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Summary

Thyroid cancer is the most common endocrine malignancy and accounts for the 

majority of endocrine cancer deaths each year. Carcinomas of the thyroid comprise 

a heterogeneous group of neoplasms with distinctive clinical and pathological 

characteristics. The majority of thyroid tumours are designated as papillary thyroid 

cancer (PTC) and are well differentiated, indolent and are associated with good 

prospects of survival. Undifferentiated or anaplastic carcinomas (ATC), however, are 

very aggressive with survival rates of less than one year in most instances.

microRNAs (mlRNA) are a family of short non-protein-coding RNAs with diverse 

functions, including regulation of cellular differentiation, proliferation and apoptosis. 

These RNAs negatively regulate gene expression by targeting mRNAs for 

degradation or translational repression. Studies have indicated that different 

populations of miRNAs are expressed in cancer and normal tissues, in fact altered 

miRNA expression has been detected in every cancer in which miRNA expression 

signatures have been examined. These signatures are often proposed as 

biomarkers of cancer. miRNAs are capable of acting as both tumour suppressors 

and oncogenes; and they can also target oncogenes and tumour suppressor genes 

to promote cancer progression. Studies on miRNA expression in PTC have found an 

aberrant miRNA expression profile in PTCs compared with normal thyroid tissues 

and have identified certain miRNAs that have become associated with this disease, 

such as miR-221, miR-222, and miR-146. The objective of this thesis was to further 

characterise the expression and role of miRNAs in thyroid carcinoma. This 

assessment was performed using a variety of techniques including singleplex and 

multiplex stem-loop RT-PCR, miRNA mimic and inhibitor transfections, microarray 

analysis, immunofluorescence, and western blotting.

In order to investigate whether multiform thyroid tumours arise from the clonal 

expansion of a single group of cells, or develop as independent tumours; disparate 

geographical and morphological areas from a single multifocal PTC were 

investigated for the presence of ret/PTC-1 and BRAF mutations, and these results 

were correlated with miRNA expression profiles. The multiform tumour examined 

contained areas of classic PTC, insular, and ATC. The expression of 330 miRNAs 

was examined using stem loop primers for reverse transcription followed by real time 

TaqMan® PCR. Hierarchical clustering analysis of the profiles produced was carried 

out, along with miRNA gene target prediction. The ret/PTC-1 and BRAF mutation
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analyses performed on the multifocal thyroid tumour areas indicated that the insular 

and anaplastic tumours did not arise from PTC progenitor foci (as the classic PTC 

tumours were the only ones found to harbour the BRAF mutation). However, the 

miRNA profiles suggested that multifocal tumours may utilise both mechanisms (the 

clonal expansion of a single group of cells & independent tumour development) 

simultaneously to enhance cancer progression. The variations observed in the 

miRNA profiles of the different tumour areas also illustrated how a tumour’s 

microenvironment may affect the regulatory processes underpinning carcinogenesis.

The profiling experiments thus prompted the discussion as to whether miRNAs may 

have functions in cancer medicine and progression in addition to their role as 

biomarkers. This led to the investigation of the functional roles of two miRNAs, hsa- 

miR-222 & hsa-miR-25 in the context of ATC. To explore this, the transfection of 

miRNA mimics (Ambion® pre-miRs™) and inhibitors (Ambion® anti-miRs™) into 

thyroid cell lines was optimised. The transfections aimed to reverse the expression 

of the two miRNAs from that normally seen in the cells. Therefore, as hsa-miR-222 

is endogenously up-regulated in ATC, it was down-regulated in the anaplastic cancer 

derived 8505C cells and up-regulated in the normal Nthy-ori cells. Conversely, as 

hsa-miR-25 is endogenously down-regulated in ATC, it was up-regulated in the 

8505C cells and down-regulated in the Nthy-ori cells.

An unbiased genome wide approach using Affymetrix™ microarray technologies was 

used on the RNA from the transfections to elucidate the mRNA targets of hsa-miR- 

222 & hsa-miR-25 in ATC. Statistical analysis of the data produced from the 

Affymetrix™ microarray experiments identified almost 100 mRNAs that are that are 

either directly or indirectly targeted by hsa-miR-222 and hsa-miR-25. A subset of the 

novel targets of hsa-miR-222 & hsa-miR-25 were then validated at the mRNA and 

protein levels. Twenty three mRNA targets of hsa-miR-25 and twenty two mRNA 

targets of hsa-miR-222 were successfully validated using Fluidigm® real-time PCR 

technologies. Subsequently, four targets; MAL2 and TLR3 of hsa-miR-222, and 

TRAIL and MEK4 of hsa-miR-25 were chosen for validation at the protein level. The 

two targets of hsa-miR-25 were successfully validated at the protein level using 

western blots; MEK4 a predicted target of this miRNA, & TRAIL a non-predicted 

target of hsa-miR-25.
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Chapter 1 introduction

1.1 The structure & function of the normal thyroid

The normal adult thyroid is a single ductless organ located in the midline of the neck 

that weighs 15-40g. It lies across the trachea anteriorly, attached by a loose 

connective tissue capsule, below the level of the hyoid bone and the cricoid cartilage. 

The normal gland consists of two lateral lobes measuring 2-2.5cm in width and 4- 

5cm in length. The lobes are joined by a thin band of tissue, the isthmus. In 

approximately 50% of people a pyramidal lobe can be present which extends 

upwards from the isthmus. Figure 1.1 illustrates the structure of the thyroid and its 

anatomical location. The thyroid gland can change size depending on various 

environmental factors such as age, gender, activity, geography, hormonal status, 

individual size and iodine uptake. Its weight is always higher in women and the gland 

varies in size with the menstrual cycle and pregnancy (Troncone, 1993, Gray, 2000).

Figure 1.1
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Figure 1.1 The thyroid in its anatomical location.
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The thyroid, like many other endocrine glands is a highly vascular organ supplied 

mainly by the paired superior and inferior thyroid arteries. The arteries are both large 

in size and possess frequent anastosomes. The superior, middle, and inferior thyroid 

veins arise from a plexus of veins on the surface of the gland. This arrangement of 

veins and arteries results in a highly developed vascular network. The organ also 

possesses an extensive lymphatic drainage network (Troncone, 1993, Gray, 2000).

The most characteristic structure of the thyroid which enables it to function efficiently 

in the synthesis and secretion of thyroid hormones is the thyroid follicle (Figure 1.2). 

The follicles are spherical hollow structures that vary in size with an average 

diameter of 200|jM. The wall of the follicle is composed of a single layer of epithelial 

cells that enclose the follicular lumen which contains colloid (a thyroglobulin rich 

solution). The shape of the follicular cells varies depending on their activity from a 

flattened to a columnar shape. The thyrocytes are highly polarised with a basal 

nucleus and are surrounded by basement membrane. 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 (Troncone, 1993, Rosai, 2004, Fletcher, 2007).

Figure 1.2
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Figure 1.2 Normal microscopic histology of the thyroid
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The thyroid gland functions within and is regulated by a negative-feedback loop 

entitled the hypothalamus-pituitary-thyroid axis which controls the metabolism of the 

body. This feedback loop is illustrated in figure 1.3. The hypothalamus releases a 

tripeptide called the thyrotropin releasing hormone (TRH). TRH stimulates the 

pituitary gland to release the thyroid stimulating hormone, thyrotropin (TSH). This 

glycoprotein stimulates thyroid cell growth and hormone production & secretion 

through binding to its specific G-protein coupled receptor. This binding initiates a 

signal transduction cascade within the cells that converts adenosine triphosphate 

(ATP) to cyclic adenosine monophosphate (cAMP). cAMP then functions to activate 

protein kinase A which regulates a number of intracellular processes in the thyrocyte 

via phosphorylation (Wheeler, 1994).

Figure 1.3
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Figure 1.3 The hypothalamic- pituitary axis with negative feedback by the thyroid hormones. 

Thyrotropin releasing hormone (TRH) is secreted from the hypothalamus. This stimulates the 

release of thyroid-stimulating hormone (TSH) from the anterior pituitary gland. TSH stimulates 

the follicular cells to synthesise and secrete thyroid hormones. Disruption of thyroid hormone 

homeostasis results in diseases such as hypothyroidism and goiter. (Kondo et al., 2006).
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As mentioned, the follicular cells function to produce & secrete the thyroid hormones. 

This process requires both the major protein component of the thyroid, thyroglobulin 

(Tg), and the transport of iodine into the thyroid cell. Tg is a 660kDa glycoprotein 

from which the thyroid hormones are synthesised. It is formed on the membrane- 

bound polyribosomes in the endoplasmic reticulum of the cell. It is then glycosylated 

within the reticular lumen before its movement to the Golgi apparatus where 

additional processing of its carbohydrate components occurs. Membrane vesicles 

then transport Tg to the cell’s apical plasma membrane where they fuse with the 

membrane resulting in the exocytosis of the protein into the follicular lumen as 

colloid. Thyroid cells actively transport iodide from plasma across the basolateral 

plasma membrane of the follicular cell against an electrochemical gradient, and then 

passively translocate it across the apical membrane into the colloid. The iodide is 

then oxidised by the thyroid peroxidase enzyme and bound to the tyrosine residues 

in Tg. This forms two compounds named moniodotyrosine (MIT) and diiodotyrosine 

(DIT). Peroxidase-catalysed iodination of tyrosine residues and coupling of two DITs 

forms the T4 hormone, and one DIT and one MIT forms the T3 hormone within the 

Tg molecules. This coupling occurs in the follicular lumen adjacent to the apical 

plasma membrane. T4 is also known as thyroxine and T3 is also known as 

triiodothyronine (Korenman, 1999).

The follicular cell then instigates the initial step of thyroid hormone release by 

uptaking colloid by pinocytosis at the apical cell membrane. Colloid droplets that 

enter the cellular cytoplasm fuse with lysosomes. The Tg in the colloid is degraded 

by the lysosomal enzymes and the thyroid hormones are released and transported 

into the capillaries adjacent to the basal cell membrane. The hormones circulate 

bound to plasma proteins by noncovalent bonds. The hormones differ only at the 5’ 

position. T4 has an iodine at the 5’ position and T3 does not. T4 is the most 

abundant product of the thyroid, but T3 is the mostly functionally active hormone, 

being three to five times more potent than T4. In fact T4 is converted to T3 in organs 

such as the liver. Their unbound (free) fraction enters the cells of the body and 

interacts with nuclear receptors. These receptors alter gene expression profiles and 

increase the basal metabolic rate. The thyroid hormones also complete the feedback 

loop and inhibit the release of both TRH and TSH (Korenman, 1999, Wheeler, 1994).
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1.2 Benign Thyroid Diseases

The main focus of this thesis will be on thyroid neoplasia; however a brief overview of 

some benign thyroid diseases will be given here. Several types of benign diseases 

can affect the thyroid including ones that are autoimmune & hyperplastic in nature. 

Autoimmune diseases include lymphocytic and Hashimoto’s thyroiditis & hyperplastic 

diseases include goitre and Grave’s disease.

1.2.1 IHyperpiastic Disorders

Hyperplastic disorders of the thyroid are classified by their presumed mechanism of 

production, morphological features, and clinical manifestations (Rosai, 2004). 

Enlargement of the thyroid gland, or goitre, is a commonly encountered clinical 

problem, with a global prevalence of 15.8% of the general population (de Benoist et 

al., 2004). Goitre can be classified as diffuse or nodular and may be either toxic or 

non-toxic. Nodular goitre can consist of either a single or multiple nodules. Nontoxic 

goitre is associated with normal serum thyrotropin levels whereas toxic goitre is 

associated with a suppressed thyrotropin level or symptoms of hyperthyroidism 

(thyroid glandular hyperfunction associated with increased radio-iodine uptake), or 

both (Korenman, 1999).

Nodular hyperplasia or nodular/multinodular goitre is the most common thyroid 

disease. It causes an enlargement of the thyroid with one lobe frequently becoming 

larger than the other. Endemic goitre occurs due to low iodine content in the water 

and soil and can be largely prevented by the addition of iodine to common salt. The 

deficiency in thyroid hormone production induced by the iodine deficiency leads to an 

increase in TSH secretion. This results in a hyperactive thyroid with tall follicular 

epithelium and small amounts of colloid. Later follicular atrophy occurs with massive 

storage of colloid. Non-endemic goitre may be caused by excessive iodine intake, 

drugs, or exposure to iodising radiation. Dyshormonogenic goitre develops due to 

enzyme defects in hormone synthesis such as lack of responsiveness to TSH and 

defects in iodide transport. This form of goitre presents as an enlarged gland that is 

multinodular in nature. Mild asymptomatic cases of nodular hyperplasia do not 

require treatment however if the gland becomes so enlarged as to cause 

disfigurement or pressure symptoms to occur, bilateral subtotal thyroidectomy is 

performed (Rosai, 2004).
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Grave’s disease (diffuse toxic goitre) can be classified as both an autoimmune & 

hyperplastic disease and presents in young adult females. Symptoms include 

muscle weakness, weight loss, exophthalmos, irritability, tachycardia, goitre, and 

often a great increase in appetite. It causes a mild to moderate symmetric diffuse 

enlargement of the thyroid. TSH is not involved in the pathogenesis of this disease, 

but IgG antibodies directed against specific domains of the TSH receptor are thought 

to initiate it. This instigates increased levels of T4 & T3 and an increased radioactive 

iodine uptake. Grossly the gland shows a mild to moderate symmetrical diffuse 

enlargement. Grave’s disease may be treated with antithyroid drugs such as 

propylthiouracil, methimazole, & carbimazole, destruction of the gland with 

radioactive iodine, or subtotal thyroidectomy

1.2.2 Autoimmune Disorders

Autoimmune diseases of the thyroid are organ-specific immune-mediated 

inflammatory disorders and are characterised functionally by the production of 

autoantibodies that alter thyroid function. The mechanisms that lead to autoimmune 

thyroiditis are both humoral and cellular. It has been suggested that the initial factor 

resulting in the development of autoimmune thyroiditis is an organ-specific defect in T 

lymphocytes. Autoantibodies are also produced against follicular cell antigens such 

as thyroglobulin and TSH receptors. Morphologically, autoimmune diseases can be 

recognised by an extensive lymphocytic infiltration of the gland associated with 

germinal centre formation. The appearance of the intervening follicles determines 

the category of disease present. For instance in Grave’s disease the follicles are 

diffusely hyperplastic, they are relatively normal in lymphocytic thyroiditis, and 

follicles are lined with follicular cells that show extensive oncocytic change in 

Hashimoto’s thyroiditis (Rosai, 2004).

Lymphocytic thyroiditis is most commonly diagnosed in children, and patients present 

with asymptomatic goitre often of short duration. Cases associated with transient 

thyroid hyperactivity have been described as painless or silent thyroiditis with 

hyperthyroidism. In contrast to Grave’s disease the radioactive uptake in this 

disease is generally low.

Hashimoto’s thyroiditis is predominantly a disease of women over 40 years of age 

and patients show diffuse firm thyroid enlargement sometimes accompanied by signs
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of tracheal or esophageal compression. The disease is characterised by gradual 

loss of thyroid function due to autoimmune destruction of the thyroid gland. Initially 

the disease may be accompanied by mild hyperthyroidism and later by 

hypothyroidism, and it is thought that it may be a pre-cursor stage of papillary 

carcinoma. 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, and the TSH receptor and iodine transporter. The treatment of 

Hashimoto’s thyroiditis depends on the severity of the condition. Mild cases require 

no therapy, some cases require thyroid hormone treatment to relieve hypothyroidism, 

and some cases are treated surgically with subtotal thyroidectomies due to the large 

gland size or pressure symptoms. In some cases surgery is performed because the 

condition is confused with thyroid neoplasms (Rosai, 2004).
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1.3 Thyroid Neoplasia

In the year 2000 Hanahan & Weinberg defined or enumerated the changes that a cell 

must undergo to become cancerous. This landmark paper “The Hallmarks of 

Cancer” list six capabilities that cells must acquire to function successfully as a 

cancer. These are self-sufficiency in growth signals, insensitivity to growth-inhibitory 

(antigrowth) signals, evasion of programmed cell death (apoptosis), limitless 

replicative potential, sustained angiogenesis, and tissue invasion and metastasis 

(Hanahan and Weinberg, 2000). In this section of the thesis, the different types of 

cancers that affect the thyroid gland will be discussed.

The cancers that develop in the follicular cells of the thyroid can be divided into three 

main categories; well differentiated carcinomas, poorly differentiated carcinomas, and 

undifferentiated carcinomas. In general, the 5 year survival rate for thyroid cancers is 

99.8% if a patient presents with local disease only, 97.1% if the disease has spread 

to regional lymph nodes, and 58.1% if distant metastases are present (Altekruse et 

al., 2009). The well differentiated carcinomas are generally indolent in nature and 

have positive predictions for survival. The poorly differentiated carcinomas are more 

aggressive in nature and represent a decrease in the structure and function of the 

thyrocytes. The undifferentiated carcinomas are among the most aggressive cancers 

that can affect humans and have a very poor survival record with most patients dying 

within a year of diagnosis.

1.3.1 Well Differentiated Carcinomas

1.3.1.1 Papillary Neoplasms

1.3.1.1.1 Classic Papillary Thyroid Carcinoma

Papillary thyroid carcinoma (PTC) is the most common type of thyroid malignancy. It 

can affect people of any age group with the mean age at the time of initial diagnosis 

being approximately 40 years. It more commonly affects females rather than males, 

with a ratio of 3:1. The size of the primary tumour can range from microscopic to 

huge and appears solid, whitish, and firm with few tumours being surrounded by a 

complete capsule. The tumours show a distinctive structure when viewed under the 

microscope. Figure 1.4 shows the papillae structures after which the cancer was
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named. The papillae are usually arranged in a complex branching structure with 

random orientation. The cells of papillary carcinoma also have characteristic nuclear 

features and are of major diagnostic significance. They have been described as 

pale, clear, ground-glass, water-clear or Orphan Annie-eyed in appearance with 

nuclear grooving and intranuclear inclusions (Rosai, 2004, Mazzaferri, 1993).

Extrathyroidal extension of thyroid tumours into the tissue of the neck is found in 

approximately 25% of cases, and it may extend into the parathyroid glands. 

Metastasis via the regional lymph nodes is very common and may not be initially 

apparent due to their small size. Blood-borne metastases are uncommon but do 

occur, mostly to the lung but also to the central nervous system and other organs. 

However distant metastases are uncommon and generally occur in the late stages of 

the disease.

Figure 1.4

Figure 1.4 Classic PTC. (A) Illustrates the complex branching papillae in classic papillary 

carcinoma. (B) Shows the nuclear features of papillary carcinoma. (Rosai, 2004)

The prognosis for patients with papillary carcinoma is extremely positive; in fact it is 

not significantly different from the general population. Several factors can influence a 

patient’s prognosis including age (nearly all deaths occur in patients whose tumour 

arises after the age of 40), sex (females are said to have better prognosis than 

males), extrathyroidal extension, tumour size (an inverse correlation is present 

between tumour size and prognosis), and distant metastasis (metastasis to the lung 

has an adverse affect on prognosis, and metastases to other regions such as the 

skeletal system have an even greater negative influence on prognosis) (Rosai, 2004, 

Mazzaferri, 1993).
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1.3.1.1.2 Papillary Carcinoma Variants

Several variants of papillary carcinoma have been described. These variants are not 

mutually exclusive from each other as a single tumour may fit the descriptions of 

several of the variants. Most of the variants differ merely in their morphological 

appearance and vary little regarding prognostic significance. The tall cell, diffuse 

sclerosing, and diffuse follicular variants are biologically more aggressive while the 

encapsulated variant is associated with a highly favourable prognosis (Fletcher, 

2007).

Encapsulating variant: This is defined as a papillary carcinoma that is totally

surrounded by a capsule. It may be associated with nodal metastasis but the 

incidence of distant metastasis or tumour death is almost zero.

Follicular variant: This is a papillary tumour that is composed almost entirely of 

follicles. The diagnosis is largely based on the presence of the characteristic nuclear 

features classically associated with papillary carcinoma. The diagnosis is further 

supported by an invasive pattern of growth, psammoma bodies, and strongly 

eosinophilic colloid with scalloped edges. The behaviour of these tumour variants is 

analogous to that of classic PTC.

Diffuse sclerosing variant: This variant mostly affects children and young adults 

that present with unilateral or bilateral symmetrical thyroid swelling. It is 

characterised by diffuse involvement of one or both thyroid lobes, dense sclerosis, 

abundant psammoma bodies, extensive solid foci, squamous metaplasia, and heavy 

lymphocytic infiltration and extensive lymph vessel permeation. It may be 

misdiagnosed as Hashimoto’s thyroiditis. Nodal metastases are almost always 

present and lung and brain metastasis can also occur. As mentioned, disease-free 

survival rate with this variant is lower than that of classic PTC.

Oncocytic (oxyphilic) variant: In this variant the cells retain the nuclear features of 

classic PTC but the cytoplasm is abundant and has a granular oxyphilic quality. 

These tumours can show papillary or follicular patterns of growth and can be 

encapsulated or invasive in nature. Therefore many different combinations of these 

characteristics can occur to produce a number of variations of this type of cancer 

(Fletcher, 2007).
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Tall cell variant: The tall cell variant is characterised by papillae lined by a single 

layer of "tali’ cells whose heights are at least three times their widths and an 

abundant acidophilic cytoplasm. The pattern of growth is usually highly papillary in 

nature; however the nuclei of the cells do not possess the features seen in classic 

PTC such as the optically clear appearance, grooves, and pseudoinclusions. These 

tumours generally present in a slightly older age group (50-57 years), the tumours 

are larger than usual >6cm, and extrathyroidal extension is more common.

Columnar cell variant: The columnar cell variant is characterised by mixed

papillary, complex glandular, cribiform and solid patterns. The tumours contain tall 

columnar epithelium with prominent nuclear stratification, and the cytoplasm is clear 

rather than acidophilic. Patient prognosis with this tumour depends on the tumour 

stage at the time of diagnosis, and encapsulated columnar cell carcinomas are 

associated with a favourable outcome (Fletcher, 2007).

1.3.1.2 Follicular Neoplasms (Adenoma & Carcinoma)

Follicular adenoma & carcinoma are benign and malignant epithelial tumours 

respectively. They both show follicular cell differentiation and lack the diagnostic 

features of papillary carcinoma.

1.3.1.2.1 Follicular Adenoma

Follicular adenoma can be defined as a benign encapsulated tumour that shows 

evidence of follicular cell differentiation (Figure 1.5). These tumours occur mostly in 

adults aged 20-50 years and are more common in females than males (male: female 

ratio 1:6). Most patients present with a solitary thyroid nodule. Most adenomas lack 

iodine uptake on scans (“cold” nodules) however some rare ones may be “hot” and 

can cause hyperthyroidism. These tumours can be adequately treated with 

lobectomy (Rosai, 2004).

12
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Figure 1.5

Figure 1.5 Intact fibrous capsule around a follicular adenoma. (Rosai, 2004)

1.3.1.2.2 Follicular Carcinoma

Follicular thyroid carcinoma (FTC), as mentioned previously, is malignant in nature. 

These tumours are nearly always enveloped by a fibrous capsule, which is often 

thicker in the carcinomas than the adenomas. The main feature that allows 

distinction between the adenoma and carcinoma is the presence of vascular and/or 

capsular invasion in the carcinoma (Figure 1.6). This carcinoma is also more 

common in females but occurs in a higher age group. The tumours are composed of 

closely packed follicles, trabeculae, or solid sheets and the tumour cells are cuboidal 

or low columnar. The histologic pattern can be uniform throughout the tumour or can 

vary from area to area. Neoplasms composed predominantly of large, normal sized, 

or small follicles are termed macrofollicular, normofollicular, and microfollicular 

respectively.

Most patients present with solely a thyroid mass, but 11% of patients present initially 

with distant metastasis. In contrast to PTC which mainly metastasises through the 

lymphatic system, follicular carcinoma is more likely to spread via the vascular 

network, usually to the bone and lung. The likelihood of metastasis of this cancer 

and a patient’s probability of survival greatly depend on the extent of the local 

disease (Rosai, 2004).

13
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1.3.1.2.2.1 Follicular Carcinoma Categories

Depending on the follicular carcinoma’s degree of invasiveness, it is subdivided into 

two categories; a minimally invasive form and a widely invasive form.

Figure 1.6

Figure 1.6 Insular carcinoma. (A) Illustrates capsular and (B) illustrates vascular invasion in 

minimally invasive follicular carcinoma. (Rosai, 2004)

Minimally invasive follicular carcinoma: These are grossly encapsulated tumours 

that show focal capsular/vascular invasion that is usually only apparent on histologic 

examination. Tumours can be further qualified regarding the specifics of the 

invasion. For instance tumours with only capsular invasion have practically zero risk 

of metastasis, tumours with invasion of fewer than four blood vessels have a low rate 

of metastasis (-5%), and tumours with invasion of at least four blood vessels have a 

higher risk of metastasis (~18%).

Widely invasive follicular carcinoma: These tumours, as their name suggests, 

pose a higher risk than the minimally invasive ones discussed above. They show 

widespread infiltration of blood vessels and/or adjacent thyroid tissue and often lack 

encapsulation. They also often resemble poorly differentiated carcinomas.
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1.3.2 Poorly Differentiated Carcinomas

Poorly differentiated thyroid carcinomas show limited structural and functional 

follicular cell differentiation and portray a morphological and biological intermediate 

between the well differentiated thyroid carcinomas and the undifferentiated 

carcinomas. They show widely infiltrative growth, necrosis, and vascular invasion. 

They are also known as insular carcinomas. Patients that suffer from this cancer are 

often middle-aged or older with a mean age of 53-58.4 years. Women are again 

more commonly affected by this cancer with a male: female ratio of 1:2. 

Microscopically the distinguishing features of this cancer are a nesting ‘insular’ 

pattern of growth, solid or microfollicular arrangement, small and uniform tumour cells 

with round hyperchromatic nuclei, variable mitotic activity, and fresh tumour necrosis 

(Figure 1.7).

Figure 1.7

Figure 1.7 Poorly differentiated carcinoma. (A) Low-power view of poorly differentiated 

thyroid carcinoma, showing a well-developed insular pattern. (B) High power view of the cells 

of insular carcinoma showing round, medium-sized nuclei with a smooth contour and 

hyperchromasia. (Rosai, 2004)

Poorly differentiated tumours usually concentrate radioiodine and behave in a 

generally aggressive manner. There is a high incidence of both nodal and blood- 

borne metastasis. There is a more positive prediction for survival if the tumour is 

largely encapsulated, or if the insular pattern occurs in an otherwise well 

differentiated tumour (Rosai, 2004, Fletcher, 2007).
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1.3.3 Undifferentiated Carcinomas

Undifferentiated or anaplastic thyroid carcinoma (ATC) comprises 2-5% of all thyroid 

carcinomas. It also occurs more commonly in females and usually presents in 

elderly patients as a rapidly growing mass associated with hoarseness, dysphagia, 

and dyspnea. Extrathyroidal extension is usually present at the time of diagnosis. In 

50% of cases the patients have prior multinodular goitre, 20% have prior 

differentiated carcinoma and 20% have concurrent differentiated carcinoma. 

Grossly, a highly necrotic and hemorrhagic solid tumour mass is seen replacing large 

portions of the organ. Microscopically the tumour does not form follicles, papillae, 

trabeculae, or nests. In fact the appearance of anaplastic tumours can vary 

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 (Figure 1.8). There is extensive 

tissue destruction due to follicular invasion and lesions may be almost completely 

necrotic.

Figure 1.8

Figure 1.8 Anaplastic carcinoma of the spindle cell type. (Rosai, 2004)

The evolution of the tumour occurs very rapidly with massive grov\rth in the neck and 

infiltration of the ribbon muscles, oesophagus, trachea, skin, and even contiguous 

bones. Nodal and distant metastases are also common. The mortality rate with this 

carcinoma is over 95% with a mean survival of less than 6 months. The immediate 

cause of death is usually involvement of the vital structures of the neck. There is a 

slightly better chance of survival for patients in whom the undifferentiated component 

is merely a focal change in an otherwise well differentiated carcinoma (Mazzaferri, 

1993, Rosai, 2004, Fletcher, 2007).
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1.3.4 Medullary carcinoma

Medullary thyroid carcinoma (MTC) differs from those mentioned above in that it 

does not originate from the follicular thyroid cells, but from the calcitonin secreting C- 

cells (also known as parafollicular cells) of the thyroid gland. It is a rare, aggressive 

tumour and composes less than 10% of all thyroid malignancies. Approximately ten 

to twenty percent of these tumours are inherited and not sporadic in nature. These 

familial cases are associated with syndromes such as Multiple Endocrine Neoplasia 

(MEN) types 2A and 2B, familial medullary thyroid carcinoma syndrome. Von Hippel- 

Lindau syndrome or neurofibromatosis. The clinical features are similar in sporadic 

and familial cases of the disease.

Most patients with MTC present with a thyroid nodule that is painless but firm and in 

up to 50% of cases, obvious nodal metastases are present at the time of diagnosis. 

Grossly, most MTCs appear firm, and white or yellow in appearance. When 

histoogically examined, MTCs are found to be composed of polygonal or 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 

(Mazzaferri, 1993, Rosai, 2004, Fletcher, 2007).
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1.4 Epidemiology of thyroid cancer

The thyroid is the largest endocrine gland, and is the most common gland in which 

primary endocrine tumours develop. However, when the incidence of thyroid cancer 

is viewed in the context of all cancers, it comprises only 1 percent, illustrating that it is 

relatively rare. Incidence rates do show variation between countries, and within 

larger countries (Davies and Welch, 2006). Exposure to radiation is known to be a 

significant risk factor for the development of thyroid cancer (Williams, 2006).

Overall, females are three times more likely than males to be affected by thyroid 

carcinoma. Classic PTC is among the most curable neoplasms, however FTC is 

more aggressive, and ATC has a very poor survival rate with most patients dying 

within a year of diagnosis. On the whole, 5% to 20% of survivors develop local or 

regional recurrences, and less than 5% to 10% develop distant metastases, generally 

in the first years of follow-up, but sometimes after many years (Schlumberger, 1999). 

This cancer can occur in any age group, but is most common in those over 30 years 

old, with a median age at diagnosis of 47 years. The median age at diagnosis is 

much younger for familial MTC, and older for anaplastic carcinoma patients.

As mentioned, incidence rates of thyroid cancer show variation between countries. 

The American Cancer Society estimated 33,550 new cases of thyroid cancer in 2007, 

25,480 in women and 8,070 in men. Thyroid cancer is in the top twenty most 

common cancers for UK females (number 18), with 1,196 new cases diagnosed in 

2004, compared to 445 cases in males (cancer research UK website: 

http://info.cancerresearchuk.org/cancerstats/types/thyroid/ incidence/). The highest 

rates for thyroid cancer in the world occur in Northern America, where the female 

age-standardised rate is 8.1 per 100,000 females, compared with 1.4 per 100,000 

females in Western Africa. Incidence is low in all parts of Africa, as seen in figure 

1.9. In Ireland, the annual average number of new thyroid cancer cases between 

1998 and 2002 was fifty three in females and nineteen in males. Considering 

demographic change and the change in cancer rates (and using the years 1998-2002 

as a baseline) the Irish national cancer registry estimates 109 ± 27 annual female 

cases of thyroid cancer by the year 2020 and 45 ± 19 annual male cases. This 

equates to a 106% female and 137% male overall percentage change between 

1998-2002 and 2020 (95% prediction intervals). This demonstrates that the overall 

trend in incidence of thyroid carcinoma is predicted to increase in both sexes in 

Ireland in the next decade. The National Cancer Registry attribute this to an increase
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in population ageing (demographic factors) but also as a result of increase in 

underlying incidence rates for most cancers (National Cancer Registry, 2006).

Figure 1.9
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Figure 1.9 Illustrates the age-standardised incidence rates for thyroid cancer throughout the 

world for 2002. Adapted from the cancer research UK website: 

http://info.cancerresearchuk.org/cancerstats/types/thyroid/incidence/

World wide thyroid cancer incidences have increased over time (Williams, 2006, Hall 

et al., 2009). There was conjecture over this observed increase however, as 

researchers questioned whether this was a true increase in incidence, or was due to 

an increase in detection rates through more frequent use of diagnostic imaging 

studies and fine needle aspiration (FNA) biopsy. A recent study on the Canadian 

population sought to elucidate whether there was a relationship between detection 

rate and incidence. Hall and colleagues (Hall et al., 2009) used administrative data 

to compare the rates of diagnostic imaging tests of the neck (computed axial 

tomography (CT), magnetic resonance imaging (MR!), and non-obstetrical ultrasound 

(US)) to the incidence of thyroid cancer for the population of the Province of Ontario 

from 1993 to 2006. In doing so they found that women and men had different rates 

of tests, and that those rates reflected the rates of new diagnoses of thyroid cancer. 

This led them to conclude that the rising incidence of thyroid disease in women is 

associated with increasing numbers of diagnostic imaging tests.

■ Females
■ Males
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1.5 Molecular Genetics of Thyroid Cancer

There are two classes of genes that are of particular importance in the initiation and 

development of carcinogenesis. They are oncogenes and tumour suppressor genes. 

Oncogenes are abnormal genes that acquire a ‘gain of function’. The normal form of 

the gene, the proto-oncogene becomes inappropriately activated through mutation. 

One mutation or one ‘hit’ is sufficient for the aberrant activation of these genes. 

Tumour suppressor genes, as their name suggests, in their normal form work to 

prevent tumour formation. In contrast to oncogenes, they undergo ‘loss of function’ 

to enable their contribution to carcinogenesis. It requires two mutations or ‘hits’ for 

these genes to contribute to the initiation and progression of cancer. This section of 

the thesis will discuss the oncogenes and tumour suppressor genes that are central 

to the development of thyroid cancer.

1.5.1 Oncogenes

1.5.1.1 B-RAF

Raf is a serine-threonine kinase protein involved in the mitogen-activated protein 

kinase (MARK) pathway. This is a classically conserved intracellular signalling 

pathway that plays a fundamental role in cellular functions such as proliferation, 

differentiation, apoptosis, and survival (MacCorkle and Tan, 2005), and when 

aberrantly activated, tumourigenesis (Kohno and Pouyssegur, 2006). The pathway is 

activated by a large array of growth factors, hormones, and cytokines through their 

receptors on the cell membrane. There are three isoforms of Raf in mammalian 

cells; ARaf, BRaf, and CRaf. BRAF is encoded by a gene on chromosome 7 and is 

the most potent activator of the MARK pathway.

In normal cells the activation of BRAF occurs through the direct interaction with GTP- 

bound Ras, a membrane bound small G protein. Activated BRAF then 

phosphorylates and activates MEK which is also a serine-threonine kinase. This 

then activates and phosphorylates ERK which phosphorylates regulatory molecules 

in the nucleus. The most common mutation in BRAF thyroid cancer consists of a 

somatic T1799A transversion in exon 15 which causes a V600E amino acid 

substitution (BRAF'^®°°^). This mutation destabilises the inactive conformation of 

BRAF which results in its constitutive activation and oncogenic effects (Figure 1.10).
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Figure 1.10
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Figure 1.10 Regulation of MARK pathway signalling in physiological conditions, and in cells 

harbouring SR>AF-activating mutations. (A) In normal cells, the binding of growth factors (i.e. 

the epidermal growth factor, EGF) to the extracellular domain of their membrane tyrosine 

kinase (TK) receptors triggers activation of the receptor, autophosphorylation of tyrosine 

residues in the intracellular TK domain, and sequential activation of adaptor proteins and 

guanine nucleotide exchange factors [e.g. Grb2 and SOS (Son of Sevenless)]. Activation of 

these proteins stimulates [orange arrow (i)] the conversion of inactive GDP-bound Ras to its 

active GTP-bound form. Ras-GTP, in turn, recruits to the membrane and activates [orange 

arrow (ii)] Raf family serine/threonine kinases, which trigger [orange arrow (iii)] the sequential 

phosphorylation and activation of MEK and ERK. Finally, ERK-induced phosphorylation 

[orange arrow (iv)] of several substrates (e.g. nuclear transcription factors such as ELK-1) 

activates or regulates [orange arrow (v)] important cellular processes such as proliferation, 

survival, senescence and differentiation. The whole three-tiered Raf-MEK-ERK kinase 

cascade is scaffolded by kinase suppressor of Ras (KSR), which is represented by the purple 

cylinder next to Raf, MEK and ERK. Protein phosphatase 2A (PP2A) is involved in the 

dephosphorylation of inhibitory sites of Raf kinases during their activation process. (B) In 

cells possessing a BRAF mutation, the V600E amino acid substitution constitutively activates 

BRAF kinase, which leads to deregulated activation [thick orange arrows (i) and (ii)] of 

MAPK-ERK signalling in the absence of signals coming from the cell surface. Constitutive 

signalling through this pathway stimulates [thick orange arrow (iii)] cell transformation. 

Abbreviations: SRF: Serum Response Factor.

(Puxeddu et al., 2008)
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The BRAF''®°°^ mutation is the most common genetic change in PTC, occurring in 29- 

83% of cases (Xing, 2005). It is also unique to PTC and does not occur in any other 

form of well differentiated follicular neoplasm. The BRAF mutation can occur early in 

the development of PTC as it has been detected in microscopic PTC (Nikiforova et 

al., 2003). The mutation is also thought to be a tumour initiating event as the early 

biological consequences of the consistent activation of the protein are an induction of 

apoptosis, but not cellular growth in the absence of TSH. Concomitant stimulation of 

DNA synthesis and apoptosis ensues, and so the mutation does not confer a growth 

advantage to the cell population (Mitsutake et al., 2005). The tall cell variant of PTC 

which is regarded as an aggressive variant has a particularly high prevalence of this 

mutation. BRAF''®°°^ can also be found in anaplastic carcinomas that have 

developed from pre-existing PTC foci (Begum et al., 2004). Some studies have 

found BRAF to be associated with aggressive clinicopathological features such as 

advanced clinical stages and extrathyroidal extension (Namba et al., 2003, Nikiforova 

et al., 2003). It has also been associated with a high recurrence rate and resistance 

to radioiodine treatment (Xing, 2005). BRAF''®°°^ may facilitate the acquisition of 

secondary genetic events or primary epigenetic events through induction of genetic 

instability which may explain some of its aggressive propensities (Mitsutake et al., 

2005).

1.5.1.2 RET

The RET proto-oncogene is located on chromosome 10q11.2 and it encodes a 

receptor tyrosine kinase with a cadherin-related motif and a cysteine-rich domain in 

the extracellular domain. It is capable of binding TGF(3-related neurotrophic factors, 

including the glial cell line derived neurotrophic factor (GNDF) family. Three isoforms 

of the protein can be generated through alternative splicing in the 3’ region and are 

named short, middle and long isoforms. The activity of these proteins is usually 

restricted to a subset of cells derived from embryonic neural crest cells and they are 

believed to be important in neuronal cell differentiation and are found to be commonly 

amplified in neuroendocrine tumours.

Point mutation of RET is responsible for most forms of hereditary and sporadic 

medullary thyroid carcinomas and missense mutations of the gene are associated 

with most cases of Multiple Endocrine Neoplasia Syndromes (MENS) 2A & 2B. 

Chromosomal rearrangements linking the promoter and N-terminal domains of
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unrelated gene(s) to the C-terminal kinase domain of RET result in ligand- 

independent dimerisation and constitutive activation of chimeric forms of the receptor 

(ret/PTC) in thyroid cells. Twelve forms of ret/PTC have been reported thus far, and 

these vary according to the identity of the upstream fusion partner of RET (Nikiforov, 

2008). In each case, the intracellular domain of RET is fused to different activating 

genes, namely H4 (for ret/PTC-1), RIa (ret/PTC2), RFG/ELE1/ARA70 (ret/PTC3 and 

ret/PTC4), RFG5 (ret/PTC5), hTIF (ret/PTC-6), RFG7/TF1y (ret/PTC7), kinectin 

(ret/PTC8), RFG9 (ret/PTC9), PCM1 (PCM1-ret), ELKS (ELKS-ret), and RFP (RFP- 

ret).

The prevalence of ret/PTC rearrangements in thyroid cancer varies widely among 

studies, with rates between 3 and 85% being reported (Kondo et al., 2006, Nikiforova 

et al., 2003, Garcia-Rostan et al., 2001). This wide variation most likely reflects 

geographic location of patients and detection methods used. Similar to BRAF, RET 

rearrangements are also thought to be an early event in thyroid cancer development 

and are often detected in microscopic PTC (Fagin and Mitsiades, 2008). ret/PTCI 

and ret/PTC3 are the most common RET oncoproteins detected. The importance of 

these rearrangements in the pathogenesis of thyroid cancer became evident as over

expression of ret/PTCI in transgenic mice, and ret/PTC3 in thyroid cells induced 

papillary thyroid neoplasms. Furthermore, exposure of cell lines and foetal thyroid 

explants to ionising radiation resulted in the rapid induction of ret/PTC expression, 

supporting a role for radiation in the aberrant recombination of RET (Fagin and 

Mitsiades, 2008). Indeed, there is a high incidence of RET rearrangements in 

childhood papillary carcinoma following the Chernobyl accident (Fugazzola et al., 

1995, Klugbauer et al., 1995, Nikiforov et al., 1997, Beimfohr et al., 1999). This 

corroborates the role for radiation damage in the creation of this paracentric 

inversion. In particular, 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 (Finn et al., 2003, Thomas et al., 1999). The role of RET in thyroid 

carcinoma is illustrated in figure 1.11.

It is interesting to note that RET rearrangements were originally thought to be 

restricted to thyroid disease, but have been recently detected by Flavin et al in 

primary peritoneal carcinoma (Flavin et al., 2009), However the authors suggest they 

may not be directly implicated in tumour growth, but represent "passenger" mutations 

reflecting RET instability in secondary tumour subclones.
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Figure 1.11
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Figure 1.11 The role of RET in thyroid carcinogenesis. (A) The receptor tyrosine kinase c- 

RET is normally expressed in the developing neural-crest-derived tissues, including thyroid C 

cells. It binds to members of the glial-derived neurotrophic factor (GDNF) family of ligands, 

leading to dimerisation of c-RET and activation of its tyrosine kinase activity. Downstream 

signalling events lead to growth and survival signals that are controlled by receptor 

occupancy, as well as crosstalk with other ligand-receptor interactions. (B) Germ-line or 

somatic point mutations either close to the transmembrane (TM) or in the tyrosine kinase (TK) 

regions of c-RET contribute to thyroid C-cell carcinogenesis. These mutations cause c-RET 

to dimerise independently of ligands or have kinase activity that is independent of 

dimerisation. Germ-line point mutations are a feature of multiple endocrine neoplasia type II 

syndrome (MEN II) in addition to thyroid carcinoma. The mutations are dominant; normal 

receptors are not shown. (C) By contrast, somatic rearrangements of c-RET contribute to 

thyroid follicular-cell carcinogenesis; inversions or translocations fuse the part of c-RET that 

encodes the tyrosine kinase domain with one of several genes that encode coiled-coil- 

domain-containing proteins. Fusion to H4 (a gene of unknown function), Rl a (which encodes 

a regulatory subunit of protein kinase A) and ELE1 (a transcriptional co-activator of the 

androgen receptor) are the most commonly involved, giving rise to the ret/PTC-1, ret/PTC-2 

and ret/PTC-3 oncogenes, respectively. H4 and ELE1 are also involved in rare 

rearrangements with differing breakpoints. The resulting coiled-coil-domain-containing fusion 

protein dimerises, leading to a constitutively active c-RET tyrosine kinase.

(Williams, 2002)
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1.5.1.3 RAS

There are three RAS proteins; H-RAS, N-RAS, and K-RAS, which are linked to the 

inner portion of the cytoplasmic membrane. They can exist in two states, an inactive 

form which is bound to guanosine diphosphate (GDP) and an active form, able to 

bind and hydrolyse GTP. Their role in cell signalling involves communicating signals 

originating from TK membrane receptors (such as the EGF receptor) to a cascade of 

mitogen-activated phosphokinases (MAPK) which ultimately, activate the 

transcription of target genes inducing mitotic activation. Point mutations in codons 

12, 13, and 61 of the gene result in the constitutive activation of the RAS proteins. 

Mutations in RAS are detected in approximately thirty percent of human cancers and 

lead to genomic instability and malignant transformation.

Reports of RAS mutations in thyroid tumours vary widely in prevalence and are seen 

in a spectrum of tumour types (Kondo et al., 2006, Lemoine et al., 1989, Suarez, 

1998). However, the frequency of mutations in the follicular variant of PTC appears 

to be high. Adeniran et al reported that all 14 of the follicular variants of PTC 

(FVPTC) they tested had RAS mutations, with 10 involving N-RAS (codon 61) and 4 

involving H-RAS (codon 61) (Adeniran et al., 2006). Di Cristofaro et al also 

examined RAS mutations in FVPTC and conventional PTC and demonstrated RAS 

mutations in 6/24 (25%) of cases of FVPTC but in no cases of classic PTC (Di 

Cristofaro et al., 2006).

1.5.1.4 TRK

The human neurotrophic receptor-tyrosine kinase (NTRK1 or TRK) gene is located 

on chromosome 1q22 and encodes a transmembrane tyrosine kinase receptor for 

the nerve grov r̂th factor. Similar to RET, TRK may become activated in thyroid 

follicular cells by undergoing chromosomal rearrangement, but TRK rearrangements 

are found in far fewer PTCs than RET rearrangements. The prevalence of TRK 

rearrangements is approximately 3% in post-Chernobyl PTCs (DeLellis, 2006).

Overall, mutations of either RET, TRK, NRAS, HRAS, KRAS or BRAF are detected in 

-70% of PTCs, with little or no overlap between them (Fagin and Mitsiades, 2008).
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1.5.2 Tumour suppressor genes 

1.5.2.1 p53

p53, a nuclear phosphoprotein transcription factor coded for on chromosome 17p13, 

is frequently referred to as the ‘guardian’ of the genome. The reason for this is the 

proteins critical role in facilitating DNA repair. Cells with genetic injury as a result of 

radiation, drugs, UV light or other stresses rely on the up-regulation of p53 to initiate 

cell cycle arrest; most frequently in the G1 phase, but G2 arrest can also occur, to 

allow the cells to repair damaged DNA when possible or to promote cell death when 

repair is not possible. Consequently, cells lacking p53 activity are deficient in a 

crucial cellular repair mechanism and may be more sensitive to the accumulation of 

genetic injury and subsequent malignant behaviour. Indeed, the p53 gene is the 

most frequently altered gene in human cancers with somatic mutations described in 

over half of a wide variety of human lesions.

In thyroid neoplasms, p53 mutations are rare or completely absent in well- 

differentiated carcinomas, including those that are radiation-related. They are more 

commonly found in poorly differentiated and anaplastic carcinomas. Therefore, it has 

been suggested that p53 mutations occur as a late event in the course of thyroid 

carcinogenesis, and are associated with tumour progression and a more aggressive 

phenotype (Fagin and Mitsiades, 2008). This indicates that p53 based therapy may 

prove beneficial for anaplastic carcinomas. Interestingly, Hassan & colleagues 

(Hassan et al., 2006) showed that secretion of VEGF (a pro-angiogenic factor) was 

decreased by 34% in undifferentiated thyroid cancer cells in which mutated p53 has 

been knocked down; implicating this protein in angiogenesis. There have also been 

studies showing the ability of exogenous wild type p53 to increase chemosensitivity 

in ATC cell lines. It has thus been suggested that the combination of chemotherapy 

with wild type p53 gene therapy may be efficacious in treating ATC (Suarez, 1998).
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1.5.2.2 PTEN

Phosphate and tensin homolog (PTEN) is a dual function protein tyrosine 

phosphatase, located on chromosome 10q23.3. It is thought to possess tumour 

suppressor qualities as it acts on the phosphoinoside 3-kinase (P13K) and Akt/PKB 

pathways by dephosphorylating Akt to cause apoptosis and / or G1 cell cycle arrest. 

Therefore a dysfunctional PTEN protein can lead to high levels of Akt-P, which would 

inhibit apoptosis. Somatic mutations in this gene are rare in primary epithelial thyroid 

tumours, however hemizygous deletion has been found to occur in ten to twenty 

percent of adenomas and carcinomas (Dahia et al., 1997, Bruni et al., 2000). 

Hemizygous deletions can be detected in up to sixty percent of anaplastic thyroid 

carcinomas.



Chapter 1 Introduction

1.5.3 Targeted therapies for thyroid cancer

As nnentioned, well differentiated tumours of the thyroid generally have indolent 

behaviour and are effectively treated by surgery followed by radioiodine therapy. 

However poorly or un-differentiated tumours and C cell derived tumours are often 

resistant to radioiodine therapy and have a poorer prognosis. These tumours are 

promising targets for novel molecularly targeted therapies. Several therapies have 

been developed against the RET and BRAF kinases and have been tested in 

preclinical and clinical studies.

ZD6474 is an orally active low molecular weight receptor tyrosine kinase inhibitor. It 

is a potent inhibitor of the vascular endothelial growth factor receptor 2 (VEGFR-2) 

and effectively blocks RET tyrosine kinase. This inhibitor has been demonstrated to 

induce growth arrest in RET/PTC1 positive human papillary carcinoma cell lines, and 

prevent tumour growth in nude mice after injection of RET/PTC3-transformed 

fibroblasts or RET-mutation positive medullary carcinoma cells. It was also shown to 

inhibit phosphorylation and signalling from RET/PTC3, and patients with metastatic 

familial medullary carcinoma have shown some evidence of response to the ZD6474 

therapy in clinical trials (Nikiforov, 2008).

As mentioned, BRAF inhibitors have also been tested as therapeutic agents. These 

inhibitors would be particularly beneficial for patients with BRAF positive tumours as 

this mutation is associated with tumour dedifferentiation and resistance to the 

conventional radioiodine therapy. Therapies targeting BRAF may also be used to 

treat tumours with other mutations upstream of BRAF in the MAP kinase signalling 

pathway such as RET and RAS. BAY 43-9006 is a multi-kinase inhibitor with potent 

activity against RAF, VEGFR-2, VEGFR-3, PDGFR3, FLT-3, and c-KIT kinases. This 

inhibitor showed strong anti-tumour effects when orally administered in xenograft 

models of several different cancers. These effects are thought to be mediated by 

inhibition of MARK signalling and angiogenesis by blocking RAF and VEGFR-2,-3 

and other kinases involved in angiogenesis, respectively. BAY 43-9006 was also 

shown to effectively block both the wild-type BRAF and mutant V600E BRAF kinase 

activity, and inhibit BRAF signalling and growth of ail thyroid cell lines with mutant 

BRAF. In addition, it Impaired the growth of anaplastic carcinoma cell line xenografts 

in nude mice. BAY 43-9006 has been tested in clinical trials for several cancer types, 

including thyroid cancer, and preliminary results show minimal or partial response in 

some patients with progressive papillary carcinoma (Nikiforov, 2008).
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1.6 The discovery of miRNAs

The first fragment of knowledge on the path to microRNA (miRNA) discovery 

emerged in 1991. Arasu and colleagues explained that lin-4 was a heterochronic 

gene in Caenorhabditis elegans and was required for proper cell fate specification in 

larval development. Genetic evidence suggested that the lin-4 gene product 

negatively regulated the heterochronic lin-14 gene by targeting its 3’ untranslated 

region (UTR) (Arasu et al., 1991). This mechanism was further elucidated when the 

Ambros lab cloned the lin-4 gene in 1993. They identified a small 693bp DNA 

fragment that could functionally rescue the lin-4 null allele of C. elegans. They 

discovered two transcripts, the 45nt lin-4L and the 22nt lin-4S and found that lin-4 

possessed complementarity to the lin-14 3’ UTR. They found that the lin-4 RNA was 

non-coding and caused the translational repression of lin-14 whose concentration 

must be reduced for worms to progress from their first larval stage to the second. 

This was in fact the discovery of the first miRNA, and the authors correctly 

hypothesised that the regulation of lin-14 occurred via an anti-sense RNA-RNA 

interaction (Lee et al., 1993). In 1996, Ha et al characterised the interaction further 

and showed that lin-4 could bind to the lin-14 3’ UTR in vitro, that mutations in the lin- 

4 binding sites of lin-14 prevented translational regulation by lin-4, that inserting lin-4 

binding sites into the 3’ UTR of a reporter construct was sufficient to cause 

translational repression, and that lin-4 binding to lin-14 was necessary and sufficient 

for the translational regulation of lin-14 (Ha et al., 1996).

Although this was a fascinating discovery of a new level of genetic regulation, it went 

largely ignored by the greater scientific community as it was thought to be a 

nematode-specific phenomenon. The reason for this was that no lin-4 homologs 

were discovered in vertebrates. In the year 2000, the Ruvkun lab cloned another 

miRNA, let-7, which was also a short (21 nt) non-coding RNA that regulated 

developmental timing in larval stages of C. elegans. It regulated translation in a 

similar fashion to that of lin-4, by binding to the 3’ UTR of the gene it was regulating, 

lin-41 (Reinhart et al., 2000). A crucial paper regarding let-7 was released by this 

group later in the year 2000. In this paper they demolished the nematode-specific 

miRNA hypothesis held by many hitherto as they demonstrated that let-7 was 

conserved in other species including Drosophila melanogaster and humans 

(Pasquinelli et al., 2000).
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The revelation that miRNAs were not merely a nematode anomaly catalysed 

research into the discovery of these short RNAs, and the ensuing years yielded a 

flurry of papers on the topic. Indeed, less than one year later, papers were published 

which demonstrated that there are large families of miRNAs in worms, flies, and 

humans (Lee and Ambros, 2001, Lagos-Quintana et al., 2001). The RNA products of 

these newly discovered genes resembled lin-4 and let-7 in that they were ~22nt 

endogenously expressed RNAs, potentially processed from one arm of a stem loop 

precursor (Figure 1.12), and they were generally conserved in evolution. However, 

unlike lin-4 and let-7 they were not expressed at particular stages of development but 

were more likely to show a cell-type specific expression pattern. These small RNAs 

were then termed microRNAs to describe all tiny RNAs that had similar features but 

unknown functions (Lee and Ambros, 2001, Lagos-Quintana et al., 2001, Lau et al., 

2001).

Figure 1.12
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Figure 1.12 Examples of metazoan miRNAs. Predicted stem loop structures are shown 

including the mature miRNAs (red) and flanking sequence. The miRNAs* (blue) are also 

shown in cases where they have been experimentally identified (Lim et al., 2003). (A) 

Predicted stem loops of the founding miRNAs, lin-4 and let-7 RNAs (Lee et al., 1993, Reinhart 

et al., 2000). The precise sequences of the mature miRNAs were defined by cloning (Lau et 

al., 2001). The C. elegans stem loops are shown, but close homologs of both have been 

found in flies and mammals (Pasquinelli et al., 2000, Lagos-Quintana et al., 2001, Lagos- 

Quintana et al., 2002). (B) Examples of miRNAs from other metazoan genes, mir-1, mir-34, 

and mir-124. The C. elegans stem loops are shown, but close homologs of these miRNAs 

have been found in flies and mammals (Lagos-Quintana et al., 2001, Lagos-Quintana et al., 

2002, Lau et al., 2001, Lee and Ambros, 2001). (C) Examples of miRNAs from plant genes, 

MIR165a, MIR172a2, and JAW. Arabidopsis thaliana stem loops are shown, but close 

homologs of these miRNAs have been found in rice and other plants (Park et al., 2002, 

Reinhart and Bartel, 2002, Palatnik et al., 2003).

(Bartel, 2004)

10,883 miRNA loci from 115 species (including animals, plants, and viruses) 

expressing 10,581 distinct mature miRNA sequences have now been discovered. 

This is according to release 14 of miRBase, which is the central online repository for 

miRNA nomenclature, sequence data, annotation and target prediction (Griffiths- 

Jones et al., 2008). miRBase illustrates the species in which miRNAs have been 

discovered in a phylogenetic tree which facilitates effortless browsing of the site. 

Once the species of interest, for instance Homo sapiens, is located, the number of 

miRNAs currently identified in that species are displayed; there are currently 721 

human miRNAs listed in the database. One can then click on the species link to 

access the list of all of the miRNAs. There is a great deal of information available on 

each miRNA in the database including the miRNA ID, accession number, genomic 

coordinates, step-loop and mature sequences, and miRNAs that form clusters in the 

genome are highlighted. m iRBase is available at http://microrna.sanger.ac.uk/.
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1.7 miRNA biogenesis

The steps required to successfully generate a functional miRNA are outlined in figure 

1.13.

Figure 1.13
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Figure 1.13 Outline of the biogenesis of miRNAs. MicroRNA (miRNA) genes are generally 

transcribed by RNA Polymerase II (Pol II) in the nucleus to form pri-miRNA transcripts. These 

pri-miRNA transcripts are processed by the RNase III enzyme Drosha and its co-factor to 

release the pre-miRNA precursor product. RAN-GTP and exportin 5 transport the pre- 

miRNA into the cytoplasm. Subsequently, Dicer and its co-factor process the pre-miRNA to
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generate a transient ~22-nucleotide miRNA:miRNA* duplex. This duplex is then loaded into 

the miRNA-induced silencing complex (miRISC), and the mature single-stranded miRNA (red) 

is preferentially retained in this complex. The mature miRNA then binds to complementary 

sites in the mRNA target to negatively regulate gene expression by either degrading the RNA, 

or repressing its translation.

(Wienholds and Plasterk, 2005)

miRNA genes can be located in several different genomic locations; intronic regions 

of protein coding genes, exonic regions of non-protein coding genes, or intronic 

regions of non-protein coding genes. Many mammalian miRNAs are found in introns 

of protein coding genes and can possess the same transcription pattern as that of the 

protein-coding genes in which they reside. Several miRNAs are found in close 

proximity to each other and can be co-transcribed as polycistronic transcripts (Liu et 

a!., 2008).

miRNA genes are, in the main transcribed by RNA Polymerase II (Pol II) in the 

nucleus to form primary miRNA transcripts; pri-miRNAs, which are capped 

(M^GpppN) and polyadenylated (AAAAA). The two main steps in processing a pri- 

miRNA into a mature, functional miRNA are catalysed by a ribonuclease III (RNase 

III) endonuclease together with a double-stranded RNA-binding domain (dsRBD) 

protein partner (Du and Zamore, 2005). First, the pri-miRNA is cropped by the 

microprocessor into a ~70nt hairpin-like precursor miRNA termed the pre-miRNA. 

The RNase III enzyme Drosha and its co-factor DGCR8 liberate the double-stranded 

stem from the remainder of the pri-miRNA by cleaving proximal and distal of the 

stem. The efficient processing of the pri-miRNA by Drosha requires specific features 

to be present in the hairpin such as a large terminal loop (-10 nucleotides) and a 

stem region that is about one helical turn longer than the stem of the resulting pre- 

miRNA. Processing by these proteins generates a pre-miRNA with a 5’ phosphate 

and a 3’ hydroxy terminus, and two or three nucleotide 3’ single-stranded 

overhanging ends, all of which are characteristics of RNase III cleavage of double 

stranded RNA (Liu et al., 2008).

The pre-miRNA is then exported from the nucleus into the cytoplasm by RanGTP 

and Exportin-5, which specifically recognises the characteristic end structure of the 

pre-miRNAs (Du and Zamore, 2005). When present in the cytoplasm, RanGTP is 

hydrolysed by RanGAP to RanGDP, and the pre-miRNA is released from Exportin-5.
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While the nuclear cutting of Drosha defines one end of the mature miRNA; the other 

end is defined by the cytoplasmic RNase III endonuclease, Dicer (Bartel, 2004). Pre- 

miRNAs are exposed to this enzyme once released from Exportin-5. Dicer contains 

several domains apart from the well known RNase III domains including an N- 

terminal ATPase/helicase domain, a PAZ domain and a C-terminal dsRNA binding 

domain (dsRBD). The PAZ domain and the dsRBD are essential to facilitate the 

interaction of Dicer with pre-miRNAs. The PAZ domain recognises the 2nt 3' 

overhang signature generated by Drosha, while dsRBD is critical for binding long 

dsRNAs (Filipowicz et al., 2005). When Dicer and its dsRBD protein, trans-activator 

RNA (tar)-binding protein (TRBP), capture a pre-miRNA, the two RNase III domains 

in Dicer intra-molecularly dimerise to form a single processing centre. The stem of 

the pre-miRNA is then cut ~22nt away from its termini at positions separated by 2nts, 

which generates 3' 2nt termini (Liu et al., 2008). This forms a short RNA duplex 

termed a miRNA:mlRNA* duplex. The RNA strand of the miRNA duplex that is 

complementary to the mature miRNA is depicted with a star symbol (miRNA*).

After processing by Dicer, the miRNA:miRNA* duplex is unwound and the mature 

miRNA is taken into the miRNA ribonucleoprotein complex (miRNP), also known as 

the miRNA-induced silencing complex (mlRISC). The miRNA* strand is degraded. A 

primary determinant of which of the two strands of a miRNA:miRNA* duplex will be 

taken into the miRISC is the thermodynamic asymmetry of the miRNA duplex. The 

RNA strand that’s 5’ end is less stably bound to the opposite strand is preferentially 

taken into the miRISC and is the mature miRNA (Bartel, 2004). In humans, miRISC 

assembly is facilitated by a protein complex termed the miRNA RISC Loading 

Complex (miRLC) (Liu et al., 2008). The miRLC is a multi-protein complex which 

does not contain miRNAs and is primarily composed of Argonaute and Dicer 

proteins. It functions to process miRNAs from pre-miRNAs and load mature miRNAs 

to Argonaute proteins. When this occurs the miRLC disassembles to leave the core 

miRISC, however the details as to how this process occurs are yet to be discovered 

(Maniataki and Mourelatos, 2005).

The miRISC is the functional miRNA complex which enables miRNAs to enforce their 

negative effect on gene expression. The Arogonaute (AGO) family of proteins are 

the central components of the miRISC. Mammals possess four AGO proteins that 

each contain a piwi-argonaute-zwillie (PAZ) domain, which contains an 

oligonucleotide-binding fold that allows the protein to bind the single-stranded 2-nt 3' 

terminal overhangs characteristic of small RNAs processed by Dicer, and a P-
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element induced wimpy testis (PIWI) domain, which is related to RNaseH 

endonucleases and functions in mRNA cleavage (Peters and Meister, 2007). 

miRNAs in the miRISC complex base-pair with miRNA recognition elements which 

are typically found in the 3’ UTR of their mRNA targets. The result of this base- 

pairing is either mRNA degradation (by direct endonucleolytic cleavage or other 

means of degradation such as de-adenylation and de-capping) or translational 

repression of the target mRNA. The mechanisms through which miRNAs recognise 

their target sequences, target prediction algorithms, and the methods of miRNA- 

mediated expression repression are discussed in detail in chapter 5 and so will not 

be elaborated on further here.
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1.8 miRNA functions

miRNAs are now thought to comprise one of the largest classes of gene regulators 

encompassing 1-4% of all expressed human genes (Hwang and Mendell, 2006). 

Moreover, they are thought to negatively regulate up to 30% of the human genome 

(Selbach et al., 2008). This regulation gains complexity as one miRNA is capable of 

repressing hundreds of proteins, and conversely, one protein can be repressed by 

many miRNAs. In addition, these small regulatory RNAs do not always simply switch 

on or off gene expression but can act to fine tune the expression of proteins within a 

cell (Bushati and Cohen, 2007, Bartel, 2009).

Figure 1.14 illustrates the different interactions through which miRNAs can mediate 

gene expression. This model, presented in a review by David Bartel, purports that 

different miRNA expression profiles in different cell types constitute a miRNA milieu, 

unique to each cell type, which dampens the expression of thousands of mRNAs 

(Bartel, 2009). This extensive gene regulation may influence the evolution of these 

sequences as mRNA target sites could be selectively conserved or avoided 

depending on whether the miRNA regulation of its target proteins’ expression is 

beneficial, inconsequential, or harmful to the organism. Consider a specific tissue 

type, for instance the brain. Expression of genes involved in certain processes may 

be harmful if expressed at too high a level in brain cells. These genes would then be 

expected to accumulate conserved target sites for brain-specific miRNAs. This 

concept was reflected in the work of Lim and co workers in 2005 when they 

transfected HeLa cells to express miRNAs that were not endogenous to the cells. 

The introduction of two miRNAs (mlR-1 & miR-124) caused the expression profile of 

the HeLa cells to shift toward that of the muscle & brain, the organs in which the 

miRNAs are preferentially expressed. This indicates that as HeLa cells were not 

exposed to the expression of these two miRNAs, the genes regulated by them in 

other tissues were free to evolve to accumulate miRNA target sites in their 3’ UTRs 

as they were unlikely to be repressed by the miRNAs (Lim et al., 2005).

The vital role that the first two miRNAs discovered {lin-4 & let-7) played in the larval 

development of C. elegans demonstrated the importance of these small molecules in 

the survival of this particular organism. These two miRNAs regulated genes {lin-14 & 

lin-41, respectively) that required stringent regulatory control at specific stages in 

larval development, and so these miRNAs acted as binary off-switches in which 

miRNA induction repressed target protein output to inconsequential levels.
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Figure 1.14
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Figure 1.14 miRNA-mediated regulatory effects. (A) Classes of miRNA regulatory 

interactions (Bartel and Chen, 2004). Left panels: in response to a developmental or 

environmental cue, cells induce miRNA expression (blue), which in turn dampens protein 

production (purple) from the targeted message. Right panels: protein production from 

analogous targets can also be dampened by pre-existing miRNAs; accumulation in the 

absence of the miRNA is indicated (dashed line). All panels depict 33% repression, which
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illustrates that classification does not rely on the magnitude of repression but instead depends 

on the properties of each target, namely its threshold(s) for optimal protein output. These 

thresholds are depicted as the boundaries between the clear (optimal) and coloured (sub- 

optimal) regions of the graphs. (B) Modest destabilisation transitions to much greater 

repression after the mRNA is no longer transcribed. When the miRNA is induced (point a), it 

mediates modest (2 fold) mRNA destabilisation. After transcription of the mRNA halts (point 

b), the same modest destabilisation quickly yields substantial (>10 fold) repression of protein 

output. If the miRNA also mediates translational repression (not considered in this example), 

the transition to the off state is accelerated further.

(Bartel, 2009)

In addition to the classical off-switch, there is another type of switch interaction 

proposed by Bartel, the failsafe switch interaction. Protein expression is also 

reduced to negligible levels in these interactions, but output falls below functional 

levels even in the absence of the miRNA (Bartel, 2009). In this instance, the miRNA 

repression acts as a supplementary, functionally redundant layer of repression to 

ensure the protein expression remains inhibited (Figure 1.14 A).

Tuning interactions provide a more subtle control over protein expression than the 

switch interactions. In this case the mlRNAs act as a rheostat rather than a binary 

off-switch to dampen protein output to a more optimal level but one that is still 

functional in the cell (Figure 1.14 A). This type of interaction facilitates more bespoke 

protein expression in different cell types in addition to more homogenous expression 

within each cell type (Bartel, 2009). An illustration of this type of interaction is seen in 

D. melanogaster where miR-8 reduces atrophin protein levels to prevent 

neurodegeneration, but not to such a low level as would negatively effect viability 

(Karres et al., 2007). Neutral miRNA - target interactions do reduce protein output, 

but this repression is tolerated or negated by feedback mechanisms which prevent 

the target sites from being under evolutionary pressure to be either conserved or 

avoided (Figure 1.14 A). Thus these target interactions have no net biological 

function (Bartel, 2009).

miRNAs fulfil a crucial role in the successful signalling and expression control in 

many organisms. In fact, it has been found that animals lacking miRNA expression 

cannot survive or reproduce (Kloosterman and Plasterk, 2006, Bushati and Cohen, 

2007). For instance, mice deficient in Dicer were found to die at embryonic day 7.5
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and lack multipotent stem cells (Bernstein et al., 2003) and Drosophila melanogaster 

mutants lacking Dicer-1 in germline stem cells showed that the miRNA pathway is 

essential for stem cell division and to bypass the G1/S checkpoint of the cell cycle 

(Hatfield et al., 2005). The fact that miRNAs have been shown to be involved in a 

variety of cellular processes adds credence to the previous statement of their 

significance. Although there have only been a few years of research into the 

functions of miRNAs, they have been implicated in controlling cell proliferation, cell 

differentiation, developmental timing, flower development (in plants), fat metabolism, 

apoptosis, insulin secretion, stem cell maintenance, neuronal patterning, stress 

resistance, and haematopoietic lineage differentiation (Bartel, 2004, Kloosterman and 

Plasterk, 2006, Wiemer, 2007, Esquela-Kerscher and Slack, 2006, Du and Zamore, 

2005, Wienholds and Plasterk, 2005, Bushati and Cohen, 2007).

The fact that one miRNA is capable of repressing hundreds of genes, and one gene 

can be repressed by many miRNAs, coupled with the fact that animal miRNAs 

frequently bind to their targets with incomplete complementarity, has made the 

search for miRNA target genes and specific functions a difficult one. This research is 

still in its infancy, but several miRNAs have been linked to the repression of particular 

mRNAs (see table 1.1). Some examples of such interactions include the miR-430 

family of miRNAs, which is the major miRNA family expressed during early zebrafish 

development. This miRNA performs a more general role in zebrafish brain 

morphogenesis and clears the embryo of maternal mRNAs to promote the maternal- 

to-zygote transition. In vertebrates, miR-375 is expressed in the pancreatic island 

and suppresses glucose-induced insulin secretion through negative regulation of 

myotrophin. siRNA-mediated knockdown of this gene mimicked the effect of miR- 

375 on insulin secretion and thus validated it as a target of miR-375. Two miRNAs 

have been implicated in specifying asymmetric gene expression in chemosensory 

neurons in C. elegans. The lsy-6 miRNA is expressed in left neurons, and miR-273 

is expressed in right neurons; this reciprocal expression is essential for neuronal 

asymmetry. The bantam miRNA accelerates proliferation and prevents apoptosis by 

regulating the proapoptotic gene hid in D. melanogaster. miR-14 also functions as a 

cell death suppressor, although its cellular target is unknown. Finally, miR-1 genes 

have been found to be involved in mammalian heart development, miR-181 in 

differentiation of mammalian haematopoietic cells towards the B-cell lineage, and 

miR-196 is a secondary regulator of hoxbd in mammalian limb patterning 

(Kloosterman and Plasterk, 2006).
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Table 1.1 Mammalian miRNAs that are associated with defined biological processes.

miRNA Biological Function mRNA Target

miR-1 Muscle differentiation and proliferation HAND2, HDAC4

miR-7b AP-1 regulated processes FOS

miR-1 Oa Megakaryocytopoiesis H0XA1

miR-15a Regulation of granulopoiesis BCL2

miR-16-1
Regulation B lymphocyte survival

Cell cycle targets
Cell cycle progression

miR-16 AU-rich element-mediated mRNA stability ARE containing mRNAs

miR-17-5p: 

miR-19b; miR-20; 

miR-93; miR-141; 

miR-199a-b; 

miR-200a-c; miR-429

Skin morphogenesis

miR-27b Regulation drug metabolising enzymes CYP1B1

miR-32 Antiviral defence Retrovirus PFV-1

miR-103 Cell cycle progression Cell cycle targets

miR-122
Regulator of cholesterol and fatty acid metabolism SLC7A1 (CAT-1)

Facilitates replication of hepatitis C virus Hepatatis C virus

miR-130a Megakaryocytopoiesis MAFB

miR-132 Neuronal morphogenesis P250GAP

miR-132; 

miR-146a-b; 

miR-155

Regulation innate immune response TRAF6

Regulation macrophage inflammatory response IRAKI

miR-133 Muscle differentiation and proliferation nPTB, SRF

miR-134 Regulation of dendritic spine development L1MK1

miR-142-5p Haematopoietic differentiation

miR-143 Adipocyte differentiation ERK5

miR-155 Angiotensin II related processes AT1R

miR-181 Haematopoietic & myoblast differentiation H0XA11

miR-196a Developmental patterning H0XB8

miR-221;

miR-222

Erythropoiesis
c-KIT

Angiogenic activity SCF

miR-223
Haematopoietic differentiation

NFI-A
Regulation granulopoiesis

miR-375 Regulation of insulin secretion MTPN

(Wiemer, 2007)
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1.9 miRNAs and cancer

When one considers the widespread impact of miRNA mediated regulation on the 

cellular processes mentioned in the last section, it does not require a stretch of the 

imagination to draw the conclusion that the disruption of this regulation may facilitate 

the progression of diseases, such as cancer. This supposition is bolstered by the 

fact that a high fraction of miRNA genes are located at fragile sites and genomic 

regions involved in cancers (Calin and Croce, 2006b). A fragile site is a site in 

chromosome that is susceptible to chromosome breakage, amplification and fusion 

with other chromosomes. Some examples of miRNAs in such regions include the 

miR-17-92 cluster and the miR-15a/miR-16a genes. The miR-15a/miR-16a genes 

are located on 13q4, a region that is frequently deleted in chronic lymphocytic 

leukaemia (CLL), and the miR-17-92 cluster is associated with the 13q31 region that 

is amplified in some B-cell lymphomas. Zhang and colleagues investigated 283 

miRNAs in breast, melanoma and ovarian cancer specimens and found 72.8%, 

85.9% and 37.1% of the miRNAs respectively, were located in genomic regions 

exhibiting gene copy number alterations. 26 miRNAs showed an increase in copy 

number, and 15 miRNAs showed a decrease in copy number in all three cancers. 

The alteration of similar miRNAs in the three cancers suggests that these may 

contribute to a common cancer phenotype, while miRNAs solely altered in certain 

cancers may improve the development of that particular cancer (Zhang et al., 2006).

For numerous cancers, the expression of miRNAs has been profiled or compared 

between tumour and normal cells from the same tissue. In fact, a survey of the 

literature suggests that every tumour type analysed has shown significantly different 

miRNA profiles compared to its corresponding normal tissue. Moreover, miRNA 

profiles have been shown to be capable of classifying different tumour types. Lu and 

CO workers used a highly specific bead-based flow-cytometric profiling technology to 

perform a systematic analysis of 334 leukaemias and solid cancers (Lu et al., 2005). 

Analysis of the profiles showed that mlRNA-expression profiles classified human 

cancers according to the developmental lineage and differentiation state of the 

tumours (see figure 1.15). Another study concerning only human solid tumours also 

showed differential miRNA expression patterns. Volinia et al performed a large-scale 

microarray analysis of 540 samples, including 363 from six of the most frequent 

human solid tumour types and 177 normal controls (Volinia et al., 2006). This group 

found 36 over-expressed miRNAs and 12 down-regulation miRNAs in all cancer cells 

compared to normal cells, and demonstrated, using hierarchical clustering analyses.
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Figure 1.15 Hierarchical clustering of miRNA expression. miRNA profiles of 218 samples from several different tissues were clustered. Samples 

are in columns, miRNAs in rows. Samples of epithelial (EP) origin or derived from the gastrointestinal tract (Gl) are indicated.

Abbreviations: BIdr, bladder; Brst, breast; Fee, follicular lymphoma; Kid, kidney; Lvr, liver; Mela, melanoma;Meso, mesothelioma; Pan, pancreas; 

Prost, prostate; Stom: stomach; Ut, uterus; AML: acute myelogenous leukaemia; BALL, B-cell ALL; LBL, diffuse large-B cell lymphoma; MF, mycosis 

fungoides; MLL, mixed lineage leukaemia; TALL, T-cell ALL; Hyper 47-50, hyperdiploid with 47-50 chromosomes; Hyper.50, hyperdiploid with over 

50 chromosomes; Normp, normal ploidy. (Volinia et al., 2006)
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that this miRNA signature could group tumour samples according to their tissue of 

origin. Several other genome-wide profiling studies have been performed on other 

cancers such as CLL, breast cancer, glioblastoma, thyroid papillary carcinoma, 

hepatocellular carcinoma, lung cancer, colon cancer, and endocrine pancreatic 

tumours (Calin and Croce, 2006a). Not only do miRNA profiles distinguish between 

cancerous and normal tissue, they have also been associated with diagnosis and 

progression, as well as prognosis and response to treatment (Calin and Croce, 

2006a, Volinia et al., 2006).

Various genetic events can lead to the disruption of miRNA expression in cancers. 

Amplification, deregulation of a transcription factor, or the de-methylation of CpG 

islands in the promoter regions of genes can lead to the over-expression of miRNAs, 

and deletions, epigenetic silencing, or loss of the expression of transcription factors 

can lead to the down-regulation of miRNAs (Croce, 2008). As mentioned previously, 

elucidating the specific functions of particular miRNAs in cancer has been a difficult 

process and research into this area is still in its formative years, however the 

functions of some miRNAs in cancer have been elucidated and will be discussed 

herein.

When introducing the neoplasms of the thyroid in section 1.3 of this introduction, 

Hanahan & Wienberg’s innovative paper of 2000 that described and enumerated the 

six capabilities or hallmarks that cells must acquire to function successfully as a 

cancer was discussed. A recent review considering the role of miRNAs in cancer 

has highlighted the critical role these small RNAs play in the carcinogenesis process 

by revealing how miRNAs have been implicated in all of the hallmarks of cancer 

(Ruan et al., 2009). Figure 1.16 and table 1.2 illustrate how miRNAs are involved in 

the hallmarks of cancer and which miRNAs are implicated.

