 weeks and colloid synthesis commences by week 13. Follicles
appear by the 14" week. Thyroglobulin is detectable from a relatively early stage — even
prior to colloid formation. Its synthesis seems independent of thyroid-stimulating
hormone (TSH), as this is not detectabie in the pituitary gland until week 12. Thyroxine-

binding globulin (TBG) is detectable by week 10 and increases to term.
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1.3 Anatomy and normal structure/function

The thyroid lies on the anterior and lateral aspects of the trachea just below the cricoid
cartilage. It is attached by a loose connective tissue capsule. Both superior and inferior
parathyroid glands may be found close to the posterior of the thyroid, or within the
thyroid itself, but their position varies. On gross examination, the adult thyroid gland is
an encapsulated structure consisting of two lobes, each measuring about 2-2.5cm wide
and 4-5cm long. The lobes are connected in the midline by the isthmus. 50% of thyroids
have a pyramidal lobe, derived from the distal portion of the thyroglossal duct, extending
upwards from the isthmus. The thyroid has a rich intraglandular capillary network that is

supplied by the superior and inferior thyroidal arteries.

The gland is firm and light brown to red in colour. It weights approx. 1-2g at birth and
gradually increases to 10-15g at puberty. Adult weights vary enormously from 15-35g
depending on numerous factors including age, gender, activity, geography, hormonal
status, individual size and iodine uptake. Much larger glands can be observed in goitre
cases. Its weight is always higher in women and the gland varies in size with the

menstrual cycle. The gland may atrophy with age and resemble its pubertal weight.

Thyroid sections have a lobular appearance due to the presence of thin fibrous septa.
Microscopically it is composed of lobules, each containing 20-40 evenly dispersed
follicles. Thyroid follicles are spheroid structures measuring 50-500um in diameter. They
are lined with cuboidal-to-low columnar epithelium which is filled with thyroglobulin-

containing colloid (see Fig 1.1). The thyrocytes are highly polarised with a basal nucleus
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and are surrounded by basement membrane, the components of which include laminin
and type IV collagen. Groups of calcitonin-producing, neuroendocrine parafollicular cells
(C cells) may be observed among the follicular cells, particularly in the upper zones of
the gland, or in the confines of the basement membrane. C cells however make up less

than 0.1% of the total thyroid cellular mass.

The thyroid is one of the most responsive organs in the human body and can respond to
many stimuli. During puberty, pregnancy or bouts of hyperactivity, the gland increases in
size and becomes more active, resulting in transient hyperplasia. In response to trophic
agents from the hypothalamus, TSH is released by thyrotrophs in the anterior pituitary
into the blood. The TSH causes the thyrocytes to pinocytise colloid and convert
thyroglobulin to thyroxine (T4) and triiodothyronine (T3) (see Fig 1.2). This results in
shrinkage of the colloid and the thyrocytes can become tall and columnar, sometimes
forming infolded buds or papillae. T4 and T are subsequently released into the systemic
circulation and are bound to plasma proteins such as TBG for transport to peripheral
tissues. When the thyroid hormones are released at the ultimate destinations, they enter
cells and interact with nuclear receptors. These receptors alter gene expression profiles in
catabolic pathways and ultimately increase the basal metabolic rate. When the particular
stress abates, involution of the thyroid histological changes occurs and a normal histology

will be observed once again.
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Parafollicular &
(C) Cell?

Figure 1.1 Normal microscopic histology of the thyroid.

Figure 1.2 Synthesis of thyroid hormones and their regulatory pathways.

11
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1.4 Thyroid disease states

Although the main focus of this thesis is on papillary thyroid carcinoma and Hashimoto
thyroiditis, other disease states will be described to put both primary diseases in context.
For the purpose of this thesis, the diseases of the thyroid gland have been divided into 4
groups: hyperthyroidism, hypothyroidism, thyroiditis and neoplasia. These will now be

discussed individually.

1.4.1 Hyperthyroidism

Hyperthyroidism is a term generally assigned to describe thyrotoxicosis, a
hypermetabolic state caused by elevated levels of T; and Ty, even though both terms
technically describe two different illnesses. By far the most common cause of
hyperthyroidism is Grave’s disease, which accounts for ~80% of cases. This is then
followed by toxic multinodular goitre and toxic adenoma as additional common causes.
Rarer causes include TSH-secreting pituitary adenomas and iodine-induced
hyperthyroidism. The terms primary and secondary hyperthyroidism are often used to
describe hyperthyroidism arising from an intrinsic thyroid abnormality and that arising
from processes outside of the thyroid, such as the above mentioned TSH-secreting
pituitary adenomas. Damage to the thyroid caused by radioiodine therapy may induce
transient hyperthyroidism. Hyperthyroidism can also occur in patients with hydatidiform
moles or choriocarcinomas. Human chorionic gonadotropin (hCG) is the thyroid

stimulator that causes hyperthyroidism in patients with trophoblastic tumours.

12
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As for symptoms, patients typically show weight loss with an accompanying increase in
appetite. They are nervous, hyperkinetic and emotionally labile. Patients with
hyperthyroidism can have an increase in cardiac output resulting in tachycardia,
palpitations and arrhythmias. Ocular changes can also occur with the manifestation of a
wide, staring gaze with lid lag due to sympathetic overstimulation of the levator
palpebrae superioris. Many patients are intolerant of heat, have warm skin and sweat
excessively. Fatigue, diarrhoea, muscular weakness and visible enlargement of the

thyroid are also common symptoms.

1.4.2 Hypothyroidism

Hypothyroidism is a collective term assigned to any structural or functional derangement
that interferes with the production of sufficient amounts of thyroid hormone. The insult
therefore can occur anywhere in the hypothalamic-pituitary-thyroid axis (see Fig 1.2). As
with hyperthyroidism, hypothyroidism can be divided into primary and secondary
categories, depending on whether the disorder arises from an intrinsic abnormality in the

thyroid or as a result of hypothalamic or pituitary disease.

The primary variety can be caused by a simple lack of thyroid mass. A developmental
abnormality would result in such a lack of function. A large resection/thyroidectomy for
the treatment of hyperthyroidism or a primary tumour can result in hypothyroidism.
Radiation can also ablate thyroid tissue, be it radioiodine treatment for hyperthyroidism

or exogenous irradiation of the neck. The most common cause of hypothyroidism in

13
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iodine-sufficient areas is chronic autoimmune thyroiditis (Hashimoto thyroiditis). This
condition is described in section 1.4.3.1. Heritable biosynthetic defects, severe dietary
iodine deficiency and antithyroidal drug therapy (such as methimazole and
propylthiouracil) can result in hypothyroidism. Non-thyroidal drugs such as lithium can

also contribute to the disease.

Secondary hypothyroidism is typically caused by hypopituitarism with reduced TSH
secretion. Similar results can be caused by the destruction of the hypothalamus such as a

tumour or inflammation, leading to a deficiency of TRH.

The development of hypothyroidism in infancy or early childhood is referred to as
cretinism. Previously, this illness was fairly common in areas such as the Himalayas and
certain parts of Africa where iodine dietary deficiency was endemic. However, with the
recent iodine supplementation of food it has become less common. The infant may appear
normal at birth, but soon develops signs of mental retardation and neuromuscular
abnormalities. There is retarded growth and coarse facial features with a protruding
tongue owing to the deposition of mucopolysaccharides. The severity of mental
retardation in the child is influenced by the time at which thyroid deficiency occurs in

utero.

In older children/adults hypothyroidism causes myxedema. The symptoms of myxedema

vary and depend on the extent of hormone deficiency. Initial symptoms include general

fatigue and mental sluggishness. Patients become listless, cold intolerant and are

14
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frequently overweight. The skin and hair become dry and accumulation of matrix
substances leads to coarse facial features, enlargement of the tongue and hoarsening of

the voice.

1.4.3 Thyroiditis

The term thyroiditis, or inflammation of the thyroid gland, is given to a diverse group of
disorders that are all characterised by some degree of thyroid inflammation. Autoimmune
thyroid disease occurs clinically in approx. 1% of the population. Some of the more

common and clinically significant types of thyroiditis will now be discussed.

1.4.3.1 Hashimoto thyroiditis

This type of thyroiditis is the most common cause of hypothyroidism in iodine sufficient
areas. It is primarily a disease of middle-aged women, with a peak incidence between 45
and 60 years and a female to male ratio between 10:1 and 20:1. The disease is
characterised by gradual loss of thyroid function due to autoimmune destruction of the
thyroid gland. It is believed to be caused by a defect in T cells which recognise processed
thyroid antigens. This T cell activation can then induce the formation of CD8+ cells
which are cytotoxic to thyroid cells and stimulate B cell secretion of autoantibodies
against a variety of thyroid antigens such as thyroglobulin, thyroid peroxidase, TSH

receptor and iodine transporter.
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Hashimoto thyroid patients typically present with a firm, painless goitre with some
degree of hypothyroidism. Glands generally weigh less than 100g but weights in excess
of 200g may be observed. The goitre is normally symmetric and diffuse but may raise
suspicion of neoplasm. Patients are also at increased risk of developing B-cell
lymphomas. Histologically, there is extensive infiltration of the parenchyma by a
mononuclear inflammatory infiltrate containing lymphocytes, plasma cells and often
germinal centres (see Fig 1.3). Thyroid follicles are small with little or no colloid, and are
lined in many areas by enlarged, eosinophilic and granular epithelial cells termed Hiirthle
cells. Fibrosis is common but generally does not extend beyond the capsule of the gland.
There is a less common fibrous variant (~10%) with associated severe hypothyroidism,

marked fibrosis and extensive loss of thyroid tissue. The fibrous variant is more common

in men than the classic variety, which occurs more often in women.

Figure 1.3 Low-power photomicrograph of Hashimoto thyroiditis.
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1.4.3.2 Subacute lymphocytic thyroiditis

Subacute lymphocytic thyroiditis, which is also known as painless thyroiditis, is a cause
(albeit uncommon) of hyperthyroidism. It usually comes to clinical attention due to a
mild hyperthyroidism, goitrous enlargement or both. It often occurs postpartum and may

recur in successive pregnancies. It is more common in women than men.

The origin of this disease and its place in the spectrum of thyroiditis is unclear. Some
consider it a variant of Hashimoto thyroiditis, others, a precursor. Subacute thyroiditis
also has elevated levels of autoantibodies to thyroid antigens such as thyroglobulin and
thyroid peroxidase. Histologically, there is a multifocal inflammatory infiltrate composed
of small lymphocytes and patchy disruption and collapse of thyroid follicles. There may
be some degree of germinal centre formation, but without atrophy. There is no Hiirthle

cell change or fibrosis.

1.4.3.3 Granulomatous thyroiditis

This rare disease is also known as DeQuervain thyroiditis. It is most common in 30 to 50
year olds with a HLA-B35 subtype, and is once again more likely to affect women than
men (3 to 5:1). Granulomatous thyroiditis is believed to be caused by a viral infection.
Patients present with a painful thyroid enlargement, general fever and malaise, and many
will have a recent history of an upper respiratory infection. It is suggested that a viral
infection leads to a corresponding viral antigen being presented by macrophages in the

context of HLA-B35. This leads to the formation of cytotoxic T cells that damage the
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thyroid follicular cells. Because the immune response is not self-perpetuating, the process
is limited and most patients become euthyroid after a few months. Occurrence is seasonal

and tends to peak during summer months.

Histologically, scattered follicles are entirely disrupted and replaced by neutrophils
forming microabscesses early in the disease. Later, the more characteristic features occur
consisting of aggregations of lymphocytes, histiocytes and plasma cells around damaged
thyroid follicles. Multinucleate giant cells enclose fragments of colloid (see Fig 1.4). In
the latter stages of the disease, chronic inflammatory infiltrate and extensive fibrosis may

replace the foci of injury.

Figure 1.4 Granulomatous thyroiditis with its associated multinucleated giant cells.
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1.4.4 Neoplasms of the thyroid

Thyroid cancers account for a small proportion of all thyroid masses and account for less
than 0.5% of all cancer deaths. However, thyroid nodules occur frequently, with their
incidence being about 2 to 4% in iodine sufficient populations. Nodules are 4 times more
frequent in females and their incidence increases with age. The possibility of cancer in
patients with thyroid nodules is therefore an important issue. Fortunately, the vast
majority of nodules prove to be benign lesions such as nodular hyperplasias and simple
cysts. When nodules prove to be neoplastic, the majority of these (>90%) turn out to be
adenomas. Less than 1% of solid thyroid nodules reveal a diagnosis of carcinoma. Of
those that do, most are indolent with a 90% survival rate even at 20 years. The following
sections detail the major thyroid neoplasms, both adenoma and carcinoma, in their

various forms and variants.

1.4.4.1 Adenoma

With rare exceptions, adenomas of the thyroid are derived from follicular epithelium and
may be referred to as follicular adenomas. They are an encapsulated neoplasm composed
of a collection of follicular epithelium that usually shows a uniform architecture.
Clinically, they can be difficult to distinguish from both follicular hyperplasia at one end

of the spectrum, and follicular carcinoma at the other end.

Histologically, follicular adenomas display a vast variety of patterns depending on the

degree of follicle formation and their corresponding colloid content. Varieties include

trabecular, microfollicular, macrofollicular, normofollicular and Hiirthle cell. Despite
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their different patterns however, they all behave similarly. The follicles are typically
smaller than those of surrounding parenchyma. The lesions have a thin capsule which
contrasts to the thicker variety observed in follicular carcinomas. In the absence of
trauma (such as fine needle aspiration biopsy (FNAB)), mitotic activity and necrosis are
both low. Variation in nuclear size may be observed and atypical cells are often present.
The most important aspect of histological evaluation remains the elimination of
malignant potential. For this reason the capsule must be carefully examined for evidence
of invasion and for the presence of vascular invasion. Although the presence of nuclear
atypia, mitotic activity and necrosis may be indicative of malignancy, these features are

not truly diagnostic.

Figure 1.5 Follicular adenoma of the thyroid.
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1.4.4.2 Papillary thyroid carcinoma

PTC is the most common type of thyroid malignancy (75-85%). They can occur at any
age but the mean year of diagnosis is 40 years old. Females are more commonly affected
than males. Most thyroid malignancies in children are of this type. A high incidence of
PTC is found in patients with Gardner syndrome and Cowden disease. The association of
radiation, in particular during childhood, with the development of PTC is well
documented. The prognosis for patients with PTC is more favourable than that of FTC

but worsens with increasing age at diagnosis.

Most PTCs present as thyroid nodules or as a mass in a cervical lymph node. The gross
appearance of PTC is more variable than other follicular neoplasms. They can be solitary
or multifocal lesions and can be encapsulated or infiltrate surrounding parenchyma.

Lesions can contain areas of fibrosis and calcification and are often cystic.

Microscopically, classic PTC has very distinctive hallmarks marking it apart from other
thyroid neoplasms. Most PTC possess branching papillae (see Fig. 1.7) with a
characteristic core and epithelium. The core consists of dense, darkly eosinophilic
connective tissue in which focal calcification occurs, resulting in psammoma bodies. The
presence of psammoma bodies in a histological sample is strongly suggestive of occult
PTC. The epithelium covering the papillae consists of well-differentiated, orderly,
cuboidal to columnar cells. The nuclei of these cells have finely dispersed chromatin
condensed at the nuclear membrane and often show longitudinal grooving and inclusions.

These changes combine to give the nuclei an optically clear appearance, giving rise to the
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designation ground-glass or “Orphan Annie” nuclei (see Fig. 1.7). Another prominent
feature of PTC is dense fibrosis and scarring. An expanding number of variants of PTC

have been described and are addressed in the following section.

Figure 1.6 Classic PTC illustrating branching papillae and nuclear features.

Papillary microcarcinoma

Papillary microcarcinomas are found frequently in thyroids removed for other reasons
and in autopsy studies. Unlike other thyroid carcinomas it is more common in men than
women. Most measure less than 1cm in diameter and some have a stellate appearance.
Some have been found to be encapsulated. Metastasis is rare and prognosis is extremely

good.
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Follicular variant

The prevalence of this lesion is unknown due to the fact that it is often misdiagnosed as
FTC. They have the same prognosis as classic PTC, with metastases that are nodal, not
distant and often show papillary morphology as opposed to the follicular morphology of
the primary tumour. Follicular variant of PTC is characterised by a predominantly
follicular architecture associated with the nuclear changes observed in classic PTC (see
Fig. 1.8). They are similar to classic PTC in that they are infiltrative and generally not

encapsulated.

Figure 1.7 Follicular variant of PTC
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Encapsulated variant

This variant accounts for approx. 10% of all papillary neoplasms. Tumours are confined
to the thyroid gland and are completely encapsulated. Morphology and nuclear features
are identical to those described in the classic or follicular variants. The incidence of
distant metastasis or tumour death is exceedingly rare and prognosis is excellent. These

lesions were previously known as papillary adenomas.

Tall and columnar cell variants

Tall cell variant is an unusual type of PTC and is often more aggressive than its classic
family member. The tumour consists of tall, columnar cells (twice as tall as they are
wide) with intensely eosinophilic cytoplasm covering the papillary structures. Tumours
are large with vascular invasion and are often responsible for local and distant metastases
and the clinical course is said to be more aggressive. The pattern of growth is highly
papillary although the nuclei lack the features observed in other papillary carcinomas.
There is often florid lymphocytic infiltration of the stroma. This variant tends to affect

men and older patients (>20 years older) than that of classic PTC.

In the columnar cell variant there is prominent nuclear stratification and the cytoplasm is
clear as opposed to acidophilic (see Fig. 1.9.). This entity, although very rare, initially
was thought to have very poor prognosis. Recent work suggests it may have a more

indolent prognosis.
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Figure 1.8 Tall cell (L) and columnar cell (R) variants of PTC

Solid variant

Papillary carcinomas can exhibit a solid growth pattern. The pattern is usually focal with
no more than 25% of the tumour growth being of this type. A diagnosis of solid variant is
only applied if greater than 50% of the neoplasm displays this pattern. These lesions are
more common in children and although usually rare, have been reported in up to 30% of
PTC resulting from the nuclear accident at Chernobyl. Histologically, classic PTC nuclei
should be seen. Its prognosis is unclear with contradictions in the literature but is

generally thought to be less favourable than classic PTC, especially in children.
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Oncocytic variant

This variant consists of oxyphilic/oncocytic cells with the nuclear features of PTC. Its
diagnosis can be further complicated by the fact that the growth pattern can be papillary
or follicular and the tumour can be encapsulated or invasive. These multiple variables
result in a high number of diagnostic combinations for the investigating pathologist (i.e.
papillary encapsulated oncocytic variant of PTC or follicular invasive oncocytic variant

of PTC, etc.).

Diffuse sclerosing variant

This variant occurs more frequently in younger patients and is often mistaken for
Hashimoto thyroiditis. It is characterised by the involvement of one or both lobes, dense
sclerosis, an abundance of psammoma bodies, extensive solid foci, squamous metaplasia,
extensive lymph vessel permeation and heavy lymphocytic infiltration. Survival rates are

lower than that of classic PTC and nodal, lung and brain metastases are common.

Cribriform-morular variant

This variant is associated with mutations of the APC gene and is therefore generally
syndromic, although somatic cases can occur. It is usually found in young women.

Tumours have a cribriform pattern of growth with morular formations.
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1.4.4.3 Follicular thyroid carcinoma

By its definition, follicular thyroid carcinoma (FTC) is a malignancy derived from the
follicular epithelium of the thyroid. FTC represents approx. 15% in its incidence rate of
all thyroid malignancies and is second only to papillary thyroid carcinoma (PTC). Its
incidence in areas of endemic goitre and iodine deficiency is elevated. FTC, as with most
thyroid malignancies, is most often seen in females and patients are usually older (~10
years) than those of papillary carcinoma, with a peak in the forties and fifties. Its
incidence worldwide is somewhat blurred due to the fact that many still incorrectly
diagnose follicular variant of PTC as FTC. FTCs typically present as slowly enlarging,
painless nodules. Unlike PTC, they have little tendency to invade lymphatic vessels and
more commonly metastasise using vascular channels with spread to bone, lungs, liver and

elsewhere.

Grossly, FTC is grey-tan-pink, fleshy and is sometimes semi-translucent when large
colloid-filled follicles are present. Fibrosis and calcification are common observations.
Histologically, most FTCs resemble normal thyroid with uniform cells forming small
follicles containing colloid. Some may be dominated by Hiirthle cells and others may
seem less differentiated. The nuclear features of PTC and psammoma bodies are absent.

There is frequent extensive invasion of surrounding thyroid parenchyma.
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Figure 1.9 Encapsulated FTC demonstrating capsular and vascular invasion

FTCs are divided into 2 variants: encapsulated FTC and widely invasive FTC. The

former carries a relatively good prognosis with little chance of metastasis and a low

mortality rate. Patients with widely invasive FTC usually develop metastatic disease and
the mortality rate much higher at 20-50%.
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1.4.4.4 Insular/poorly differentiated carcinoma

These tumours are of follicular origin and are given their own category due to the fact
that they have survival rates between those of well-differentiated and anaplastic
carcinomas. Their incidence varies with geographic location. Patients are usually older

than those with well-differentiated lesions.

Lesions are typically large with multifocal necrosis. They are not normally encapsulated
and often invade into surrounding thyroid tissue and even into perithyroid tissue.
Histologically, poorly differentiated carcinoma is characterised by the presence of solid
nests (insulae) of cells that are separated by a loose network of connective tissue. Cells
are small with round nuclei and scant cytoplasm. Tumour necrosis is a feature and occurs
in a peritheliomatous pattern (see Fig. 1.10). Vascular invasion and mitotic activity are

often observed.