In addition to being linked to the hallmarks of cancer, miRNAs have been reported to 

act as both tumour suppressor genes and oncogenes (Kent and Mendell, 2006, 

Esquela-Kerscher and Slack, 2006). It has been suggested that miRNAs that 

experience loss of expression in cancer tissues may possess tumour suppressor 

functions, and conversely miRNAs that are over-expressed may have oncogenic 

potential, see figure 1.17. The next two sections of this thesis will describe some 

miRNAs that have been attributed these qualities.
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Figure 1.16
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Figure 1.16 miRNAs and the hallmarks of cancer. (A) Hanahan & Wienberg’s acquired 

capabilities of cancer. (B) The roles of miRNAs in the hallmarks of cancer.
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Table 1.2 miRNAs and the hallmarks of cancer

Hallmarks of Cancer Functions of miRNAs miRNAs

Resistance to anti-proliferation & 
exogenous growth factor signals

Pro-proliferation miR-21, miR-17 cluster, mlR-221, miR-222

Anti-proliferation let-7, miR-519, miR-146a

Evasion of apoptosis
Pro-apoptosis miR-34 cluster, miR-29, miR-15, miR-16

Anti-apoptosis miR-17-92 cluster, miR-21

Limitless replicative potential Immortalisation or 
senescence regulation

miR-290, miR-24, miR-34a

Induction of angiogenesis
Pro-angiogenesis miR-17-92 cluster, miR-378, mlR-296, let-7f, 

miR-27b, miR-130, miR-126
Anti-angiogenesis miR-15, miR-16, miR-20a, miR-20b

Evasion of immune system Escape from 
Immunosurveillance

miR-155, miR-17-92 cluster, miR-20a, miR- 
93, miR-106b, miR-372, miR-373, miR-520c, 
hcmv-miR-UL112

Tissue invasion and metastasis
Pro-metastasis

miR-lOb, miR-21, miR-373, miR-520c, miR- 

155

Anti-metastasis let-7, miR-335, miR-206, miR-126, miR-146a, 
miR-101, miR-200

Genomic instability Promote genomic 
Instability

Deletions or down-regulation of miRNAs, such 
as miR-17, miR-20a, miR-15, miR-16-1 or let- 
7

(Ruan et al., 2009)

1.9.1 miRNAs with oncogenic potential I OncomlRs 

miR-17-92 cluster

The 13q31 genomic locus is often amplified in cancers such as diffuse large-B-cell 

lymphoma, follicular lymphoma, mantle cell lymphoma, and primary cutaneous B-cell 

lymphoma. The non-protein-coding RNA, C13orf25 (Chromosome 13 open reading 

frame 25) is found in this genomic region. This transcript was shown to encode the 

mir-17-92 cluster, which includes seven miRNAs; mlR-17-5p, miR-17- 3p, mlR-18a, 

miR-19a, miR-20a, miR-19b-1 miR-92-1.

He et al analysed cell lines carrying an amplification of 13q31 for the expression of 

191 miRNAs and found that 6 miRNAs had increased expression, which 

corresponded to more copies of C13oii25, and 5 of these belonged to the mir-17-92 

cluster (He et al., 2005). They also showed that the pri-miRNA for the mir-17-92 

cluster was up-regulated in 65% of B-cell lymphoma samples that were tested. This
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Figure 1.17
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Figure 1.17 miRNAs functioning as tumour suppressors and oncogenes. (A) The reduction 

or deletion of a miRNA that functions as a tumour suppressor leads to tumour formation. A 

reduction in or elimination of mature miRNA levels can occur because of defects at any stage 

of miRNA biogenesis (indicated by question marks) and ultimately lead to the inappropriate 

expression of the miRNA-target oncoprotein (purple squares). The overall outcome might 

involve increased proliferation, invasiveness or angiogenesis, decreased levels of apoptosis, 

or undifferentiated or de-differentiated tissue, ultimately leading to tumour formation. (B) The 

amplification or over-expression of a miRNA that has an oncogenic role would also result in 

tumour formation. In this situation, increased amounts of a miRNA, which might be produced 

at inappropriate times or in the wrong tissues, would eliminate the expression of a miRNA- 

target tumour-suppressor gene (pink) and lead to cancer progression. Increased levels of a
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mature miRNA might occur because of amplification of the miRNA gene, a constitutively 

active promoter, increased efficiency in miRNA processing or increased stability of the miRNA 

(indicated by question marks). ORF; open reading frame.

Adapted from (Esquela-Kerscher and Slack, 2006).

led the group to postulate that increased expression of this cluster may contribute to 

cancer carcinogenesis, so they tested their theory in vivo. In doing so they found that 

the enforced expression of the mir-17-92 cluster acted with c-Myc expression to 

accelerate tumour development in a mouse B-cell lymphoma model. In addition, 

tumours derived from haematopoietic stem cells expressing a subset of the mir-17- 

92 cluster and c-Myc could be distinguished by an absence of apoptosis that was 

otherwise prevalent in c-Myc-induced lymphomas. This data led them to propose the 

miR-17-92 cluster as a potential human oncogene. The relationship between the 

miR-17-92 cluster and c-Myc was further characterised by O'Donnell and co workers 

(O'Donnell at a!., 2005). This paper demonstrated that c-Myc regulates the 

expression of the miR-17-92 cluster by mapping a binding site for c-Myc 

approximately 1500bp upstream of miR-17 in intron 1 of C13orf25. The authors also 

showed that the miR-17-92 cluster, in particular miR-17-5p and miR-20a, negatively 

regulate the translation of the transcription factor, E2F1. E2F1 is also target of c-Myc 

that promotes cell cycle progression.

Therefore, a model was proposed in which c-Myc-mediated cell growth is tightly 

regulated by the mir-17-92 cluster. In the presence of c-Myc, miRNAs of the mir-17- 

92 cluster limit the activity of E2F1 and dampen the cell-proliferative effects of c-Myc 

by breaking the positive-feedback loop between c-Myc and E2F1. In this case, 

however, the miRNA cluster would function as a tumour suppressor, which 

contradicts the proposal of He et al (He et al., 2005) mentioned above. It has also 

been reported that although E2F1 drives cellular proliferation, excessive levels of the 

protein can induce apoptosis. In this context, the negative regulation of E2F1 by the 

mir-17-92 cluster might function to block the apoptotic activity of E2F1 and stimulate 

c-Myc -mediated cellular proliferation. This hypothesis would support the proposal 

for the oncogenic potential of the cluster (Esquela-Kerscher and Slack, 2006).
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miR-155

Although it was not realised at the time, miR-155 was the first miRNA transcript 

shown to possess tumour-promoting activity. It was first identified as the 6/C gene in 

an avian model as a common retroviral integration site in B-cell lymphomas induced 

by the avian leukosis virus and was subsequently shown to promote c-Myc mediated 

lymphomagenesis. BIC is now known to be the pri-miRNA of miR-155 whose over

expression has been observed in many cancer types including B-cell lymphoma, and 

breast, lung, colon and thyroid cancers (Kent and Mendell, 2006). Transgenic mice 

were generated that over-expresses miR-155 under the control of the B-cell-specific 

Ep enhancer. These mice develop a polyclonal B-cell malignancy, suggesting that 

expression of this miRNA is sufficient to induce lymphomagenesis (Costinean et al., 

2006). This is the first example of a transgenic mouse model in which targeted over

expression of a miRNA predisposes to cancer.

miR-21

miR-21 is a miRNA that has been found to be highly expressed in numerous cancers 

such as breast, colon, lung, prostate, stomach, glioblastoma, and pancreatic cancer 

(Ruan et al., 2009). An oncogenic role was suggested for this miRNA as its down- 

regulation via anti-sense miR-21 caused a reduction in cell proliferation and an 

increase in apoptosis in breast cancer and glioblastoma cell lines (Wiemer, 2007). 

This oncogenic effect appears to be due to its inhibitive effects on pro-apoptotic 

genes. Meng et al demonstrated that miR-21 is up-regulated in malignant 

cholangiocarcinomas, a highly chemoresistant cancer type (Meng et al., 2006). They 

found that when miR-21 expression was reduced, the cholangiocarcinoma cell lines 

were sensitised to treatment with gemcitabin. Conversely, cells in which the miR-21 

expression was increased became more resistant to the drug. Additional 

experiments indicated that miR-21 targets the tumour suppressor PTEN. Their 

hypothesis proposed that the up-regulation of miR-21 leads to a down-regulation of 

PTEN. This down-regulation increases the pro-survival signalling of the PI-3 kinase- 

Akt pathway, which renders the cells less susceptible to apoptosis, thus explaining 

the chemoresistance of the cholangiocarcinoma cell lines. Tropomyosin 1 and 

programmed cell death 4 (PDCD4) have since been identified as direct targets of 

miR-21 (Ruan et al., 2009).
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1.9.2 miRNAs with tumour suppressing activity 

The let-7 family

In 2004, Takimizawa and colleagues recognised the importance of let-7 expression in 

non-small cell lung cancer (NSCLC) (Takamizawa et al., 2004). They found that the 

expression of this miRNA was reduced in NSCLC, and that these lower let-7 levels 

correlated with shorter post-operative survival independent of the disease stage. 

They also noted that transient expression of let-7 in a lung adenoma cell line inhibited 

cell proliferation, thus indicating that this miRNA possessed tumour suppressor 

qualities. Yanaihara et al examined the miRNA expression profiles of 104 pairs of 

primary NSCLC and corresponding non-cancerous lung tissue and found that high 

miR-155 or low let-7a-2 expression correlated with poor survival of adenocarcinoma 

patients (Yanaihara et al., 2006).

Johnson et al demonstrated that Ras is regulated by let-7 (Johnson et al., 2005). 

Mutations in the Ras proteins are commonly found in 15-30% of human tumours 

resulting in the increased expression of Ras, and causing cellular transformation. 

The RAS genes were found to have multiple, evolutionarily conserved, let-7 

complementary sites in their 3’ UTR and over-expression or depletion of let-7 in 

human cancer cell lines resulted in decreased or increased Ras protein levels, 

respectively. Reporter constructs containing the RAS 3’ UTR were also utilised to 

illustrate that let-7 down-regulated the gene at the translational level. The group also 

found reciprocal expression of let-7 and RAS in NSCLC tissue compared to normal 

adjacent tissue and suggested that disruption of let-7 regulation of RAS is a step in 

NSCLC carcinogenesis (Johnson et al., 2005). Let-7 has since been shown to also 

inhibit the Myc and HMGA2 oncogenes, and regulate cell proliferation and self

renewal of tumour initiating cells in breast cancer (Ruan et al., 2009).

miR-15a & miR-16-1

In their study of the molecular pathogenesis of chronic lymphocytic leukaemia (CLL), 

Calin et al found evidence for the role of miR-15a & miR-16-1 in cancer (Calin et al., 

2002). Hemizygous or homozygous loss of 13q14 is observed in the majority of B- 

cell CLL. Calin et al performed deletion analysis and found that miR-15a & miR-16-1 

were the only genes within a small genomic region on 13q14 lost in CLL patients. 

They then found that both miRNA were deleted or down-regulated in over 65% of B- 

CLL patients, suggesting they were involved in the pathogenesis of this disease.
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They also found 13q14 deletions in 50% of mantle cell lymphomas, 16-40% of 

multiple myeloma and 60% of the prostate cancers studied (Calin et a!., 2002).

Further work by Cimmino and co workers elucidated the anti-apoptptic Bcl2 as a 

target of these miRNAs (Cimmino et al., 2005). Reporter constructs containing the 

BCL2 3’ UTR were utilised to illustrate that miR-15a & miR-16-1 down-regulated the 

gene at the translational level, and this translational repression induced apoptosis in 

a leukaemia cell line. Therefore, these miRNAs may act as tumour suppressors in 

cancer if their loss of function leads to the up-regulation of Bcl2 and the evasion of 

apoptosis.

1.9.3 miRNA abnormalities in different types of cancer

Abnormalities in some miRNAs are associated with a single tumour type, whereas 

changes in others occur in more than one tumour type (Table 1.3). Several miRNAs 

such as some of those discussed above seem to function in tumourigenesis across 

several tissues. These miRNAs may modulate pathways that are essential to 

initiation and maintenance of tumour phenotype regardless of cell origin.

The miRNAs that are differentially regulated in thyroid carcinoma will be described in 

detail in chapter 4, and so will not be discussed further here.
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Table 1.3 Cancer related human miRNAs

Cancer Type miRNA
U p / Down 

Regulated

mRNA Targets / Biological 

Function

Breast Cancer

mlR-lOb -

miR-29b-2 +

miR-21 + Apoptosis

miR-17-5p -
AIB1; growth hormone signalling 

pathways

miR-125b-1,2 -

mlR-145 -

miR-146 +

miR-155 ' +

Malignant Lymphoma
miR-17-92 cluster +

E2F1 (mlR-17-5p and miR-20a); 

c-MYC cell proliferation E2F2, 

E2F3 (miR-20a):

Cell proliferation, apoptosis

miR-155 +

B-CLL miR-15a/16-1 - BCL2; apoptosis

Burkitt lymphoma miR-155/BIC +/-

Cholangiocarcinoma

miR-21 + PTEN; survival signalling

miR-141 + CLOCK

miR-200b + PTPN12

Colorectal cancer

let-7 familiy - RAS (let-7-a1)

miR-10a +

miR-17-92 cluster + TSP1, CTGF

miR-20a +

mlR-24-1 +

miR-29b-2 +

miR-31 +

miR-96 +

miR-133b -

miR-135b +

miR-143 -

miR-145 -

miR-183 +

Follicular thyroid carcinoma
miR-197 + ACVR1, TSPAN3

miR-346 + EFEMP2
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Glioblastoma
miR-21 + apoptosis

miR-128 -

miR-181a-c -

miR-221 +

miR-18 +

miR-125a -

Hepatocellular carcinoma
miR-195 -

miR-199a -

mlR-200a -

miR-224 +

miR-34a - E2F3; apoptosis

Neuroblastoma miR-184 - apoptosis

multiple miRNAs +/-

let-7 family -
HRAS, KRAS, NRAS; 

oncogenic transformation

miR-17-92 cluster +

miR-21 +

NSCLC miR-126* -

miR-155/BIC +

miR-200b +

mlR-205 +

miR-210 +

miR-21 +

mlR-24-2 +

mlR-100 +

Pancreatic cancer mlR-103-1,2 +

miR-107 +

miR-125b-1 +

miR-155/BIC +/-

miR-146b +

Papillary thyroid carcinomas
miR-181b +

miR-221 + KIT;

miR-222 + Cell differentiation and growth

Pituitary adenomas miR-15a/16-1 -

Prostate cancer
let-7d +

miR-128a -
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miR-195 +

miR-203 +

Stomach cancer

miR-223 +

mlR-21 +

miR-218-2 -

miR-103-2 +

Testicular germ cell tumours
miR-372 +

LATS2
miR-373 +

(Wiemer, 2007)

1.10 Aims

The overall aim of this study was to investigate the role of miRNAs in thyroid 

carcinoma. The specific objectives were to:

I. Investigate disparate geographical and morphological areas from a single PTC 

(comprising of areas of classic PTC, insular and anaplastic foci, and tumour 

cells adjacent to areas of vascular invasion and lymphocytic infiltrate) for the 

presence of ret/PTC 1 or BRAF mutations, and correlate this with the 

expression profiles of 330 different miRNAs. Utilise hierarchical clustering 

analysis and miRNA gene target prediction to analyse the miRNA profiles, and 

perform immunohistochemistry on tissue sections in an effort to investigate 

phenotypic variations in microvascular density (MVD), and cytokeratin and p53 

protein expression levels.

II. Studies into the cellular functions of miRNAs thus far have exhibited an over

reliance on in silico target prediction methods in the quest to elucidate the gene 

and protein targets of miRNAs. Chapter 4 aims to optimise the process of 

transfecting miRNA inhibitor and mimic molecules (Ambion® pre-miRs™ and 

anti-miRs™) of two miRNAs involved in thyroid cancer (identified from chapter 

3 and a literature search) into thyroid cell lines. The transfections aim to 

reverse the expression of the two miRNAs from that normally seen in thyroid 

cells.
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III. Elucidate the mRNA targets of the two miRNAs studied in the previous chapter 

in anaplastic thyroid carcinoma. Examine genome wide expression changes in 

response to altered miRNA expression by performing Affymetrix™ microarrays 

on the RNA from the transfections described in chapter 4.

IV. Validate a subset of the novel miRNA targets identified in chapter 5 at the 

mRNA and protein levels. Utilise Fluidigm® real-time PCR technologies to 

confirm the changes in mRNA expression. Subsequently, perform pre-miR™ 

transfections to confirm the down-regulation of a subset of protein targets in 

response to an increase in miRNA expression. Analyse the change in 

expression of the novel protein targets using immunofluorescence and western 

blotting.
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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 appearing 

in their relevant chapters only.

2.2 Tissue collection 

2.2.1 Formalin fixed paraffin embedded tissue

Formalin fixed (10% buffered) and paraffin embedded thyroid tumour samples were 

selected from the pathology files of St. James’s Hospital, Dublin. Haematoxylin & 

Eosin (H&E) stained slides of all tumour samples were reviewed by a pathologist and 

classified according to WHO criteria (Tavassoli FA, 2003).

2.3 Laser capture microdissection

Laser capture microdissection (LCM) was carried out on formalin fixed paraffin 

embedded (FFPE) material using the PixCell®!! LCM System (Arcturus Engineering, 

Inc., CA, USA). Briefly, 4-7pm FFPE histological sections were cut and stained with 

a standard haematoxylin and eosin (H&E) stain. Upon drying they were placed on 

the PixCell®ll microscopic stage. To perform LCM, follow the protocol below:

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

» Remove the CapSure® cassette module from the PixCell®!! platform. It should

slide out smoothly over the detents.

I Press down on the flanges of the cassette module. Press the end locking

pins in to hold the plate down in the load position.

I 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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I Press down on the flanges of the loaded cassette. Retract the locking pins 

and gently raise the cassette to its loaded position.

I The cartridge is now ready to be loaded into the PixCell®ll.

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

I 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.

I 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.

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

I 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.

I Choose the appropriate objective for the desired magnification. Turn on the

vacuum chuck.

I Adjust illumination control.

» Adjust focus control.

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

I Insert the visualiser by pressing the silver plunger button located above the

joystick.

I Adjust the microscope light source to obtain a good image on the monitor.

I To perform a microdissection, retract the visualiser by pressing the tab

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

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

a CapSure® cap at the load line.

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

automatically line up with the cap.

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

module.

I 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.
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» 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;

Table 2.1 Typical LCM laser parameters

Spot Size Power Duration

< 7.5|jm 40mW 450ps

~ 15|jm 25mW 1.5ms

~ 30pm 20mW Sms

I 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.

I 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.

I 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 extracted form

the arm and suspended in the unload platform.

I 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.

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

* Remove with cap attached.

I Insert cap into 0.5ml reagent tube.

» Press down firmly to ensure an even seal.
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Continue extraction according to appropriate protocol.

Figure 2.1

1 Place cap on tissue

I
2 Pulse laser at target ceils

I

3 Remove cap with adhered target cells

1

P #
4 Extract molecules from target cells

Figure 2.1 The laser capture microdissection process. (Adapted from http://www.arctur. 

com/products/pixcell_obtain_results.htm)
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2.4 Cell culture of thyroid cell lines

Three thyroid cell lines were utilised during this thesis, Nthy-ori 3-1, KAT10, and 

8505C. These cell lines were used for the functional evaluation of the roles of mir- 

222 & mir-25 gene targets in thyroid cancer. The cell lines’ properties are described 

as follows;

2.4.1 Cell lines

» The human thyroid follicular epithelial cell line Nthy-ori 3-1 (ECACC number 

90011609) is derived from the normal thyroid tissue of an adult. The cells 

have been immortalised by transfection with a plasmid encoding for the 

Simian Virus 40 (SV40) large T antigen (Lemoine et al., 1989). Nthy-ori 

expresses specific features of thyroid epithelial function (iodide-trapping and 

thyroglobulin production). This cell line has been characterised in detail and 

was found to be growth factor-independent and capable of anchorage- 

independent growth at low frequency but is non-tumourigenic in nude mice.

» KAT10 is an undifferentiated thyroid carcinoma cell line with heterozygous 

BRAF T1799A mutation.

I 85050 is an undifferentiated human thyroid carcinoma cell line (ECACC 

number 94090184). It was established from undifferentiated thyroid 

carcinomas of a 78 year old female patient. Pathologically this primary 

carcinoma tissue contained residual well differentiated components 

suggesting well differentiated to undifferentiated carcinoma progression. It 

has a CG to GC transversion at the first base of the p53 gene codon 248, and 

LOH studies show it to have allelic deletion of the p53 gene. The 8505C cell 

line also harbours the homozygous BRAF T1799A mutation.

2.4.2 Formulation of cell culture media and other solutions 

2.4.2.1 Culture media

I Nthy-ori 3-1 & KAT10: RPMI + 10% Foetal Bovine Serum (FBS) + 2% 

Penicillin/ Streptomycin (5000 U/ml). Store at 4°C.
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I 8505C: EMEM (Hank’s Buffered Salt Solution (HBSS)) + 2mM Glutamine + 

1% Non Essential Amino Acids (NEAA) + 10% FBS + 2% Penicillin/ 

Streptomycin (5000 U/ml). Store at room temperature.

2.4.2.2 Transfection media

I KAT10; RPMI + 10% FBS + 2% Penicillin/ Streptomycin (5000 U/ml). Store 

at4°C.

» Nthv-ori 3-1: RPMI + 10% FBS. Store at 4°C.

» 8505C: EMEM (HBSS) + 2mM Glutamine + 1% NEAA + 10% FBS. Store at

room temperature.

2.4.2.3 Trypsin Neutralising Solution (TNS)

» Nthv-ori 3-1 & KAT10: RPMI + 20% FBS. Store at -20°C.

I 8505C: EMEM (HBSS) + 20% FBS. Store at -20°C.

2.4.2.4 Freezing Solution

» Nthv-ori 3-1 & KAT10: RPMI + 20% FBS + 10% Dimethyl sulfoxide (DMSO).

Store at -20°C.

» 8505C: EMEM (HBSS) + 20% FBS + 10% DMSO. Store at -20°C.

2.4.3 Thawing cells from stocks

I Pre-warm cell culture media for 30-45 minutes at 37°C. Add 15ml cell culture

media into two T75 flasks (Nunc™, NY, USA).

I Remove one cryovial of cells (1ml in each) from liquid nitrogen and bring to

room temperature. (DMSO is toxic to the cells at room temperature so this 

step and the following one should be performed as quickly as possible.)

I Add the thawed cells drop-wise to 8ml of media in a 15ml tube. Centrifuge for

4 minutes at 1000 rpm.

I Resuspend pellets in 1ml media and add 500^1 to each T75 flask.

I Cells will adhere to the bottom of the flasks and are grown to confluence in a

humidified atmosphere containing 5% CO2 at 37°C.

» Change medium initially after 3 days and at 3-day intervals until confluent.
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2.4.4 Splitting confluent flasks

Pre-warm all cell culture media and other solutions for 30-45 minutes at 37°C.

* Remove old medium waste from each flask into a designated waste bottle.

* Wash cells with 5ml phosphate buffered saline (PBS).

I Remove PBS and discard.

I Add 5ml of 1X trypsin/EDTA to the flask and incubate at 37°C for 2-3 minutes.

» Examine flasks by phase microscopy to assess cell detachment.

I Lightly tap flasks to encourage the release of cells from the plastic surface.

I When > 90% of cells detach, add an equal volume 5ml of trypsin neutralising

solution (TNS).

* Remove cell suspension to a new 15ml tube.

I Wash the flask with 5ml PBS and remove to the same 15ml tube.

I Pellet the cells (4 min @ 1000 rpm) and remove supernatant.

I Resuspend cell pellet in 2ml of the relevant media (light tapping). Seed new

flasks with 25% (SOOpL, 1:4 split ratios) of the trypsinised cells.

2.4.5 Cell counting

I After pelleting by centrifugation resuspend the cells in 1ml of media & mix

well.

I Cells are counted using a haemocytometer as follows:

I Clean the haemocytometer with detergent and ethanol.

I Place a coverslip over the haemocytometer.

» Add 20pl of the resuspension by placing the pipette tip just above the

coverslip, the haemocytometers chamber will fill due to capillary action.

I Cells are counted in the sixteen small B squares (yellow) within an A square

(red) (Figure 2.2).

I Count the cells within two A squares, average them and use the following

formula to calculate the number of cells in the mixture from which the sample 

was taken:

Cells/ml = (number of cells counted and averaged) X (amount 

resuspended in) X 10'* (volume of the haemocytometer).
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I The volume of media containing the required number of cells can then be 

calculated and used in experiments.

Figure 2.2
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Figure 2.2 Haemocytomoter illustrating the different squares within it that are used to count 

cells.

2.4.6 Cryopreservation

I After pelleting by centrifugation resuspend the cells in 2ml freezing solution.

I Transfer 1 ml of the freezing solution containing the cells into two cryovials.

I Place the vials on ice for 10 minutes, then at -20°C  for 1 hour, and overnight

at -80°C. Finally transfer to a liquid nitrogen storage tank for long-term 

storage.
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2.5 Transfection of thyroid cell lines with Ambion® Pre-miRs™ & Anti-miRs™

Ambion® Pre-miR™ and Anti-miR™ molecules have been designed to enable 

functional analysis of miRNA activity in cell lines. Pre-miRs™ are used to mimic an 

increase in miRNA expression and Anti-miRs™ decrease mIRNA expression. The 

influence within the cell of particular miRNAs can be explored through utilisation of 

experimental designs such as miRNA target site identification and validation, 

screening for miRNAs that regulate the expression of a gene, and screening for 

miRNAs that affect a cellular process. The functions and utility of Pre-miR™ and 

Anti-miR™ molecules in this body of w/ork will be discussed in this section of the 

thesis.

Pre-miR™ miRNA Precursor Molecules

Ambion® Pre-miR™ miRNA Precursor Molecules are small, chemically modified 

double-stranded RNA molecules designed to mimic endogenous mature miRNAs. 

They are ready-to-use miRNA mimics that are similar to, but not identical to siRNAs 

and can be introduced into cells using transfection or electroporation. They enable 

detailed study of miRNA biological effects via gain-of-function experiments.

Pre-miR™ miRNA Precursor Molecules have been carefully designed and modified 

to ensure that the correct strand, representing the desired mature miRNA, is taken up 

into the RNA-induced silencing-like complex responsible for miRNA activity. In 

contrast to miRNA expression vectors, these synthetic molecules can be used in 

dose response studies due to their introduction directly into the cell by transfection or 

electroporation. Due to their small size, they are easier to transfect than vectors, and 

can be delivered using conditions identical to those used for siRNAs.

NOTE: Pre-miR™ miRNA Precursors are not hairpin constructs and should not be 

confused with pre-miRNAs.

Anti-miR™ miRNA Inhibitors

Ambion® Anti-miR™ miRNA Inhibitors are chemically modified, single stranded 

nucleic acids designed to specifically bind to and inhibit endogenous microRNA 

(miRNA) molecules. These ready-to-use inhibitors can also be introduced into cells 

using transfection or electroporation. The use of the Anti-miR™ miRNA Inhibitors
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enables detailed study of miRNA biological effects through down-regulation of 

miRNA activity.

Pre-miR™ miRNA Precursor & Anti-miR™ miRNA Inhibitor Negative Controls

Pre-miR™ Negative Control #1 & Anti-miR™ Negative Control #1 are random 

sequence Pre-miR™ molecules or Anti-miR™ molecules respectively. They have 

been extensively tested in human cell lines and tissues and validated to not produce 

identifiable effects on known miRNA function.

Hsa-miR-1 miRNA Precursor Positive Control & let-7c miRNA Inhibitor Positive 

Control

Pre-miR™ hsa-miR-1 miRNA Precursor is used as a positive control in experiments 

utilising Pre-miR™ miRNA Precursors. This precursor was chosen as a positive 

control because, upon delivery into cells, it effectively down regulates the expression 

of twinfilin-1, also known as PTK9, at the mRNA level. Effective delivery and activity 

of the Pre-miR™ hsa-miR-1 miRNA Precursor can be detected by real-time PCR 

using a TaqMan® Gene Expression Assay to PTK9 (Assay ID; Hs00702289_s1 

[human]).

Anti-miR™ hsa-let-7c miRNA Inhibitor is the validated positive control for 

experiments using Anti-miR™ miRNA Inhibitors. Endogenous let-7 miRNA 

negatively regulates HMGA2, a ubiquitously expressed, non-histone chromatin 

protein that modulates gene expression through changes in chromatin architecture. 

When transfected into human and mouse cells Anti-miR™ hsa-let-7c miRNA Inhibitor 

blocks endogenous let-7c miRNA, resulting in increased levels of HMGA2 mRNA. 

Thus, Anti-miR™ hsa-let-7c miRNA Inhibitor activity can be monitored in human or 

mouse cells by qRT-PCR using a TaqMan® Gene Expression Assay to HGMA2 

(Assay IDs: Hs00171569_m1 [Human]).

2.5.1 Reverse transfection of cell lines

Thyroid cell lines were reverse transfected with Pre-miRs™ and Anti-miRs™ as it is a 

time-saving, effective method in which cells are transfected as they are sub-cultured. 

This imparts the advantage that the reverse transfection process is an entire day
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shorter than traditional transfection, which involves pre-plating the cells 24hr before 

transfection.

The delivery of Pre-miRs™ and Anti-miRs™ into cultured cells requires the use of 

chemical transfection agents. Lipid-based transfection agents facilitate transfection 

into cells by complexing into aggregates with the negatively charged nucleic acids. 

These nucleic acid-transfection agent complexes are efficiently taken up by cells, 

presumably by endocytosis (Figure 2.3). siPORT™ NeoFX™ (Ambion) & 

Lipofectamine™ 2000 (Invitrogen) were the transfection reagents used in this thesis. 

The protocol bellow outlines the transfection procedure using Lipofectamine™ 2000 

as this was the final optimised transfection protocol used. Transfections using 

siPORT™ NeoFX™ Transfection Agent (Ambion) and transfection optimisation will 

be dealt with in chapter 4.

Figure 2.3

Cytoplasm

Pre/Anti-miR™ + Transfection Agent 
Complex

Cellular
membrane

Nucleus

Figure 2.3 Chemical transfection of mlRNA into cells. Incubate Pre/Anti-miR™ with 

appropriate transfection agent to form complexes. Mix Pre/Anti-miR™ + transfection agent 

complexes with cells. Transfection agent facilitates the uptake of the Pre/Anti-miRs™ into the 

cellular cytoplasm. (Figure adapted from Ambion® Pre-miR™ Precursor Starter Kit Protocol).
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2.5.1.1 Reverse Transfection Procedure

Initial preparation and planning

I Re-suspend Pre-miRs™ & Anti-miRs™ to 6.25 ijM by adding SOOpI of

Nuclease-free Water to each tube containing 5nmol of Pre/Anti-miR™, 

including negative and positive controls.

I Mix thoroughly and store the solutions at -2 0 °C  for up to 6 months.

I Bring Lipofectamine™ 2000 and Opti-MEM I Reduced Serum Medium

(Invitrogen) to room temp before use.

» Plan the total number of transfections required for the experiment. For each

set of transfection conditions, include 3 replicate transfections with each of 

the following:

Non-transfected control: cells that are mock-transfected with Opti- 

MEM I medium, but no transfection agent and no Pre/Anti-miR™. 

Pre/Anti-miR™ negative control #1 

Pre/Anti-miR™ positive control 

Pre/Anti-miR™ of interest

I In this thesis, transfections for miRNA target identification were set up in 12-

well cell culture plates (see Figure 2.4). The protocol described bellow refers 

to these transfections. However, transfections were also set up in various 

other formats, the specific parameters of which are described in table 2.2.

Table 2.2 Parameters for Pre-miR™ transfections in different formats.

Variables , 96-Well Format
8-Well Chamber Slide 

Format
T25 Flask Format

Pre-miR™

(50nM)

0.8|jl Pre-miR™ + 9.2|jl 

Opti-MEM 1 Medium

1.6|jl Pre-miR™ + 18.4pl 

Opti-MEM 1 Medium

80pl Pre-miR™ + 920pl 

Opti-MEM 1 Medium

Lipofectamine™

2000

0.08|jl Lipofectamine™ 

+ 9 .92m! Opti-MEM 1 

Medium

0.1 pi Lipofectamine™ 

+ 19.9|jl Opti-MEM 1 

Medium

21.43|jl Lipofectamine™ 

+ 978.57[jl Opti-MEM 1 

Medium

Cells
4x10'^ cells/well in 80|jl 

media

5x10^ cells/well in 160|jl 

media

1.07 x 10** cells/flask in lOmIs 

media
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Preparation of cells

» Trypsinise healthy, growing cells following the procedure outlined in section 

2.4.4.

» Note: In general, healthy cells transfect better than poorly maintained cells. 

Routinely sub-culturing cells before they become overcrowded or unhealthy 

will improve transfection and minimise instability in cell lines from experiment 

to experiment.

I Following trypslnisation count the cells available following the protocol in 

section 2.4.5.

I Cells are required at a concentration of 1.5 x 10®cells/ml in 1ml of transfection 

media (section 2.4.2.2) in each well of the culture plate.

» Note: it is important to remove the antibiotics from the media to obtain

efficient transfection using Lipofectamine™ 2000.

I For one 12-well plate, store 1.95 x 10® cells in 13mls of transfection media in

a T25 cell culture flask (NUNC) in a humidified atmosphere containing 5% 

CO2 at 37°C until they are required for transfection.

I Note: In order for cells to be transfected before they re-adhere, it is important

to proceed immediately to transfection after preparing cells.

Figure 2.4
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Figure 2.4 Set-up of transfections in 12-well culture plates. 12 transfections per experiment 

include 3 X non-transfected controls, 3 X negative controls, 3 X positive controls, and 3 X 

transfections of the Pre/Anti-mlR™ of interest.
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Preparation of Pre/Anti-miR™ / Lipofectamine™ 2000 complexes

I Briefly centrifuge the Lipofectamine™ 2000 before use.

I The instructions below show the reagent amounts needed for individual 

transfection reactions in each well. Prepare master mixes of common 

reagents, with ~5-10% overage, to limit the pipetting steps needed for the 

experiment and minimise variability.

* Dilute the 6.25pM Pre/Anti-miR™ and the positive & negative controls in Opti- 

MEM I medium as follows:

Pre-miR™ concentrations per well: 50nM;

■ 8pl Pre-miR™ + 92|jl Opti-MEM I medium

Anti-miR™ concentrations per well: lOOnM;

■ 16[jl Anti-miR™ + 84|jl Opti-MEM I medium

I Dilute Lipofectamine™ 2000 in Opti-MEM I medium in a sterile tube as 

follows:

Per well: 3|jl Lipofectamine™ 2000 + 97|jl Opti-MEM I medium

I Gently mix the master mixes of the above reagents by pipetting up and down

and incubate for 5mins at room temp.

• Add lOOpI of diluted Lipofectamine™ 2000 to lOOpI of diluted Pre/Anti-miR™ 

with per well, i.e. for one 12-well plate add 300pl of Lipofectamine™ 2000 mix 

to 300pl Pre-miR™ positive control mix.

I Gently mix the solutions by pipetting up and down and incubate for 20mins at

room temp. Nucleic acid / Lipofectamine™ 2000 transfection complexes form 

during this incubation.

I Mix again by pipetting up and down and dispense 200|jl of the transfection

complexes into the empty wells of a culture plate following the layout in figure 

2.4.

I Dispense 200pl of Opti-MEM I Reduced Serum Medium for the non

transfected controls (no Pre/Anti-miR™ and no transfection agent).

Addition of cells to the transfection complexes and control wells

I Gently mix the cells prepared previously to re-suspend them, and pipette 1ml

of cell solution into each well of the culture plate containing Pre/Anti-miR™ / 

Lipofectamine™ 2000 complexes or into wells set up as non-transfected 

controls.

I Rock the plate gently back and forth to evenly distribute the cells and the

transfection complexes. Avoid swirling, as this can cause contents to 

aggregate in the centre of the well.
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I View the culture plate under the microscope to initially ensure that there are 

cells in each well, and that they are not congregating in the centre of the well.

I Incubate in a humidified atmosphere containing 5% CO2 at 37°C.

» After 4hrs, view the culture plate under the microscope to ensure cells are

evenly spread within the wells and are not showing sever cytotoxic effects*.

» Remove the media containing the transfection complexes and discard.

I Add 1 ml of fresh, warmed transfection media to each well and view again

under the microscope to ensure cells have not been washed away.

I 24hrs post-transfection, repeat the last 3 steps.

» 48hrs post-transfection lyse the cells & co-extract RNA & protein following the

protocol outlined bellow in section 2.6.2.

» Quantify the RNA using the protocol in section 2.7

I Reverse transcribe the RNA following the procedures for mRNA reverse

transcription (section 2.9.3.2) & miRNA singleplex reverse transcription 

(section 2.9.5.1) on the transfections indicated in figure 2.5.

* As an initial screen for severe cytotoxic effects, check the visual appearance of 

transfected cells for evidence of cell necrosis and/or apoptosis before investing the 

time to evaluate cytotoxicity and mRNA & miRNA expression levels in more detail.

Evaluating the Effectiveness of the Transfection

I Perform TaqMan® real-time PCR on the cDNA from the transfections in the

order indicated in figure 2.5.

» The TaqMan® real-time PCR for a set of transfections set up on a 12-well

plate can be run on one TaqMan® 96-well plate (see Figure 2.6).

I Pre-miR™ transfections result in a % down-regulation of the positive control

mRNA (PTK9), and a fold up-regulation in the expression of the miRNA of 

interest corresponding to the pre-miR™ that was transfected. Conversely, 

anti-miR™ transfections result in a fold up-regulation of the positive control 

mRNA (HMGA2), and a % down-regulation in the expression of the miRNA of 

interest corresponding to the anti-miR™ that was transfected.

I Note: For these calculations, use the mean Cy value from the triplicate PCRs.
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Figure 2.5
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Figure 2.5 Illustration of which reverse transcription protocol to perform on the various 

transfected wells. (A) mRNA reverse transcription (section 2.9.3.2) & TaqMan® (section 

2.9.3.3) should be performed on all positive & negative control transfections as the efficiency 

of the positive control miRs is assessed via PTK9 or HMGA2 mRNA expression levels, using 

GAPDH as an endogenous control. (B) miRNA reverse transcription (section 2.9.5.1) & 

TaqMan® (section 2.9.5.2) should be performed on all negative control & Pre/Anti-miR™ of 

interest transfections as the efficiency of these transfections is monitored by assessing the 

miRNA expression levels in the Pre-/Anti-miR™ transfected wells compared to their 

corresponding negative controls, using U6 as an endogenous control. (C) mRNA reverse 

transcription (section 2.9.3.2) & TaqMan® (section 2.9.3.3) should be performed on all non

transfected & negative control transfections to enable assessment of the cytotoxic effects of 

the transfection conditions through assessment of the GAPDH mRNA levels.
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Figure 2.6
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Figure 2.6 Set up of TaqMan® 96-well plate for validation of transfections performed on a 12- 

well cell culture plate. Each assay is run in triplicate on the relevant samples. RNA from non

transfected controls was used to produce the ‘no reverse transcriptase controls’. Nuclease 

free water was substituted for cDNA in the ‘no template controls’.

To assess transfection efficiency, first calculate the normalised Ct (or ACj) for the 

positive controls (PYK9 / HMGA2) & the miRNA of interest for each sample as 

follows:

ACt = Ct positive control (PTK9/HMGA2) -  Ct endogenous control (GAPDH)

AC t = Ct miRNA -  Ct endogenous control (U6)

% down-regulation of pre-miR™ positive control (PTK9) & anti-miR™ mlRNAs
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The down-regulation of these RNAs is related to the difference in the A C t value for 

samples transfected with Pre-miR™ hsa-miR-1 or anti-miR™ of interest (ACj miR- 

1/anti-miR™) compared to the A C t value for samples transfected with the relevant 

negative control (ACj Neg). This is known as the AACj:

AACt = ACt miR-1/anti-mlR™ -  ACt Neg

The percent down-regulation can then be determined using the relation:

% down-regulation = 100 -  100 X j

A successful transfection should result in > 70% down-regulation of PTK9 or the Pre- 

miR™ miRNA.

Fold up-regulation of anti-miR™ positive control (HMGA2) & pre-miR™ miRNAs

The fold up-regulation of HMGA2 & the pre-miR™ miRNAs is calculated similarly as 

follows. The up-regulation of these RNAs is related to the difference in the ACt value 

for samples transfected with Anti-miR™ hsa-let-7c or pre-miR™ of interest (A C t let- 

7c/pre-miR™) compared to the ACt value for samples transfected with the relevant 

negative control (A C t Neg). This is known as the A A C t :

AACt = ACt let-7c/pre-mlR™ -  ACt Neg

The fold up-regulation can be calculated as follows:

Fold up-regulation =

A successful transfection should result in > 2 fold up-regulation of HMGA2 or the pre- 

miR™ miRNA.

Transfection cytotoxicity

Evaluate transfection associated cytotoxicity from Ct values. Transfection agents are 

somewhat toxic to cells. Since transfection with the Pre/Anti-miR™ Negative Control 

#1 will not affect gene expression, any decrease in the expression level of the 

endogenous control (GAPDH) in cultures transfected with the Pre/Anti-miR™ 

Negative Control #1 can be attributed to cytotoxicity. Specifically, the Ct of the 

endogenous control amplification in cells transfected with Pre/Anti-miR™ Negative 

Control #1 (C t Neg#1) can be compared to that in non-transfected cells (C t non-
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transfected) to examine the cytotoxic effects of the transfection conditions using the 

following formula:

Cytotoxicity Factor = Cj Neg ■=■ Cj non-transfected

Transfection conditions which do not cause any cytotoxicity would result in a ratio of 

1: therefore, the closer this ratio is to 1, the less cytotoxic the transfection conditions.
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2.6 Nucleic Acid Extraction

The extraction of RNA with high quality and quantity is important in a variety of 

molecular biological techniques, and is essential for gene expression analysis. RNA 

molecules are chemically modified and degraded in FFPE materials, which can result 

in difficulty achieving high quality RNA isolation. In contrast, extraction of miRNA 

from FFPE material is reliable, and mlRNAs demonstrate reliable expression levels in 

FFPE compared with paired snap frozen samples (Li et al., 2007). The Ambion 

RecoverAII™ Total Nucleic Acid Isolation Kit was used to extract nucleic acids from 

FFPE material in this thesis as the protocol of this kit is optimised for extraction from 

FFPE material. RNA & protein were co-extracted from cell lines using a combination 

of the Ambion PARIS™ Protein and RNA Isolation & Qiagen RNeasy® Mini Kits. 

These extraction protocols are outlined below.

2.6.1 miRNA/RNA & DNA extraction from laser capture microdissected FFPE 

tissue: Ambion RecoverAir'^ Total Nucleic Add Isolation Kit 

Solution Preparation

I Ethanol must be added to Wash 1 concentrate & Wash 2/3 concentrate 

before use.

Protease Digestion

I Deparaffinisation of samples is not required as this is performed as part of the 

H&E staining process.

» Add 400|jl of Digestion Buffer to each sample. Add 4pl of Protease to each 

sample. Swirl the tube gently to mix and to immerse the tissue.

I For RNA isolation incubate the sample in a heat block or oven for 3 hr at 

SOX.

I Most sample mixtures will clarify within 3 hr. If the sample does not clarify, it 

may be heavily oxidised and therefore somewhat resistant to protease 

digestion. Samples that do not clarify may have slightly lower yields and 

smaller RNA fragments.

» For DNA isolation incubate the sample in a heat block or oven for 48 hrs at 

50°C.
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Nucleic Acid Isolation

I Add 480|jl Isolation Additive to each sample. Vortex to mix. The solution 

should appear white and cloudy after mixing.

» Add 1.1ml 100% ethanol (pipet in Wjo aliquots of 550|jl to accommodate

adjustable pipettors). Mix each sample by pipetting up and down carefully. 

The solution should become clear at this point. Be careful when closing lids 

as the tubes will be near capacity.

I Place a Filter Cartridge in one of the Collection Tubes supplied. Pipet 700)jl

of the sample/ethanol mixture onto the Filter Cartridge and close the lid. Do 

not centrifuge Filter Cartridges at relative centrifugal forces greater than 

10,000 X g; higher forces may damage the filters. Centrifuge at 10,000 x g 

(typically 10,000rpm) for 30-60  sec to pass the mixture through the filter. 

Discard the flow-through, and re-insert the Filter Cartridge in the same 

Collection Tube.

» Repeat until all the sample mixture has passed through the filter (this should 

take 3 passes).

I Add 700|jl of Wash 1 to the Filter Cartridge. Centrifuge for 30 sec at 10,000 x

g to pass the mixture through the filter. Discard the flow-through, and re

insert the Filter Cartridge in the same Collection Tube.

» Add 500[jl of Wash 2/3 to the Filter Cartridge. Centrifuge for 30 sec at 10,000

X g to pass the mixture through the filter. Discard the flow-through, and re

insert the Filter Cartridge in the same Collection Tube. Spin the assembly for 

an additional 30 sec to remove residual fluid from the filter.

Nuclease Digestion and Final Nucleic Acid Purification

I For RNA isolation, add 60|jl DNase mix (containing 6^1 10X DNase Buffer, 4\^\

DNase and 50|jl Nuclease-free Water) to the centre of each Filter Cartridge. 

Cap the tube and incubate for 30 min at room temp.

» For DNA isolation, add 60|jl RNase mix (containing 10[j I RNase A  and 50|jl

Nuclease-free Water) to the centre of each Filter Cartridge. Cap the tube and 

incubate for 30 min at 37°C.

I Add 700pl of Wash 1 to the Filter Cartridge. Incubate for 30 -60  sec at room

temp. Centrifuge for 30 sec at 10,000 x g. Discard the flow-through, and re

insert the Filter Cartridge in the same Collection Tube.

» Add 500[jl of Wash 2/3 to the Filter Cartridge. Centrifuge for 30 sec at 10,000

x g. Discard the flow-through, and re-insert the Filter Cartridge in the same
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Collection Tube. Repeat to wash a second time with 500|jl of Wash 2/3. 

Centrifuge the assembly for 1 min at 10,000 x g to remove residual fluid from 

the filter.

» Transfer the Filter Cartridge to a fresh Collection Tube. Apply 30pl of Elution

Solution or nuclease-free water, heated to 95°C, to the centre of the filter, and 

close the cap. (The Elution Solution contains salts that, if concentrated, may 

affect downstream applications. If you intend to vacuum dry the sample, elute 

in nuclease-free water.) Allow the sample to sit at room temp for 1 min. 

Centrifuge for 1 min at maximum speed to pass the mixture through the filter. 

Repeat with a second 30|jl aliquot of elutant, using the same Collection Tube. 

The volume of collected elute will be close to 60|jl.

I Store RNA at -80°C and DNA at -20°C or colder.

2.6.2 Co-extraction of RNA & protein from transfected thyroid cell lines:

Ambion PARIS™ Protein and RNA Isolation Kit & Qiagen RNeasy® Mini Kit

Solution preparation

PARIS solutions:

I Add 415|jl of p-Mercaptoethanol (p-ME) to the 2X Lysis/Binding Solution and 

mix well. (3-ME is toxic and should be dispensed in a fume hood and wearing 

appropriate protective clothing.)

I Add protease inhibitors (Protease Inhibitor Cocktail for use with mammalian 

cell & tissue extracts, Sigma-aldrich, St. Louis, MO) & phosphatase inhibitors 

(Phosphatase Inhibitor Cocktail 2; for tyrosine protein phosphatases, acid & 

alkaline phosphatases, Sigma-aldrich, St. Louis, MO) to an aliquot of the Cell 

Disruption Buffer immediately before use.

Qiagen solutions:

I Add 10|jl p-ME per 1ml Buffer RLT. Buffer RLT is stable for 1 month after 

addition of p- ME.

I Before using for the first time, add 4 volumes of ethanol (96-100%) to Buffer 

RPE as indicated on the bottle, to obtain a working solution.
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Cell lysis using PARIS™ reagents

I Under sterile tissue culture conditions aspirate and discard the media from 

each well on the 12 well tissue culture plates.

» Add 500|jl cold PBS to each well and place the culture plate on ice.

I Remove the PBS and add 300ijl of ice cold Cell Disruption Buffer to each

well. The cells will begin to lyse immediately upon exposure to the Cell 

Disruption Buffer.

I Note: The exact volume of Cell Disruption Buffer is not critical. 100-500[jl

can be used depending on the number of cells present and the amount of 

lysate required for protein analysis and its desired concentration. If the 

number of cells is near the suggested maximum (10^ cells) then use near the 

maximum recommended amount of Cell Disruption Buffer, and conversely, 

use a low end amount of buffer for relatively small samples. Use at least 

300mI for >10® cells.

» Using a cell scraper, scrape each well on the culture plate to ensure all cells

are lysed and thus maximum recovery of RNA & protein.

I Transfer the lysate to an RNase-free 1.5ml tube.

I The lysate is then split for RNA isolation and protein analysis.

I Immediately mix the portion of lysate that will be used for RNA isolation

(150[jl) with an equal volume of 2X Lysis/Binding Solution (150|jl) at room

temperature. The high concentration of guanidinium thiocyanate in the 2X 

Lysis/Binding Solution prevents RNA degradation by cellular ribonucleases.

I Incubate the remainder of the lysate (150|jI) on ice for 5-10 minutes to ensure

complete cell disruption before processing the sample for protein analysis.

I If desired, samples can be clarified by centrifugation at 4°C for 1-2 min at top

speed in a microcentrifuge. Protein lysates may be very viscous, if this is the 

case, reduce viscosity by sonicating the lysate, or by passing it through a 

syringe needle several times.

I Store protein lysates at -80°C.

RNA isolation using Qiagen RNeasy® reagents

I Samples are homogenised using a Qiagen QIAshredder® column.

QIAshredders® are a commercially available spin column based shearing system.

They can be used for further homogenisation of tissue initially homogenised by

mortar and pestle and for cultured cells as the primary form of homogenisation.
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I Pipette lysates directly onto a QIAshredder® spin column placed in 2ml

collection tube, and centrifuged for 2 min at maximum speed. The flow 

through is used for subsequent RNA extraction.

» Add 1 volume of 70% ethanol to the cleared lysate, and mix immediately by

pipetting. Do not centrifuge. A precipitate may form after the addition of 

ethanol, but this will not affect the RNeasy® procedure.

I Apply up to 700ijl of the sample, including any precipitate that may have

formed, to an RNeasy® mini column placed in a 2ml collection tube (supplied). 

Close the tube gently, and centrifuge for 15secs at >8000 x g (>10,000 rpm). 

Discard the flow through.

I Reuse the collection tube.

I If the volume exceeds 700|jl, load aliquots successively onto the RNeasy®

column, and centrifuge as above. Discard the flow-through after each 

centrifugation step.

Protocol for on column DNase digestion

Although the RNeasy® silica-membrane technology efficiently removes most of the 

DNA without DNase treatment further DNA removal may be necessary for certain 

RNA applications that are sensitive to very small amounts of DNA (e.g., TaqMan® 

RT-PCR analysis with a low-abundant target) and cDNA microarray.

» Prepare DNase I stock solution before using the Qiagen RNase-Free DNase

set for the first time. Dissolve the solid DNase I (1500 Kunitz units) in 550iJl 

of the RNase-free water provided. Take care that no DNase I is lost when 

opening the vial. Mix gently by inverting the tube.

> DNase I is especially sensitive to physical denaturation and must not be

vortexed. Mixing should only be carried out by gently inverting the tube. For 

long-term storage of DNase I, remove the stock solution from the glass vial, 

divide it into single-use aliquots, and store at -20°C  for up to 9 months. 

Thawed aliquots can be stored at 2-8°C for up to 6 weeks. Do not refreeze 

the aliquots after thawing.

I Pipette 350[jl Buffer RW1 into the RNeasy® mini column, and centrifuge for

ISsecs at >8000 x g (>10, 000 rpm) to wash. Discard the flow-through.

I Add 10fjl DNase I stock solution (see above) to 70|j I Buffer RDD. Mix by 

gently inverting the tube. Buffer RDD is supplied with the RNase-Free DNase 

Set.
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I Pipette the DNase I incubation mix (80[jl) directly onto the RNeasy® silica-gel

membrane, and place on the bench top (20-30°C) for 15 minutes.

I Note: Make sure to pipette the DNase 1 incubation mix directly onto the

RNeasy® silica-gel membrane. DNase digestion will be incomplete if part of

the mix sticks to the walls of the RNeasy® column.

» Pipette 350|jl Buffer RW1 into the RNeasy® mini column, and centrifuge for

15secs at >8000 x g. Discard the flow-through.

I Transfer the RNeasy® column into a new 2ml collection tube (supplied).

Pipette 500|jl Buffer RPE onto the RNeasy® column. Close the tube gently, 

and centrifuge for ISsecs at >8000 x g (>10,000 rpm) to wash the column. 

Discard the flow-through. Reuse the collection tube in the next step.

I Add another 500|jl Buffer RPE to the RNeasy® column. Close the tube

gently, and centrifuge for 2 min at >8000 x g (>10,000 rpm),

I Place the RNeasy® column in a new 2ml collection tube and discard the old

collection tube with the flow-through. Centrifuge in a microcentrifuge at full 

speed for 1 minute to dry the RNeasy® silica-gel membrane. It is important to 

dry the RNeasy® silica-gel membrane since residual ethanol may interfere 

with downstream reactions. This centrifugation ensures that no ethanol is 

carried over during elution.

I Note: Following the centrifugation, remove the RNeasy® mini column from the

collection tube carefully so the column does not contact the flow-through as 

this will result in carryover of ethanol.

I To elute, transfer the RNeasy® column to a new 1.5ml collection tube. Pipette

30-50|jl RNase-free water directly onto the RNeasy® silica-gel membrane. 

Close the tube gently, and centrifuge for 1 min at >8000 x g (>10,000 rpm) to 

elute.

I If the expected RNA yield is >30|jg, repeat the elution step. Elute into the

same collection tube. To obtain a higher total RNA concentration, this second 

elution step may be performed by using the first eluate. The yield will be 15- 

30% less than a yield obtained using a second volume of RNase-free water, 

but the final concentration will be higher.
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2.7 Nano-Drop® 1000 spectrophotometer

Nucleic acid samples were checked for concentration and quality using the 

NanoDrop® ND-1000 spectrophotometer. To measure nucleic acid samples select 

the 'Nucleic Acid’ application module. The NanoDrop® ND-1000 is a full-spectrum 

(220-750nm) spectrophotometer that measures 1.5pl samples with high accuracy 

and reproducibility. It utilises a patented sample retention technology that employs 

surface tension alone to hold the sample in place. In addition, the ND-1000 has the 

capability to measure highly concentrated samples without dilution (SOX higher 

concentration than the samples measured by a standard cuvette spectrophotometer).

2.7.1 Loading of samples (nucleic acid and water)

I With the sampling arm open, pipette the sample onto the lower measurement 

pedestal (Figure 2.7).

I Close the sampling arm and initiate a spectral measurement using the 

operating software on the PC. The sample column is automatically drawn 

between the upper and lower measurement pedestals and the spectral 

measurement made.

Figure 2.7

low e r
measurBment
podostal

upper
moaeii re merit 
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Figure 2.7 NanoDrop® spectrophotometer sample pedestal.

» When the measurement is complete, open the sampling arm and wipe the 

sample from both the upper and lower pedestals using a soft laboratory wipe.
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Simple wiping prevents sample carryover in successive measurements for 

samples varying by more than 1000 fold in concentration.

2.7.2 Blank measurement

I Ensure measurement pedestal surfaces are clean. Load 1|jl water sample

onto the lower measurement pedestal and then click ‘O K ’. After clicking OK, 

the message “ Initializing spectrometer- please w a if  will appear. W hen this 

message disappears, the instrument will be ready for use.

I  Before making a sample measurement, a blank must be measured and

stored. This will assure the user that the instrument is working well and that 

non-specific fluorescence is not a concern.

» Load a blank sample (the buffer, solvent, or carrier liquid used with your

samples) onto the lower measurement pedestal and lower the sampling arm 

into the ‘down’ position. Click on the ‘Blank’ button.

I W ipe the blanking buffer from both pedestals using a laboratory wipe.

I Analyse an aliquot of the blanking solution as though it were a sample. This

is done using the ‘Measure’ button. The result should be a spectrum with a 

relatively flat baseline. W ipe the blank from both measurement pedestal 

surfaces and repeat the process until the spectrum is flat.

2.7.3 Sample measurement

* 1.5|jl samples are sufficient to ensure accurate and reproducible results when

measuring aqueous nucleic acid samples. After blank measurement load the 

sample as outlines above in section 2.7.1.

I Results;

. A 260 : absorbance of the sample at 260nm represented as if

measured with a conventional 10mm path. Note: This is 10X the 

absorbance actually measured using the 1mm path length and SOX 

the absorbance actually measured using the 0.2mm path length.

. A 280 : sample absorbance at 280nm represented as if measured with

a conventional 10mm path. Note: This is 10X the absorbance actually 

measured using the 1mm path length and SOX the absorbance 

actually measured using the 0.2mm path length.
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. 260/280: ratio of sample absorbance at 260 and 280nm. The ratio of

absorbance at 260 and 280nm is used to assess the purity of DNA 

and RNA. A ratio of ~1.8 is generally accepted as “pure” for DNA; a 

ratio of ~2.0 is generally accepted as “pure” for RNA. If the ratio is 

appreciably lower in either case, it may indicate the presence of 

protein, phenol or other contaminants that absorb strongly at or near 

280nm.

. 260/230: ratio of sample absorbance at 260 and 230nm. This is a

secondary measure of nucleic acid purity. The 260/230 values for 

“pure” nucleic acid are often higher than the respective 260/280 

values. They are commonly in the range of 1.8-2.2. If the ratio is 

appreciably lower, this may indicate the presence of co-purified 

contaminants.

. Concentration (nq/ul): sample concentration in ng/pl based on 

absorbance at 260nm and the selected analysis constant.
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2.8 Bioanalyzer

RNA integrity and concentration was analysed using the 2100 Bioanalyzer. To 

analyse RNA quality follow the protocol below.

2.8.1 Setting up the Chip Priming Station

I Replace the syringe; Unscrew the old syringe from the lid of the chip priming

station. Release the old syringe from the clip. Discard the old syringe. 

Remove the plastic cap of the new syringe and insert it into the clip. Slide it 

into the hole of the lock adapter and screw it tightly to the chip priming station.

I Adjust the base plate: Open the chip priming station by pulling the latch.

Using a screwdriver, open the screw at the underside of the base plate. Lift 

the base plate and insert it again in position. Retighten the screw.

I Adjust the syringe clip: Release the lever of the clip and slide it up to the top

position.

2.8.2 Decontaminating the Electrodes

To avoid decomposition of the RNA sample, this electrode decontamination 

procedure should be followed on a daily basis before running any RNA Nano assays.

» Slowly fill one of the wells of an electrode cleaner with 350|jl RNaseZAP.

I Open the lid and place electrode cleaner in the Agilent 2100 bioanalyzer.

I Close the lid and leave it closed for about 1 minute.

I Open the lid and remove the electrode cleaner. Label the electrode cleaner

and keep it for future use. You can reuse the electrode cleaner for all 25 

chips in the kit.

I Slowly fill one of the wells of another electrode cleaner with 350|jl RNase-free

water.

I Place electrode cleaner in the Agilent 2100 bioanalyzer.

I Close the lid and leave it closed for about 15 seconds.

I Open the lid and remove the electrode cleaner. Label it and keep it for further

use.

I Wait another 15 seconds for the water on the electrodes to evaporate before

closing the lid.
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2.8.3 Preparing the Gel

I Allow all reagents to equilibrate to room temperature for 30 minutes before 

use.

I Place 550|jl of Agilent RNA 6000 Nano gel matrix (red □ colour) into the top 

receptacle of a spin filter.

I Place the spin filter in a microcentrifuge and spin for 10 minutes at 1500g ± 

20%.

I Aliquot 65pl filtered gel into 0.5ml RNase-free microfuge tubes that are 

included in the kit. Store the aliquots at 4°C and use them within one month 

of preparation.

2.8.4 Preparing the Gel Dye Mix

Kit components contain DMSO. Because the dye binds to nucleic acids, it should be 

treated as a potential mutagen and used with appropriate care.

I Allow all reagents to equilibrate to room temperature for 30 minutes before 

use. Protect the dye concentrate from light while bringing it to room 

temperature.

I Vortex RNA 6000 Nano dye concentrate (blue □ colour) for 10 seconds and 

spin down.

I Add 1|jl of RNA 6000 Nano dye concentrate to a 65|jl aliquot of filtered gel 

(prepared as described in “Preparing the Gel” above).

Gel-dye mix 

1 pi dye
65 pi filtered gel

Cap the tube, vortex thoroughly and visually inspect proper mixing of gel and 

dye. Store the dye concentrate at 4°C in the dark again.

Spin tube for 10 minutes at room temperature at 13000 g. Use prepared gel- 

dye mix within one day. A larger volume of gel-dye mix can be prepared in 

multiples of the 65+1 ratio, if more than one chip will be used within one day. 

Always re-spin the gel-dye mix at 13000 g for 10 minutes before each use.
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2.8.5 Loading the Gel Dye Mix

Before loading the gel-dye mix, make sure that the base plate of the chip priming 

station is in position (C) as below in figure 2.8 (A) and the adjustable clip is set to the 

top position as below in figure 2.8 (B).

Figure 2.8

Figure 2.8 Bioanalyzer (A) and (B) Priming Station (Adapted from www.agilent.com)

I Allow the gel-dye mix to equilibrate to room temperature for 30 minutes

before use and protect the gel-dye mix from light during this time.

I Take a new RNA Nano chip out of its sealed bag.

» Place the chip on the chip priming station.

» Pipette 9.0pl of the gel-dye mix at the bottom of the well marked ®  and 

dispense the gel-dye mix:

9 (jl gel-dye

• Set a timer to 30 seconds, make sure that the plunger is positioned at 1ml

and then close the chip priming station. The lock of the latch will click when 

the Priming Station is closed correctly.

» Note; W hen pipetting the gel-dye mix, make sure not to draw up particles that

may sit at the bottom of the gel-dye mix vial. Insert the tip of the pipette to the
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bottom of the chip well when dispensing. This prevents a large air bubble 

forming under the gel-dye mix. Placing the pipette at the edge of the well 

may lead to poor results.

» Press the plunger of the syringe down until it is held by the clip.

I Wait for exactly 30 seconds and then release the plunger with the clip release

mechanism.

I Visually inspect that the plunger moves back at least to the 0.3ml mark.

» Wait for 5 seconds then slowly pull back the plunger to the 1 ml position.

I Open the chip priming station.

» Pipette 9.0pl of the gel-dye mix in each of the wells marked:

1 1
■

2.8.6 Loading the RNA Nano Marker

I Pipette 5|jl of the RNA 6000 Nano marker (green □ colour) into the well

marked with the ladder symbol and each of the 12 sample wells.

I Do not leave any wells empty or the chip will not run properly. Unused wells

must be filled with 6|jl of the RNA 6000 Nano marker.

2.8.7 Loading the ladder and the samples

I Before use, thaw ladder aliquots and keep them on ice (avoid extensive

warming upon thawing process).

I To minimise secondary structure, heat-denature the samples at 70°C for 2 

minutes before loading on the chip. Pipette 1 pi of the RNA ladder into the 

well marked with the ladder symbol.

I Pipette 1|jl of each sample into each of the 12 sample wells.

» Set a timer to 60 seconds.
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I Place the chip horizontally in the adapter of the IKA vortex mixer and make

sure not to damage the bulge that fixes the chip during vortexing. If there is 

liquid spill at the top of the chip, carefully remove it with a tissue.

» Vortex for 60 seconds at 2400rpm.

I Note: Always use RNase-free microfuge tubes, pipette tips and water.

» Open the lid of the Agilent 2100 bioanalyzer.

I Place the chip carefully into the receptacle. The chip fits only one way.

I Carefully close the lid. The electrodes in the cartridge fit into the wells of the

chip.

2.8.8 Starting the 2100 expert software.

I Go to the computer desktop and double-click the Agilent icon

I The screen of the software appears in the Instrument context. The icon in the

upper part of the screen represents the current instrument/PC communication 

status. The 2100 expert software screen shows that you have inserted a chip 

and closed the lid by displaying the chip icon at the top left of the context.

I For example the following symbol means “Lid closed, chip inserted, RNA

assay selected.

I If more than one instrument is connected to your PC, select the instrument 

you want to use in the tree view.

I In the Instrument context, select the appropriate assay from the Assay menu.

I Click the Start button in the upper right of the window to start the chip run.

The incoming raw signals are displayed in the Instrument context.

I After the chip run is finished, remove the chip from the receptacle of the 

bioanalyzer and dispose it according to good laboratory practices.

» To check the results of your run, select the Gel or Electropherogram tab in the 

Data context. The electropherogram of the ladder well window should 

resemble those shown below in figure 2.9.
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Figure 2.9
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Figure 2.9 Ladder Electropherogram

I To review the results of a specific sample, select the sample name in the tree 

view and highlight the Results sub-tab. The electropherogram of the sample 

well window for total RNA (eukaryotic) should resemble the one shown here 

below in figure 2.10.

Figure 2.10
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Figure 2.10 Sample Electropherogram

» By selecting the Results sub-tab, values for the calculated RNA 

concentration, the ribosomal ratio and the RNA Integrity Number (RIN) are 

displayed.
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2.9 Gene & miRNA expression analysis

Several methods were employed in this body of work to analyse mRNA and miRNA  

expression levels. These methods will be outlined in this section of the thesis.

2.9.1 TaqMan® PCR

A TaqMan® PCR-based system was selected for miRNA and mRNA quantitation & 

DNA genotyping in this study. The TaqMan® system was chosen for a number of 

reasons. Firstly TaqMan® 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 archival FFPE material is low. Secondly, TaqM an PCR  

and RT-PCR products are small (generally less than 200 base pairs) and thus can be 

used to amplify partially degraded or fragmented DNA/RNA such as that obtained 

from FFPE material.

TaqMan® PCR exploits the 5 ' nuclease activity of AmpliTaq Gold® DNA Polymerase 

to cleave a TaqMan probe during PCR. The TaqM an 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, as 

shown in figure 2.11.

W hen 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 (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 5 '-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.
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Figure 2.11
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Figure 2.11 The forklike-structure-dependent, polymerisation-associated, 5 '-3" nuclease 

activity of AmpliTaq® Gold DNA Polymerase during PCR (Wang et al., 2006).

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-4,7,2',7'- 

tetrachlorofluorescein), JOE (6-carboxy-4,5-dichloro-2,7-dimethoxyfluorescein), and 

VIC are also used as reporter dyes. In older TaqMan® probes each of the reporters is 

quenched by TAMRA (6-carboxy-N,N,N',N'-tetramethylrhodamine) at the 3' end.
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Figure 2.12
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Figure 2.12 Increased fluorescence activities due to cleaved probe

2.9.2 Taqman® SNR genotyping/allelic discrimination assay

Detection of nucleotide mutations and polymorphisms is central to the modern 

science of molecular genetics. For example, allelic discrimination (AD) 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 (single nucleotide polymorphisms) 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 2.13 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.



Chapter 2 Materials & Methods

The feasibility of this approach was first demonstrated by Lee et al (Lee et aL, 1993) 

when the used the technology to distinguish between the AF508 and normal alleles 

of the human cystic fibrosis gene.

Figure 2.13
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Figure 2.13 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 Tm 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 Tag 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 triplicate. Six no template controls 

(NTC) and known samples for all 3 possible outcomes (heterozygote, homozygote 

allele 1 and 2) are included with each run for allele calling purposes. A generic 

graphical output from an AD run is shown in figure 2.14. Primers/probes used for AD
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purposes were designed and purchased using the Custom TaqMan® SNP 

Genotyping Assays service.

Figure 2.14
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Figure 2.14 Typical allelic discrimination output

2.9.3 Real-time quantitative TaqMan® 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 revolutionises the way one approaches PCR- 

based quantitation of DNA and RNA. In real-time RT-PCR, reactions are 

characterised 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 set above the baseline. The parameter C j (threshold cycle) is

10^

Legend
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defined as the fractional cycle number at which the fluorescence passes the fixed 

threshold (Figure 2.15).

Figure 2.15
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Figure 2.15 Example of an amplification plot generated from the ABI Prism® 7900HT 

Sequence Detection System

2.9.3.1 Relative gene expression

The ABI Prism® 7900H T Sequence Detection System supports real-time relative 

quantification of nucleic acids using the Comparative C j method. Relative 

quantification describes the change in expression of the target gene relative to some 

reference group such as an untreated control or a sample at time zero in a time- 

course study. In the comparative Ct method, quantity is expressed relative to a 

calibrator sample that is used as the basis for comparative results. Therefore, the 

calibrator is the IX  sample and all other quantities are expressed as an n-fold 

difference relative to the calibrator. The Comparative Ct Method (Livak and 

Schmittgen, 2001) uses the following arithmetic formula to achieve results for relative 

quantification:

2- a a c t

W here A C j is achieved by subtracting the endogenous control Ct from your samples’ 

Ct, therefore ACt = Ct (sample) -  Ct (endogenous control). To work out AACt you
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must compare expression levels relative to a calibrator sample, thus AACt = AC t 

(sample) - A C j (calibrator). Using the method, the data are presented as the 

fold change in gene expression normalised to an endogenous reference gene and 

relative to the untreated control.

Relative quantification on the 7900HT instrument is accomplished through the use of 

the polymerase chain reaction and the fluorogenic 5' nuclease assay. After selection 

of endogenous control, probe and primer sets are designed or chosen for both target 

and control sequences. Samples containing cDNA, master mix, and assays targeting 

specific nucleic acid sequences are loaded onto the 7900HT. During the run, the 

instrument records the emission resulting from the cleavage of TaqMan® probes in 

the presence of the target sequence. After the run, the SDS software processes the 

raw fluorescence data to produce threshold cycle (Cj) values for each sample. The 

SDS software computes relative quantities from the Cj values of the calibrator 

sample and the data from the unknown samples within the gene expression profile. 

Relative quantification values (gene fold changes) can be achieved manually by 

collecting C j values and inputting them into the 2 formula; alternatively the SDS 

software can collect data and produce the RQ values.

Reverse transcription protocols vary depending on whether mRNA or miRNA is being 

converted to cDNA. Both protocols were utilised in this thesis and will be outlined 

bellow. To avoid RNase contamination, RNase-free reagents and consumables were 

used. All cDNA synthesis was performed on the PE 9600 GeneAmp PCR system 

Applied Biosystems, CA, USA.

2.9.3.2 cDNA synthesis

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) 

was used to convert total RNA to single stranded cDNA. This kit uses the random 

primer scheme for initiating cDNA synthesis. Random primers ensure that the first 

strand synthesis occurs efficiently with all species of RNA molecules present 

including messenger RNA (mRNA) and ribosomal RNA (rRNA). This cDNA 

synthesis protocol is outlined below.
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2X master mix preparation

Prepare a 2X reverse transcription (RT) master mix as follows;

• Allow the kit components to thaw on ice.

» Calculate the volume of components needed to prepare cDNA for each RNA 

sample, using table 2.3. 

t Prepare the 2X RT master mix and place on ice until required.

Table 2.3 cDNA reaction preparation

Components
Volume per 

reaction (pi)

10X RT Buffer 2

25X dNTP Mixture 

(lOOmM)

o bo

10X RT Random 

Primers
2

Multiscribe RT 

(500U/[jL)
1

Rnase Inhibitor 1

RNase free water 3.2

Final Volume 10

cDNA RT reaction preparation

I Pipette lOpI of 2X RT master mix into each well of a 96-well reaction plate or 

individual PCR tube.

» Pipette 10pl of RNA sample into each well or tube, pipetting up and down two 

times to mix.

I Note: An equal volume of RNA sample must be added per reaction this 

amount differed in each experiment and is noted in each corresponding 

chapter.

I Seal the plates or tubes.

» Briefly centrifuge the plate or tubes to spin down the contents and to eliminate 

any air bubbles.

I Place the plate or tubes on ice until are loaded into the thermal cycler.
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Performing Reverse Transcription

I Program the thermal cycler conditions for RT: Incubation at 25°C for 10min,

37°C for 120min, 85°C for 5sec and then an indefinite hold at 4°C.

» Set the reaction volume to 20|jl.

I Load the reaction plate or tubes into the thermal cycler and start the reverse

transcription run.

2.9.3.3 TaqMan® Real-Time PCR Protocol

Target amplification, using cDNA as the template, is the second step in using 

TaqMan® Gene Expression Assays. In this step, the DNA polymerase, from the 

TaqMan® Universal PCR Master Mix, No AmpErase UNG, amplifies target cDNA 

synthesised from the RNA sample, using sequence-specific primers and TaqMan 

MGB probe (6-FAM dye-labeled) from the TaqMan® Gene Expression Assay mix. 

Performing the PCR step for singleplex assays in 96-well formats requires the 

following procedures:

Reaction plate preparation

» For optimal performance of TaqMan® Gene Expression Assays, use 10- 

100ng of cDNA per 20|jl reaction, when using the TaqMan® Universal PCR 

Master Mix.

I The recommended reaction sizes vary depending on the PCR master mix 

used. Prepare the plate so that each PCR reaction contains the components 

listed in table 2.4.

I Prepare the PCR reaction mix for each sample separately.

I Mix the solutions by gently pipetting up and down, then cap the tubes.

» Centrifuge the tubes briefly to spin down the contents and eliminate any air 

bubbles from the solutions.

I Transfer the appropriate volume of each reaction mixture to wells of an optical

plate, as specified in the following table.

• Cover the plate with an optical adhesive cover (Applied Biosystems, CA, 

USA).

Vortex & centrifuge the plate briefly to spin down the contents and eliminate any air 

bubbles from the solutions.
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Running the plate

I Place the reaction plate in the instrument.

I Set the thermal cycling conditions as Standard Run: AmpliTaq Gold Enzyme 

activation (hold) at 95°C for 10 min, following by 40 PCR cycles of 95°C for 15 

secs (denature) and 60°C for 1 min (anneal/extend).

I Start the run.

Table 2.4 TaqMan® real time PCR master mix setup for volume of 20jjl final reaction

Components Volume (|il) / 20|jl Reaction

TaqMan® Universal PCR Master 

Mix, no AmpErase UNG
10

TaqMan Gene Expression Assay 

(20x)
1

cDNA template 2

Nuclease free water 7

Total 20
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2.9.4 Real-Time PCR using Fluidigm® Technologies

Fluidigm® Dynamic Array technologies enable flexible, easy and low-cost use of 

existing real-time qPCR assays. Up to 9,216 individual reactions can be set up on 

one dynamic array in a single experiment. This involves simply dispensing 96 cDNA 

samples and 96 TaqMan® assays and the dynamic array will automatically assemble 

each of the samples and reagents to create individual TaqMan reactions.

Two versions of dynamic arrays are available, the 96.96 Dynamic Array and the 

48.48 Dynamic Array (Figure 2.16). The 96.96 Dynamic Array allows you to test 96 

samples against 96 genes. The 48.48 Dynamic Array, which was used in this thesis, 

enables you to test 48 samples against 48 genes. With a dynamic array, high- 

throughput multiplexing becomes easy as the integrated fluidics circuit (IFC) does the 

work of combining samples and primer-probe sets into 2,304 PCR assays -  48 real 

time curves for each of 48 samples, which is six-fold more data than is produced by a 

384 well plate. Table 2.5 shows the technical specifications of a 48.48 dynamic array.

Table 2.5 Technical specifications of a Fluidigm® 48.48 dynamic array.

The Fluidigm* 48.48 Dynamic Array Chip at a Glance

Parameter Specification

Sensitivity of detection: Single-copy, per lOnI reaction

Sample wells; 48

Reagent (primers/probes) wells: 48

Input volume per well: 5|jl (minimum)

Liquid-transfer steps: 96

Reactions per chip: 2,304 (48 X 48)

Experiment tracking: Chip-specific barcodes

Setup and valve control: IFC Controller MX

Detection and analysis: Single-copy, per lOnI reaction

The IFC controller (Figure 2.16) is used to pressure-load 48 samples and 48 primer- 

probe sets resulting in 9nl reaction volumes in each dynamic array reaction chamber.
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After setup, the dynamic array is placed on the BioMark™ Real-Time PCR System 

for thermal cycling and real time fluorescence detection.

Figure 2.16 

(A)

(C)

Figure 2.16 Fluidigm® equipment. (A) Fluidigm® 48.48 Dynamic Array. (B) Fluidigm® 96.96 

Dynamic Array. (C) IFC Controller. (D) BioMark™ System.

The Fluidigm® real-time PCR workflow involves conversion of RNA to cDNA, followed 

by pre-amplification of cDNA, and finally real-time fluorescence detection.

2.9.4.1 cDNA synthesis

See section 2.9.3.2

2.5.4.2 Pre-amplification of cDNA 

Background

The method of pre-amplifying cDNA is not exclusively used as part of the Fluidigm® 

workflow. Gene expression analysis is often limited by the amount of RNA that can 

be extracted from the tissues or cells being studied. This is especially true when 

working with formalin fixed paraffin embedded material and using techniques such as 

laser capture microdissection (LCM). LCM achieves accurate, pure populations of 

cells for extraction however the yield produced is extremely low.
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The TaqMan® Pre-Amp Master Mix Kit is intended for use with very small quantities 

of cDNA. The kit allows you to increase the quantity of your RNA for later use in 

gene expression studies. Starting material is increased prior to PCR and the 

resulting pre-amplification product is then used for PCR.