Lesions are aggressive and spread via lymphatic and vascular routes. Metastases are most

commonly found in node, lung and bone.
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Figure 1.10 Poorly differentiated carcinoma of the thyroid

1.4.4.5 Anaplastic thyroid carcinoma

Anaplastic thyroid carcinomas (ATC) are undifferentiated tumours of thyroid follicular
epithelium. They are high-grade neoplasms with highly aggressive courses and death
usually occurs within 3 months of diagnosis. They are usually seen in elderly women
(>60 years old). Patients frequently have a history of goitre, prior or concurrent well-
differentiated carcinoma (in particular PTC). This has lead to the assumption that ATC is
a progression of well-differentiated carcinoma, consequent with additional genetic

insults.
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ATCs present as rapidly enlarging neck masses. Most have already spread to adjacent
neck structures and/or the lungs at presentation. Lesions are often associated with
extensive hemorrhage and necrosis. Microscopic appearance varies considerably although
there are 3 main morphologies observed: giant cell, spindle cell and squamoid ATC.
Many cases show a variety of cell types but tumours are generally composed of bizarre,
mitotically active cells. There is extensive tissue destruction due to follicular invasion and

lesions may be almost completely necrotic.

1.4.4.6 Medullary thyroid carcinoma

Medullary thyroid carcinomas (MTCs) are tumours derived from calcitonin-producing
parafollicular cells (C cells). They are rare tumours, accounting for less than 10% of all
thyroid malignancies. The tumours are sporadic in 80% of cases with the remainder
occurring in the setting of multiple endocrine neoplasia (MEN) type IIA or IIB, or as
familial tumours without MEN. Sporadic and MEN lesions are aggressive, tend to

metastasise via the bloodstream and have a 5-year survival rate of only 50%.

Large lesions may contain areas of necrosis and hemorrhage. Histologically, MTCs are
composed of polygonal to spindle shaped cells, which can form nests, trabeculae and
even follicles. Nuclei have a “salt and pepper” chromatin pattern and there are often

differences in nuclear size.
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1.5 Molecular pathology of thyroid cancer

Carcinogenesis is widely accepted as a multi-step process requiring certain genetic events
to convert normal cells to transformed cells. It is believed that a typical cancer requires 6
to 7 deleterious genetic events over a period of 20 to 40 years to manifest. Thyroid
carcinogenesis follows this progression model. The genes responsible for neoplastic
change can be categorised into broad functional groups: oncogenes and tumour

Suppressor genes.

Oncogenes result from mutations in, or over-expression of, proto-oncogenes, resulting in
their uncontrolled activation. Proto-oncogenes have dedicated normal cellular functions
and are typically cell surface receptors or members of their corresponding signal
transduction pathways. Tumour suppressor genes result from loss of heterozygosity
(LOH) at a particular allele. Comparison of genomic and tumour DNA is used to identify

tumour suppressor genes in LOH studies on cancer.

The majority of mutations in thyroid tumours are somatic, however germline mutations
do exist. They occur in familial cancer syndromes such as MEN II. Germline mutations
typically predispose individuals to thyroid malignancy, which is precipitated by
additional somatic mutations. Typical genes involved in thyroid tumorigenesis are

described below.
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1.5.1 ret/PTC

The most common genetic alterations detected in papillary thyroid carcinomas are those
pertaining to the ret/PTC group of oncogenes. Fusco et al. (1987) initially isolated a novel
oncogene from PTCs and their lymph node metastases by demonstrating transforming
activity using DNA transfection analysis on NIH 3T3 cells. It was subsequently
demonstrated that this oncogene (then called PTC) was in fact a rearranged form of the

RET proto-oncogene (Grieco et al., 1990).

1.5.1.1 RET proto-oncogene

The RET proto-oncogene (10q11.2) is a member of the receptor tyrosine kinase family of
proteins which are typically cell surface molecules responsible for signal transduction of
mitotic/differentiation stimuli (see Fig 1.11). Its ligands are neurotrophic factors of the
glial-cell line derived neurotrophic factor (GDNF) family, including GDNF, neurturin,
artemin and persefin. The receptor is expressed in a tissue and developmental stage-
specific manner, but primarily in neural crest and urogenital precursor cells. Gene
ablation studies have shown it to be essential in the development of the enteric nervous
system and kidney during embryogenesis (Schuchardt et al., 1994; Taraviras et al., 1999;

Enomoto et al., 2001).

RET (REarranged during Transfection) was initially cloned as a chimeric oncogene
during a classic NIH 3T3 transformation assay (Takahashi et al., 1985). Mutations (both
germline and somatic) in the RET proto-oncogene are associated with several diseases

including multiple endocrine neoplasia, types IIA and IIB (MEN2A and MEN2B),
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Hirschsprung disease, and medullary thyroid carcinoma. Like most receptor tyrosine
kinases, RET has the ability to activate a variety of signalling pathways, including
Ras/Raf/MEK/ERK, phosphatidylinositol 3-kinase (PI3K)/AKT, p38 MAPK and c-Jun

N-terminal kinase (JNK) pathways.

Lamellipodia

v
! L FAK
ERK1/2 l l

CleB —y Cell Sur\iival <«—— NFxB  Focal Adhesion
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Figure 1.11 RET signalling

Figure illustrating the multitude of pathways that RET can use to effect its stimulus by
GDNF, including the Ras/Raf/ERK/MEK pathway (adapted from Takahashi M. The
GDNF/RET signaling pathway and human diseases. Cytokine Growth Factor Rev. 2001
Dec;12(4):361-73).
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1.5.1.2 ret/PTC oncogenes and thyroid cancer

The ret/PTC oncogenes are the activated forms of the RET proto-oncogene. They are
formed as a result of gross chromosomal rearrangements which result in the fusion of the
tyrosine kinase domain of RET to another donor gene and until recently were thought to
be exclusive to papillary thyroid carcinoma (Sheils et al., 2000). The membrane-
anchoring and extracellular ligand-binding domains of RET are lost as a result of this
fusion, while the 5’ sequences that donate their promoters become juxtaposed to the RET
tyrosine kinase domain. In their native form, each protein acting as a donor in the
generation of a RET chimera, is ubiquitously expressed. Thus, all ret/PTC oncogenes are
i) ubiquitously expressed due to the inheritance of a new 5’ promoter, ii) cytoplasmic due
to the loss of their transmembrane domains and iii) constitutively activated due to
oligomerisation of the oncoprotein and subsequent tyrosine phosphorylation leading to

ligand-independent tyrosine kinase activity.

Nine variants of ret/PTC have been described to date in papillary carcinoma. The
variants, their respective gene fusion partners and the chromosomal rearrangement
leading to their creation are listed in table 1. ret/PTC-1 is by far the most commonly

observed variant, accounting for approximately 70% of all ret/PTC oncogenes detected.

Studies have shown sporadic ret/PTC detection rates to vary from 2.5% to as high as 85%
depending on geographical location and the detection methods used (Santoro et al., 1992;
Zou et al., 1994; Sugg et al., 1996; Chua et al., 2000; Sheils et al., 2000). The typical

detection rate for most western countries is a more moderate 10-35% however. Consistent
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high prevalences of ret/PTC rearrangements (60-70%) have been observed in PTC among
children in the areas affected by the Chernobyl nuclear disaster (Fugazzola et al., 1995;
Klugbauer et al., 1995; Nikiforov et al., 1997; Rabes et al., 2000). In contrast to sporadic
adult PTCs, ret/PTC-3 is by far the most prevalent rearrangement detected in these

children (3:1 ratio of ret/PTC-3 to ret/PTC-1).

The different types of ret/PTC rearrangements are thought to reflect phenotypic
differences in neoplastic thyroid cells. ret/PTC-3 rearrangements are more often
associated with the solid/follicular variant of PTC, whereas ret/PTC-1 are more common
in the classic papillary type (Thomas et al., 1999; Finn et al., 2003). Moreover, ret/PTC-1
and ret/PTC-3 appear to be associated with post-Chernobyl PTCs of long and short

latency, respectively (Smida et al. 1999).
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RET rearrangement

Fusion partner

Introduction

Causative event

ret/PTC-1 H4 (D10S170) | paracentric inversion 10q
ret/PTC-2 PRKARIA 10;17 translocation
ret/PTC-3 NCOA4 (ELEIl) | paracentric inversion 10q
ret/PTC-4 NCOA4 (ELEI1) | paracentric inversion 10q
ret/PTC-5 GOLGAS 10;14 translocation
ret/PTC-6 TIF1A 10;7 translocation
ret/PTC-7 TIF1G 10;1 translocation
ret/PTC-8 KTNI1 16;14 transiocation
ret/PTC-9 RFG9 10;18 translocation

Tablel.1 ret/PTC rearrangements

Table illustrating some of the most common ret/PTC rearrangements, their corresponding
fusion partners and the proposed means of fusion (including the normal chromosomal

location of the donor gene).

1.5.2 TRK

The proto-oncogene trk is similar to ret in that it encodes a cell surface tyrosine kinase

receptor. It binds nerve growth factor (NGF) and is involved in the cytoskeleton. Its

native expression is restricted to nerve ganglia and like ret, its oncogene is activated by

chromosomal rearrangements that result in a chimeric protein. Similar to the ret/PTC

paradigm, the 3’ tyrosine kinase domain of trk becomes juxtaposed to the 5’ promoter

region of a ubiquitously expressed gene resulting in constitutively active tyrosine kinase
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activity. The 5’ donor genes are non-muscular tropomyosine (TPM3) gene, translocated
promoter region (TPR) gene and TRK-fused gene (TFG) resulting in TRK-T1, TRK-T2

and TRK-T3 respectively.

As is the case with ret/PTC, the trk oncogenes are restricted to PTC. Their prevalence

however is much lower, with detection rates generally less than 10%.

1.5.3 RAS

The RAS proteins, which consist of 3 subtypes (H-, K- and N-RAS), are a group of
21kDa G-proteins that function in signal transduction pathways by hydrolysing GTP to
GDP. The native proteins exist in two states: an inactive form which is bound to GDP and
an active form which is anchored to the inner plasma membrane and has GTPase activity.
Their function is to modulate extracellular signalling from receptor tyrosine kinases such
as EGFR to a cascade of mitogen activated protein kinases (MAPKSs). The ultimate

products in this cascade act upon nuclear transcription factors such as c-fos and c-jun.

The ras oncogenes are a result of point mutations within a few select codons: 12 and 13
in the GTP-binding domain and 59 and 61 in the GTPase domain (Namba et al., 1990;
McCormick et al., 1994). The result of these mutations is constitutive activation and
hence an inappropriate nuclear transcriptional signal. Ras oncogenes are the most

prevalent oncogenes in human cancers, being detectable in up to 30% of all cancers.
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The role of ras mutations in thyroid tumour progression is unclear with conflicting
literature. It is believed however that ras mutations are more commonly found in FTC
than PTC and in tumours arising in iodine-deficient areas. Activated ras has been
reported previously across the entire spectrum of thyroid disease from thyroid nodules to
ATC with varying detection rates (Lemoine et al., 1987; Wright et al., 1989; Said et al.,
1994; Ezzat et al., 1996). It is thought that the prevalence in carcinomas is higher than
that in benign tumours (Lemoine et al., 1987; Karga et al., 1991). Ras mutations are

thought to indicate poor prognosis in PTC (Hara et al., 1994).

1.5.4 BRAF

Following on from RAS proteins are the RAF kinase proteins, a family of homologous
cytoplasmic serine/threonine protein kinases which are regulated by ras binding. RAF
kinases are proto-oncogenes that function in the mitogen-activated protein
kinase/extracellular-signal-regulated kinase (MAPK/ERK) pathway, an important
membrane to nucleus signalling module. The pathway is involved in all of the
characteristics that define cancer cells: immortalisation, mitogen-independent growth,
insensitivity to inhibitory signals, invasion and metastasis, angiogenesis, evasion of
apoptosis and even resistance to therapy. The pathway is thought to be implicated in up to

30% of all human neoplasms.

Three RAF isoforms exist: A-RAF, B-RAF and C-RAF (RAF-1). Of these BRAF is the

most extensively studied. Mutations adjacent to the activating component of the kinase

domain mimic phosphorylation of the protein leading to elevated, RAS-independent
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kinase activity. The most common of these mutations is a T1799A missense mutation
resulting in a valine to glutamic acid substitution at amino acid position 600 (V600E).
Mutations in the BRAF gene have been described in a variety of human neoplasms with

its highest incidence in melanoma and nevi (~80%) (Pollack et al., 2002; 2003).

Recent results suggest that BRAF mutations are common events in PTC with detection
rates being higher than those of ret/PTC. The mutations have not been detected in any
other type of thyroid neoplasm apart from poorly differentiated/undifferentiated
carcinoma arising from PTC. BRAF mutations and ret/PTC oncogenes have also been
generally shown to be mutually exclusive. These issues and RAF kinases in general are

discussed in detail in chapter 5.

1.5.5 MET

MET is the tyrosine kinase transmembrane receptor for hepatocyte growth factor/scatter
factor (HGF/SF). HGF/SF is a powerful mitogen and stimulus for thyroid proliferation.
The oncogene can be constitutively activated by several methods including
overexpression, gene amplification and mutational change. MET overexpression is
usually found in PTC and ATC and to a lesser extent in FTC (Di Renzo et al., 1991). It is
not normally detectable in benign/normal tissues. Met activation may occur via a
paracrine mechanism, as C cells are known to secrete HGF/SF. The relationship between

met expression and tumour aggressiveness/metastasis is currently unclear.

40



Chapter 1 Introduction

1.5.6 MYC

The c-myc proto-oncogene encodes a transcription factor for genes involved in growth
and differentiation. C-myc expression normally declines with cell cycle progression and
is shut off completely following full differentiation and growth arrest. It is also thought to
play a role in apoptosis. Oncogenic activation leads to up-regulation of MYC, which has

been detected in many human cancers including thyroid (Terrier et al., 1988).

1.5.7 p53

Mutations of the tetrameric nuclear phosphoprotein transcription factor p53 are probably
the most common genetic aberrations found to date in human cancer. The tumour
suppressor gene (17p13) is an archetypal checkpoint regulator. Its main functions are cell
cycle arrest to allow damaged DNA repair and inducing damaged cells to undergo
apoptosis prior to division. p53 inactivation is typified by loss of one allele followed by
point mutation of the remaining allele. p5S3 mutations are considered late events in the

sequence of human carcinogenesis.

The prevalence of p53 mutations in PTC varies depending on tumour type (Zou et al.,

1993). Mutations are found at a much higher level in poorly/undifferentiated thyroid

carcinoma due to the fact that it is a late event (Fagin et al., 1993).
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1.5.8 PTEN

PTEN (10g23.3) is a protein tyrosine phosphatase and exerts its tumour suppressor effect
by antagonising tyrosine kinase activity. It is known to act on the phosphoinositide 3-
kinase (PI3K) and the Akt/PKB pathways. The gene is deleted in Cowden syndrome
(CS), an autosomal dominant condition characterised by the formation of hamartomas in

several organs and a high risk of breast and thyroid cancer.

Somatic PTEN mutations are rare in primary thyroid tumours, however hemizygous

deletion has been found to occur in 10-20% of adenomas and carcinomas. Hemizygous

deletions can be detected in up to 60% of ATC.
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1.6 Aims and objectives
The overall aim of this study was to search for prognostic markers in papillary thyroid
carcinoma. Specific objectives were:

1) to examine expression of the cellular adhesion molecule, E-cadherin, in
various thyroid tumour types and Hashimoto thyroiditis in the context of
ret/PTC-1 positivity.

i) to examine the expression of E-cadherin’s ligands, B- and 7y-catenin, in
various thyroid tissue types in the context of ret/PTC-1 positivity.

1) to assess the frequency of the T1799A BRAF mutation in a panel of
thyroid tissues and its relation to ret/PTC oncogenes.

1v) to analyse the expression profile of thyroid carcinoma cell lines in order to
describe the pathobiology of thyroid carcinoma and identify potential

biomarkers and therapeutic targets.
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Chapter 2 Materials and methods

2.1 Introduction

This chapter is a comprehensive account of all the methodologies employed in this
thesis, accompanied by background information on some of the newer techniques.
Several of the techniques are used in a number of chapters. Where this occurs, the full
description of the technique is restricted to this chapter, with specifics (e.g.

primer/probe sequences) appearing in their relevant chapters only.

2.2 Laser capture microdissection

Laser capture microdissection was carried out on formalin fixed paraffin embedded
(FFPE) material using the PixCell®II LCM System (Arcturus Engineering, Inc., CA,
USA). Briefly, 4-7um FFPE histological sections were cut and stained with a standard
hematoxylin and eosin (H&E) stain. Upon drying they are placed on the PixCell®II

microscopic stage and the following protocol is observed:

- Enable the laser via the keyswitch located on front of controller.

. Remove the CapSure® cassette module from the PixCell®II platform. It
should slide out smoothly over the detents.

« Press down on the flanges of the cassette module. Press the end locking pins in
to hold the plate down in the load position.

« Slide a CapSure® cartridge, which holds four film carriers, into the cassette
module until it hits a stop. The cassette loads from one end only.

« If more than four caps are required, load a second cartridge in the same

manner, making sure there is no space between the two loaded cartridges.
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« Press down on the flanges of the loaded cassette. Retract the locking pins and
gently raise the cassette to its loaded position.

« The cartridge is now ready to be loaded into the PixCell®IIL.

« Slide the loaded CapSure® cassette module to any detent position.

« After LCM, when the CapSure® cartridges are empty, press down on the plate
and lock into position by pushing the locking pins in. Carefully slide out the
spent cartridges and discard.

« Move the joystick to the vertical position. This centres the translation stage, on
the optical axis and ensures proper registration of the sample slide relative to
the capture area. This also maximises the transfer area available for
microdissection.

« Turn off the vacuum chuck via the switch located on the front of the
controller.

« Place the slide on the translation stage, covering the vacuum chuckhole.
Manually position it to locate the transfer area in the centre of the field of
view.

« Choose the appropriate objective for the desired magnification. Turn on the
vacuum chuck.

« Adjust illumination control.

o Adjust focus control.

» Rotate the CapSure® placement arm over the tissue sample.

. Insert the visualiser by pressing the silver plunger button located above the
joystick.

« Adjust the microscope light source to obtain a good image on the monitor.
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« To perform a microdissection, retract the visualiser by pressing the tab located

below the plunger button, and re-adjust the microscope light source.

« Slide the CapSure® cassette module to a detent position, making sure there is

a CapSure® cap at the load line.

« Rotate the placement arm to the cap pick-up position. The arm will

automatically line up with the cap.

« Raise the placement arm vertically to remove the cap from the cassette

module.

« Rotate the placement arm to transfer position over the slide. Release the

placement arm. The cap will automatically lower onto the slide. Upon contact

with the slide, the placement arm will seat the cap properly on the sample.

When the laser is enabled, an aiming beam is visible on the monitor.

« Select the laser spot size with the ‘Spot Size Adjust’ located on the left of the

laser tower.

« Use the joystick or the XY controls to aim the laser beam on the capture

region.

Use the front panel digital controls on the controller to adjust laser parameters.

Typical values are:

Spot Size Power Duration
<7.5 pm 40mW 450us
~15 um 25mW 1.5ms
~30 um 20mW Sms

55



Chapter 2 Materials and methods

« Fire the laser by pressing the remote thumb switch or the ‘fire’ button on the
front of the controller.

« There is an audible beep when the laser fires. The activated portion of the
transfer film will be visible as a ring of film fused to the tissue.

« Use the joystick to move to other areas in the tissue and capture other cells of
interest.

. To remove the captured tissue, lift the placement arm in a smooth but swift
motion.

«  With the cap in place, lift and rotate the placement arm to the unload platform.

« Lower the placement arm onto the unload platform — dropping the cap into the
extraction slot.

« Rotate the placement arm to the rest position. The cap will be extractred form
the arm and suspended in the unload platform.

« Slide the cap insertion tool onto the unload platform. Make sure the open end
of the insertion tool faces the suspended cap and the groove fits over the guide
rail.

« Slide the insertion tool down the groove until the cap is engaged.

« Remove with cap attached.

« Insert cap into 0.5ml reagent tube.

« Press down firmly to ensure an even seal.

Continue extraction according to appropriate protocol.
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1 Place cap on tissue

*T

2 Pulse laser at target cells

4 Extract molecules from target cells

Figure 2.1 The laser capture microdissection process
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2.3 Tissue culture of thyroid carcinoma cell lines
Several thyroid cell lines were grown throughout this thesis, both for the purposes of
analysis of the cells themselves and for the provision of controls for other areas of the

thesis.

2.3.1 Cell lines

Nthy-ori 3-1 (ECACC, Wiltshire, UK) is a normal thyroid follicular epithelial cell
line. The cell line is derived from normal thyroid tissue of an adult that has been
transfected with a plasmid encoding for the SV40 large T gene. This cell line is used

as a normal reference throughout this thesis.

TPC-1 is a cell line derived from a papillary thyroid carcinoma. This cell line

expresses the ret/PTC-1 oncogene and is used as a control in TagMan® experiments.

B-CPAP (DSMZ, 38124 Braunschweig, Germany) is a human thyroid carcinoma cell
line that was established from the thyroid tissue of a 76-year-old woman with
metastasising PTC in 1992. This cell line is a homozygous mutant for the BRAF

T1799A mutation.

8505C (DSMZ, 38124 Braunschweig, Germany) is a cell line that was established
from the primary tumor of a 78-year-old woman with thyroid carcinoma
(undifferentiated carcinoma, histologically a largely papillary adenocarcinoma with
some spindle, polygonal and giant cells). It has a CG to GC transversion at the first

base of p53 gene codon 248, and LOH studies show it to have allelic deletion of the
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p53 gene. The 8505C cell line also harbours the homozygous BRAF T1799A

mutation.

Other cell lines used include: HTH74, an undifferentiated thyroid carcinoma cell line
with wild-type BRAF; KAT4, an undifferentiated thyroid carcinoma cell line with
heterozygous BRAF T1799A mutation; and KAT10, a papillary thyroid carcinoma

cell line with heterozygous BRAF T1799A mutation.