The Pre-Amp kit enables multiplex pre-amplification up to 100-plex and provides 

unbiased amplicons of specific regions of the starting cDNA.

Pooling the assays

In this procedure, a 0.2X pooled assay mix is prepared which is used for running the 

pre-amplification reaction.

» In a microcentrifuge tube, combine equal volumes of each of the 20X gene

expression assays being used, for example 10|jl of each of the 48 assays.

I Dilute the pooled assays using 1X Tris EDTA (TE) buffer so that each assay

is at a final concentration of 0.2X, for the above example add 520pl of 1X TE

to the pooled assays for a total volume of 1ml.

Running the pre-amplification reaction

Use the following table (Table 2.6) to prepare the reactions, and then add them to a 

96-well plate (Applied Biosystems, CA, USA).

Table 2.6 Pre-amplification reaction preparation

Component Volume (pl/reaction)

TaqMan® Pre-Amp 

master mix (2X)
2.5

Pooled assay mix (0.2X) 1.25

1-250ng cDNA sample + 

Nuclease free water
1.25

Total 5

I Seal the 96-well plate with an ABI Prism® Optical Adhesive cover (Applied 

Biosystems, CA, USA).

I Centrifuge the plate briefly.
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I The pre-amplification reaction is performed for 10 minutes at 95°C, and 14 

cycles of 15 seconds at 95°C and 4 minutes at 60°C (PE 9600 GeneAmp 

PCR system Applied Biosystems, CA, USA).

I Upon completion, immediately remove the plate from the thermal cycler and 

place it on ice for immediate use or store at -20°C.

2.9.4.3 Fluidigm® Real-Time PCR

I Dilute the TaqMan® gene expression assays (20X) to a final concentration of 

10X using Fluidigm® DA Assay Loading Reagent, i.e. 2.5|jl 20X assay + 2.5|jI 

DA Assay Loading Reagent.

» Make 1:5 dilutions of the pre-amplified products using IX  TE buffer.

I Combine the cDNA product with real-time qPCR reagents following table 2.7.

Table 2.7 Sample mixes for Fluidigm® Real-Time PCR

Component Volume (|jl) / Sample

Diluted Pre-amplified cDNA 2.25

2X Universal PCR Master Mix 

(Applied Biosystems)
2.5

Fluidigm® Sample Loading 

Agent
0.25

Total 5

I Prime the dynamic array to close the interface valves preventing premature 

mixing of samples and assays.

» Pipette 5|jl of samples pre-mixed with master mix into separate sample inlets 

on the right hand side of the 48.48 dynamic array.

» Pipette primer-probe sets into separate primer-probe inlets on the opposite 

side of the array.

I l l
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I Place the dynamic array on the IFC controller, and use the software interface 

to pressure load the assay components into the reaction chambers. Assay 

components are automatically combined on-chip.

I Place the array on the Biomark™ Real-Time PCR system for thermal cycling 

and fluorescence detection.

» Use real-time qPCR analysis software to view and interact with amplification 

curves, colour-coded heat maps, and C j data for the run.

I Figure 2.17 shows an example of the outputs generated by the Biomark™  

Real-Tim e PCR system.

Figure 2.17

(A)

>38 05 I >40.00

(B)

Figure 2.17 Example of some outputs generated by the Biomark™ Real-Time PCR system. 

(A) Heatmap. (B) Amplification curves.
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2.9.5 Stem-loop miRNA RT-PCR

Applied Biosystems TaqMan® miRNA assays (Foster City, CA, USA) were used to 

detect and quantify mature mlRNAs using looped-primer real time PCR. Both 

singleplex and multiplex methodologies were used in this thesis. Singleplex assays 

were available as Assays-on-Demand from Applied Biosystems. The protocol 

involves two steps: reverse transcription and real-time PCR (Figure 2.18).

Figure 2.18

Figure 2.18 Assay Scheme for singleplex stem-loop RT-PCR (Chen et al., 2005). Step 1: 

Looped-primer RT: Looped primers are annealed to miRNA targets and extended by reverse 

transcriptase. Step 2: Real-Time PCR: miRNA-specific forward primer, TaqMan® probe, and 

universal reverse primer are used for PCR reactions.

Multiplex assays were available from Applied Biosystems in the form of an early 

access panel which contained 330 individual assays covering many of the identified 

human miRNAs. Quantification using this panel was done using a three step 

multiplex RT-PCR process: step one; stem-looped RT, step two; Pre-PCR 

amplification and step three; Real Time PCR (Figure 2.19).

Step 1:
Stem-loop RT

Step 2: 
Real-time
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Figure 2.19
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Figure 2.19 Schematic representation of multiplexed miRNA RT-PCR (Lao et al., 2006). 

Step 1 and 2 are multiplexed RT and PCRs respectively. The multiplexed forward primers, 

FP, contain 3’ sequences that correspond to the 5’ end of different miRNAs and 5’ sequences 

zip-coded to each RNA to increase the Tm of annealing above 65°C. Step 3 illustrates 

singleplex real-time PCRs to assess the amount of miRNA specific cDNA. RT-RP is a miRNA 

specific RT reverse primer; FP is miRNA specific forward primer; UR is universal reverse 

primer for multiplex pre-PCR and singleplex real-time PCR assays. Each real-time PCR probe 

has a 5’ FAM dye label and a 3’ minor groove binder with non-fluorescent quenching activity 

(MGB). The Tm spacer is added to give probes Tm values above 60°C.

2.9.5.1 Singleplex Stem-loop Reverse Transcription

Total RNA samples were used to synthesise single-stranded cDNA using the High 

Capacity cDNA Reverse Transcription Kit & miRNA-specific RT primers (Applied 

Biosystems, CA, USA). Follow the instructions below to synthesise single-stranded 

cDNA using miRNA-specific RT primers.
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RT master mix preparation

I Allow the kit components to thaw on ice.

I In a polypropylene tube, prepare the RT master mix by scaling the volumes

listed below to the desired number of RT reactions (Table 2.8). 10% overage

was added to account for pipetting losses.

RT reaction preparation

» Dispense 7|jl of RT master mix into the appropriate number of individual PCR 

tubes.

I Add 5pl of RNA into each tube.

I Transfer 3pl of the miRNA-specific RT primer into the relevant tubes. Each

RT reaction consists of 7pl master mix, 3|jl primer and 5|j I RNA sample.

I Close the tubes & mix gently and centrifuge briefly.

I Incubate on ice for 5 min until ready to load into the thermal cycler.

Table 2.8 RT master mix setup for volume of 7̂ Jl final reaction

Component
Master Mix Volume /1 5|jl 

reaction

25X dNTP Mixture (lOOmM) 0.15

MultiScribe™ Reverse 

Transcriptase, 50 U/|jl
1

10x Reverse Transcription 

Buffer
1.5

RNase Inhibitor 0.19

Nuclease free water 4.16

Total 7

Performing Reverse Transcription

I Program the thermal cycler conditions for RT; Incubation at 16°C for 30min, 

42°C for 30min, 85°C for 5 min and then an indefinite hold at 4°C.

I Set the reaction volume to ISpl.

I Load the PCR tubes into the thermal cycler and start the reverse transcription 

run.
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2.9.5.2 PCR Amplification

During this target amplification step, AmpliTaq® Gold DNA polymerase was used to 

amplify target cDNA synthesised from the RNA sample. This was performed using 

sequence specific primers from the Taqman® MicroRNA Assays. PCR amplification 

was carried out using sequence specific primers on the Applied Biosystems 7900HT 

Real-Time PCR system. All the Taqman® miRNA assays were protected from the 

light until use. The recommended reaction volume is 20|j I. T o perform Taqman® 

PCR amplification, prepare the plate so that each PCR reaction contains the 

components as listed in the following table.

Table 2.9 TaqMan® stem-loop real time PCR setup for volume of 20̂ Jl final reaction

Component
Volume (pi) / 20^1 

reaction

Taqman® miRNA assay 

mix (20X)
1

Product from RT reaction 

(1:15 dilution)
1.33

Taqman** 2X Universal 

master mix (no 

AmpErase UNG)

10

Nuclease free water 7.67

Total Volume 20

Perform each assay in triplicate for each sample. Incubate the reactions in a 96-well 

optical plate at 95°C for 10min, following by 40 cycles of 95°C for 15s and 60°C for 

Imin.

2.9.S.3 Multiplex Stem-loop Reverse Transcription

Total RNA samples were used to synthesise single-stranded cDNA using the Applied 

Biosystems TaqMan® MicroRNA Reverse Transcription kit (P/N: 4366597; Foster 

City, CA, USA). Follow the protocol below to perform this technique.

116



Chapter 2 Materials & Methods

RT master mix preparation

» Allow the kit components to thaw on ice.

» In a polypropylene tube, prepare the RT master mix by scaling the volumes

listed below to the desired number of RT reactions (Table 2.10). Stock

reaction mixture was prepared for at least 10 reactions.

I Add 2pl of RNA to 3(jl of freshly prepared stock reaction mixture.

Table 2.10 RT master mix setup for volume of 5|jl final reaction

Component
Master Mix Volume / 5mI 

reaction

lOOmM dNTPs 0.25

MultiScribe™ Reverse
1

Transcriptase, 50U/pl

lOx cDNA Archiving Kit 

Buffer
0.5

330-plex RP (50nM) 0.25

RNase Inhibitor 20U/|jl 0.065

Nuclease free water 0.25

MgClz (25mM) 0.685

Total 3

Performing Reverse Transcription

I Program the thermal cycler conditions for RT: 30 cycles of incubation at 20°C 

for 30sec, followed by incubation at 42°C for 30sec, and 50°C for Isec. This

is followed by incubation at 85°C for 5 min to inactivate the enzyme.

I Set the reaction volume to Spl.

I Load the reaction plate into the thermal cycler and start the reverse

transcription run.
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2.9.S.4 Pre-PCR amplification 

Pre-PCR master mix preparation

I A llow the kit com ponents to thaw  on ice.

I Prepare the plate so that each pre -P C R  reaction contains the com ponents as

listed in table 2 .11 .

Performing Pre-PCR amplification

» Program  the therm al cycler conditions; incubation at 95°C  for 10 min to

activate the Am pliTaq Gold, followed by incubation at 55°C  for 2 min, followed

by 14 cycles of 95°C  for Is e c  and 65°C  for 1 min.

I S e t the reaction volum e to 25[jl.

I Load the reaction plate into the therm al cycler and start the p re -P C R  run.

Table 2.11 Pre-PCR master mix setup for volume of 25|jl final reaction.

Component
Master Mix Volume / 

25(jl reaction

lOOmMdNTPs 0.5

Taqman® 2X Universal master mix 

(no AmpErase UNG)
12.5

RT-tem plate 5

330-plex FP (500nM) 2.5

AmpliTaq Gold 5u/̂ Jl 1.25

UR lOOpM 1.25

Nuclease free water 1

MgCb (25mM) 1

Total 25

» T h e  pre-am plified R T -P C R  mixture must be diluted to 100|jl prior to P C R  by 

adding 75|j I H 2O into 25|jl of pre-am plified sam ple.
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2.9.S.5 PCR Amplification

I Perform PCR amplification on the Applied Biosystems 7900H T Real-Time 

PCR system.

I Keep all the TaqMan® miRNA assays protected from the light until use.

I Real-time reaction mixtures were assembled by adding 2pl of individual FP +

TaqMan® probe to 8|jl of freshly prepared stock solution containing the rest of 

the real-time PCR reagents.

I The recommended reaction volume is 10|jl.

I Prepare the plate so that each PCR reaction contains the components as

listed in table 2 . 12.

Table 2.12 TaqMan® stem-loop real-time PCR setup for a final reaction volume of 20^ll.

Component
Volume (|jl) / 20|jl 

reaction

UR lOOyM 0.05

Pre-PCR template 0.1

TaqMan® 2X Universal master mix 

(no AmpErase UNG)
5

Nuclease free water 2.85

FP 2.5|jM + Taq-probe (1|jM) 2

Total Volume 10

I Perform each assay in triplicate for each sample and incubate the reactions in 

a 96-well optical plate at 95°C  for lOmin, following by 40 cycles of 95°C for 

15s and 60°C  for 1min.

119



Chapter 2 Materials & Methods

2.10 Affymetrix™ Microarrays

Microarray technologies evolved from the technique of Southern blotting where 

fragmented DNA is attached to a substrate and then probed with a known gene or 

fragment. The use of a collection of distinct DMAs in arrays for expression profiling 

was first described in 1987 when the arrayed DMAs were used to identify genes 

whose expression is modulated by interferon (Kulesh et al., 1987). These early gene 

arrays were made by spotting cDNAs onto filter paper with a pin-spotting device. 

The use of miniaturised microarrays for gene expression profiling was first reported in 

1995 (Schena et al., 1995), and a microarray of a complete eukaryotic genome 

{Saccharomyces cerevisiae) was published in 1997 (Lashkari et al., 1997). The 

traditional solid-phase array is a collection of microscopic DNA spots attached to a 

solid surface, such as glass, plastic or silicon biochip. The affixed DNA segments 

are known as probes and thousands of them can be placed in known locations on a 

single DNA microarray allowing the measurement of the expression levels of 

hundreds or thousands of genes. With the aid of a computer, the amount of mRNA 

bound to the spots on the microarray is precisely measured, generating a profile of 

gene expression in the sample tested.

2.10.1 Evolution of Expression Array Designs and Design Strategies 

3’ biased expression array designs

Initial Affymetrix expression array designs such as the HuGeneFL array were based 

on known transcript sequences. Probe sets were selected directly against the mRNA 

sequence using a set of heuristics for probe performance. This design strategy was 

replaced with more comprehensive bioinformatics and probe modelling for the 

Human Genome U133 family of array designs. For the Human Genome U133 family 

of arrays, multiple transcript sequences, including expressed sequence tags (ESTs), 

were used to generate consensus transcript sequences, orient consensus sequences 

and identify polyadenylation sites. Significant improvements were made in modelling 

probe performance and selecting probes. For each polyadenylation site, a probe set 

consisting of 11 perfect match and mismatch probe pairs were selected within the 5’ 

region of the polyadenylation site.

Over the course of all these designs, array density increased, enabling more 

transcripts to be interrogated on fewer arrays. Additionally, public sequence data,
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including the full human genome sequence, became more complete. The end result 

was a mature platform for genome-wide, gene level expression analysis on a single 

array, the Human Genome U133 Plus 2.0 Array. These arrays however still 

possessed some disadvantages. Due to the 3’-based array designs, the probes 

used localised to the extreme 3’ end of the genes being studied, and classical 3’ 

assays typically relied on priming from a transcript’s poly-A tail. Therefore, some 

genes may not be accurately represented on a classical 3’-based expression arrays 

in the following situations:

» Alternative splicing at the 3’ end of the gene 

» Utilisation of a novel 3’ terminal exon 

I Alternative polyadenylation sites 

I Non-polyadenylated messages 

I Truncated transcript 

I Degraded samples

I Genomic deletions

These transcripts have been shown to play important biological roles and can be 

detected as part of a gene-level expression estimate using the Whole Transcript 

(WT) Assay approach of the Gene 1.0 ST Array System.

Whole transcript-based array designs

As mentioned, all of the earlier array designs relied upon the use of a 3’ biased target 

preparation protocol. The Whole Transcript (WT) Assay, which is compatible with the 

Genechip Human Gene St 1.0 Array, generates target across the entire transcript, 

not just the 3’ end. This innovation removed the need to anchor probes to the 3’ end 

of genes, and allows improved gene-level estimates with probes covering the entire 

gene.

In order to target each gene for the desired level of probe coverage on the Gene 1.0 

ST and Exon 1.0 ST Arrays, the boundaries of each gene were defined by calculating 

“gene bounds”. Conceptually, gene bounds are the projection of all exons for a given 

gene onto the genome. The gene bounds were calculated in a hierarchical manner, 

using better-annotated evidence first (i.e., RefSeq) and more speculative content 

later (i.e., EnsembI predictions). To ensure robust gene-level estimates of expressed 

RNA, a target of 25 probes per gene was selected for each gene bound and probes 

were selected uniformly over the gene structure.
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To improve the accuracy of the gene level estimates, the number of potentially cross- 

hybridising probes was minimised. This was done by excluding candidate probes 

with a large number of 16-mer matches to repetitive portions of the human genome 

and assigning preference to probes with a unique 25-mer match to the human 

genome. As a result, some parts of the gene structure may lack probe coverage, 

however 90 percent of the gene-level probe sets contain only probes that match 

uniquely to the genome. For the remaining 10 percent, mixed probe sets were 

selected, allowing for both unique and non-unique probes. In most cases, these 

mixed gene-level probe sets reflect highly conserved gene families or genes that 

have high homology to pseudogenes. This produced a single array with 28,869 

gene-level probe sets composed of 764,885 distinct probes, with a mean of 28 

probes per gene and a median of 26 probes per gene.

Key Features of the Gene 1.0 ST Array

» Arrays interrogate 28,869 well-annotated genes with 764,885 distinct probes.

I The Gene 1.0 ST Array System uses a perfect match (PM)-only design with

probes that hybhdise to sense targets.

I 25-mer probes designed to be distributed across the transcribed regions of

each gene with a median of 26 probes per gene

I Gene-level analysis of multiple probes on different exons is summarised into

an expression value representing all transcripts from the same gene.

I The design of the Human Gene 1.0 ST Array was based on the March 2006

human genome sequence assembly (UCSC Hg18, NCBI build 36) with 

comprehensive coverage of RefSeq (>99% coverage of NM sequences 

present in the November 3, 2006, RefSeq database; 24,188 sequences), 

EnsembI (the full EMBL/EBI EnsembI data set (October 2006, version 41.36c; 

56,364 transcripts)), and putative complete CDS GenBank transcripts 

(November 3, 2006; 56,249 sequences).

I Generic Background Probes: Using approximately 17,000 anti-genomic

background probes the probe-specific background on the arrays can be 

estimated. This collection of probes were selected because they are not 

present In the human genome (or seven other genomes including mouse, rat, 

Drosophila, C. elegans, S. cerevisiae, Arabidopsis and E. coli) and are not 

expected to cross-hybndise to transcribed human sequences.

I Standard poly-A controls and hybridisation controls are represented on the

arrays to allow convenient troubleshooting along the entire experimental 

process.



Chapter 2 Materials & Methods

. BioB, BioC, BioD and CreX Prelabeled Spikes: This panel of probe 

sets represents hybridisation control genes consisting of bioB, 

bioC, bioD and ere. BioB, bioC and bioD are genes in the biotin 

synthesis pathway of E. coli, and ere is the recombinase gene 

from P1 bacteriophage. These controls are part of the 

Hybridisation Control Kit and are useful in evaluating the 

hybridisation and wash steps.

Dap, Phe, Lys and Thr PolyA Uniabeled Spikes: These probe sets 

are designed from several B. subtilis genes {lys, phe, thr and dap). 

These probe sets can be assayed using a Poly-A RNA Control Kit 

that contains in wYro-synthesised, polyadenylated transcripts that 

are pre-mixed at staggered concentrations to enable GeneChip® 

probe array users to assess the overall success of the target prep 

steps.

Putative Exon and Intron Control Probe sets: These control probe 

sets are designed to interrogate putative exonic and intronic 

regions from a set of putative constitutively expressed genes. In 

short, four probe sets were selected for each putative exon. Four 

probes were selected for up to three 100bp segments within each 

putative intron. These control probe sets can be used to assess 

overall sample and data quality, 

t WT Sense Target Labelling and Control Reagents use a random priming 

strategy, in combination with in vitro transcription-based linear amplification 

and a novel end-point fragmentation and labelling assay scheme. The WT 

Assay provides a robust method for target labelling allowing maximum 

coverage of the entire gene.

I GeneChip® Hybridisation Oven 640 hybridises samples to the microarrays.

» GeneChip® Fluidics Station 450 allows automated array processing to obtain 

the highest level of reproducibility 

I GeneChip® Scanner 3000 7G performs array image acquisition 

I Expression Console™ software is an application that enables probe set 

summarisation as well as preliminary data quality evaluation.

I The NetAffx Analysis Center, with regularly updated biological and functional 

annotations of probe sets, is the most comprehensive resource for array 

annotations and probe sequence information.
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Overview of workflow

The Affymetrix GeneChip® Whole Transcript (WT) Sense Target Labelling Assay 

generates amplified and biotinylated sense-strand DNA targets from the entire 

expressed genome without bias. This assay and associated reagents have been 

optimised specifically for use with the GeneChip® ST Arrays where “ST” stands for 

“Sense Target”. Double-stranded cDNA is synthesised with random hexamers 

tagged with a T7 promoter sequence. The double-stranded cDNA is subsequently 

used as a template and amplified by T7 RNA polymerase producing many copies of 

antisense cRNA. In the second cycle of cDNA synthesis, random hexamers are 

used to prime reverse transcription of the cRNA from the first cycle to produce single

stranded DNA in the sense orientation.

In order to reproducibly fragment the single-stranded DNA and improve the 

robustness of the assay, a novel approach is utilised where dUTP is incorporated in 

the DNA during the second-cycle, first-strand reverse transcription reaction. This 

single-stranded DNA sample is then treated with a combination of uracil DNA 

glycosylase (UDG) and apurinic/apyrimidinic endonuclease 1 (APE 1) that 

specifically recognises the unnatural dUTP residues and breaks the DNA strand. 

DNA is labelled by terminal deoxynucleotidyl transferase (TdT) with the Affymetrix® 

proprietary DNA Labeling Reagent that is covalently linked to biotin. See figure 2.20 

for an overview of the Human Gene ST 1.0 workflow.

Using Affymetrix Expression Console™ software probe-level analysis of Human 

Gene 1.0 ST Array CEL files can be performed, including the ability to do quality 

assessment of array results based on the control probe sets mentioned above. 

Necessary library files and NetAffx annotations can be downloaded from 

www.affymetrix.com, gene-level expression results can also be exported along with 

NetAffx annotations for use in downstream analysis. Genomic and biological 

annotations for the Human Gene 1.0 ST Array are updated and accessible through 

the NetAffx™ Analysis Center, located at http://www.affymetrix.com/analysis. 

Genomic and biological annotations available include:

I Genome location 

I Sequence information 

» Gene symbol/title 

I Assignments to public transcripts 

» Gene ontology assignments 

I Pathway information
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Figure 2.20
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Figure 2.20 Overview of the GeneChip® Whole Transcript Sense Target Labelling Assay 

workflow.

2.10.2 lOOng Total RNA Labelling Protocol

2.10.2.1 Preparation of Dilutions of Poly-A RNA Controls

I This Procedure requires the use of the GeneChip® Poly-A RNA Control Kit.

Good quality starting RNA is essential to the overall success of the analysis. It is 

therefore recommended that the quality of the RNA is verified using a bioanalyzer 

(section 2.8) prior to performing microarrays. The protocol for the GeneChip® Human 

Gene 1.0 St Arrays that will be outlined in this section of the thesis requires 100 -  

300ng of starting RNA per sample.
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I The Poly-A RNA controls are provided as a concentrated stock of 4 different 

transcripts at staggered concentrations. Dilution buffer is also supplied with 

the kit.

» Prepare the dilutions of the Poly-A RNA controls based on table 2.13 & 

instructions below. Use non-stick RNase-free microfuge tubes for all 

dilutions. Keep the tubes on ice at all times.

Table 2.13 Poly-A RNA Control Stock Serial Dilutions

Serial Dilutions j Volume into

First 1 Second | Third | Sample (pi)

1:20 1 1:50
1

1:50 2

» Add 2pl of Poly-A RNA Control Stock to 38|jl of Poly-A Control Dil Buffer to 

make the First Dilution (1:20).

I Mix and spin to collect the solution at the bottom of the tube.

• Add 2|jl of the First Dilution to 98^il of Poly-A Control Dil Buffer to make the

Second Dilution (1:50).

I Mix and spin to collect the solution at the bottom of the tube.

I Add 2|jl of the Second Dilution to 98|jI of Poly-A Control Dil Buffer to make the

Third Dilution (1:50).

» Mix and spin to collect the solution at the bottom of the tube.

2.10.2.2 Preparation of T 7 - (N )6  Primers/Poly-A RNA Controls

» Prepare a fresh 250ng/|jl T7-(N)e Primers dilution (from a 2.5|jg/|jl stock) by 

adding the concentrated T7-(N)e Primers to the diluted Poly-A RNA controls 

using a non-stick RNase-free microfuge tube as directed in table 2.14.

I Flick-mix the solution, centrifuge briefly, and place on ice.
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Table 2.14 First-cycle, Primer/Poly-A RNA Controls

Component Volume (mI)

T7-(N)e Primers, 2.5^ig/pl 2

Diluted Poly-A RNA Controls (3rd dilution, 1:50) 2

RNase-free Water 16

Total 20

2.10.2.3 Preparation of total RNA/T7-(N)e Primers/Poly-A RNA Controls

» Mix total RNA and the T7-(N)e Primers/Poly-A RNA Controls solution as listed 

in table 2.15.

Table 2.15 First-Cycle, Total RNA/Primer/Poly-A RNA Controls

Component
Volume in 1 

Reaction

Total RNA, 100-300ng lOOng

T7-(N)e Primers/Poly-A RNA Controls Solution 2̂ Jl

RNase-free Water up to Sjjl

Total 5mI

I Flick-mix, spin down the tube, and incubate for 5 minutes at 70°C. Then, cool

the sample for at least 2 minutes at 4°C (PE 9600 GeneAmp PCR system 

Applied Biosystems, CA, USA) and spin down.

I Place on ice for use in the section below.

2.10.2.4 First-Cycle, First-Strand cDNA Synthesis

» This Procedure requires the use of the GeneChip® WT cDNA Synthesis Kit.

I Prepare the First-Cycle, First-Strand Master Mix as shown in table 2.16.

127



Chapter 2 Materials & Methods

I Add the superscript™ I! enzyme to the master mix last and proceed 

immediately to aliquot into the tubes from section 2.10.2.3 as described 

below.

» Add 5|jl of the First-Cycle, First-Strand Master Mix to the tube containing the 

Total RNA/Poly-A RNA Controls/ T7-(N)e Primers Mix from section 2.10.2.3, 

flick-mix, and spin-down. The total reaction volume is lOpl.

I Incubate the reaction at:

25°C for 10 minutes 

42°C for 60 minutes 

70°C for 10 minutes

Table 2.16 First-Cycle, First-Strand Master Mix

Component
Volume in 1 

Reaction (pi) '

5X 1st Strand Buffer 2

DTT, 0.1 M 1

dNTP Mix, lOmM 0.5

RNase Inhibitor 0.5

superscript II 1

Total 5

I Cool the reaction to 4°C for at least 2 minutes before immediately continuing 

to the First-Cycle, Second-Strand cDNA Synthesis.

I Note: Keeping the reaction at 4°C longer than 10 minutes may result in 

reduced cRNA yields.

2.10.2.5 First-Cycle, Second-Strand cDNA Synthesis

» This Procedure requires the use of the GeneChip® WT cDNA Synthesis Kit.

I Make a fresh dilution of 17.5mM MgCb each time. Mix 2|jl of 1M MgCb with

112|jl of RNase-free water.

» Prepare the First-Cycle, Second-Strand Master Mix as described in table 

2.17.
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I Add the RNase H and DNA Polymerase I enzymes to the master mix last and 

proceed immediately to aliquot into the tubes from section 2.10.2.4 as 

described below.

Table 2.17 First-Cycle, Second-Strand Master Mix

Component
Volume in 1 

1 Reaction (pi)

RNase-free Water 4.8

MgCl2, 17.5mM 4

dNTP Mix, lOmM 0.4

DNA Polymerase 1 0.6

RNase H 0.2

Total 10

» Add lOpI of the First-Cycle, Second-Strand Master Mix to the reaction tube 

from the First-Strand cDNA Synthesis Reaction for a total reaction volume of 

20pl.

I Flick or gently vortex the tubes and spin down.

I Incubate the reaction in a thermal cycler at:

16°C for 120 minutes without heated lid 

75°C for 10 minutes with heated lid

» Cool the sample for at least 2 minutes at 4°C before immediately proceeding 

to the next procedure, First-Cycle, cRNA Synthesis and Cleanup.

• Note; Keeping the reaction at 4°C longer than 10 minutes may result in

reduced cRNA yields.

2.10.2.6 First-Cycle, cRNA Synthesis and Cleanup

I This Procedure requires the use of the GeneChip® WT cDNA Amplification Kit 

and the GeneChip® Sample Cleanup Module.

I In a separate tube, assemble the IVT Master Mix at room temperature as 

listed in table 2.18.

I Add the IVT Enzyme Mix to the master mix last and proceed immediately to 

aliquot into the tubes from section 2.10.2.5 as described below.
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I Note; If a white precipitate is still present in the 10X IVT Buffer after thawing, 

incubate the tube at 37°C until the precipitate gets dissolved. Do not 

assemble the reaction on ice since the spermidine in the 10X IVT Buffer can 

lead to precipitation of the template DNA.

Table 2.18 First-Cycle, IVT Master Mix

Component
Volume in 1 ' 

Reaction (̂ 1)

10X IVT Buffer 5

IVT NTP Mix 20

IVT Enzyme Mix 5

Total 30

► Transfer SOpI of the IVT Master Mix to each First-Cycle cDNA Synthesis

Reaction sample to give a final volume of 50^il.

I Flick-mix the solution, and briefly centrifuge the tubes.

» Incubate the reaction for 16 hours at 37°C. To prevent condensation that

may result from water bath-style incubators, incubations are best preformed 

in oven incubators for even temperature distribution, or in a thermal cycler. 

Hold a t4 “C.

» Proceed to the cleanup procedure for cRNA using the cRNA Cleanup Spin

Columns from the GeneChip® Sample Cleanup Module following the protocol 

described below.

I Store the sample at -80°C  if not purifying the cRNA immediately.

I If not already done, add 20ml of Ethanol (100%) to the cRNA Wash Buffer

supplied in the GeneChip® Sample Cleanup Module.

I Add 50|jl of RNase-free water to each IVT reaction to a final volume of 100pl.

* Add 350|jl of cRNA Binding Buffer to each sample and vortex for 3 seconds.

I Add 250|jl of 100% ethanol to each reaction and flick-mix.

I Apply the sample to the IVT cRNA Cleanup Spin Column sitting in a 2ml

Collection Tube.

» Centrifuge for 15 seconds at > 8,000 x g. Discard the flow-through.

» Transfer the IVT cRNA Cleanup Spin Column to a new 2ml Collection Tube.

Add 500|jl of cRNA Wash Buffer to the column and centrifuge for 15 seconds 

at > 8,000 x g. Discard the flow-through.
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» Wash again with SOOpI of 80% (v/v) Ethanol. Centrifuge for 15 seconds at > 

8,000 X g and discard the flow-through.

I Open the column cap and spin at < 25,000 x g (maximum speed) for 5 

minutes with the caps open.

I Transfer the IVT cRNA Cleanup Spin Column to a new 1.5ml Collection Tube 

and add 15pl of RNase-free water directly to the membrane. Incubate at 

room temperature for 5 minutes. Spin at < 25,000 x g (maximum speed) for 1 

minute.

I Elute a second time by pipetting the flow-through in the Collection Tube

(~13.5|jl) back onto the Spin Column membrane. Place the Spin Column 

back into the Collection Tube and incubate at room temperature for 5 

minutes. Spin at < 25,000 x g (maximum speed) for 1 minute.

» The eluted cRNA is ~ 13.5|jl. Determine the cRNA yield using a NanoDrop®

ND-1000.

I Note: The average yield may vary depending on the type of tissue used.

I Note: Store eluted cRNA at -80°C if not proceeding immediately to section

2.10.2.7.

I Note: If cRNA concentration is too low to obtain 8 - 10|jg of cRNA in 6.5[jl,

cRNA can be concentrated using a SpeedVac

2.10.2.7 Second-Cycle, First-Strand cDNA Synthesis

I This Procedure requires the use of the GeneChip® WT cDNA Synthesis Kit.

» Mix cRNA sample from section 2.10.2.6 with the Random Primers in a PCR

tube, as listed in table 2.19 below.

» Flick-mix and spin down the tubes.

I Incubate the Second-Cycle, cRNA/Random Primers Mix at:

70°C for 5 minutes 

25°C for 5 minutes

Cool the samples at 4°C for at least 2 minutes.

» In a separate tube, prepare the Second-Cycle, Reverse Transcription Master

Mix as described in table 2.20.

I Add the SuperScript™ II enzyme to the master mix last and proceed

immediately to aliquot into tubes containing the cRNA/Random Primers Mix 

as described below.
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Table 2.19 Second-Cycle, cRNA/Random Primers Mix

Component
Volume in 1 

Reaction

cRNA, lOfjg* Variable

Random Primers (3|jg/|jl) | 1.5|jl
1

RNase-free water up to 8|jl

Total ^

* For some samples that generate high yield in the second-cycle cDNA synthesis reaction, 

8|jg may be used to obtain 5|jg of single-stranded DNA target. The starting amount of cRNA 

varies depending on the type of tissue used.

» Transfer ^2 \̂ \ of the Second-Cycle, First-Strand cDNA Synthesis Master Mix 

to the Second-Cycle, cRNA/Random Primers Mix for a total reaction volume 

of 20|jl. Mix thoroughly by gently flicking the tubes a few times and centrifuge 

briefly.

I Incubate the reactions at:

25°C for 10 minutes 

42°C for 90 minutes 

70°C for 10 minutes 

4°C for at least 2 minutes

Table 2.20 Second-Cycle, First-Strand cDNA Synthesis Master Mix

Component
Volume in 1 

Reaction (pi)

5X 1 St Strand Buffer 4

DTT, 0.1 M 2

dNTP + dUTP, lOmM 1.25

superscript II 4.75

Total 12
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2.10.2.8 Hydrolysis of cRNA and Cleanup of Single-Stranded DNA

I This Procedure requires the use of the GeneChip® WT cDNA Synthesis Kit 

and the GeneChip® Sample Cleanup Module.

» Add 1 pi of RNase H to each of the samples and incubate at:

37°C for 45 minutes 

95°C for 5 minutes 

. 4°C for 2 minutes

I Proceed to the cleanup step using the cDNA Cleanup Spin Columns from the 

GeneChip® Sample Cleanup Module following the protocol as described 

below.

I Store the sample at -20°C if not purifying the Single-Stranded DNA 

immediately.

I If not already done, add 24ml of Ethanol (100%) to the cDNA Wash Buffer 

supplied in the GeneChip® Sample Cleanup Module.

I Add 80pl of RNase-free water to each sample, followed by SZOpI of cDNA 

Binding Buffer, and vortex for 3 seconds.

I Apply the entire sample (the total volume is 471 pi) to a cDNA Spin Column 

sitting in a 2ml Collection Tube.

I Spin at > 8,000 x g for 1 minute. Discard the flow-through.

I Transfer the cDNA Cleanup Spin Column to a new 2ml Collection Tube and

add 750(jl of cDNA Wash Buffer to the column. Spin at > 8,000 x g for 1 

minute and discard the flow-through.

» Open the cap of the cDNA Cleanup Spin Column and spin at < 25,000 x g for

5 minutes with the caps open. Discard the flow-through, and place the 

column in a 1.5ml collection tube.

» Pipette 15pl of the cDNA Elution Buffer directly to the column membrane and

incubate at room temperature for 1 minute. Then, spin at < 25,000 x g for 1 

minute.

I Repeat the elution step by pipetting another 15pl of the cDNA Elution Buffer

directly to the column membrane and incubate at room temperature for 1

minute. Then, spin at < 25,000 x g for 1 minute.

I The total volume of the eluted Single-Stranded DNA is ~28pl total. Take 1.5pl

from each sample to determine the yield using the NanoDrop® ND-1000.

I Each tube should have > 5.5pg of Single-Stranded DNA.

I Note: Eluted single-stranded cDNA can be stored overnight at -20°C if not

proceeding immediately to section 2.10.2.9.
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2.10.2.9 Fragmentation of Single-Stranded DNA

I This Procedure requires the use of the GeneChip® WT Terminal Labelling Kit.

» Set up fragmentation reaction in 0.2ml PCR tubes using table 2.21.

Table 2.21 Fragmentation Reaction

Component
[ Volume/Amount 

in 1 Reaction

Single-Stranded DNA 1 5.5|jg

RNase-free Water Upto31.2jjl

Total 31.2mI

> Prepare the Fragmentation Master Mix using table 2.22.

* Add 16.8pl of the above Fragmentation Master Mix to the samples prepared 

above. Flick or gently vortex the tubes and spin down.

I Incubate the reactions at:

37°C for 60 minutes 

93°C for 2 minutes 

4°C for at least 2 minutes 

I Flick-mix, briefly centrifuge the tubes, and transfer 45|jl of the sample to a 

new 0.2ml PCR tube. The remainder of the sample can be used for size 

analysis using a Bioanalyzer using the RNA 6000 Nano LabChip Kit (see 

section 2.8).

Table 2.22 Fragmentation Master Mix

Component
Volume in 1 
Reaction (pi)

RNase-free Water 10

10X cDNA Fragmentation Buffer 4.8

UDG, 10 U/tjL

APE 1, 1,000 U/jjL 1

Total 16.8
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I The range in peak size of the fragmented samples should be approximately 

40 to 70nt. See figure 2.21 as an example of typical results on fragmented 

samples.

» If the samples are not labelled immediately, store the fragmented Single- 

Stranded DNA at -20°C.

Figure 2.21
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Figure 2.21 Bioanalyzer profile of Fragmented Single-Stranded DNA from Human Brain

2.10.2.10 Labelling of Fragmented Single-Stranded DNA

I This Procedure requires the use of the GeneChip® WT Terminal Labelling Kit.

I Prepare the labelling reactions as listed in table 2.23.

I A master mix using the 5X TdT Buffer, TdT and DNA Labelling reagent can

be prepared just before aliquoting 15|jl into the 0.2ml PCR tubes containing

the 45|jl of Fragmented Single-Stranded DNA.

I After adding the labelling reagents to the fragmented DNA samples, flick-mix 

and spin them down.

I Incubate the reactions at:

37°C for 60 minutes
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70°C for 10 minutes 

4°C for at least 2 minutes

I Remove 2|jl of each sample for Gel-shift analysis to assess the labelling 

efficiency. Note: this step is optional and should only be performed if it is 

suspected that the labelling reaction is inefficient.

Table 2.23 Labelling Reaction

Component
Volume in 1 

Reaction (ijl)

Fragmented Single-Stranded DNA (from section 10.2.9) 45

5X TdT Buffer 12

TdT 2

DNA Labelling Reagent, 5mM 1

Total 60

2.10.3 Array Hybridisation

I This Procedure requires the use of the GeneChip® Hybridisation, Wash and 

Stain Kit.

I Three heating blocks are required; one at 65°C, one at 99°C, and the third

one at 45°C.

» Prepare the Hybridisation Cocktail in a 1.5ml RNase-free microcentrifuge tube 

as shown in table 2.24.

I Important: It is imperative that frozen stocks of 20X GeneChip® Eukaryotic 

Hybridisation Controls are heated to 65°C for 5 minutes to completely re

suspend the cRNA before aliquoting.

I Flick or gently vortex the tubes and spin down.

» Heat the Hybridisation Cocktail at 99°C for 5 minutes. Cool to 45°C for 5

: minutes, and centrifuge at maximum speed for 1 minute,

i » Equilibrate the GeneChip® ST Array to room temperature immediately before

use.
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Table 2.24 Hybridisation Cocktail

Component
Volume for One 169 

Format Array (pi)

Final

Concentration

Fragmented and Labelled DNA Target 

(from section 2.10.2.10)
27 ~ 25ng/|jl

Control Oligonucleotide B2 (3nM) 1.7 50pM

20X Eukaryotic Hybridisation Controls 

(bioB, bioC, bioD, ere)
5

1.5. 5. 25, &100pM 

respectively

2X Hybridisation Mix 50 IX

DMSO 7 7%

Nuclease-free Water up to 100

Total 100

» Label the array with the name of the sample that will be hybridised.

» Inject 80pl of the specific sample into the array through one of the septa (see

figure 2.22 for location of the septa on the array).

I Place array in 45°C hybridisation oven, at 60 rpm, and incubate for 17 hours ±

1 hour.

I During the latter part of the array hybridisation, commence preparation of the

reagents required immediately after completion of hybridisation.

I Note: It is necessary to use two pipette tips when filling the probe array

cartridge: one for filling and the second to allow venting of air from the 

hybridisation chamber.

I Note: Ensure that the bubble inside the hybridisation chamber floats freely

upon rotation to allow the hybridisation cocktail to make contact with all 

portions of the array.

2.10.4 Array Washing & Staining  

2.10.4.1 Entering Experiment Information

I To wash, stain, and scan a probe array, an experiment must first be

registered in GeneChip® Operating Software (GCOS).

I The fields of information required are:
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Experiment Name 

Probe Array Type 

Sample Name 

Sample Type 

Project

Figure 2.22

Plastic cartridge Notch Septa

Front

Probe array on 
glass substrate Back

Figure 2.22 GeneChip® Probe Array

» Sample templates, experiment templates, and array barcodes can also be 

employed in GCOS to standardise and simplify the registration process. 

Please see the GCOS User’s Guide for more information.

I The Project, Sample Name, and Experiment Name fields establish a sample 

hierarchy that organises GeneChip® data in GCOS.

I In terms of the organisational structure, the Project is at the top of the 

hierarchy, followed by Sample Name and then Experiment Name.

PROJECT

SAMPLE

EXPERIMENT
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2.10.4.2 Preparing the Fluidics Station

I This Procedure requires the use of the GeneChip® Hybridisation, Wash and 

Stain Kit.

I The GeneChip® Fluidics Station 450/250 is used to wash and stain the 

GeneChip® ST Arrays. It is operated using GCOS.

Setting Up the Fluidics Station

I Turn on the Fluidics Station using the toggle switch on the lower left side of 

the machine.

I  Select Run —> Fluidics from the menu bar.

I The Fluidics Station dialog box appears with a drop-down list for selecting the 

experiment name for each of the fluidics station modules. A second drop

down list is accessed for choosing the Protocol for each of the fluidics station 

modules.

Priming the Fluidics Station

I Priming ensures that the lines of the fluidics station are filled with the

appropriate buffers and the fluidics station is ready for running fluidics station 

protocols.

I Priming should be done:

When the fluidics station is first started.

When wash solutions are changed.

Before washing, if a shutdown has been performed.

If the LCD window instructs the user to prime.

I To prime the fluidics station, select Protocol in the Fluidics Station dialog

box.

» Choose Prime_450 for the respective modules in the Protocol drop-down list.

I Ensure that the designated Fluidics Station Wash A and Wash B media

bottles are clean. Transfer Wash Buffer A and Wash Buffer B from the kit to 

the clean, empty Fluidics Station bottles.

I Select the All Modules check box, and then click Run.
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2.10.4.3 Probe Array Washing and Staining

I This Procedure requires the use of the GeneChip® Hybridisation, Wash and 

Stain Kit.

I After 17 hours ± 1 hour of hybridisation remove the array from the 

hybridisation oven.

I Vent the array by inserting a clean pipette tip into one of the septa, and 

extract the hybridisation cocktail with a pipet through the remaining septum.

» Refill the probe array completely with lOOpI of Wash Buffer A.

I The wash and stain procedure takes approximately 90 minutes to complete.

» Note: If necessary, at this point, the probe array can be stored at 4°C for up to

3 hours before proceeding with washing and staining. Equilibrate the probe 

array to room temperature before washing and staining.

Preparing the Staining Reagents

I Remove Stain Cocktail 1, Stain Cocktail 2, and Array Holding Buffer from the

Stain Module, Box 1.

I Gently tap the bottles to mix well.

I Aliquot the following reagents, volumes given are sufficient for one probe

array:

600|jl of Stain Cocktail 1 into a 1.5ml amber microcentrifuge tube

600|jl of Stain Cocktail 2 into a 1.5ml (clear) microcentrifuge tube

. 800|jl of Array Holding Buffer into a 1.5ml (clear) microcentrifuge tube

I Spin down all vials to remove the presence of any air bubbles.

I Note: Stain Cocktail 1 is light-sensitive. Ensure to use amber microcentrifuge

tubes when aliquoting.

Fluidics Protocols

» Table 2.25 shows the fluidics protocols for the GeneChip® ST Arrays. The

169 format array uses the FS450_0007 protocol.

Washing and Staining the Probe Array on Fluidics Station 450

I In the Fluidics Station dialog box on the workstation, select the correct

experiment name from the drop-down Experiment list.

I The Probe Array Type appears automatically.

» In the Protocol drop-down list, select FS450_0007 to control the washing and

staining steps.
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Table 2.25 Fluidics Protocols for the GeneChip® ST Arrays

Fluidics Station 450 FS450_0007 j
1

Post Hyb Wash #1 10 cycles of 2 mixes/cycle with Wash Buffer A at 30°C

Post Hyb Wash #2 6 cycles of 15 nnixes/cycle with Wash Buffer B at 50°C

Stain Stain the probe array for 5 minutes in SAPE solution at 35°C

Post Stain Wash 10 cycles of 4 mixes/cycle with Wash Buffer A at 30°C

2nd Stain Stain the probe array for 5 minutes in antibody solution at 35°C

3rd Stain Stain the probe array for 5 minutes in SAPE solution at 35°C

Final Wash 15 cycles of 4 mixes/cycle with Wash Buffer A at 35°C.

• Wash Buffer A = non-stringent wash buffer

• Wash Buffer B = stringent wash buffer

I Choose Run in the Fluidics Station dialog box to begin the washing and 

staining.

I Follow the instructions on the LCD window on the fluidics station.

I Insert the appropriate probe array into the designated module of the fluidics

station while the cartridge lever is in the down, or EJECT position.

I When finished, verify that the cartridge lever is returned to the up, or

ENGAGE position.

I Remove any microcentrifuge tube remaining in the sample holder of the 

fluidics station module(s) being used.

» Follow the instructions on the LCD window on the fluidics station by placing 

the three tubes containing the staining reagents into the sample holders 1, 2, 

and 3 on the fluidics station as follows:

Place one vial containing eOOpI Stain Cocktail 1 in sample holder 1.

Place one vial containing 600|jl Stain Cocktail 2 in sample holder 2.

Place one vial containing SOOpI of Array Holding Buffer in sample 

holder 3.

» Press down on the needle lever to snap needles into position and to start the 

run.

I The run begins. The Fluidics Station dialog box at the workstation terminal

and the LCD window display the status of the washing and staining as the

protocol progresses.
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I When the protocol is complete, the LCD window displays the message 

EJECT & INSPECT CARTRIDGE 

» Remove the probe arrays from the fluidics station modules by first pressing

down the cartridge lever to the eject position.

» Check the probe array window for large bubbles or air pockets.

► If the probe array has no large bubbles:

It is ready to scan on the GeneChip® Scanner 3000 7G. Pull up on the 

cartridge lever to engage the washblock and proceed to Scanning, 

section 2,10.5. 

t If bubbles are present, do the following:

. Return the probe array to the probe array holder and follow the 

instructions on the LCD window.

Engage the washblock by gently pushing up on the cartridge lever to 

the engaged, or closed, position. The fluidics station will drain the 

probe array and then fill it with a fresh volume of Array Holding Buffer. 

When it is finished, the LCD window will display EJECT & INSPECT 

CARTRIDGE

Again, remove the probe array and inspect it for bubbles.

If no bubbles are present, it is ready to scan. Pull up on the lever to 

close the washblock and proceed to Scanning, section 2.10.5.

If attempt to fill the probe array without bubbles is unsuccessful, the 

array should be filled manually with 100|jl of Array Holding Buffer 

using a micropipette.

Excessive washing will result in a loss of signal intensity.

I If the arrays are not scanned right away, keep the probe arrays at 4°C and in 

the dark until ready for scanning.

I If there are no more arrays to wash, shut down the fluidics station following 

the procedure outlined in the section below.

Shutting Down the Fluidics Station

» After removing a probe array from the probe array holder, the LCD window 

displays the message ENGAGE WASHBLOCK.

I Gently lift up the cartridge lever to engage, or close, the washblock.

» The fluidics station automatically performs a Cleanout procedure. The LCD 

window indicates the progress of the Cleanout procedure.

I When the fluidics station LCD window indicates REMOVE VIALS, the 

Cleanout procedure is complete.
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I Remove the sample microcentrifuge vial(s) from the sample holder(s).

I If no other arrays are to be processed, place wash lines into a bottle filled with

de-ionized water.

I Choose Shutdown_450 for all modules from the drop-down Protocol list in 

the Fluidics Station dialog box.

I Click the Run button for all modules.

I After the Shutdown protocol is complete, flip the ON/OFF switch of the fluidics 

station to the OFF position.

2.10.5 Scanning

The GeneChip® Scanner 3000 7G is also controlled by GeneChip® Operating 

Software (GCOS). The probe array is scanned after the wash protocols are 

complete. Make sure the laser is warmed up prior to scanning by turning it on at 

least 10 minutes prior to use. If the probe array was stored at 4°C, warm to room 

temperature before scanning.

Handling the Probe Array

I Before the probe array is scanned, the directions in this section on handling 

the probe array should be followed.

I If necessary, clean the glass surface of the probe array with a non-abrasive 

towel or tissue before scanning. Do not use alcohol to clean glass.

i  Before scanning the probe array cartridge, apply Tough-Spots to each of the

two septa on the probe array cartridge to prevent the leaking of fluids from the

cartridge during scanning.

» On the back of the probe array cartridge, clean excess fluid from around 

septa.

I Carefully apply one Tough-Spot to each of the two septa just before scanning 

(see figure 2.23).

I Press to ensure that the spots remain flat. If the Tough-Spots do not apply 

smoothly, i.e.. If bumps, bubbles, tears, or curled edges are observed do not

attempt to smooth out the spot. Remove the spot and apply a new spot.

I Insert the cartridge into the scanner and test the autofocus to ensure that the

Tough-Spots do not interfere with the focus. If a focus error message is 

observed, remove the spot and apply a new spot. Ensure that the spots lie 

flat.
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Figure 2.23

Figure 2.23 Applying Tough-Spots® to the probe array cartridge

Scanning the Probe Array

• Select Run ^  Scanner from the menu bar. Alternatively, click the Start

Scan icon in the tool bar.

» The Scanner dialog box appears with a drop-down list of experiments that

have not been run.

I Select the experiment name that corresponds to the probe array to be

scanned.

I A previously run experiment can also be selected by using the Include

Scanned Experiments option box. After selecting this option, previously 

scanned experiments appear in the drop-down list.

» Once the experiment has been selected, click the Start button.

I A dialog box prompts you to load an array into the scanner.

» Open the sample door on the scanner and insert the probe array into the

holder. Do not force the probe array into the holder. Close the sample door 

of the scanner.

I Click OK in the Start Scanner dialog box.

I The scanner begins scanning the probe array and acquiring data. When

Scan in Progress is selected from the View menu, the probe array image 

appears on the screen as the scan progresses.
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2.11 Immunohistochemistry 

2.11.1 Background

Immunohistochemistry is a technique for identifying cellular or tissue constituents 

(antigens) by means of antigen-antibody interactions. The site of the antibody 

binding is identified either by direct labelling of the antibody, or by use of a secondary 

labelling method. A pressure cooker antigen retrieval step is used to unmask antigen 

sites followed by incubation of the section with a primary antibody raised against the 

antigen of interest, such as mouse antibody to a tumour-associated antigen. Next, a 

strepavidin peroxidase-labelled secondary antibody is added, for example strepavidin 

peroxidase-labelled anti-mouse IgG. This introduces strepavidin peroxidise into the 

section at the location of the primary antibody. Finally, a coloured deposit is formed 

at the sites of antibody-antigen binding by an enzyme that in the presence of its 

substrate yields a crisp, insoluble, dark brown reaction end product.

2.11.2 Protocol

• Cut 6)L/m tissue sections from archived blocks using a microtome and place 

on charged slides.

• Dry sections for 2 hours at 58°C.

I Perform heat induced epitope retrieval using Trilogy™ (CellMarque,

Greenwood, AR) on the sections. The Trilogy™ reagent is composed of 

EDTA buffer and emulsifiers. It combines deparaffinisation, rehydration, and 

unmasking of antigens in one step by heating slides in the reagent in an 

electric pressure cooker.

I Perform immunohistochemical staining using the antibodies listed in table

2.26 on the Nexes immunostainer using a strepavidin peroxidise procedure.

I Detect antigen-bound primary antibody using strepavidin-biotin

immunoperoxidase complex (Ventana /-view kit, Ventana Medical Systems).

I Slides are examined blind by a histopathologist (RF) and classified according

to a recognised system (Nisolle et al., 1999).
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Table 2.26 Antibodies used for immunohistochemistry in this thesis, their species, clonality, 

and the dilution (in TBS) that was used for each.

Primary Antibody Species/Clonality Dilution

Cytokeratin MNF116 Mouse/Monoclonal 1:400

CD34 1 Mouse/Monoclonal
1

1:20

p53 1 Mouse/Monoclonal 1:50
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2.12 Immunofluorescence

Immunofluorescence is a technique employed to visualise the sub-cellular location of 

proteins or organelles. It generally involves the use of two antibodies; a primary 

antibody against the protein or antigen of interest, and a secondary fluorescently 

labelled antibody that recognises the primary antibody. Fluorescently labelled 

primary antibodies can also be used. Fluorescent or confocal microscopy or high 

throughput Incell analysis can then be used to visualise multiple proteins 

simultaneously.

2.12.1 Staining Protocol

A general staining protocol will be outlined here; specific antibody staining 

requirements and protocols will be described in the relevant chapter.

I Transfect pre-miRs™ 25 and 222 into 8505C and Nthy-ori 3-1 cells 

respectively in 96 well plates or 8 well chamber slides as described in section 

2.5.1.1.

I 72hrs post-transfection fix cells with 4% paraformaldehyde for 15 minutes at

room temperature or 100% methanol on ice for 1 minute.

I Rinse cells in PBS or store in PBS at 4°C until ready for staining.

» Permeabilise cells with PBS containing 0.2% Triton X-100 (Sigma-aldrich, St.

Louis, MO) for 5 minutes at room temperature.

I Rinse cells with PBS-T for 5 minutes three times.

I Block cells in relevant blocking buffer for 15 - 30 minutes.

I Incubate cells with primary antibody in blocking buffer for Ih r at room

temperature or overnight at 4°C.

I Rinse cells with PBS-T for 5 minutes three times at room temperature.

I Incubate cells with secondary antibody in PBS for Ih r at room temperature.

» NOTE: For secondary antibody incubations and all other steps in the protocol

ensure that the cells are kept in the dark.

» Stain the nuclei of the cells with Hoechst 33258 pentahydrate (bis-benzimide)

(Invitrogen, Molecular Probes) at a concentration of 1:1000 in PBS for 5 

minutes at room temperature.

I Rinse cells with PBS-T for 5 minutes three times.

I Add PBS to cells in 96 well plates and store in the dark at 4°C overnight

before performing Incell analysis.
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» For cells transfected in 8 well chamber slides, remove the chamber gasket 

and rubber seal from the slide.

I Add Dako fluorescent mounting medium to the slides and add coverslips 

excluding all air bubbles.

I Leave slides in the dark at 4°C overnight. Seal the coverslips onto the slides 

using clear nail varnish before performing fluorescent microscopy.

2.12.2 Fluorescent microscopy

» The Nikon ECLIPSE E800 fluorescent microscope was used in this body of 

work.

I Turn on the power switch on the super high pressure mercury lamp power

supply, a green light will illuminate.

I Press the ignition button for 4 seconds, an orange light will illuminate.

I Place the slide on the microscope stage and click the 10X lens into place.

» Ensure the lever to the right of the eyepiece is slotted in towards the

microscope.

I Slide the DAPI filter (EX 340-380, DM 400, BA 435-485) located under the

eyepiece into position and focus the microscope, beginning with the coarse 

focus, followed by the fine focus.

» Once the cells are in focus the slide can be moved around on the stage using

the lever on the right hand side of the stage.

I The FITC filter (EX 465-495, DM 505, BA 515-555) can then be slid into

position to view the fluorescently labelled cells.

» To take images of the cells switch on the camera (QIMAGING QICAM

FAST1394) on top of the microscope and start the QCapture Pro software.

I Click on the acquire button marked to bring up the Qlmaging

parameters window.

I Click on the ‘Preview’ button to view a live image of the cells.

I NOTE: The lever to the right of the eyepiece must be slotted outwards to

allow the camera image the cells.

» Click the ‘Auto Exp Area...’ button to autofocus the cells. If the cells do not

appear correctly focused, manual focusing can be performed using the 

needles in the image below.
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I When the image is in focus click on the ‘Snap’ button to capture the image. 

I Save all images, close the software, turn off the camera and power supply.

2.12.3 IN Cell high throughput analysis

The IN Cell Analyser 1000 (GE Healthcare) (Figure 2.24) was used for high 

throughput fluorescent analysis. The IN Cell Analyzer 1000 is an automated cellular 

and subcellular imaging system that allows fast, automated multi-wavelength imaging 

and analysis in fixed and live cells. It is a powerful, easy-to-use instrument that 

enhances cell-based research by combining system flexibility with superior image 

and data quality. It automatically focuses on the stained cells and the analysis 

software allows detailed data analysis including the ability to subtract background 

levels of fluorescence.

Figure 2.24

Figure 2.24 Incell analyser 1000
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2.12.3.1 Scanning

I To begin, turn the key on the part of the instrument below the microscope to 

turn on the lamp.

I Ensure the 10X lens is in place and that the correct filter (61002 D/F/TR 

C77806) is in position.

I Open the Incell analyser 1000 3.3 software.

I Press the ‘Dock plate’ button in the software to open the door of the machine.

» Place the 96 well plate containing the fixed and stained cells into the plate

holder with the A1 well at the bottom left corner.

I Press ‘OK’ to close the door.

I Open the Acquisition Protocol Manager and set it to acquisition development 

mode.

I Select a protocol and press ‘Edit’.

» Input the description of the protocol, for instance the name of the protein

being investigated.

I In the microscopy section, tick the ‘acquire brightfield image’ box and the 

‘acquire fluorescent image’ box for two wavelengths.

» In the objective section ensure that ‘NIKON_10X_PLANAPO’ is selected.

I In the well plate section, ensure ‘Nunc 96 test’ is selected. It is not necessary

to input well labels however in the well definition tab highlight the wells

containing stained cells for scanning, right click the mouse and click ‘set as

active’.

» Ensure the plate heater is disabled as it is not required for fixed cells.

» The camera should be set as 'CoolSnap HQ’.

» In the ‘Filter Selection and Display’ section set the excitation and emission

filter levels for the nuclear and FITC stains.

Nuclear excitation filter is D360_40X and the emission filter is 

HQ460_40X.

The FITC excitation filter is HQ480_40X and the emission filter is 

HQ535_50M.

The brightfield excitation and emission filter settings cannot be altered 

and are set to TL Bright & Open respectively.

I Next the exposure times (msec) must be optimised. Begin by setting the

HWAF offset (|jm) to 0 for all three wavelengths,

I Then set the exposure time (msec) to 300 for the nuclear & FITC wavelengths

and 10 for the brightfield wavelength.
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I For each wavelength click on the button with the camera logo ^  on it. This 

will bring up the autofocus window.

I Click the ‘Autofocus’ button followed by ‘F10’ to focus the image. Alter the 

exposure time followed by clicking ‘Apply’, then ‘Autofocus’ then ‘F10’ until the 

image is correctly focused. Click ‘OK’ to save the settings and return to the 

‘Filter Selection and Display’ window.

I Tick the ‘Enable fused image’ box and click on the ‘Define...’ button to bring 

up the ‘Define Fused Image’ window.

Place an X in the blue box for the nuclear D360_40X-HQ460_40M 

wavelength

. And an X in the green box for the FITC HQ480_40X-HQ535-50M 

wavelength

Set the blend percentage to 100 and click ‘OK’ to close the window.

I Next click on the ‘Auto offset...’ button to bring up the ‘Software AutoFocus

Parameters’ window.

Set the search ± pm from HWAF-determined position to 30 

The initial step to 2[jm 

. And the Accuracy to O.Spm min. stepping interval

Tick the ‘show live image’ box and click ‘OK’ to close the window.

I In the ‘Acquisition Options’ section set the number of fields of view to be 

captured (5) and the direction of acquisition (horizontal snake). In the 

Acquisition Pattern section tick ‘Acquire at a specified location’ and place the 

fields on the circular well layout image.

I Ensure the individual autofocus is turned off unless it is specifically required.

I In the output formats section tick save images in TIF format.

I In the stack destination section tick ‘predefined’ and assign the data to a

personalised folder in the hard drive.

k When all settings are correct, click ‘Acquire...’, enter a unique plate ID when 

prompted, and then ‘Start’ to begin the plate scanning.
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2.12.3.2 Analysis

I Open the IN Cell Analyzer 1000 Workstation and select the ‘Assay 

Development’ mode.

I Press the ®  button to open the ‘Image Stack & Analysis’ window and select 

‘View/analyse image stack file’.

* Select the appropriate file name of the image stack file type (^xdce) and click 

on ‘Open’ to open the image stack window.

» In the protocol section click on the ‘Select...’ button and in the protocol

window select the appropriate protocol and click ‘Edit...’ to open the Analysis

Protocol Editor window containing the parameters in the image below.

Description 

Password 

B  Assay

B  Parameters

Segmentation 

B  Measures 

Filters

Supervised Classifiers

SI ’...
Time Lapse Stack Analysis 

Z -S tack Analysis 

D ata Managem ent 

Compatibility

I In the Assay section of this window select ‘Multi Target Analysis’ as the assay 

name and ‘fluorescence’ as the microscopy type.

I In the Parameters section define the multi target analysis images as follows:

Object Wave

Nuclei Wave 1

Cells Wave 2

I In the Segmentation part choose the segmentation method as follows;

Feature Source Segmentation

Nuclei Wave 1 Top-hat

Cells Wave 2 Multiscale top-hat

I Define the segmentation parameters as follows:

Minimum area: 114.405ijm^

Sensitivity: 81

I In the ‘Measures’ section select the following basic measures: Cells: Cell 

intensity, background intensity, integrated intensity (cell), and integrated 

intensity (whole cell).

Summary
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I The summary section shows the parameters that have been selected as 

illustrated below:
B  Cell Count 

0  Cells

B  Cell lntensit>i 

0  Backgiound Inlensity 

0  Integrated Intensity (Cell)

0  Integrated intensitii (whole cell)

I In the data management section tick the ‘save data file’ and 'export in MS 

Excel Format’ boxes.

» The compatibility section allows additional parameters for adjusting behaviour 

of the image algorithms. Tick the ‘Precise mask in top hat’ box.

» When all parameters for analysis are set click ‘OK’ to close the 'Analysis 

Protocol Editor’ window.

I Highlight the wells to be analysed in the 'Image Stack’ window, right click the 

mouse and click on the 'run analysis on selected wells’ option.

» When the analysis is complete click ‘Done’ and save the files.
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2.13 Protein extraction & quantification 

2.13.1 Protein extraction

Radioimmunoprecipitation (RIPA) buffer was used to extract total protein from thyroid 

cell lines in this thesis. 10X RIPA lysis buffer (Medical Supply Co.) is filtered through 

a 0.2pm membrane and packaged aseptically. Prior to use, the 10X buffer is diluted 

1 in 10 with water. Table 2.27 illustrates the concentrations of the reagents that 

comprise the 10X and IX  buffers.

Table 2.27 RIPA buffer component concentrations

10X RIPA Buffer 1X RIPA Buffer
.

100ml of 0.5M Tris-HCL, pH7.4 0.05M Tris-HCL, pH 7.4

1.5M NaCI 0.15M NaCI

2.5% deoxycholic acid 0.25% deoxycholic acid

10% NP-40 1.0% NP-40

10mM EDTA I.OmM EDTA

Immediately prior to use, the following protease and phosphatase inhibitors are 

added to the buffer: the Protease Inhibitor Cocktail for use with mammalian cell & 

tissue extracts (Sigma-aldrich, St. Louis, MO) which contains a range of protease 

inhibitors with a broad specificity for the inhibition of serine, cysteine, apartic and 

aminopeptidases, & the Phosphatase Inhibitor Cocktail 2; for tyrosine protein 

phosphatases, acid & alkaline phosphatases (Sigma-aldrich, St. Louis, MO). Table 

2.28 illustrates the concentrations of reagents required to make 1X modified RIPA 

buffer to the final volume of 1ml, scale the amounts up or down depending on the 

final volume required.

Preparation of Cell Lysate

» Place the dish or flask containing the cells of interest on ice and wash the 

cells twice with ice-cold PBS and drain off PBS.

• Add ice-cold modified RIPA buffer to the cells (1 ml per 10^ cells / 100mm 

dish /150  cm^ flask, 500pl per 5x10® cells / 60mm dish / 75 cm^ flask).
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Table 2.28 1X modified RIPA buffer recipe

Reagent 1ml Final Volume

10X RIPA Buffer lOOtJl

Protease Inhibitor Cocktail 10|jl

Phosphatase Inhibitor Cocktail 10^1

Water 880|jl

I Scrape the cells off the dish or flask with either a rubber policeman or a

plastic cell scraper that has been cooled on ice.

I Transfer the cell suspension into a 2ml / 1 ,5ml centrifuge tube.

» Gently rock the suspension on either a rocker or an orbital shaker at 4°C for

15 minutes to lyse cells.

I Centrifuge the lysate at 14,000 x g in a pre-cooled centrifuge for 15 minutes.

I Immediately transfer the supernatant to a fresh pre-cooled centrifuge tube

and discard the pellet.

I The samples can then be divided into aliquots and stored at -20°C for up to a

month or at -70°C for longer storage.

2.13.2 Protein quantification  

2.13.2.1 Background

The Pierce® BCA Protein Assay (Medical Supply Co, Dublin, Ireland) was used to 

quantify protein samples. It is a detergent-compatible formulation based on 

bicinchoninic acid (BCA) that enables the colorimetric detection and quantification of 

total protein. This method combines the well-known reduction of Cu"^ to Cu"^ by 

protein in an alkaline medium (the biuret reaction) with the highly sensitive and 

selective colorimetric detection of the cuprous cation (Cu"" )̂ using a unique reagent 

containing bicinchoninic acid (Smith et al., 1985).

The purple-coloured reaction product of the assay is formed by the chelation of two 

molecules of BCA with one cuprous ion. This water-soluble complex exhibits a 

strong absorbance at 562nm that is nearly linear with increasing protein
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concentrations over a broad working range (20-2,000|jg/ml). The BCA method is not 

a true end-point method; that is, the final colour continues to develop. However, 

following incubation, the rate of continued colour development is sufficiently slow to 

allow large numbers of samples to be assayed together. The macromolecular 

structure of protein, the number of peptide bonds and the presence of four particular 

amino acids (cysteine, cystine, tryptophan and tyrosine) are reported to be 

responsible for colour formation with BCA (Wiechelman et al., 1988).

Using this method of quantification, protein concentrations are generally determined 

and reported with reference to standards of a common protein such as bovine serum 

albumin (BSA). A series of dilutions of known concentration are prepared from the 

protein and assayed alongside the unknown(s) before the concentration of each 

unknown is determined based on the standard curve. Two assay procedures are 

possible; the Test Tube procedure and the Microplate procedure. The Test Tube 

procedure requires a larger volume (0.1 ml) of protein sample however, as it uses a 

sample to working reagent ratio of 1:20 (v/v), the effect of interfering substances is 

minimised. The Microplate Procedure affords the sample handling ease of a 

microplate and requires a smaller volume (10-25|jl) of protein sample; however, as 

the sample to working reagent ratio is 1:8 (v/v), it offers less flexibility in overcoming 

interfering substance concentrations and obtaining low levels of detection. The 

Microplate procedure was used in this body of work due to the limited amount of 

protein available.

2.13.2.2 Preparation of standards and working reagent 

Preparation of Diluted Albumin (BSA) Standards

I The stock solution of BSA is provided with the BCA kit. However a 

homemade stock solution can also be prepared by making a large volume 

(lOmIs) of BSA at 2mg/ml and storing it at -20°C as 500|il aliquots. This 

ensures that the same standard will be used for all experiments.

I Prepare the BSA standards as outlined in table 2.29.

Preparation of working reagent (WR)

I Use the following formula to determine the total volume of WR required:
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(# standards + # lysis buffer controls + # unknowns) x (# replicates (3)) x (volume of 

WR per sample (200)) = total volume WR required

I For instance, for the microplate 96 well procedure with 3 unknowns, 1 lysis 

buffer control and 3 replicates of each sample:

Table 2.29 Preparation of BSA standards

Vial Volume of water Volume and Source of BSA Final BSA concentration

A 0 300[jl of stock solution 2000|jg/nnl

B 125^1 375[jl of stock solution 1500pg/ml

C 325|J| 325[jl of stock solution lOOOjjg/ml

D 175iJI 175^Jl of vial B 750|jg/ml

E 325|jl 325|jl of vial C 500|jg/ml

F 325pl 325tjl of vial E 250|jg/ml

G 325jjl 325fjl of vial F 125^Jg/ml

H 400|J| 100|jl of vial G 25(jg/ml

1 400|jl 0 0

(9 standards + 1 lysis buffer control + 3 unknowns) x (3 replicates) x (200fjl) =

7.8mls WR required

I Prepare WR by mixing 50 parts of BCA Reagent A with 1 part of BCA 

Reagent B (50:1, Reagent A;B). For the above example, combine 7644|jl of 

Reagent A with 156|jl of Reagent B.
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2.13.2.3 Microplate procedure

I  T ransfer 5 |jl o f each sam ple into a clean 0.5m l Eppendorf tube; add 45|jl of

w ater. Pipette lOpI of each unknown sam ple in triplicate onto the 96  well 

plate.

• Pipette 10pl of each standard in triplicate onto the plate.

I Add 200 |jl of the W R  to each well. This can be done using a multi-pipette  

with the W R  in the lid of a pipette tip box. Mix plate thoroughly on a plate  

shaker for 30  sec.

I C over plate and incubate at 3 7 °C  for 30 minutes

» Cool plate to room tem perature.

I  Ensure no a ir bubbles are present in the wells and m easure  the absorbance

of the proteins at 562nm  using a plate reader and record all values.

» D eterm ine the m ean absorbance value for all sam ples, B SA standards and

the lysis buffer control.

I Subtract the m ean value of the H 2O standard from each B SA standard and  

unknown sam ple, and subtract the m ean value of the lysis buffer control from  

each sam ple.

I P repare  a standard curve by plotting the average blank-corrected 562nm  

m easurem ent for each BSA standard vs. its concentration in pg/ml.

» U se the standard curve to determ ine the protein concentration of each  

unknown sam ple.
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2.14 Western blot 

2.14.1 Background

Western blotting is an analytical technique used to detect specific proteins in a given 

sample of tissue homogenate or extract. Gel electrophoresis is used to separate 

native or denatured proteins by the length of the polypeptide (denaturing conditions) 

or by the 3-D structure of the protein (native/ non-denaturing conditions). The 

proteins are then transferred to a membrane (typically nitrocellulose or PVDF), where 

they are probed (detected) using antibodies specific to the target protein (Towbin et 

al., 1979, Renart et a!., 1979).

The method originated from the laboratory of George Stark at Stanford. The name 

western blot was given to the technique by W. Neal Burnette (Burnette, 1981) and 

was inspired by the term Southern blot, a technique for DNA detection developed 

earlier by Edwin Southern. Detection of RNA is termed northern blotting and the 

detection of post-translational modification of protein is termed Eastern blotting.

The Atto western blotting system & a semi-dry transfer method were used in this 

thesis.

2.14.2 Buffers required

1.5M Tris-HCI (pH 8.8)

90.825g Trizma® base (Sigma-aldrich) in 400mls 

of dHzO 

Adjust to pH 8.8 with HCI 

Add dH20 to 500mls 

Store at room temperature

1.0M Tris-HCI (pH 6.8)

60.55g Trizma® base (Sigma-aldrich) in 400mls 

of dHzO 

Adjust to pH 6.8 with HCI 

Add dH20 to SOOmIs 

Store at room temperature

159



Chapter 2 Materials & Methods

10g of SDS (Sigma-aldrich) in lOOmIs dH20

Weigh SDS in fume hood & store buffer at room 

temperature

0.1 g of APS (Sigma-aldrich) in 1ml of dH20

Weigh APS in fume hood & make buffer fresh for 

every use

15.1gTrizma base (Sigma-aldrich)

94g Glycine (Sigma-aldrich)

50mls 10% w/vSDS

Add dHzO upto 1L

Store at 4 C

24.2g Trizma base (Sigma-aldrich)

80g NaCI (Sigma-aldrich)

900mls dHzO

pH to 7.8 with HCI

Add dHzO to 1L

Store at room temperature

5.8g Trizma base (Sigma-aldrich)

10% w/v Ammonium Persulfate (APS)

10X Tris Buffered Saline (TBS)

Transfer Buffer

5X SDS-PAGE Running Buffer

10% w/v Sodium Dodecyl Sulfate (SDS)

2.8g Glycine (Sigma-aldrich) 

0.37g SDS powder (Sigma-aldrich)

200mls Methanol (Sigma-aldrich) 

dHzO to 1L

Store at room temperature
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TBS-Tween (TBS-T)

i00m l7 l0XTB i 

900mls dHiO 

1ml Tween® 20 (Sigma-aldrich) 

[0.1% w/v Tween® 20]

Store at room temperature

Blocking Buffer (5% w/v Milk)

5g Marvel original dried skimmed milk 

l OOmls TBS-T 

Store at 4̂ 'C

Blocking Buffer 

(5% w/v Bovine serum albumin, BSA)

5g BSA (Sigma-aldrich) 

lOOmIs TBS-T 

Store at 4'*C

2.14.3 Protocol

Gel electrophoresis

I Wash glass electrophoresis plates with 70% ethanol.

» Attach rubber gaskets to the notched glass plates, place the plain glass plates

on top and fasten green clips to either side.

I Place a comb between the plates and mark the glass 1cm down from the

bottom of the comb.

I Remove the comb and prepare a 10% acrylamide resolving gel in the order 

described in table 2.30.

I Mix the resolving gel solution quickly and pour between the glass plates up to 

the 1cm mark.

» Overlay the gels with 1ml of isopropyl alcohol (Sigma-aldrich, St. Louis, MO) 

and allow to set for 40 minutes.
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Table 2.30 Recipe for two 10% acrylamide resolving gels.

Reagent Volume

dHjO 7.9mls

30% Acrylamide (Sigma-aldrich) 6.7mls

1.5M Tris-HCI (pH 8.8) 5mls

10% w/v SDS 200|jl

10% w/v APS 200|jl

N,N,N',N'-Tetramethylethylenediamine 

(TEMED) (Sigma-aldrich)
8[jl

I When the gels are set pour off the isopropyl alcohol and rinse the top of the 

gels with dhi2 0 .

I Remove excess water from between the glass plates with a paper towel.

I Prepare the stacking gel in the order described in table 2.31.

Table 2.31 Recipe for two stacking gels

Reagent j Volume 1

dHzO 3.4mls

30% Acrylamide (Sigma-aldrich) 830|jl

1.0M Tris-HCI (pH 6.8) 630pl

10% w/v SDS 50|J|

10% w/v APS 50|jl

TEMED (Sigma-aldrich) 5pl

I Mix the stacking gels quickly and pipette between the glass plates until it 

reaches the top of the plates.

I Add the combs between the plates making sure to exclude air bubbles and 

allow the gel to set for 40 minutes.

» While the gels are setting prepare the protein samples by adding an equal 

volume of sample buffer, Laemmli 2X concentrated (Sigma-aldrich, St. Louis, 

MO) to each sample and boil for 5 minutes.
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» Incubate the ProSieve® Color Protein Marker (Lonza, Basel, Switzerland) at 

37°C.

» Prepare 1X running buffer by adding 320mls dH20 to 80mls of 5X running 

buffer and pour some into the bottom of the electrophoresis rig.

» When the gels have set, remove the green clips and rubber gaskets from the

gel plates and place them into the electrophoresis rig with the shorter notched

plates facing each other and ensuring no air bubbles are present underneath 

the gels.

I Fasten the plates into place with plastic holders and pour the remainder of 1X

running buffer between the gel plates.

I Carefully remove the combs from the gels and straighten any crooked wells

with a gel loading tip.

I Wash out each well by pipetting up and down.

I Load 5pl of molecular weight marker and the required amount of protein

samples into the gels using gel loading tips.

I Attach leads to the electrophoresis rig and power pack and run the gel at

200V and SOmAmps until the blue dye reaches the bottom of the gel, ~1.5hrs.

Semi-Dry Transfer

I While the SDS-page gel is running cut two pieces of Amersham Hybond™-P

PVDF membrane (GE Healthcare, Connecticut, USA) and two sets of filter 

paper (10 sheets per set) to the size of 6.5cm x 9.2cm.

» When the gel is run remove and discard the stacking gel.

I Soak 5 pieces of filter paper per gel in transfer buffer and place at the bottom

of the transfer rig.

I Activate the PVDF membranes by soaking in methanol for 30 seconds, then

place them into transfer buffer before putting them on top of the filter paper on 

the transfer rig.

I Place the gels on top of the membrane and exclude air bubbles.

I Soak the last of the filter paper in transfer buffer and place in top of the gels.

I Remove excess buffer and run the transfer at 100V and lOOmAmps per gel

sandwich for 1 hr.

Blocking

The aim of blocking is to prevent any non-specific binding of antibodies by blocking 

non-specific protein binding sites. Therefore only binding between protein of interest 

and its antibody will occur due to their high affinity for each other.
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• When transfer is complete remove and discard the filter paper and gel.

» Mark & cut the membrane in the relevant places and incubate it in blocking 

buffer 5% w/v milk on a shaker for 1hr at room temperature.

Antibody Incubation & Development

» After blocking is complete wash membranes three times with TBS-T on a 

shaker for 5 minutes at room temperature.

I Incubate the membranes with the primary antibodies diluted at the correct 

concentration in blocking buffer 5% w/v BSA overnight at 4°C on a shaker. 

The primary antibodies used for western blotting in this thesis and their 

concentrations are listed in table 2.32.

Table 2.32 Antibodies used for western blotting in this thesis, their species, clonality, and the 

dilution (in blocking buffer 5% BSA) that was used for each.

Primary Antibody Species/Clonality Dilution

MEK4 (Santa Cruz, CA, USA) Rabbit/Polyclonal 1:50

TRAIL (Abeam, Cambridge, UK) Mouse/Monoclonal 2jjg/ml

TLR3 (Cambridge biosceice, Cambridge, UK) Mouse/Monoclonal 1:50

MAL (Miguel Alonso Lab, Madrid, Spain) Mouse/Monoclonal 1:1000

MAL2 (Miguel Alonso Lab, Madrid, Spain) Mouse/Monoclonal 1:2000

GAPDH (Abeam, Cambridge, UK) Mouse/Monoclonal 1:25,000

» After primary antibody incubation wash the membranes three times with TBS-

T on a shaker for 5 minutes at room temperature.

I Incubate the membranes with the relevant HRP-labelled secondary antibody

in blocking buffer 5% w/v milk on a shaker for 1hr at room temperature.

I Wash the membranes again three times with TBS-T on a shaker for 5

minutes at room temperature.

» Prepare the HRP development solution as outlined in table 2.33.

I Incubate the membranes for two minutes at room temperature with the HRP

development solution.

» Wash two sheets of acetate with 70% ethanol and place the membranes

between them making sure to exclude any air bubbles.

» Hold the acetate sheets in place in a film cassette using masking tape.
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» Expose the membranes to Kodak X-Omat LS Scientific Imaging Film (Sigma- 

aldrich, St. Louis, MO) for various time periods and develop in a darkroom.

Table 2.33 HRP development solution recipe for two membranes.

Reagent | Volume

Tris-HCI lOOmM pH 8.8 24mls

H2O2 14.4|jl

Luminol 250mM 120pl

4-iodophenyiboronic acid (4-IPBA) 90mM 532|jl
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Chapter 3

Geographical mapping of a multiform 

thyroid tumour using genetic alteration 

analysis & miRNA profiling.
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3.1 Summary

Papillary thyroid carcinoma (PTC) frequently presents as multiple tumour-foci within a 

single thyroid gland (multifocal). In rarer cases pluriform or multiform tumours can 

arise, with synchronous tumours containing different histological variants, raising 

questions regarding its clonality. Among the genetic aberrations described in PTC, 

the BRAF V600E mutation and ret/PTC activation occur most commonly. Several 

studies have investigated the genetic alteration status of multiform thyroid tumours, 

with discordant results.

To address the question of clonality this study examined disparate geographical and 

morphological areas from a single PTC (classic PTC, insular and anaplastic foci, and 

tumour cells adjacent to vascular invasion and lymphocytic infiltrate) for the presence 

of ret/PTC 1 & BRAF mutations. Moreover, we wanted to investigate the consistency 

of miRNA signatures within disparate areas of a tumour, and geographical data was 

further correlated with expression profiles of 330 different miRNAs. Putative miRNA 

gene targets were predicted for differentially regulated miRNAs and 

immunohistochemistry was performed on tissue sections in an effort to investigate 

phenotypic variations in microvascular density (MVD), and cytokeratin and p53 

protein expression levels.

All of the morphological areas proved negative for ret/PTC 1 rearrangement. Two 

distinct foci with classic morphology harboured the BRAF mutation. All other regions, 

including the insular and anaplastic areas were negative for the mutation. miRNA 

profiles were found to distinguish tumours containing the BRAF mutation from the 

other tumour types, and to differentiate between the more aggressive insular & 

anaplastic tumours. Our data corroborated miRNAs previously discovered in this 

carcinoma, and linked to processes involved in tumour growth and proliferation.

The initial genetic alteration analysis indicated that pluriform PTC did not necessarily 

evolve from classic PTC progenitor foci. Analysis of miRNA profiles however 

provided an interesting variation on the clonality question. While hierarchical 

clustering analysis of miRNA expression supported the hypothesis that discrete 

areas did not evolve from clonal expansion of tumour cells, it did not exclude the 

possibility of independent mutational events suggesting both phenomena might occur 

simultaneously within a tumour to enhance cancer progression in geographical 

micro-environments within a tumour.
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3.2 Introduction

Thyroid cancer is the most common endocrine malignancy and accounts for the 

majority of endocrine cancer deaths each year (Segev et al., 2003). Carcinomas of 

the thyroid comprise a heterogeneous group of neoplasms with distinctive clinical 

and pathological characteristics. Most thyroid cancers originate from the follicular 

cell epithelium. The majority of tumours are designated as papillary thyroid cancer 

(PTC) and are well differentiated, indolent and are associated with good prospects of 

survival. Undifferentiated or anaplastic carcinomas (ATC), however, are very 

aggressive with survival rates of less than one year in most instances (DeLellis, 

2006).

Thyroid cancer may harbour several highly prevalent genetic alterations including 

ret/PTC rearrangements, Ras mutations, and BRAF V600E point mutations (Xing, 

2005). There have been intriguing associations between the morphology of PTC and 

specific molecular findings. In the past our group and others have noted an 

association between classic PTC morphology and the BRAF V600E mutation and 

between variant morphology and ret rearrangements particularly ret/PTC 3 (Smyth et 

al., 2005, Finn et al., 2003). Similarly ret/PTC 3 appears to strongly correlate with the 

solid/follicular variant seen commonly in children exposed to Chernobyl fallout 

(Thomas et al., 1999).

Large tumour size, old age, extrathyroidal invasion, aggressive histological variants, 

and distant metastases are the most important determinants of a poor outcome in 

PTC patients (Giannini et al., 2007). PTC also frequently presents (18-87% of the 

cases) as multiple tumour-foci within a single thyroid gland (Mazzaferri and Jhiang, 

1994, Shattuck et al., 2005). These cases are generally characterised by a 

"dominant / primary" tumour greater than 1cm in diameter with multiple additional 

smaller foci termed “microcarcinomas” which are often <1cm in diameter (Katoh et 

al., 1992). In addition, a small proportion of PTC are also pluriform, with synchronous 

tumours comprising of different histological variants. These PTC foci may either 

arise from intrathyroidal metastasis of a clonal population of cells or as a 

consequence of multiple tumours arising independently.

The origin of multifocal thyroid lesions is potentially an important issue in patient 

treatment. In fact, multicentric cancer has been associated with local and distant 

metastases, mortality, and tumour recurrence (Mazzaferri and Jhiang, 1994). If
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multiple foci are found to be resulting from intraglandular dissemination from the 

dominant tumour, it may indicate a tumour with increased metastatic potential and 

therefore, a more aggressive phenotype. Thus perhaps the treatment approach 

chosen for cases in which multicentric PTCs occur as independent carcinomas 

should be less aggressive than for those that are clonal in origin.

Lin and colleagues (Lin et al., 2009) performed a clinical analysis of 168 cases of 

multiform papillary thyroid carcinoma in a Chinese population. Of their 648 patients 

they found that solitary tumours tended to associate more with benign goitres. 

Tumours detected with benign goitre were also deemed less malignant after 

histological examination. The patients with multiform PTC were most likely to be 

male, have enlarged lymph nodes in the neck, > 3 tumour masses or bilaterality of 

the tumour. They also tended to present with larger tumours, more neck lymph node 

metastasis and extra-thyroidal extension, highlighting the significant challenges to 

treatment that these multiform tumours pose.

Several studies thus far have focused on investigating altering patterns of the BRAF 

V600E mutation or ret/PTC activation in different thyroid cancer foci in an effort to 

determine whether most poorly differentiated anaplastic carcinomas develop through 

a multi step carcinogenesis process from the well differentiated thyroid cancer 

subtypes, or if they arise independently.

Certain studies propose that the multiform tumours they investigated arose 

independently of each other. For instance, Sugg and colleagues (Sugg et al., 1998) 

proposed that the majority of the tumours they tested arose independently by 

showing distinct patterns of ret/PTC-^, -2, & -3 rearrangements in 15 out of 17 cases 

of multiform PTC. Park et al (Park et al., 2006) and Giannini et al (Giannini et al., 

2007) both studied BRAF mutation rate on 61 and 69 patients respectively and their 

results suggested 39.3% and 40% of the multiform tumours may have arisen 

independently

Conversely, other groups suggest that the anaplastic tumours in their particular 

experiments arose from their co-localised well-differentiated partner tumours. 

McCarthy and colleagues (McCarthy et al., 2006) performed loss of heterozygosity 

assays for three microsatellite polymorphic markers for putative tumour suppressor 

genes on chromosomes 3p25, 9p21, & 18p11.22-p11. They also analysed X- 

chromosome inactivation on the multiform tumours from their 22 female patients (64
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separate tumours) and produced results that support the theory of intrathyroidal 

metastasis. Another study investigated BRAF & N-, K-, & H-RAS mutation status in 

16 anaplastic thyroid carcinomas, three of which co-existed with PTCs (Wang et a!., 

2007). Although mutated BRAF was detected in all PTC tumours, it was only 

detected in one of the adjacent ATCs. However the authors’ purport that the 

presence of the N-RAS and BRAF mutations in 31% and 6% of the ATCs 

respectively is sufficient evidence to declare that these tumours have arisen from a 

well differentiated tumour. Quiros et al (Quiros et al., 2005) found BRAF to be 

mutated in 5 out of the 8 ATCs they investigated. The authors’ hypothesise that four 

of these tumours may have arisen from adjacent well-differentiated components; 

however they failed to test these neighbouring PTCs for the presence of the BRAF 

mutation to confirm this. Begum and colleagues (Begum et al., 2004) found that in all 

seven cases they examined where anaplastic thyroid carcinoma arose in association 

with well differentiated thyroid carcinoma, the mutant BRAF status in the two 

components was concordant.

Shattuck and colleagues (Shattuck et al., 2005) analysed specific patterns of 

monoclonal X-chromosome inactivation of tumour foci on samples from 10 patients. 

They reported discordant genetic patterns indicative of independent origin in 50% of 

the multicentric tumours while the other 50% were consistent with either a shared or 

independent origin. Takano et al (Takano et al., 2007) produced conflicting results 

when they analysed BRAF mutation status in 20 ATCs and 13 accompanying well- 

differentiated carcinomas. Three of nine papillary thyroid tumours possessed the 

BRAF mutation. The mutation was also detected in four cases of anaplastic thyroid 

carcinoma, three of which were associated with the S/?/\F-positive PTCs and one 

without a well-differentiated component. The low sample number available in this 

study prevented the authors’ from reaching a definitive conclusion on the clonality 

question.

As illustrated above, the studies performed thus far have produced conflicting or 

inconclusive results and to date no consensus has been reached. If determination of 

clonality is to be based solely on genetic alteration status of tumours, it may be 

inhibited by the disparity of the occurrence of the particular genetic mutations across 

different populations. For instance. Park and colleagues (Park et al., 2006) describe 

how the genetic alterations in PTC in the Korean population vary from the average 

incidence of 36-69% (Kimura et al., 2003, Cohen et al., 2003). BRAF mutations are 

present in 66-83% of Korean PTC cases, and ret/PTC rearrangements are found in a
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relatively small number of cases (9.1-12.9%). It would prove difficult to determine the 

clonal or independent origin of a tumour if the chosen genetic alteration occurs at a 

low frequency in the tumours under investigation. The patient numbers in some of 

the studies mentioned were sometimes inhibitive, however if a particular population 

mutation rate is low, increasing patient numbers would do little increase confidence in 

results. Therefore, to further advance research in this area it may prove beneficial to 

examine the regulatory environment of the thyroid in conjunction with genetic 

alteration analysis.

microRNAs (miRNA) are a recently discovered family of short non-protein-coding 

RNAs with diverse functions, including regulation of cellular differentiation, 

proliferation and apoptosis (Carthew, 2006). These small non-coding RNAs 

constitute a novel class of gene regulators that function by negatively regulating gene 

expression by targeting mRNAs for cleavage or translational repression. To date, 

721 human miRNAs have been identified (Griffiths-Jones et al., 2006), however, 

evidence suggests the total number of human miRNAs may be much larger. Studies 

have indicated that different populations of miRNAs are expressed in cancer and 

normal tissues with general down regulation of miRNAs in tumours, suggesting that 

tumours may each have a discrete “miRNA signature” (Cummins and Velculescu, 

2006). miRNAs are also thought to be capable of acting as both tumour suppressors 

and oncogenes. This differential expression of miRNAs between malignant and 

normal tissues and between different types of tumour may indicate that miRNAs are 

determinants of clinical diagnostic and prognostic significance. Recent studies in 

miRNA expression in PTC have found an aberrant miRNA expression profile in PTCs 

compared with normal thyroid tissues and have identified certain miRNAs that have 

become associated with this disease, such as miR-221, miR-222, and miR-146 

(Nikiforova et al., 2008, He et al., 2005, Pallante et al., 2006).

Aim

To expand on the question of clonality, the objective of this study was to examine 

disparate geographical and morphological areas from a single PTC for the presence 

of ret/PTC 1 or BRAF mutations and correlate it with miRNA expression profiles. A 

multiform case containing classic PTC, insular and anaplastic foci, and areas of 

lymphocytic infiltrate and vascular invasion was selected for analysis. The 

expression of 330 miRNAs was examined using a recently developed technique, 

which uses stem loop primers for reverse transcription followed by real time TaqMan® 

PCR (Chen et al., 2005). Hierarchical clustering analysis of the profiles produced
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was carried out, along with miRNA gene target prediction, immunohistochemistry 

was also performed on tissue sections in an effort to investigate phenotypic 

variations in microvascular density (MVD), and cytokeratin and p53 protein 

expression levels.

The varying miRNA profiles within different foci of a single tumour illustrate how a 

tumour’s microenvironment can affect regulatory processes underpinning 

carcinogenesis, and highlight a caveat that ought to be observed in the search for the 

discovery of future cancer biomarker signatures, particularly in the context of 

multiform tumours. Many miRNA studies to date have highlighted characteristic 

'signatures’ that associate with particular tumours/phenotypes. In this study we 

demonstrate that regulatory processes engendered by non-coding RNAs are more 

subtle and signatures can vary within individual areas of a single tumour. Laser 

microdissection ensured that the cells interrogated were homogenous and follicular 

epithelial in origin, nonetheless their miRNA profiles varied depending on the specific 

micro-environment from which they were harvested.
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3.3 Materials & Methods 

3.3.1 Tissue sample

A single archival case of formalin fixed, paraffin-embedded (FFPE) multiform thyroid 

tum our was chosen for this analysis. Eight areas were chosen for examination: 1 normal 

thyroid, 2 classic PTC, 1 insular, 2 anaplastic thyroid carcinomas, 1 area surrounding 

lymphocytic infiltrate, and 1 surrounding vascular invasion. Haematoxylin and eosin 

(H&E) sections were reviewed by a histopathologist (RF) and classified according to a 

recognised system (Rosai J, 1992). Corresponding paraffin blocks were then collected 

from the archives of St. James Hospital. Ethical approval for this study was granted by 

the SJH / AMNCH Research Ethics Committee.

3.3.2 Laser capture microdissection

6 i jm  sections were cut using a microtome (Microm HM 325, Medical Supply Co. Ltd, 

Ireland) from each paraffin block, mounted on uncharged slides, de-waxed and H&E 

stained (Tissue-Tek DRS 2000 Autostainer, Sakura, CA, USA). Pure populations of 

thyrocytes were obtained from each section by laser capture microdissection using 

the PixCell II System (Acturus Engineering Inc., CA, U SA). Laser capture 

microdissection produces low yet accurate yields of RNA & DNA (yields in the range 

of 1 .7-9  ng/yiyl of RNA & 3.2-8.8 ng/pl of DNA were achieved in this study). Cells 

were captured according to a standard protocol; laser spot size = 15y^m, pulse power 

= 25mW, pulse width = 1.5ms, threshold voltage = 285MV. The total num ber of 

pulses in each case was approximately 700 (range=500-1200). A fter 

microdissection the Capsures® (Capsuret Macro LCM caps, LCM 0201, Techno-Path 

Ltd, Ireland) containing the homogenous cell populations were placed in a sterile 

m icrocentrifuge tube ready for RNA & DNA extraction.

3.3.3 Nucleic acid extraction

DNA & RNA were extracted using the RecoverAII™ Total Nucleic Acid Isolation, 

Optim ised for FFPE Samples Kit (Ambion, Texas, USA), as outlined in section 2.6.1. 

Purified RNA & DNA were eluted in 60)Ul volumes and the nanogram concentration
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per microlitre was verified using a Nanodrop spectrophotometer (ND-1000, Labtech 

International, UK).

3.3.4 TaqMan® expression analysis 

BRAF V600E mutation detection

TaqMan® SNP detection was used for 6R/AF V600E mutation detection as previously 

described (Smyth et al., 2005). Primers and probes used in this experiment were 

designed and used to the manufacturer's recommendations (see table 3.1 for 

sequences). Amplification and analysis was performed using an ABI Prism 7900HT 

Sequence Detection System (Applied Biosystems, CA, USA) for 40 cycles (92°C for 

15 sec, 60°C for 1 min).

Ret/PTCI rearrangement detection

TaqMan® RT-PCR was used for ret/PTC 1 rearrangement detection. Primers and 

probes used in this experiment were designed and used according to the Applied 

Biosystems (Foster City, CA, USA) Assays-by-Design SM service (see table 3.1 for 

sequences). Amplification and analysis was performed on an ABI Prism 7900HT 

Sequence Detection System (Applied Biosystems, CA, USA) (48°C for 30 min then 

92°C for 15 sec, 60°C for 1 min x 40 cycles).

Table 3.1 Sequences of TaqMan® primers & probes used.

Reaction Sequence

Forward 5' CAT GAA GAG CTC ACA GTA AAA ATA GGT GAT 3'

BRAF Reverse 5' GGA TGC AGA GAA CTG TTG AAA CTG A 3'

TaqMan® VIC-labelled Wild Type (WT) 5' CCA TCG AGA TTT CAC TGT AG 3'

FAM-labelled Mutant (MUT) 5’ CCA TCG AGA TTT CTC TGT AG 3'

ret/PTCI
Forward 5’ CGC GAC CTG CGC AAA 3’

TaqMan®
Reverse 5’ ACC AAG TTC TTC CGA GGG AAT T 3’

FAM-labelled Probe 5’ TTA CCA TCG AGG ATC CAA 3’
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miRNA analysis

Multiplexing stem-loop RT-PCR with mlR-16 as an endogenous control was used to 

analyse miRNA profiles as previously described (Lao et al., 2006 & section 2.9.5). 

Briefly, the process involves three steps. Steps 1 and 2 are multiplexed reactions 

with 330 sets of primers for 330 miRNAs. Step 1 reverse transcribes all the miRNAs 

in a single reaction and then step 2 PCR amplifies the cDNA products to provide 

enough sample for step 3. Step 3 is done as simultaneous, individual singleplex 

TaqMan® reactions in 96-well reaction plates to monitor the abundance of each 

miRNA after the multiplexed RT-PCRs. Sequences for primers and probes will be 

provided by the authors upon request. As previously, amplification was performed 

using an ABI Prism 7900HT Sequence Detection System (Applied Biosystems, CA, 

USA).

3.3.5 Data analysis

AACt studies were performed on the miRNA data using the SDS 2.1 software 

(Applied Biosystems, CA, USA). The studies were then exported to the Microsoft® 

Office Excel® 2003 software (Microsoft Corporation, WA, USA) for further analysis. 

The primary means of identifying differentially expressed miRNAs was based on fold 

change. miRNAs were considered differentially expressed between tumour areas if 

they possessed fold changes >2 or <0.5. Hierarchical clustering analysis was 

performed using the Spotfire programme. Clustering analysis was performed using 

WPGMA and similarity between samples was assessed by correlation analysis. Up 

& down regulated miRNAs were entered into the three-way intersection in the 

mlRGen database to search for putative miRNA target genes (Megraw et al., 2007): 

http://www.diana.pcbi.upenn.edu/miRGen.html). Gene ontology analysis of the 

putative target gene lists was then performed using the PANTHER database 

(http://www.pantherdb.org/). This enabled the identification of significantly over and 

under represented pathways in the gene lists.

3.3.6 Immunohistochemistry

4 yL;m sections were cut from the archived blocks, deparaffinised, and dehydrated. 

Sections underwent heat induced epitope retrieval using Trilogy (CellMarque, 

Greenwood, AR). Immunohistochemical staining, using Monoclonal Mouse Anti-
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Human cytokeratin (DakoCytomation, Copenhagen, Denmark), CD34 (Serotec, 

Oxford, UK), and p53 (Novocastra, Newcastle upon Tyne, UK), was performed on 

the Nexes immunostainer using a strepavidin peroxidise conjugate procedure. 

Antigen-bound primary antibody was detected using strepavidin-biotin 

immunoperoxidase complex (Ventana /-view kit, Ventana Medical Systems). Slides 

were examined blind by a histopathologist (RF) and classified according to a 

recognised system (Nisolle et al., 1999).
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3.4 Results 

3.4.1 Genetic alteration status

TaqMan® RT-PCR was used to detect the presence of ret/PTC 1 rearrangement in 

follicular epithelial cells dissected from each of the eight designated areas (1 normal 

thyroid, 2 classic PTC, 1 insular, 2 anaplastic thyroid carcinomas, 1 area surrounding 

lymphocytic infiltrate, and 1 surrounding vascular invasion). RNA from the TPC1 cell 

line was used as a positive control. All areas proved negative for ret/PTC 1 

rearrangement.

TaqMan® SNP detection was used to detect the presence of the BRAF mutation. 

This assay acts as its own endogenous control as the wild type allele will be detected 

in the absence of the mutant. The two foci with classic morphology harboured the 

BRAF mutation. All other tumour areas, including the insular and anaplastic areas 

were negative for the mutation (Figure 3.1). This result indicates that the anaplastic 

lesions may not have evolved from progenitor classic PTC foci.

3.4.2 Regulatory environment analysis 

Geographical patterns in miRNA expression

Expression levels of 330 miRNAs were analysed in the eight thyroid geographical 

regions (Figure 3.2). The AACt method (Livak and Schmittgen, 2001) was used to 

calculate the fold change of miRNA expression between tumour areas, and miRNAs 

were considered differentially expressed if they possessed fold changes >2 or <0.5. 

Cells from the area of normal thyroid epithelium were utilised to calibrate the study, 

and miR-16 was used as an endogenous control. Although a certain amount of 

biological variation in miRNA expression would be expected in different specimens of 

normal tissue, a consistent level of miRNA expression would be expected in similar 

samples. This can be deduced as several different studies have independently 

identified altered expression of a particular group of miRNAs (such as mlR-221, miR- 

222, and mlR-146) in PTC compared to normal thyroid tissue (Nikiforova et al., 2008, 

He et al., 2005, Pallante et al., 2006).
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Figure 3.2 illustrates the miRNA expression profiles in the different tumour areas. It 

may be noted from this figure that expression of miRNAs across the tumour areas 

appears to be non-homogenous. Of the 330 miRNAs, 225 (68%) were expressed in 

the tissues studied. All of the cancer areas (classic PTC, insular, and anaplastic 

cancer) showed a general down-regulation in mlRNA expression compared to normal 

thyroid tissue (avg 53.9%) which is the general trend observed when comparing 

miRNAs in cancer tissues to normal tissue (Cummins and Velculescu, 2006).

Figure 3.1
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Figure 3.1 TaqMan® SNP assays for BRAF V600E mutation detection. DNA from the TPC1, 

BC-PAP, and K-2 cell lines was used for positive control purposes. TPC1 contains the wild 

type BRAF allele, K-2 is heterozygous for the mutant allele, and BC-PAP is homozygous for 

the mutant allele. The figure shows clustering of the samples into 3 distinct groups depending 

on their respective levels of VIC/FAM fluorescence: homozygous T1799A mutation (•), 

homozygous wild-type/normal ( • )  and heterozygous T1799 mutation (• ) . Negative controls 

and undetermined samples are also displayed (x). The two classic PTC tumour areas are the 

only ones that exhibit the BRAF mutation.

Interestingly, the cells surrounding the areas of lymphocytic infiltrate and vascular 

invasion showed a marginal increase in miRNA expression compared to normal 

thyroid epithelium (avg 53.4%). These cells were captured from an area of
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anaplastic carcinoma. Perhaps the up-regulation of miRNAs surrounding these 

areas may enable the down-regulation of gene expression to facilitate angiogenesis 

and metastasis in this aggressive cancer and assist in its evasion of the immune 

system (See table I in the appendix for mlRNA expression values).

Figure 3.2

Classic Classic Insiiar Araplosttc ArxapJastlc Lvnnphocytlc Vbsciiar 
PTC 1 PIC 2 Carclnofnc CorcinofTva Indltrafe invasion

Figure 3.2 Heat map of miRNA expression. Each mlRNA listed was considered differentially 

expressed between tumour areas if they possessed fold changes >2 or <0.5.
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Table 3.2 shows the top five up and down regulated miRNAs in each tumour area 

compared to normal thyroid tissue. This table, in contrast with figure 3.2, 

emphasises the similarities that can be noted between the profiles with miR-221 

appearing up-regulated in all tumour areas, and miR-124a and miR-328 appearing 

prevalently down-regulated in each tumour area. An inevitable element of similarity 

must be expected in the profiles of these tumour areas as they originate from a single 

thyroid specimen.

Table 3.2 Five most up and down regulated miRNAs in each tumour area compared to 

normal thyroid epithelium.

Up-regulated miRNAs

Classic PTC
Insular

Carcinoma

Anaplastic

Carcinoma

Lymphocytic

Infiltrate

Vascular

Invasion

miR-221 miR-221 miR-221 miR-221 miR-221

mlR-324-5p miR-486 miR-205 miR-205 Iet7e

miR-93 miR-205 miR-324-5p miR-378 miR-412

mlR-182* Iet7e miR-486 Iet7e miR-15a

miR-378 miR-320 miR-93 miR-15a miR-497

Down-regulated miRNAs

Classic PTC
Insular

Carcinoma

Anaplastic

Carcinoma

Lymphocytic

Infiltrate

Vascular

Invasion

miR-124a miR-124a miR-328 miR-328 miR-328

miR-192 mlR-520e miR-149 miR-124a miR-423

miR-UL148D-1 miR-345 miR-520e miR-192 miR-518a-2*

miR-let-7g miR-7 miR-375 miR-152 miR-124a

miR-let7f miR-140 miR-124a miR-127 miR-152

Hierarchical clustering analysis was then performed on the miRNA data to further 

investigate the potential similarities and differences between the miRNA profiles 

(Figure 3.3). The analysis revealed two main clusters, with one cluster dividing into 

two sub-groups. The normal thyroid epithelium forms one of the main clusters and 

groups separately to all of the cancer areas. Of the cancer cluster, the insular cancer 

and anaplastic carcinoma 2 areas form one sub-group, and the other tumour areas 

form the other sub-group. As illustrated from figure 3.3 (B), the insular and 

anaplastic carcinoma 2 samples were excised from regions of close proximity.
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Figure 3.3

N o it tm I  Anaplastic Insular 
Carcinoma 2

Vascular Classic Classic Lymphocytic Anaplastic 
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Anaplastic 
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Figure 3.3 Hierarchical clustering of mlRNA profiles. (A) Hierarchical clustering diagram of 

the miRNA profiles of the thyroid tumour areas. (B) Images illustrating the geographical 

location of the tumour foci in respect to each other.
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The lymphocytic infiltrate, vascular invasion, and anaplastic carcinoma 1 areas were 

also harvested from the same geographical region. This clustering of miRNA profiles 

corresponding to the geographical position of the cells suggests that the location of 

the cancer foci within the tumour may influence the miRNA profiles. However as 

mentioned previously, an element of similarity in profiles is to be expected in cells 

adjacent to each other.

In juxtaposition to the geographical clustering of cellular areas, the two classic PTC 

miRNA profiles grouped together. This clustering separated one of the PTC areas 

from the other foci in close proximity to it in the thyroid (an insular and anaplastic 

carcinoma area). This, along with possession of the BRAF mutation, reflects the 

similarity of the classic PTC genetic profiles. In contrast to this, the two anaplastic 

areas divide into separate sub-groups. This prompts the query as to why these 

anaplastic cancer foci are behaving differently and not grouping together. The 

grouping of the two classic PTC foci, which both contain the BRAF mutation, 

indicates that their genetic profiles are similar and may suggest that these two foci 

may be clonal in origin and have originated from the same mutational event or 

cascade. However, the anaplastic carcinomas separate into the two sub-groups 

within the cancer cluster perhaps indicating that these cancers may have arisen 

independently. It was therefore hypothesised that it may not be a question as to 

whether multiform tumours arise due to the clonal metastasis of tumour cells or of 

independent mutational events, but perhaps both phenomena can occur 

simultaneously within the one tumour to enhance cancer progression.

Expression of miRNAs in thyroid tumours containing BRAF mutation

Along with looking at the overall geographical trends of miRNA expression in a 

multiform tumour, this data enabled us to view the tumour categorically and explore 

specific aims and questions. Therefore we consequently looked at distinguishing the 

BRAF containing PTC foci from the other cancer areas. A number of miRNAs were 

found to be both up and down regulated in the BRAF mutant classic PTC areas in 

comparison to all the others (Table 3.3). These profiles indicate that classic PTC can 

be further distinguished from the other tumour areas.

Furthermore, several of these miRNAs correspond with miRNAs published in thyroid 

cancer-related papers, and papers relating miRNAs to tumourigenesis from our 

group and others. For instance He et al (He et al., 2005) compared PTC to normal 

thyroid tissue and found miR-222 & miR-26a to be differentially regulated. Pallante
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at al (Pallante at a!., 2006) also found miR-222 to be differentially regulated when 

miRNA expression in PTC was compared to normal thyroid tissue. Cahill at al (Cahill 

at al., 2006) and Cahill at al (Cahill at a!., 2007) examined differentially expressed 

miRNAs between a normal thyroid cell line and PTC call lines harbouring rat/PTC1 

and BRAF mutations respectively. Chuang & Jones (Chuang and Jones, 2007) 

reviewed epiganatics and miRNAs and suggest miR-146 is an oncogenic miRNA that 

regulates NF-/cB (this protein is expressed in thyroid cancer (particularly in anaplastic 

carcinoma) and has been shown to enable neoplastic thyrocytes evade apoptosis 

induced by over-expression of TGF-beta (Bravo et al., 2003)) and let-7 is a tumour 

suppressor that regulates RAS (Iet7f is down-regulated here allowing RAS to 

perhaps be up-regulated, RAS is a proto-oncogene that is known to be activated in 

the early stages of thyroid cancer development (Segev et al., 2003)).

Table 3.3 Differentially expressed miRNAs in classic PTC tumour areas v all others. Other 

areas include insular and anaplastic, and thyrocytes surrounding lymphocytic infiltrate and 

vascular invasion.

Up-regulated miRNAs Down-regulated miRNAs

miR-191* mir-106b

mlR-146b mlR-451

miR-US33-1 miR-26a

miR-151 miR-199a*

miR-193b miR-193a

miR-222 miR-34c

miR-518a-2* miR-UL22A-1

miR-106a miR-492

miR-296 miR-148b

mlR-197 miR-UL112-1

miR-328 miR-500

mlR-331 miR-UL148D-1

miR-423 miR-let7f

mlR-146a

Dalmay & Edwards (Dalmay and Edwards, 2006) reviewed miRNAs & the hallmarks 

of cancer and, of the miRNAs previously shown to have differential expression 

between cancer an healthy samples; suggest miR-106 may have a role in
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angiogenesis targeting VEGFR1 (miR-106b is down-regulated here and the 

angiogenesis pathway is up-regulated), and miR-26 & let? have roles in cell adhesion 

targeting integrin a 5 and integrin /? 3, respectively (these miRNAs are down- 

regulated; therefore cell adhesion or cytoskeletal regulation could be up-regulated). 

Volinia et al (Volinia et al., 2006) produced a miRNA expression signature of human 

solid tumours which contained miR-106a. He et al (He et al., 2007) show that miR- 

34a-c are direct transcriptional targets of p53 and may act in concert with other 

effectors to inhibit inappropriate cell proliferation. It is interesting to find miR-34c 

down-regulated here as it suggests that p53 has not promoted its transcription 

therefore enabling inappropriate cell division to occur. Finally Garzon et al (Garzon 

et al., 2006) suggest Iet7 may target PTC and FANCC.

Expression of miRNAs in aggressive thyroid tumours

It is interesting to further investigate and attempt to distinguish between the 

anaplastic and insular tumours as they are more aggressive than the usually indolent 

classic PTC. Several miRNAs were found to be both up and down regulated in the 

anaplastic areas compared to the insular area. Table 3.4 shows a selection of the 

miRNAs identified.

Table 3.4 Differentially expressed miRNAs in anaplastic tumour areas v insular. The table 

also shows the fold change in expression.

miRNAs Up-regulated in 

Anaplastic
RQ

miRNAs Down-regulated 

in Anaplastic
RQ

mlR-140 15668.58 mlR-328 0.000003

mlR-345 2326.54 mlR-375 0.00001

miR-7 474.51 miR-149 0.00002

miR-124a 23.18 miR-148b 0.067

miR-221 18.07 mlR-150 0.170

mlR-192 16.39 mlR-27b 0.253

miR-99a 12.66 miR-155 0.302

miR-127 8.80 mlR-30a-5p 0.356

Iet7a 6.30 mlR-125b 0.400

l0t7f 3.75 miR-30d 0.430

mlR-200a 2.50 mlR-15b 0.456
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It can be noted that the three mlRNAs most up-regulated in anaplastic carcinoma 

compared to the insular tumour have extremely high RQ values (15668.58, 2326.54, 

474.51). These high values might be explained if those miRNAs; miR-140, miR-345, 

and miR-7 respectively, were not expressed in the calibrator sample; however they 

are expressed in that sample. The three miRNAs most down-regulated in anaplastic 

carcinoma also have extreme RQ values. In this study miRNA expression was 

evaluated through relative quantification; therefore these values may result from low 

expression levels of those miRNAs in the calibrator sample, or very high expression 

in the tumour areas.

Some of these differentially regulated miRNAs in the anaplastic carcinomas have 

also been noted in papers published by our group and others. For instance Pallante 

et al (Pallante et al., 2006) found mlR-221, miR-200a, & miR-125b to be differentially 

regulated between PTC & normal thyroid tissue, Cahill et al (Cahill et al., 2006) found 

miR-200a & mlR-125b, and Cahill et al (Cahill et al., 2007) found mlR-200a & miR- 

155 expression to be altered. From the miRNAs that have been previously shown to 

have differential expression between cancer an healthy samples Dalmay & Edwards 

(Dalmay and Edwards, 2006) suggest the following miRNAs may play roles in cell 

adhesion targeting the bracketed genes; miR-124 (integrin p 1), Iet7 (integrin /3 3), 

mlR-30a-5p (integrin /3 3), miR-125 (integrin /? 3), & miR-30d (integrin /3 3 & integrin a 

5), and mlR-155 may be involved in the process of angiogenesis by targeting HIF-1a. 

Chuang & Jones (Chuang and Jones, 2007) believe miR-155 to be an oncogenic 

miRNA and miR-127 to be a tumour suppressor involved in the regulation DNA 

methylation and histone modification. Garzon et al (Garzon et al., 2006) suggest 

miR-27b may target PTC and FANCC. Finally, miR-155 appeared in the miRNA 

expression signature of human solid tumours produced by Volinia et al (Volinia et al., 

2006).

3.4.3 miRNAs; biomarkers or crucial biological mediators?

There are currently two main schools of thought as to the utility of these small RNA 

gene regulators in the advancement of disease treatment. The first, and most 

common up to now, being to focus on data such as that above and utilise these 

RNAs as potential new biomarkers. This has resulted in the publishing of numerous 

papers proposing potential miRNA cancer signatures with the view to improve
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diagnosis and early detection (He et al., 2005, Pallante et al., 2006, Nikiforova et al., 

2008).

The other approach is to view these RNAs as the key to a plethora of knowledge 

regarding the functioning of cells and the body in both normal and disease states. 

This involves elucidating the gene targets of the miRNAs and therefore their 

functions and influence in the cell. miRNAs are already thought to possess 

oncogenic and tumour suppressor capabilities, however accurately identifying 

biologically relevant targets that are regulated by individual miRNAs is currently the 

predominant challenge in this area of research. This task is further complicated by 

the fact that each mlRNA can potentially regulate many mRNA targets and also each 

mRNA can be regulated by several miRNAs.

To further explore this aspect of miRNA functionality we attempted to investigate 

potential targets for the miRNAs listed in tables 3.3 & 3.4. Several publicly available 

databases exist for prediction of miRNA target genes. The miRGen database was 

used in this analysis as it allows the production of lists of gene targets common to 

three target prediction databases (miRanda, PICTAR, & TARGETSCAN) affording 

increased confidence in the target lists produced. The miRGen putative gene target 

lists were then entered into the PANTHER database in order to identify significantly 

over and under represented pathways using the binomial statistic (Cho and 

Campbell, 2000). The assumption is that up-regulated miRNAs will down-regulate 

their target genes which would in turn down-regulate the pathways over represented 

in that list. In addition it can be inferred that down-regulated miRNAs would result in 

an up-regulation of their target genes and pathways. Table 3.5 contains the 

pathways that were found to be significantly over-represented in the putative target 

lists produced from comparing miRNA profiles in PTC to all other tumour areas. 

Table 3.6 contains the pathways found to be significantly over -represented pathways 

in the anaplastic carcinoma areas compared to the insular area.

Although these are predicted results, they may lead us towards revealing the 

biological functions of these miRNAs. Therefore, in an effort to explore the behaviour 

of some cellular processes across different areas of morphology in a multiform 

tumour, we performed immunohistochemistry on tissue sections (Figure 3.4). CD34 

was analysed to assess microvascular density (MVD), cytokeratin to stain epithelial 

cells and assess differentiation status, and p53 as it is commonly mutated in PTC. 

Morphological assessment and evaluation was used to extrapolate to the pathways
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mentioned previously such as angiogenesis, cytoskeletal regulation and wnt 

signalling.

Table 3.5 Significantly up and down regulated pathways in classic PTC connpared to all other 

tumour areas. Other areas include insular and anaplastic, and thyrocytes surrounding 

lymphocytic infiltrate and vascular invasion.

Up-regulated Pathways P-value

TGF-beta signalling pathway 0.0000007

Angiogenesis 0.00006

Cytoskeletal regulation by Rho GTPase 0.01

Down-regulated Pathways P-value

FGF signalling pathway 0.03

EOF receptor signalling pathway 0.03

Table 3.6 Significantly up and down regulated pathways in anaplastic carcinoma compared to 

insular carcinoma.

Up-regulated Pathways P-value

Wnt signalling pathway 0.00009

Ras Pathway 0.001

Angiogenesis 0.003

Metabotropic glutamate receptor group II pathway 0.01

Parkinson disease 0.02

T cell activation 0.03

Insulin/IGF pathway-mitogen activated protein kinase 

kinase/MAP kinase cascade
0.04

Down-regulated Pathways P-value j

Integrin signalling pathway 0.0002

Angiogenesis 0.0002
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Figure 3.4
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Figure 3.4 H&E & immunohistochemistry staining of thyroid sections. (A) H&E stained 

sections of normal thyroid, classic PTC, anaplastic thyroid cancer, and insular carcinoma. (B) 

Immunohistochemical staining for CD34 in normal, PTC, and anaplastic sections. (C) 

Immunohistochemical staining for p53 in normal, PTC, and anaplastic sections. (D) 

Immunohistochemical staining for cytokeratin in normal thyroid, and in an area showing 

classic PTC and anaplastic cancer areas.

The evaluation of each targets expression in each sample was analysed by a 

pathologist (RF) using an immunohistochemical score (IHS). The IMS was calculated
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by combining an estimate of the percentage of immuoreactive cells (quantity score) 

with an estimate of the staining intensity (staining intensity score). The quantity 

score and intensity staining score were scored as follows, quantity score: no cells 

stained were scored as 0, 1-9% of cells stained positive scored as 1, 10-39% as 2, 

40-69% as 3 and 70-100% as 4. Staining intensity was rated on a scale of 0-3, with 

0 = negative, 1 = weak, 2 = moderate and 3 = strong. The raw data were converted 

to the IHS by adding the quantity and staining intensity scores, therefore the scores 

can range from 0-7.

MVD was marginally increased in anaplastic cancer (n = 197) compared to PTC (n = 

131). There are varying reports on the MVD in different thyroid cancers; some show 

that reduced MVD in poorly differentiated cancer is associated with poor 

differentiation and worse prognosis, and others demonstrate increased risk of 

recurrence and shorter disease-free survival with more vascular PTCs (Turner et al., 

2003). Strong intensity of staining in a high number of cells was observed with the 

cytokeratin giving an immuno score of 7 for all areas. However there was no staining 

observed in the squamoid and spindled/sarcomatoid components of the anaplastic 

cancer illustrating the dedifferentiation of these cells. Finally, there was a marginal 

increase in p53 between the anaplastic areas (immuno score = 4) compared to the 

classic PTC areas (immuno score = 3). An activating mutation in the p53 gene could 

explain this increase in expression as mutated p53 is often found in anaplastic 

carcinoma (Are and Shaha, 2006).
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3.5 Discussion

The objective of this study was to examine the question of clonality in multicentric 

PTC through correlating the miRNA profiles and genetic alteration status of eight 

tumour areas in a case of multiform thyroid cancer.

Several studies have been performed prior to this using various techniques in an 

effort to elucidate whether most poorly differentiated anaplastic carcinomas develop 

through a multi step carcinogenesis process from the well differentiated thyroid 

cancer subtypes, or if they arise independently (Takano et al., 2007, Giannini et al., 

2007, Wang et al., 2007, McCarthy et al., 2006, Park et al., 2006, Quiros et al., 2005, 

Shattuck et al., 2005, Begum et al., 2004, Sugg et al., 1998). Among genetic 

aberrations described in PTC, the BRAF V600E mutation and ret/PTC activation 

occur most commonly. Most of the studies thus far have focused on investigating the 

genetic alterations present in the different foci in an effort to determine their origin 

and potential clonality. Unfortunately these studies have produced conflicting results 

to date and no consensus has been reached. In this study all of the tumour areas 

examined (one area of normal thyroid, two of classic PTC, one insular, two anaplastic 

thyroid carcinomas, and thyrocytes surrounding an area of lymphocytic infiltrate and 

vascular invasion) proved negative for ret/PTC 1 rearrangement. The two foci with 

classic morphology harboured the BRAF mutation. All other tumour areas, including 

the insular and anaplastic were negative for the mutation. This result suggests that 

the tumours in this thyroid arose independently and not as a result of intrathyroidal 

metastasis of a clonal population of cells and agrees with previous reports such as 

those by Park et al (Park et al., 2006), Gianni et al (Giannini et al., 2007), & Sugg et 

al (Sugg et al., 1998), supporting this theory. However, the discordance of 

conclusions resulting from genetic alteration analysis illustrates that additional 

analysis would be beneficial in unravelling the tumourigenesis process.

Subsequent to identifying the differential BRAF status of the tumour areas, the study 

of the profiles of 330 miRNAs in the different tumour areas provided further insight 

into multiform cancer. These miRNA profiles of the different tumour areas 

highlighted the fact that both similarities and differences could be found between the 

different foci. The heat-map in figure 3.2 illustrated the apparent non-homogenous 

nature of the profiles, however when the most highly up and down regulated miRNAs 

from each area are viewed (Table 3.2), the similarities become more evident. This is 

an encouraging observation as one would expect similarities in the profiles of cells
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located close to each other, however differences in the profiles of different 

morphological variants would also be expected, as shown by Nikiforova and 

colleagues (Nikiforova et al., 2008). The down-regulation of miRNAs in the cancer 

areas compared to normal thyroid epithelium follows trends found generally when 

comparing cancers to normal tissue (Cummins and Velculescu, 2006). The up- 

regulation of miRNAs in thyrocytes surrounding areas of lymphocytic infiltrate and 

vascular invasion is an interesting result as the differential regulation in miRNA and in 

turn gene expression may aid the progression of the cancer.

The hierarchical clustering analysis performed on the miRNA profiles unearths some 

exciting findings (Figure 3.3). The normal and cancerous tissues cluster separately 

and there is a further sub-grouping within the cancer cluster. Initial examination of 

the figure may suggest that the tumour areas group together depending on their 

geographical position within the thyroid. The sites of the different tumour areas 

captured within the thyroid section can be viewed in figure 3.3 (B), and compared to 

the two sub-groups in which they fall in figure 3.3 (A). From this one can see that the 

anaplastic carcinoma 1, lymphocytic infiltrate, and vascular invasion all fall into the 

same sub-group, and the insular and anaplastic carcinoma 2 areas also sub-group 

together. However the classic PTC 2 area groups away from the other tumour foci 

that are close to it and aligns itself with the other PTC area. This may indicate that 

these two foci, which both contain the BRAF mutation, possess similar genetic 

profiles and may suggest that they are clonal in origin and have originated from the 

same mutational event. However, the anaplastic carcinomas separate into the two 

sub-groups within the cancer cluster perhaps indicating that these cancers may have 

arisen independently. Therefore one might speculate that it may not be a question 

as to whether multiform tumours arise due to the clonal metastasis of tumour cells or 

of independently mutational events, but perhaps both phenomena can occur 

simultaneously within the one tumour to enhance cancer progression.

The ability of the miRNA profiles to distinguish the classic PTC foci from ail other 

cancer areas, and the two more aggressive types of cancer from each other (Tables 

3.3 & 3.4) enforces the concept of divergent miRNA profiles within disparate foci of a 

multiform tumour. Previous studies involving miRNA expression profiling have 

compared tumour to normal tissue to determine the differentially regulated miRNAs 

and in turn potential biomarkers (Cummins and Velculescu, 2006). Due to the many 

types of thyroid cancer, miRNA profiles have also been examined in several different 

thyroid tumours (Nikiforova et al., 2008). However no study has investigated miRNA
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expression within a multiform tumour. The varying mlRNA profiles in the different foci 

of this tumour highlight a caveat that ought to be observed in the search for the 

discovery of future cancer biomarker signatures, particularly in the context of 

multiform tumours.

This body of work also invokes a debate as to the practical uses of this emerging 

technology. Are these small RNAs to be considered solely as biomarkers as 

discussed above, or should we delve deeper into the functions of these regulators to 

enhance our understanding of disease processes? For instance, do the mlRNAs 

respond to the cellular changes observed when a normal cell transforms into a 

cancer cell, or are they intrinsic mediators in this transformation.

It has been previously suggested that miRNAs may possess oncogenic or tumour 

suppressor roles in the cell. For research in this field to progress, advancements 

must be made in the discovery of the gene targets of the miRNAs. For this reason 

we endeavoured to predict the gene targets of some of the miRNAs found to be 

differentially regulated in this study. These predicted results generated some 

biologically plausible pathways that may be influenced by miRNAs in the 

development of this cancer. The next section of the discussion of this chapter will 

focus on discussing the pathways that the miRNAs in this study were predicted to 

target and their potential relevance to the thyroid disease process.

3.5.1 Potential mlRNA-regulated pathways in classic PTC tumours containing 

the BRAF mutation compared to all other tumour areas

Table 3.5 shows the PANTHER gene ontology analysis of the predicted gene target 

list produced by the miRNAs down-regulated in PTC compared to the other tumour 

areas indicates that cytoskeletal regulation by Rho GTPase, angiogenesis, and TGF- 

beta signalling pathways are significantly up-regulated. The FGF and EGF receptor 

signalling pathways are significantly down-regulated the gene target lists produced 

by the up-regulated miRNAs in PTC compared to the other tumour areas.

Transforming growth factor-p

The transforming growth factor-P (TGF-(3) family consists of polypeptides that signal 

via the Smad and mitogen-activated protein kinase (MAPK) pathways to regulate 

growth, survival, and motility of cells. They are also known to possess dual tumour
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suppressive and oncogenic effects (Leivonen and Kahari, 2007). TG F-P ’s 

antiproliferative effects influence normal epithelial cells and early tumour stages by 

Inhibiting cell growth through induction of apoptosis and cell cycle arrest. Increased 

TGF-P production in later tumour stages is linked with tumour promoting qualities 

such as tumour growth, invasion, and metastasis. This signalling pathway has been 

reported to selectively abrogate cyclic AM P pathways (cAMP activates PKA which 

promotes growth and differentiation), inhibit growth, and regulate differentiation in the 

thyroid (Segev et al., 2003) and neoplastic thyrocytes have been shown to evade  

apoptosis induced by over-expression of TG F-p through the activation of the NF-kB 

network (Bravo et al., 2003). The highly significant up-regulation (P =0 .0000007) of 

this pathway in the PTC gene target list is an interesting discovery as its control of 

cell growth and differentiation could contribute to both the maintenance of the 

distinctive papillary structure of classic PTC and the tumour’s capability to evade the 

immune system.

Cytoskeletal regulation by Rho GTPase

The Rho family of GTPases consists of four main subfamilies; Rho, Rac, Cdc42, and 

those that lack GTPase activity. These proteins participate In the regulation of a vast 

spectrum of functions including cell growth, motility, cell-cell adhesions, 

morphogenesis, and cellular trafficking. Members of the Rac, Cdc42, and Rho 

subfamilies are best known for their role in the modulation of the actin cytoskeleton 

through promoting the formation of lamellipodia, filopodia, and stress fibers, 

respectively (Lozano et al., 2003). Rho GTPases have also been implicated in the 

process of tumourigenesis including the de-differentiation of cells. The up-regulation 

of this family of proteins in PTC and their involvement in the regulation of the 

cytoskeleton could be an influential factor in the papillary structures observed with 

classic PTC.

Angiogenesis

The angiogenesis pathway is also significantly up-regulated in PTC. Various 

angiogenic factors have been observed in thyroid neoplasms and thyroid tumours 

have been shown to be more vascular than normal thyroid tissue. An increase of 

pro-angiogenic factors such as angiopoietin 2 and V E G F and its receptors in thyroid 

tumours allows increased tumour size and may lead to metastasis. VE G F-C  and its 

receptor may play a role in lymphatic spread in papillary tumours and down- 

regulation of the angioinhibitor thrombospondin-l has also been described which may 

allow distant metastasis to occur (Turner et al., 2003).
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Fibroblast growth factor signalling

The fibroblast growth factor (FGF) family of ligands consists of at least 22 members 

which bind to four identified FGF receptors (FGFR1-4). This signalling pathway can 

result in the activation of various and diverse downstream pathways and cellular 

outcomes including differentiation, proliferation, cell migration, survival, and 

angiogenesis (Eswarakumar et al., 2005). Gain of function mutations in the FGFRs 

have been linked to a variety of human skeletal disorders and cancers; including 

lymphomas, and prostate and breast cancers. Over expression of FGFRS has been 

noted in PTC (Onose et al., 1999) when the authors observed that the receptor is not 

strongly involved in the cell proliferation mechanism but may contribute to the 

malignant extension of some of the carcinomas by modifying cell contact signalling. 

The down-regulation of the pathway in this case reflects this interpretation that this 

process is not vital for PTC development.

Epidermal growth factor signalling

The epidermal growth factor (EGF) family of proteins (also known as the human 

epidermal receptor (HER)) consists of four closely related receptors; EGFR, HER2, 

HER3, and HER4, and 13 polypeptide extracellular ligands which contain a 

conserved epidermal growth factor domain. Ligand binding to these receptors 

induces the formation of receptor homo and heterodimers and activation of several 

downstream signalling pathways such as growth and proliferation. The two main 

pathways activated by the receptors are the MAPK and the phosphatidylinositol 3- 

kinase (PI3K) - AKT pathways (Hynes and Lane, 2005). In the thyroid, EGF utilises 

the MAPK pathway to either stimulate thyrocyte growth or abrogate the differentiation 

effects of thyroid stimulating hormone (TSH) such as iodine uptake and hormone 

production. Hyperfunctioning thyroid nodules and malignant lesions have been 

reported to express elevated levels of EGF with the highest in PTC and ATC (Segev 

et al., 2003) and mutations in EGFR3 have been noted in many cancers. The HER 

receptors are now being investigated as possible therapeutic targets in many human 

cancers. Mitsiades and colleagues (Mitsiades et a!., 2006) investigated the 

mutational status of the EGFR in thyroid cells and its in vitro sensitivity to AEE788 

(an EGFR and VEGF receptor inhibitor). They found that thyroid carcinoma cells 

were poorly responsive to the inhibitor and that few cancers (3.2% of 62 histological 

specimens) possessed the EGFR tyrosine kinase domain mutation indicating that 

although this receptor is involved in thyroid carcinoma development, it may not be a 

dominant player in the tumourigenesis process. The down-regulation of this pathway
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in these PTC tumours reflects this sentiment, and it may enable the slowing of cell

growth which is appropriate due to the indolent nature of the cancer.

3.5.2 Potential miRNA-regulated pathways in anaplastic thyroid tumours 

compared to the insular tumour

The PANTHER gene ontology analysis of the gene list produced by the miRNAs 

down-regulated in the anaplastic carcinomas compared to the insular tumour shows 

that the Wnt signalling, Ras, and angiogenesis pathways are significantly up- 

regulated. The angiogenesis and integrin signalling pathways are significantly down- 

regulated in the gene target lists produced by the up-regulated miRNAs in the

anaplastic tumour areas (Table 3.6).

Wnt signalling

The Wnt signalling pathway plays a pivotal role in various differentiation events 

during embryonic development and leads to tumour formation when aberrantly 

activated (Giles et al., 2003). Components of this pathway such as (3-catenin and 

APC have been found to be mutated in many cancers including thyroid cancer 

(Garcia-Jimenez and Santisteban, 2007). The canonical Wnt pathway involves a 

cytoplasmic complex composed of APC, GSK3/S, and Axin which when intact 

maintains low cellular levels of (3-catenin. However, in numerous cancers the Wnt 

pathway is hyperactivated due to DNA methylation or specific mutations, which 

results in the loss of proteasomal turnover of (3-catenin and its subsequent nuclear 

translocation and accumulation. In the nucleus it co-activates the T-cell 

factor/lymphocyte enhancer factor (TCF/LEF) family of transcription factors as well as 

many nuclear receptors. This transactivation stimulates cancer progression via the 

up-regulation of multiple genes involved in cell cycle progression, invasion, motility, 

and differentiation (Kikuchi, 2003). There are previous reports of hyperactivation of 

the Wnt/p-catenin pathway in undifferentiated thyroid cancer (Ishigaki et al., 2002, 

Garcia-Rostan et al., 2001) and a recent study embarked on the development of a 

conditionally replicative adenovirus (HILMI) therapy for anaplastic thyroid cancer that 

targets cells with aberrant expression of this pathway (Abbosh et al., 2007).

Aberrant activation of the Wnt pathway has been linked to the dedifferentiation of 

thyroid ceils, a process universally observed with anaplastic thyroid cancer (Abbosh 

and Nephew, 2005). This pathway could have a role in the dysregulation of the
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cytoskeleton through the disruption of the cadherin-catenin complex. This complex is 

comprised of e-cadherin, 3-catenin, and a-catenin, E-cadherin is a principal cell-cell 

adhesion protein in epithelial cells and has long been studied in cancer progression 

as have p-catenin and a-catenin of the Wnt pathway. The cadhenn-catenin complex 

is essential for initiating cell-cell adhesion, establishing cellular polarity and 

maintaining tissue organisation. Disruption or loss of the complex plays a prominent 

role in cancer and leads to loss of cell-cell adhesion, cytoskeletal remodeling, and 

increased migration in a process related to epithelial to mesencymal transition (EMT). 

EMT is a common occurrence in cancer progression and plays an important role in 

metastasis (Benjamin and Nelson, 2008). The majority of carcinomas (including 

thyroid cancer) lose e-cadherin mediated cell-cell adhesion. Smyth and colleagues 

(Smyth et al., 2001) investigated e-cadherin mRNA expression in various thyroid 

tissue types and found a decrease in expression levels with decreasing 

differentiation. The up-regulation of the Wnt signalling pathway observed in this 

study and the reported loss of e-cadherin expression in anaplastic cancer could 

culminate in the disruption of the cadherin-catenin complex may be an important 

factor in the dedifferentiation and malignancy of this cancer.

Ras pathway

The Ras pathway is significantly up-regulated (p=0.001) in this anaplastic carcinoma 

compared to insular cancer. The Ras-Raf-MAPK pathway regulates diverse 

physiological processes including organism development, cell cycle regulation, cell 

proliferation and differentiation, and cell survival and apoptosis by conveying 

membrane signals from heptahelical and tyrosine kinase receptors to multiple 

effectors. Aberrations along the Ras-Raf-MAPK pathway play an integral role in 

various cancers and contribute to tumour initiation, progression and metastasis 

(Leicht et al., 2007). Ras mutations are thought to be initial or early events in thyroid 

cancer and have been identified in all morphologies of the cancer (Lemoine et al., 

1989), but are most frequently associated with follicular thyroid cancer. Ras 

mutations appear to be significantly involved in the transformation and 

dedifferentiation of the thyroid epithelium (Abbosh and Nephew, 2005) and have 

been linked to aggressive tumour types and poor prognosis (Garcia-Rostan et al., 

2003). Abbosh & Nephew (Abbosh and Nephew, 2005) suggest a possible 

connection between Ras and 3-catenin through the PI3K/AKT pathway and Benjamin 

& Nelson (Benjamin and Nelson, 2008) connect Ras mutations to a-catenin. 

Activating mutations of Ras have also been shown to induce loss of E-cadherin 

(Schmidt et al., 2003) and promote EMT (Huber et a!., 2005). Therefore Ras
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mutations, in conjunction with dysregulation of the Wnt pathway and the cadherin- 

catenin complex, may influence numerous cellular processes to contribute to the 

dedifferentiation observed in anaplastic thyroid carcinoma cells.

Angiogenesis

Angiogenesis is a prevalent feature in thyroid cancer, and one of the hallmarks of 

cancer. This process is significantly up and down regulated in the anaplastic cancer 

areas (with p values of 0.003 and 0.0002, respectively) compared to the insular area. 

Various differentially expressed mlRNAs may target different elements in the 

pathway to illicit this effect. For instance, miR-155 is down-regulated in the 

anaplastic tumours and has been linked to act as an oncogenic mlRNA involved in 

angiogenesis through targeting HIF-1a (Dalmay and Edwards, 2006). The down- 

regulation of this miRNA may contribute to the up-regulation of the angiogenesis 

pathway. As mentioned previously, dysregulation of angiogenic factors have been 

reported in many thyroid cancers. It is not surprising for this process to be involved 

in both the poorly differentiated (insular) and undifferentiated (anaplastic) tumour 

areas as they are both aggressive cancers. The up-regulation of Ras has been 

observed in the anaplastic cancers of this study. Activation of Ras has been shown 

to lead to the overexpression of the c-met oncogene which in turn increases thyroid 

epithelial cell sensitivity to paracrine HGF (Ivan et al., 1997). HGF has been linked to 

papillary thyroid tumour angiogenesis and vascular invasion and has been shown to 

increase with thyroid cancer invasiveness (Turner et al., 2003). Anaplastic thyroid 

cancer portends a dismal prognosis and survival is rare. Mutation of the tumour 

suppressor p53 is commonly found in this cancer and was observed here (Figure 

3.4). Hassan & colleagues (Hassan et al., 2006) showed that secretion of VEGF was 

decreased by 34% in undifferentiated thyroid cancer cells in which mutated p53 has 

been knocked down; implicating this protein in angiogenesis. There have also been 

studies showing the ability of exogenous wild type p53 to increase chemosensitivity 

in ATC cell lines. It has been suggested that the combination of chemotherapy with 

wild type p53 gene therapy may be efficacious in treating ATC (Are and Shaha, 

2006).

Integrin signalling

Integrins perform essential roles in cell adhesion to the extracellular matrix (ECM) 

and much evidence suggests that interference in integrin expression influences 

primary tumour growth and progression, tumour cell invasion and metastasis, 

angiogenesis, and apoptosis (Mizejewski, 1999). Both the up and down regulation of
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integrins have been implicated in the tumourigenesis process (Ramsay et al., 2007). 

This feature of this class of glycoproteins could explain how both up and down 

regulated miRNAs in the anaplastic cancer areas have been suggested to influence 

cell adhesion properties by targeting various integrins. However it has been 

previously noted that carcinomas, such as breast, prostate, and colon, exhibit 

reduced expression levels of certain integrins compared to sarcomas and 

melanomas (Mizejewski, 1999). This observation concurs with our finding of the 

down-regulation of the integrin pathway, lorio and associates (lorio et al., 2005) 

showed miR-125 to be down-regulated in breast cancer tumours (this miRNA was 

also down-regulated in our list) with integrin fS 3 identified as a potential target. miR- 

124a was up-regulated in this study and integrin /31 has been confirmed to be down- 

regulated with the overexpression of miR-124 (Lim et al., 2005). The down- 

regulation of integrins by miRNAs could disrupt attachment and mediate migration of 

cancer cells in stromal ECM environments. Altered expression of this class of 

glycoproteins along with the loss of e-cadherin in anaplastic carcinoma could 

influence cellular shape and contribute to dedifferentiation.

Thus, although the results of gene target analysis are speculative at this stage, they 

provide insight into miRNAs’ role in the mechanisms of cancer progression and 

associated dysregulated molecular pathways.

3.5.3 Conclusions

The genetic analysis performed on the multiform thyroid tumour areas consisting of 

divergent morphologies indicated that the insular and anaplastic tumours did not 

arise from PTC progenitor foci. However, due to the discordance in conclusions in 

other studies examining this issue, the miRNA profiles of the tumour areas were 

examined in an effort to shed further light on the tumourigenesis process. This 

analysis provided an interesting interpretation to the answer of the clonality question. 

Similarities were seen among the tumour areas (which must be anticipated due to the 

close proximity of the foci) but differences were also noted. The hierarchical 

clustering analysis indicated that the multiple foci may not have arisen due to the 

clonal metastasis of tumour cells or of independently mutational events, but perhaps 

both phenomena can occur simultaneously within the one tumour to enhance cancer 

progression.
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This study illustrates the potential variability of miRNA expression in different tumour 

micro-environments. It must be noted that it is unlikely that this variability in miRNA 

expression is solely reflective of intrinsic biological aspects of the different cancer 

cells i.e. varying metabolic rate or mitotic rate between differentiated and 

dedifferentiated/highly malignant tumour types. This can be surmised from the 

hierarchical clustering analysis of the miRNA profiles as the well differentiated classic 

PTC foci cluster together with one of the anaplastic tumour areas. This study 

therefore highlights the importance of considering and reporting the areas of the 

tumour from which cells are excised for the study of miRNA expression. In light of 

this information, studies reporting miRNA signatures specific for disease types may 

need to be refined to allow for or exploit this variability. Studies may choose to report 

global expression patterns for whole sections of tumour, or alternatively focus on 

miRNA patterns that associate with propensity for metastasis - e.g. miRNAs altered 

in vascular areas, or perhaps those miRNAs with altered expression in hypoxic areas 

of tumour - which might correlate with resistance to chemotherapeutic intervention. 

The latter approach has particular promise in a translational medicine setting where 

a personalised approach to medicine may be indicated.

Another approach might be to investigate the differentially regulated miRNAs 

harvested from nominated areas (e.g. areas exhibiting lymphocytic infiltration or 

vascular invasion) of different types of tumours to determine whether they are 

universal markers of these features, or specific to lymphocytic infiltration or increased 

vascularisation in the thyroid. This particular approach has recently been employed 

by the Rosenberg group (2009) to identify miRNAs that are involved in the 

metastasis of human cancers. They performed miRNA microarray analysis on 43 

paired primary tumours (10 colon, 10 bladder, 13 breast, and 10 lung cancers) and 

one of their related metastatic lymph nodes and identified a miRNA metastatic cancer 

signature comprising 15 over-expressed and 17 under-expressed miRNAs. Several 

of the miRNAs identified have a well-characterised association with cancer 

progression, e.g. miR-lOb, miR-21, miR-30a, miR-30e, miR-125b, miR-141, miR- 

200b, miR-200c, and miR-205.

miRNA profiling of this rare multiform case of PTC provided a novel insight into the 

pathogenic aspects of this condition, and PTC in general. However, further validation 

of the altered miRNA expression in other multiform PTC cases would be required to 

make more conclusive claims regarding the role of these differentially expressed 

miRNAs in this disease. The technical demands of the experiments performed in this
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study rendered such a validation beyond the scope of this thesis. In addition to the 

validation of miRNA expression in multiform tumours, it may also be beneficial to 

examine the mRNA expression in these samples to determine whether the pathways 

predicted to be influenced by the miRNAs discussed above have altered expression 

in the tumours.

Finally, when considering the best potential applications of miRNAs, either as 

biomarkers or biological mediators of disease, perhaps both roles of these small 

RNAs can be exploited. However further research is required to provide both solid 

information on the gene targets of these RNAs and robust miRNA biomarker 

signatures. It can be argued that if particular miRNAs are to be utilised as 

biomarkers or therapeutic targets, a thorough knowledge of their functions and 

influence in cells must be obtained before they can make the transition from bench to 

bedside.

The broad spectrum of putative miRNA-related signalling pathways unearthed in the 

target prediction analysis performed in this chapter highlights the requirement for the 

pursuit of an unbiased experimental approach for miRNA target elucidation. As 

mentioned, the identification of miRNA gene targets has become a bottleneck in 

miRNA research compounded by the fact that a single miRNA may target many 

mRNAs and a single mRNA can be targeted by many miRNAs. The remainder of 

this thesis will outline the design and validation of an unbiased approach to identify 

the gene targets of two miRNAs in the context of anaplastic thyroid carcinoma; miR- 

222 & miR-25. These two miRNAs have been shown to be differentially regulated in 

the work performed in this chapter and other thyroid cancer papers (Nikiforova et al., 

2008, Visone et al., 2007).
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4.1 Summary

Following the initial discovery of miRNAs in Caenorhabditis elegans 1993, and the 

subsequent discovery that they were conserved in human cells in 2000, an enormous 

amount of research has been conducted into the role of these small RNAs in cancer. 

Several studies were performed investigating miRNA profiles in different types of 

thyroid cancer. These studies yielded a group of miRNAs (hsa-miR-221, hsa-miR- 

222, hsa-mlR-146, hsa-miR-155, and hsa-miR-181) that are up-regulated in papillary 

thyroid cancer compared to normal thyroid cells.

Consequently, molecules that can mimic or inhibit miRNA functions in cells were 

invented and studies began to elucidate the gene targets of specific cancer-related 

miRNAs. This section of the thesis will outline the optimisation of the process of 

transfecting such molecules (Ambion® pre-miRs™ and anti-miRs™) of hsa-miR-222 

& hsa-miR-25 into thyroid cell lines, with the ultimate intention of discovering their 

gene targets.
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4.2 Introduction

As mentioned in the previous chapter, malfunctions at the molecular level have been 

extensively studied in thyroid cancer. Frequently, thyroid tumours have genetic 

alterations leading to the activation of the mitogen-activated protein kinase (MARK) 

signalling pathway. The most common mutations in papillary carcinomas are point 

mutations of the BRAF and RAS genes and RET/PTC rearrangement. The most 

frequent alterations in follicular carcinomas, the second most common type of thyroid 

malignancy, include RAS mutations and PAX8-PPARy rearrangement. Anaplastic 

thyroid cancer, the most aggressive and rare thyroid malignancy, can possess 

mutations in BRAF, RAS, catenin (cadherin-associated protein), beta 1, PIK3CA, 

TP53, AXIN1, PTEN, and APC genes, and chromosomal abnormalities are common 

(Smallridge et al., 2009).

Many of the genetic mutations discovered and studied, particularly those leading to 

the activation of the MARK pathway, are being exploited for use as therapeutic 

targets in thyroid cancer. For instance, small-molecule tyrosine kinase inhibitors 

directed towards RET kinase, such as ZD6474 have been tested in preclinical and 

clinical studies. BAY 43-9006, a multi-kinase inhibitor, has been shown to exhibit 

potent activity against RAF, VEGFR-2, VEGFR-3, PDGFRp, FLT-3, and c-KIT 

kinases. This particular inhibitor has been shown to effectively block both wild-type 

BRAF and mutant V600E BRAF kinase activity, although its effect on V600E BRAF is 

slightly less potent than on the wild-type BRAF (Nikiforov, 2008). However of late, 

research into the epigenetic regulation of gene expression in thyroid cancer has 

come to the fore producing a flourish of papers discussing the role of miRNAs in this 

disease.

miRNA profiling in thyroid cancer

Following the discovery of the first miRNA lin-4 in the nematode Caenorhabditis 

elegans in 1993 (Lee et al., 1993, Wightman et al., 1993), and the ensuing explosion 

of research in this particular area, the interest of thyroid cancer researchers shifted to 

investigating the role of these small molecules in the regulation of this disease. In 

2005 He and colleagues (He et al., 2005) used miRNA microarrays to investigate 

miRNA expression levels in PTC compared to normal thyroid tissue. They produced 

a set of five miRNAs; miR-146, miR-221, miR-222, miR-155, and miR-181a that were 

up-regulated in PTC compared to normal tissue, and they proposed that the three 

most up-regulated miRNAs (miR-221, miR-222, and miR-146) could distinguish
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unequivocally between the two tissue types. They also showed that miR-221 was 

up-regulated in the unaffected thyroid tissue in several PTC patients suggesting its 

up-regulation occurs at an early stage in the carcinogenesis process. They finally 

hypothesised that the three most up-regulated miRNAs in their study target the KIT 

gene, an important tyrosine kinase receptor in cell differentiation and growth that 

functions as an oncogene in many cancers (Ashman et al., 2000, Kitamura and 

Hirotab, 2004).

This paper was followed in 2006 when Pallante and co-workers (Pallante et al., 2006) 

also used miRNA microarrays to analyse the genome-wide miRNA expression 

profiles in human PTCs compared to normal thyroid tissue. They also found an 

aberrant miRNA expression profile that differentiated PTCs from the normal thyroid 

tissues; in particular a significant increase in miR-221, miR-222 and miR-181b was 

detected in PTCs in comparison with normal thyroid tissue. They also showed miR- 

221, miR-222 and miR-181b over-expression in transformed rat thyroid cell lines, and 

in mouse models of thyroid carcinogenesis, and also in fine needle aspiration 

biopsies corresponding to thyroid nodules that were eventually diagnosed as 

papillary carcinomas after surgery.

After these first two papers investigating miRNA expression in papillary thyroid 

cancers, researchers began to explore the possibility that these small RNAs may 

have pivotal roles in other forms of thyroid cancer. Weber et al (Weber et al., 2006) 

investigated miRNA expression in follicular thyroid carcinoma (FTC) compared to 

follicular adenoma (FA) and normal thyroid cells and found that miR-197, miR-328, 

miR-346, and miR-192 were differentially expressed between FTC and FA. Visone 

et al (Visone et al., 2007a) focused on anaplastic thyroid cancer and found miR-30d, 

miR-125b, miR-26a, and miR-30a-5p to be significantly decreased in ATC compared 

to normal tissue.

More recently, groups have sought to establish the use of miRNAs for diagnostic 

purposes. Chen et al (Chen et al., 2008) compared the expression of three miRNAs; 

miR-221, miR-222, and mlR-146b, in classical and follicular variants of papillary 

thyroid carcinomas versus a non-papillary group (hyperplastic nodules, follicular 

adenoma, follicular carcinoma and normal tissue) in the context of paraffin- 

embedded tissue. They showed that while miR-221 and miR-222 were up-regulated 

in several cases of PTC, this expression pattern was mirrored in several members of 

the 'non-papillary group’. However, miR-146b was shown to be the most consistently
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over-expressed miRNA in the 'papillary group’ with lower expression levels observed 

in the ‘non-papiliary group’ (p<0.001 for pair-wise comparisons between papillary 

carcinoma and all other groups). Moreover, follicular lesions with partial features of 

papillary carcinoma all showed low miR-146b levels similar to the non-papillary 

carcinoma group, suggesting that they are biologically distinctive from papillary 

carcinoma, or that elevation of mlR-146b occurs at a late stage in PTC progression. 

The authors also tested the expression of the miRNAs in FNA samples of various 

lesions and found only miR-146b and miR-222 persisted as distinguishing markers 

for papillary carcinoma. This led them to conclude that miRNAs, particularly miR- 

146b, might potentially be adjunct markers for diagnosing papillary thyroid 

carcinoma.

Nikiforova and colleagues (Nikiforova et al., 2008) investigated the profiles of 158 

miRNAs in 60 thyroid neoplastic and non-neoplastic samples including twenty three 

PTCs (eighteen classic PTCs & five follicular variant of PTC), nine FTCs of 

conventional or oncocytic (Hurthle cell) type, eight FAs of conventional or oncocytic 

(Hurthle cell) type, four ATCs, four PDCs, two MCs, five normal thyroid tissues, and 

five hyperplastic nodules. They showed that the various histopathological types of 

thyroid tumours showed significantly different profiles of miRNA expression. They 

also showed that the miRNA profiles could distinguish between oncocytic follicular 

tumours (adenomas and carcinomas), conventional follicular tumours (adenomas 

and carcinomas), papillary carcinomas, and medullary carcinomas. The profiles 

could further distinguish between tumours of a follicular cell origin or a C cell origin. 

A set of seven miRNAs; miR-187, miR-221, miR-222, miR-146b, miR-155, miR-224, 

and miR-197 that were most differentially over-expressed in surgical samples of 

thyroid tumours compared to hyperplastic nodules was validated in FNA samples. 

The authors’ suggest that this set may be used diagnostically with high accuracy to 

detect thyroid cancer in the surgical and preoperative FNA samples.

The Nikiforova paper discussed above illustrated the divergence in miRNA profiles 

between thyroid cancer sub-types. The results of the profiling of 330 miRNAs in a 

multiform thyroid tumour in the last chapter of this thesis show that miRNA profiles 

can alter within a tumour. In combination, these results highlight the fact that a great 

deal of work is required to effectively utilise these RNAs as biomarkers. Biomarker 

signatures must be validated in large scale studies with high sample numbers before 

they can be used in the clinic.
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Functional analysis of miRNAs in thyroid cancer

As research increased into the role of miRNAs in cancer, the focus shifted to 

encompass not only what particular miRNAs were up or down-regulated, but what 

genes and cellular processes they were influencing. Some of the early thyroid 

cancer miRNA profiling papers performed some initial functional work on the miRNAs 

that were differentially regulated in the cancer samples compared to normal tissue. 

For instance. He and colleagues (He et al., 2005) used predictive softwares such as 

Miranda, TargetScan, and Pictar to predict the gene targets of their three most up- 

regulated miRNAs; miR-221, miR-222, and miR-146. They confirmed the down- 

regulation of 19 target genes, including KIT using RT-PCR. Further analysis of KIT 

showed germline single-nucleotide changes in the two recognition sequences in KIT 

for the three miRNAs. This functional analysis, along with the miRNA profiling results 

lead the authors to suggest that the up-regulation of several mlRs and regulation of 

KIT are involved in PTC pathogenesis, and that sequence changes in genes targeted 

by miRNAs can contribute to their regulation.

A technological innovation subsequently enabled more detailed functional 

experiments to be performed. A range of small molecules were developed which 

allowed researchers to artificially alter the expression of particular miRNAs in cells. 

Pre-miRs can be used to mimic an increase in miRNA expression in a cell, and 

miRNA inhibitors can be used to decrease miRNA expression (Figure 4.1).

Pallante et al (Pallante et al., 2006) utilised this technology to investigate the 

functional role of miR-221 in PTC-derived cell lines. Their experiments suggested a 

critical role of miR-221 over-expression in thyroid carcinogenesis as over or under

expression of miR-221 led to increased or decreased cell proliferation respectively. 

Weber and colleagues (Weber et al., 2006) increased & decreased the expression of 

two of the miRNAs they found to be differentially expressed between FTC and FA; 

miR-197 & miR-346, in thyroid cell lines to assess their effect on growth potential. 

They show that expression of these miRNAs influences cell-proliferation and 

apoptosis as their over-expression led to increased viable cell count, while miRNA 

inhibitor mediated knockdown led to suppression of viable cell count. The authors 

predicted gene targets for their miRNAs by cross-referencing lists of software- 

predicted targets with genes that were previously shown to be down-regulated in 

FTC samples compared to FA samples in microarray experiments. They then 

verified two miR-197 targets (ACVR1, TSPAN3) and one miR-346 target (EFEMP2) 

via RT-PCR and western blotting. In addition.
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Figure 4.1
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Figure 4.1 Pre-miR™ and anti-miR™ functioning in cell lines. (A) Illustrates pre-miRs™ 

mimicking endogenous miRNA expression. Pre-miRs™ can be used when there is a low 

expression of a particular miRNA in the cell (i.e. a tumour suppressor miRNA). The
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endogenous black pre-miRNA can be seen to be transported from the nucleus and cleaved 

into a mature miRNA. This would then be taken into a miRISC complex, & as there is low 

miRNA expression, a low level of transcriptional & translational repression would result. 