2.3.2 Culture and passage

All cell lines were grown to confluence in a humidified atmosphere containing 5%
CO, at 37°C in the following plating medium: RPMI 1640 with 2mM L-glutamine,
10% Foetal calf serum (FCS), Penicillin (100U/ml) and Streptomycin (100ug/ml).

The exception to this was TPC-1, which replaced RPMI 1640 with DMEM.

Medium was removed and confluent monolayers were washed with sterile PBS.
Trypsin/EDTA was added and flasks were returned to the 37°C incubator. Flasks
were examined by phase microscopy every 2-3min to assess cell detachment. Flasks
were lightly tapped to encourage the release of cells from the plastic surface. When
>90% of cells were detached an equal volume of Trypsin Neutralising Solution (TNS)
was added. Cells were then pelleted (Smin @ 1000rpm). New flasks were

subsequently seeded with the trypsinised cells with a 1:4 to 1:6 ratio.
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2.3.3 Cryopreservation

Where cryopreservation was required, trypsinised cells were aliquoted into 1.5ml
eppendorfs and centrifuged at 1,000rpm for 1 min. The supernatant was removed and
the cells were resuspended in 1ml of freezing medium (DMEM/RPMI 1640 medium
containing 20% FCS and 10% dimethylsulphoxide (DMSO)). Freezing medium was
transferred to 2ml cryovials and the vials were placed on ice for 10min, then at -20°C
for 20min. Vials were stored overnight in an -80°C freezer. Vials were then

transferred to a liquid nitrogen storage tank for long-term storage.

2.4 Nucleic acid extraction

Throughout this thesis various analyses were carried out on nucleic acids from a
variety of thyroid tissue types stored in different formats (e.g. fresh frozen, FFPE,
etc.). The extraction protocol employed was largely dictated by the quantity and

quality of nucleic acid required and by the format of the starting tissue.

The extraction of pure, intact RNA is important in a variety of molecular biological
techniques, and is essential for gene expression analysis. Ribonucleases however can
cause difficulty with RNA isolation because they are very stable, active enzymes that
require no cofactors for enzymatic activity. Cell lysis in an environment that causes
denaturation of ribonucleases is therefore essential. So too is adequate
decontamination of work surface areas, solutions and plastic disposables. DNA
extraction need not be as stringent, as simple resuspension with a chelating agent
confers nuclease protection to the molecule, however it is wise to be consistent with

precaution.
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2.4.1 Extraction of RNA from FFPE
This was generally performed on sampies following LCM. The PURESCRIPT® total
RNA isolation kit (Gentra Systems Inc., MN, USA) was utilised for this function,

with slight modifications.

Cell lysis

e Perform microdissection and place cap in a 0.5ml microfuge tube containing
300ul Cell Lysis Solution and 1.5ul Proteinase K solution (20mg/ml).

e Incubate overnight at 55°C with constant agitation (i.e. a rotary oven).

Protein-DNA precipitation

e Transfer solution to a fresh 1.5ml microcentrifuge tube and add 100u1 Protein-
DNA Precipitation Solution to the cell lysate.

e Invert tube gently 10 times and place tube into an ice bath for 5 minutes.

e Centrifuge at 13,000-16,000 x g for 3 minutes. The precipitated proteins and
DNA will form a tight pellet.

e (optional) Transfer the supernatant to a fresh tube and repeat ice incubation

and centrifugation steps.

RNA precipitation

e Pipette the supernatant containing the RNA (leaving behind the precipitated
protein-DNA pellet) into a clean 1.5ml microcentrifuge tube containing 300ul
100% isopropanol (2-propanol) and 0.5l glycogen (20mg/ml).

e Mix the sample by inverting gently 50 times and incubate @ -20°C for 1 hour.
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e Centrifuge at 13,000-16,000 x g (@ 4°C if possible) for 3min; the RNA will
be visible as a small, translucent pellet.

e Pour off supernatant and drain tube on clean absorbent paper. Add 300ul 70%
ethanol. Invert the tube several times to wash the RNA pellet.

e Centrifuge at 13,000-16,000 x g for 1min. Carefully pour off the ethanol.

e Invert and drain the tube on clean absorbent paper and allow to air dry for 15

min.

RNA hydration
e Add 25pul RNA Hydration Solution.
e Allow RNA to rehydrate at least 30 minutes on ice. Alternatively, store RNA
sample at -70°C to -80°C until use.
e Before use, vortex sample vigorously for 5 seconds and pulse spin. Pipette
sample up and down several times to ensure adequate mixing.

e Store RNA sample at -70°C to -80°C.

2.4.2 Extraction of DNA from FFPE
This was generally performed on samples following LCM. The PUREGENE® DNA
isolation kit (Gentra Systems Inc., MN, USA) was utilised for this function, with

slight modifications.
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Cell lysis

e Perform microdissection and place cap in a 0.5ml microcentrifuge tube
containing 300ul Cell Lysis Solution and 1.5ul Proteinase K solution
(20mg/ml).

e Incubate overnight at 55°C with constant agitation (i.e. a rotary oven).

RNase treatment (optional)

e Add 1.5ul RNase A Solution (4 mg/ml) to the cell lysate.
e Mix the sample by inverting the tube 25 times and incubate at 37°C for 15-60

minutes.

Protein precipitation

e Cool sample to room temperature.

e Transfer solution to a fresh 1.5ml microcentrifuge tube and add 100ul Protein
Precipitation Solution to the cell lysate and vortex vigorously for 20s.

e Place tube into an ice bath for Smin.

e Centrifuge at 13,000-16,000 x g for 3min. The precipitated proteins will form
a tight pellet.

e (optional) Transfer the supernatant to a fresh tube and repeat ice incubation

and centrifugation steps.

DNA precipitation

e Pipette the supernatant containing the DNA (leaving behind the precipitated
protein pellet) into a clean 1.5ml microcentrifuge tube containing 300ul 100%

isopropanol (2-propanol) and 0.5ul glycogen (20mg/ml).

63



Chapter 2 Materials and methods

e Mix the sample by inverting gently 50 times and incubate @ -20°C for 1 hr.

e Centrifuge at 13,000-16,000 x g (@ 4°C if possible) for 5 minutes.

e Pour off supernatant and drain tube on clean absorbent paper. Add 300ul 70%
ethanol. Invert the tube several times to wash the DNA pellet.

e Centrifuge at 13,000-16,000 x g for 1 min. Carefully pour off the ethanol.

e Invert and drain the tube on clean absorbent paper and allow to air dry 15min.

DNA hydration
e Add 20ul DNA Hydration Solution.
e Allow DNA to rehydrate for 1 hr @ 65°C and/or overnight at room
temperature. If possible, tap tube periodically to aid in dispersing the DNA.

e Store DNA at 4°C. For long-term storage, store at -20°C or -80°C.

2.4.3 RNA extraction from thyroid carcinoma cell lines

When larger quantities of RNA were required, with higher purities, the RNeasy®
mini kit (Qiagen Ltd., West Sussex, UK) was used. With some of the more advanced
technologies used for gene expression analysis, like expression microarray
technology, such requirements are paramount. Microgram quantities are often
required for such experiments, as well as high quality poly-A RNA that is completely
free of both DNA and protein. The more traditional precipitation methods are
insufficient for such a task and a quicker spin column method with on-column DNase
digestion is usually employed.

6

e Following trypsinisation of cultured cells, pellet 3-4 X 10° cells by

centrifugation and remove supernatant.
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e Add 600ul Buffer RLT containing 1% B-mercaptoethanol and homogenise by
pipetting the lysate onto a QIAshredder spin column and centrifuging at
maximum speed for 2 min.

e Add 1 volume (600ul) of 70% ethanol to the homogenized lysate, and mix
well by pipetting. Do not centrifuge.

e Apply up to 700ul of the sample, including any precipitate that may have
formed, to an RNeasy mini column placed in a 2 ml collection tube (supplied).
Close the tube gently, and centrifuge for 15s at >10,000 rpm. Discard the flow
through. If the volume exceeds 700ul, load aliquots successively onto the
RNeasy column, and centrifuge as above. Discard the flow-through after each
centrifugation step.

e Pipette 350ul Buffer RW1 into the RNeasy mini column, and centrifuge for
15s at >10,000rpm to wash. Discard the flow-through.

e Add 10ul DNase I stock solution to 70ul Buffer RDD. Mix by gently inverting
the tube.

e Pipette the DNase I incubation mix (80ul) directly onto the RNeasy silica-gel
membrane, and place on the bench top (20-30°C) for 15min.

e Pipette 350ul Buffer RW1 into the RNeasy mini column, and centrifuge for
15s at >10,000rpm. Discard the flow-through.

e Transfer the RNeasy column into a new 2 ml collection tube (supplied).
Pipette 500u1 Buffer RPE onto the RNeasy column. Close the tube gently, and
centrifuge for 15s at >10,000rpm to wash the column. Discard the flow-

through.
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e Add another 500u1 Buffer RPE to the RNeasy column. Close the tube gently,
and centrifuge for 2 min at >10,000rpm to dry the RNeasy silica-gel
membrane.

e Place the RNeasy column in a new 2 ml collection tube (not supplied), and
discard the old collection tube with the flow-through. Centrifuge in a
microcentrifuge at full speed for 1 min.

e To elute, transfer the RNeasy column to a new 1.5 ml collection tube. Pipette
30-50pul RNase-free water directly onto the RNeasy silica-gel membrane.
Close the tube gently, and centrifuge for 1 min at >10,000rpm to elute.

e If the expected RNA yield is >30ug, repeat the elution step as described with a
second volume of RNase-free water. Elute into the same collection tube.

e RNA quantity and quality are assessed by UV spectroscopy and agarose gel

electrophoresis respectively.

2.5 Tagman® PCR

A TagMan® PCR-based system was selected for mRNA quantitation and DNA
genotyping in this study. The Tagman® system was chosen for a number reasons.
Firstly Tagman® PCR and Reverse-Transcriptase (RT) PCR requires only a few
nanograms of target DNA/RNA. This is highly significant since the amount of
DNA/RNA extractable from formalin fixed and paraffin embedded archival material
is low. Secondly, Tagman PCR and RT-PCR products are small (generally less than
200bp) and thus can be used to amplify partially degraded or fragmented DNA/RNA

such as that obtained from FFPE material.
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Tagman® PCR exploits the 5° nuclease activity of AmpliTag Gold® DNA
Polymerase to cieave a TagMan probe during PCR. The TagMan probe contains a
reporter dye at the 5” end of the probe and a quencher dye at the 3" end of the probe.
During the reaction, cleavage of the probe separates the reporter dye and the quencher
dye, resulting in increased fluorescence of the reporter. Accumulation of PCR
products is detected directly by monitoring the increase in fluorescence of the reporter

dye, shown in Fig 2.2.
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Figure 2.2 The forklike-structure-dependent, polymerisation-associated, 5°-3"

nuclease activity of AmpliTaq Gold DNA Polymerase during PCR

When the probe is intact, the proximity of the reporter dye to the quencher dye results

in suppression of the reporter fluorescence primarily by Forster-type energy transfer
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(Forster, 1948; Lakowicz, 1983). During PCR, if the target of interest is present, the

probe specifically anneals between the forward and reverse primer sites.