When the red pre-miRs™ are transfected into the cell, the correct strand representing the 

mature miRNA is taken into the miRISC complex. This will cause an increase in the 

transcriptional & translational repression of the miRNA target genes. (B) Illustrates anti- 

miRs™ decreasing miRNA expression. Anti-miRs™ can be used when there is high 

expression of a particular miRNA in the cell (i.e. an oncogenic miRNA). In this part of the 

diagram several pre-miRNAs are synthesised and transported into the cytoplasm of the cell. 

These are then cleaved into many mature miRNAs. However when the anti-miRs™ are 

introduced into the cell, they bind to the single-stranded mature miRNAs. This sequesters 

them & prevents them from being taken up into the miRISC complex and thus allows 

transcription & translation of the miRNA target genes to continue.

these three validated target genes could accurately identify FTC or FA with a 

sensitivity o f 85.7% and specificity of 88.9%.

When Visone et al (Visone et a!., 2007a) discovered a set of miRNAs (miR-30d, miR- 

125b, mlR-26a and m lR-30a-5p) that were down-regulated in anaplastic thyroid 

carcinoma: they confirmed their down-regulation in a mouse model of anaplastic 

thyroid carcinoma (transgenic mice expressing SV40 oncogene under thyroglobulin 

promoter) and also performed some functional work. They used Ambion® pre- 

miRs™ to restore the expression of the miRNAs in thyroid cell lines and 

demonstrated that two o f the miRNAs (miR-125b and miR-26a) reduced the 

proliferation rate w ithout affecting apoptosis. They also predicted HMGA1 and 

HMGA2 as possible targets for the miRNAs.

More comprehensive functional studies followed these papers that attempted to 

conclusively prove gene targets of particular miRNAs. In one such study, Visone et 

al (Visone et al., 2007b) performed a bioinformatic analysis to predict the gene 

targets o f miR-222 & miR-221. This suggested that the p27'^''’  ̂ protein, a key 

regulator of cell cycle, may be a candidate target for the miR-221/222 cluster. They 

then increased miR-221 and miR-222 expression in thyroid carcinoma and HeLa 

cells and showed a subsequent reduction o f p27*̂ 'P̂  protein levels in the absence o f 

significant changes in specific p27' '̂'^  ̂ mRNA levels. They confirmed that miR-221 & 

miR-222 directly interact with and inhibit the 3 ’untranslated region (3’UTR) of the 

p2 7 Kipi gepe using a luciferase reporter constrict system. This involved inserting the
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3’UTR of the p27'^''’  ̂ gene downstream of the luciferase open reading frame (ORF), 

transfecting this vector into the cells along with m iRNA mimics or inhibitors and 

assessing the effect on protein expression. They also showed that an enforced 

expression of miR-221 and miR-222 induced the thyroid papillary carcinoma cell line 

(TPC-1) to progress to the S phase of the cell cycle. This led them to hypothesis that 

miR-221 & miR-222 are endogenous regulators of p27’̂ '̂  ̂ protein expression, and 

thereby, the cell cycle. They also propose that the negative regulation of by

miR-221 & miR-222 might have a role in vivo since they reported an inverse 

correlation between miR-221 & miR-222 up-regulation and the down-regulation of 

p2 7 Kipi protein levels in human thyroid papillary carcinomas.

Kim and co-workers (Kim et al., 2008) followed up on this work with their paper on in 

vivo imaging of miR-221 in PTC. To do this they over-expressed miR-221 in normal 

human thyroid cells (HT-ori3) and decreased the expression of miR-221 in papillary 

thyroid cells (NPA). Microarrays were performed on RNA extracted from these 

transfections and several of the gene targets discovered were validated using RT- 

PCR. One of these targets, H0XB5, was further validated in vitro in the NPA cell line 

using a luciferase reporter assay system. This was followed by an in vivo validation 

by implanting NPA cells transfected with a m iR-221-driven IH0XB5 luciferase reporter 

construct subcutaneously into nude mice and monitoring gene expression using 

bioluminescence. From these experiments the author’s found numerous genes that 

were both directly and indirectly regulated by miR-221, and also proved that H 0X B 5  

is directly regulated by the miRNA.

Takakura and colleagues (Takakura et al., 2008) investigated the role of the 

oncogenic miR-17-92 cluster of miRNAs in anaplastic thyroid carcinoma. The 

endogenous up-regulation of the miR-17-92 cluster was confirmed in the anaplastic 

carcinoma cell lines (ARO and FRO) that were used for this work. The authors then 

transfected the cell lines with locked nucleic acid (LNA) miRNA inhibitors to five of 

the miRNAs in the cluster; LNA-17-5p, LNA-17-3p, LNA-18a, LNA19a, and LNA-21. 

They found that suppression of miR-17-3p caused complete growth arrest and 

caspase activation resulting in apoptosis. The miR-17-5p or miR-19a inhibitors also 

induced strong growth reduction, but only the miR-17-5p inhibitor led to cellular 

senescence. Interestingly, the miR-18a inhibitor only moderately attenuated the cell 

growth. Thus it seems that the different members of this miRNA cluster, although 

they have been preserved together through an extremely high level of evolutionary 

conservation, may influence divergent aspects of the carcinogenesis process.
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Mitomo et al (Mitomo et a!., 2008) also investigated miRNAs in anaplastic thyroid 

carcinoma. They analysed the expression of five up & down-regulated miRNAs in 

ten ATC and five PTC cell lines, as well as primary tumours from 11 thyroid 

carcinoma patients (three ATC and eight PTC). They then focused on miR-138 as it 

was significantly down-regulated in ATC ceil lines in comparison with PTC (p < 0.01). 

Using in silico methods they predicted that this miRNA (along with 10 others) may 

target the human telomerase reverse transcriptase (hTERT) gene. These miRNAs 

were down-regulated in ATC and PTC cell lines compared to normal thyroid tissues. 

They then showed a tendency for an inverse correlation between miR-138 and 

hTERT protein expression in the thyroid cancer cell lines, although it failed to reach 

significance (r = -0.392, p = 0.148). Finally, they demonstrated that over-expression 

of miR-138 induced a reduction in hTERT protein expression, and confirmed target 

specificity between miR-138 and the hTERT  3'-untranslated region using a luciferase 

reporter assay.

It can be seen from the functional studies discussed thus far that research into the 

cellular functions of miRNAs is in its early stages, however there has been an over

reliance on in silico target prediction methods in the quest to elucidate the gene and 

protein targets of miRNAs. It was therefore imperative to the design of this project to 

incorporate an unbiased method of miRNA target detection. As a result of this, 

miRNA mimics and inhibitors were transfected into thyroid cells and RNA from these 

transfections was subjected to genome-wide analysis using microarrays. The targets 

discovered from this genome-wide analysis were then cross-referenced with in silico 

results, and further validated at the mRNA and protein level.

Ambion® Pre-miR™ miRNA Precursor Molecules and Anti-miR™ miRNA Inhibitors 

were used in this work. As mentioned, pre-miRs™ are small, chemically modified 

double-stranded RNA molecules designed to mimic endogenous mature miRNAs. 

They have been carefully designed and modified to ensure that the correct strand, 

representing the desired mature miRNA, is taken up into the RNA-induced silencing- 

like complex responsible for miRNA activity. Anti-miRs™ are chemically modified, 

single stranded nucleic acids designed to specifically bind to and inhibit endogenous 

miRNA molecules (see figure 4.1). This chapter of the thesis will outline the 

experiments performed in an endeavour to optimise the transfection of pre-miRs™ 

and anti-miRs™ into thyroid cell lines to enable functional analysis of particular 

miRNA activity.
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4.3 Materials & Methods 

4.3.1 Cell Culture

The KAT10, 8505C, and Nthy-orl cell lines were grown in a humidified atmosphere 

containing 5% CO2 at 37°C in the appropriate culture medium (see section 2.4.2). 

Cells were taken from a T75 flask and passaged and counted (see sections 2.4.4 & 

2.4.5), they were then ready for transfection in a 12 well plate.

4.3.2 Transfection

The thyroid cell lines were transfected with Ambion® pre-miRs™ and anti-miRs™ 

according to the protocol in section 2.5.1.1. Briefly, cells were reverse transfected for 

48hrs in a humidified atmosphere containing 5% CO2 at 37°C. Media was changed 

after 24hrs or after 4hrs and 24hrs (see below for details).

Optimisation of the protocol involved the following alterations:

I For transfections using the siPORT™ A/eoFX™ (Ambion®) transfection 

reagent;

. The transfection reagent + Opti-MEM I & the pre-miR™ + Opti-MEM I 

mixtures were made up to 200jjl.

. When they were combined, 400|jl of NeoFX™  / pre-miR™ complexes 

was added to each well in the plate.

Cells at the correct concentration in 1,6mls of media were then added 

and the plate was gently rocked.

» The protocol for transfections using siPORT™ NeoFX™  varied from that 

described in section 2.5.1.1 in the following ways; the transfection reagent 

was incubated with Opti-MEM I Reduced Serum Medium (invitrogen) for ten 

minutes at room temperature. The transfection reagent mixture was then 

mixed with pre-miR™ + Opti-MEM I mixture for lOmins at room temperature. 

A/eoFX™ / pre-miR™ complexes were then plated with the cells, and the 

media was not changed after 4hrs, it was only changed after 24hrs.

I Transfections using the Lipofectamine™ 2000 (Invitrogen) transfection 

reagent followed the protocol in section 2.5.1.1 & were performed in smaller 

volumes than A/eoFX™ as indicated below;

. The transfection reagent + Opti-MEM I & the pre-miR™ + Opti-MEM I 

mixtures were made up to lOOpl.
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. When they were combined, 200|jl of Lipofectamine™ / pre-miR™ 

complexes was added to each well in the plate.

. Cells at the correct concentration in O.SmIs of media were then added 

and the plate was gently rocked.

I Antibiotics were removed from the transfection media for Lipofectamine™ 

2000 transfections (see section 2.4.2.2). 

k For forward transfections, cells were plated 24hrs prior to transfection; the 

rest of the procedure followed that outlined in section 2.5.1.1 for 

Lipofectamine™ transfections, and that outlined above for NeoFX™ 

transfections.

4.3.3 RNA, DNA, & protein extraction

DNA was extracted from 8505C & Nthy-ori cell lines using the Ambion® RecoverAII™ 

Total Nucleic Acid Isolation Kit (see section 2.6.1).

48hrs post-transfection, RNA was extracted from transfections utilising the siPORT™ 

NeoFX^^ transfection reagent using the RNeasy® mini kit and on-column DNase 

digestion following the manufacturer’s instructions (Qiagen Ltd., West Sussex, UK) 

(see section 2.6.2).

Optimisation of RNA and protein co-extraction was performed on transfections 

utilising Lipofectamine™ 2000 as follows:

I Extractions using only the Ambion® PARIS™ (Protein and RNA Isolation 

System) were treated with one or two treatments of the DNA-free'^^ kit 

(Ambion®) following the manufacturers’ instructions to remove contaminating 

DNA from RNA preparations.

I RNA and protein were also co-extracted using both the PARIS™ & RNeasy® 

kits (see section 2.6.2).

Nucleic acid quantity was assessed using a NanoDrop® ND-1000 Spectrophotometer 

(Wilmington, USA), see section 2.7. When required, RNA quality was assessed 

using a 2100 Bioanalyzer (Agilent Technologies), see section 2.8. RNA and protein 

were co-extracted using both the PARIS™ & RNeasy® kits for the final, optimised 

transfections.
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4.3.4 cDNA synthesis & TaqMan® validation 

cDNA synthesis

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) 

was used to convert total RNA to single stranded cDNA using the same amount of 

RNA for each sample and a final reaction volume of 20|jl, see section 2.9.3.2. Total 

RNA samples were used to perform mlRNA singleplex stem-loop reverse 

transcription using the High Capacity cDNA Reverse Transcription Kit & miRNA- 

specific RT primers (Applied Biosystems, CA, USA). A final reaction volume of 15|jl 

was used for these reactions, and the same amount of RNA was used for each 

sample, see section 2.9.5.1.

TaqMan® validation

TaqMan® real-time PCR (section 2.9.3.3) & TaqMan® miRNA stem-loop real time 

PCR (section 2.9.5.2) were performed simultaneously on the same reaction plate to a 

final reaction volume of 20|jl. GAPDH was used as the endogenous control for the 

cDNA TaqMan® real-time PCR reactions, and RNU6B was used as the endogenous 

control for the TaqMan® miRNA stem-loop real time PCR reactions. The reactions 

were incubated in a 96-well optical plate (see section 2.5.1.1) in an ABI Prism 

7900HT Sequence Detection System (Applied Biosystems, CA, USA) at 95°C for 

10min, following by 40 cycles of 95°C for 15s and 60°C for 1 min.

BRAF V600E mutation detection

TaqMan® SNP detection was used for 6R/AF V600E mutation detection as described 

in chapter 3 (see table 4.1 for primer & probe sequences). Amplification and analysis 

was performed using an ABI Prism 7900HT Sequence Detection System (Applied 

Biosystems, CA, USA) for 40 cycles (92°C for 15 sec, 60°C for 1 min).

Table 4.1 Sequences for BRAF primers and probes used.

Reaction 1 Sequence

BRAF
TaqMan®

Forward 5' CAT GAA GAC CTC ACA GTA AAA ATA GGT GAT 3'

Reverse 5' GGA TCC AGA CAA CTG TTC AAA CTG A 3’

VIC-labelled Wild Type (WT) 5' CCA TCG AGA TTT CAC TGT AG 3'

FAM-labelled Mutant (MUT) 5' CCA TCG AGA TTT CTC TGT AG 3'
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4.3.5 Data Analysis

ZiACj studies were performed on the data using Microsoft® Office Excel® 2003 

software (Microsoft Corporation, WA, USA). Pre-miR™ transfections resulted in a % 

down-regulation of the positive control mRNA (PTK9), and a fold up-regulation in the 

expression of the miRNA of interest corresponding to the pre-miR™ that was 

transfected. Conversely, anti-miR™ transfections resulted in a fold up-regulation of 

the positive control mRNA (HMGA2), and a % down-regulation in the expression of 

the miRNA of interest corresponding to the anti-miR™ that was transfected.

To assess transfection efficiency, the normalised C j (or ACj) was initially calculated 

for the positive controls (PYK9 / HMGA2) & the miRNA of interest for each sample as 

follows;

ACt = Ct positive control (PTK9/HMGA2) -  Ct endogenous control (GAPDH)

ACt = Ct miRNA -  Ct endogenous control (U6)

% down-regulation of pre-miR™ positive control (PTK9) & anti-miR™ miRNAs

The down-regulation of these RNAs is related to the difference in the ACt value for 

samples transfected with Pre-miR™ hsa-miR-1 or anti-miR™ of interest (ACt miR- 

1/anti-miR™) compared to the ACt value for samples transfected with the relevant 

negative control (ACt Neg). This is known as the AACt:

AACt = ACt miR-1/anti-miR™ -  ACt Neg

The percent down-regulation can then be determined using the relation:

% down-regulation = 100 -  100 X

A successful transfection should result in > 70% down-regulation of PTK9 or the Pre- 

miR™ miRNA.

Fold up-regulation of anti-miR™ positive control (HMGA2) & pre-miR™ miRNAs

The fold up-regulation of HMGA2 & the pre-miR™ miRNAs is calculated similarly as 

follows. The up-regulation of these RNAs is related to the difference in the ACt value 

for samples transfected with anti-miR™ hsa-let-7c or pre-miR™ of interest (ACt let-
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7c/pre-miR™) compared to the ACj value for samples transfected with the relevant 

negative control (ACj Neg). This is known as the AACj:

AACt = ACt let-7c/pre-miR™ -  ACt Neg

The fold up-regulation can be calculated as follows:

Fold up-regulation =

A successful transfection should result in > 2 fold up-regulation of HMGA2 or the pre- 

miR™ miRNA.

Transfection cytotoxicity

Transfection associated cytotoxicity is evaluated from endogenous control Ct values. 

The Ct of the endogenous control amplification in cells transfected with Pre/Anti- 

miR™ Negative Control #1 (C j Neg) can be compared to that in non-transfected cells 

(Ct non-transfected) to examine the cytotoxic effects of the transfection conditions 

using the following formula:

Cytotoxicity Factor = Cr Neg t Ct non-transfected

Transfection conditions which do not cause any cytotoxicity would result in a ratio of 

1; therefore, the closer this ratio is to 1, the less cytotoxic the transfection conditions.
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4.4 Results

Pre-miRs™, in particular pre-miR™ hsa-miR-1 (pre-mlR-1), were used for the 

purpose of transfection optimisation. This pre-miR™ is used as a positive control in 

experiments utilising pre-miR™ miRNA precursors as upon delivery into cells, it 

effectively down regulates the expression of twinfilin-1, also known as PTK9, at the 

mRNA level. Thus, effective delivery and activity of pre-miR-1 is detected by real

time PCR using a TaqMan® Gene Expression Assay to PTK9.

4.4.1 Transfection optimisation in KAT10 cells

The main factors considered for optimisation in this cell line were siPORT™ 

NeoFX™ transfection reagent concentration, pre-miR-1 concentration, and cell 

concentration. For optimisation each variable was altered individually while the 

others remained constant in an effort to determine the optimal concentration for each. 

The first set of experiments assessed siPORT™ NeoFX™ transfection reagent and 

pre-miR-1 concentrations (Figure 4.2). Transfections using 2|jl, 6|jl, 10[jl, & 20|jl of 

NeoFX™ were performed in duplicate with pre-miR-1 and cell concentrations of 

50nM & 1 X 10^ cells/ml respectively. Transfections of 5nM, 10nM, 20nM, & 50nM 

pre-miR-1 were also performed in duplicate using 6|jl transfection reagent and 1 x 

10^ cells/ml.

Figure 4 
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Sam ple AAC t RQ ] % Down-regulation

2 p l(1 ) 0.139 0.908 9.167

2|J| (2) 0.338 0.791 20.877

0.754 0.593 40.697

6pl (2) 0.747 0.596 40.419

10pl (1) 1.114 0.462 53.812

10pl (2) 1.154 0.449 55.074

20[jl (1) 1.052 0.482 51.755

20 mI (2) 0.940 0.521 47.889

Cytotoxicity Factor

1 0.965

2 0.950

(D )
KAT10 Pre-miR Concentration Optimisation
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Sam ple AAC t RQ % Down-regulation

5nM (1) 0.759 0.591 40.931

5nM (2) 0.523 0.696 30.392

lOnM (1) 0.177 0.884 11.576

lOnM (2) 0.441 0.737 26.331

20nM (1) 0.295 0.815 18.496

20nM (2) 0.435 0.739 26.051

50nM (1) 1.089 0.470 53.004

50nM (2) 0.640 0.642 35.807

Cytotoxicity Factor

1 0.969

2 0.991

Figure 4.2 siPORT™ NeoFX™  transfection reagent volume & pre-miR-1 concentration 

optimisation in KAT10 cells. (A-C) Results of different volumes of transfection reagent were 

investigated with 50nM of pre-miR-1 & 1 x 10^ cells/ml. (D-F) Results of various 

concentrations of pre-miR-1 with 6|jl of transfection reagent & 1 x 10^ cells/ml. Results 

illustrate the percentage down-regulation of PTK9 in cells transfected with the positive control 

pre-miR-1 compared to cells transfected with pre-miR™ negative control 1. Cytotoxicity 

factors in (C) & (F) nearing 1 indicate that the transfection conditions are not toxic to the cells.
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The desired 70% down-regulation of PTK9 was not achieved in any of the 

transfection conditions tested. 10[jl of the siPORT™ NeoFX™  transfection reagent 

was the most efficacious volume tested in the transfection reagent experiment. This 

volume yielded 53.81% & 55.07% down-regulation of PTK9 in pre-mlR-1 treated cells 

compared to the negative control treated cells. 20nM & 50nM concentrations of pre- 

mlR-1 yielded the most promising results in the pre-miR™ concentration experiment, 

with 18.5% & 26.05% down-regulation in 20nM treated cells and 53% & 35.81%  

down-regulation in 50nM treated cells. The next experiments therefore tested lOpI of 

siPORT™ NeoFX™  and 20nM & 50nM concentrations of pre-miR-1 ™ with various 

cell concentrations in the hope that the combination of optimal concentrations of all 

variables would improve the % down-regulation of PTK9 (Figure 4.3).

Figure 4.3
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(C)

Sample AAC t RQ % Down-regulation j

20nM, 1x10®^cells/ml (1) 0.806 0.572 42.811

20nM, 1x10'’ cells/ml (2) -0.599 1.515 -51.480

20nM, 1.5x10*’ cells/ml (1) 1.952 0.258 74.163

20nM, 1.5x10'’ cells/ml (2) 0.360 0.779 22.071

50nM, 1x10'’ cells/ml (1) 1.128 0.457 54.257

50nM, 1x10“ cells/ml (2) -0.398 1.317 -31.733

SOnM, 1.5x10'’ cells/ml (1) 2.020 0.247 75.338

SOnM, 1.5x10'’ cells/ml (2) 0.420 0.747 25.268

Figure 4.3 Pre-miR-1 & cell concentration optimisation in KAT10 cells. (A-C) Results of the 

investigation of the transfection efficiency of the following conditions: 10|jl of transfection 

reagent, 1x10® cells/ml (low cell number; LCN) or 1.5 x 10® cells/ml (high cell number; HCN),
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and 20nM or 50nM of pre-miR-1. Results illustrate the percentage down-regulation of PTK9 

in cells transfected with the positive control pre-miR-1 compared to cells transfected with pre- 

miR™ negative control 1. Cytotoxicity factors in (C) nearing 1 indicate that the transfection 

conditions are not toxic to the cells.

The percentage down-regulation of PTK9 showed a large amount of variability (from 

74.16% to -51.18%) both between transfection replicates and different transfection 

conditions. Dalby and associates (Dalby et a!., 2004) discuss the experimental 

variables that influence transfection efficiency and subsequent cell viability and 

purport that transfection efficiency can be hindered by excessive passaging of cells, 

and that cells should not be maintained for longer than 30 passages after thawing 

from a stock culture. To determine if high passage number may be a contributing 

factor to the variability in the transfection results above, KAT10 cells of the earliest 

passage available were taken out of liquid nitrogen storage and cultured. The 

transfection experiment testing the pre-miR-1 and cell concentrations in figure 4.3 

was then repeated on these younger cells, see figure 4.4.

Figure 4.4
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Sample ZiACr 1 RQ % Down-regulation

20nM, IxlO '’ cells/ml (1) 0.061 0.959 4.131

20nM, 1x10“ cells/ml (2) -0.295 1.227 -22.704

20nM, 1.5x10*” cells/ml (1) 1.234 0.425 57.482

20nM, 1.5x10^ cells/ml (2) 0.864 0.549 45.069

50nM, 1x10“ cells/ml (1) 0.994 0.502 49.791

50nM, 1x10“ cells/ml (2) 0.375 0.771 22.881

SOnM, 1.5x10“ cells/ml (1) 1.533 0.346 65.447

50nM, 1.5x10*’ cells/ml (2) 0.957 0.515 48.483

Figure 4.4 Pre-miR-1 & cell concentration optimisation in new KAT10 cells. (A-C) Results of 

the investigation of the transfection efficiency of the following conditions: 10|jl of transfection 

reagent, 1x10® cells/ml (low cell number; LCN) or 1.5 x 10® cells/ml (high cell number; HCN), 

and 20nM or 50nM of pre-miR-1. Results illustrate the percentage down-regulation of PTK9 

in cells transfected with the positive control pre-miR-1 compared to cells transfected with pre- 

miR™ negative control 1. Cytotoxicity factors in (C) nearing 1 indicate that the transfection 

conditions are not toxic to the cells.

A promising decrease in the level of variability of the percentage down-regulation of 

PTK9 was observed in the experiments performed on the younger KAT10 ceils. In 

addition, the higher ceil concentration of 1.5 x 10^ cells/ml showed more consistent 

results at both pre-miR-1 concentrations than the lower cell concentration. To 

elaborate on this trend and confirm the results observed, an experiment using 1.5 x 

10® cells/ml, lOpI of transfection reagent, and a range of pre-miR-1 concentrations 

was performed (Figure 4.5).
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Sample AACt RQ % Down-regulation

20nM (1) 0.S38 0.689 31.138

20nM (2) 0.254 0.838 16.151

SOnM (1) 0.459 0.728 27.226

30nM (2) 0.330 0.795 20.454

40nM (1) 0.528 0.694 30.635

40nM (2) 0.444 0.735 26.48

SOnM (1) 0.385 0.766 23.403

SOnM (2) 0.436 0.739 26.058

Cytotoxicity Factor

1 0.980

2 0.958

Figure 4.5 Pre-miR-1 concentration optimisation in new KAT10 cells. (A-C) Results of the 

investigation of the transfection efficiency of the following conditions: lOpI of transfection 

reagent, 1.5 x 10  ̂cells/ml and 20nM, 30nM, 40nM, or 50nM of pre-miR-1. Results illustrate 

the percentage down-regulation of PTK9 in cells transfected with the positive control pre-miR- 

1 compared to cells transfected with pre-miR™ negative control 1. Cytotoxicity factors in (C) 

nearing 1 indicate that the transfection conditions are not toxic to the cells.

A low level of variability was observed in the percentage down-regulation of PTK9 

between the transfections in figure 4.5. However, none of the transfection replicates 

reached the required 70% down-regulation, with the highest down-regulation being 

only 31.14% for one 20nM transfection. The KAT10 cells used for these experiments 

were a gift to the lab from another institution and the exact passage number of the 

cells was unavailable. Consequently, newer cell lines were sought from a 

commercial source, the European Collection of Cell Cultures (ECACC) for which 

more information on the passage number of the cell lines was available.

Two cell lines were chosen from the ECACC database with which to continue 

transfection optimisation; 8505C (ECACC number 94090184) and Nthy-ori 3-1 

(ECACC number 90011609). The 8505C line was available at passage +4, meaning 

the cell line had an unknown passage number but was passaged only 4 times when it 

was received at ECACC. It is an undifferentiated human thyroid carcinoma cell line 

that was established from undifferentiated thyroid carcinomas with residual well 

differentiated components from a 78 year old female patient. It has a mutated p53 

gene and also harbours the homozygous BRAF T1799A mutation. The human 

thyroid follicular epithelial cell line Nthy-ori 3-1 was available at passage 12. This cell 

line is derived from the normal thyroid tissue of an adult. The cells have been 

immortalised by transfection with a plasmid encoding for the Simian Virus 40 (SV40)
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large T antigen (Lemoine et al., 1989) and expresses specific features of thyroid 

epithelial function (iodide-trapping and thyroglobulin production).

4.4.2 Transfection optimisation in 8505C cells

Prior to the commencement of transfection optimisation in the 8505C cells, the BRAF 

V600E mutation status of both cell lines was confirmed using the TaqMan® SNP 

assay used in the previous chapter. The assay acts as its own endogenous control 

as the wild type allele will be detected in the absence of the mutant. The 8505C cells 

were shown to harbour the BRAF mutation, and the Nthy-ori cells were negative for 

the mutation (Figure 4.6).

Figure 4.6
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Figure 4.6 TaqMan® SNP assays for BRAF V600E mutation detection. DNA from the TPC1, 

BC-PAP, and K-2 cell lines was used for positive control purposes. TPC1 contains the wild 

type BRAF allele, K-2 is heterozygous for the mutant allele, and BC-PAP is homozygous for 

the mutant allele. The positive controls cluster into 3 distinct groups depending on their 

respective levels of VIC/FAM fluorescence: homozygous T1799A mutation (•), homozygous 

wild-type/normal ( • )  and heterozygous T1799 mutation (•). Negative controls and 

undetermined samples are also displayed (x). The 8505C cells are represented by the group 

of xs’ surrounded by the blue circle indicating that they exhibit the BRAF mutation; the N- 

thyori 3-1 cells are represented by the xs’ surrounded by the purple circle indicating that they 

do not harbour the mutation.
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After confirming the BRAF status of the cell lines, the process of transfection 

optimisation was begun on the 8505C cells. First, different siPORT™ A/eoFX™ 

transfection reagent volumes were assessed (Figure 4.7). Transfections using 2|jl, 

6pl, 10^1, & 20[jl of NeoFX™ were performed in duplicate with pre-miR-1 & cell 

concentrations of 50nM & 1.5 x 10® cells/ml respectively.

Figure 4.7
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2mI(1) 0.274 0.827 17.329
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6pl(1) 0.695 0.618 38.220

6pl (2) 0.422 0.746 25.386
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lOpI (2) 0.596 0.661 33.856

20pl (1) -0.003 1.002 -0.218
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Figure 4.7 siPORT™ NeoFX™ transfection reagent volume optimisation in 8505C cells. (A- 
C) Results of different volumes of transfection reagent were investigated with 50nM of pre- 

miR-1 & 1.5 X 10® cells/ml. Results illustrate the percentage down-regulation of PTK9 in cells 

transfected with the positive control pre-miR-1 compared to cells transfected with pre-miR™ 

negative control 1. Cytotoxicity factors in (C) nearing 1 indicate that the transfection 

conditions are not toxic to the cells.
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The PTK9 percentage down-regulation in the pre-miR-1 treated cells in this 

optimisation experiment showed a low amount of variability; however the transfection 

efficiencies did not show an improvement from those observed in the KAT10 cell line 

as again they did not reach 70%  down-regulation (16-31%  in KAT10 and 0-38%  in 

8505C). As cell death was observed when 20pls of transfection reagent was used, 

experiments were continued with lOpIs of transfection reagent and 20nM, 30nM, 

40nM , & 50nM pre-miR-1 in an effort to improve transfection efficiency (Figure 4.8).

Figure 4.8 
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20nM (1) 0.660 0.633 36.717

20nM(2) 0.448 0.733 26.696 Cytotoxicity Factor |

30nM (1) 1.07S 0.47S 52.522 1 0.985

30nM (2) 0.743 0.598 40.240 2 0.992

40nM (1) 0.959 0.514 48,554
(C)

40nM (2) 0.849 0.555 44.473

SOnM (1) 0.789 0.579 42.114

SOnM (2) 0.666 0.630 36.955

Figure 4.8 Pre-miR-1 concentration optimisation in 8505C cells. . (A-C) Results of different 

pre-miR-1 concentrations, 10|jl of transfection reagent & 1.5 x 10® cells/ml were investigated. 

Results illustrate the percentage down-regulation of PTK9 in cells transfected with the positive 

control pre-miR-1 compared to cells transfected with pre-miR™ negative control 1. 

Cytotoxicity factors in (C) nearing 1 indicate that the transfection conditions are not toxic to 

the cells.
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The percentage down-regulation of PTK9 appears consistently higher in these cells 

than previous attempts, with values between 26-48%. In an attempt to reproduce 

these results and ensure their consistency, four transfections using lOpIs of NeoFX™ 

transfection reagent, 1.5 x 10^ cells/ml and 40nM of pre-miR-1 were carried out 

(Figure 4.9).

Figure 4.9 
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40nM 1 40nM 2 40nM 3 40nM 4

Cytotoxicity Factor

1 1.003

2 1.001

Sample j AACt % Down-regulation j Sample AACt I % Down-regulation j

Negative Control 1 j Negative Control 2 I

40nM (1) 1.886 -54.15 40nM (1) 0.142 96.39

40nM (2) -0.059 -11.08 40nM (2) -1.802 97.4

40nM (3) 2.400 -100 40nM (3) 0.656 -100

40nM (4) -3.352 66 40nM (4) -5.096 99.2

Figure 4.9 Replication of transfection using 40nM pre-miR-1, 10|jl of transfection reagent and 

1.5 X  10® cells/ml in 8505C cells. (A-D) Results illustrate the percentage down-regulation of 

positive control pre-miR 1 gene target (PTK9) in cells transfected with the positive control pre- 

miR™ compared to cells transfected with pre-miR™ negative control 1. The histograms in
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(A) & (B) show that the percentage down-regulation of PTK9 in pre-miR-1 transfected cells 

appears radically different depending on which negative control transfection they are 

compared to. Cytotoxicity factors in (D) nearing 1 indicate that the transfection conditions are 

not toxic to the cells.

The experiment described in figure 4.9 did not replicate the down-regulation of PTK9 

observed in the previous experiment testing different pre-miR-1 concentrations. Not 

only was there a large amount of variability between the 40nM transfection replicates, 

but the percentage down-regulation of PTK9 appears radically different depending on 

which negative control transfection they are compared to.

As all experimental variables, with the exception of the transfection reagent, had 

been altered thus far with little success, it was concluded that the siPORT™ 

A/eoFX™ transfection reagent may not be effective in transfecting the thyroid cell 

lines in use in this work. For this reason, the Lipofectamine™ 2000 transfection 

reagent was tested on the 8505C cells.

4.4.3 Lipofectamine™ 2000 transfections in 8505C cells

To increase transfection efficiency with this transfection reagent, the antibiotics were 

removed from the transfection media (Dalby et al., 2004, Jacobsen et al., 2004). 

Transfections were preformed in triplicate using three different volumes of 

Lipofectamine™ 2000; 1|jl, 2|jl, and 4|jl, and 50nM pre-miR-1 and 1.5 x 10® cells/ml 

(Figure 4.10).

Figure 4.10
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Sample AACt % Down-regulation

Ip l Lipofectamine (1) 1.324 60.06

Ip l Lipofectamine (2) 1.499 64.61

Ip l Lipofectamine (3) 1.475 64.02

2pl Lipofectamine (1) 1.846 72.18

2pl Lipofectamine (2) 2.052 75.88

2pl Lipofectamine (3) 1.994 74.9

4pl Lipofectamine (1) 2.946 87.02

4pl Lipofectamine (2) 2.776 85.4

4pl Lipofectamine (3) 2.728 84.9

Cytotoxicity Factor

1 1.007

2 1.004

3 0.993

Figure 4.10 Lipofectamine™ 2000 transfection reagent volume optimisation in 8505C cells. 

(A-C) 50nM of pre-miR-1, 1.5 x 10® cells/ml and 3 volumes of transfection reagent were 

investigated. Results illustrate the percentage down-regulation of positive control pre-miR 1 

gene target (PTK9) in cells transfected with the positive control pre-miR™ compared to cells 

transfected with pre-miR™ negative control 1. Cytotoxicity factors in (C) nearing 1 indicate 

that the transfection conditions are not toxic to the cells.

The results from this experiment were much more promising than previous attempts 

with A/eoFX™. Both 2pl and 4pl volumes of Lipofectamine™ 2000 resulted in >70% 

down-regulation of PTK9. As some cell death was observed with the 4pl volumes of 

Lipofectamine™ 2000, cell concentration experiments were continued with 2[jl of 

Lipofectamine™ (Figure 4.11).

Figure 4.11
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Sample AACt % Down-regulation

5x1 O'* cells/ml (1) 2.356 80.46

5 x10'‘ cells/ml (2) 2.829 85.93 Cytotoxicity Factor

5 x1 o'* cells/ml (3) 3.114 88.45 1 0.836

1 x1 O'” cells/ml (1) 1.790 71.09 2 1.013

1 xIO" cells/ml (2) 2.457 81.79 3 1.001

1 x1 O'” cells/ml (3) 2.303 79.73 (C)
1.5 xIO'’ cells/ml (1) 1.602 67.06

1.5x10'’ cells/ml (2) 2.198 78.2

1.5x10'’ cells/ml (3) 2.343 80.29

Figure 4.11 Cell concentration optimisation using Lipofectamine™ 2000 in 8505C cells. (A- 
C) 50nM of pre-miR-1, 2|jl Lipofectamine™ 2000 and 3 different cell concentrations (5 x 10“*: 

Low cell no, 1 x 10  ̂ cells/ml: Med cell no. or 1.5 x 10  ̂ cells/ml: High cell no) were 

investigated. Results illustrate the percentage down-regulation of positive control pre-miR 1 

gene target (PTK9) in cells transfected with the positive control pre-miR™ compared to cells 

transfected with pre-miR™ negative control 1. Cytotoxicity factors in (C) nearing 1 indicate 

that the transfection conditions are not toxic to the cells.

Results of the cell concentration optimisation experiment using Lipofectamine™ 

yielded >70% down-regulation of PTK9 consistently across all cellular 

concentrations. To obtain the maximum amount of RNA and protein for downstream 

experiments the highest cell concentration of 1.5 x 10® cells/ml was used in further 

experiments. 3|jl of Lipofectamine was also used in an effort to increase the 

percentage down-regulation of PTK9, but avoid the cell death obsen/ed with 4pl. 

Forward transfections (i.e. plating the cells 24hrs prior to transfection) using both 

Lipofectamine™ and NeoFX™ were also performed, however a lot of cell death was 

observed. Therefore the optimum transfection conditions were determined to be 

reverse transfection of 50nM of pre-miR™ using 3pl Lipofectamine™ 2000 into cells 

at a concentration of 1.5 x 10® cells/ml.

Both RNA and protein from transfected cells are required for downstream 

experiments. To obtain the best quality and quantity of these, co-extraction of both 

RNA and protein was optimised. The Ambion® PARIS kit enables the extraction of 

RNA and protein from cells. This process involves adding a lysis buffer to the cells 

and scraping them to initiate lysis and detach them from the culture plate. The buffer 

is then split into two parts and protein is extracted from one half and RNA from the
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other. To optimise the extraction protocol, the PARIS kit was used to extract three 

RNA samples from transfections and these were further treated with one treatment of 

DNase from the DNA-free™ kit (Ambion®) to remove DNA contamination of the RNA. 

Three other RNA samples were extracted using the PARIS kit and treated twice with 

DNase. RNA from one transfection sample was extracted using both the Qiagen and 

PARIS kits. To do this, the RNA+lysis buffer from the PARIS kit was transferred to a 

Qiagen extraction column and the rest of the Qiagen extraction protocol was followed 

along with the on column DNase digestion. The qualities of these seven samples 

were compared to the quality of three RNA samples extracted using only the Qiagen 

kit (the method with which RNA samples were extracted successfully up to this point) 

using the Agilent bioanalyser (Figure 4.12).

Figure 4 

(A)

Sample No. Extraction Method RIN

L Ladder

1 PARIS Buffer + Qiagen Kit 9.9

2 PARIS kit extraction + Dnase X 2 8.3

3 PARIS kit extraction + Dnase X 2 7.6

4 PARIS kit extraction + Dnase X 2 7.8

5 PARIS kit extraction + Dnase X 1 9.6

6 PARIS kit extraction + Dnase X 1 7.3

7 PARIS kit extraction + Dnase X 1 8.8

8 Qiagen kit extraction 10

9 Qiagen kit extraction 9.7

10 Qiagen kit extraction 9.4
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Figure 4.12 Optimisation of RNA & protein extraction methods. Transfected cells were 

extracted using PARIS Buffer + Qiagen Kit, PARIS kit extraction + Dnase X 1, PARIS kit 

extraction + Dnase X 2, or Qiagen kit only extraction. (A) Gel image of the quality of the 

extracted RNA 18S & 28S bands can be seen in all samples and more background / 

degradation / DNA contamination can be seen in samples 2-7. (B) Results in this table 

illustrate the RNA integrity number (RIN) of each sample.

The co-extraction experinnent illustrated above showed that combining the PARIS 

lysis buffer with the Qiagen extraction process proved as efficient at RNA extraction 

as using the Qiagen kit alone, with the added benefit of also yielding protein. 

Although the RIN numbers did not vary greatly from each other, the gel image 

illustrates that there is some RNA degradation or DNA contamination of the samples 

extracted using only the PARIS kit. TaqMan® experiments on RNA extracted using 

only the PARIS kit confirmed the presence of genomic DNA contamination as 

samples in which no reverse transcriptase was added during cDNA synthesis 

showed an average Ct of 31. However, RNA extracted from cells using the PARIS 

lysis buffer and Qiagen kit yielded similar results to RNA extracted using only the 

Qiagen kit, and no DNA contamination. Therefore RNA and protein were co

extracted using the PARIS lysis buffer and the Qiagen kit for further experiments.

4.4.4 Transfection of 8505C & Nthy-ori 3-1 cell lines with Ambion® pre-miRs™ & 

anti-miRs™

The expression of two miRNAs; miR-222 and mir-25 was altered using Ambion® pre- 

miRs™ & anti-miRs™. miR-222 is a miRNA that has been consistently shown to be 

up-regulated in many types of thyroid carcinoma (Nikiforova et al., 2008) and is 4.241 

fold up-regulated in 8505C cells compared to Nthy-ori 3-1 cells. Therefore miR-222 

was down-regulated using anti-miRs™ in the 8505C cells and up-regulated using 

pre-miRs™ in the Nthy-ori cells. miR-25 has been shown to be down-regulated in 

anaplastic thyroid carcinoma (Visone et al., 2007a) and is 0.258 fold down-regulated 

in 8505C cells compared to Nthy-ori 3-1 cells. This miRNA was down-regulated 

using anti-miRs™ in the Nthy-ori cells and up-regulated using pre-miRs™ in the 

8505C cells.

The two cell lines were reverse transfected using 50nM of pre-miR, 3|jl 

Lipofectamine™ 2000, and 1.5 x 10^ cells/ml. RNA and protein were co-extracted
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using the PARIS lysis buffer and the Qiagen kit, and cDNA & miRNA reverse 

transcription and TaqMan® analysis were performed to validate transfection 

efficiency. The transfection efficiency of the pre-miRs™ and anti-miRs™ of interest 

was measured by the up or down-regulation of the corresponding miRNA using 

TaqMan® analysis. Figures 4.13 & 4.14 show the results of the transfections of pre- 

m iR-25 into 8505C  cells and pre-miR-222 into Nthy-ori cells, respectively.

Figure 4.13
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Sample AACt RQ % Down-Regulation

Positive Control (1) 2.573 0.168 83.199

Positive Control (2) 2.730 0.151 84.924

Positive Control (3) 2.387 0.191 80.883

Sample AACt RQ Fold Up-Regulation

Pre-miR 25 (1) -12.929 7799.700 7799.700

Pre-miR 25 (2) -13.901 15299.685 15299.685

Pre-miR 25 (3) -13.246 9717.959 9717.959

Figure 4.13 Pre-miR-25 transfections in 8505C cells. (A) Shows the percentage down- 

regulation of PTK9 in the pre-miR-1 transfected cells. (B) Shows the fold up-regulation of 

hsa-miR-25 in pre-miR-25 transfected cells. (C) Summary of the percentage down-regulation 

& fold up-regulation and in the transfected cells. (D) Cytotoxicity factors nearing 1 indicate a 

low level of toxicity in the cells to transfection conditions.

Figure 4.14
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(B)

Sample AACt RQ % Down-Regulation

Positive Control (1) 2.120 0.218 78.233

Positive Control (2) 2.129 0.229 77.145

Positive Control (3) 2.031 0.245 75.537

Sample AACt RQ Fold Up-Regulation '

Pre-miR 222 (1) -1.356 2.559 2.559

Pre-miR 222 (2) -1.444 2.720 2.720

Pre-miR 222 (3) -1.889 3.703 3.703

Figure 4.14 Pre-miR-222 transfection in Nthy-ori cells. (A) Shows the percentage down- 

regulation of PTK9 in the pre-miR-1 transfected cells. (B) Shows the fold up-regulation of 

hsa-miR-222 in pre-miR-222 transfected cells. (C) Summary of the percentage up and down 

regulation in the transfected cells. (D) Cytotoxicity factors nearing 1 indicate a low level of 

toxicity in the cells to transfection conditions.

The pre-miR™ transfections in both cell lines yielded sufficient down-regulation of the 

positive control target gene PTK9, and up-regulation of the mlRNAs of interest to 

continue to the down-stream experiments described in chapter 5.

Figures 4.15 & 4.16 show the results o f the 50nM anti-miR-222 transfections in 

8505C cells, and 50nM anti-miR-25 transfections in Nthy-ori 3-1 cells respectively.
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Figure 4.15

(A)

(B)

Fold Up- 
Regulation

3

2.5 

2

1.5 

1

0.5

0

% Down- 
regulation

100
90

80

70

60

50

40

30

20
10
0

8505C Anti-miR 222 Transfection 
Positive Control

Positive 1 Positive 2 

Tranfection

Positive 3

8505C Anti-miR 222 Transfection 
mir-222

iST-rr

anti-miR 222 1 anti-miR 222 2 
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(D)

Sample 1 AACt I RQ 1 Fold Up-Regulated

Positive Control (1) -0.691 1.614 1.614

Positive Control (2) -0.725 1.653 1.653

Positive Control (3) -0.432 1.349 1.349

Sample AACt RQ % Down-Regulated

Anti-miR 222 (1) 5.804 0.018 98.210

Anti-miR 222 (2) 1 5.343 0.025 97.536

Anti-miR 222 (3) 4.787 0.036 96.377

Figure 4.15 50nM anti-miR-222 transfection in 8505C cells. (A) Shows the fold up-regulation 

of HMGA2 in the anti-miR-let7c transfected cells. (B) Shows the percentage down-regulation 

of hsa-miR-222 in anti-miR-222 transfected cells. (C) Summary of the percentage up and 

down regulation in the transfected cells. (D) Cytotoxicity factors nearing 1 indicate a low level 

of toxicity in the cells to transfection conditions.
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Figure 4.16
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(D)

Sample AACt RQ Fold Up-regulated

Positive Control (1) -0.684 1.606 1.606

Positive Control (2) -0.360 1.284 1.284

Positive Control (3) -0.314 1.243 1.243

Sample AACt RQ % Down-regulated

Anti-miR 25 (1) 6.004 0.016 98.441

Anti-miR 25 (2) 6.209 0.014 98.648

Anti-miR 25 (3) 4.290 0.051 94.887

Figure 4.16 50nM anti-miR-25 transfection in Nthyori cells. (A) Shows the fold up-regulation 

of HMGA2 in the anti-miR-let7c transfected ceils. (B) Shows the percentage down-regulation 

of hsa-miR-25 in anti-miR-25 transfected cells. (C) Summary of the percentage up and down 

regulation in the transfected cells. (D) Cytotoxicity factors nearing 1 indicate a low level of 

toxicity in the cells to transfection conditions.
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A very high percentage down-regulation of both hsa-miR-222 & hsa-miR-25 was 

observed in the corresponding anti-miR™ transfected cells; however the fold up- 

regulation of the positive control target HMGA2 did not reach the desired 2 fold up- 

regulation in either experiment. To rectify this, anti-miR™ concentrations were 

increased to lOOnM, and the percentage down-regulation of the positive control 

miRNA hsa-let-7c was also measured along with HMGA2 (Figure 4.17 & 4.18).

Figure 4.17
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(C) 8505C Anti-miR 222 Transfection 
Positive Control Let7c % Down-regulation

% Down- 
Regulation

Positi\e Let7c 1 Positive Let7c 2 

Transfection

Positive Let7c 3

Sample AACt RQ Fold Up-Regulated

Positive Control (1) -0.751 1.683 1.683

Positive Control (2) -1.029 2.041 2.041

Positive Control (3) -0.818 1.762 1.762

Sample AACt RQ % Down-Regulated |

Anti-miR 222 (1) 6.041 0.015 98.481

Anti-miR 222 (2) 6.370 0.012 98.791

Anti-miR 222 (3) 6.536 0.011 98.922

Let 7c AACt RQ % Down-Regulated

Positive Control Let7c (1) 8.823 0.002 99.779

Positive Control Let7c (2) 9.979 0.001 99.901

Positive Control Let7c (3) 9.858 0.001 99.892

Cytotoxicity Factor

1 0.996

2 1.003

3 1.008

Figure 4.17 lOOnM anti-miR-222 transfection in 8505C cells. (A) Shows the fold up- 

regulation of HMGA2 in the anti-miR-let7c transfected cells. (B) Shows the percentage down- 

regulation of hsa-miR-222 in anti-miR-222 transfected cells. (C) Shows the percentage down- 

regulation of hsa-let-7c in the positive control anti-miR-let7c transfected cells. (D) Summary of 

the percentage up and down regulation in the transfected cells. (E) Cytotoxicity factors 

nearing 1 indicate a low level of toxicity in the cells to transfection conditions.
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Figure 4.18 
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Sample AACt RQ Fold Up-regulated

Positive Control (1) -0.351 1.276 1.276

Positive Control (2) -0.211 1.157 1.157

Positive Control (3) -0.373 1.295 1.295

Sample AACt RQ % Down-regulated

Anti-miR 25 (1) 4.347 0.049 95.085

Anti-miR 25 (2) 3.917 0.066 93.381

Anti-miR 25 (3) 2.978 0.127 87.304

Sample AACt RQ % Down-regulated

Positive Control Let7c (1) 7.991 0.004 99.607

Positive Control Let7c (2) 8.195 0.003 99.659

Positive Control Let7c (3) 7.002 0.008 99.220

Cytotoxicity Factor

1 1.013

2 1.010

3 0.996

Figure 4.18 lOOnM anti-miR-25 transfection in Nthyori cells. (A) Shows the fold up-regulation 

of HMGA2 in the anti-miR-let7c transfected cells. (B) Shows the percentage down-regulation 

of hs8'miR-25 in anti-miR-25 transfected cells. (C) Shows the percentage down-regulation of 

hsa-let7c in the positive control anti-nniR-let7c transfected cells. (D) Summary of the 

percentage up and down regulation in the transfected cells. (E) Cytotoxicity factors nearing 1 

indicate a low level of toxicity in the cells to transfection conditions.

Figures 4.17 & 4.18 show that transfecting the anti-miRs™ at a concentration of 

lOOnM in both cell lines results in a very high percentage down-regulation of hsa- 

miR-222, hsa-miR-25, and the positive control miRNA hsa-let-7c. However an 

insufficient mRNA fold up-regulation of HM GA2 in the positive control transfected 

cells remains. If a higher concentration of anti-miR™ is used, off target effects may 

be seen, therefore RNA from lOOnM experiments will be used for downstream  

experiments described in chapter 5.
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4.5 Discussion

The concept of achieving an appropriate and reproducible level of transfection 

efficiency is so paramount to the success of transfection experiments that the 

‘Methods’ journal devoted a whole issue to the topic in 2004. The issue covers three 

general thematic areas: the use of traditional lipofection or cationic molecule- 

mediated transfection approaches (Dalby et al., 2004, Jacobsen et al., 2004), non- 

traditional methods of delivering transgenes (such as electroporation) (Golzio et al., 

2004), and finally the use of viral vectors to express transgenes in mammalian cells 

(Blesch, 2004).

A lipofection or lipid-based transfection reagent approach was used to transfect the 

thyroid cell lines in this study. Briefly, lipid based transfection reagents facilitate 

transfection as follows; a nucleic acid, which carries a net negative charge under 

normal physiological conditions, electrostatically interacts or binds with the positively 

charged lipids of the transfection reagent. When the nucleic acid is coated with a 

cationic layer of lipid molecules it can then overcome the electrostatic repulsion of the 

negatively charged cell membrane and be taken up by the cell (Dalby et al., 2004).

Two papers by Dalby and colleagues (Dalby et al., 2004) and Jacobsen et al 

(Jacobsen et al., 2004) in the transfection issue of ‘Methods’ review the experimental 

variables that must be considered for successful lipid-based transfection, such as cell 

density and passage number, liposome and DNA concentrations, liposome-DNA 

complexing time, and the presence or absence of media components such as 

antibiotics and serum. Dalby reveals the optimal factors for effective transfection with 

Lipofectamine™ 2000 and Jacobsen discusses the particular requirements for 

another transfection reagent, FuGENE 6. Both papers highlight the complexity of 

these types of experiments and also ease the process of optimisation for others. For 

instance, one rarely has to alter the liposome-DNA complexing time as this is 

generally optimised by the manufacturer of the transfection reagent. However, most 

of the other variables must be considered and this is reflected in the level of 

optimisation of the transfection process that was required and illustrated in this 

chapter.

To decrease variation between transfection experiments, cells should be counted 

and a standard seeding protocol should be maintained. A cell density that is too high 

can result in inhibition of cell growth and metabolism following transfection.
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Conversely, if cell density is too low, recovery of the culture from the affects of 

transfection can be poor (Dalby et al., 2004). For reverse transfections in this 

chapter, the thyroid cells were seeded to give a density of -50%. This density 

yielded a sufficient amount of cells in the wells to prevent them from dying from 

isolation, but left enough surface area to allow the cells to multiply over the 48hrs 

post-transfection.

The passage number of the cells was also an important factor in these experiments 

and the thyroid cells were kept bellow passage 30 as, in general it is believed that the 

lower the passage number, the better the transfection efficiency. However, as 

always with transfection experiments, it can be highly cell specific. When Jacobsen 

and co-workers (Jacobsen et al., 2004) tested several cell lines at different passage 

levels they found that transfection efficiency in some cell lines changed with the 

length of time in passage, while other cell lines retained similar levels of transfection 

whether they were maintained for short or long periods of time. NIH/3T3 cells 

required several passages to recover post thaw before they produced the same level 

of transfection efficiency as cells that had been maintained for several months. Cells 

at passage 2 showed a 70% decrease in transfection efficiency compared to cells at 

passage 56. However, CHO-K1 cells resulted in similar transfection levels when they 

were newly thawed cells compared to cells that had been grown for 26 weeks.

One aspect of particular importance in achieving sufficient transfection efficiency is 

the transfection reagent used. It is clear from the results of the optimisation in this 

chapter that the thyroid cell lines respond much more effectively to Lipofectamine™ 

2000 than SiPORT™ A/eoFX™. Another important factor to note is that when a 

transfection reagent is used to transfect cells its specific media requirements are met, 

otherwise poor results will be obtained. The two main elements of media that are 

changed are the serum and antibiotics. In early transfection protocols serum was 

removed from the media to both maximise transfection and to minimise the cytotoxic 

effects to the cells, the medium was then either replaced with serum-containing 

medium or serum was added to the wells several hours following transfection in 

serum-free medium. However addition of serum to the media altered cells responses 

(Jacobsen et al., 2004). Therefore it is more favourable to transfect cells in serum- 

containing media. Dalby et al (Dalby et al., 2004) showed that serum does not 

influence transfection efficiency with Lipofectamine™ 2000, but that antibiotics 

should be removed. Jacobsen and colleagues (Jacobsen et al., 2004) also found 

that antibiotics greatly reduced the transfection efficiency with FuGENE 6.
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When all of these facets of the transfection process were investigated and optimised 

in the thyroid cell lines, successful transfections were achieved with both pre-miRs™. 

An average of 82.9% down-regulation of PTK9 and a 10,939 fold up-regulation of 

miR-25 was observed in the 8505C cell line, and an average of 76.9% down- 

regulation of PTK9 and a 2.9 fold up-regulation in miR-222 was observed in the Nthy- 

ori 3-1 cells. Although a similar down-regulation of PTK9 in seen in both ceil lines, 

there is a stark difference in the fold up-regulation of the two miRNAs. It is difficult to 

decipher what might cause this effect as the same transfection conditions were 

observed in both cell lines. It may simply be a cell specific phenomenon of slow 

entry of pre-miR-222 into Nthy-ori 3-1 cells, or swift entry of pre-miR-25 into the 

8505C cells.

The anti-mlR™ transfections offered up another interesting quandary. When they 

were transfected into the cells at 50nM (the same concentration as the pre-miRs™) 

the fold up-regulation of the positive control gene, HMGA2 did not reach the desired 

2 fold, showing an average value of 1.5 in the 8505C cells and 1.36 in the Nthy-ori 3- 

1 cells (Figures 4.15 & 4.16 respectively). This is despite the fact that the percentage 

down-regulation of both miRNAs was in the high nineties in both cell lines. This trend 

did not correct itself when the concentration of the anti-miRs™ was doubled to 

lOOnM. HMGA2 levels in the 8505C cells then showed an average fold up-regulation 

of 1.78, and in the Nthy-ori cells, 1.23. The percentage down-regulation of hsa-let-7c 

was also evaluated in the positive control cells and was shown to be 99.83% & 

99.46% down-regulated in the 8505C and Nthy-ori 3-1 cells respectively (Figures 

4.17 & 4.18 respectively).

This poses the question, why are the mRNA fold change levels not reaching 

significance when the miRNAs are so drastically down-regulated? One answer to 

this could be that the hsa-let-7c -  HMGA2 positive control was optimised in HeLa 

cells. Perhaps hsa-let-7c has other, more prominent mRNA targets in thyroid cells 

and does not regulate HMGA2 as strongly as it does in cervical cells. Recent 

developments in next generation sequencing technologies may also provide an 

explanation. An application note published by Applied Biosystems on miRNA 

discovery and profiling with their SOLID™ next generation sequencing platform 

describes the sequencing of small RNAs from placental and lung samples (Applied 

Biosystems, 2008). Using this system the researchers discovered that several 

previously characterised miRNAs showed a significant number of molecules with 

different 5’ start sites than those previously described in the Sanger database (Figure
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4.19). This figure indicates that the Sanger reference sequence is not the most 

abundant in the cells tested. Pre-miRs™ and anti-miRs™ are designed against the 

Sanger miRNA sequences and thus may be targeting the wrong mlRNA. For 

instance if the lower-expressed Sanger miRNA isoform is ‘knocked out’ (as is 

indicated by the percentage down-regulation of the miRNAs targeted in this chapter), 

a sister mlRNA of a slightly longer or shorter sequence and higher expression level 

could recover the phenotype and continue to target the same genes. Research using 

next generation sequencing platforms is in its very early stages and naturally a lot 

more work is required investigating miRNA start sites and expression levels to 

confirm or rebuke this theory.

Figure 4.19
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Figure 4.19 SOLID™ sequence analysis of a known miRNA. The sequence reads are 

plotted according to the position of the 5’ start point with the number of reads plotted on the y 

axis. Red bars indicate the number of reads with a 5' start site different from the one 

previously characterised in the Sanger database. Blue bars indicate the number of reads for 

the Sanger 5’ start site.

The next chapter which describes hsa-miR-222 & hsa-miR-25 target elucidation in 

the 8505C & Nthy-ori 3-1 cell lines will more conclusively show if the anti-miRs™ 

were effective in altering expression in the cells.
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Chapter 5

Elucidation of the mRNA targets of 

hsa-miR-222 and hsa-miR-25 

in thyroid cell lines.
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5.1 Summary

The last chapter of this thesis described the optimisation of the transfection of pre- 

miRs™ and anti-mlRs™ into thyroid cell lines. The transfections aimed to reverse 

the expression of two mlRNAs (hsa-miR-222 and hsa-miR-25) from that normally 

seen in the cells. Therefore, as hsa-miR-222 is endogenously up-regulated in thyroid 

cancer, it was down-regulated using anti-mlRs™ in the anaplastic cancer derived 

8505C cells and up-regulated using pre-miRs™ in the normal Nthy-ori cells. 

Conversely, as hsa-miR-25 is endogenously down-regulated in thyroid cancer it was 

up-regulated using pre-miRs™ In the 8505C cells and down-regulated using anti- 

mlRs™ in the Nthy-ori cells.

This chapter outlines the experiments performed to elucidate the mRNA targets of 

hsa-miR-222 and hsa-miR-25 in anaplastic thyroid carcinoma. This was facilitated by 

performing genome wide analysis using Affymetrix™ microarray technologies on 

RNA from the pre-miR™ and anti-mlR™ transfections. This unbiased genome-wide 

approach provided by the microarrays, yielded the discovery of approximately 100 

mRNAs that have not been described previously and are either directly or indirectly 

targeted by each mlRNA in ATC.
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5.2 Introduction

Following the discovery of miRNAs and the extensive mlRNA profiling experiments 

that ensued, one of the first endeavours of researchers was to ascertain what 

functions these small RNAs were performing in the cells that express them. This 

involved elucidating the genes that the miRNAs were regulating. As mentioned in the 

last chapter, initial clues to mlRNA target recognition came from the Lee & Wightman 

papers of 1993 (Lee et al., 1993, Wightman et al., 1993) with the observation that the 

lin-4 RNA had some sequence complementarity to multiple conserved sites within the 

3' un-translated region (UTR) of the lin-14 mRNA. Subsequently, the lin-4 and let-7 

miRNAs were found to have complementarity to UTR sites of lin-28 and lin-41, 

respectively, which are targets that were also found with the help of genetic analyses 

(Moss et al., 1997, Reinhart et al., 2000).

Biologists then wanted to discover the gene targets of the many other miRNAs that 

were shown to be expressed. This task was simpler in plants as miRNAs generally 

show exact sequence complementarity to their mRNA targets resulting in mRNA 

cleavage and degradation (Jones-Rhoades and Bartel, 2004). This facilitated simple 

searches of the plants genetic code for sites that matched the sequence on the 

mature miRNA. The target elucidation task however is more convoluted in animals 

as miRNAs in these species frequently bind to their target genes without perfect 

sequence complementarity, thus straightforward blast sequence searches would not 

suffice in determining mRNA targets for these miRNAs. To tackle this problem many 

algorithms were developed in an effort to predict the gene targets of miRNAs in 

animals.

5.2.1 miRNA target prediction

Several prediction algorithms have been developed that endeavour to reliably identify 

the most biologically relevant target sites for miRNAs using a genome-wide search 

approach. To develop such algorithms successfully it was necessary to understand 

how miRNAs identify their target sites in the mRNA code. In his 2009 review on the 

subject, David Bartel ascertains that three main aspects of miRNA-target interaction 

are considered by most prediction algorithms (Bartel, 2009). These aspects will be 

outlined below, followed by a brief summary of how the three algorithms used in this 

thesis attempt to identify miRNA targets.
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The first aspect considered by algorithms is the conserved W atson-Crick pairing of 

the mRNA target with the mlRNA 'seed region’, generally defined as nucleotides 2-7 

in the 5’ region of the mlRNA. The presence of this conserved pairing markedly 

reduces the occurrence of false-positive predictions. The original discovery that 

perfect seed pairing substantially improved prediction reliability implied that it was 

also important for mlRNA target recognition (Lewis et a!., 2003). Brennecke and 

colleagues (Brennecke et al., 2005) confirmed the importance of the mlRNA ‘seed 

region’ by investigating the principles governing miRNA target recognition. Their 

experiments resulted in the identification of two main categories of miRNA target 

sites. The first category, "5 ’ dominant” sites, includes targets that base-pair well to 

the 5’ end of the miRNA. There was also an element of 3’ pairing in this group so it 

was sub-divided into two subtypes; “ canonical” sites, which pair well at both the 5’ 

and 3’ ends of the miRNA, and “seed” sites, which require little or no 3’ pairing 

support but showed continuous pairing of at least 7bp at the 5’ end. The second 

category, titled “ 3’ compensatory” sites, showed weak base-pairing to the 5’ end of 

the miRNA (with seeds of 4-6bp, or seeds of 7-8bp including bulges, mismatches and 

G:U pairs) and relied heavily on compensatory pairing to the 3’ region of the miRNA. 

The authors presented evidence that all of these types of target sites are used to 

mediate regulation by miRNAs as miRNA-iike regulation was most sensitive to 

nucleotide substitutions that disrupted mlRNA-mRNA seed pairing. They also 

showed that the 3’ compensatory class of target sites is used to discriminate among 

individual members of miRNA families in vivo and suggest that seed sites are the 

most common type of target site. Figure 5.1 illustrates the different types of miRNA 

target sites.

Another aspect considered by algorithms is that conserved pairing to the seed region 

can be sufficient on its own for predicting conserved targets above the noise of false- 

positive predictions (Brennecke et a!., 2005). For instance, Lewis et al (Lewis et al., 

2005) showed that mammalian targets can be predicted by searching for conserved 

7 nucleotide (nt) matches in aligned regions of vertebrate mRNA 3' UTRs. The final 

feature considered by most algorithms is that highly conserved miRNAs have many 

conserved targets (Lewis et al., 2005, Brennecke et al., 2005). In fact when 

Friedman et al (Friedman et al., 2009) overhauled their tool for finding preferential 

conservation of 7-8nt target sites they revealed that the mammalian miRNAs 

conserved through vertebrates have an average of 300 conserved targets per miRNA 

family and that more than half of the human protein-coding genes appear to have 

been under selective pressure to maintain 3'-UTR pairing to miRNAs.
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Figure 5.1
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Figure 5.1 Types of miRNA target sites. Vertical dashes indicate contiguous Watson-Crick 

pairing. (A-C) Canonical, 7-8nt seed-matched sites. (D-E) Marginal, 6nt sites matching the 

seed region. 6mer sites typically have reduced efficacy and are conserved by chance more 

frequently than the larger sites. Therefore, when prioritising site efficacy and prediction 

specificity, prediction algorithms with stringent seed-pairing criteria disregard 6mer sites. (F - 

G) Sites with productive 3' pairing. (F) Shows 3'-supplementary sites. Watson-Crick pairing 

usually centres on miRNA nucleotides 13-16 (orange) supplemented by a 6-8nt site (A-E). At 

least 3-4 well-positioned contiguous pairs are typically required for increased efficacy, which 

explains why 3'-supplementary sites are atypical. (G) Shows 3’-compensatory sites. In this 

instance Watson-Crick pairing usually centres on miRNA nucleotides 13-16 (orange) & can 

compensate for a seed mismatch and thereby create a functional site. (H) Number of 

preferentially conserved mammalian sites matching a typical highly conserved miRNA 

(Friedman at al., 2009). For each site matching the seed region, orange-hatched sub-sectors 

indicate the fraction of conserved sites with preferentially conserved 3'-supplementary pairing. 

A 7mer site was counted only if it is not part of an 8mer site, and a 6mer site was counted
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only if it is not part of a larger site. Values plotted are the number of preferentially conserved 

sites confidently detected above background. Analysis was performed with the 87 miRNA 

families highly conserved in vertebrates and calculated as the average number of conserved 

sites minus the upper 95% confidence limit on the sites estimated to be conserved by chance. 

Thus for each site type of panels (A)-(E), there is 95% confidence that the actual average of 

preferentially conserved sites is higher than that plotted.

(Bartel, 2009)

The miRGen database was used in this thesis to collate the results of three different 

target prediction algorithms: Miranda, PicTar, and TargetScan. Enright and 

colleagues (Enright et al., 2003) originally developed Miranda using all the known 

miRNAs of D. melanogaster. The algorithm involves three phases. In the first phase, 

the miRNAs are matched against the 3’ UTR regions of all possible targets allowing 

for G:U pairs as well as indels of moderate size. The algorithm does not exclusively 

consider extremely stringent seed pairing but favours complementarity at the 5’ end 

of the miRNA by incorporating position-specific empirical rules, and using a scaling 

factor for scores computed in this region. The thermodynamic stability of the miRNA- 

target duplex is calculated for the second phase of the algorithm, and the final phase 

assesses the evolutionary conservation of the target site in two other species. A 

randomisation procedure is then performed and the false positive rate estimated. 

The authors discovered that the rate of false positive results was reduced if mRNAs 

with single miRNA target sites were excluded. They later used the algorithm in 2004 

to predict targets in humans and other vertebrates (John et al., 2004).

The PicTar tool identifies target sites by searching for near perfect seed matches of 

7nts in length starting from position 1 or 2 from the 5’ end of the miRNA. miRNA- 

target duplexes with suitable minimum free energies (MFE) and which overlap in 

sequence alignments of many species (up to eight) are preferentially chosen and 

termed anchors. Sequences that show a user-defined minimum number of anchors 

are then ranked using an HMM maximum likelihood score. This score is computed 

considering all segmentations of the target sequence into target sites and 

background therefore accounting for the synergistic effect of multiple binding sites for 

a single miRNA, or several miRNAs co-regulating the same transcript (Mendes et al., 

2009).
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The TargetScan algorithm also uses conserved seed pairing to predict miRNA target 

sites (Lewis et al., 2003, Lewis et al., 2005, Friedman et al., 2009). mlRNAs that are 

conserved across a group of organisms are compared to the 3’ UTR sequences from 

these organisms. A number of criteria are used to predict as many targets as 

possible without yielding a high number of false positive results. Seed matches of 

7nt with perfect complementarity to positions 2-8 of the mlRNA are preferred, 

however target sites spanning the whole miRNA are also considered. A folding 

algorithm is used to predict the secondary structure of and assign a folding free 

energy value to the putative hetero-duplex. A Z score is then calculated for each 

target which is based on the number of seed matches predicted in the same 

transcript and their corresponding free energies. The Z score is then used to rank 

the candidate transcripts of each organism. The algorithm was improved in 2005 and 

2008 which allowed the authors to relax the rank and Z score cut offs but still improve 

the signal to noise ratio. The addition of more organisms in 2005 allowed seed 

matches of 6nt to be considered along with analysis of the sequences flanking the 

seed positions which revealed a bias towards the presence of certain nucleotides in 

key positions, particularly an adenosine at the 3’ end of the target site. 2008 saw the 

expansion of the set of target predictions (including conserved 3’ compensatory 

sites), better background controls, and the introduction of statistical analysis of 

individual miRNA target sites using the probability of preferentially conserved 

targeting (Pct) statistic.

5.2.2 miRNA mediation of post-transcriptional repression

When mlRNAs were first discovered in C. elegans it was thought that mlRNAs with 

perfect complementarity to their target mRNA caused cleavage of the transcript, as 

was the general mechanism seen in plants. As animal miRNAs generally do not 

show perfect sequence complementarity to their target sequences, they were thought 

only to cause translational repression. However a paper published in 2005 by Lim 

and co-workers (Lim et al., 2005) turned this status quo on its head. HeLa cells were 

transfected with miRNAs that were not endogenous to the cells, and microarrays 

showed modest repression effects on the levels of hundreds of mRNAs. Messages 

that decreased in response to each miRNA tended to have corresponding seed 

matches at a propensity indicating that most of the down-regulated messages were 

directly targeted by the miRNA. They also noted that introduction of the two miRNAs 

(mlR-1 & mlR-124) caused the expression profile of the HeLa cells to shift toward

262



Chapter 5 Hsa-miR-222 & Hsa-miR-25 mRNA Target Elucidation

that of the muscle & brain, the organs in which the miRNAs are preferentially 

expressed, thereby indicating that the targets elucidated from the microarray 

experiment were biologically relevant to the tissues.

After the Lim paper, the effects of the lin-4 mlRNA on lin-14 mRNA levels in C. 

elegans were re-evaluated, and the new results indicated substantial mRNA 

destabilisation of this classical mlRNA target (Bagga et al., 2005). The authors 

suggest that the more crude techniques available for assessing RNA at the time of 

the original discovery were the reason for the discrepancy. Since 2005 it has come 

to light that miRNAs can mediate the post-transcriptional repression of their targets in 

several different ways including direct mRNA cleavage, de-adenylation and de

capping of mRNA, compartmentalisation of the mRNA in P bodies, translation 

initiation inhibition, and post-translation initiation inhibition. Research into this area is 

still in its infancy and a lot of the evidence supporting these methods of repression is 

from experiments performed on model organisms such as Drosophila melanogaster, 

Caenorhabditis elegans, & Danio rerio (zebrafish). For the purpose of this 

discussion, repression methods will be divided into two main categories; mRNA 

degradation and translation inhibition. Figure 5.2 illustrates a summary of the 

different mechanisms through which miRNAs are proposed to mediate post- 

transcriptional repression.

5.2.2.1 mRNA degradation

The functional silencing complex that enables miRNAs to regulate expression is 

termed the ribonucleoprotein (RNP) complex or the RNA-induced silencing complex 

(RISC). The most important components of this complex are the Argonaute family of 

proteins (Peters and Meister, 2007). Mammals possess four Argonaute (AGO) 

proteins; AG01 to AG04. All members of the family contain a piwi-argonaute-zwillie 

(PAZ) domain, which is involved in mlRNA binding, and a P-element induced wimpy 

testis (PIWI) domain, which is related to RNaseH endonucleases and functions in 

mRNA cleavage. AG02 is the only AGO protein that can cleave RNA as its PIWI 

domain, and not those of the other AGOs, can cleave mRNA at the centre of the 

miRNA duplex. RISC complexes also include other proteins that probably function 

as effectors mediating the RISC repression functions or RISC assembly or regulatory 

factors (Peters and Meister, 2007).



C hapte r 5 Hsa-m iR -222 & Hsa-m iR -25 m RNA Target E lucidation

Figure 5.2
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Figure 5.2 Mechanisms of mlRNA-mediated gene silencing. (A) Post-initiation mechanisms. 

miRNAs (red) repress translation of target mRNAs by blocking translation elongation or by 

promoting premature dissociation of ribosomes (ribosome drop-off). (B) Co-translational 

protein degradation. This model proposes that translation is not inhibited, but rather the 

nascent polypeptide chain is degraded co-translationally. The putative protease is unknown. 

(C -E) Initiation mechanisms. miRNAs interfere with a very early step of translation, prior to 

elongation. (C) Argonaute proteins compete with elF4E for binding to the cap structure (cyan 

dot). (D) Argonaute proteins recruit elF6, which prevents the large ribosomal subunit from 

joining the small subunit. (E) Argonaute proteins prevent the formation of the closed loop
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mRNA configuration by an ill-defined mechanism that includes de-adenylation. (F) mlRNA- 

mediated mRNA decay. miRNAs trigger de-adenylation and subsequent de-capping of the 

mRNA target. Proteins required for this process are shown including components of the 

major de-adenylase complex (CAF1, CCR4, and the NOT complex), the de-capping enzyme 

DCP2, and several de-capping activators (dark blue circles). (Note that mRNA decay could 

be an independent mechanism of silencing or a consequence of translational repression, 

irrespective of whether repression occurs at the initiation or post-initiation levels of 

translation). RISC is shown as a minimal complex including an Argonaute protein (yellow) 

and GW 182 (green). The mRNA is represented in a closed loop configuration achieved 

through interactions between the cytoplasmic polyA binding protein (PABPC1; bound to the 3' 

polyA tail) and elF4G (bound to the cytoplasmic cap-binding protein elF4E).

(Eulalio et al., 2008)

Direct mRNA cleavage

Direct endonuclease cleavage of target mRNA by a miRNA is also knovi/n as ‘siicer’ 

activity. This siicer activity generally requires perfect base pairing between the 

miRNA and its target mRNA, although in some cases mismatches can be present 

and cleavage is still allowed (Valencia-Sanchez et al., 2006). Another requirement 

for this type of repression, as mentioned above, is the presence of the AG02 protein 

in the RISC complex. The RNaseH PIWI domain in the protein is critical for cleavage 

to occur. Mutations in this domain have been shown to abrogate silencing (Liu et al., 

2004), and the AG02 protein has also been illustrated to be the only factor required 

to mediate this type of silencing (Rivas et al., 2005).

De-adenylation and de-capping

As well as being silenced by direct endonuclease cleavage, target mRNAs can be 

degraded by de-adenylation of the polyA tail or de-capping of the transcript (Figure 

5.2 F). De-adenylation (removal of the polyA tail) causes progressive 3 '^ 5 ' decay 

and is catalysed by the exosome. Removal of the mRNA 5' terminal cap structure 

m^GpppN (in which N is any nucleotide) is followed by 5'—>3' degradation and is 

catalysed by the exonuclease XRN1 (Filipowicz et al., 2008). RISC complexes 

containing miRNAs control the recruitment of cellular decay machinery components 

to the mRNA which leads to its degradation. This degradation is thought to occur in 

P bodies (cellular structures that are enriched with mRNA-catabolising enzymes and 

translational repressors). The factors required for this decay are the Argonaute 

proteins, the P body component GW182, the CAF1-CCR4-N0T de-adenylase 

complex, the de-capping enzyme DCP2, and several de-capping activators including 

DCP1, Ge-1, EDC3, and RCK/p54. The GW182 protein is thought to be recruited to
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miRNA targets through direct interaction with Argonaute proteins and can either 

contribute to translational repression or mark the transcript for decay (Eulalio et a!., 

2008).

Behm-Ansmant and co-workers (Behm-Ansmant et al., 2006) illustrated that 

depletion of the components of the CCR4-N0T de-adenylating complex in D. 

melanogaster prevented GW182 from promoting mRNA decay. They suggest that 

this implies that the GW182 protein is involved in recruiting CCR4-N0T to repressed 

mRNAs. Similarly, when the de-capping-complex proteins DCP1 and DCP2, or 

different combinations of de-capping activators, were knocked down, mlRNA- 

mediated degradation was prevented and de-adenylated mRNAs accumulated. 

Knockdown experiments in C. elegans of Xrn1p, which would be required to degrade 

the body of the mRNA after de-capping, were observed to attenuate the decrease in 

mRNAs levels of the let-7 and lin-4 mlRNAs mRNA targets (Bagga et al., 2005). 

Moreover, analysis of the decay intermediates originating from the target mRNA, iin- 

41, in C. elegans were found to extend from the 5’ side of the mRNA:miRNA duplex 

to the 3’ end of the mRNA. These decay intermediates are consistent with 5’^ 3 ’ 

exonucleolytic degradation of the mRNA target, and support the de-capping 

mediated decay hypothesis (Bagga et al., 2005).

Evidence of widespread miRNA-mediated de-adenylation of mRNAs has been found 

to occur during zebrafish embryogenesis. Giraldez et al (Giraldez et al., 2006) 

showed that miR-430 expression at the onset of zygotic transcription facilitates the 

removal of hundreds of maternal mRNAs by inducing their de-adenylation and 

subsequent decay. Wu and colleagues (Wu et al., 2006) demonstrated that mlR- 

125b and let-7 caused rapid de-adenylation of miRNA mRNA targets in mammalian 

cells.