The 57°-3” nucleolytic activity of the AmpliTaq Gold DNA Polymerase cleaves the
probe between the reporter and the quencher only if the probe hybridises to the target.
The probe fragments are then displaced from the target, and polymerisation of the
strand continues. The 3” end of the probe is blocked to prevent extension of the probe
during PCR. This process occurs in every cycle and does not interfere with the

exponential accumulation of product.

The probe consists of an oligonucleotide with a 5°-reporter dye and a 3°-quencher
dye. A fluorescent reporter dye, such as FAM (6-carboxyfluorescein), is covalently
linked to the 5° end of the oligonucleotide. TET (6-carboxy-4,7,27,7"-
tetrachlorofluorescein), JOE (6-carboxy-4,5-dichloro-2,7-dimethoxyfluorescein), and
VIC are also used as reporter dyes. In older Tagman® probes each of the reporters is

quenched by TAMRA (6-carboxy-N,N,N”,N"-tetramethylrhodamine) at the 3" end.

Intact Probe Cleaved Probe

0-

viavelenpth Wavelang

Figure 2.3 Increased fluorescence activity due to cleaved probe
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Newer Tagman® MGB probes are recommended for genotyping/allelic
discrimination (AD) purposes and when conventional probe exceed 30bp. MGB
probes contain:

e A non-fluorescent quencher (NFQ) at the 3” end - the SDS instruments can
measure the reporter dye contributions more precisely because the quencher
does not fluoresce.

e A minor groove binder at the 3" end - The minor groove binder increases the

melting temperature (Tm) of probes, allowing the use of shorter probes.

2.5.1 Real-time quantitative Tagman® RT-PCR

Real-time RT-PCR is the ability to monitor the progress of the PCR as it occurs (i.e.,
in real time). Data is therefore collected throughout the PCR process, rather than at
the end of the PCR. This completely revolutionizes the way one approaches PCR-
based quantitation of DNA and RNA. In real-time RT-PCR, reactions are
characterized by the point in time during cycling when amplification of a target is first
detected rather than the amount of target accumulated after a fixed number of cycles.
The higher the starting copy number of the nucleic acid target, the sooner a significant
increase in fluorescence is observed. In contrast, an endpoint assay (also called a
“plate read assay”) measures the amount of accumulated PCR product at the end of

the PCR cycle. RT-PCR can be one-step or two-step in nature.

In the initial cycles of PCR, there is little change in fluorescence signal. This defines

the baseline for the amplification plot. An increase in fluorescence above the baseline

indicates the detection of accumulated target. A fixed fluorescence threshold can be
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set above the baseline. The parameter Cr (threshold cycle) is defined as the fractional

cycle number at which the fluorescence passes the fixed threshold (see Fig 2.4).
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Figure 2.4 Example of an amplification plot

A sample of known concentration used to construct a standard curve. By running
standards of varying concentrations, you create a standard curve from which you can
extrapolate the quantity of an unknown sample. The standards used depend on

whether absolute or relative quantitation is used.

It is easy to prepare standard curves for relative quantitation as quantity is expressed
relative to some basis sample, such as the calibrator. For all experimental samples,
target quantity is determined from the standard curve and divided by the target
quantity of the calibrator. Thus, the calibrator becomes the 1X sample, and all other

quantities are expressed as an n-fold difference relative to the calibrator. As an
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example, in a study of drug effects on expression, the untreated control would be an

appropriate calibrator.

For quantitation normalized to an endogenous control, standard curves are prepared
for both the target and the endogenous reference. For each experimental sample, the
amount of target and endogenous reference is determined from the appropriate
standard curve. Then, the target amount is divided by the endogenous reference
amount to obtain a normalized target value. Again, one of the experimental samples is
the calibrator, or 1X sample. Each of the normalized target values is divided by the
calibrator normalized target value to generate the relative expression levels. For the
quantitation of gene expression, researchers have used [B-actin, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), ribosomal RNA (rRNA), or other RNAs as an

endogenous control.

The standard curve method for absolute quantitation is similar to the standard curve
method for relative quantitation, except the absolute quantities of the standards must
first be known by some independent means. Plasmid DNA and in vitro transcribed
RNA are commonly used to prepare absolute standards. Concentration is measured by
UV spectroscopy and converted to the number of copies using the molecular weight

of the DNA or RNA.
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2.5.2 Tagman® SNP genotyping/allelic discrimination assay

Detection of nucleotide mutations and polymorphisms is central to the modern science
of molecular genetics. For example, allelic discrimination detects different forms of
the same gene that differ by nucleotide substitution, insertion or deletion. Methods for
mutation detection can be divided into two groups: scanning methods that can
discover previously unknown nucleotide differences and diagnostic methods designed
to detect specific, known mutations and polymorphisms. Large-scale scoring of
known SNPs requires techniques with few steps and the ability to automate each of
these steps. In this regard, the 5’ nuclease assay is ideal because it combines PCR

amplification and detection into a single step.

Figure 2.5 demonstrates how fluorogenic probes and the 5’ nuclease assay can be
used for allelic discrimination. For a bi-allelic system, probes specific for each allele
are included in the PCR assay. The probes can be distinguished because they are
labelled with different fluorescent reporter dyes (typically FAM and VIC). A fully
hybridised probe remains bound during strand displacement, resulting in efficient
probe cleavage and release of the reporter dye. A mismatch between probe and target
greatly reduces the efficiency of probe hybridisation and cleavage. Therefore,
substantial increases in either FAM or VIC fluorescence indicates homozygosity for
the FAM- or VIC-specific allele. an increase in both signals indicates heterozygosity.
The feasibility of this approach was first demonstrated by Lee et al. (1993) when the
used the technology to distinguish between the AF508 and normal alleles of the

human cystic fibrosis gene.
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Figure 2.5 Allelic discrimination using the 5’ nuclease assay
Three factors contribute to the discrimination based on a single mismatch. First, the
mismatch has a disruptive effect on hybridisation. A mismatched probe will have a
lower T, than a perfectly matched probe. Proper choice of annealing/extension
temperature during PCR will favour hybridisation of an exact-match probe over a
mismatched probe. Second, the assay is performed under competitive conditions with
both probes present in the same reaction tube. Therefore, mismatched probes are
prevented from binding due to stable binding of exact match probes. Third, the 5* end
of the probe must start to be displaced before cleavage occurs. The 5’ nuclease
activity of Taq polymerase recognises a forked structure with a displaced 5’ strand of
at least 1 to 3 nucleotides (Lyamichev et al., 1993). Once a probe starts to be
displaced, complete dissociation occurs faster with a mismatch than an exact match.
This means there is less time for cleavage to occur with a mismatch probe. Thus, the

presence of a mismatch promotes dissociation rather than cleavage of the probe.

Unknown samples are typically performed in duplicate. 6 no template controls (NTC)

and known samples for all 3 possible outcomes (heterozygote, homozygote allele 1
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and 2) are included with each run for allele calling purposes. A generic graphical

output from an AD run is shown in Fig 2.6.
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Figure 2.6 Typical allelic discrimination output

2.5.3 Primers and probes

Primers/probes used in expression studies were designed and purchased using Primer
Express Software versions 1.5-1.7 (Applied Biosystems, Cheshire, UK) according to
the criteria described in the Primer Express manual unless otherwise stated. Specific

sequence information is included in the relevant chapters.

Primers/probes used for AD purposes were designed and purchased using the Custom

TagMan® SNP Genotyping Assays service.
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2.5.4 Absolute standard generation

2.5.4.1 Amplification of target sequence

RT-PCR was carried out in a two-step manner using TagMan® Reverse Transcription
Reagents and AmpliTaq Gold® DNA Polymerase kit (Applied Biosystems, Cheshire,
UK). RNA was extracted from buccal squamous mucosal cells using the
PURESCRIPT protocol (see 2.4.1) and reverse transcribed in a 20pl volume using the
following reaction conditions: SmM MgCl,, 1X RT buffer, 0.2mM each dNTP, 1U/ul
RNase inhibitor, 2.5U/ul MuLV reverse transcriptase and 2.5uM random hexamers.
Reverse transcription was carried out using the PE 9600 Geneamp PCR System
(Applied Biosystems, CA, USA) @: 25°C for 10 min, 42°C for 30 min, 99°C for Smin
and hold at 4°C. 2l of the derived cDNA was used in a subsequent PCR reaction to
produce an amplicon bigger than that of the TagMan® amplicon: 1.5mM MgCl,, 1X
PCR buffer, 0.2mM each dNTP, 400nM each primer, 1.25U AmpliTag® Gold DNA
Polymerase. PCR was carried out using the PE 9600 Geneamp PCR System @ 95°C
for Smin, (95°C 20s, 55°C 30s, 72°C 30s) X 40 cycles, 72°C 7min and hold at 4°C.
RT-PCR products were run on a 2% agarose gel containing 0.5pg/ml ethidium

bromide at 80 volts.
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2.5.4.2 Purification of PCR products

PCR products were purified using the QIAquick® Gel Extraction Kit (Qiagen Ltd.,
West Sussex, UK). All centrifugation steps are at 13,000rpm in a standard
microcentrifuge.

e Excise the gel slice containing the DNA band with a clean, sharp scalpel.

e Weigh the gel slice. Add 1-2 volumes of diffusion buffer to 1 volume of gel
(i.e., 100-200ul for each 100 mg of gel).

e Incubate at 50°C for 30 min.

e Centrifuge the sample for 1 min.

e Carefully remove the supernatant using a pipette or a drawn-out Pasteur
pipette. Pass the supernatant through a disposable plastic column or a syringe
containing either a Whatman GF/C filter or packed, siliconised glass wool to
remove any residual polyacrylamide.

e Determine the volume of the recovered supernatant.

e Add 3 volumes of Buffer QG to 1 volume of supernatant and mix. Check that
the colour of the mixture is yellow. If the colour of the mixture is orange or
violet, add 10ul 3M sodium acetate, pH 5.0. The colour of the mixture will
turn yellow.

e Place a QIAquick Spin Column in a provided 2ml collection tube.

e To bind DNA, apply the sample to the QIAquick Spin Column and centrifuge
for 30—-60s.

e Discard flow-through and place QIAquick Spin Column back into the same
collection tube.

e To wash, add 0.75ml Buffer PE to column and centrifuge for 30-60s.
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e Discard flow-through and place QIAquick Spin Column back in the same
tube. Centrifuge column for an additional minute at maximum speed.

e Place QIAquick Spin Column into a clean 1.5ml microcentrifuge tube.

e To elute DNA, add 501 Buffer EB (10mM Tris-Cl, pH8.5) or water to the

center of the QIAquick Spin Column and centrifuge for 1min.

2.5.4.3 Ligation

Cloning was performed using the TOPO TA Cloning® kit (Invitrogen Corp., CA
92008, USA). Taq polymerase has a non-template-dependent terminal transferase
activity that adds a single deoxyadenosine (A) to the 3” ends of PCR products. The
linearised vector supplied in this kit has single, overhanging 3 deoxythymidine (T)
residues. This allows PCR inserts to ligate efficiently with the vector.

e Ligation reactions were performed in duplicate with 1pl and 4pl of purified
PCR product, 1yl of salt solution, 1ul TOPO vector and sterile water to a
volume of 6pl.

e Mix reaction gently and incubate for Smin at room temperature (22-23°C) then

place the reaction on ice.

2.5.4.4 Transformation
e Add 2pul of the TOPO® Cloning reaction into a vial of One Shot® Chemically
Competent E. coli and mix gently. Do not mix by pipetting up and down.
e Incubate on ice for 5 to 30min.

e Heat-shock the cells for 30s at 42°C without shaking and immediately transfer

the tubes to ice.
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e Add 250pul of room temperature S.O.C. medium and shake the tube
horizontally (200 rpm) at 37°C for 1hr.

e Spread 10pl and 50ul from each transformation on a pre-warmed selective
plate (40ul of 100mM IPTG and 40mg/ml X-gal) and incubate overnight at
3T°C.

e An efficient TOPO® Cloning reaction should produce several hundred
colonies. Pick white or light blue colonies for analysis. Do not pick dark blue

colonies.

2.5.4.5 Analysis of positive clones
Four colonies were selected and streaked out on LB plates containing 50pg/ml
ampicillin. Single colonies were isolated and grown overnight in 5ml LB broth
containing 50pg/ml ampicillin. Plasmid DNA was then extracted using the QIAprep®
Miniprep kit (Qiagen Ltd., West Sussex, UK).
e Resuspend pelleted bacterial cells in 250ul Buffer P1 and transfer to a
microcentrifuge tube.
e Add 250pu1 Buffer P2 and gently invert the tube 4-6 times to mix.
e Add 350pul Buffer N3 and invert the tube immediately but gently 4-6 times.
e Centrifuge for 10min at 13,000rpm in a tabletop microcentrifuge.
e Apply the supernatants to the QIAprep spin column by pipetting.
e Centrifuge for 30-60s. Discard the flow-through.
e  Wash QIAprep spin column by adding 0.75ml Buffer PE and centrifuging for
30-60s.
e Discard the flow-through, and centrifuge for an additional 1min to remove

residual wash buffer.
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e Place the QIAprep column in a clean 1.5 ml microcentrifuge tube. To elute
DNA, add 50ul Buffer EB (10mM Tris-Cl, pH8.5) or water to the centre of

each QIAprep spin column, let stand for 1min, and centrifuge for 1min.

PCR, electrophoresis and gel purification were performed as described earlier (2.5.4.1
and 2.5.4.2). A restriction digest with Bam HI restriction enzyme was preformed to
verify that the insert was present. Briefly, 1 unit enzyme/ug of double stranded
plasmid DNA was incubated for 30 minutes at 37°C. Agarose gel electrophoresis was

performed as previously described.

Plasmids were also sequenced using the ABI 310 Prism Big Dye Terminator Cycle
Sequencing Reaction (Applied Biosystems) according to the manufacturers

instructions.

2.5.4.6 Preparation of glycerol stocks
Once colonies have been confirmed to contain the appropriate insert, glycerol stocks
were prepared.
e Streak the original colony out on LB plates containing 50pg/ml ampicillin.
e Isolate a single colony, inoculate into 1-2ml of LB containing 50ug/ml
ampicillin and grow until culture reaches stationary phase.
e Mix 0.85ml of culture with 0.15ml of sterile glycerol and transfer to a
cryovial.

e Store at -80°C.
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2.5.4.7 cRNA generation

Plasmids found to contain the correct insert were linearised using HindlIll enzyme.
Following restriction digestion, the linearised plasmids were
phenol:chloroform:isoamyl alcohol purified. The purified linearised plasmid was then
used as template for cRNA synthesis using the Riboprobe® System - SP6/T7

(Promega, Southampton SO16 7NS, UK).

e The following were combined in a 0.2ml MicroAmp reaction tube to a 20pul
volume: 4ul Transcription Optimised 5X Buffer, 2ul 100nM DTT, 20U
Recombinant RNasin® Ribonuclease Inhibitor, 1ul each 2.5mM rATP, rUTP,
rCTP, rGTP, 20U T7 RNA Polymerase and remainder Template DNA.

e Incubate 4hr at 37°C

e Add 2ul (2U) RQ1 RNase-free DNase and incubate at 37°C for an additional
30min

e Perform agarose gel electrophoresis to check for remaining DNA

e Transfer reaction volume to a fresh 1.5ml microcentrifuge tube and increase to
100ul with nuclease-free water.

e Add 1 volume TE-saturated phenol:chloroform:isoamyl alcohol (25:24:1)
pH4.5, vortex for Imin and centrifuge at 15,000rpm for Smin.

e Remove upper aqueous layer to a fresh tube and add 1 volume of
chloroform:isoamyl alcohol (24:1).

e Vortex forlmin and centrifuge at 15,000rpm for Smin.

e Remove upper aqueous layer to a fresh tube and add 0.5 volumes of 7.5M
ammonium acetate and 2.5 volumes 100% ethanol.

e Vortex and incubate at -80°C for 30min.
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e Centrifuge at 15,000rpm 30min at 4°C.

e Discard supernatant and wash pellet with 500ul 70% ethanol.

e Centrifuge at 15,000rpm 5min, discard supernatant and allow pellet to air dry.
e Resuspend in 20l nuclease-free water.

e Quantify cRNA by UV spectroscopy.

2.5.4.8 Calculation of cRNA copy number

The following formula was used to calculate the copy number per pl:

Number of base pairs in plasmid plus insert multiplied by the molecular weight of one
base pair (330g/L) equals 1M solution of plasmid, which contains Avogadros’s
constant copies of plasmid (6.02 x 10* copies per litre). Therefore the number of
copies per ng can be calculated; the concentration of plasmid ng/ul multiplied by

copies per ng, equals copies per pl.
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2.5.5 Microarrays

The Applied Biosystems Expression Array System is based on a microarray design
that represents the whole human genome, utilises current transcript data and relies
entirely upon gene annotations that have been validated by experts in human curation.
Each probe is part of a relational database that includes both Celera Genomics
annotations and those in the public domain. Combined with specially developed
chemiluminescent chemistries, this complete system delivers greater probe and
detection sensitivity than previous generations of microarray systems. In addition
annotation information for all of the 31,097 human genes that are represented on the
microarray is included in an Oracle® database that is provided with the 1700 system.
The manufacturers suggest that the result is a complete system that is capable of rapid
and accurate analysis of microarray data for gene expression research. ‘Follow on’
experiments from microarrays can be achieved by linking to quantitative real time
PCR TagMan® probe based assays that enable microarray data validation, absolute

quantitation of transcript production and investigation of alternative splicing events.

The Applied Biosystems Expression Array System consists of an Analyser (Applied
Biosystems 1700 Chemiluminescent Analyser) that can image arrays in
chemiluminescence, to survey and measure the gene expression at very low levels and
in fluorescence, to locate and auto-grid features. The 1700 is equipped with a state-of-
the-art high resolution, large format CCD camera. The cooled CCD is back-
illuminated for high efficiency and has very low read noise. This, coupled with the

low background from chemiluminescence, results in very high sensitivity.
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Applied Biosystems microarrays are sealed in a pre-assembled cartridge and contain
oligonucleotides with a feature diameter of <180 pum, and a space of >45 um (edge-to-
edge) between each feature. The oligonucleotides target transcripts in each gene of the
human genome. Oligonucleotide probes are synthesized at Applied Biosystems and
designed to ensure maximal specificity. Prior to microarray manufacture, all probes
undergo analysis by mass spectrometry for quality control. All Applied Biosystems
microarrays utilize 60-mer oligonucleotides (oligos) as DNA probes. Oligos of this
length offer the best combination of sensitivity and specificity when compared to
microarrays containing either shorter oligos or cDNA probes. 60-mer oligos offer the
good single-base hybridisation specificity that is expected from shorter oligos, and the

strong sensitivity of longer fragments expected from cDNA arrays.

Excellent results may be achieved from as little as 500ng of starting total RNA by
using the Applied Biosystems Chemiluminescent RT-IVT Labelling Kit. The
chemistry of the RT-IVT Kit, which exploits the Eberwine (Eberwine et al., 1992)
linear amplification procedure, increases the yield of cRNA from cDNA by >1,000-
fold. The reverse transcriptase incorporates deoxynucleotides and digoxigenin-dUTP
(DIG-dUTP) in the synthesis of single-stranded cDNA from sample RNA and RT
Labelling Control RNA. The reverse transcriptase used in this reaction is a modified
version of M-MLV reverse transcriptase. The modified reverse transcriptase has no
RNase H activity. It also provides longer cDNA transcripts and higher yields than the
wild type enzyme. Multiple transcription rounds result in the production of DIG-
labelled cRNA (see Fig 2.7). The resultant digoxigenin-labelled cDNA or cRNA is

specifically hybridised to the Applied Biosystems microarray.
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Figure 2.7 RT-IVT DIG-labelling of sample mRNA

When unbound materials have been washed from the microarray, the Applied
Biosystems Chemiluminescence Detection Kit is used to visualize features that have
digoxigenin-labelled cDNA or cRNA bound to the oligonucleotide probes.
Visualization is achieved by incubating the microarray with an anti-digoxigenin
alkaline phosphatase conjugate. Alkaline phosphatase hydrolyses a chemiluminescent
substrate and emits light at a wavelength of ~458nm. The signal intensity is

proportional to the mRNA level expressed in the cells (see Fig 2.8).
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Figure 2.8 Chemiluminescent detection of bound DIG-labelled cRNA

Also present during hybridisation is a 24-mer oligonucleotide labelled with the
fluorescent LIZ® dye. This oligonucleotide is complementary to one that is co-
deposited at microarray features during manufacture of Applied Biosystems

microarrays. The fluorescent signal, which has a close spatial correlation with the

85



Chapter 2 Materials and methods

chemiluminescent signal, locates all features on the microarray, even in the absence of

gene expression products.
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Figure 2.9 Fluorescence oligos used to image microarray features

A motorized chassis moves the microarray into the optical path of the analyser to
detect chemiluminescent and fluorescent signals. System software can then relate the
resultant intensities to gene expression, accurate feature registration, and data quality
control. When the microarray is loaded into the 1700 analyser, the temperature is
raised to 35°C in order for the enzymatic reaction to reach a steady state. Multiple
images are then taken to bring the microarray into focus and to measure, in turn, the

fluorescent and chemiluminescent signals

The microarray is imaged in both short (5 seconds) and long (25 seconds) read times
to extend the linear dynamic range of the chemiluminescent signals (>1,000-fold).
There are two imaging areas for each microarray. The total time required to image a
microarray, including the pre-incubation and focus steps, is approximately 12

minutes. Light production on the microarray reaches a steady state within the first five
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minutes, while the microarray is being focused and brought up to 35°C. The
chemiluminescent reaction emits light at a steady state for at least 60 minutes
thereafter. The absence of an excitation background, together with the highly
reproducible photon emissions, makes the signal-to-noise ratio produced from

equivalent hybridisations superior to that found in alternative array systems.