Although there is evidence to support both methods of miRNA induced de- 

stabilisation of target mRNA transcripts, it remains to be determined whether this 

process is an independent silencing mechanism or a consequence or auxiliary effect 

of translational repression. Some evidence suggests that it is an independent event. 

For instance, Wu and colleagues (Wu et al., 2006) inhibited the translation of the 

miR-125b target sequence by inserting a strong stem loop structure in its 5' UTR and 

found that the mRNA was nevertheless de-adenylated in an mlRNA-dependant 

manner. Other experiments that have substituted the m^GpppN cap structure for an 

inactive (Appp-cap) that impairs translation have found that de-adenylation still
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occurs (Eulalio et al., 2008). For example, the translationally inactive ApppN-capped 

mRNA (which cannot interact with translation initiation factor, elF4E, rendering the 

RNA transcript unable to circularise & translate) is de-adenylated when injected into 

zebrafish embryos only when it contains mlR-430 sites in its 3' UTR. Behm-Ansmant 

and co-workers (Behm-Ansmant et al., 2006) using D. melanogaster S2 cells 

identified some endogenous or reporter miRNA targets, for which repression could 

be entirely accounted for by either mRNA degradation or translational repression, or 

by a combination of both processes.

Eulalio et al (Eulalio et al., 2008) review how the context of the mRNA target 

transcript specifies extent of degradation or whether a miRNA elicits a decay or 

translational repression response. It has been found that the same miRNA can either 

repress translation or induce mRNA decay in a target-specific manner. The structure 

of the miRNA-mRNA duplexes (i.e. the number, type, and position of mismatches 

present) is important in influencing whether miRNA mimics elicit decay or 

translational repression when they are introduced into cells. Grimson et al (Crimson 

et al., 2007) found that the number of miRNA binding sites, the distance separating 

these sites, their position within the 3' UTR, and the RNA context strongly influence 

the magnitude of the regulation, although they did not elucidate whether repression 

or decay mechanisms were influenced. Filipowixz and co-workers (Filipowicz et al., 

2008) hypothesise that the association of AGO proteins instead of elF4E with the 

m7G cap would not only prevent effective recruitment of ribosomes, but would also 

disrupt the circularisation of the mRNA, probably rendering the polyA tail more 

vulnerable to exonucleolytic degradation (Figure 5.2 E).

Compartmentalisation in P bodies

P bodies are sub-cellular foci that are involved in mRNA processing, degradation and 

storage. They contain many components of the mRNA degradation pathway, 

including the de-capping enzymes DCP1 & DCP2, de-capping activators such as 

EDC3 & Ge-1, the RNA helicase RCK/p54, GW182 and Argonaute proteins, the 

CAF1-CCR4-N0T de-adenylase complex, and LSM1-7, Pat1, Scd6/RAP55, Xrn1 

proteins (Cannell et al., 2008). The observation that P bodies are enriched in 

Argonaute proteins, miRNAs and repressed mRNAs led to the hypothesis that 

miRNA targets might get sequestered in P bodies, where they are shielded from the 

translation machinery and may undergo decay (Eulalio et al., 2008). Support for this 

hypothesis came from Bhattacharyya et al (Bhattacharyya et al., 2006) who showed, 

using fluorescence in situ hybridisation (FISH) in HuH-7 cells, that when the mlR-122
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miRNA repressed CAT-1 mRNA, it was found in P bodies. When repression of the 

mRNA was reversed by cell stress, the mRNA re-localised from P bodies and its 

association with polysomes increased. Moreover, expression of mlR-122 in cells 

lacking this miRNA (HepG2 cells) was sufficient to localise CAT-1 mRNA to P bodies.

There is debate, however as to whether localisation of RNA to P bodies is a cause or 

consequence of silencing. This is compounded by the fact that there is dispute as to 

what constitutes a P body (microscopically visible versus submicroscopic). To date, 

quantitative data on the cytosolic distribution of P bodies is only available for the let-7 

miRNA and its reporter mRNA target, both of which are ectopically expressed in 

HeLa cells. Approximately 20% of each RNA was localised to visible P bodies (Pillai 

et al., 2005), indicating that the repression either involves submicroscopic P bodies 

or occurs outside them. The knockdown of some P body components (such as 

LSM1 or LSM3), results in the dispersion of microscopic P bodies but has no effect 

on miRNA function. Therefore, the microscopically visible P bodies are not essential 

for repression, and their formation is a consequence rather than the cause of 

silencing (Filipowicz et al., 2008).

5.2.2.2 Translation inhibition

It is useful, prior to explaining how miRNAs impede the translation process, to 

summarise how it normally occurs. The events during translation can be broadly 

divided into three steps; initiation, elongation and termination (Figure 5.3). During 

cap-dependant translation, the cap-binding factor elF4E (part of the elF4F complex) 

interacts with the m^GpppN cap structure to begin the assembly of the initiation 

complex. Another initiation factor, elF4G, functions as a bridge by simultaneously 

interacting with e!F4E and the initiation factor elF3 to recruit the 40S ribosome 

subunit to the mRNA. The 40S subunit then moves along the 5’ UTR of the mRNA to 

locate the start codon (AUG) and when the 60S subunit of the ribosome joins, the 

elongation step begins. When the ribosome reaches the termination codon (UAA) 

translation release factors mediate the termination process in which the ribosomal 

units disassociate from the mRNA and each other. Cap-independent translation can 

occur in some viral and cellular mRNAs where cap recognition by elF4E is not 

required and the ribosomes are recruited to the start codon by internal ribosome 

entry sites (IRES), which are usually highly structured regions in the 5'-UTR (Pillai et 

al., 2007).
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Figure 5.3
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Figure 5.3 Eukaryotic translation. Translation of mRNA consists of three steps: initiation, 

elongation and termination. Initiation of translation of most cellular mRNAs starts with the 

recognition of the mRNA 5'-terminal 7-methylguanosine (m7G) cap (red circle) by the 

eukaryotic translation initiation factor elF4E subunit of the initiation factor elF4F, which also 

contains elF4A (an RNA helicase) and elF4G (a large multidomain protein that functions as a 

scaffold for the assembly of the translation initiation complex). Interaction of elF4G with 

another multi-subunit initiation factor, elF3, facilitates the recruitment of the 40S subunit, 

which then begins scanning the mRNA 5' UTR in search of the AUG (or in rare cases its 

cognate) initiation codon. Following the joining of the 60S ribosomal subunit the elongation 

phase ensues. When the ribosome encounters a termination codon, translation release 

factors mediate the termination process, in which the ribosomal subunits dissociate from both 

the mRNA and from each other. An important function of elF4G is its interaction with the 

polyA-binding protein 1, PABP1, which is associated with the polyA tail. This interaction 

brings about the circularisation of the mRNA, which stimulates translation initiation and 

possibly recycling of ribosomes.

(Filipowicz et al., 2008)
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Initiation is the most complex step of the process and is subject to elaborate 

regulation, with the phosphorylation of initiation factors being the key regulator. 

Translation requires the participation of at least 10 initiation factors, many of them 

multisubunit complexes. The elongation step can also be regulated by 

phosphorylation of the elongation factor eEF2. elF6 is required for 60S subunit 

biogenesis, and might also act as an initiation factor that regulates subunit joining. 

Importantly, elF4G interacts with the polyA-binding protein 1 (PABPC1), which is 

associated with the polyA tail, to bring the two ends of the mRNA closely together to 

produce a stimulatory effect on translation. Thus, mechanisms that shorten the 

polyA tail and interfere with the elF4G-PABPC1 interaction can affect initiation 

efficiency (Filipowicz et al., 2008).

Sucrose density gradient fractionation is the main technique used to give support to 

the miRNA translation initiation or post-initiation repression models. It involves 

separating mRNAs according to the number of ribosomes they are associated with 

by centrifuging cytoplasmic extract through a sucrose density gradient (Cannell et al., 

2008). Different types of reporter constructs are also used to investigate the 

methods of repression. Capped reporters containing multiple miRNA binding sites 

can either have a functional 7-methylguanosine (m7G) cap or a non-functional 

ApppN cap and are either introduced into cells by transfection or used in studies in 

cell-free extracts. Mono-cistronic and bi-cistronic reporters containing viral internal 

ribosomal entry sites (IRES) and either functional or non-functional caps can also be 

transfected into cells. Finally, reporters can be constructed to investigate the effects 

of Argonaute or GW182 proteins on translation by tethering these proteins to the 

mRNA. They can be prepared with or without a polyA tail and used for either RNA 

transfection experiments or studies in cell-free extracts. Reporters can also differ in 

the number of miRNA binding sites present in the 3’ UTR, and reporters devoid of 

miRNA binding sites or that contain mutated sites are used as controls (Filipowicz et 

al., 2008).

Translation initiation inhibition

Evidence to support the inhibition of translation initiation by mlRNAs comes from 

Pillai et al (Pillai et al., 2005). They transfected reporter mRNAs with multiple miRNA 

binding sites (for either natural or synthetic mlRNAs) in their 3' UTRs into HeLa cells. 

The investigations revealed that miRNAs repressed the translation of m7G-capped 

mRNAs, but not mRNAs containing an IRES or a non-functional ApppN cap. They 

validated the fact that a functional cap is essential for translational repression by
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using bi-cistronic mRNA reporters. These experiments showed that the activity of the 

first cap-dependent cistron, but not the second cistron, placed under the control of 

elF4E or elF4G artificially tethered to the mRNA, was repressed by the endogenous 

let-7 mlRNA. Polysome gradient analysis was also performed and supported an 

effect on the initiation step. Reporter mRNAs that either contained functional let-7- 

binding sites or that were repressed by AG02 (artificially tethered to the 3' UTR) 

showed a shift in sedimentation toward the top of the gradient, Indicating reduced 

ribosome loading on the repressed mRNA. Other studies using mRNA reporters 

containing IRESs showed that these transcripts were not repressed by mlRNAs, thus 

lending additional support to the concept that miRNAs inhibit cap-dependant 

translation initiation (Humphreys et al., 2005, Mathonnet et al., 2007, Wakiyama et 

al., 2007).

Kiriakidou et a! (Kiriakidou et al., 2007) made an interesting discovery that adds 

credence to the role of miRNAs in blocking translation initiation. They found that the 

central domain of Argonaute proteins exhibits sequence similarity to elF4E, which is 

essential for cap-dependent translation initiation. elF4E binds to the m7Gppp-cap 

structure of mRNAs by stacking the methylated base of the cap between two 

tryptophans. Argonaute proteins have phenylalanines at the equivalent positions of 

the tryotophans that could mediate a similar interaction. They also showed that 

human AG02 binds to m7-GTP on Sepharose beads, and that there is competition 

for this binding by a methylated cap analog (e.g., m7GpppG) but not by unmethyiated 

GpppG. They also demonstrated that substitution of the phenylalinines with valines 

abrogated the silencing activity. Thus perhaps the Argonaute proteins can compete 

with elF4E to bind to the cap structure and repress translation initiation (Figure 5.2 

C). Another group found that AG02 associates with large ribosomal subunits and 

elF6 in human cells (Chendrimada et al., 2007). elF6 is an initiation factor that binds 

to the 60S subunit to prevent it from binding to the 40S subunit prematurely. 

Therefore if AG02 binds to e!F6 when it is bound to the 60S ribosomal subunit, it 

might sequester it and prevent it from joining with the smaller subunit, thus 

preventing translation initiation (Figure 5.2 D). These two mechanisms are quite 

dissimilar to each other; further experiments will be required to determine if either 

mechanism (or perhaps both) is biologically effective.

Post-translation initiation inhibition

Early studies in C. elegans suggested that inhibition of translation initiation was not 

the only method of miRNA repression. It was shown that the lin-14 and lin-28
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mRNAs, which are targets of the lin-4 mlRNA, remained associated with polysomes 

despite showing a strong reduction in their protein products at a specific stage of 

larval development (Seggerson et al., 2002, Olsen and Ambros, 1999). Recent 

studies have also shown that mlRNAs and their targets associate with polysomes in 

sucrose sedimentation gradients. These polysomes were translationally active as 

when they were incubated with various translational inhibitors such as hippuristanol, 

puromycin, or pactamycin they dissociated into monosomes or ribosomal subunits 

(Maroney et al., 2006, Nottrott et al., 2006, Petersen et al., 2006).

The fact that the mRNA transcripts appeared to be translated, but their 

corresponding protein products were undetected led Nottrott and colleagues (Nottrott 

et al., 2006) to hypothesise that the protein polypeptide was being degraded as it 

was being translated (Figure 5.2 B). This proposal was based on negative rather 

than positive evidence, however as the authors could not identify or implicate a 

culprit protease. They excluded the known proteasome as being involved, as protein 

expression of silenced reporters was not recovered with the addition of proteasome 

inhibitors.

Petersen and co workers (Petersen et a!., 2006) believe that mlRNAs inhibit 

translation by causing premature ribosome dissociation or ribosome drop-off, thus 

preventing the elongation phase of translation (Figure 5.2 A). They used a miRNA 

reporter with six target sites partially complementary to a transfected siRNA (a 

miRNA mimic) in its 3’ UTR. When the reporter was transiently expressed, it 

associated with polysomes and its expression was inhibited by the siRNA. However 

if translation was inhibited with hippuristanol, the ribosomes dissociated more rapidly 

than those with a control unrepressed mRNA. They also provided additional 

evidence that miRNAs mediate repression after translation initiation by using reporter 

constructs containing IRESs. They showed that silencing occurred in both cap- 

independent and functional cap constructs. As IRESs initiate translation of mRNAs 

independent of the mRNA cap structure, these results indicate that miRNAs repress 

translation at a step downstream of cap recognition (Petersen et al., 2006).

When reviewing the literature on this topic, some notable differences and conflicting 

results from different groups are found. For instance Humphreys et al (Humphreys et 

al., 2005), Mathonnet et al (Mathonnet et al., 2007), and Wakiyama et al (Wakiyama 

et al., 2007) showed that miRNAs inhibited translation in a cap-dependant manner. 

But this was refuted by the results of Peterson et al (Petersen et al., 2006). This

272



Chapter 5 Hsa-miR-222 & Hsa-miR-25 mRNA Target Elucidation

could be due to experimental differences between groups such as transfection 

method, or transfection of RNA or DNA (Filipowicz et al., 2008). Cannell and 

colleagues (Cannell et al., 2008) found that the mechanism of miRNA-mediated 

translational repression can be directed to the initiation or post-initiation stage of 

protein synthesis by the promoter used for transcribing the target mRNA. This 

highlights the fact that although the use of in vitro systems allows identification and 

biochemical characterisation of early events during repression, the reporter mRNAs 

lack a nuclear history that might involve deposition of RISC proteins on the mRNA 

which could potentially modify the mRNA properties and affect the response to 

miRNAs.

Finally, it is also unclear at this point in time whether miRNAs repress protein 

synthesis by a primary dominant mechanism or by many different mechanisms. 

There is some speculation that perhaps miRNAs trigger an initial event that is then 

amplified by different downstream mechanisms (Filipowicz et al., 2008, Eulaiio et al., 

2008). However it is probably more likely that miRNAs suppress protein synthesis by 

a variety of mechanisms.

5.2.3 Hsa-miR-222 & hsa-miR-25, their role in thyroid cancer

Hsa-miR-222 is part of an intergenic miRNA cluster (that also contains hsa-miR-221) 

on the p i 1.3 region of the X chromosome (Figure 5.4 A). As mentioned in the last 

chapter, hsa-mlR-222 is commonly found to be up-regulated in thyroid cancer (He et 

al., 2005, Pallante et al., 2006, Nikiforova et al., 2008). It is one of the most well 

known miRNAs linked to thyroid cancer and some of its gene targets have been 

elucidated. He and colleagues (He et al., 2005) proposed that hsa-miR-222, hsa- 

miR-221 and hsa-miR-146 target the KIT gene. This gene is an important tyrosine 

kinase receptor in cell differentiation and growth that functions as an oncogene in 

many cancers (Ashman et al., 1999, Kitamura and Hirotab, 2004). Visone et al 

(Visone et al., 2007b) performed a bioinformatic analysis to predict the gene targets 

of mlR-222 & miR-221. This suggested that the p27' '̂'’  ̂ protein, a key regulator of cell 

cycle, may be a candidate target for the miR-221/222 cluster. They then increased 

miR-221 and miR-222 expression in thyroid carcinoma and HeLa cells and showed a 

subsequent reduction of p27' '̂'’  ̂ protein levels in the absence of significant changes 

in specific p27* '̂’’  ̂ mRNA levels. They confirmed that miR-221 & miR-222 directly
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interact with and inhibit the 3’untranslated region (3’UTR) of the p27*̂ ''̂  ̂ gene using a 

luciferase reporter constrict system.

Hsa-miR-25 is also located in a miRNA cluster; termed the mi-106b-25 cluster. miR- 

106b and miR-93 are the two other miRNAs in this highly conserved cluster which 

located in a 515-bp region at chromosome 7q22, in intron 13 of the host gene MCM7. 

The miRNAs are co-transcribed in the context of the MCM7 primary transcript and 

have been found to accumulate in different types of cancer including gastric, 

prostate, pancreatic neuroendocrine tumours, neuroblastoma, and multiple myeloma 

(Petrocca et a!., 2008).

The miR-106-25 cluster is a paralog of the well known oncogenic miR-17-92 cluster. 

These two clusters of miRNAs, located on different chromosomes, are derived from a 

unique gene that undenwent a series of duplications, mutations, and loss of individual 

miRNAs during the early evolution of vertebrates. Their evolution resulted in the 

selection of similar but not identical clusters (Figure 5.4 B). The most notable 

difference between the two clusters is the lack of miR-18 and miR-19 homologues in 

the miR-106b-25 cluster (Petrocca et al., 2008). Hsa-miR-25 has been found to be 

down-regulated in anaplastic thyroid carcinoma (Visone et al., 2007a), and although 

the role of the miR-17-92 cluster in anaplastic thyroid cancer has been investigated 

(Takakura et al., 2008), the miR-106b-25 cluster has not been studied and no 

specific role for hsa-miR-25 has been found in thyroid cancer pathogenesis.

Figure 5.4
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Figure 5.4 Schematic diagrams showing the genomic structure of the three miRNA clusters 

located on chromosomes 13, 7, and X. (A) The miR-221/222 cluster on the X chromosome. 

(B) The miR-17-92 and mlR-106b-25 paralogous clusters on chromosomes 13 and 7 

respectively. miRNAs of the same colour in this section of the diagram indicate sequence 

homology between the individual miRNAs. A 

Adapted from (Petrocca et al., 2008)

274



Chapter 5 Hsa-miR-222 & Hsa-miR-25 mRNA Target Elucidation

Aim

The aim of the experiments described in this chapter was to elucidate the mRNA 

targets of hsa-miR-222 and hsa-miR-25 in anaplastic thyroid carcinoma. This was 

facilitated by performing genome wide analysis using Affymetrix™ microarray 

technologies on the transfections described in the last chapter. The transfections 

aimed to reverse the expression of the two miRNAs from that normally seen in the 

cells. Therefore, as hsa-miR-222 is endogenously up-regulated in thyroid cancer, it 

was down-regulated using anti-miRs™ in the anaplastic cancer derived 8505C cells 

and up-regulated using pre-miRs™ in the normal Nthy-ori cells. Conversely, as hsa- 

miR-25 is endogenously down-regulated in thyroid cancer it was up-regulated using 

pre-miRs™ in the 8505C cells and down-regulated using anti-miRs™ in the Nthy-ori 

cells. The unbiased genome-wide approach provided by the microarrays, yielded the 

discovery of a set of mRNAs that are either directly or indirectly targeted by both 

miRNAs in ATC and have not been previously described.
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5.2 Materials & Methods 

5.2.1 RNA precipitation & quality

100ng of RNA was required in a volume of 3pl to perform Affymetrix™ Human Gene 

1.0 St microarrays. To increase the concentration, RNA (in SOpI of water) from the 

optimised transfections described in section 4.4.3 in chapter 4 was precipitated as 

follows:

I 0.1 volume (5|jl) of 3M NaOAc (pH 5.2) (Lonza), 2.5 volumes (125pl) of

ethanol (Sigma), and Ip l of glycogen* (5mg/ml) (Sigma) were added to each 

sample, mixed & incubated at -2 0 ‘C for Ihr.

» Samples were then centrifuged at > 12,000 x g in a micro-centrifuge for 20

minutes at 4‘C.

I Supernatant was removed & discarded and the pellets were washed twice

with 20-50|jl of 80% ethanol.

» The pellets were air-dried and re-suspended in lOpI of RNase-free water.

I * Glycogen acts as a carrier material in the precipitation. The addition of 0.5-

Ip l of glycogen (5mg/ml) to nucleic acid precipitations aids in visualisation of 

the pellet and may increase recovery. The glycogen does not affect the 

outcome of subsequent experiments.

RNA quantity was assessed using a NanoDrop® ND-1000 Spectrophotometer 

(Wilmington, USA), see section 2.7, and RNA quality was assessed using a 2100 

Bioanalyzer (Agilent Technologies), see section 2.8.

5.2.2 Affymetrix™ Gene 1.0 ST microarrays

Microarrays were performed as described in section 2.10. Twenty four microarrays 

were performed and analysed, see table 5.1 for the number of arrays performed on 

the different transfection conditions.

Table 5.1 Number of microarrays performed on different transfection conditions

Pre-miR™ Anti-mlR™

8505C
miR-25 miR-222

Negative Control X 3 miR-25 X 3 Negative Control X 3 miR-222 X 3

Nthy-ori 3-1
miR-222 miR-25

Negative Control X 3 miR-222 X 3 Negative Control X 3 miR-25 X 3
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5.2.3 Analysis of microarrays 

5.2.3.1 Quality control assessment

Initial quality control analysis was performed on the microarrays using the Expression 

Console™ software (EC).

I The CEL files of the arrays to be analysed were loaded into an EC study and 

a multi-chip analysis of the CEL files was performed.

I The probeset summarisation method of choice was then selected under the 

analysis menu. To run the gene level core analysis ‘Analysis, Gene Level -  

Default: RMASketch’ was selected.

I Once the analysis was complete, various metrics were visualised by selecting

'Graph, Line Graph -  Report Metrics’ from the menu.

I NOTE: The numeric values of the metrics can be visualised in by selecting

‘Report, View Full Report’ from the menu. The EC manual contains further 

information on using the report and graph features.

A summary of the different quality control metrics and their meanings and functions is 

described bellow.

Probe Level Metrics

The first quality assessment metric is based on the probe signal level data and is 

described below.

I pm_mean is the mean of the raw intensity for all of the perfect match (PM)

probes on the array prior to any intensity transformations (e.g. quantile 

normalisation). This value can be used to ascertain whether certain chips are 

unusually dim or bright. Dim or bright chips may not a problem per se, but 

might warrant closer inspection of the probeset based metrics to ensure 

further irregularities do not occur (e.g. unusually high median absolute 

deviation of residuals, unusually high mean absolute relative log expression 

values when looking within replicates, etc.).

Probeset Summarisation Based Metrics

The next set of metrics is based on summarisation of the probeset results. The 

majority of these metrics are performed for different groupings of probesets for 

instance the hybridisation or ‘bac spike’ controls. Metrics based on a mean also 

report the standard deviation.
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I pos_vs_neg_auc is the area under the curve (AUC) for a plot comparing

signal values for the positive controls to the negative controls. (See probeset 

categories for more information on the positive and negative probeset 

categories). The curve is generated by evaluating how well the signals 

separate the positive controls from the negative controls with the assumption 

that the negative controls are a measure of false positives and the positive 

controls are a measure of true positives. An AUC of 1 reflects perfect 

separation whereas as an AUC value of 0.5 would reflect no separation. The 

expected value for this metric is tissue type specific and may be sensitive to 

the quality of the RNA sample; values between 0.80 and 0.90 are typical.

► X_mean is the mean signal value for all the probe sets analysed from 

category “X ”.

t X_mad_residual_mean is the mean of the absolute deviation of the residuals

from the median, for all probesets analysed from category “X” . Different 

probes return different intensities when hybridised to a common target. To 

account for these relative differences in intensity the RMA algorithm creates a 

model fo r individual probe responses. The difference between the actual 

signal intensity value and the predicted value is the residual. If the residual 

for a probe on any given chip is very different from the median, it means that 

it is a poorer fit to the model. Thus, calculating the mean o f the absolute value 

of all the deviations produces a measure of how well or poor all of the probes 

on a given chip fit the model. An unusually high mean absolute deviation of 

the residuals from the median suggests problematic data for that chip.

I X_rle_mean is the mean absolute relative log expression (RLE) for all the

probesets analysed from category “X ”. This metric is generated by taking the 

signal estimate for a given probeset on a given chip and calculating the 

difference in log base 2 from the median signal value o f that probeset over all 

the chips. The mean is then computed from the absolute RLE for all the probe 

sets analysed from category “X ”. When only replicates from a tissue or cell 

line are analysed together the mean absolute RLE should be consistently low, 

reflecting the low biological variability o f the replicates.

Probeset signals as quality metrics

The last sets of quality assessment metrics are individual probe set signal values for 

various controls. These include the bacterial spike and polyA spike probesets. Any 

probeset can be graphed by selecting 'Graph, Probeset list’ from the menu. The 

main use in looking at specific probeset values is to determine if expected behaviours
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(i.e. constant expression levels for housekeeping genes, rank order of signal values 

between spike probe sets) for these probesets are observed.

Probeset categories

For many of the quality assessment metrics, values are reported not just for all the 

probe sets analysed, but also for particular subsets of probesets. This can be used if 

troubleshooting a poorer performing sample.

I all_probeset is all the probe sets analysed. In most cases, this category is

the bulk of probesets that will be carried into downstream statistical analysis. 

Thus the metrics reported for this category will be the most representative of 

the quality of the data being used downstream.

I bac_spike is the set of probesets which hybridise to the pre-labelled bacterial

spike controls (BioB, BioC, BioD, and Cre). This category is useful in 

identifying problems with the hybridisation and/or chip. Metrics in this 

category will have more variability than other categories {i.e., positive 

controls, all probesets) due to the limited number of spikes and probesets for 

this category.

» polya_spike is the set of polyadenylated RNA spikes (Lys, Phe, Thr, and 

Dap). This category is useful in identifying problems with the target 

preparation. Metrics in this category will have more variability than other 

categories {i.e., positive controls, all probesets) due to the limited number of 

spikes and probesets for this category.

> neg_control is the set of putative intron-based probe sets from putative

housekeeping genes. Multiple species-specific four probe probesets were 

selected against the putative intronic regions in these genes as they were 

previously shown to have constitutive expression over a large number of 

samples. Thus in any given sample some (or many) of these putative intronic 

regions may be transcribed and retained. These probesets form a moderately 

large collection which generally has very low signal values. They are used to 

estimate the false positive rate for the pos_vs_neg_auc metric.

» pos_control is the set of putative exon-based probe sets from putative

housekeeping genes. Multiple species-specific four probe probesets were 

selected against the putative exonic regions in these genes as they were 

previously shown to have constitutive expression over a large number of 

samples. These probesets form a moderately large collection of probesets 

with targets present which generally have moderate to high signal values.
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These probesets are used to estimate the true positive rate for the 

pos_vs_neg_auc metric.

5.2.S.2 PARTEK analysis

Statistical analysis was performed using the PARTEK Genomics Suite software 

(http://www.partek.com). Paired t tests were performed to compare the data from the 

microarrays on the RNA from the cell lines transfected with the pre-miRs™ and anti- 

mlRs™, to the corresponding negative controls. Genes were deemed to be 

differentially regulated in the anti-mlR™ transfected cells if they possessed a p-value 

<0.05 and a fold change s1.5. Genes were deemed to be differentially regulated in 

the pre-miR™ transfected cells if they possessed a FDR <0.05 and a fold change >2.

Adjusting p-values for multiple comparisons (FDR)

When microarrays are performed, thousands of genes are analysed, generally in a 

small number of biological replicates. In the main, researchers aim to select the 

relevant genes corresponding to the transcriptional changes which are related to a 

clinical or biological outcome. In such circumstances, a major multiplicity problem 

arises that requires multiple comparison procedures that take into account false 

positives. The p-value (0.05 or 0.01) has been classically used to control the type I 

error rate (i.e. the false positive rate). Its interpretation is that from 100 tests, 5 tests 

would incorrectly show as significant in the case of p=0.05 (i.e. false positives). 

Although useful in most experiments, the use of the same p-value on a microarray 

with 30,000 genes would yield 1,500 false positive genes, which is an unacceptable 

amount. Therefore additional measures should be taken.

Until now, statistical procedures have mostly relied on the multiple testing framework 

in order to control false positive conclusions. In this framework, two quantities have 

been considered: the Family Wise Error Rate (FWER) and the False Discovery Rate 

(FDR). The FWER, which is the oldest criterion considered in multiple comparisons, 

is defined as the probability of at least one false positive conclusion over all the true 

null hypotheses (a null hypothesis corresponds to the lack of relationship between 

gene expression measurement and a response variable). The most commonly used 

methods are the Bonferroni and Sidak methods. Extension of these two methods is 

based on step-down or step-up principles where null hypotheses are tested
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sequentially. In complement to the previous methods, re-sampling (or permutation 

based) procedures that make no distributional hypothesis but incorporate correlation 

structures and distributional characteristics have been developed and applied to 

microarray gene expression study (Callow et al., 2000).

However, as argued by Benjamini and Hochberg (Benjamini Y, 1995), controlling the 

FWER in multiple testing settings may not always be appropriate. Indeed, in large- 

scale hypothesis generating studies such as microarray experiments, this criterion 

becomes so conservative that the probability of detecting any true association is, in 

some cases, almost nil. As an alternative and less stringent concept of error control, 

Benjamini and Hochberg introduced the false discovery rate (FDR). The FDR is the 

expected proportion of erroneously rejected null hypotheses among the rejected 

ones. The main reason for controlling the FDR is that it controls a quantity that is 

relevant and leads to more powerful procedures than those relying on the FWER. 

Based on this concept, they initially developed a step-up procedure under the 

hypothesis of independence which controls FDR at a pre-specified value. Extensions 

to the case of dependent tests were then proposed by Benjamini and Yekutieli 

(Benjamini Y, 2001).

Analysis of gene target lists

Final gene target lists were displayed using PARTEK Genomics Suite software. 

Significant gene target lists were cross referenced with the predicted targets of the 

particular miRNA using the mlRGen database (Megraw et al., 2007): 

http://vwwv.diana.pcbi.upenn.edu/miRGen.html). For additional analyses, gene lists 

were exported and uploaded into PANTHER (panther.celera.com). The PANTHER 

database was designed for high-throughput analysis of protein sequences. One of 

the key features is a simplified ontology of protein function, which allows browsing of 

the database by biological functions. Biologist curators have associated the ontology 

terms with groups of protein sequences rather than individual sequences. Statistical 

models (Hidden Markov Models, or HMMs) are built from each of these groups. The 

advantage of this approach is that new sequences can be automatically classified as 

they become available. To ensure accurate functional classification, HMMs are 

constructed not only for families, but also for functionally distinct subfamilies. 

Multiple sequence alignments and phylogenetic trees, including curator-assigned 

information, are available for each family.
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5.4 Results

5.4.1 RNA quality post precipitation

RNA from the hsa-miR-222 & hsa-miR-25 pre-miR™ and anti-mlR™ transfections 

described in chapter 4 was precipitated. The Agilent Bioanalzer was used to assess 

the quality of the RNA post-precipitation to ensure it was pure enough to be use to 

perform microarrays. Figures 5.5 & 5.6 show the bioanalyzer results of the quality of 

the RNA from the 8505C and Nthy-ori 3-1 transfections respectively.

Figure 5.5

(A) 65 - - 6 5

60 - - 6 0

55 - - 5 5

- 5 050 -

45 - - 4 5

- 4 0

- 3 535 -

30 - - 3 0

- 2 5

20 - - 2 0

15 - -  15

8505C Transfections

Sample RINLane No.

Negative Control 1

Negative Control 2

Pre-miR-25 7.6Negative Control 3

Pre-miR-25 1

Pre-miR-25 2

Pre-miR-25 3 7.4

9.4Negative Control 1

Negative Control 2

Negative Control 3 8.6
Antl-mlR-222

8.9Anti-mi R-222 1

Anti-miR-222 2 8.3

Anti-mi R-222 3 8.5
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Figure 5.5 Assessment of the RNA quality of the 8505C transfections post precipitation. (A) 

Gel image of the quality of the extracted RNA 18S & 28S bands can be seen in all samples. 

(B) Results in this table illustrate the RNA integrity number (RIN) of each sample. All of the 

samples show similar RNA integrity numbers above 7.

Figure 5.6

(A) 65  - -  65

60  - -  60

55  - - 5 5

50  - - 5 0

45  - - 4 5

40  - - 4 0

35  - - 3 5

30  - - 3 0

- 2 525  -

20 - - 2 0

-  15

Nthy-ori 3-1 Transfections

Lane No. Sample RIN

Negative Control 1

Negative Control 2 8.2
Pre-miR-222 Negative Control 3 8.6

Pre-miR-222 1

Pre-miR-222 2 8.8
Pre-miR-222 3 8.2

Negative Control 1 8.5
Negative Control 2 8.2
Negative Control 3 8.6Anti-miR-25

Anti-miR-25 1 8.4

Anti-miR-25 2

Anti-miR-25 3 8.2

Figure 5.6 Assessment of the RNA quality of the Nthy-ori 3-1 transfections post precipitation. 

(A) Gel image of the quality of the extracted RNA 18S & 28S bands can be seen in all 

samples. (B) Results in this table illustrate the RNA integrity number (RIN) of each sample. 

All of the samples show/ similar RNA integrity numbers above 7.
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As the RIN numbers of all of the RNA samples tested were above 7 and in a similar 

range to each other, the RNA from the transfections was deemed to be of sufficient 

quality to be used for microarray analysis. Each sample was then quantified and 

diluted to a concentration of 100ng of RNA in 3|jl of RNase-free water. Affymetrix™ 

Human Gene 1.0 ST arrays were subsequently performed in triplicate on the RNA 

from the pre-miR™, anti-miR™, and their corresponding negative control 

transfections. These arrays interrogate 28,869 well-annotated human genes with 

764,885 distinct probes; see section 2.10 in the materials and methods chapter for a 

complete background on the Affymetrix™ arrays, and the full labelling, fragmentation, 

hybridisation and scanning protocols.

5.4.2 Quality control assessment of microarrays

5.4.2.1 Initial quality control check

Immediately after the microarrays were scanned, initial quality checks were 

performed on the probe array images (.dat files) to inspect for the presence of image 

artefacts (i.e., high/low intensity spots, scratches, high regional or overall 

background, etc.) on the arrays. Along with visual inspection, B2 oligo performance 

also facilitates quality control. B2 oligos, which are spiked into each hybridisation 

cocktail, serve as a positive hybridisation control and are used by the GCOS software 

to place a grid over the microarray image. Hybridisation of B2 is highlighted on array 

images as follows: the alternating pattern of intensities on the border, the 

checkerboard pattern at each corner, and the array name located in the lower-left of 

the array, see images bellow for examples.

GeneChiP HG-U133 P'lus 2

If the B2 intensities at the checkerboard corners are either too low or high, or are 

skewed due to image artefacts, the grid will not align automatically. The grid can be 

aligned manually using the mouse to click and drag each grid corner to its 

appropriate checkerboard corner. B2 oligos appeared correctly on all of the 

microarrays performed on 8505C and Nthy-ori 3-1 cells.
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S.4.2.2 Quality control metrics

The quality of the arrays was then further evaluated to ensure no outliers or defective 

arrays were present that might skew the results of downstream analysis. The quality 

assessment procedures entail computing summary statistics for each array in a set of 

arrays and then comparing the level of the summary statistics across the arrays. The 

Affymetrix™ Expression Console™ software (EC) is used to perform the quality 

assessment metrics and generate graphs to facilitate data quality assessment.

The different metrics that were utilised are outlined in section 5.2.3.1 in the materials 

and methods part of this chapter. Briefly, the pos_control and all probeset 

categories are used to assess the overall quality of the data from each chip. Metrics 

based on these categories reflect the quality of the whole experiment including RNA 

quality, target preparation, chip, hybridisation, scanning, and griding. Thus they are 

useful to assess the nature of the data being used in downstream statistical analysis. 

The polya_spike category is useful for identifying potential problems with the target 

preparation phase of the experiment. The bac_spike category is useful for identifying 

potential problems with the hybridisation stage of the experiment and the quality of 

the chip. The caveat with the latter two categories is the limited number of spikes 

present; 4. They are therefore mainly used to troubleshoot problems whereas the 

pos_control and all probeset categories are used to assess overall quality. Figure 

5.7 shows the graphical display of some of the quality control metrics performed on 

the 8505C and Nthy-ori 3-1 microarrays.

Figure 5.7

8505C Nthy-ori 3-1

285



Chapter 5 Hsa-miR-222 & Hsa-miR-25 mRNA Target Elucidation

Nthy-ori 3-18505C

BB

Figure 5.7 Quality control metrics of microarrays performed on 8505C & Nthy-ori 3-1 cell 

lines. Each point in the diagrams represents the value of a metric for a particular microarray. 

(A) Shows a graph of the mean absolute deviation of residuals (blue), mean absolute relative 

log expression (RLE) (green), and the area under the curve for signal discrimination of the 

positive and negative controls (red). A low amount of variation is shown between the 

microarrays of each cell line. (B) Box plots of the RLE for all the probesets analysed. The 

mean absolute RLE is proportional to the width of the box plots, or the inter-quartile range of 

RLE values. The middle bar in each box is the median RLE. (C) The mean probe level 

intensity (prior to normalisation or background correction). (D) Shows the signal values of the 

poly A spikes, the rank order of them is as expected and there is little variation between the 

microarray values from the same cell lines. (E) Shows the signal values of the bacterial
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spikes, the rank order of them is as expected and there is little variation between the 

microarray values from the same cell lines.

A low amount of variation can be noted betv\/een the microarrays from both cell lines 

in all of the quality control metrics performed and illustrated in figure 5.7. A low level 

of disparity is to be expected when microarrays using RNA from the same cell line 

are assessed together. As mentioned previously, the positive control metric 

categories are useful to evaluate the overall quality of the experiment. Part A in 

figure 5.7 shows a very low amount of variation in the area under the curve for the 

signal discrimination of the positive and negative controls (the red line). This 

indicates that the entire microarray experiment of all of the samples analysed was 

successful. Another example of the similarity of the samples is the box plots of the 

relative log expression of the probesets (Figure 5.7 B). The median RLEs should be 

zero, and are very close to 0 in both cell lines. Deviations from zero typically indicate 

a skewness in the raw intensities of the chip that were not properly corrected by 

normalisation. If the RLE box plots indicate a skewness, visual inspection of chip 

images with non-zero median RLE often reveal dense areas of unusually bright or 

unusually dim intensities. The pm_mean of a chip can also reveal an unusually dim 

or bright chip. In part C of figure 5.7 the pm mean appears to vary a lot between 

microarrays, however when the range of the signal intensity of this metric is viewed, it 

is very low (437.83 - 642.12 in 8505C arrays & 371.69 - 637.03 in Nthy-ori 3-1 

arrays) and so again reaffirms the low levels of inter-array variation. Finally, the 

bacterial spikes (Figure 5.7 E) display the expected rank order (BioB < BioC < BioD < 

Cre) indicating that no problem occurred before the hybridisation phase, and the 

polyA spikes (Figure 5.7 D) display the expected rank order (lys < phe < thr < dap) 

indicating that there was no problem with the RNA sample or the target preparation.

The quality control metrics discussed above indicated that the microarray 

experiments were successful and that no outlier arrays were present.
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5.4.3 PARTEK analysis of microarrays

Probe cell intensity data from expression arrays (CEL files) was analysed in the 

PARTEK Genomics Suite software using the Robust Multichip Analysis (RMA) 

algorithm. The RMA algorithm consists of three steps; background adjustment, 

quantile normalisation, and summarisation. The RMA algorithm fits a robust linear 

model at the probe level to minimise the effect of probe-specific affinity differences. 

Using this approach (as opposed to other algorithms such as PLIER) increases 

sensitivity to small changes between experiment and control samples and minimises 

variance across the dynamic range, but does compress calculated fold change 

values (Irizarry et al., 2003). Analysis using the RMA algorithm is designed for a 

multi-chip analysis approach. Therefore, all arrays intended for comparison were 

included together in the summarisation step.

The PARTEK Genomics Suite software was then used to perform paired t tests to 

compare the data from the pre-miR™ and anti-miR™ transfections to the 

corresponding negative control transfections. A t-test is any statistical hypothesis 

test in which the test statistic follows a Student’s t distribution if the null hypothesis is 

true. The null hypothesis is that the mean difference between two observations is 

zero, i.e. that the means of the groups are equal. This test is most commonly applied 

when the test statistic follows a normal distribution, or if the data have been 

normalised, as was the case here. Paired t tests are performed on data that are 

similar to each other apart from one variable, for instance, measuring a patient’s 

tumour size before and after a treatment. Thus the test compares measurements 

within subjects, rather than across subjects, and will generally have greater power 

than an unpaired test (Moore DS, 2006). This test is applicable to the microarray 

data being analysed here as expression levels from the same cell lines are being 

compared between negatively control transfected cells, and pre-miR™ and anti- 

miR™ treated cells, i.e. the only difference between them is the molecule transfected 

into the cells.

Genes were deemed to be differentially regulated in the pre-miR™ transfected cells if 

they possessed a FDR < 0.05 and a fold change > 2. The anti-miR™ transfected 

cells did not show many differentially regulated genes compared to the negative 

control transfected cells so analysis parameters were loosened when assessing 

them. Therefore genes were deemed to be differentially regulated in anti-miR™ 

transfected cells if they possessed a p-value < 0.05 and a fold change > 1.5. Some
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Affynnetrix probeset IDs did not map to a gene with a RefSeq, but mapped to partially 

transcribed sequences (PTS) or expressed sequence tags (ESTs). Tables 5.2 and 

5.3 show the number of genes, ESTs, and PTSs that were differentially regulated in 

the pre-miR™ and anti-miR™ treated cells respectively.

Table 5.2 Differentially regulated genes, ESTs, & PTSs in pre-miR™ treated cells

Significant* Differentially 

Regulated Genes
■ignlficant* Down-ReguliiBd 

Genes |

8505C, Pre-miR-25 118 98

Nthy-ori 3-1, Pre-miR-222 146 82

* FDR 0.05, Fold change >2.

Table 5.3 Differentially regulated genes, ESTs, & PTSs in anti-miR™ treated cells

Differentially* Regulated I 
Genes

Up-Regulated*

Genes

8505C, Anti-miR-222 33 20

Nthy-ori 3-1, Anti-miR-25 40 32

* P value 0.05, Fold change >1.5.

These summary tables indicate that even with looser analysis parameters (i.e. not 

correcting for false positives that commonly occur when performing multiple 

comparisons) the anti-miR™ treated cells do not show altered expression of many 

genes compared to the negative controls. Figure 5.8 shows heat maps of the pre- 

miR™ & anti-miR™ gene lists in both cell lines.
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Figure 5.8
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Figure 5.8 Heat maps of significantly differentially regulated genes in pre-mlR™ and anti- 

miR™ treated cells. Red colour indicates up-regulated genes and blue indicates down-
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regulated genes. (A) Heat maps of the significantly differentially regulated genes in pre- 

miR™ treated cells compared to negative control treated cells, FDR < 0.05 & fold change > 2. 

A clear separation can be seen between the genes in pre-miR™ treated samples compared 

to negative control treated samples. (B) Heat maps of the significantly differentially regulated 

genes in anti-mlR™ treated cells compared to negative control treated cells, p-value s 0.05 & 

fold change 2 1.5. The genes in anti-miR™ treated samples do not show as much of a clear 

separation from those of the negative control treated samples.

The heat maps in figure 5.8 illustrate that the pre-miRs™ have a much more 

profound effect on the gene expression of both cell lines than the anti-miRs™. A 

clear separation can be seen between the genes in pre-miR™ treated samples 

compared to the corresponding negative control treated samples. However the 

genes in anti-miR™ treated samples do not show as much of a separation from 

those of the negative control treated samples, despite the more lax analysis 

parameters. Figure 5.9 illustrates principle component analysis (PCA) of the gene 

lists of the pre-miR™, anti-miR™, and negative control treated 8505C cells.

PCA is a technique that reduces a complex data set to a lower dimension to reveal 

the sometimes hidden, simplified structures that underlie it. The goal of principal 

component analysis is to identify the most meaningful basis to re-express a data set. 

One anticipates that this new basis will filter out the noise or redundancy in the data 

and reveal hidden structure. PCA is a non-parametric algorithm with three main 

assumptions; the linearity of the data set, that large variances indicate important 

structure (i.e. principal components with larger associated variances represent 

interesting structure, while those with lower variances represent noise), and finally 

that principal components are orthogonal or perpendicular (Shlens, 2009).

In general terms, a number of possibly correlated variables are transformed into a 

smaller number of uncorrelated variables called principal components. In particular, 

the measurement of the variance along each principle component provides a means 

for comparing the relative importance of each dimension. Thus this method of 

assessing the variance along a small number of principal components is a useful tool 

to provide a simplified, reasonable characterisation of the complete data sets 

analysed.
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Figure 5.9

•  Anti-miR™ Neg Ctrl

•  Anti-miR-222

•  Pre-miR™ Neg Ctrl

•  Pre-miR-25

Figure 5.9 PCA plot of 8505C transfections. The anti-miR-222 and anti-miR™ negative 

control transfections cluster together, and the pre-miR-25 and pre-miR™ negative control 

transfections separate.

The PCA analysis shown in figure 5.9 reiterates the fact that the pre-miRs™ alter the 

expression in the cells a lot more than the anti-miRs™. This is illustrated by the fact 

that the anti-miR-222 treated cells cluster with the anti-miR™ negative control 

transfected cells whereas the pre-miR-25 treated cells cluster very separately from 

the pre-miR™ negative control treated cells. This trend is mimicked in the PCA 

analysis of the Nthy-ori 3-1 transfected cells in figure 5.10.

As the anti-miRs™ did not alter gene expression in either cell line to a significant 

enough level (FDR < 0.05 and a fold change > 2) the rest of the gene target analysis 

focused on the genes that were significantly down-regulated by the pre-miRs™. The 

genes that were significantly up-regulated (p-value < 0.05 and a fold change > 1.5) 

by anti-miR-222 in the 8505C cells and anti-miR-25 in the Nthy-ori 3-1 cells are listed 

in tables II & III in the appendix, respectively.
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Figure 5.10

•  Anti-miR-25

•  Anti-miR™ Neg Ctrl

•  Pre-miR-222

•  Pre-miR™ Neg Ctrl

Figure 5.10 PCA plot of Nthy-ori 3-1 transfections. The anti-miR-25 and anti-miR™ negative 

control transfections cluster together, and the pre-miR-222 and pre-miR™ negative control 

transfections separate.

The genes that were significantly down-regulated (FDR < 0.05 and a fold change > 2) 

by pre-miR-25 in the 8505C cells are listed in table 5.4, and by pre-miR-222 in the 

Nthy-ori 3-1 cells are listed in table 5.5. P-values of the significantly down-regulated 

genes are listed in tables 5.4 and 5.5. As mentioned, an FDR cut-off of < 0.05 was 

used in analysis of genes differentially regulated in pre-miR™ treated cells. These 

values are unavailable but a 0.05 FDR cut-off would produce FDR values that are 

approximately 10 times the p-values listed, thus being a more stringent approach to 

correct for multiple comparisons and reduce the chance of obtaining false positive 

results.
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Table 5.4 Genes significantly down-regulated by pre-miR-25 in 8505C cells

RefSeq

!

Gene
Symbol Gene Assignment

Fold 
Change 

(Pre-miR- 
25 vs Neg 

Ctrl)

P-Value

NM 000210 ITGA6 Integrin, alpha 6 -2.35164 6.17E-09
NM 002372 MAN2A1 Mannosidase, alpha, class 2A, member 1 -3.36968 4.98E-10
NM 002436 MPP1 Membrane protein, palmitoylated 1 -2.66883 1.08E-09
NM 003255 TIMP2 TIMP metallopeptidase inhibitor 2 -2.21805 1.75E-09
NM 021913 AXL AXL receptor tyrosine kinase -2.59379 2.49E-09
NM 015881 DKK3 Dickkopf homolog 3 (Xenopus laevis) -3.42754 2.89E-09
NM 018442 IQWD1 IQ motif and WD repeats 1 -2.13428 2.97E-09

NM_002204 ix rA 3  1 Integrin, alpha 3 (antigen CD49C, alpha 3 
1 subunit of VLA-3 receptor) -2.20884 7.00E-09

NM 004035 AC0X1 Acyl-Goenzyme A oxidase 1, palmitoyl -2.20564 1.42E-08
NM 005562 LAMC2 Laminin, gamma 2 -2.80326 1.12E-08
NM_006520 i DYNLT3 Dynein, light chain, Tctex-type 3 -2.69363 1.07E-08

NM_006988 ADAMTS1 ADAM metallopeptidase with thrombospondin 
type 1 motif, 1 -2.28465 1.34E-08

NM_006080 SEMA3A
Sema domain, Immunoglobulin domain (Ig), 

short basic domain, secreted, 
(semaphorin; 3A

-2.45008 2.61 E-08

NM 000351 STS Steroid sulfatase (microsomal), isozyme S -2.40983 2.36E-08
NM 019004 ANKIB1 Ankyrin repeat and IBR domain containing 1 -2.30389 1.15E-08
NM 181659 NC0A3 Nuclear receptor coactivator 3 -2.00571 1.41 E-08
NM 002844 PTPRK Protein tyrosine phosphatase receptor type K -2.1521 1.97E-08

NM_002205 ITGA5 Integrin, alpha 5 (fibronectin receptor, alpha 
polypeptide) -2.61442 9.07E-09

NM 000916 OXTR Oxytocin receptor -2.47278 4.16E-08

NM_005349 RBPJ Recombination signal binding protein for 
immunoglobulin kappa J region -2.03341 4.83E-08

NM 005471 GNPDA1 Glucosamine-6-phosphate deaminase 1 -2.23642 1.42 E-08
NM 004237 TRIP13 Thyroid hormone receptor interactor 13 -2.78089 1.02E-08

NM_001418 EIF4G2 Eukaryotic translation initiation factor 4 gamma, 
2 -2.49368 1.95E-08

NM 021999 ITM2B Integral membrane protein 2B -2.07018 3.95E-08
NM 000138 FBN1 Fibrillin 1 -2.35544 2.18E-07
NM 003010 MAP2K4 Mitogen-activated protein kinase kinase 4 -2.14717 1.34E-08
NM 016275 SELT Selenoprotein T -3.17501 2.35E-08

NM 001102445 RGS4 Regulator of G-protein signaling 4 -2.19428 3.62E-08
NM 001001521 UGP2 UDP-glucose pyrophosphorylase 2 -3.032 6.61 E-08

NM 002948 RPL15 Ribosomal protein LI 5 -2.65867 4.97E-08

NM_003139 SRPR Signal recognition particle receptor 
(’docking protein') -2.19481 1.33E-07

NM_001190 BCAT2 Branched chain aminotransferase 2, 
mitochondrial -3.04014 7.52E-08

NM 000693 ALDH1A3 Aldehyde dehydrogenase 1 family, member A3 -2.1682 2.58E-06
NM 012242 DKK1 Dickkopf homolog 1 (Xenopus laevis) -2.0602 3.20E-07
NM 006178 NSF N-ethylmaleimide-sensitive factor -2.20215 4.09E-07
NM 199511 GCDC80 Goiled-coil domain containing 80 -2.01579 1.25E-07

NM_014674 EDEM1 ER degradation enhancer, mannosidase alpha
like 1 -2.39079 8.84E-08

NM_213611 SLG25A3 Solute carrier family 25 (mitochondrial carrier; -2.08618 1.17E-07
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phosphate carrier)
NM 133494 NEK7 NIMA (never in mitosis gene a)-related kinase 7 -2.42402 3.00E-07

NM_017958 PLEKHB2 Pleckstrin homology domain containing, family B 
(evectins) member 2 -3.42034 8.84E-08

NM 000259 MY05A Myosin VA (heavy chain 12, myoxin) -2.42636 2.1 IE-07
NM 016277 RAB23 RAB23, member RAS oncogene family -2.05108 1.26E-07
NM 001110 ADAM 10 ADAM metallopeptidase domain 10 -2.61587 3.21 E-07

NM_001693 ATP6V1B2 ATPase, H+ transporting, lysosomal 56/58kDa, 
V I subunit B2 -2.06434 1.30E-07

NM 005779 LHFPL2 Lipoma HMGIC fusion partner-like 2 -2.17316 1.72E-07
, NM 016422 RNF141 Ring finger protein 141 -2.26023 8.57E-08

NM_002095 GTF2E2 General transcription factor HE, polypeptide 2, 
beta 34k -2.57038 7.22E-07

NM 003483 HMGA2 High mobility group AT-hook 2 -2.65387 1.24 E-07
NM 014223 NFYC Nuclear transcription factor Y, gamma -2.11243 1.57E-07

NM_013381 TRHDE Thyrotropin-releasing hormone degrading 
enzyme -2.30637 2.96E-07

NM_006287 TFPI Tissue factor pathway inhibitor (lipoprotein- 
associated coagulation inhibitor) -2.1446 5.36E-07

NM 033540 MFN1 Mitofusin 1 -2.01411 3.46E-07
NM 024664 PPCS Phosphopantothenoylcysteine synthetase -2.3864 3.87E-07
NM_023080 C8orf33 Chromosome 8 open reading frame 33 -2.00645 1.98E-07
NM 016352 CPA4 Carboxypeptidase A4 -2.0604 1.26E-06
NM 012223 MY01B Myosin IB -2,02977 1.35E-06
NM 020223 FAM20C Family with sequence similarity 20 member C -2.38741 1.16E-06

NM_004670 PAPSS2 3'-phosphoadenosine 5'-phosphosulfate 
synthase 2 -2.34713 9.66E-07

NM_005896 IDH1 Isocitrate dehydrogenase 1 (NADP+), soluble -2.5988 3.89E-06
NM 016322 RAB14 RAB14, member RAS oncogene family -2.02128 4.30E-07
NM 002971 SATB1 SATB homeobox 1 -2.08009 1.43E-06
NM 000405 GM2A GM2 ganglioside activator -2.24867 4.07E-07

NM_001547 IFIT2 Interferon-induced protein with tetratricopeptide 
repeats -4.28692 8.87E-07

NM 016570 ERGIC2 ERGIC and golgi 2 -2.85777 9.73E-07
NM 005595 NFIA Nuclear factor I/A -2.56736 6.45E-07
NM 005981 TSPAN31 Tetraspanin 31 -2.12689 6.55E-07

NM 001085471 FOXN3 Forkhead box N3 -2.31447 1.1 IE-06
BC016048 LRRG38 Leucine rich repeat containing 38 -2.39397 5.78E-07

NM 005314 GRPR Gastrin-releasing peptide receptor -2.54488 6.82E-06
NM 002783 PSG7 Pregnancy specific beta-1-glycoprotein 7 -2.01481 3.89E-06
NM 002781 PSG5 Pregnancy specific beta-1-glycoprotein 5 -2.22166 4.73E-06
NM 003884 KAT2B K(lysine) acetyltransferase 2B -2.10786 4.43E-06

NM_001040409 MTHFD2
Methylenetetrahydrofolate dehydrogenase 

(NADP+ dependent) 2, methenyltetrahydrofolate 
cyclohydrolase

-2.31219 1.92E-05

NM_003580 NSMAF Neutral sphingomyelinase (N-SMase) activation 
associated factor -2.07199 2.33E-06

■NM 001013442 EPGN Epithelial mitogen homolog (mouse) -3.05697 1.89E-06

NM_012319 SLC39A6 Solute carrier family 39 (zinc transporter), 
member 6 -2.02645 2.95E-06

NM 000965 RARB Retinoic acid receptor, beta -2.62354 5.42E-06
NM 152772 TCP11L2 T-complex 11 (mouse)-like 2 -2.10526 4.63E-05
BC017297 FAM49B Family with sequence similarity 49 member B -2.05063 1.87E-06

NM 001002265 MARCH8 Membrane-associated ring finger (C3HC4) 8 -2.23157 7.22E-06
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NM_015509 NECAP1 NECAP endocytosis associated 1 -2.01325 1.85E-06
NM 001080512 BICC1 Bicaudal C homolog 1 (Drosophila) -2.19326 9.59E-06
NM 001031850 PSG6 Pregnancy specific beta-1-glycoprotein 6 -2.80585 7.76E-06

NM 020841 OSBPL8 Oxysterol binding protein-like 8 -2.13487 8.37E-06
NM 007036 ESM1 Endothelial cell-specific molecule 1 -2.05866 5.81 E-06

NM_016075 VPS36 Vacuolar protein sorting 36 homolog (S. 
cerevisiae) -2.02125 3.55E-06

NM_000963 PTGS2
Prostaglandin-endoperoxide synthase 2 

(prostaglandin G/H s ynthase and 
cyclooxygenase)

-2.08402 9.13E-06

NM 017946 FKBP14 FK506 binding protein 14, 22 kDa -2.23971 1.13E-05
NM 003825 SNAP23 Synaptosomal-associated protein, 23kDa -2.23258 6.08E-06
NM 194328 RNF38 Ring finger protein 38 -2.52624 7.91 E-06

NM_006636 MTHFD2
Methylenetetrahydrofolate dehydrogenase 

(NADP+ dependent) 2, methenyltetrahydrofolate 
cyclohydrolase

-2.36214 0.0001745

NM 006905 PSG1 Pregnancy specific beta-1-glycoprotein 1 -2.01556 0.0001079
Ensembi no: 

ENST00000390 
952

— Expressed Sequence Tag (EST) -2.0779 0.0001661

NM_030920 ANP32E Acidic (leucine-rich) nuclear phosphoprotein 32 
family, member E -2.66333 6.01 E-05

NM_000262 NAGA N-acetylgalactosaminidase, alpha -2.05511 4.77E-05

NM_001548 IFIT1 Interferon-induced protein with tetratricopeptide 
repeats -2.439 3.00E-05

NM_001039569 AP1S3 Adaptor-related protein complex 1, sigma 3 
subunit -2.19278 0.0003394

78

NM_D03810 TNFSF10 Tumour necrosis factor (ligand) superfamily, 
member 10 -2.0029 0.0011012

3
Red gene = predicted target in iVliranda, Pictar, & Targetscan, Purple gene = predicted target

in Pictar & Targetscan, Blue gene = predicted target in Miranda & Targetscan, Green gene = 

predicted target in Miranda, Pink gene = predicted target in Targetscan

Table 5.5 Genes significantly down-regulated by pre-miR-222 in Nthy-ori 3-1 cells

RefSeq Gene
Symbol Gene Assignment

Fold 
Change 

(Pre-mlR- 
|22 vs Ne( 

Ctrll

P Value

NM_015913 TXNDG12 Thioredoxin domain containing 12 
(endoplasmic reticulum) -4.80739 1.02E-07

NM 000700 ANXA1 Annexin A1 -3.88135 2.24E-08
NM 052886 MAL2 Mai, T-cell differentiation protein 2 -3.68054 1.16E-07
NM 005139 ANXA3 Annexin A3 -3.59497 1.48E-09
NM 004493 HSD17B10 Hydroxysteroid (17-beta) dehydrogenase 10 -3.54804 3.73E-10
NM_001124 ADM Adrenomedullin -3.52646 1.08E-09
NM 020373 AN02 Anoctamin 2 -3.47529 1.68E-07

NM_000782 CYP24A1 Cytochrome P450, family 24, subfamily A, 
polypeptide 1 -3.32129 1.71 E-06

NM_005238 ETS1 V-ets erythroblastosis virus E26 oncogene 
homolog 1 (avian) -3.15925 2.16E-08

NM_003494 DYSF Dysferim, limb girdle muscular dystrophy 2B -3.05734 8.62E-09
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(autosomal recessive)
NM 019026 TMC01 Transmembrane and coiled-coil domains 1 -2.93465 4.46E-07
NM 007257 PNMA2 Paraneoplastic antigen MA2 -2.91566 4.12E-08
NM_031302 GLT8D2 Glycosyltransferase 8 domain containing 2 -2.85303 1.19E-07
NM 002371 MAL Mai, T-cell differentiation protein -2.82977 4.19E-08
NM 001165 BIRC3 Baculoviral lAP repeat-containing 3 -2.73386 6.86E-08
NM 153020 RBM24 RNA binding motif protein 24 -2.71714 1.34E-05
NM 020651 PELI1 Pellino homolog 1 (Drosophila) -2.66811 4.42E-06
NM 020455 GPR126 G protein-coupled receptor 126 -2.65878 9.57E-08
NM_004572 PKP2 Plakophilin 2 -2.63039 7.81E-10

NM_012431 SEMA3E Sema domain, immunoglobulin domain (Ig), 
short basic doma in, secreted, (semaphorin) 3E -2.62499 1.83E-05

NM 002780 PSG4 Pregnancy specific beta-1-glycoprotein 4 -2.6061 8.80E-08
NM 002764 PRPS1 Phosphoribosyl pyrophosphate synthetase 1 -2.5993 1.99E-08
NM 014322 0PN3 Opsin 3 -2.58139 9.04E-07
NM 013322 SNX10 Sorting nexin 10 -2.56935 2.18E-07
NM 182757 RNF144B Ring finger 144B -2.51943 1.61E-09
NM 000716 C4BPB Complement component 4 binding protein p -2.51932 6.66E-05
NM 020127 TUFT1 Tuftelin 1 -2.51892 3.51 E-08

NM 001008749 RAB19 RAB19, member RAS oncogene family -2.50102 8.91 E-07
NM 017439 PION Pigeon homolog (Drosophila) -2.49871 3.05E-05
NM 018639 WSB2 WD repeat and SOCS box-containing 2 -2.48242 4.86E-08
NM 014143 CD274 CD274 molecule -2.42009 5.96E-07
NM_003246 THBS1 Thrombospondin 1 -2.40344 1.78E-08
NM 001159 AOX1 Aldehyde oxidase 1 -2.40329 2.50E-06
NM 000141 FGFR2 Fibroblast growth factor receptor 2 -2.39418 2.56E-06
NM 003901 SGPL1 Sphingosine-1-phosphate lyase 1 -2.38031 1.82E-06
NM 002296 LBR Lamin B receptor -2.36777 2.36E-08
NM 025239 PDCD1LG2 Programmed cell death 1 ligand 2 -2.35984 7.42E-06
NM_004741 N0LC1 Nucleolar and coiled-body phosphoprotein 1 -2.35075 6.16E-07
NM_002998 SDC2 Syndecan 2 -2.33271 2.69E-07
NM 001259 CDK6 Cyclin-dependent kinase 6 -2.33176 2.46E-07
NM 016147 PPME1 Protein phosphatase methylesterase 1 -2.32571 1.44 E-08

NM_004482 GALNT3
UDP-N-acetyl-alpha-D-galactosamine: 

polypeptide N-acetylgalactosaminyltransferase 3 
(GalNAc-T3)

-2.31376 4.48E-06

NM 021069 SORBS2 Sorbin and SH3 domain containing 2 -2.31357 2.89E-07
NM 005264 GFRA1 GDNF family receptor alpha 1 -2.30373 5.49E-07
NM 022131 CLSTN2 Calsyntenin 2 -2.29837 7.38E-08

NM_002875 RAD51 RAD51 homolog (RecA homolog, E. coli) (S. 
cerevisiae) -2.29524 2.71 E-06

BC066649 C1orf198 Chromosome 1 open reading frame 198 -2.27529 2.03E-07
AK131040 LOC388022 Hypothetical gene supported by AK131040 -2.25872 8.18E-05

BC016278 LOH3CR2A Loss of heterozygosity, 3, chromosomal region 
2 ,gene A -2.24252 0.0004968

92
NM 001554 CYR61 Cysteine-rich, angiogenic inducer, 61 -2.24078 6.15E-07
NM 033393 FHDC1 FH2 domain containing 1 -2.23699 3.51 E-07

NM_002492 NDUFB5 NADH dehydrogenase (ubiquinone) 1 beta 
subcomplex, 5 -2.22518 1.36E-07

NM_018327 SPTLC3 Serine palmitoyltransferase, long chain base 
subunit 3 -2.22516 6.97E-07

NM_080670 SLC35A4 Solute carrier family 35, member A4 -2.21113 6.39E-07
NM_022772 EPS8L2 EPS8-like 2 -2.20235 3.77E-08
NM_014391 ANKRD1 Ankyrin repeat domain 1 (cardiac muscle) -2.19145 7.78E-08
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NM 016206 VGLL3 Vestigial like 3 (Drosophila) -2.19063 |8.67E-07
EnsembI no: 

ENST00000319  
426

— Partially transcribed sequence -2.18784 4.57E-06

NM_004694 SLC16A6 Solute carrier family 16, member 6 
(monocarboxylic acid transporter 7) -2.18381 0.0003081

77

NM_021623 PLEKHA2 Pleckstrin homology domain containing, family A 
(phosphoinositide binding specific) member 2

-2.16005 1.74E-06

NR 002836 PGM5P2 Phosphoglucomutase 5 pseudogene 2 -2.15878 2.55E-07

N M _001145204 LOC729993 Hypothetical protein LOC729993, transcript 
variant 1, mRNA. -2.14769 2.73E-07

NM 153345 TMEM139 Transmembrane protein 139 -2.14266 3.58E-06
NR 002836 PGM5P2 Phosphoglucomutase 5 pseudogene 2 -2.14132 4.39E-08

NM_006252 PRKAA2 Protein kinase, AMP-activated, alpha 2 catalytic 
subunit -2.13686 7.04E-07

NM 002547 0PHN1 Oligophrenin 1 -2.13653 2.60E-07
NM_016132 1 MYEF2 Myelin expression factor 2 -2.13601 4.39E-05
NM_003813 ADAM21 ADAM metallopeptidase domain 21 -2.12127 0.0005355
EnsembI no; 

ENST00000384  
701

— Expressed sequence tag (EST) -2.1161 0.0002848

NM_145753 PHLDB2 Pleckstrin homology-like domain, family B, 
member 2 -2.09867 4.55E-05

NM_001415 EIF2S3 Eukaryotic translation initiation factor 2, subunit 
3 gamma, 52kDa -2.09558 2.72E-07

NM 000331 SAA1 1 Serum amyloid A1 -2.08603 0.0041182
NM 003265 TLR3 i Toll-like receptor 3 -2.08223 5.79E-05
NM 006389 HY0U1 Hypoxia up-regulated 1 -2.07722 1.02E-07
NM 015238 WWC1 W W  and C2 domain containing 1 -2.06874 1.56E-07

NM 001001522 TAGLN 1 Transgelin -2.05631 9.60E-07
Ensemble no: 

ENST00000387  
575

— Expressed sequence tag (EST) -2.05614 0.0003671

EnsembI no: 
ENST00000322  

446
— Partially transcribed sequence -2.04247 0.0007311

NM 006832 FERMT2 Fermitin family homolog 2 (Drosophila) -2.00486 3.07E-05
NM 018728 M Y05C Myosin VC -2.00336 9.51 E-07
NM 002354 EPCAM Epithelial cell adhesion molecule -2.01849 0.0224988
EnsembI no: 

ENST00000385  
777

— Expressed sequence tag (EST) -2.03903 0.0275392

Red gene = predicted target in Miranda, Pictar, & Targetscan, Purple gene = predicted target

in Pictar & Targetscan, Pink gene = predicted target in Targetscan.

In addition to showing the genes that were significantly down-regulated by pre-miRs - 

25 & -222 in the 8505C and Nthy-ori 3-1 cell lines respectively, tables 5.4 and 5.5 

highlight the genes that are also predicted targets of these miRNAs. The mlRGen 

database was used to determine what genes were predicted targets for the two 

miRNAs. The results of three prediction algorithms; Miranda, Pictar, and TargetScan
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were correlated by this database. The gene target lists produced from the microarray 

experiments in tables 5.4 and 5.5 were cross-referenced with the predicted target 

lists from mlRGen to determine if the two target elucidation approaches yielded an 

overlap of genes. The different colour fonts of the genes in the tables indicate which 

genes are predicted targets of hsa-miR-222 or hsa-miR-25 in all three databases, 

two of the databases, or in only one of the databases.

It can be clearly noted that the list of genes that were significantly down-regulated by 

pre-miR-25 in the 8505C cells is enriched with many more predicted gene targets for 

miR-25 (27/98 or 27.55%) than the list of genes that were significantly down- 

regulated by pre-miR-222 in the Nthy-ori 3-1 cells (5/82 or 6.1%). This difference 

may be explained by the variation in the fold up-regulation of the miRNAs after 

transfection with the pre-miRs™ shown in the last chapter; 10,939 fold up-regulation 

of miR-25 in 8505C cells and 2.9 fold up-regulation of miR-222 in Nthy-ori 3-1 cells. 

Given the lower quality of the miR-222 mimic in the Nthy-ori 3-1 cells it would be 

more difficult to impart as drastic effect on target gene expression. On the other 

hand, 82 genes were significantly down-regulated in these treated cells illustrating 

that the transfection did influence gene expression in the cells.

5.4.4 Gene ontology analysis of mlRNA mRNA target lists

The PANTHER database was used to perform gene ontology analysis on the hsa- 

miR-222 and hsa-miR-25 gene target lists from tables 5.4 and 5.5. The binomial 

statistic (Cho and Campbell, 2000) was utilised to compare the two target lists to a 

reference list (representative of the human genome) to statistically determine 

whether particular molecular functions, biological processes, or pathways are over or 

under represented in the target lists.

When this analysis was completed, it became apparent that the two miRNAs target 

genes of diverse functions, which is an observation that concurs with many other 

reports on this topic (Lewis et al., 2003, Lim et al., 2005, Bartel, 2009). No pathway 

was significantly over or under represented in either list. In fact, no molecular 

function or biological process was significantly over or under represented in the hsa- 

miR-222 list of table 5.5. Notwithstanding this observation, some genes that were 

found to be targets of this mlRNA have some interesting molecular functions. For 

instance, seven receptors are in the list {MAL, 0PN3, PSG4, FGFR2, GPR126,
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TLR3, and LBR), four transcription factors (PSG4, ETS1, MAL, and RBM24), five 

signalling molecules (THBS1, ETS1, CYR61, SEMA3E, and ADM), and five genes 

termed to be involved in defence and immunity {PNMA2, C4BPB, SDC2, MAL, and 

SAA1).

The hsa-miR-25 list appeared to yield more interlinked data in this aspect of the 

analysis as certain molecular functions and biological processes were significantly 

over represented in the gene target list compared to the reference list (Table 5.6).

Table 5.6 Significantly over represented biological processes and molecular functions in the 

hsa-miR-25 gene target list

Biological Process | P-Value

Signal transduction 3.13E-02

Cell communication 1.18E-03

Cell adhesion 1.47E-02

Carbohydrate metabolism 4.71 E-02

Cell adhesion-mediated signalling 1.59E-02

General vesicle transport 4.91 E-02

IVIolecular Function P-Value

Cell adhesion molecule 3.10E-03

CAM family adhesion molecule 2.47E-02

It is clear from this table that hsa-miR-25 is involved in regulating cell adhesion in the 

thyroid cells. The disruption of cell adhesion and the occurrence of the epithelial to 

mesencymal transition (EMT) are well documented as thyroid cancer progresses 

from well differentiated forms to the highly aggressive undifferentiated anaplastic 

thyroid carcinoma (Smyth et al., 2001, Benjamin and Nelson, 2008). Hsa-miR-25 is 

down-regulated in ATC, and so these adhesion molecules would presumably be up- 

regulated in the anaplastic thyroid carcinoma being investigated here. Or perhaps 

hsa-miR-25 influences these genes through imparting small changes in their gene 

expression to regulate them in a more ‘fine tuning’ fashion (Bartel, 2009). Two main 

groups of cell adhesion molecules are up-regulated in this list; ITGA3, ITGA5 (which 

is also a predicted target of the miRNA in all three databases used), & ITGA6, and 

the CAM family adhesion molecules; PSG1, PSG5, PSG6, & PSG7. Seven 

receptors are also in the miR-25 list; TCP11L2, RARB, GRPR, PTPRK, AXL,
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LRRC38, and OXTR, six transcription factors; RARB, F0XN3, SATB1, NC0A3, 

GTF2E2, and NFIA, five kinases; MPP1, AXL, MAP2K4, PAPSS2, and NEK7, and a 

nnember of the tumour necrosis family, TNFSF10/TRAIL which is pro-apoptotic.
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5.5 Discussion

The first point of interest regarding the results in this chapter is that fact that the 

suspicions regarding the limited functionality of the anti-miRs™ discussed in the last 

chapter were proven correct. It is clear from the heat map figure of the differentially 

regulated genes in figure 5.8, and the plots of the PCA analyses in figures 5.9 and 

5.10 that the anti-miRs™ did not significantly influence gene expression at the 

message level in the transfected cells. Significant changes in gene expression were 

not observed despite a reduction in the stringency of the significance parameters 

from the FDR value of < 0.05 and fold change of > 2 to the p-value of s 0.05 and fold 

change of > 1.5. This reduction not only eliminated the correction the FDR statistic 

provides for the high occurrence of false positives associated with performing 

multiple comparisons, but also reduced the fold change at which the mRNAs were 

termed differentially regulated. Furthermore, these lax parameters produced very 

few genes that were deemed to be up-regulated by the anti-miRs™; with only 20 

genes up-regulated by anti-miR-222 in 8505C cells and 32 genes up-regulated by 

anti-mlR-25 in Nthy-ori 3-1 cells.

One could hypothesise that the failure of the anti-miRs™ to elicit an effect in the cells 

can be attributed to the theory discussed in the last chapter, namely that there may 

be redundancy in mlRNA functions due to the presence of mlRNA isoforms, other 

that those of the refseq, that are more abundant in the cells but not yet discovered. 

An application note published by Applied Biosystems on miRNA discovery and 

profiling of small RNAs from placental and lung samples with their SOLID™ next 

generation sequencing platform supports this notion (Applied Biosystems, 2008). 

Using this system the researchers discovered that several previously characterised 

mlRNAs showed a significant number of molecules with different 5’ start sites than 

those previously described in the Sanger database. This work indicated that the 

Sanger reference sequence was not the most abundant in the cells tested. Pre- 

miRs™ and anti-miRs™ are designed against the Sanger miRNA sequences and 

thus may be targeting the wrong miRNA. Therefore, if the lower-expressed Sanger 

miRNA isoform is ‘knocked out’ (as is indicated by the high percentage down- 

regulation of the mlRNAs targeted in the last chapter), a sister miRNA of a slightly 

longer or shorter sequence and higher expression level could recover the phenotype 

and continue to target the same genes. However, as mentioned in the last chapter a 

lot more work is required investigating miRNA start sites and expression levels to 

confirm or rebuke this theory.
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Although the anti-mlRs™ did not affect gene expression in the cells to a desired 

extent, the pre-miRs™ were much more successful in this endeavour. Analysis of 

microarray results for these molecules produced many more differentially expressed 

genes (FDR < 0.05, fold change ^ 2) in pre-miR™ treated cells compared to the 

negative controls; 98 genes, ESTs, & PTSs by pre-miR-25 in the 8505C cells, and 82 

genes, ESTs & PTSs by pre-miR-222 in the Nthy-ori 3-1 cells. The mlRNA isoform 

theory described previously can also stand true for the pre-miR™ transfections. In 

this instance, the isoforms of the miRNA would remain present in the cells, but the 

transfection of the pre-miR™ would up-regulate the Sanger reference sequence and 

subsequently influence gene expression. Thus, for the reasons mentioned above, 

miRNA target analysis focused on the lists of genes that were significantly down- 

regulated by the pre-miRs™. When these pre-miR™ gene target lists are viewed in 

the context of previously published works on miRNA target elucidation and 

prediction, they compare very favourably. For instance, when Brenneke et al 

(Brennecke et al., 2005) was considering the principles of miRNA target prediction, 

they produced evidence that the average miRNA has approximately 100 target sites. 

When Krek and co workers (Krek et al., 2005) were developing the PicTar algorithm, 

they suggested that vertebrate mlRNAs target, on average, 200 transcripts each. 

Lim and colleagues (Lim et al., 2005), who performed the first microarray-based 

miRNA target discovery experiment found approximately 100 message transcripts 

down-regulated 12hrs post-transfection with miRNA mimics. The two pre-miRs™ 

used in this body of work concur with these findings and both down-regulated about 

100 target transcripts; 98 by pre-miR-25 in the 8505C cells and 82 by pre-miR-222 in 

the Nthy-ori 3-1 cells.

When the pre-miR™ gene target lists in tables 5.4 and 5.5, and the gene ontology 

analysis of these lists in section 5.4.4 are examined, it is evident that both mlRNAs 

target a diverse range of genes encompassing a divergent assortment of molecular 

functions and biological processes. This is again reflective of published accounts of 

target prediction and elucidation. When Lewis et al (Lewis et al., 2003) were 

developing and validating the TargetScan prediction algorithm, they showed that the 

predicted target sites that they examined spanned a wide variety of molecular 

functions with a significant proportion of the predicted target genes involved in 

transcription, or regulation of transcription. Lim et al (Lim et al., 2005) also noted 

diversity in the function of the miRNA targets they discovered with no significant 

enrichment for a particular functional class in their lists.
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The subtle change in gene expression observed in the genes targeted by pre-mlR- 

222 and pre-miR-25 (between 2 and 4 fold) is also similar to other reports on the 

subject. When Lim et al (Lim et al., 2005) (2005) analysed their microarray results 

they also noted a small change in the expression levels of their target genes. Kim 

and CO workers (Kim et al., 2008) who altered the expression of hsa-miR-221 in 

thyroid cells and performed microarrays to elucidate the mRNA targets of the miRNA 

also noted fold changes of 2 or greater. In his review in 2009, Bartel describes 

several reasons why there are not more drastic changes in the expression of target 

genes when the expression of a single mlRNA is disrupted (Bartel, 2009). The first 

reason is that in most of the conserved miRNA:target interactions the mRNA only has 

a single site to the miRNA (as opposed to the multiple sites preferentially predicted 

by algorithms, and inserted into reporter constructs). This leads to the expectation 

that most of these targets would be down-regulated by less than 50%. Moreover, as 

most message transcripts with a conserved target site for one miRNA have at least 

one other conserved site to an unrelated miRNA (Brennecke et al., 2005, Krek et al., 

2005, Lewis et al., 2005), interactions with multiple miRNAs may need to be 

disrupted before the decrease in the expression levels of the mRNA reach what we 

classically determine to be significant (> 2 fold).

Another reason that the expression level differences are not greater is that the 

laboratory conditions in which these target discovery experiments are performed are 

optimised to preserve and propagate mutant cell lines. Bartel (Bartel, 2009) 

hypothesises that conditions that better simulate the stress and competition that 

shaped the evolution of species would unearth more instances in which disrupting 

miRNA regulation of a target has more dramatic phenotypic consequences. There is 

no doubt that there has been selective pressure to preserve mlRNA:target 

interactions: > 60% of human protein coding genes have been found to be selectively 

maintaining their pairing with miRNAs (Friedman et al., 2009). Perhaps these 

interactions have evolved and been selected to impart subtle changes in expression 

to maintain and regulate gene networks in a complex, complementary fashion, and 

not merely as binary on-off switches.

Another aspect of the gene target lists produced by the microarray analysis of the 

pre-miR-25 and pre-miR-222 transfections (Tables 5.4 and 5.5) to be considered is 

the presence of predicted targets within them. The pre-miR-222 list does not contain 

very many predicted targets (6.1%). This could be attributed to the low fold up- 

regulation (avg. 2.9 fold) detected when this pre-miR™ was transfected into the Nthy-
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ori 3-1 cells. Although 2.9 fold is a significant level of up-regulation (> 2), it is 

dwarfed by the avg. 10,939 fold up-regulation of mlR-25 detected in the 8505C cells 

post pre-miR-25 transfection. The pre-miR-25 gene target list differs from that of pre- 

mlR-222 in that almost one third of the genes described in this list (27.55%) are 

predicted targets of hsa-mlR-25. This is an excellent result and suggests that the 

target list contains biologically relevant genes.

However a gene in these lists should not be discounted as irrelevant purely because 

it is not a predicted target of the miRNA. There are several reasons that can explain 

why a valid target may be absent from algorithm predictions. As one can see from 

the introduction of this chapter, many of the target prediction algorithms rely heavily 

on seed pairing and evolutionary conservation of the target site in the mRNA to 

predict miRNA targets. Thus a non-conserved target site could easily be present in 

the 3’ UTR of several genes which might be missed by the prediction algorithms. In 

fact it has been shown that mammal-specific miRNAs have fewer conserved target 

sites than would be expected. Friedman et al (Friedman et al., 2009) showed that 

the 87 mammalian miRNA families conserved throughout most vertebrates have an 

average of more than 400 preferentially conserved sites per family. However, the 53 

families that are conserved throughout mammals but have emerged after the 

divergence of chicken have far fewer preferentially conserved sites, an average of 

only 11 sites per miRNA family. Although fewer targets sites are to be expected in 

this group of miRNA families as they have had less time to evolve and this number of 

sites is high enough to explain the conservation of these mammalian-only miRNAs, it 

is very low considering conservation is such an important aspect of target prediction.

Another factor that might preclude target prediction algorithms from identifying all 

valid targets is their reliance on seed pairing. It is well documented that animal 

miRNAs frequently, if not almost always have incomplete complementarity to their 

target sites. Current algorithms have not yet mastered methods which can 

successfully predicted targets’ containing such seed mismatches (Filipowicz et al., 

2008). Finally, some of the genes in the lists in tables 5.4 and 5.5 may not be directly 

regulated by the miRNAs transfected into the cells. They may be down-regulated as 

a consequence of the direct targeting and down-regulation of an up-stream gene in 

their pathway, although presumably this up-stream gene should also be present in 

the list.
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One could also ponder as to why more, if not all predicted targets of the mlRNAs are 

not down-regulated in the gene target lists elucidated by the PARTEK analysis. One 

explanation for this could be that the mlRNA target site of certain genes is 

inaccessible in the thyroid cells due to the binding of certain proteins to the RNA. 

There are instances in which other regulatory processes have been shown to 

counteract miRNA-directed regulation of particular targets. For example, 

Bhattacharyya et al (Bhattacharyya et al., 2006) illustrated that mlRNA-mediated 

repression can be modulated in response to different conditions within the same cell. 

They showed that under stress conditions, miR-122-directed repression of human 

CAT-1 mRNA was relieved through the binding of HuR to AU-rich elements in the 

CAT-1 3' UTR. In addition, Vasudevan et al (Vasudevan et al., 2007, Vasudevan et 

al., 2008) reported that under conditions that induced cells to become quiescent, 

mlRNA targeting of UTRs enhanced rather than repressed translation.

A simple explanation for why there are not more predicted targets in the target lists of 

tables 5.4 and 5.5 is that quite a few of the predicted genes may not be co-expressed 

with these mlRNAs in the thyroid cells. In fact, Farh and colleagues (Farh et al., 

2005) noted that 3' UTRs with non-conserved target sites are most often found in 

genes primarily expressed in tissues where the corresponding mlRNA is absent, a 

trend they termed selective avoidance. Over time, target sites for mlRNAs that are 

absent in the cells where the mRNA is expressed can accumulate without 

consequence, however target sites that emerge for a highly expressed mlRNA in a 

functioning message transcript will often experience a selective disadvantage and not 

become fixed in the population. This phenomenon does not obliterate the possibility 

of non-conserved targeting however (Farh et al., 2005), in fact it has even been 

reported to be more widespread than conserved targeting (Bartel, 2009). The 3’ 

UTRs of mRNAs that are highly co-expressed with mlRNAs have half as many non- 

conserved 7nt sites for that miRNA than are expected by chance. This selective 

avoidance is detected in ‘housekeeping genes’ and might explain the shorter 3' UTRs 

of these genes in animals when compared to 3' UTRs of orthologs in plants and 

fungi, which lack abundant 3' UTR targeting (Stark et al., 2005). These effects are so 

widespread that Farh and colleagues (Farh et al., 2005) were able to detect the 

spatial and temporal specificities of highly expressed mlRNAs by searching for 7nt 

motifs that were under-represented in highly expressed mRNAs in particular tissues 

or developmental stages.
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The final aspect of the gene target lists to consider is the gene ontology analysis. It 

was mentioned previously that the target functions are diverse; indeed the pre-miR- 

222 list in table 5.5 is not significantly enriched for any pathway, biological process, 

or molecular function. However one must wonder why the two previously validated 

targets for this mlRNA are not found in this list. The first target described by He et al 

(He et al., 2005) was the KIT gene, an important tyrosine kinase receptor in cell 

differentiation and growth that functions as an oncogene in many cancers (Ashman 

et al., 1999, Kitamura and Hirotab, 2004). These authors noted a decrease in the 

mRNA and protein levels of this gene inversely correlated with the over expression of 

hsa-miR-222, hsa-miR-221, and hsa-miR-146. This gene was a predicted target of 

these miRNAs and SNPs were found in the hsa-miR-222, hsa-miR-221, and hsa- 

miR-146 binding sites in the KIT 3’ UTR. Over expression of all three of these 

miRNAs may be necessary for the effective down-regulation of this gene, and may 

be the reason that KIT 'is not down-regulated in table 5.5.

The other target of hsa-miR-222 is the p27' '̂’’  ̂ protein (Visone et al., 2007b). In this 

paper the authors demonstrated that the mlR-222/221 cluster regulates the p27' '̂’’  ̂

protein. Although they did not find an additive effect on the down-regulation of 

p27' '̂'’  ̂ when both miRNA mimics were transfected together into HeLa ceils, 

indicating that the presence of one miRNA is sufficient for repression, they only saw 

a reduction in the protein levels of p27' '̂’’\  This explains why the p27' '̂’’  ̂ gene is not 

down-regulated in table 5.5 as the target elucidation approach taken in this chapter 

can only detect down-regulated mRNAs. This highlights the fact that some targets of 

the two miRNAs that are regulated at the translation level will not be detected by this 

method. It would be interesting for future work to perform a proteomic analysis on 

the transfected cells to both validate the mRNA degradation targets, but also detect 

the translationally repressed targets of hsa-miR-222 and -25.

When the list of gene targets of pre-miR-25 in table 5.4 is perused it is apparent that 

this miRNA targets genes with a wide variety of functions. However the gene 

ontology analysis in section 5.4.4 highlights the predilection of this for regulating 

genes involved in cell adhesion (see Table 5.6). It is well documented that cell 

adhesion is disrupted and the epithelial to mesencymal transition (EMT) of cells 

occurs as thyroid cancer progresses from well differentiated forms to the highly 

aggressive undifferentiated anaplastic thyroid carcinoma (Smyth et al., 2001, 

Benjamin and Nelson, 2008). Perhaps the down-regulation of hsa-mlR-25 in ATC 

modulates this process by regulating cell adhesion genes that have yet to be
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rigorously investigated in thyroid cancer. Two main groups of cell adhesion 

molecules are up-regulated in the pre-miR-25 list; integrin alpha genes ITGA3, 

ITGA5 (which is a predicted target of the hsa-miR-25 in Miranda, PicTar, & 

TargetScan), & ITGA6, and the pregnancy-specific glycoproteins (PSG); PSG1, 

PSG5, PSG6, & PSG7.

Cell adhesion molecules (CAMs) are cell surface glycoproteins that mediate the 

physical interactions between adjacent cells, and between cells and the surrounding 

extracellular matrix. CAMs belong to different protein families depending on their 

structural and functional properties. They adapt to micro-environmental changes and 

can be involved in the pathogenesis of autoimmune diseases and thrombotic 

disorders, and are particularly known to be involved in tumour angiogenesis 

(Francavilla et al., 2009). Pregnancy-specific glycoprotein (PSG) genes constitute a 

subgroup of the carcinoembryonic antigen (CEA) gene family (Thompson et al., 

1991). The integrin family is a widely expressed group of cell surface glycoprotein 

receptors for extracellular matrix (ECM) proteins and immunoglobulin superfamily 

molecules. Integrins are composed of heterodimers of non-covalently associated a 

and (3 subunits and the combination of these subunits determine the signalling 

properties and ligand binding specificity of an integrin. They interact with 

extracellular matrix proteins or cell surface immunoglobulin proteins to activate 

complex signalling pathways by associating with kinases and adaptor proteins 

(Francavilla et al., 2009).

It is interesting to speculate how the ITGA and PSG genes might be involved in 

thyroid carcinogenesis. There is not much information available on PSG genes and 

there are no papers linking either group of genes to thyroid cancer. However, there 

is some information on the ITGA genes in some other cancers. ITGA3 and ITGA5 

have been shown to be markers of invasiveness in head and neck squamous cell 

carcinoma (Yu et al., 2008). ITGA3, along with ITGB4 & 5 were found to be 

candidate biomarkers for cervical lymph node metastasis or death in tongue 

squamous cell carcinoma (Kurokawa et al., 2008). ITGA6 was found to be regulated 

by parathyroid hormone-related protein (PTHrP) in breast cancer cells (Dittmer et al., 

2006), and very interestingly, it was also found to be necessary for the 

tumourigenicity of a stem cell-like subpopulation within the MCF7 breast cancer cell 

line (Cariati et al., 2008). These authors found that ITAG6 was required for the 

growth and survival of their isolated stem cells, as when they knocked down the
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gene, mammosphere-derived cells to lost their ability to grow as mammospheres and 

abrogated their tumourigenicity in mice.

The ITGA genes appear to be markers of aggression in the cancers in which they 

have been explored. It is plausible then to propose that hsa-miR-25 might regulate 

them to promote vascularisation or aggressiveness in anaplastic thyroid cancer. This 

is an interesting concept as hsa-miR-25 is down-regulated in ATC and so these 

adhesion molecules would presumably be up-regulated, or perhaps as mentioned 

previously, subtly regulated or ‘fine tuned’. An excellent candidate to investigate this 

hypothesis is the hsa-mlR-25;/7G/A5 relationship as this gene is a predicted target of 

the mlRNA in all three prediction algorithms.

In conclusion, this target elucidation method has produced list of genes that are 

either directly or indirectly targeted by hsa-miR-25 and hsa-mlR-222. The number of 

genes in these lists, extent to which they are regulated, and the diversity of their 

functions fits in with other published accounts of target prediction and elucidation. To 

delve deeply into the functioning of all of the different genes targeted by these two 

mlRNAs is beyond the scope of this thesis. However the next chapter will describe 

the validation of some of these gene targets at both the mRNA and protein levels, 

and will endeavour to hypothesis as to how the miRNAs may be regulating them in 

the context of thyroid cancer pathogenesis.
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6.1 Summary

Statistical analysis of the data produced from Affymetrix™ microarray experiments 

identified almost 100 targets for hsa-miR-222 and hsa-miR-25 in the last chapter. 

The aim of this chapter was to validate a subset of the novel targets of hsa-miR-222 

and hsa-miR-25 at the mRNA and protein levels. mRNA validation was performed 

using Fluidigm® real-time PCR technologies and all genes tested were found to be 

down-regulated in both microarray and Fluidigm® analyses. Subsequently, four 

targets; MAL2 and TLR3 of hsa-miR-222, and TRAIL and MEK4 of hsa-miR-25 were 

chosen for validation at the protein level. Pre-miR™ transfections were performed in 

the 8505C and Nthy-ori 3-1 thyroid cell lines used previously, and the change in the 

expression of the four proteins was assessed using immunofluorescence and 

western blotting. Two targets for hsa-miR-25 were successfully validated at the 

protein level; MEK4 & TRAIL. Alternative methods to improve the efficiency of down

stream validation were discussed, and the possible role in the progression of thyroid 

cancer for the four targets investigated at the protein level was explored.
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6.2 Introduction

The previous chapter described the elucidation of mRNA targets of hsa-miR-222 and 

hsa-miR-25 in thyroid cell lines. Statistical analysis of data produced from microarray 

experiments identified almost 100 targets for each miRNA. The aim of this chapter 

was to validate a subset of these targets at both the mRNA and protein level. As the 

previous chapter outlined how target prediction algorithms predict miRNA target 

genes, the mechanisms through which miRNAs repress these target genes, and the 

known functions of hsa-mlR-222 and hsa-miR-25 in thyroid cancer, it is unnecessary 

to reiterate these topics in this chapter. However, an aspect that was not covered in 

the previous chapter, the validation of microarrays, will be discussed here.

Microarray technologies are now a crucial component of molecular research 

workflows and a foundation for most discovery based genomics, in the search for 

miRNA targets in the last chapter, Affymetrix™ microarrays enabled a genome-wide 

search for hsa-miR-222 and hsa-miR-25 gene targets in thyroid cancer. Initial quality 

control assessment and quality control metrics were performed on the microarrays, 

and showed the data to be of sound quality. The PARTEK Genomics Suite software 

was used to analyse the array data in this thesis, however, various different statistical 

packages and many different statistical tests are available for analysis of the data 

obtained from microarray experiments. These different analysis methods can 

produce varying results and so it has become standard practice to validate a subset 

of genes identified by microarray data analysis. This is done to ensure false positive 

erroneous results are not relied upon to perform gene-specific downstream 

experiments. False-positive results may remain present in datasets despite 

statistical correction in the form of FDR to prevent them. They may be caused by 

incorrect RNA hybridisation to non-identical transcripts due to sequence homology 

between functionally different genes, or high background noise due to non-specific 

binding of labelled nucleotides.

Real-time PCR is generally the method of choice used to validate array data. This is 

due to Its advantages in detection sensitivity, sequence specificity, large dynamic 

range as well as high precision and reproducible quantitation. Fluidigm® Biomark™ 

system (Fluidigm Corporation, CA, USA) was used along with TaqMan® gene 

expression assays (Applied Biosystems, CA, USA) to validate the results of the 

microarrays in the last chapter. Fluidigm® Dynamic Array technologies enable 

flexible, easy and low-cost use of existing real-time qPCR assays. The 48.48
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Dynamic Array was used in this thesis and it facilitates the investigation of 48 genes 

in 48 samples. The dynamic array allows high-throughput multiplexing as the 

integrated fluidics circuit (IFC) combines the samples and primer-probe sets into 

2,304 10 nanolitre PCR reactions producing 48 real time curves for each of 48 

samples, which is six-fold more data than is produced by a 384 well plate. This 

technology also incorporates a pre-amplification step and thus facilitates real-time 

PCR analysis using very small quantities of RNA and low volumes of TaqMan® 

assay.

TaqMan® PCR exploits the 5' nuclease activity of AmpliTaq Gold® DNA Polymerase 

to cleave a TaqMan probe during PCR. Each TaqMan® gene expression assay 

consists of two sequence-specific primers defining the endpoints of the amplicon and 

a TaqMan® probe. The TaqMan® probe is an oligonucleotide that contains a 

fluorescent reporter dye, such as FAM (6-carboxyfluorescein), covalently linked to its 

5' end, and a non-fluorescent quencher dye at its 3' end. The probe specifically 

anneals between the forward and reverse primer sites. During the PCR reaction, the 

5'-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 

sequence. 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. Accumulation of PCR products is detected 

directly by monitoring the increase in fluorescence of the reporter dye after it is 

released from the target sequence and the quencher dye. This process occurs in 

every cycle and does not interfere with the exponential accumulation of product.

Careful consideration was given to choosing TaqMan gene expression assays to 

validate the Affymetrix™ array data. As mentioned above, approximately 100 mRNA 

targets were identified for each miRNA in pre-miR™ experiments. We selected 23 

gene targets for each miRNA, along with two endogenous controls for validation on 

the 48,48 Dynamic Arrays. Both predicted and non-predicted targets were included 

in the validation gene lists. Several parameters were considered to select the best 

assay to validate each target. Some genes identified as targets from the analysis of 

the array data had several splice variants. Where applicable and possible, assay 

alignment maps were used to choose assays that differentiated the transcript of 

interest identified by the Refseq. There was no concern that genomic DNA may be 

present in these RNA samples as RNA extraction was optimised to exclude DNA,



Chapter 6 Hsa-miR-222 & Hsa-miR-25 mRNA Target Validation

and the absence of contamination was proven during the validation of transfections 

described in chapter 4 by the lack of detection of expression signals in controls 

without reverse transcriptase. Nevertheless, conservative assays were chosen 

where possible. Assays ending in “_m” connprise the majority assay type chosen and 

indicate an assay whose probe spans an exon junction and will not detect genomic 

DNA. Assays ending in “_s” are assays whose probes and primers are designed 

within a single exon. These will detect genomic DNA if present. Assays finishing in 

“_g” indicate assays that may detect genomic DNA. The assay probe and primers 

may also be within a single exon. An assay ending in “_gH” indicates that the assay 

was designed to a transcript belonging to a gene family with high sequence 

homology. The assays have been designed to give between 1,000-30,000-fold 

greater discrimination from the closest homologous transcript The final aspect of the 

assays to be considered was their amplicon length. Amplicons of similar sizes were 

chosen with most assays being between 6 0 -  100 nucleotides in length. Eleven out 

of the 48 assays were longer than 100 nucleotides, but none were longer than 146 

nucleotides in length.

After the subset of mRNA targets were validated, four were chosen for further 

validation at the protein level. Transfections of pre-miR-222 and pre-miR-25 into the 

thyroid cell lines were utilised to evaluate the change in expression of the four 

proteins (MAL2, TLR3, TRAIL, & MEK4) using immunofluorescence and western 

blotting. These are novel targets of the two miRNAs studied in this work, MAL2 and 

TLR3 of hsa-miR-222, and TRAIL and MEK4 of hsa-mlR-25. MEK4 is the only 

predicted target of the four. These experiments were an important final step in this 

thesis as they were undertaken to prove the interaction of the two miRNAs with some 

of their novel targets.

Aim

The aim of this chapter was to validate a subset of the novel targets of hsa-miR-222 

and hsa-miR-25 identified in the last chapter at the mRNA and protein levels. mRNA 

validation was performed using Fluidigm® real-time PCR technologies. Following 

this, pre-miR™ transfections were performed in an effort to validate two targets for 

each miRNA at the protein level, MAL2 and TLR3 of hsa-miR-222, and TRAIL and 

MEK4 of hsa-miR-25. The change in expression of these four novel targets was 

assessed using immunofluorescence and western blotting.
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6.3 Materials & Methods 

6.3.1 mRNA Validation

6.3.1.1 cDNA synthesis and Fluidigm® analysis

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) 

was used to convert the total RNA from the optimised transfections described in 

section 4.4.3 of chapter 4 to single stranded cDNA. The same amount of RNA and a 

final reaction volume of 20|jl were used for each sample (see section 2.9.3.2). cDNA 

was then used to perform real-time PCR using Fluidigm® technologies (48.48 

Dynamic Array Chip) (see section 2.9.4). Real-time PCR was used to validate a sub

set of the genes found to be significantly down-regulated by the pre-miRs™ in 

chapter 5 (Tables 5.4 and 5.5). Two endogenous controls, GAPDH and CDKN1B, 

were used in the validation. The 23 genes down-regulated by pre-miR-222 and pre- 

miR-25 that were chosen for validation are shown in tables 6.1 and 6.2 respectively.

6.3.1.2 Data analysis

Twenty three transfection samples (pre-miRs™, anti-miRs™, & negative controls) 

were run in duplicate against 48 assays on each of three chips. Therefore, three 

biological replicates of each transfection, and six technical replicates of each assay 

on each sample were performed. AACj expression values for the Fluidigm® data 

were generated by the BioMark™ Real-Time PCR System (Fluidigm Corporation, 

CA, USA). Analysis of this data for comparison to the microarray data was 

performed in Microsoft® Office Excel® 2003 software (Microsoft Corporation, WA, 

USA).

To choose the most appropriate endogenous control for use in data analysis, all of 

the Ct values of the two controls for all samples on all three chips were collated. The 

standard deviations of the GAPDH & CDKN1B C t values were then calculated. The 

endogenous control with the lowest standard deviation {CDKN1B) was then used for 

further analysis. Fold change values were used to compare the Fluidigm® expression 

values to the microarray values. Average Fluidigm® fold change values for the six
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technical replicates of each assay on each sample were calculated. Fold change 

values were then averaged across biological replicate groups, i.e. the average value

Table 6.1 Genes significantly down-regulated by pre-miR-222 chosen for validation using 

Fluidigm® real-time PCR technologies.

Gene Symbol Gene Assignment Assay ID '

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1

CDKN1B Cyclin dependent kinase inhibitor 1B Hs00153277_m1

MAL2 Mai, T-cell differentiation protein 2 Hs00294541_m1
ADM Adrenomedullin Hs00181605_m1

CYP24A1 Cytochronne P450, family 24, subfamily A, polypeptide 1 Hs00989011_g1
ETS1 V-ets erythroblastosis virus E26 oncogene homolog 1 (avian) Hs00428287_m1
MAL Mai, T-cell differentiation protein Hs00242748_m1

BIRC3 Baculoviral lAP repeat-containing 3 Hs00154109_m1
RBM24 RNA binding motif protein 24 Hs00290607_m1
GPR126 G protein-coupled receptor 126 Hs01097890_m1
RAB19 RAB19, member RAS oncogene family Hs01397748_m1
THBS1 Thrombospondin 1 Hs00962908_m1
A0X1 Aldehyde oxidase 1 Hs00154079_m1
FGFR2 Fibroblast grovirth factor receptor 2 Hs03466165_gH

PDGD1LG2 Programmed cell death 1 ligand 2 Hs00228839_m1
CDK6 Cydin-dependent kinase 6 Hs00608037_m1

PPME1 Protein phosphatase methylesterase 1 Hs00211693_m1
RAD51 RAD51 homolog (RecA homolog, E. coli) (S. cerevisiae) Hs00947968_m1

1 CYR61 Cysteine-rich, angiogenic inducer, 61 Hs00155479_m1

, PRKAA2 Protein kinase, AMP-activated, alpha 2 catalytic subunit Hs00178903_m1
j ADAM21 ADAM metallopeptidase domain 21 Hs01652548_s1
1 PHLDB2
i

Pleckstrin homology-like domain, family B, member 2 Hs01083801_m1
1 TLR3 Toll-like receptor 3 Hs01551078_m1

HY0U1 Hypoxia up-regulated 1 Hs01026180_m1
MY05C Myosin VC Hs00218921_m1

Yellow gene = endogenous control, Blue gene = predicted target in Pictar & Targetscan, Pink 

gene = predicted target in Targetscan.
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Table 6.2 Genes significantly down-regulated by pre-miR-25 chosen for validation using 

Fluidigm® real-time PCR technologies.

Gene Symbol Gene Assignment Assay ID

GAPDH Glyceraldehyde-3-phosphate dehydrogenase Hs99999905_m1

CDKN1B Cyclin dependent kinase inhibitor 1B Hs00153277_m1

ITGA6 Integrin, alpha 6 Hs01041012_m1
MAN2A1 Mannosidase, alpha, class 2A, member 1 Hs00159007_m1

MPP1 Membrane protein, palmitoylated 1 Hs00609971_m1
TIMP2 TIMP metallopeptidase inhibitor 2 Hs00234278_m1

ITGA3
Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3

receptor) Hs01076876_m1

ADAMTS1 ADAM metallopeptidase with thrombospondin type 1 motif, 1 Hs00199608_m1

ITGA5 Integrin, alpha 5 (fibronectin receptor, alpha polypeptide) Hs00233732_m1
TRIP13 Thyroid hormone receptor interactor 13 Hs01020073_m1
MAP2K4 Mitogen-activated protein kinase kinase 4 Hs00387426_m1

RGS4 Regulator of G-protein signalling 4 Hs00194501_m1

RAB23 RAB23, member RAS oncogene family Hs00212407_m1

ADAM10 ADAM metallopeptidase domain 10 Hs00153853_m1
LHFPL2 Lipoma HMGIC fusion partner-like 2 Hs00299613_m1
TRHDE Thyrotropin-releasing hormone degrading enzyme Hs00183821_m1
MY01B Myosin IB Hs01031676_m1
RAB14 RAB14, member RAS oncogene family Hs00249440_m1
NFIA Nuclear factor I/A Hs00906448_m1
EPGN Epithelial mitogen homolog (mouse) Hs02385425_m1
RARB Retinoic acid receptor, beta Hs00233405_m1

PTGS2
Prostaglandin-endoperoxide synthase 2 (prostaglandin G/H 

synthase and cyclooxygenase) Hs00153133_m1

SNAP23 Synaptosomal-associated protein, 23kDa Hs01047498_m1
RNF38 Ring finger protein 38 Hs01014398_m1

TNFSF10 Tumour necrosis factor (ligand) superfamily, member 10 Hs00921974_m1
Yellow gene = endogenous control, Red gene = predicted target in Miranda, Pictar, &

Targetscan, Blue gene = predicted target in Pictar & Targetscan.

for ADAM10 in pre-miR-25 transfected cells. This was calculated from the three 

average values of the three biological replicates of this transfection. This resulted in 

one fold change value for each assay in each transfection. Fold change differences
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of the assays were then calculated by dividing the pre-nniR™ fold change by the 

negative control fold change.

6.3.2 Protein validation 

6.3.2.1 Cell Culture

The 8505C and Nthy-ori cell lines were grown in a humidified atmosphere containing 

5% CO 2 at 37°C in the appropriate culture medium (see section 2.4.2). Cells were 

taken from a T75 flask and passaged and counted (see sections 2.4.4 & 2.4.5), they 

were then ready for transfection in 8 well chamber slides, 96 well plates, or T25 

flasks.

6.3.2.2 Transfection

The thyroid cell lines were transfected with Ambion® pre-miRs™ according to the 

protocol in section 2.5.1.1. Briefly, cells were reverse transfected for 72hrs in a 

humidified atmosphere containing 5% CO 2 at 37°C. Media was changed after 4hrs, 

24hrs, and 48hrs.

6.3.2.3 Immunofluorescence

Immunofluorescence was performed on pre-miR™ transfected cells as outlined in 

section 2.12. Specific requirements for each antibody were as follows:

MAP2K4/MEK4

I Transfections were performed in 96 well plates and staining was analysed by

Incell analysis (see section 2.12.3).

I Fixing conditions: 4% paraformaldehyde for 15mins at room temperature

(RT).

I Permeabilised using: PBS containing 0.2% Triton X-100 for 5mins at RT.
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I Blocking buffers: PBS containing 10% normal goat serum (NGS), 0.2%

Tween (Coffey et al., 2000), or PBS containing 3% BSA (Tournier et al., 

1999) for 15mins at RT.

» Primary antibody: MEK4 (Santa Cruz, CA, USA), Rabbit/Polyclonal, diluted

1:25 in blocking buffer. Cells incubated at 4°C overnight.

I Secondary antibody: Alexa Fluor® 488 goat anti-rabbit (Invitrogen, Molecular

Probes), diluted 1:1000 in PBS for Ih ra t  RT in the dark.

TNFSF10/TRAIL

» Transfections were performed In 96 well plates and staining was analysed by

Incell analysis (see section 2.12.3).

» Fixing conditions: 4% paraformaldehyde for 15mins at RT.

I Permeabilised using: PBS containing 0.2% Triton X-100 for 5mins at RT.

» Blocking buffer: PBS containing 1% BSA, 10% NGS, 0.3M glycine for SOmins

at RT.

I Primary antibody: TRAIL (Abeam, Cambridge, UK), Rabbit/Polyclonal, diluted

1|jg/ml in blocking buffer. Cells incubated at RT for Ihr.

I Secondary antibody: Alexa Fluor® 488 goat anti-rabbit (Invitrogen, Molecular

Probes), diluted 1:1000 in PBS for Ih ra t  RT in the dark.

MAL2

k Transfections were performed in 96 well plates and staining was analysed by

Incell analysis (see section 2.12.3).

I Fixing conditions: 4% paraformaldehyde for 15mins at RT.

I Treated with: lOmM glycine for 5mins at RT (Marazuela et al., 2004).

t Permeabilised using: PBS containing 0.2% Triton X-100 for 5mins at RT.

» Blocking buffer: PBS containing 3% BSA for 15mins at RT.

I Primary antibody: MAL2 (Miguel Alonso Lab, Madrid, Spain; (Marazuela et

al., 2004)), Mouse/Monoclonal, diluted 1:200 in blocking buffer. Cells 

incubated at 4°C overnight.

k Secondary antibody: Alexa Fluor® 488 goat anti-mouse (Invitrogen, Molecular

Probes), diluted 1:1000 in PBS for Ih r at RT in the dark.

TLR3

I Transfections were performed in 8 well chamber slides and staining was

analysed by fluorescent microscopy (see section 2.12.2).
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» Polyinosine-polycytidylic acid (poly l:C), a synthetic dsRNA that stimulates 

TLR3 was obtained from Luke O’Neill’s Lab, Dublin, Ireland and was 

transfected (at a concentration of 1[jg/ml for 24hrs) into Nthy-ori 3-1 cells for 

use as a staining positive control (Harii et ai., 2005).

» Fixing conditions: 100% methanol for Im in on ice (Johnsen et al., 2006).

I Permeabilising & Blocking buffers: PBS containing 2% BSA, 2% saponin or

PBS containing 2.5% BSA, 0.2% Triton X-100, for 15mins at RT.

» Primary antibody: TLR3 (Cambridge Bioscience, Cambridge, UK),

Mouse/Monoclonal, diluted 3|jg/ml in blocking buffer. Cells incubated for 

30/60mins at RT.

I Secondary antibody: Alexa Fluor® 488 goat anti-mouse (invitrogen. Molecular 

Probes), diluted 1:250 in PBS for 1 hr at RT in the dark

6.3.2.4 Protein extraction & western blotting

Protein was extracted and quantified from pre-miR transfections performed in T25 

flasks as outlined in section 2.13. Western blots were performed on extracted protein 

as described in section 2.14.
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6.4 Results

This chapter aims to validate the expression patterns of some of the genes that \Nere 

found to be significantly down-regulated (FDR < 0.05 and fold change > 2) by the 

pre-miRs™ in the last chapter (Tables 5.4 and 5.5). Both predicted and non

predicted targets were considered, and a change in mRNA and protein expression 

after pre-miR™ transfection was investigated for some genes.

6.4.1 mRNA validation

A subset of the genes found to be significantly down-regulated (FDR ^ 0.05 and fold 

change s 2) by the pre-miRs™ in the last chapter (Tables 5.4 and 5.5) were validated 

at the mRNA level using Fluidigm® real-time PCR technologies. The 48.48 Dynamic 

Array Chip was used for these purposes. Two endogenous controls {GAPDH & 

CDKN1B) and twenty three assays against genes that were significantly down- 

regulated by each pre-miR™ were analysed (see tables 6.1 and 6.2 of the materials 

and methods for lists of the genes chosen).

Twenty three samples were tested (see table 6.3). One Nthy-ori 3-1 anti-miR-25 

transfected sample was excluded so that a no template negative control could be 

included. These samples were run in duplicate on the 48.48 chip against the 48 

assays. Three identical chips were run to ensure the accuracy and reproducibility of 

the technology, thus giving six technical replicates of each assay. Expression 

changes in each transfection condition (i.e. pre-miR-25 in 8505C cells) were robustly 

tested as three biological replicates of most of the transfection conditions were 

included. This produced 18 technical replicates for each assay in each transfection 

condition overall. The Fluidigm® technology for real-time PCR was found to be 

reliable and reproducible as the correlation values, which analyse the amount if 

variation between chips, were very high indicating a low amount of variation 

(correlation of chips 1 & 2, R=0.994, chips 1 & 3, R=0.986, and chips 2 & 3, 

R=0.992). The standard deviation values, which represent the amount of variation 

within chips also supported a low amount of variation as they were very low (chip 

1 =0.08, chip 2=0.08, and chip 3=0.11).
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Table 6.3 Samples included in Fluidigm® validation

Pre-miR™ Anti-miR™

8505C
miR-25 miR-222

Negative Control X 3 | miR-25 X 3
i

Negative Control X 3 | miR-222 X 3

Nthy-ori 3-1
miR-222 miR-25

Negative Control X 3 miR-222 X 3 Negative Control X 3 miR-25 X 2

Once the reliability of the technology was determined, it was necessary to identify the 

best endogenous control for use in data analysis (i.e. the one with the lowest 

variation). To establish which control was most suitable, all of the C j values of the 

two controls for all samples on all three chips were collated and plotted (Figure 6.1). 

The standard deviations of the GAPDH & CDKN1B C j values were then calculated 

(Figure 6.1). The endogenous control that possessed the lowest standard deviation 

(and therefore variation) across all samples was then used for further analysis.

Figure 6.1
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Figure 6.1 Analysis of the expression of the two endogenous controls; CDKN1B & GAPDH in 

the twenty three transfection samples. (A) A line plot of the C j values of all of the biological 

and technical replicates of the two assays. A low amount of variation can be seen in the 

expression of both assays. (B) Shows the standard deviation values calculated from the C j 

values of the two assays plotted in part A. The assay with the lowest standard deviation, i.e. 

the least amount of variability, {CDKN1B) was chosen for further analysis.

CDKN1B was chosen as the endogenous control for the downstream analysis as it 

possessed the lowest standard deviation.

6.4.1.1 Pre-mlR-222 regulated genes

Fold change values were used to compare the Fluidigm® expression values to the 

m icroarray values. Average Fluidigm® fold change differences were calculated for 

the genes proposed to be down-regulated in the pre-miR-222 transfected cells 

compared to the negative control transfected cells (see section 6.3.1.2). These 

values were compared to the fold change values for the genes provided by the 

Affymetrix™ PARTEK analysis (Figure 6.2 & Table 6.4).

Figure 6.2
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(B) PremiR-222 Regulated Genes
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Figure 6.2 Illustration of the microarray and Fluidigm® fold changes of twenty two genes 

down-regulated by pre-miR-222. (A) Line graph of the microarray and Fluidigm® fold down- 

regulation of the 22 genes validated by real-time PCR. All genes validated were found to be 

down-regulated by real-time PCR and microarray analyses. (B) Scatter plot comparing the 

microarray folds down-regulation (Y axis) to the Fluidigm®folds down-regulation (X axis). The 

genes investigated are represented by the blue dots and a linear line of best fit is plotted to 

them. (C) Shows the Pearson’s correlation statistic, a measure of the linear relationship 

between the two datasets. The p value of <0.05 indicates that the correlation is statistically 

significant.

The FGFR2 gene was removed from the analysis as it did not pass quality tests and 

showed little or no expression in all samples. This could indicate that it was a false 

positive result of the PARTEK microarray analysis, or may be due to a problem with 

the quality of the assay. All of the genes investigated that were previously shown to 

be down-regulated by pre-miR-222 in the array analysis, were also found to be down- 

regulated in the Fluidigm® analysis.
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Table 6.4 List of the microarray and Fluidigm® fold down-regulations of twenty two genes 

down-regulated by pre-miR-222.

Gene
Microarray Fold Down- 

Regulation

Fluidigm* Fold Down- 

Regulation

MAL2 3.681 3.314

MAL 2.830 2.332

TLR3 2.082 2.341

ADM 3.526 3.810

RAB19 2.501 3.700

; PDCD1LG2 2.360 1.827

RAD51 2.295 1.597

ADAM21 2.121 1.008

HY0U1 2.077 1.198

THBS1 2.403 1.769

ETS1 3.159 2.208

CYR61 2.241 1.745

PHLDB2 2.099 1.178

i  BIRC3 2.734 2.406

PRKAA2 2.137 1.595

CYP24A1 3.321 1.911

A0X1 2.403 2.024

MY05C 2.003 3.549

GPR126 2.659 3.240

CDK6 2.332 1.588

PPME1 2.326 1.500

RBM24 2.717 3.550

Blue gene = predicted target in Pictar & Targetscan, Pink gene = predicted target in 

Targetscan.

Although the p value of 0 .0163 indicates a statistically significant correlation between 

the microarray and Fluidigm® fold change values, the rva lu e  of 0.506 (Figure 6.2 C) 

does not indicate a particularly strong correlation between the two datasets. This is 

presumably because although the two datasets show a similar pattern of down- 

regulation (Figure 6.2 A), they have slightly different fold change values (Table 6.4).
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6.4.1.2 Pre-miR-25 regulated genes

Genes proposed to be down-regulated in the pre-miR-25 transfected cells compared 

to the negative control transfected cells were also investigated using Fluidigm® and 

microarray expression values. Average Fluidigm® fold change differences for the 

twenty three genes were calculated as described in section 6.3.1.2 and were 

compared to the corresponding fold change values provided by the Affymetrix™ 

PARTEK analysis (Figure 6.3 & Table 6.5).

Figure 6.3
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Pearson’s Correlation P value (2 tailed)

0.538 0.0081

(TRAIL removed) 0.810 <0.0001

Figure 6.3 Illustration of the microarray and Fluidigm® fold changes of twenty three genes 

down-regulated by pre-miR-25. (A) Line graph of the microarray and Fluidigm® fold down- 

regulation of the 25 genes validated by real-time PCR. All genes validated were found to be 

down-regulated by real-time PCR and microarray analyses. (B) Scatter plot comparing the 

microarray folds down-regulation (Y axis) to the Fluidigm®folds down-regulation (X axis). The 

genes investigated are represented by the blue dots and a linear line of best fit is plotted to 

them. (C) Shows the Pearson’s correlation statistic, a measure of the linear relationship 

between the two datasets. The p values of <0.05 indicate that the correlation between the 

two datasets is statistically significant.

Figure 6.3 also shows that all o f the genes investigated that were previously shown 

to be down-regulated by pre-miR-25 in the array analysis, were also found to be 

down-regulated in the Fluidigm® analysis.

The Pearson’s correlation coefficient in figure 6.3 C demonstrates the sim ilarity of the 

two datasets. Although the initial r  value of 0.538 does not indicate a particularly 

strong correlation between the two datasets, when the gene that shows the biggest 

difference in fold change values between the two analyses (TRAIL, m icroarray fold 

down-regulation = 2.003, Fluidigm® fold down-regulation = 3.982) is removed, the r  

value increases to 0.810 more accurately reflecting the similarity o f the two datasets. 

This trend is also reflected in the p values of the test as the correlation between the 

datasets becomes more statistically significant (<0.0001) when TRAIL is removed 

from the analysis.
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Table 6.5 List of the microarray and Fluidigm® fold down-regulations of twenty three genes 

down-regulated by pre-miR-25.

Gene
Microarray Fold Down- 

Regulation

Fluidigm Fold Down- 

Regulation

TNFSF10/TRAIL 2.003 3.982

ITGA6 2.352 2.552

MPP1 2.669 2.718

TIMP2 2.218 2.483

ITGA3 2.209 2.194

ADAMTS1 2.285 2.304

ITGA5 2.614 2.699

TRIP13 2.781 2.606

MAP2K4 2.147 1.925

RAB23 2.051 2.122

ADAM 10 2.616 2.571

TRHDE 2.306 2.430

RAB14 2.021 1.907

RARB 2.624 2.816

MAN2A1 3.370 3.576

RGS4 2.194 2.255

PTGS2 2.084 1.853

EPGN 3.057 3.394

SNAP23 2.233 2.057

LHFPL2 2.173 3.092

MY01B 2.030 1.986

NFIA 2.567 3.445

Red gene = predicted target in Miranda, Pictar, & Targetscan, Blue gene = predicted target in 

Pictar & Targetscan.
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6.4.2 Protein validation

Following the validation of a subset of the gene targets of hsa-miR-222 and hsa-miR- 

25 identified in chapter 5, four genes from these lists were chosen for further 

validation at the protein level, see table 6.6. To facilitate this, pre-miR-222 and pre- 

miR-25 were transfected into Nthy-ori 3-1 and 8505C respectively, and 

immunofluorescence and western blots were performed.

Table 6.6 Hsa-miR-222 and hsa-miR-25 regulated genes chosen for validation at the protein 

level.

miR-222 Genes miR-25 Genes j

MAL2

T-cell differentiation 
protein 2

TNFSF10/TRAIL

Tumour necrosis factor (ligand) 
superfamily, member 10

TLR3 

Toll-like receptor 3

MAP2K4

Mitogen-activated protein kinase 
kinase 4

6.4.2.1 Pre-miR-222 regulated genes

6.4.2.1.1 l\/IAL2

Both MAL & MAL2 emerged as targets of hsa-miR-222 in the microarray analysis 

shown in table 5.5. No commercial antibodies were available for either of these 

proteins so a small aliquot of homemade monoclonal mouse antibody for both MAL & 

MAL2 was kindly supplied by Miguel Alonso’s lab in Madrid (Marazuela et al., 2004). 

Immunofluorescence was not performed using the MAL antibody as Alonso and 

colleagues explained that is was only suitable for western blot analysis. The MAL2 

antibody was suitable for fluorescent analysis and so pre-miR-222 and pre-miR™ 

negative control treated cells were stained with it. Figure 6.4 illustrates an initial 

experiment in which Nthy-ori 3-1 cells in one well of a 96 well plate were transfected 

with pre-miR™ negative control and in another well with pre-miR-222. Incell analysis 

was utilised to inspect 5 fields of view in each well. Analysis of the images was then 

performed and background staining was removed.
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Figure 6.4
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Figure 6.4 Preliminary experiment investigating the effect of pre-miR-222 transfection on 

MAL2 fluorescence levels in Nthy-ori 3-1 cells. Pre-miR™ negative control #1 and pre-miR- 

222 molecules were transfected into Nthy-ori 3-1 cells in one well of a 96 well plate. 72hrs 

post-transfection Incell analysis was used to examine fluorescent levels in 5 fields of view in 

each well. (A) Shows a line graph of the MAL2 fluorescent intensities of the negative control 

and pre-miR-222 transfected cells when background fluorescence is subtracted. A lower 

level of MAL2 fluorescence is detected in the pre-miR-222 transfected cells indicting a lower 

level of protein expression in these cells. (B) Shows the result of the t test performed on the 

fluorescent intensity values (minus background intensity). This indicates that there is 

significantly lower MAL2 expression in the pre-miR-222 transfected cells compared to the 

negative control transfected cells. (C) A representative image of the fluorescence detected in 

the Nthy-ori 3-1 cells. Hoechst dye stains the nuclei blue, and the secondary antibody binds 

to the MAL2 primary antibody to stain it green.
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The initial fluorescence experiment described in figure 6.4 indicates that there is 

significantly lower MAL2 expression in the pre-miR-222 transfected cells compared to 

the pre-miR™ negative control transfected cells. This is deduced from the 

significantly lower fluorescence levels detected in the pre-miR-222 transfected cells. 

As this was a preliminary experiment with only one well transfected with each 

molecule, further experiments were required to confirm this effect. Unfortunately the 

follow up experiment could not confirm the results in figure 6.4. As there was very 

little antibody provided (~5|jl) there was not enough to continue optimising 

fluorescence experiments. Western blots for MAL and MAL2 were then performed 

on protein from pre-miR-222 and pre-miR™ negative control transfected cells in an 

effort to confirm the down-regulation by another method (Figure 6.5).

Figure 6.5
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Figure 6.5 Western blot results for MAL and MAL2 proteins in Nthy-ori 3-1 cells. N 

represents lanes where protein from negative control transfected cells was loaded; P 

indicates lanes where protein from pre-miR-222 transfected cells was loaded, and U shows 

lanes where untreated Nthy-ori 3-1 protein was loaded. The same amount of protein was 

loaded into each lane. (A) Shows the blots for MAL and MAL2 proteins in the treated and 

untreated Nthy-ori 3-1 cells. One lane of untreated Nthy-ori 3-1 protein in the middle of the 

image was used as a negative control as it was only exposed to secondary antibody 

incubations. (B) Shows the presence of the GAPDH protein at the correct position on the 

blots.
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Unfortunately, the western blots did not successfully detect the MAL or IVIAL2 

proteins in any of the cell lysates loaded into the SDS gels. The detection of GAPDH 

demonstrated the presence of an equal amount of protein in all samples. Marazuela 

et al (Marazuela et al., 2004) used these antibodies to perform western blots for MAL 

and MAL2 on protein lysates that were enriched for lipid rafts. Perhaps enriching the 

lysates from the above transfections for lipid rafts would improve the detection of the 

two proteins, however there was not enough antibody left to explore this.

6.4.2.1.2 TLR3

TLR3 also emerged as a target of hsa-miR-222 in the microarray analysis shown in 

table 5.5. A commercial antibody for TLR3 and was recommended by Ingvild 

Johnsen from his paper published in 2006 (Johnsen et al., 2006). Johnsen’s 

instructions were followed to perform TLR3 fluorescent analysis on pre-miR-222 and 

pre-miR™ negative control treated cells. A substantial amount of optimisation was 

performed on this staining. Polyinosine-polycytidylic acid (poly l:C), a synthetic 

dsRNA that stimulates TLR3 was obtained from Luke O’Neill’s Lab, Dublin, Ireland 

and was transfected (at a concentration of 1jjg/ml for 24hrs) into Nthy-ori 3-1 cells for 

use as a staining positive control (Harii et al., 2005). Two different permeabilising 

agents were used on the Nthy-ori 3-1 cells; Triton X-100 and saponin, and very high 

antibody concentrations were used; 3|jg/ml of the TLR3 antibody and 1:250 of the 

secondary antibody.

Figure 6.6 shows the results of the fluorescence experiment performed in duplicate 

on the Nthy-ori 3-1 cells in an 8 well chamber slide which were transfected with pre- 

miR™ negative control and pre-miR-222 and permeabilised using saponin. 

Fluorescent microscopy was utilised to view the cells.

338



Chapter 6 Hsa-miR-222 & Hsa-miR-25 mRNA Target Validation

Figure 6.6
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Figure 6.6 Experiment using saponin to investigate the effect of pre-nniR-222 transfection on 

TLR3 fluorescence levels in Nthy-ori 3-1 cells. Poly l;C, pre-miR™ negative control #1, and 

pre-miR-222 molecules were transfected in duplicate into Nthy-ori 3-1 cells in an 8 well 

chamber slide. Poly l:C treated cells were fixed 24hrs post-transfection, and Pre-miR™ 

negative control #1 and pre-miR-222 treated cells were fixed 48hrs post-transfection. 

Saponin was used to permeabilise the cells, and they were viewed using fluorescent 

microscopy. The nuclear staining by the Hoechst dye illustrates the presence of cells in all 

transfections. However when the filter on the microscope is switched to view fluorescence at 

the FITC (green) wavelength, no fluorescence is detected in any transfection, even the 

positive control.

Figure 6.7 shows the results of the fluorescence experiment performed in duplicate 

on the Nthy-ori 3-1 cells in an 8 well chamber slide which were transfected with pre-
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miR™ negative control and pre-miR-222 and permeabilised using Triton X-100. 

Fluorescent microscopy was utilised to view the cells.

Figure 6.7

Triton, Poly l:C; 
Hoechst

Triton, Neg Ctrl; 
Hoechst

Triton, Pre-miR-222; 
Hoechst

Triton, Poly l:C; 
FITC

Triton, Neg Ctrl; 
FITC

Triton, Pre-miR-222; 
FITC

Figure 6.7 Experiment using Triton X-100 to investigate the effect of pre-miR-222 transfection 

on TLR3 fluorescence levels in Nthy-ori 3-1 cells. Poly l:C, pre-miR™ negative control #1, 

and pre-miR-222 molecules were transfected in duplicate into Nthy-ori 3-1 cells in an 8 well 

chamber slide. Poly l:C treated cells were fixed 24hrs post-transfection, and Pre-miR™ 

negative control #1 and pre-miR-222 treated cells were fixed 72hrs post-transfection. Triton 

X-100 was used to permeabilise the cells, and they were viewed using fluorescent 

microscopy. The nuclear staining by the Hoechst dye illustrates the presence of cells in all 

transfections. However when the filter on the microscope is switched to view fluorescence at 

the FITC (green) wavelength, no fluorescence is detected in any transfection, even the 

positive control.
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The experiments shown in figures 6.6 and 6.7 were unsuccessful in detecting the 

presence of the TLR3 protein in the transfected cells or the Poly l:C positive controls. 

The antibody concentrations used were very high and so could not be increased any 

further; a dilution of 1:1000 of secondary antibody was sufficient for fluorescent 

detection in the initial MAL2 experiment in figure 6.5, and 1:250 was used for the 

TLR3 experiments, and the primary antibody was used at a concentration of 3ijg/ml. 

Neither permabilising reagent tested was successful. An attempt was then made to 

detect the protein using a different positive control and western blot analysis. 

Hek293T cells which are human embryonic kidney cells that have been stably 

transfected to express TLR3 were kindly provided by Luke O Neill’s lab in Dublin. 

Protein was extracted from these cells and they were used as a positive control, 

alongside protein from pre-miR-222 and pre-miR™ negative control transfected cells 

to perform western blots to detect TLR3 (Figure 6.8).

Figure 6.8

36kDa

Figure 6.8 Western blot results for TLR3 in Nthy-ori 3-1 cells. C represents lanes containing 

positive control protein from 293T cells that were stably transfected to express TLR3, N 

represents lanes where protein from negative control transfected cells was loaded, P 

indicates lanes where protein from pre-miR-222 transfected cells was loaded, and U shows 

lanes where untreated Nthy-ori 3-1 protein was loaded. The same amount of protein was 

loaded into each lane. (A) Shows the blot for TLR3 in the positive control cells and the 

treated and untreated Nthy-ori 3-1 cells. (B) Shows the presence of the GAPDH protein at 

the correct position on the blots.
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Regrettably, western blots could not be optimised to detect the TLR3 protein in any of 

the cell lysates loaded into the SDS gels. The detection of GAPDH on these blots 

again demonstrated the presence of protein in all samples (Although less in the pre- 

miR™ negative control transfected cells). As TLR3 was not detected in either the 

Poly l:C transfected Nthy-ori 3-1 cells or the Hek293T cells using 

immunofluorescence or western blots, a problem with the primary TLR3 antibody 

used may be the route of the problem. The secondary HRP labeled antibody for the 

western blot detection was provided by Aideen Long's lab, Dublin and is unlikely to 

be the reason TLR3 was not detected on the blots as it is well established in that lab 

and worked on other blots. Perhaps experimenting with the other antibody used by 

Johnsen and co-workers (Johnsen et al., 2006) (from Imgenex) might produce better 

results. Limited time towards the end of the project prevented this from happening.

6.4.2.2 Pre-miR-25 regulated genes 

6.4.2.2.1 MEK4

MEK4 /  MAP2K4 materialised as a target of hsa-miR-25 in the microarray analysis 

shown in table 5.4. A Santa Cruz (CA, USA) antibody that was utilised by several 

other groups (Coffey et al., 2000, Sundarrajan et al., 2003, Tournier et al., 1999, 

Hamel et al., 2006) was used to perform the fluorescence and western blot analysis 

of MEK4. Figure 6.9 illustrates an initial experiment in which 8505C cells in one well 

of a 96 well plate were transfected with pre-miR™ negative control and in another 

well with pre-miR-25. Incell analysis was utilised to inspect 5 fields of view in each 

well. Analysis of the images was then performed and background staining was 

removed.

342



Chapter 6 Hsa-miR-222 & Hsa-miR-25 mRNA Target Validation

Figure 6.9
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Figure 6.9 Preliminary experiment investigating the effect of pre-miR-25 transfection on 

MEK4 fluorescence levels in 8505C cells. Pre-miR™ negative control #1 and pre-miR-25 

molecules were transfected into 8505C cells in one well of a 96 well plate. 72hrs post

transfection Incell analysis was used to examine fluorescent levels in 5 fields of view in each 

well. (A) Shows a line graph of the MEK4 fluorescent intensities of the negative control and 

pre-miR-25 transfected cells when background fluorescence is subtracted. A lower level of 

MEK4 fluorescence is detected in the pre-miR-25 transfected cells indicting a lower level of 

protein expression in these cells. (B) Shows the result of the t test performed on the 

fluorescent intensity values (minus background intensity). This indicates that there is 

significantly lower MEK4 expression in the pre-miR-25 transfected cells compared to the 

negative control transfected cells. (C) A representative image of the fluorescence detected in 

the 8505C cells. Hoechst dye stains the nuclei blue, and the secondary antibody binds to the 

MEK4 primary antibody to stain it green.
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The initial fluorescence experiment described in figure 6.9 indicates that there is 

significantly lower MEK4 expression in the pre-miR-25 transfected cells compared to 

the pre-miR™ negative control transfected cells. This is deduced from the 

significantly lower fluorescence levels detected in the pre-miR-25 transfected cells. 

As this was a preliminary experiment with only one well transfected with each 

molecule, further experiments were required to confirm this effect. Other 

experiments were completed in which transfections were performed in triplicate and 

cells were fixed and stained 48, 72, & 96hrs post-transfection. Ten fields of view 

were then analysed using Incell analysis and the results are shown in figure 6.10.

Figure 6.10
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Figure 6.10 Experiment to validate the effect of pre-miR-25 transfection on MEK4 

fluorescence levels in 8505C cells. Pre-miR™ negative control #1 and pre-miR-25 molecules 

were transfected into 8505C cells in three wells of a 96 well plate. 10 fields of view in each 

well were examined using Incell analysis, 48, 72, & 96hrs post-transfection. (A) Shows a line
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graph of the MEK4 fluorescent intensities in the negative control and pre-miR-25 transfected 

cells 48hrs post-transfection, when background fluorescence is subtracted. Fluorescence 

values for each field of view are plotted. One value for the negative control transfection was 

removed as it was an outlier with unusually high fluorescence levels. This line graph does not 

confirm the results of the previous experiment in figure 6.9. Results in part (B) confirm this as 

they show the values of the t tests performed on the fluorescent intensity values (minus 

background intensity). None of the t tests indicate that there is significantly lower MEK4 

expression in the pre-miR-25 transfected cells compared to the negative control transfected 

cells. The t tests on the 72 & 96hrs post transfection results were performed on the average 

fluorescence results for the three wells. The t test on the 48hr post transfection results were 

performed on the fluorescence values for all the fields of view in all the three wells.

Unfortunately the follow up experiments outlined in figure 6.10 could not confirm the 

significant down-regulation in MEK4 observed in the initial experiment illustrated in 

figure 6.9 (t test values of 0.222 48hrs post-transfection, 0.784 72hrs post

transfection, and 0.442 96hrs post-transfection were obtained). The experiments 

shown in figures 6.9 and 6.10 were performed with a blocking buffer consisting of 

PBS containing 10% normal goat serum (NGS) and 0.2% Tween (Coffey et al., 

2000). A different blocking buffer of PBS containing 3% BSA (Tournier et al., 1999) 

was also tested but no improvement in fluorescent results was achieved. A high 

level of background staining was observed in the follow up experiments. This is 

illustrated by the difference in the scales of the ‘fluorescent intensity minus 

background’ axes in figures 6.9 and 6.10. In the preliminary experiment in figure 6.9, 

the scale went up to 35, however the scale only reached 7 in the 48hr post

transfection experiment illustrated in figure 6.10 A. The high primary antibody 

concentration of 1:25 was used to achieve fluorescent staining. It was thus 

hypothesised that this high antibody concentration although resulting in 

immunofluorescence, may be causing non-specific binding of the antibody and 

elevated background staining.

Therefore western blots for MEK4 were performed on protein from pre-miR-25 and 

pre-miR™ negative control transfected cells using Jurkat cell lysates as a positive 

control (Figure 6.11).
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Figure 6.11 

(A)

45kDa^

(B) 36kDa-^

Figure 6.11 Western blot results for MEK4 in 8505C cells. Lane C contains a positive control 

protein from Jurkat cells, N represents lanes where protein from negative control transfected 

cells was loaded, P indicates lanes where protein from pre-miR-25 transfected cells was 

loaded, and the U shows the lane where untreated 8505C protein was loaded and acted as a 

‘no primary antibody’ negative control as it was only exposed to secondary antibody. The 

same amount of protein was loaded into each lane. (A) Shows the blot for MEK4 in the 

positive control cells and the treated and untreated 8505C cells. (B) Shows the presence of 

the GAPDH protein at the correct position on the blots.

The blot shown in figure 6.11 A illustrates that non-specific binding of the IVIEK4 

antibody does in fact occur. MEK4 is expected and does appear at 45kDa; however 

non-specific bands are present in all lanes including the positive control. This could 

be the causative factor in the lack of success with repeating the fluorescent staining, 

as a significant difference In MEK4 expression would be difficult to detect if the 

antibody was binding to different cellular components. The western blot technique 

can overcome this problem as proteins are separated by size and thus can be 

discriminated as such. A band of the correct size for MEK4 (45kDa) was detected on 

the blot above and successfully validates the fact that pre-miR-25 decreases the 

expression of this protein. This is illustrated by the fact that the MEK4 band almost 

disappears in the pre-miR-25 transfected cells.
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6.4.2.2.2 TRAIL

The protein levels of TRAIL / TNFSF10 were also investigated to determine if they 

were influenced by pre-miR-25. A polyclonal rabbit antibody available from Abeam 

Cambridge, UK) was used for fluorescent staining. Figure 6.12 illustrates the initial 

experiment In which 8505C cells in one well of a 96 well plate were transfected with 

pre-mlR™ negative control and in another well with pre-miR-25. Incell analysis was 

utilised to inspect 5 fields of view in each well.

Figure 6.12

Pre-miR™ Negative Control Pre-miR-25

Figure 6.12 Preliminary experiment investigating the effect of pre-miR-25 transfection on 

TRAIL fluorescence levels in 8505C cells. Pre-miR™ negative control #1 and pre-miR-25 

molecules were transfected into 8505C cells in one well of a 96 well plate. 72hrs post

transfection Incell analysis was used to examine fluorescent levels in 5 fields of view in each 

well. Images shown are representative of the fluorescence detected in the 8505C cells. 

Hoechst dye stains the nuclei blue, and the secondary antibody binds to the TRAIL primary 

antibody to stain it green. Staining with this TRAIL antibody appears to be non-specific.

As mentioned, the staining with the polyclonal TRAIL antibody appeared to be non

specific. It was of a similar pattern to that expected with a tubulin stain, and as the 

cells do not appear to be undergoing apoptosis it is unlikely that such a high level of 

TRAIL would be expressed in the cells. After consulting with Abeam on the matter, it 

was confirmed that the staining was indeed non-specific and so western blots were
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performed using another Abeam TRAIL antibody; a monoclonal mouse antibody only 

for use in western blots, see figure 6.13.

Figure 6.13

32kDa

36kDa

Figure 6.13 Western blot results for TRAIL in 8505C cells. Lane C contains a positive control 

protein from Jurkat cells, N represents lanes where protein from negative control transfected 

cells was loaded, P indicates lanes where protein from pre-miR-25 transfected cells was 

loaded, and the U shows the lane where untreated 8505C protein was loaded and acted as a 

‘no primary antibody’ negative control as it was only exposed to secondary antibody. The 

same amount of protein was loaded into each lane. (A) Shows the blot for TRAIL in the 

positive control cells and the treated and untreated 8505C cells. (B) Shows the presence of 

the GAPDH protein at the correct position on the blots.

The blot shown in figure 6.13 A illustrates tinat bands of approximately the correct 

size for TRAIL (32kDa) were detected in tfie cell lysates tested. Similarly dark bands 

are found in the positive control and pre-miR™ negative control lanes. Bands that 

are less dark (indicating lower expression) are detected in the pre-miR-25 transfected 

cells, and no band is detected in the lane that was not treated with the primary 

antibody. This result successfully validates the fact that pre-miR-25 decreases the 

expression of the TRAIL protein. It is unclear why two bands of similar size were 

detected in the protein lysates. Both bands appear to show equal expression levels 

in the positive control cells and the pre-miR™ negative control transfected cells, and 

an equal amount of down-regulation in the pre-miR-25 transfected cells. Perhaps 

TRAIL protein fragments are being detected.
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6.5 Discussion

The aim of this chapter was to validate a subset of the novel targets of hsa-mlR-222 

and hsa-miR-25 identified in the last chapter at the mRNA and protein levels. mRNA 

validation was performed using Fluidigm® real-time PCR technologies. 

Subsequently, pre-miR™ transfections were performed in an effort to validate two 

targets for each miRNA at the protein level, MAL2 and TLR3 of hsa-miR-222, and 

TRAIL and MEK4 of hsa-miR-25. The change in expression of these four novel 

targets was assessed using immunofluorescence and western blotting.

6.5.1 mRNA validation

Twenty three gene targets for each miRNA (both predicted and non-predicted 

targets) that were significantly down-regulated (FDR <0.05, fold change >2) in pre- 

miR™ transfected cells compared to pre-miR™ negative control transfected cells in 

the last chapter were chosen for validation. This validation was successful as 

Fluidigm® real-time PCR technologies found all of the genes examined to be down- 

regulated in pre-miR™ transfected cells compared to pre-miR™ negative control 

transfected cells. One exception to this was the FGFR2 gene in the pre-miR-222 

analysis. This gene was removed from the analysis as it did not pass quality tests 

and showed little or no expression in all samples. This could indicate that it was a 

false positive result of the microarray PARTEK analysis, or may be due to a problem 

with the quality of the assay. The Fluidigm® technology incorporates extremely small 

reaction volumes (lOnanolitres) as well as a pre-amplification PCR step; which 

specifically amplifies target sequences prior to real-time PCR and results in reduced 

Ct values. These two factors facilitate the investigation of a large number of assays 

in samples with a limited quantity of RNA using a very low volume of assay. In this 

study 100ng of RNA per sample and 10pl of TaqMan® assay was sufficient to run 48 

assays in 23 samples in duplicate three times, i.e. on three different 48.48 Dynamic 

Array Chips.

The Fluidigm® technology for real-time PCR was proven to be robust and 

reproducible when the expression results from the three chips were compared to 

each other. The correlation values (which represent the amount if variation between 

the three chips) were very high, almost 1 in fact, indicating a low amount of inter-chip 

variation (correlation of chips 1 & 2 = 0.994, chips 1 & 3 = 0.986, and chips 2 & 3 =
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0.992). The standard deviation values (which represent the amount of variation 

within the chips) indicated a low amount of intra-chip variation as they were very low 

(chip 1 = 0.08, chip 2 = 0.08, and chip 3 = 0.11). Taken as a whole, these results 

indicate that extremely similar values were obtained on each chip proving that real

time PCR analysis is achievable using a low quantity of RNA and low volumes of 

TaqMan® assays.

When the fold change values from the Affymetrix™ microarrays were compared to 

those produced using Fluidigm® real-time PCR, the success of the validation of the 

46 genes was evident. The line graphs of pre-miR-222 regulated genes in figure 6.2 

A and pre-miR-25 regulated genes in figure 6.3 A show that the fold changes 

produced by both techniques follow similar patterns. In fact, the pre-miR-25 

regulated genes show almost identical microarray and Fluidigm® fold down-regulation 

values apart from three genes; TRAIL, LHFPL2, & NFIA, which are all shown to be 

down-regulated to a greater extent by the Fluidigm® (more sensitive) analysis.

The scatter plots in figures 6.2 & 6.3 B show an alternative way to illustrate the two 

fold change datasets. The microarray fold changes are plotted on the Y axis and the 

Fluidigm® fold change values on the X axis. A linear line of best fit is plotted to them 

and the Pearson product-moment correlation coefficient (r) is calculated. A value of 

1 implies that a linear equation describes the relationship between X  and Y perfectly, 

with all data points lying on a line for which V increases as X  increases. A value of 

-1 implies that all data points lie on a line for which V decreases as X  increases. A 

value of 0 implies that there is no linear relationship between the variables (Moore 

DS, 2006). The r  value of 0.506 obtained when the pre-miR-222 microarray fold 

changes were compared to the Fluidigm® fold changes does not indicate a 

particularly strong correlation between the two datasets. This correlation value may 

be reflective of the fact that although the two fold change datasets follow a similar 

pattern of down-regulation (Figure 6.2 A); they have slightly different fold change 

values (Table 6.4). The scatter plot in figure 6.3 B confirms that the two pre-miR-25 

datasets are similar as the gene data points cluster quite close to the line of best fit. 

The Pearson’s correlation coefficient in figure 6.3 C also demonstrates the similarity 

of the two datasets. Although the initial r  value of 0.538 does not indicate a 

particularly strong correlation between the two datasets, when the gene that shows 

the biggest difference in fold change values between the two analyses {TRAIL, 

microarray fold down-regulation = 2.003, Fluidigm fold down-regulation = 3.982) is
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removed, the r  value increases to 0.810 more accurately reflecting the similarity of 

the two datasets. This similarity can also be appreciated by simply viewing the fold 

down-regulation values in table 6.5. The fact that the r  values do not indicate 

particularly strong relationships between the two data sets may also reflect the fact 

that different techniques were used to generate each set of fold change values. The 

two techniques utilise different methodologies to measure gene expression, with 

microarrays using a hybridisation based approach and Fluidigm® using a more 

sensitive PCR based approach. Despite these different experimental approaches, all 

correlation tests performed on the data indicated statistically significant correlations 

between the two datasets.

To conclude, Fluidigm® real-time PCR using 48.48 Dynamic Array Chips was found 

to be a reliable system which facilitated real-time PCR analysis using a low quantity 

of RNA and low volumes of TaqMan® Gene Expression assays. This technique 

successfully validated the down-regulation of both predicted and non-predicted novel 

gene targets of hsa-miR-222 (22 genes) and hsa-mlR-25 (23 genes) in pre-miR™ 

transfected ceils compared to pre-miR™ negative control transfected cells.

6.5.2 Protein validation

Four targets validated by Fluidigm® real-time PCR were chosen for validation at the 

protein level. MAL2 and TLR3 were chosen as targets of hsa-miR-222, and 

TNFSF10 / TRAIL and MAP2K4 / MEK4 as targets of hsa-miR-25. Of the four, 

MEK4 was the only predicted target to yield definitive data. To assess the mlRNA- 

induced down-regulation of these targets, pre-miR-222 was transfected into Nthy-ori 

3-1 cells and pre-miR-25 was transfected into 8505C cells, and the down-regulation 

of the protein target was measured using immunofluorescence and western blotting.

A general discussion of the protein validation will precede a review of the validation 

of each target. When all of the results of the protein validation in section 6.4.2 are 

evaluated, it becomes evident that the validation of the influence of the two miRNAs 

on their target protein expression was not as successful as the mRNA validation. 

The immunofluorescence analysis could not be optimised for any of the four targets, 

and the western blots were only successful for two of the four targets (MEK4 &
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TRAIL). The main limiting factor that hindered the success of the protein validation 

was antibody availability and quality. Poor antibody performance may be attributed 

to the lack of success in optimising the immunofluorescence. A high level of 

background staining and perhaps the binding of the antibodies to non-specific targets 

in the cells may be the reason that a significant down-regulation in protein expression 

could not be achieved. The non-specific binding of some of the antibodies was 

confirmed when western blot analysis was performed.

Limited fluorescent antibody availability eliminated many of the novel targets 

identified in chapter 5 from being validated using the techniques chosen in this study. 

In fact, due to the unavailability of a commercial antibody for MAL2, a homemade 

antibody was sought and kindly provided by Miguel Alonso’s group in Spain. 

Commercial antibodies were used when available, and when possible antibodies that 

were used and published by other groups were utilised. The methods published by 

these groups were exploited and when necessary they were contacted for advice 

when the desired results were not achieved. Despite the best efforts employed in 

optimising both the immunofluorescence and western blot techniques, limited 

success was achieved. Densitometry was not used in this thesis to quantify western 

blot results; however a clear down-regulation of both hsa-miR-25 target proteins 

(MEK4 & TRAIL) was observed by either the disappearance or marked reduction of 

protein band intensity in cells in which hsa-miR-25 was over-expressed compared to 

negative control transfected cells.

Perhaps to avoid this hindrance in future work, it would be prudent to employ a 

method that is not antibody-dependant for further validation of the effect of miRNAs 

on cellular expression. One such method that has been utilised by many groups 

when validating miRNA targets is the luciferase reporter construct system (Visone et 

a!., 2007, Kim et al., 2008, Mitomo et al., 2008). This involves creating a vector by 

inserting the 3’UTR of the gene of interest downstream of the luciferase open reading 

frame (ORF). The vector can then be transfected into cells along with miRNA mimics 

or inhibitors. This technique negates the requirement for the use of antibodies as it 

exploits the fact that the luciferase protein is bioluminescent. The gene of interest 

and luciferase proteins would be co-translated from the reporter construct and the 

levels of protein expression following treatment with miRNA mimics or inhibitors can 

be assessed and inferred by the level photon emission from the luciferase protein. 

The photon emission can be detected using light sensitive apparatus such as a
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luminometer or modified optical microscopes (Fan and Wood, 2007). This validation 

technique not only eliminates the requirement for the use of antibodies, but also 

demonstrates a direct interaction between the mlRNA and its target gene.

The remainder of this discussion will hypothesise as to how the four protein targets 

investigated in this study may be regulated by hsa-miR-222 or hsa-mlR-25 in the 

context of thyroid cancer.

6.5.3 MAL & MAL2

Polarised transport of newly synthesised proteins to the apical surface of epithelial 

cells can occur through two different routes. One involving a direct pathway from the 

Golgi apparatus, and the second using an indirect route involving the delivery of the 

protein to the basolateral surface, followed by its endocytosis and transport across 

the cell. The indirect pathway, named transcytosis, is also used to translocate 

external material across the cell (Martin-Belmonte et al., 1998).

Thyroid epithelial cells are polarised so that the apical membrane faces the lumen of 

the follicle and the basolateral membrane faces the extracellular material of the 

basement membrane. MAL, a raft-associated integral membrane protein, is 

expressed in thyroid epithelial cells, predominantly distributed to the Golgi region and 

is required for the direct apical transport route (Martin-Belmonte et al., 1998). MAL2, 

a member of the MAL protein family, is distributed to the apical membrane and was 

identified as an essential component of the machinery for the transcytotic route in 

human hepatoma cells (de Marco et al., 2002). Marazuela et al (Marazuela et al., 

2004) examined MAL2 expression in different types of thyroid follicular cell 

carcinomas and found that both expression and distribution patterns varied in the 

different carcinoma types. MAL2 staining was found on the apical side of papillary 

thyroid carcinoma cells, diffuse staining was found on the apical side of follicular 

thyroid carcinoma cells, and staining was absent from anaplastic thyroid carcinoma 

cells. Although the role for these proteins has not yet been elucidated in thyroid 

cancer (and the disruption of MAL is yet to be confirmed in thyroid cancer) as they 

are involved in apical transport in polarised cells, their disruption may lead to the loss 

of organised cellular structure which is both a common feature of solid malignancy
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and thyroid carcinogenesis (particularly in ATC where the loss of MAL2 has been 

confirmed).

Alterations in MAL expression have been more extensively characterised in other 

cancers rather than MAL2. Disruption of MAL has been described in head and neck 

cancers (Beder et al., 2009), breast cancer (Horne et al., 2009), gastric cancers 

(Buffart et al., 2008, Mimori et al., 2003), esophageal cancer (Mimori et al., 2007), 

lymphomas (Hsi et al., 2006), cervical (Hatta et al., 2004), and both MAL and MAL2 

were detected in a human prostate cancer cell line (Llorente et al., 2004).

Beder and colleagues (Beder et al., 2009) investigated the expression and regulation 

of MAL, and its involvement in metastasis in head and neck cancers. They proposed 

that MAL is a new metastasis-suppressor candidate for head and neck cancer as 

they found selective down-regulation of the gene in thirty-five cell lines derived from 

head and neck cancer (including nine pairs from matched primary and metastatic 

tumours) and 30 pairs of matched primary and metastatic tumour samples. They 

also found loss of heterozygosity (LOH) and hypermethylation to be important 

mechanisms for inactivation of MAL function. Horne and co workers (Horne et al., 

2009) examined the expression of MAL in breast cancer. They also found MAL to be 

under the control of epigenetic regulation as the MAL promoter CpG island was 

hypermethylated in the breast cancer cell lines examined and in 69% of primary 

tumours analysed compared with normal breast epithelial cells. 

Immunohistochemical analysis of MAL expression revealed no significant correlation 

with clinicopathologic features but they found reduced MAL expression to be a 

significant predictive factor for disease-free survival in patients who did not receive 

adjuvant chemotherapy.

In 2003, Mimori et al showed MAL expression to be frequently reduced or diminished 

in gastrointestinal tract cancers, and that MAL expression conferred reduced 

tumourigenicity in vivo (Mimori et al., 2003). They sought to further characterise this 

tumour suppressor role of the protein in 2007. In an effort to investigate how MAL 

confers its anti-tumour effects in esophageal cancer they used a rat multi-step 

carcinogenic model, MAL-transfected and control cells, and precancerous lesions of 

the human esophagus. They found MAL expression only in the normal cells of the 

rat model and in differentiated or keratinised normal human tissues. Expression was
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not observed in dysplastic lesions or carcinoma tissue. Microarray analysis of the 

MAL-transfected and control cells illustrated an up-regulation of keratin genes in the 

MAL positive cells which the authors purport supports the role of MAL as a regulator 

of differentiation in esophageal epithelium (Mimori et al., 2007).

More recently, Buffart et al (Buffart et al., 2008) also hypothesised that MAL has a 

putative tumour-suppressor gene function in gastric cancer, and that detection of 

hypermethylation in its promoter region may be useful as a prognostic marker. They 

concluded this from their analysis of the prevalence of MAL promoter 

hypermethylation in gastric cancers, and the association of methylation status with 

mRNA expression and clinicopathological data. Two methylation sites in the MAL 

promoter were analysed in FFPE and frozen gastric cancer tissues, and two gastric 

cancer cell lines. They found both sites to be methylated in 71 & 80% of the gastric 

cancers analysed but not in normal gastric mucosa. Hypermethylation of one of the 

sites correlated with significantly better disease-free survival and a decrease in MAL 

expression. Interestingly, a recent paper on miRNA expression in gastric cancer 

described the aberrant up-regulation of the miR-221/222 cluster in gastric cancer 

tissues, with ectopic expression of the miR-222 cluster enhancing tumour growth in a 

mouse xenograft model (Kim et al., 2009). One could hypothesise that this is 

consistent with miR-222 ablating MAL expression, and thus its tumour suppression 

qualities, thereby promoting cancer progression.

Hsi and colleagues (Hsi et al., 2006) immunohistochemically studied MAL expression 

in classical Hodgkin lymphoma and mediastinal (thymic) large B-cell lymphoma 

They showed that an age of 45 years or older, MAL expression, and an International 

Prognostic Score of more than 2 significantly correlated with a worse prognosis and 

worse overall survival, and that MAL expression was an independent predictor of 

time to failure-free survival and overall survival. Llorente et al (Llorente et al., 2004) 

suggest that MAL family proteins (MAL, BENE and MAL2) are associated with 

caveolin-1 in a multivesicular compartment that may be involved in prostasomal 

secretion in human prostate carcinoma PC-3 cells. Hatta and co workers (Hatta et 

al., 2004) explained how persistent HPV causes cells to lose their polarity which 

leads to cell transformation. GEM rafts are implicated in polarised sorting of apical 

membrane proteins in epithelial cells. They showed the down-regulation of MAL & 

BENE in primary cervical squamous cell cancers and established cervical cancer ce!l



Chapter 6 Hsa-miR-222 & Hsa-miR-25 mRNA Target Validation

lines and thus suggested they it plays an important role in human cervical squamous 

cell cancer development.