Chemiluminescent and fluorescent fiducials are features that monitor data quality and
analysis, and are built into every Applied Biosystems microarray. Labelled
oligonucleotides (DIG and LIZ® dye-labelled oligos) in concentration ladders ranging
over 500-fold are deposited on the microarray during manufacture. The resident
software is able to recognize these features and uses them to monitor the efficacy of
the chemiluminescent chemistries and the efficiency of fluorescent detection (see Fig

2.10).

Labelled oligonucleotides are included with the hybridisation controls in the Applied
Biosystems Chemiluminescence Detection Kit. These oligonucleotides are
complementary to those deposited on the microarray during manufacture. They
monitor hybridisation conditions, such as sample mixing and washing stringency,

providing protocol diagnostics and ensuring signal uniformity (see Fig 2.10).

Finally, labelling kit controls are included with both the Applied Biosystems
Chemiluminescent RT Labelling Kit and the RT-IVT Labelling Kit. They are
synthetic bacterial control genes (Dap, Lys, Phe, BioB, BioC, and BioD). These
controls provide quality information on RT and RT-IVT Kit enzyme activity and

DIG-label incorporation efficiency for each experiment (see Fig 2.10).
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Figure 2.10 Examples of controls used in Applied Biosystems microarrays

2.5.5.1 RT-IVT labelling

e Pipette the following components into 0.2ml MicroAmp reaction tube on ice:
2ul T7-Oligo (dT) primer, 4ul Control RNA, RNA sample (1-10pg) and
nuclease-free water to 15pl.

e Heat the RNA and primer mixture in a thermal cycler to 70°C for 5Smin
followed by a 4°C hold.

e After the run, place the tube on ice.

e Add the following components to the reaction tube on ice and mix thoroughly

by pipetting: 2ul 10X 1st Strand Buffer Mix and 3ul RT Enzyme Mix.
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e Perform reverse transcription in a thermal cycler: 25°C 10min, 42°C 2hr, 70°C
15min and 4°C hoid.

e After the run, place the tube on ice and add the following components to the
cDNA mixture: 30ul 5X 2nd Strand Buffer Mix, 5ul 2nd Strand Enzyme Mix
and 95l nuclease-free water.

e Perform second strand synthesis in a thermal cycler: 16°C 2hr, 70°C 15min
and 4°C hold.

Purifying cDNA

e In a 1.5ml nuclease-free microcentrifuge tube, combine: 150ul DNA Binding
Buffer and 150ul 2nd strand synthesis reaction mix.

e Insert a DNA purification column into a 2.0-ml receptacle tube.

e Transfer the reaction-DNA Binding Buffer mixture (300ul) to the column and
centrifuge at 10,000rpm for 1min.

e Remove the column from the tube, discard the liquid, and then reinsert the
column into the tube.

e Add 700ul of DNA Wash Buffer to the column and centrifuge at 10,000rpm
for Imin.

e Remove the column from the tube, discard the liquid, and then reinsert the
column into the tube.

e Add 700ul of DNA Wash Buffer to the column and centrifuge at 10,000rpm
for 1min.

e Remove the column from the tube, discard the liquid, and then reinsert the

column into the tube.
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e Close the tube, then centrifuge the empty column and tube at 10,000rpm for 1
minute.

e Transfer the column to a new 1.5ml elution tube.

e Pipette 30ul of DNA Elution Buffer onto the fibre matrix at the bottom of the
column and allow to stand at room temperature for 1min.

e Centrifuge the column and tube at 10,000rpm for 1min.

e Repeat elution step twice more for a final elution volume of 90ul.

IVT labelling
e Calculate the volume of cDNA output required, based on the amount of RNA

input:

Amount of RNA input Volume of cDNA output required

<2ug 90ul

>2ug 150 + (ug of total RNA input)

e If the volume of cDNA output required is:
= Greater than 24 pl: Use a vacuum concentrator to concentrate
the required volume of cDNA output to 24 pl.
*= Less than 24pL: Add nuclease-free water to the required
volume of cDNA output until the total volume is 24 pL.
e Add the following IVT components to the 24 pul cDNA output at room
temperature: 8l 5X IVT Buffer Mix, 4ul DIG-UTP (approximately 14 nmol)
and 4ul IVT Enzyme Mix.

e Perform IVT in the thermal cycler: 37°C 9hr followed by a 4°C hold.
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Purifying cRNA

e In a new 1.5ml nuclease-free microcentrifuge tube, combine and then vortex
briefly to mix: 20l nuclease-free water and 40ul IVT reaction.

e Add and mix by pipetting: 200ul RNA Binding Buffer and 140ul 100%
ethanol.

e Insert an RNA purification column into a 2ml receptacle tube, add the IVT
reaction-RNA Binding Buffer-ethanol mixture (400ul) to the column, and
centrifuge at 10,000rpm for 1min.

e Discard the flow-through.

e Add 500ul of RNA Wash Buffer to the column and centrifuge at 10,00Crpm
for 1min.

e Discard the flow-through.

e Add 500ul of RNA Wash Buffer to the column and centrifuge at 10,000rpm
for Imin.

e Discard the flow-through.

e Close the tube, then centrifuge the column and tube at 10,000rpm for an
additional minute.

e Transfer the column to a new 1.5ml elution tube.

e Pipette 50ul of RNA Elution Buffer onto the fibre matrix at the bottom of the
column and incubate at room temperature for 2min.

e Centrifuge at 10,000rpm for Imin for an elution volume of 50pl.

e Pipette 50ul of RNA Elution Buffer onto the fibre matrix at the bottom of the
column and incubate at room temperature for 2min.

e Centrifuge at 10,000rpm for Imin for a final elution volume of 100pl.
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e Resulting labelled cRNA should be stored on ice while quantity and quality
are assessed using UV spectroscopy and agarose gel electrophoresis
respectively.

e cRNA can be stored at -20°C for up to months or -80°C for long term storage.

2.5.5.2 Chemiluminescence detection

Pre-hybridisation

e Prepare pre-hybridisation mixture in a nuclease-free tube and vortex to mix:
150ul nuclease-free water, 330ul Hybridisation Buffer, 100ul Hybridisation
Denaturant and 420l Blocking Reagent.

e Transfer pre-hybridisation mixture into each microarray cartridge and incubate
in a 55°C oven at 100prm for 1hr.

Fragmenting cRNA

e Combine components into a 0.2mL MicroAmp® reaction tube on ice, then
mix by pipetting: 10ul cRNA Fragmentation Buffer and 90ul 10pg DIG-
labelled cRNA and nuclease-free water.

e Heat the tube in a thermal cycler at 60°C for 30min.

e Add 50uL of cRNA Fragmentation Stop Buffer, mix by pipetting and place on
ice.

Hybridisation

e For each microarray, prepare hybridisation mixture in a nuclease-free
microcentrifuge tube: 100l nuclease-free water, 170pl Hybridisation Buffer,
30ul Hybridisation Controls, 50ul Hybridisation Denaturant and 150pul
fragmented cRNA targets.

e Vortex the hybridisation mixture, then centrifuge the tube briefly.
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e Quickly transfer hybridisation mixture into each microarray cartridge, drying
the port with lint-free tissue prior to sealing.
e Return cartridges to the oven and incubate at 55°C at 100rpm for 16hr.

Hybridisation washes

e Add 600ml hybridisation wash buffer 1 to a clean wash tray.

e Remove microarrays from their cartridges, decant liquid and submerge in
wash buffer.

e Agitate on the rocking platform shaker (tilt angle 10°; tilt speed 30 tilts back
and forward per min) for Smin.

e Add 600ml hybridisation wash buffer 2 to a clean wash tray. Transfer
microarray to new tray, draining them in the process.

e Agitate on the rocking platform shaker for Smin.

e Drain the buffer from the wash tray.

e Add 400ml CL rinse buffer to the wash tray, making sure that all microarrays
are submerged in buffer.

e Agitate on the rocking platform shaker for Smin.

e Drain the buffer from the wash tray.

e Add 400ml CL rinse buffer to the wash tray, making sure that all microarrays
are submerged in buffer.

e Agitate on the rocking platform shaker for Smin.

e Remove wash tray from the rocking platform shaker.

e Microarrays may be left in CL rinse buffer at room temperature for up to lhr.
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Antibody binding

e Combine components for the CL blocking buffer/antibody mixture in a
nuclease-free tube and mix well by inversion. Do not vortex (N.B. per
microarray): 2.8ml nuclease free water, 200l Chemiluminescence Rinse
Buffer Concentrate, 1ml Blocking Reagent and 15ul Anti-digoxigenin-AP.

e Remove one microarray from the wash tray, shake and tap it gently, then place
it vertically on the rocking platform shaker.

e Immediately add 4ml CL blocking buffer/antibody mixture to the microarray.

e Cover the arrays with the wash tray cover and agitate on the rocking platform
shaker for 20min at room temperature.

Antibody washes

e Add 500ml CL rinse buffer to a clean wash tray.

e Decant CL blocking buffer/antibody mixture, shake and tap the microarray
gently, then place it in the wash tray.

e Cover the wash tray and agitate on the rocking platform shaker for 10min.

e Drain the buffer from the wash tray.

e Add 500ml CL rinse buffer to the wash tray and agitate on the rocking
platform shaker for 10min.

e Drain the buffer from the wash tray.

e Add 500ml CL rinse buffer to the wash tray and agitate on the rocking
platform shaker for 10min.

e Remove wash tray from the rocking platform shaker. Microarrays may be left

in the CL rinse buffer at room temperature for up to 3hr.
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Chemiluminescent reaction

e The chemiluminescent reaction is time-dependent. Perform this procedure
with only one microarray at a time.

e Place 100ml CL enhancing rinse buffer in a 10.2 X 12.7cm (4 X Sinch) tray.

e Remove one microarray from the wash tray, decant the CL rinse buffer, shake
and tap the microarray gently and place it in the CL enhancing rinse buffer.

e Agitate on the rocking platform shaker for 10 min.

e Remove the microarray from the small tray, decant CL enhancing rinse buffer,
shake and tap the microarray gently, then place it vertically on the rocking
platform shaker.

e Quickly add 4ml of Chemiluminescence Enhancing Solution to the
microarray.

e Agitate on the rocking platform shaker for 20 min.

e Place 100ml CL enhancing rinse buffer in a second small tray.

e Decant the enhancing solution from the microarray, then shake and tap the
microarray gently.

e Place the microarray in the second small tray and agitate on the rocking
platform shaker for Smin.

e Remove the microarray from the small tray, decant the CL enhancing rinse
buffer, then shake and tap the microarray gently.

e Wipe the bottom of the microarray with lint-free tissue.

e Add 3.5ml of Chemiluminescence Substrate to the microarray.

e The chemiluminescent reaction is time dependent. After you perform this step,
proceed with performing CL detection immediately on the ABI 1700

Chemiluminescent Analyser.
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