Thus from reviewing the literature it is evident that MAL has been more 

comprehensively studied than MAL2. Their cellular functions have not been 

exhaustively elucidated, however the fact that both proteins are involved in polarised 

apical cellular transport in epithelial cells suggests that disruption of their expression 

may lead to the loss of cellular polarity and cell transformation. Expression of MAL 

has been linked to both metastasis and tumour suppression and altered MAL 

expression has been reported in many cancers. LOH and promoter 

hypermethylation have been reported to alter MAL gene expression, however to the 

best of my knowledge regulation of either MAL or MAL2 by miRNAs has not been 

reported. The results from the last chapter of this thesis and the Fluidigm® mRNA 

analysis in this chapter suggest that these proteins are regulated by hsa-miR-222. 

Although further work is required to confirm this regulation at the protein level, one 

could hypothesis that the aberrant up-regulation of hsa-miR-222 expression 

observed in thyroid cancer may instigate the disruption of the expression of these two 

proteins. This regulation may be in addition to the LOH and hypermethylation 

described in other cancers.

6.5.4 TLR3

Toll-like receptors (TLRs) are a family of 10 known cell surface receptors related to 

IL-1 receptors. They play a role in the immune system by providing protection from 

pathogenic organisms, such as viruses, by generating an innate immune response 

against them (Beutler, 2004). This innate immune response increases the production 

of several inflammatory cytokines, and co-stimulatory molecules and it is critical for 

the development of antigen-specific adaptive immunity, both humoral and cell- 

mediated (Beutler, 2004). TLRs are present in most monocytes and macrophages 

and TLRS, which mediates a potent antiviral response, is mainly found on dendritic 

cells in humans. Nishimura & Naito (Nishimura and Naito, 2005) investigated the 

mRNA expression levels of the 10 human TLRs and 21 TLR-related genes in total 

RNA from various different human tissues. They found all 10 TLRs and many of the 

related genes (ICAM1, CD14, MyD88, LY96, TRIP, TICAM2, TIRAP, CD83, S0CS1,
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TNFAIP3, TOLLIP, IRAKI, IRAK2, IRAK4, and TRAF6) in all tissues examined, 

including thyroid.

There has been some further work investigating the extent of TLR3 expression in the 

thyroid. Harii et al (Harii et al., 2005) demonstrated the presence of TLR3 mRNA and 

protein expression on Fisher rat thyroid cell line-5 (FRTL-5) cells. They showed the 

protein to be functional by increasing and decreasing its expression using various 

agents such as poly l:C and phenylmethimazole, and also illustrated TLR3 

expression in human NPA thyroid cells. They also proposed that TLR3 may be 

important in the pathogenesis of Hashimoto's thyroiditis as their 

immunohistochemical studies showed that the TLR3 protein was over-expressed in 

human thyrocytes surrounded by immune cells in 100% of patients with Hashimoto's 

thyroiditis examined, but not in normal or Graves' thyrocytes. The same group 

further examined the levels of TLR3 in human cell lines (McCall et al., 2007). In this 

study they found high basal levels of TLR3 and Wnt5a in PTC cell lines and tissue 

samples. They did not find TLR3 expression in normal thyroid tissue or in the 

follicular or anaplastic thyroid carcinoma cell lines they studied; WRO 82-1 and ARO 

81-1 respectively. They proved that the TLR3 expressed in the NPA PTC cell line 

was functional by stimulating its signalling using poly l:C and decreasing its 

expression and signalling using a drug, phenylmethimazole (CIO) and suggested that 

high Wnt5a levels in PTC cells may be related to high TLR3 levels and signalling.

Yamazaki et al (Yamazaki et al., 2007) also linked TLR3 expression to autoimmune 

thyroiditis when they investigated the effects of poly l:C on thyroid stimulating 

hormone (TSH)-induced thyroid function using microarrays. They showed that poly 

l:C increased the expression of TLR3, IFN-beta, IFN-regulating factors, 

proinflammatory cytokines, and class I major histocompatibility complex (MHC) 

mRNA, whereas genes associated with thyroid hormonogenesis were suppressed. 

They also showed that poly l:C suppressed TSH-induced 1251 uptake and hormone 

synthesis dose dependently. Although the inhibitory effects of poly l:C were not 

blocked by a neutralising antibody against TLR3 and an anti-IFN alpha/beta receptor 

antibody, they suggest that when thyrocytes are infected with certain viruses, dsRNA 

formed intracellularly in thyrocytes may be a cause for thyroid dysfunction, leading to 

development of autoimmune thyroiditis (Yamazaki et al., 2007).

A reduction in TLR3 mRNA expression was confirmed in response to pre-miR-222 in 

Nthy-ori 3-1 cells in this chapter; however the attempts to confirm the down-
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regulation of the TLR3 protein were unfortunately unsuccessful. Further efforts, such 

as the utilisation of the luciferase reporter system mentioned earlier will be required 

to authenticate this interaction. The other studies mentioned above corroborate the 

presence of TLR3 in thyroid cancer cells and associate its expression with the 

development of autoimmune disease. Perhaps the increase of hsa-miR-222 and 

ensuing decrease in TLR3 may lead to a dampening of the immune response in 

thyroid cancer facilitating the neoplastic cells’ evasion of the immune system. The 

involvement of toll-like receptors in cancer is currently under investigation, as 

illustrated by the issue of Oncogene journal dedicated to the topic in 2008, and 

though there is not much information available on the role of TLR3 in cancer 

pathogenesis, TLRs and their adaptors are being exploited as adjuvants for the 

immunotherapy of cancer (Seya et al., 2003). These adjuvants are used in an effort 

to boost the immune system to overcome patient tolerance to tumour associated self

antigens and the immunosuppressive influence of cytokines and regulatory T-cells. 

One such adjuvant, a variant of poly l:C, Ampligen, was recently published as a 

TLR3 adjuvant for immunotherapy for cancer using ovarian cancer as its model 

(Jasani et al., 2009).

6.5.5 MEK4

The Mitogen-Activated Protein Kinase Kinase 4 (MKK4 / MEK4 / MAP2K4) is a 

member of the MAP kinase kinase family. It directly phosphorylates and activates 

the c-Jun NH2-terminal kinases (JNK) in response to cellular stresses and pro- 

inflammatory cytokines, and can also activate p38. JNK is a member of the MAP 

kinase family and a key component of a stress activated protein kinase signalling 

pathway. When the JNK proteins are phosphorylated and activated, they in turn 

phosphorylate and activate transcription factors such as ATF2 (activating 

transcription factor 2) or c-Jun, which leads to activation of the transcriptional 

complex AP-1 (Cuenda, 2000). See figure 6.14 for an overview of MAPK signalling.

MAP kinase signalling is often disrupted in thyroid cancer through RAS, BRAF or 

ret/PTC mutations (Fagin and Mitsiades, 2008). MEK4 has been shown to be widely 

expressed and important for embryonic development as targeted deletion of the 

Mkk4 gene in mice resulted in early embryonic lethality (Cuenda, 2000). Both tumour 

suppressor and oncogenic functions have been attributed to MEK4 in cancer, and 

this gene was the only predicted miRNA target to be pursued at the protein level in
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this thesis. TargetScan predicts two target sites for hsa-miR-25 in the MEK4 3’ UTR, 

see figure 6.15.

Little is known of the role of MEK4 in thyroid cancer. In 1998, Chiariello and 

colleagues demonstrated that ret signalling involves MEK4 (Chiariello et al., 1998). 

They showed that RET activation of JNK was mediated by a pathway divergent from 

that leading to the activation of ERK. PC Cl 3 epithelial thyroid cells were stably 

transfected to express RET which caused the activation of R a d  and Cdc42 to initiate 

a kinase cascade which stimulates MEKK1, then MEK4, and then JNK. Mitsutake et 

al investigated the role of protein kinase C in the activation of JNK in response to 

ionizing radiation and found that it was MKK7 and not MEK4 dependant (Mitsutake et 

al., 2001).

Figure 6.14
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MARK pathways are activated by environmental stresses, such as ultraviolet irradiation, heat 

and osmotic shock, genotoxic agents, and are also activated following growth factor and
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inflammatory cytokine stimulation. The different upstream activators of Jun N-terminal 

kinases (JNKs) and p38 MAPKs, such as MAP2K and MAP3K family members, are depicted. 

In addition, downstream targets, including transcription factors and other effectors, which 

determine a range of biological responses from cell proliferation, survival, differentiation and 

migration to inflammation and cancer, are shown. ASK1, apoptosis signal-regulating kinase 

1; DLK, dual leucine zipper-bearing kinase; LZK, leucine-zipper kinase; MEF2, myocyte- 

specific enhancer factor 2; MLK, mixed-lineage kinase; MNK1, MAP kinase-interacting 

serine/threonine kinase 1; TAK1, transforming growth factor (3-activated kinase 1; TAO, 

thousand-and-one amino acid kinase; ZAK, leucine-zipper and sterile-a motif kinase.

(Wagner and Nebreda, 2009)

As mentioned, there are conflicting reports regarding the role of MEK4 In cancer 

pathogenesis. Some studies suggest that the protein is a tumour suppressor and a 

suppressor of metastasis, whilst others propose a pro-oncogenic role for MEK4. 

Metastasis suppressor genes are defined by their ability to inhibit overt metastasis in 

a secondary organ without affecting tumour growth at the primary site (Horak et al., 

2008). In this review, Horak et al (Horak et al., 2008) describe how MEK4, along with 

other metastasis suppressor genes, promote tumour dormancy at the metastatic site. 

This was supported by the fact that tumour cells with induced expression of the 

genes disseminated, but did not form overt metastases in the secondary organ 

throughout the duration of a metastasis assay. The authors reveal that MEK4 

appears to promote dormancy of micrometastatic colonies, after disseminated 

tumour cells have undergone several rounds of proliferation.

Figure 6.15
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UG—OUUUU----------------------------------------------Ĵ UGCUCGCCCTA.GA.CrA.CCr̂ UGUGC,2:kA.U.AAUA.mJGGUGUUA.U~
OG—G<rUGU<rGOCGJVCCGGCCGCCrcrCCCrXJC:CCX3rc:GC:GCC:JVC3T3GCJWWJUXjG31XJCGGOGUOCGLrUXJCAmJv

ma. R—2 S / 3 2 / « 2 / ' 3 2 «it> /3 « 3 / ' 3 «V  
UG ♦ OTTUUU.....................................................■A.tJUGCXJCGCGCAGA.OJVCOAUGPGOAA.UAAGJLUTJG'G^JGXJOCGO.....................

hsa-miR-25

predicted consequential pairing of target region (top) seed conserved „  
and mIRNA (bottom) match branch length

Position 106-111 ofMAP2K4 yU TR  5 '

hsa-miR-25 3 ’

Position 608-614 of MAP2K4 3" UTR 5*

. . .UCGCCCAGACACCAOSU&CAAUA. 

I I I ! !  I l l l l l l
AGt7C0GGCTCnGDU CACGUUAC

. . nACUUUCUUCACCAAGn3CiS.DA. . .

I l l l l l l l l l
AGUCUGGCDCOGDnCACSnnAC

8mer 2.670 0.96

8mer 2419 0 94

360



Chapter 6 Hsa-miR-222 & Hsa-miR-25 mRNA Target Validation

Figure 6.15 TargetScan results of the two predicted hsa-miR-25 target sites in MEK4. (A) 
Highlights in white the conserved region of complementarity to the hsa-miR-25 mature miRNA 

sequence in the MEK4 3’ UTR in 18 species. (B) Shows some of the details of the two hsa- 

miR-25 predicted target sites including the probability of preferentially conserved targeting 

( P c t )  statistic.

Evidence of MEK4 metastasis suppression properties has been found in many 

cancers. In 2002, Yamada and colleagues proposed MEK4 as a metastasis 

suppressor when they showed a significant decrease in MEK4 protein expression in 

clinical ovarian metastases compared to normal ovarian tissue (Yamada et a!., 2002). 

MEK4 was then ectopically expressed in an ovarian cancer cell line that does not 

endogenously express it. When injected into female SCID mice, cells expressing 

MEK4 suppressed the number of overt metastasis by 90% and increased life span by 

70%. Xin and co workers (Xin et al., 2004) also linked MEK4 to metastasis 

suppression when they performed immunohistochemical analysis on resected, 

advanced, and metastatic pancreatic cancers. They noted that loss of MEK4 protein 

expression was significantly more common in distant metastasis than in the primary 

tumour of the same patient. In 2006, Cunningham and co workers looked at MEK4 

expression in gastric adenocarcinoma in a retrospective study (Cunningham et al., 

2006b). They found that the lack of expression of MEK4 in resected gastric 

adenocarcinomas was robustly associated with poor survival and suggested that the 

protein may provide a useful prognostic tool in patients with gastric adenocarcinoma. 

Finally, Yachida et al (Yachida and lacobuzio-Donahue, 2009) reviewed the clinical 

and molecular features of metastatic pancreatic cancer. They describe how 

homozygous deletion or mutation causes genetic inactivation of MEK4 in a minority 

of pancreatic carcinomas, but loss of MEK4 is significantly more common in distant 

metastasis than the primary tumour. They concluded that over-expression of EphA2, 

loss of DPC4 and MEK4, and aberrant activation of the Hedgehog signalling pathway 

are associated with metastatic propensity of pancreatic cancers and may provide 

novel therapeutic targets for the most lethal stage of this disease.

Although there is a large body of evidence to support a role for MEK4 in metastasis 

suppression, there are also studies suggesting that MEK4 has oncogenic potential. 

Evidence for a role of MEK4 in cell proliferation was provided by (Lee et al., 2005) in 

H I299 non-small-cell lung cancer cells. They demonstrated that the expression of a 

dominant negative MEK4 mutant cooperated with the inhibition of the 

phosphatidylinositol 3-kinase signalling pathway to block cell proliferation and reduce
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the size of H I299 xenograft tumours. Another group, (Khatlani et al., 2007) showed 

that the over-expression of a constitutively active mutant of MEK4 in human bronchial 

epithelial cell lines increased their proliferation and invasive properties. Wang et al 

(Wang et al., 2004) reported that in breast and pancreatic cancer cell lines that lack 

endogenous MEK4, the ectopic expression of MEK4 stimulates cell proliferation and 

invasion. However the confusion as to the function of the gene arose again when 

they knocked down MEK4 expression by siRNA in a MEK4 positive breast cancer 

cell line. This reduction in MEK4 expression caused a decrease in anchorage- 

independent growth, increased susceptibility to apoptosis upon serum starvation, and 

suppressed tumour growth in a mouse xenograft model (Wang et al., 2004).

Finally Cunningham et al, the same group that supported MEK4’s tumour suppressor 

role by showing that lack of MEK4 expression correlated with poor survival in gastric 

adenocarcinoma, apparently contradicted such a role for the gene with their study 

using a pancreatic cancer cell line PL5 (Pane 4.03) (Cunningham et al., 2006a). 

When MEK+/- cells were intravenously injected into mice, numerous lung metastases 

developed, however the mice injected with MEK4-/- cells developed very few lung 

metastases. The subcutaneous injection of MEK4-/- cells resulted in tumours with a 

longer tumour volume doubling rate compared with MEK4+/- injected mice. The 

authors found that JNK activation was effected in MEK4-/- cells and suggested that 

MEK4 may be primarily acting through JNK to promote tumour growth (Cunningham 

et al., 2006a).

It remains unclear as to whether MEK4 expression influences anaplastic thyroid 

carcinoma in a tumour suppressive or oncogenic manner. However, as pre-miR-25 

was shown to down-regulate MEK4 mRNA and protein in 8505C cells in this thesis, it 

is interesting to speculate that the endogenous down-regulation of hsa-miR-25 may 

lead to the up-regulation of MEK4 expression and its pro-oncogenic characteristics in 

ATC cells.

6.5.6 TRAIL

The TNF-related apoptosis-inducing ligand (TRAIL) has five cellular receptors and 

can activate the extrinsic and intrinsic pathways to regulate intercellular apoptotic 

responses in the immune system. Upon the binding of TRAIL, two of its five 

receptors; TRAIL-R1 (DR4) and TRAIL-R2 (DR5), are capable of inducing apoptosis.
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Another two receptors; TRAIL-R3 (LIT, DcR1) and TRAIL-R4 (TRUNDD, DcR2), 

cannot transmit an apoptotic signal and are sometimes called decoy receptors, and 

finally, TRAIL is also capable of binding a soluble receptor called osteoprotegerin 

(OPG). TRAIL initiates the apoptotic cascade by binding to either DR4 or DR5. This 

binding causes the receptors to trimerise and the death-inducing signalling complex 

(DISC) to form. The adaptor molecule, Fas-associated death domain (FADD), then 

translocates to the DISC where it interacts with the intracellular death domain (DD) of 

the receptors. FADD then recruits procaspase 8 & 10 to the DISC via its death 

effector domain (DED) where they are catalytically activated. This activation 

instigates the extrinsic caspase signalling cascade which leads to cleavage of target 

proteins, fragmentation of DNA and ceil death (Falschlehner et al., 2009). Caspase 8 

can also activate the pro-apoptotic Bcl-2 protein. Bid, to trigger the intrinsic apoptosis 

pathway. The cleaved Bid protein activates Bax and Bak which then form a pore on 

the outer mitochondrial membrane. The Bax/Bak channels allow the release of 

cytochrome c into the cytosol where it initiates the formation of the apoptosome 

which then activates another caspase cascade beginning with the cleavage of pro

caspase 9 (Mahalingam et al., 2009). See figure 6.16 for an overview of TRAIL 

apoptotic signalling.

Approximately a decade ago it was noted that TRAIL could induce apoptosis in 

transformed and malignant cells but not in normal cells (Ashkenazi and Dixit, 1999). 

TRAIL was subsequently found to be capable of triggering apoptosis in eight PTC 

and two ATC derived thyroid carcinoma cell lines but not in normal thyrocytes 

(Mitsiades et al., 2000). As a result of this tumour-specific effect, a great deal of work 

was done to develop anti-cancer therapies to mimic the effect of TRAIL. These 

therapies are either agonistic antibodies targeting the TRAIL receptors or 

recombinant soluble TRAIL. Several different forms of human recombinant soluble 

TRAIL were designed; some amino-terminally fused to tags such as a polyhistidine 

tag, a FLAG epitope, and a leucine zipper (LZ) and isoleucine zipper (IZ) 

trimerisation domains (Newsom-Davis et al., 2009). TRAIL agonistic antibodies have 

been designed specifically against the functional DR4 and DR5 receptors. These 

agonists can therefore overcome potential TRAIL resistance in tumour cells that 

adapt to over-express the decoy receptors (which the recombinant TRAIL would bind 

to) (Newsom-Davis et al., 2009).
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Figure 6.16
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Figure 6.16 Current model of apoptotic TRAIL signalling. Upon binding of trimeric TRAIL to 

TRAIL-R1/-R2, FADD associates with the receptors’ death domains (DD) enabling the 

recruitment of caspase-8/10 and cFLIP to the DISC. In the direct apoptotic pathway, 

activated caspase-8/10 cleaves downstream effector caspases. Type I! cells require pro- 

apoptotic changes at the mitochondria (the intrinsic pathway) resulting in apoptosome 

formation and release of Smac/DIABLO.

(Newsom-Davis et al., 2009)

The only recombinant TRAIL to be clinically tested is an un-tagged soluble human 

TRAIL, Apo2L/TRAIL (Mahalingam et al., 2009). The reason for this Is that early 

reports testing tagged TRAIL in vitro resulted in the death of normal cells (Newsom- 

Davis et al., 2009). Many agonistic TRAIL receptor therapies have entered phase I 

and II clinical trials in various types of cancer (Mahalingam et al., 2009). Both 

recombinant TRAIL and anti-TRAIL receptor antibodies were shown to effectively 

induce apoptosls in many cancer cell lines such as leukaemia, multiple myeloma, 

neuroblastoma, lung, liver, colon, breast, prostate, pancreas, kidney, and thyroid 

cancer. However more recently resistance to TRAIL has been discovered in soft 

tissue sarcomas and most breast, lung and colon tumour specimens (Mahalingam et 

al., 2009, Newsom-Davis et al., 2009).



Chapter 6 Hsa-miR-222 & Hsa-miR-25 mRNA Target Validation

This resistance appears to be mediated by various cellular inhibitors of apoptosis, the 

most characterised of which being the cellular FLICE-inhibitory protein (c-FLIP). c- 

FLIP occupies the caspase 8 binding site on FADD to prevent the activation of the 

caspase cascade (Mahaiingam et al., 2009). Indeed c-FLIP has been implicated in 

modulating TRAIL resistance in thyroid carcinoma. Thyroid carcinoma cells selected 

in vitro for resistance to TRAIL exhibited higher c-FLIP levels than parental cells. 

When these cells were treated with cycloheximide, c-FLIP expression decreased and 

TRAIL sensitivity was restored (Poulaki et al., 2002). Sensitivity to TRAIL was also 

restored when c-FLIP was down-regulated in the cells by transfection with a specific 

anti-sense oligonucleotide (Poulaki et al., 2002). Over-activated pro-survival 

molecules, such as phosphatidyl inositol 3 kinase (PI3K), Akt, or the nuclear factor- 

kappa B (NF-kB) family of transcription factors work to control inhibitor of apoptosis 

proteins (lAP), an evolutionarily conserved family of caspase inhibitory proteins, and 

anti-apoptotic Bcl-2 proteins such as Bcl-xL & Bcl-2 to impart resistance to TRAIL in 

different cancers (Mahaiingam et al., 2009).

Interestingly, miRNAs have been implicated in the resistance to TRAIL in non-small 

cell lung carcinoma (NSCLC). TRAIL therapies are in phase II clinical trials in 

NSCLC (Newsom-Davis et al., 2009). Garofalo et al analysed miRNA expression 

profiles in TRAIL-resistant (CALU-1) and semi-resistant NSCLC cell lines (A459 and 

A549) versus a TRAIL-sensitive cell line (H460) to identify specific signatures as 

potential therapeutic targets for the TRAIL-resistant phenotype in NSCLC (Garofalo 

et al., 2008). They identified 5 miRNAs up-regulated in the resistant cell lines (mlR- 

222, mlR-100, mlR-221, miR-125b and mlR-15b) and they further analysed the four 

of them with the highest fold change (mlR-222, miR-100, miR-221 and miR-125b). 

Forced over-expression of mlR-222, miR-100 and miR-221, but not of miR-125b, in 

the sensitive H460 cells increased resistance to TRAIL, thus indicating that 

repression of their target proteins is implicated in causing TRAIL resistance.

It has been found that when several classes of cytotoxic chemotherapies; including 

platinums, anthracyclins, topoisomerase inhibitors and vinka alkaloids, as well as 

ionising radiation, are given in conjunction with TRAIL therapies, tumour cell lines are 

sensitised to TRAIL-mediated killing both in vitro and in vivo (Mahaiingam et al., 

2009, Newsom-Davis et al., 2009). One example of this was published by Singh et al 

(Singh et al., 2003) when they examined the effects of TRAIL on apoptosis in several 

human breast cancer cell lines, primary mammary epithelial cells, and immortalised 

non-transformed cell lines. They investigated whether chemotherapeutic agents
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(paclitaxel, vincristine, vinblastine, etoposide, camptothecin, and Adriamycin) 

augmented TRAIL-induced cytotoxicity in breast cancer cells in vitro and in vivo. The 

majority of the breast cancer cell lines were resistant to TRAIL, however following 

treatment with the chemotherapeutic drugs, DR4 & DR5 were induced which 

sensitised the cells to the successive treatment with TRAIL. Sequential treatment 

with chemotherapeutic drugs followed by TRAIL in nude mice induced apoptosis in 

xenograft tumours and the complete eradication of established tumours and survival 

of mice was achieved without detectable toxicity (Singh et al., 2003).

The TRAIL and MAP kinase pathways mentioned earlier appear to overlap in TRAIL 

therapy signalling. Ohtsuka and colleagues (Ohtsuka et al., 2003) reported that the 

combination of the anti-death receptor antibodies and chemotherapy agents led to a 

synergistical activation of the JNK/p38 MAP kinase which was mediated by MKK4. 

They used the agonistic anti-TRAIL antibodies 2E12 and TRA-8 in combination with 

chemotherapeutic agents such as Adriamycin, and showed an increase in the 

release of cytochrome c and Smac/DIABLO from mitochondria in parallel with a loss 

of mitochondrial membrane potential, which resulted in apoptosis in breast, prostate 

and colon cancer cells. Other interesting points to note when considering thyroid 

cancer development are that Soderstrom and colleagues (Soderstrom et al., 2002) 

showed that MAP/ERK signalling protected activated T cells from TRAIL induced 

apoptosis. This is interesting as RAS and BRAF mutations often detected in thyroid 

carcinoma lead to the aberrant activation of this pathway. Oikonomu et al noted a 

significant up-regulation of DR4 & DR5 in colon cancer cells hosting either a 

KRAS®^^'' or BRAF''®°°^ mutation illustrating again the interaction of these pathways 

(Oikonomou et a!., 2009).

If one considers the pro-apoptotic role of TRAIL, it is difficult to elucidate how an up- 

regulation of this gene through the endogenous down-regulation of hsa-miR-25 

would be beneficial to the progress of anaplastic thyroid carcinoma. It is easier to 

see how the up-regulation of hsa-miR-25 noted in gastric carcinomas may provide a 

mechanism for these cancers to evade apoptosis. However in their recent review, 

Newsom-Davis et al describe in vitro and in vivo experiments in which TRAIL 

expression induced proliferation, migration and invasion of tumour cells which were 

resistant to TRAIL-mediated apoptosis (Newsom-Davis et al., 2009). They illustrate 

the proposal that a secondary intracellular signalling complex following TRAIL DISC 

formation can activate NF-kB via the inhibitor of kB kinase complex (IKK complex). 

This secondary complex retains the DISC components FADD and caspase-8, but
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also recruits the receptor interacting protein (RIP1), TNF-receptor associated factor-2 

(TRAF-2) and IKKy. The complex also signals through MARK, JNK, and p38 

(Newsom-Davis et al., 2009). Other groups have shown that TRAIL-induced survival 

and proliferation does not involve the p38 kinase pathway but is dependent on the 

MAP kinase extracellular regulated kinases (ERK). Therefore in the anaplastic 

thyroid cancer cells, the endogenous down-regulation of hsa-miR-25 may enable the 

up-regulation of TRAIL to activate its pro-survival MAP kinase responses (perhaps 

involving MEK4).

Conclusion

This chapter validated a subset of the novel targets of hsa-miR-222 and hsa-miR-25 

identified in the last chapter at the mRNA and protein levels. mRNA validation was 

effectively performed using Fluidigm® real-time PCR technologies and all genes 

tested were down-regulated in both microarray and Fluidigm® analyses. Pre-miR™ 

transfections validated two targets for hsa-miR-25 at the protein level; MEK4 & 

TRAIL. The utilisation of a luciferase reported system in future validation experiments 

was suggested to improve the efficiency and success rate of miRNA protein target 

validation. This technique may prove useful in validating MAL2 and TLR3 as targets 

of hsa-miR-222 as it does not rely on antibody quality. The possible role for the 

miRNA regulation of the four targets investigated at the protein level (MAL2, TLR3, 

MEK4, & TRAIL) in the progression of thyroid cancer was also explored.
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7.1 Background

For the better part of the last decade, research into the discovery and functions of 

miRNAs has flourished. This becomes evident when one observes the numbers of 

papers that have been published on the topic over the years since their discovery 

(Figure 7.1).

Figure 7.1 

(A)

(B)

Figure 7.1 Number of publications on miRNAs in the years since their discovery. (A) The 

number of publications on miRNAs listed in Pubmed between 1993 - *2010. * Previewed 

online. (B) The number of publications on miRNAs in cancer listed in Pubmed between 1993 

- 2009. Numbers are correct as of October 2009.

Pubmed Publications on miRNAs

3
Q.

E
3
Z

(S '

Year

Pubmed Publications on miRNAs & Cancer

700
in

I
500

3  400
6.
I f  300o
a) 200

100
3z

Year

375



Chapter 7 Discussion

Figure 7.1 also illustrates the increase in the number of publications on the role of 

miRNAs in cancer. Indeed the more research performed on this topic; the more 

integral these small RNAs appear to be in the carcinogenesis process. A figure from 

a recent review on the causes and consequences of miRNA dysregulation in cancer 

demonstrates this well by showing the extent to which miRNAs are mapped to 

genomic regions involved in human cancers (Figure 7.2) (Croce, 2009).

Figure 7.2
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Figure 7.2 mlRNA genes map to chromosomal regions that are involved in alterations in 

human cancer. The 24 human chromosomes are shown, with stars indicating the locations of 

miRNA-gene-containing regions that are implicated in cancer (one star = one mlRNA gene).



Chapter 7 Discussion

Many miRNAs map to chromosome regions that are involved in rearrangements in human 

cancer. For example, miR-15-a and miR-16-1 map to 13q14, a region that is frequently 

deleted in CLL, The Iet-7g-let-7a1 cluster maps to 3p2, the let-7f-1-let-7d cluster maps to 

9q22.3, let-7a-2 maps to 11q23-q24 and let-7c maps to 21q21 — all of these regions are 

involved in deletions in a range of solid malignancies, including lung, urothelial, breast, 

ovarian and cervical cancers.

(Croce, 2009)

7.2 Aims of this thesis

The introduction of this thesis outlined how miRNAs have been found to be important 

regulators of normal cellular processes, and aberrant miRNA expression has been 

detected in every cancer in which miRNA expression signatures have been 

examined. miRNAs can act as tumour suppressor genes or oncogenes in their 

contribution to the progression of carcinogenesis (Esquela-Kerscher and Slack, 

2006); and they can also target oncogenes and tumour suppressor genes to promote 

cancer progression (lorio et al., 2008).

Studies on miRNA expression in papillary thyroid carcinoma found an aberrant 

miRNA expression profile in PTCs compared with normal thyroid tissues and have 

identified certain miRNAs that have become associated with this disease, such as 

hsa-miR-221, hsa-mlR-222, and hsa-miR-146 (He et al., 2005, Pallante et al., 2006, 

Nikiforova et a!., 2008). Nikiforova and colleagues investigated the profiles of 158 

miRNAs in 60 thyroid neoplastic and non-neoplastic samples including twenty three 

PTCs (eighteen classic PTCs & five follicular variant of PTC), nine FTCs of 

conventional or oncocytic (Hurthle cell) type, eight FAs of conventional or oncocytic 

(Hurthle cell) type, four ATCs, four PDCs, two MTCs, five normal thyroid tissues, and 

five hyperplastic nodules. Their analysis demonstrated that the various 

histopathological types of thyroid tumours showed significantly different profiles of 

miRNA expression (Nikiforova et al., 2008).

The objective of this thesis was to further characterise the expression and role of 

miRNAs in thyroid carcinoma. This assessment was performed using a variety of 

techniques including singleplex and multiplex stem-loop RT-PCR, miRNA mimic and 

inhibitor transfections, microarray analysis, immunofluorescence, and western 

blotting.
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7.3 Overview of results and conclusions 

7.3.1 Chapter 3

The experiments outlined in chapter 3 endeavoured to investigate whether multiform 

thyroid tumours arise from the clonal expansion of a single group of cells, or develop 

as independent tumours. Several studies thus far have focused on examining 

altering patterns of the BRAF V600E mutation or ret/PTC activation in different 

thyroid cancer foci in an effort to answer this question, but have produced conflicting 

results (Sugg et al., 1998, Park et al., 2006, Giannini et al., 2007, McCarthy et al., 

2006, Wang et al., 2007, Quiros et al., 2005, Begum et al., 2004, Shattuck et al., 

2005, Takano et a!., 2007). To expand on the question of clonality, disparate 

geographical and morphological areas from a single PTC were examined for the 

presence of ret/PTC-1 and BRAF mutations, and these results were correlated with 

miRNA expression profiles. A multicentric thyroid tumour containing classic PTC, 

insular and anaplastic foci, and areas of lymphocytic infiltrate and vascular invasion 

was selected for analysis. The expression of 330 miRNAs was examined using stem 

loop primers for reverse transcription followed by real time TaqMan® PCR (Chen et 

al., 2005). Hierarchical clustering analysis of the profiles produced was carried out, 

along with miRNA gene target prediction. Immunohistochemistry was also performed 

on tissue sections in an effort to investigate phenotypic variations in microvascular 

density (MVD), and cytokeratin and p53 protein expression levels ((Aherne et a!., 

2008), see attached manuscript).

The genetic analysis for the presence of ret/PTC 1 and BRAF mutations performed 

on the multifocal thyroid tumour areas indicated that the insular and anaplastic 

tumours did not arise from PTC progenitor foci (as the classic PTC tumours were the 

only ones found to harbour the BRAF mutation). However, the analysis of the 

miRNA profiles of the tumour areas provided an interesting interpretation to the 

answer of the clonality question. Similarities in miRNA expression were seen among 

the tumour areas (which must be anticipated due to the close proximity of the foci) 

but differences were also noted. The hierarchical clustering analysis performed on 

the profiles revealed two main clusters, with one cluster dividing into two sub-groups. 

The normal thyroid epithelium formed one of the main clusters grouping separately 

from all of the cancer areas. The cancer cluster formed two sub-groups. The first 

group contained the insular cancer and one of the anaplastic carcinoma areas. 

These foci were excised from regions of close proximity within the thyroid. The other
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cancer sub-group contained all of the other tumour areas examined. This group also 

demonstrated geographical clustering as it contained the lymphocytic infiltrate, 

vascular invasion, and anaplastic carcinoma areas from the same geographical 

region. This clustering of miRNA profiles corresponding to the geographical position 

of the cells suggested that the location of the cancer foci within the tumour may 

influence the miRNA profiles. However as mentioned previously, an element of 

similarity in profiles must be anticipated in cells adjacent to each other.

In juxtaposition to the geographical clustering of cellular areas, the two classic PTC 

miRNA profiles grouped together. This clustering separated one of the PTC areas 

from the other foci in close proximity to it in the thyroid (an insular and anaplastic 

carcinoma area). This, along with possession of the BRAF mutation, reflects the 

similarity of the classic PTC genetic profiles. In contrast to this, the two anaplastic 

areas divide into separate sub-groups. This prompts the query as to why these 

anaplastic cancer foci are behaving differently and not grouping together. The 

grouping of the two classic PTC foci, which both contain the BRAF mutation, 

indicates that their genetic profiles are similar and may suggest that these two foci 

may be clonal in origin and have originated from the same mutational event or 

cascade. However, the anaplastic carcinomas separate into the two sub-groups 

within the cancer cluster perhaps indicating that these cancers may have arisen 

independently. It was therefore hypothesised that it may not be a question as to 

whether multiform tumours arise due to the clonal metastasis of tumour cells or of 

independent mutational events, but perhaps both phenomena can occur 

simultaneously within the one tumour to enhance cancer progression.

The variations observed in the miRNA profiles of these different tumour areas 

illustrate how a tumour’s microenvironment may affect the regulatory processes 

underpinning carcinogenesis. It also highlights a caveat that should be observed in 

the search for the discovery of future cancer biomarker signatures, particularly in the 

context of multiform tumours. Many miRNA studies to date have highlighted 

characteristic ‘signatures’ that associate with particular tumours/phenotypes. In this 

study we demonstrate that regulatory processes engendered by non-coding RNAs 

are more subtle and signatures can vary within individual areas of a single tumour. 

Laser microdissection ensured that the cells interrogated were homogenous and 

follicular epithelial in origin, nonetheless their miRNA profiles varied depending on 

the specific micro-environment from which they were harvested.
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To improve the accuracy of miRNA profiling research in the future, the areas of the 

tumour from which cells are excised may need to be considered and reported. 

Studies reporting miRNA signatures for specific disease types may need to be 

refined to allow for or exploit this variability. Studies may choose to report global 

expression patterns for whole sections of tumour, or alternatively focus on miRNA 

patterns that associate with propensity for metastasis - e.g. miRNAs altered in 

vascular areas, or perhaps those miRNAs with altered expression in hypoxic areas of 

tumour - which might correlate with resistance to chemotherapeutic intervention. The 

latter approach has particular promise in a translational medicine setting where a 

personalised approach to medicine may be indicated.

The results of the miRNA profiling experiments in this chapter prompted the 

discussion as to whether these small molecules may have functions in cancer 

medicine and progression in addition to their role as biomarkers. This led to the rest 

of the work in the thesis which involved the design and validation of an unbiased 

approach to identify the gene targets of two miRNAs in the context of anaplastic 

thyroid carcinoma; hsa-miR-222 & hsa-miR-25.

7.3.2 Chapter 4

The fourth chapter of this thesis outlined the experiments performed in an effort to 

optimise the transfection of miRNA mimics and inhibitors into thyroid cell lines. 

Ambion® Pre-miR™ miRNA Precursor Molecules and Anti-miR™ miRNA Inhibitors 

were the mimics and inhibitors used. Pre-miRs™ are small, chemically modified 

double-stranded RNA molecules designed to mimic endogenous mature miRNAs. 

They have been carefully designed and modified to ensure that the correct strand, 

representing the desired mature miRNA, is taken up into the RNA-induced silencing- 

like complex responsible for miRNA activity. Anti-miRs™ are chemically modified, 

single stranded nucleic acids designed to specifically bind to and inhibit endogenous 

miRNA molecules.

The pre-miR™ and anti-miR™ transfections were vigorously optimised considering 

many experimental variables including suitable cell lines, cellular density during 

transfections, transfection reagent used, transfection reagent concentration, pre-
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miR™ and anti-miR™ concentrations, transfection media composition, method of 

transfection (forward or reverse), and method of RNA extraction. When ail of these 

facets of the transfection process were investigated and optimised in the thyroid cell 

lines, successful transfections were achieved with pre-miR-222 and pre-miR-25. An 

average of 82.9% down-regulation of the positive control gene PTK9 and a 10,939 

fold up-regulation of hsa-miR-25 was observed in the 8505C cell line, and an 

average of 76.9% down-regulation of PTK9 and a 2.9 fold up-regulation in hsa-miR- 

222 was observed in the Nthy-ori 3-1 cells. Although a similar down-regulation of 

PTK9 in seen in both cell lines, there is a stark difference in the fold up-regulation of 

the two miRNAs. It was hypothesised that this may be a cell specific phenomenon of 

slow entry of pre-miR-222 into Nthy-ori 3-1 cells, or swift entry of pre-miR-25 into the 

8505C cells.

The anti-miR™ transfections, unfortunately did not appear to be as successful as 

their pre-miR™ counterparts. When they were transfected into the cells at 50nM (the 

same concentration as the pre-miRs™) the fold up-regulation of the positive control 

gene, HMGA2 did not reach the desired 2 fold, showing an average value of 1.5 in 

the 8505C cells and 1.36 in the Nthy-ori 3-1 ceils. This is despite the fact that the 

percentage down-regulation of both miRNAs was in the high nineties in both cell 

lines. This trend did not correct itself when the concentration of the anti-miRs™ was 

doubled to lOOnM. HMGA2 levels in the 8505C cells then showed an average fold 

up-regulation of 1.78, and in the Nthy-ori cells, 1.23. The percentage down- 

regulation of the positive control miRNA, hsa-let-7c, was also evaluated in the 

positive control cells and was shown to be 99.83% & 99.46% down-regulated in the 

8505C and Nthy-ori 3-1 cells respectively. A potential explanation for this was 

extrapolated from application note published by Applied Biosystems on miRNA 

discovery and profiling using their SOLID™ next generation sequencing platform 

(Applied Biosystems, 2008). The sequencing of small RNA species from placental 

and lung samples showed that the Sanger reference sequence is not always the 

most abundant in the cells. Pre-miRs™ and anti-miRs™ are designed against the 

Sanger miRNA sequences and thus may be targeting the wrong miRNA. For 

instance if the lower-expressed Sanger miRNA isoform is ‘knocked out’ (as is 

indicated by the percentage down-regulation of the miRNAs targeted in chapter 4), a 

sister miRNA of a slightly longer or shorter sequence and higher expression level 

could recover the phenotype and continue to target the same genes. Additional 

research investigating miRNA start sites and expression levels would be required to 

confirm or rebuke this theory.
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7.3.3 Chapter 5

The aim of the experiments described in this chapter was to elucidate the mRNA 

targets of hsa-miR-222 and hsa-miR-25 in anaplastic thyroid carcinoma. This was 

facilitated by performing genome wide analysis using Affymetrix™ microarray 

technologies on the RNA from the transfections described in chapter 4. The 

transfections aimed to reverse the expression of the two miRNAs from that normally 

seen in the cells. Therefore, as hsa-miR-222 is endogenously up-regulated in thyroid 

cancer (Nikiforova et al., 2008), it was down-regulated using anti-miRs™ in the 

anaplastic cancer derived 8505C cells and up-regulated using pre-miRs™ in the 

normal Nthy-ori cells. Conversely, as hsa-miR-25 is endogenously down-regulated in 

thyroid cancer (Visone et al., 2007) it was up-regulated using pre-miRs™ in the 

8505C cells and down-regulated using anti-miRs™ in the Nthy-ori cells.

Previous studies into the functions of miRNAs in cancer have relied heavily on in 

silico target prediction methods in the quest to elucidate the gene and protein targets 

of miRNAs. It was therefore imperative to the design of this project to incorporate an 

unbiased method of mlRNA target detection. The use of microarrays in this study 

provided this unbiased genome-wide approach and yielded the discovery of a set of 

mRNAs that are either directly or indirectly targeted by both miRNAs in ATC, and 

have not been previously described. The first point of interest noted in the results of 

this chapter is that the suspicions regarding the limited functionality of the anti- 

miRs™ discussed in the last chapter were confirmed. Neither anti-miR™ 

transfection induced a significant effect on gene expression. A limited list of gene 

targets was obtained for each anti-miR™ only when the more lax statistical cut-offs of 

a p-value of s 0.05 and fold change of > 1.5 were used. No differentially regulated 

genes were present in anti-miR™ transfections when the FDR statistic was used to 

correct for false positive results often observed with multiple comparisons. For this 

reason, the remainder of the analysis focused on the genes significantly down- 

regulated by the pre-miRs™ (FDR value < 0.05 & fold change > 2).

These pre-miR™ target lists were cross-referenced with in silico prediction results. 

This comparison revealed that the list of genes that were significantly down-regulated 

by pre-miR-25 in the 8505C cells is enriched with a lot more predicted gene targets 

for hsa-miR-25 (27/98 or 27.55%) than the list of genes that were significantly down- 

regulated by pre-miR-222 in the Nthy-ori 3-1 cells (5/82 or 6.1%). This difference 

may be explained by the variation in the fold up-regulation of the miRNAs after
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transfection with the pre-miRs™ shown in the last chapter; 10,939 fold up-regulation 

of hsa-miR-25 in 8505C cells and 2.9 fold up-regulation of hsa-miR-222 in Nthy-ori 3- 

1 cells.

When evaluating these pre-miR™ gene target lists in the context of previously 

published works on miRNA target elucidation and prediction, they compare very 

favourably. The two pre-miRs™ used in this body of work both down-regulated 

about 100 target transcripts; 98 by pre-miR-25 in the 8505C cells and 82 by pre-miR- 

222 in the Nthy-ori 3-1 cells. Brenneke et al when considering the principles of 

miRNA target prediction, produced evidence that the average miRNA has 

approximately 100 target sites (Brennecke et al., 2005). Lim et al who performed the 

first microarray-based miRNA target discovery experiment found approximately 100 

message transcripts down-regulated 12hrs post-transfection with miRNA mimics (Lim 

et al., 2005). The subtle change in gene expression observed in the genes targeted 

by pre-miR-222 and pre-miR-25 (between 2 and 4 fold) is also similar to other reports 

on the subject. When Lim et al analysed their microarray results they also noted a 

small change in the expression levels of their target genes (Lim et al., 2005). Kim 

and CO workers who altered the expression of hsa-miR-221 in thyroid cells and 

performed microarrays to elucidate the mRNA targets of the miRNA also noted fold 

changes of 2 or greater (Kim et al., 2008).

Finally, when the pre-miR™ gene target lists, and the gene ontology analysis of 

these lists were examined, it became evident that both miRNAs target a diverse 

range of genes encompassing a divergent assortment of molecular functions and 

biological processes. This is again reflective of published accounts of target 

prediction and elucidation. When Lewis et al (Lewis et al., 2003) were developing 

and validating the TargetScan prediction algorithm, they showed that the predicted 

target sites that they examined spanned a wide variety of molecular functions with a 

significant proportion of the predicted target genes involved in transcription, or 

regulation of transcription. Lim et al also noted diversity in the function of the miRNA 

targets they discovered, with no significant enrichment for a particular functional 

class in their lists (Lim et al., 2005). In this study, no biological pathway was 

significantly over or under represented in either pre-miR™ gene target list. In fact, no 

molecular function or biological process was significantly over or under represented 

in the hsa-miR-222 list. However, this miRNA was found to target some genes with 

interesting molecular functions including 7 receptors, 4 transcription factors, 5 

signalling molecules, and 5 genes termed to be involved in defence and immunity.
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The hsa-miR-25 list appeared to be more successful in the gene ontology analysis as 

certain molecular functions and biological processes were significantly over 

represented in the gene target list compared with the reference list. These functions 

and processes suggest that cell adhesion, communication, and signalling are an 

important aspect of hsa-miR-25 functioning in the thyroid cells. The disruption of cell 

adhesion and the occurrence of the epithelial to mesencymal transition (EMT) are 

well documented as thyroid cancer progresses from well differentiated forms to the 

highly aggressive undifferentiated anaplastic thyroid carcinoma (Smyth et al., 2001, 

Benjamin and Nelson, 2008). Hsa-miR-25 is down-regulated in ATC, and so these 

adhesion molecules would presumably be up-regulated in the anaplastic thyroid 

carcinoma being investigated here. Alternatively, hsa-miR-25 may influence these 

genes through imparting small changes in their gene expression to regulate them in a 

more ‘fine tuning’ fashion (Bartel, 2009). Two main groups of cell adhesion 

molecules are up-regulated in the hsa-miR-25 list; ITGA3, ITGA5 (which is also a 

predicted target of the miRNA in all three databases used), & ITGA6, and the CAM 

family adhesion molecules; PSG1, PSG5, PSG6, & PSG7. The UGA  genes appear 

to be markers of aggression in the cancers in which they have been explored (Yu et 

al., 2008, Kurokawa et al., 2008, Cariati et al., 2008). It was thus postulated that hsa- 

miR-25 may regulate them to promote vascularisation or aggressiveness in 

anaplastic thyroid cancer. An excellent candidate to investigate this hypothesis is the 

hsa-miR-25:/7G/A5 relationship as this gene is a predicted target of the miRNA in all 

three prediction algorithms. Seven receptors are also in the hsa-miR-25 target list, 

six transcription factors, five kinases, and a member of the tumour necrosis family, 

TNFSF10/TRAIL

In conclusion, this target elucidation method produced lists of genes that are either 

directly or indirectly targeted by hsa-miR-25 and hsa-miR-222. The number of genes 

in these target lists, the extent to which the genes are regulated, and the diversity of 

their functions is reflective of other published accounts of miRNA target prediction 

and elucidation.
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7.3.4 Chapter 6

As mentioned, the statistical analysis of the data produced from Affymetrix™ 

microarray experiments identified almost 100 targets for hsa-mlR-222 and hsa-mlR- 

25 in chapter 5. The aim of this chapter was to validate a subset of the novel targets 

of hsa-miR-222 and hsa-miR-25 at the mRNA and protein levels. mRNA validation 

was performed using Fluidigm® real-time PCR technologies and subsequently, four 

targets; MAL2 and TLR3 of hsa-miR-222, and TRAIL and MEK4 of hsa-miR-25 were 

chosen for validation at the protein level. This protein validation involved performing 

pre-miR™ transfections in the 8505C and Nthy-ori 3-1 thyroid cell lines used 

previously, and assessing the change in the expression of the four proteins using 

immunofluorescence and western blotting.

The mRNA validation was effectively performed using Fluidigm® real-time PCR 

technologies and all genes tested were down-regulated in both the microarray and 

Fluidigm® analyses. The Fluidigm® technology proved to be robust and reproducible; 

with chip-to-chip correlation values of almost 1 and very low intra-chip standard 

deviation values, and demonstrated that real-time PCR analysis is achievable using a 

low quantity of RNA and low volumes of TaqMan® assays. Two targets for hsa-miR- 

25 were successfully validated at the protein level using western blots; predicted 

target MEK4 & non-predicted target TRAIL. Unfortunately, the immunofluorescence 

analysis could not be optimised for any of the four targets, and western blots could 

not be optimised for MAL2 and TLR3, targets of hsa-miR-222. Suggestions were 

made to improve efficiency of down-stream validation including the use of a 

luciferase reporter system to avoid future reliance on antibody quality, and the 

possible role in the progression of thyroid cancer for the four targets investigated at 

the protein level was explored.
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7.4 Future work

I believe that the work outlined in this thesis produced some very exciting and 

interesting results. These aforementioned results have yielded several opportunities 

for the continuation of this research.

7.4.1 Further characterise miRNA -  target interactions

The first of these is to further characterise the relationship and interaction between 

the two miRNAs investigated and their target genes. Targets other than those 

already examined at the protein level could be explored. ITGA5, a target of has-miR- 

25 is one good prospect as it is a predicted target of this miRNA in miRANDA, 

PicTar, and TargetScan, and is involved in cell adhesion, which gene ontology 

analysis of the hsa-miR-25 target list suggested was an important function of this 

miRNA. RAB23, also a target of hsa-miR-25, would be another appealing choice. In 

addition to being validated as an mRNA target of hsa-miR-25 in this thesis, this gene 

was shown to have significantly lower expression (p value < 0.05) when comparing 

adenoma to follicular variant of papillary thyroid carcinoma, follicular thyroid 

carcinoma, and papillary thyroid carcinoma (classic and follicular variants) (Denning 

et al., 2007).

Utilisation of the luciferase construct system would confirm the direct interaction of 

the miRNAs with the 3’ UTR of the target genes. This would also benefit the targets 

that have been investigated, particularly MAL, MAL2, and TLR3 as western blots 

could not be optimised for these proteins. Failing this, MAL, MAL2, and TLR3 

expression could be explored by alternative methods. Additional antibody stocks 

could be obtained for MAL and MAL2 and western blots could be performed on lipid 

raft-enriched cell lysates. An alternative primary antibody to TLR3 could be tested on 

the cell lysates used in chapter 6, or transfection of pre-miR-222 into the Hek293T 

cells stably transfected to express TLR3 from Luke O’Neill’s lab could be optimised, 

and changes in TLR3 expression assessed.

It would also be interesting to investigate the effects the changes in the expression of 

the miRNA target genes have on the thyroid cells. For instance, the role for MAL in 

thyroid cancer progression could be examined by determining if the knock down of its 

expression, by pre-miR-222 or siRNA, ablates its purported tumour suppressor



Chapter 7 Discussion

qualities and causes cell proliferation, using the MTT assay. It would also be 

interesting to investigate if the LOH or hypermethylation of the gene observed in 

other cancers, also regulates the expression of this protein in conjunction with hsa- 

miR-222 in thyroid cancer.

MEK4 and TRAIL were shown to be regulated by hsa-miR-25 in this thesis. In 

addition to confirming whether this interaction is direct or indirect with the luciferase 

assay, the effects of this regulation could also be explored. MEK4 has been 

attributed both oncogenic and metastasis and tumour suppressor qualities. One 

could assess whether this gene is a metastasis suppressor in thyroid cancer by 

performing a metastasis assay. Syngeneic and xenograft animal models can be 

utilised to test the effects of metastasis suppressor genes in spontaneous metastasis 

assays in vivo. This involves orthotopic transplantation of the tumour cells into the 

animal model which can lead to spontaneous metastasis to distant sites and may 

accurately reflect the metastatic process in its entirety. These assays enable the 

measurement of primary tumour growth and metastatic colonisation. This is possible 

as tumour cells exogenously expressing a metastasis suppressor gene will form a 

primary tumour of similar size to control tumour cells, but will have reduced capacity 

to form metastases. Cell culture-based assays can also be used and they include 

soft agar cloning, wound scratch assays, and Boyden chamber chemotaxis assays. 

These assays monitor anchorage-independent growth, motility, and invasion (Horak 

et al., 2008). If MEK4 is found not to have metastatic or tumour suppressor qualities 

in thyroid cancer, its oncogenic potential could be tested by using a vector to over

express the protein and measuring the potential ensuing increase in cellular 

proliferation using the MTT assay.

The question of whether TRAIL expression induces apoptosis or proliferation in 

thyroid cells could also be explored. Again, an expression vector could be utilised to 

over-express the protein and flow cytometry analysis using annexin v and propidium 

iodide could measure apoptosis. The MTT assay could measure any potential 

changes in cell proliferation. The overlap of TRAIL and MAP kinase signalling was 

discussed in chapter 6. Ohtsuka and colleagues reported that the combination of 

anti-death receptor antibodies and chemotherapy agents led to a synergistical 

activation of the JNK/p38 MAP kinase which was mediated by MKK4 (Ohtsuka et al., 

2003). They used the agonistic anti-TRAIL antibodies 2E12 and TRA-8 in 

combination with chemotherapeutic agents such as Adriamycin, and showed an 

increase in the release of cytochrome c and Smac/DIABLO from mitochondria in
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parallel with a loss of mitochondrial membrane potential, which resulted in apoptosis 

in breast, prostate and colon cancer cells. Soderstrom and colleagues showed that 

MAP/ERK signalling (which is frequently over-activated in thyroid cancer) protected 

activated T cells from TRAIL induced apoptosis (Soderstrom et al., 2002). Therefore, 

another experiment of merit would be to investigate whether hsa-miR-25 is involved 

in regulating MEK4 and TRAIL in response to TRAIL cancer therapies.

7.4.2 Elucidate new miRNA targets

This thesis described an unbiased genomic approach to miRNA target identification. 

This approach was successfully applied to elucidate the targets in which hsa-miR- 

222 and hsa-miR-25 induce mRNA degradation. A proteomic approach to target 

identification would also prove beneficial in miRNA target discovery. This would 

involve performing two-dimensional gel electrophoresis of pre-miR™ and negative 

control protein lysates. Spots that show reduced or no expression on the pre-miR™ 

gel would then be excised from the negative control gel, and the proteins identified 

using mass spectrometry. This method would identify the targets of the miRNAs that 

succumb to translational repression (including the protein, an established

target of hsa-miR-222 which was not detected by the genomic technique applied in 

this thesis as only its protein expression is effected by the miRNA). Therefore, 

moving forward, the best, most comprehensive approach to miRNA target elucidation 

is a combination of genomic and proteomic technologies.

If these additional transfection experiments were to be performed, it would also be 

prudent to attempt to elucidate why the anti-miR™ transfections were unsuccessful. 

One way of doing this would be to test the hypothesis proposed in chapter 3, that 

there may be other more abundant isoforms of hsa-miR-222 and hsa-miR-25 in the 

thyroid cells. Next generation sequencing for small RNAs on the RNA from anti-miR- 

222, anti-miR-25 and, anti-miR™ negative control transfections may prove beneficial 

in this quest. Analysis of the negative control transfected cells would reveal whether 

isoforms of the two miRNAs exist in the thyroid cells, and analysis of the anti-miR- 

222 and anti-miR-25 transfections would illustrate whether other isoform(s) recover 

the phenotype after the reference sequence miRNA is knocked down.
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7.4.3 Investigate the regulation of miRNAs

Although the elucidation of the functional targets of miRNAs is important in our 

understanding of their influence on cellular expression, a clear understanding of how 

these small RNAs are regulated is also paramount to this. A potential candidate for 

research into this area from this thesis is the miR-106-25 cluster consisting of hsa- 

miR-106b, hsa-miR-25, and hsa-miR-93. The altered expression of hsa-mlR-25 in 

thyroid carcinoma was observed and investigated in this thesis. Over the course of 

this work it was discovered that hsa-mlR-106b expression was not significantly 

different between the anaplastic and normal thyroid cell lines. It would therefore be 

fascinating firstly to investigate whether hsa-miR-93 is differentially expressed 

between the two cell types, and secondly, what mechanisms are controlling the 

alternate expression of the miRNAs in this cluster. There are many mechanisms that 

can regulate miRNA expression and could account for the differential expression of 

hsa-miR-106b and hsa-miR-25 in the thyroid cells.

RNA editing

RNA editing is one such regulatory mechanism. This process enhances the diversity 

of the transcriptome through site-directed modifications of specific nucleotides. This 

involves the enzymatic alteration of single or multiple nucleotides of either in non

coding or coding sequences of pre-RNA, which occurs simultaneously with 

transcription and RNA processes such as splicing, 5' capping and poly-adenylation. 

This process is know as adenosine-to-inosine (A-to-l) nucleoside modification and is 

performed by members of the family of adenosine deaminases that act on RNA 

(ADARs). The ADARs modify double stranded RNA, and Alu elements (genomic 

regions of ~280bp which are composed of two similar monomers connected by an A- 

rich region) play a particularly important role in the process (Amariglio and Rechavi, 

2007). RNA editing controls the stability of dsRNA. Approximately 78% of A-to-l 

substitutions result in the destabilisation of an A -U  pair (changed to l-U). In contrast 

to that report, RNA editing has largely been observed to stabilise RNA by correcting 

mismatches within dsRNA structures (Amariglio and Rechavi, 2007).

RNA editing of miRNAs has been shown to occur. Yang et al showed that editing of 

pri-miR-142 inhibited Drosha cleavage of the transcript in vitro, suggesting that 

editing may influence miRNA processing in vivo (Yang et al., 2006). Expression of 

an artificially edited pri-miR-142 (with G substituted for I) resulted in an accumulation 

of the primary transcript and loss of mature mlR-142. Kawahara and colleagues
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published the first evidence that edited miRNAs have biological significance in vivo 

(Kawahara et al., 2007). This group demonstrated the editing modification of the 

seed element of the mature mammalian mlRNA mlR-376a, and showed that this 

alteration could redirect the miRNA to a new set of targets. They also discovered a 

gene target that relied on the expression of the edited miRNA and the editing activity 

of ADAR2, PRPS1, a mouse protein involved in purine metabolism and uric acid 

synthesis.

Mutations

Mutations in the pre-miRNA, pri-miRNA, mature miRNA, or miRNA target site can 

also influence miRNA expression (see figure 7.3). Some examples of this are 

provided by Jazdzewski et al (Jazdzewski et al., 2009) and Wu et al (Wu et al., 

2008). Jazdzewski and colleagues initially described how heterozygosity (G/C) of a 

single nucleotide polymorphism (SNP rs2910164) within the precursor of miR-146a 

predisposes to PTC (odds ratio = 1.62, P = 0.000007), but was unsure how this 

occurred (Jazdzewski et al., 2008). In their recent paper they demonstrated that 

miR-146a precursor GC heterozygotes differ from both GG and CC homozygotes by 

producing 3 mature miRNAs. One mature miRNA is produced from the leading 

strand (miR-146a), and 2 from the passenger strand (miR-146a*G and miR-146a*C), 

and each miRNA has a distinct set of target genes. Polymorphic miR-146a* was 

found to be over-expressed of in 7/8 tumours compared with the unaffected part of 

the same gland, and microarray data showed vastly altered mRNA expression in the 

tumours and unaffected parts of the thyroid from GC and GG patients. This work not 

only demonstrated the effect SNPs can have on the expression of a miRNA and its 

functional roles, but also led the authors to propose that mature miRs from the 

passenger strand may regulate many genetic processes (Jazdzewski et al., 2009).

Wu and co workers systematically screened sequence variations in several hundred 

human miRNAs from >100 human tumour tissues and twenty cancer cell lines (Wu et 

al., 2008). In doing so they identified eight new SNPs and fourteen novel mutations 

(or very rare SNPs) that were specifically present in human cancers. These 

mutations/ SNPs were found in pri-miRNAs, pre-miRNAs, and mature miRNAs. 

Although most of the mutations found did not appear to influence miRNA function 

(suggesting they may be bystander mutations), a G / A mutation 19nt downstream of 

let-7e led to a significant reduction of its expression in vivo. This, the authors 

hypothesise, indicates that miRNA mutation may contribute to tumourigenesis (Wu et 

al., 2008).
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Figure 7.3 Mechanisms that link miRNA mutations to disease. Two possible scenarios are 

illustrated; (1) either the expression level of the miRNA changes due to genomic 

rearrangements; or (2) there is a gain or loss of an miRNA-target interaction due to a mutation 

in a 3 ’ UTR or a mutation in the miRNA.

(Kloosterman and Plasterk, 2006)

DNA methylation

DNA methylation, along with miRNA regulation and histone protein acetylation are all 

forms of epigenetic regulation. Epigenetic changes are defined as heritable changes 

in gene expression that do not result from changes in the DNA sequence. 

Acetylation or methylation of the histone proteins results in re-modelling of the 

chromatin structure. This remodelling alters gene expression by winding the DNA in 

such a way as to allow or deny the transcriptional machinery access to it. DNA 

methylation occurs primarily at carbon-5 on a cytosine positioned within the 5’-CpG- 

3’ dinucleotide resulting in methyl-CpG. In the genome, methylation occurs at CpG 

dinucleotide sequences and in regions between 0.5-5Kb in length which contain 

clusters of CpG dinucleotides called CpG islands. CpG methylation can repress
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transcription directly by preventing methylation-sensitive transcription factors from 

binding to their recognition sites. Transcription can also be repressed by the binding 

of methyl-CpG-binding proteins (such as MeCPs) to nnethyiated CpGs through their 

methyl-binding domain. This blocks the binding sites of methylation-insensitive 

transcription factors in the DNA and prevents transcription In addition to recruiting 

repressive chromatin remodelling complexes (Yang et al., 2008). CpG islands are 

often located in the 5’ region of genes and are associated with their promoters. Most 

CpG dinucleotide sequences in the genomes are methylated, but CpG islands are 

generally unmethylated to facilitate gene transcription (Clark and Melki, 2002).

Epigenetic changes in cancer were discovered 25 years ago when genome-wide 

DNA hypomethylation in tumours was shown (Feinberg and Vogelstein, 1983). This 

hypomethylation leads to genomic instability, the activation of transposable elements 

and proto-oncogenes, and the loss of genomic imprinting. In addition to this 

hypomethylation, tumour suppressor genes can be inactivated via hypermethylation 

of their CpG island promoters (Rouhi et al., 2008). miRNA genes are located in 

introns, exons, and intergenic regions. Approximately half of promoter regions 

contain CpG islands and therefore it is not surprising that the expression of miRNAs 

can be affected by promoter hypermethylation or global hypomethylation (Bernstein 

et al., 2007). Figure 7.4 outlines the mechanisms through which DMA methylation 

regulates mIRNA expression.

The first evidence of the epigenetic regulation of miRNAs was produced by Saito and 

colleagues (Saito et al., 2006). This group treated bladder cancer cell lines with DNA 

demethylating agents or histone deacetlyase inhibitors and found that hsa-miR-127 is 

epigenetically silenced in cancer cell lines but not in normal fibroblast cell lines. This 

miRNA was also identified as a potential tumour suppressor and targets the BCL6 

oncogene. Following this, let-7a was found to be frequently hypomethylated in lung 

cancer (Brueckner et al., 2007), and in ovarian cancer where reduced methylation 

was found to be associated with improved survival (Lu et al., 2007). DNA 

hypermethylation of miRNAs has also been shown to be an important factor in 

human cancer metastasis (Lujambio et al., 2008), and miRNAs have also been 

shown to be capable of regulating DNA methylation. Fabbri et al demonstrated that 

hsa-miR-29 represses DNA methyltransferases 3A and SB (DNMT3A and DNMT3B) 

(Fabbri et al., 2007). Expression of this miRNA is reduced in non small cell lung 

cancer resulting in the increased expression of DNMT3A and 3B. Forced expression
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of miR-29 in lung cancer cell lines restores normal levels of methylation and reduces 

the tum ourigenic properties of lung cancer cell lines.

Figure 7.4
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Figure 7.4 Epigenetic mechanisms regulating miRNA transcription. (A) A CpG island 

regulates the transcription of an intergenic miRNA. (B) A CpG island regulates the 

transcription of a gene, which hosts a miRNA. (0) An intronic miRNA contains its own 

transcriptional start site which is regulated through CpGs. (D) A transcription factor recruits 

DNA and histone-modifying enzymes to epigenetically regulate a gene-hosted miRNA which 

is surrounded by CpGs 

(Rouhi et al., 2008)
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Any of these three regulatory mechanisms, or a combination of them, could be 

responsible for the altered expression of the miR-106b-25 cluster in the thyroid cells.

7.5 Translational applications of research into mlRNAs in cancer

There is undoubtedly a lot more to be discovered about the functions and role for 

miRNAs in normal and pathogenic processes. This was highlighted when 

Vasudevan and colleagues published their paper in Science in 2007 rebuking the 

widely held belief that miRNAs were only capable of negatively regulating gene 

expression. Their work demonstrated that miRNAs were capable of increasing the 

translation of their target genes under certain cellular conditions (Figure 7.5). They 

showed that when cultured mammalian cells undergo G1 phase cell cycle arrest as a 

result of serum starvation, a specific miRNA; miR-369-3, binds to a reporter mRNA 

containing the TNF 3’UTR to stimulate translation. No stimulation occurs when miR- 

369-3 is absent and this miRNA represses translation during other cell cycle phases. 

Let-7 and the artificial miRNA mimic, cxcr, were also shown to enhance translation 

during starvation-induced G1 arrest and not other phases of the cell cycle 

(Vasudevan et al., 2007).

Figure 7.5 Dual functions of miRNAs. miRNAs can boost or block the translation of target 
mRNAs. Physiological conditions affect the recruitment of regulatory proteins, which can alter 

a miRNAs effect.
(Buchan and Parker, 2007)

Figure 7.5
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Although, as mentioned, a lot remains to be discovered regarding the functions of 

miRNAs in cancer, progress is ongoing in the quest to find applications for these 

small RNAs that will benefit patients. Since the discovery of their altered expression 

in cancer, miRNA profiles have been heralded as diagnostic tools for this disease. 

The varying miRNA profiles in the multifocal tumour studied in chapter 3 of this thesis 

indicate that caution should be observed in the utilisation of cancer biomarker 

signatures. They should only be used clinically when validated to be consistent 

markers of the particular disease in studies using large sample numbers. As well as 

diagnostic tools, miRNAs have also been deemed to be prognostic biomarkers for 

cancer. Calin and co workers found a unique signature of thirteen miRNAs that were 

associated with prognostic factors and disease progression in chronic lymphocytic 

leukaemia (CLL) (Calin et al., 2005). Yanaihara et al discovered miRNA profiles that 

correlated with survival of lung adenocarcinomas, including those classified as stage 

I. In particular, high hsa-miR-155 and low hsa-let-7a-2 expression correlated with 

poor survival (Yanaihara et al., 2006).

The findings of a recent paper reporting the detection of miRNAs in serum and/or 

plasma will accelerate and aid the use of miRNAs as prognostic and diagnostic tools 

(Chim et al., 2008). These circulating miRNA may provide a non-invasive biomarker 

for various cancers and provide a useful screening tool. Expression levels of 

circulating miRNAs have shown some potential in distinguishing cancer patients from 

healthy controls in prostate cancer (Mitchell et al., 2008), ovarian cancer (Taylor and 

Gercel-Taylor, 2008), and lung cancer (Rosell et al., 2009).

Polymorphisms in miRNAs and their target sites have also been associated with 

cancer risk. Inherited mutations in miR-15a and miR-16-1 have been found in CLL 

and breast cancer (Calin et al., 2005), SNPs in miR-196a2 have been associated 

with lung cancer (Tian et al., 2009), SNPs in miR-146a have been associated with 

thyroid cancer (Jazdzewski et al., 2009), and SNPs in miR-423 have been associated 

with oesophageal cancer (Ye et al., 2008). Polymorphisms in the let-7 binding site of 

KRAS are associated with increased rates of lung cancer (Chin et al., 2008). There 

is preliminary evidence suggesting that polymorphisms in the miRNA binding sites for 

miR-433, miR-27a, and let-7 are associated with breast cancer (Adams et al., 2007, 

Mayr et al., 2007), and polymorphisms in the binding sites for miR-212, miR-618, and 

miR-612 with colon cancer (Landi et al., 2008).

395



Chapter 7 Discussion

There are also attempts being made to exploit miRNAs for therapeutic purposes, in 

particular anti-miRNA drugs. These would be predominantly useful in reducing the 

expression of oncogenic miRNAs. One type of these drugs, known as antagomiRs, 

are synthetic anti-sense RNA binding compounds and have been shown to inhibit 

specific miRNA functions in vivo (Krutzfeldt et al., 2005). Locked nucleic acid (LNA) 

anti-miRNA oligos have been shown to reduce miRNA levels in non-human primates 

in vivo (Elmen et al., 2008). Intravenous injections of LNA anti-miR-122 reduced 

plasma cholesterol levels and miR-122 expression in African Green Monkey livers, 

demonstrating the potential for anti-miRNA therapeutics. A recent Cell paper 

illustrated how manipulation of miRNAs may soon provide therapeutic strategies for 

cancer. Kota and colleagues demonstrated that systemic administration of miR-26a 

using an adeno-associated virus resulted in the inhibition of cancer cell proliferation, 

induction of tumour-specific apoptosis, and dramatic protection from disease 

progression without toxicity in a mouse model of liver tumourigenesis (Figure 7.6) 

(Kota et al., 2009).

Figure 7.6

Control miR-26a treated

Figure 7.6 miR-26a treatment reduces tumour burden in a hepatocellular carcinoma mouse 

model. Representative images of livers from miR-26a-treated and control animals illustrate 

the decrease in tumours after treatment with the miR-26a vector.

(Kotaet a l.,2009)
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7.6 Conclusions

To conclude, the research outlined in this thesis both fulfilled the aims set out at the 

beginning of the project and produced some novel, interesting, and exciting results. 

The geographical profiling of the multiform thyroid tumour led to the observation that 

miRNA expression profiles can change depending on the tumour microenvironment, 

which ought to be acknowledged and considered in future miRNA biomarker 

discovery expeditions. The gene targets of hsa-miR-222 and hsa-miR-25 provide an 

interesting insight into the functions of these miRNAs in thyroid cells. Finally, there is 

a large scope for the elaboration and continuation of this research to further 

characterise the role and influence of miRNAs in thyroid cancer pathogenesis.
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Table I miRNA expression values from chapter 3

miRNA

Tumour Area j

Normaj Classic 
PTC 1

Classic 
PTC 2

Insular
Cancer

Anaplastic 
Cancer 1

Anaplastic 
Cancer 2

Lymphocytil
Infiltrate

Vascular! 
Invasion 1

RQ Value j

let-7c 1 8.393 1 7.300 1.693 0.763 1.490 0.441 1.277
Iet7b 1 22.157 26.131 8.256 4.554 9.956 2.346 4.846
Iet7d i 2853.320 1709.256 1191.950 375.164 947.315
Iet7e 3957.785 i 2765.709 7819.131 1674.496 8084.237 1572.395 3297.696
Iet7i 1 2042.020 3036.853 635.629 220.317 954.936 375.866 771.675

m 106b 1 0.030 1 1 0.039 0.012 0.088 0.130 0.575
m 107 1 1 i 0.240 0.080 ! 0.048 0.012 0.048 1 0.046 0.095
m 10a i 51.387 8.230 67.279 i 40.679

mir-100 1 0.414 0.254 i 1.743 0.116 1.355 1.274 0.835
mir-103 | 1 4.208 2.065 0.832 0.205 0.835 1 0.273 0.277

mir-122a| 1 1 15.853 !
mir-125a 1 14.845 1 6.781 10.314 1.177 4.421 1.283 1.127
mir-125b 1 18.875 7.143 1.685 0.204 1.148 0.140 0.362
mir-126 | 80.056 i 11.891 18.354 3.222 16.138 14.150 30.537
mir-126* 147.826 1 ! 11.509 36.420 4.331 50.915
mir-128a 66.911
mir-130a| 1 0.004 1 0.121 0.445 0.206 0.274 0.198 0.079
mir-130b| i 34.411
mir-132 1 1 815.167 223.355 850.143 837.920
mir-133a 1 0.043 1 0.032 1 0.010 0.001 0.008 0.009 0.035
mir-135a 1 0.026 0.017 0.003 0.001 0.002 0.001 0.001
mir-135b 1 0.066 0.069 i 0.013 0.002 0.017 0.006 0.004
m 148b 1 1 0.015 0.002 0.079 0.059
m l 36 j 0.962
mi143 1 3.838 0.371 2.772 0.312 4.848 2.532 3.312

mir-139 28.817 70.921
mir-141 46.666 56.795 28.070 82.428 410.708 59.485
mir-142-

5p 9.750
mir-145 1 6.393 2.819 1.348 0.280 4.245 1.176 1.206

mir-146a 1 0.001 0.001 2.882 0.754 5.973 3.156 3.572
mir-150 1 0.447 0.331 1.185 0.118 0.286 0.209 0.572
mir-152 1 0.113 0.050 0.008 0.061
mir-154 15.448
mir-15b 1 5.053 2.803 7.966 0.917 6.349 7.986 4.301

: mir-16 1 5.706 2.065 2.690 0.851 4.219 4.334 3.045
mir-17-

5p 1 2.697 1.514 2.569 0.896 2.766 4.206 1.379
m ir-IB Ia 1 7.125 5.990 1.351 0.923 1.996 1.528 0.966
mir-181b 1 0.575 0.351 0.150 0.048 0.287 0.257 0.052
mir-181c 1 2.289 1.038 0.510 0.163 0.657 0.614 0.253
mir-183 1 0.001 0.001 0.153 0.052 0.525 0.202
mir-184 4.183 7.821
mir-185 285.668 15.851 15.953 154.457
mir-186 1 0.078 0.026 0.100 0.025 0.549 2.994 4.265
mir-18a 43.982 11.622 1 133.174 26.156 54.162 262.146 41.081
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m19b 1 0.126 0.057 0.063 1 0.174 0.099 0.143 0.049
m206 2.552 1 14.471

mir-191 1 9.576 7.892 1.958 1 2.213 1.378 0.763 0.294
mir-193a 1 0.050 0.003 0.526 3.554 1.295 4.694 1.250
mir-194 1 0.345 0.001 0.087 0.130 0.083
mir-195 14.938 13.266 33.711 17.441 73.513

mir-199a 1 1.714 0.617 0.856 2.150 2.137 1.188 1.267
mir-19a 1 0.044 0.023 0.026 0.077 0.041 0.066 0.023
mir-200a 1 0.015 0.003 0.009 0.008 0.006 0.002
mir-200b 1 0.006 0.069 0.023 0.018 0.017 0.024 0.006
mir-200c 1 1 1.691 1.937 0.926 1.278 0.276 0.645 0.094
mir-205 240.756 8604.781 69679.266 11621.149 4007.638
mir-20a 1 2.233 1.849 2.559 5.627 3.201 5.770 3.041
mir-21 1 3.356 3.080 7.392 9.725 25.799 20.247 16.936

mir-210 610.259 746.156 2518.051 1112.647
mir-212 1 0.047 0.017 0.055 0.020 0.084 0.021
mir-213 13.054 1
mir-214 1 0.351 0.069 0.121 0.282 0.228 0.093 0.071
mir-218 0.835

mi24 1 0.149 0.061 0.108 0.060 0.056 0.069 0.108
mir-22 811.425 836.124 839.856

mir-222 1 1.658 0.894 0.041 0.057 0.010 0.016 0.041
mir-223 29.181 9.893 120.916 36.470 65.452 39.922 120.916
mir-23a 1 0.579 0.297 0.493 0.472 0.328 0.362 0.493
mir-23b 1 0.217 0.114 0.320 0.079 0.044 0.033 0.320
mir-25 1 0.049 0.046 0.060 0.069 0.031 0.071 0.060

mir-26a 1 0.016 0.038 0.025 0.020 0.034 0.038
mir-26b 1 0.103 0.061 0.171 0.041 0.111 0.199 0.171
mir-27a 1 0.140 0.042 0.068 0.074 0.072 0.081 0.068
mir-27b 1 0.023 0.075 0.083 0.020 0.022 0.030 0.083
mir-28 33.500 25.655 62.042 27.471 27.356 32.388 62.042
mir-296 1 0.370 0.428 0.016 0.044 0.008 0.013 0.016
mir-299-

5p 6.590 18.749 3.135 6.671 6.590
mir-29a 1 0.032 0.052 0.048 0.030 0.025 0.052 0.048
mir-29b 1 0.124 0.094 0.072 0.041 0.038 0.064 0.072
mir-29c 1 0.198 0.152 0.044 0.011 0.009 0.025 0.044
mir-30a-

3p 1 0.041 0.059 0.034 0.019 0.006 0.014 0.034
mir-30a-

5p 1 0.067 0.092 0.038 0.024 0.006 0.010 0.038
mir-30b 1 0.034 0.024 0.013 0.008 0.003 0.005 0.013
mir-30c 1 0.062 0.051 0.020 0.021 0.006 0.009 0.020

' mir-30d 1 0.089 0.075 0.060 0.037 0.015 0.029 0.060
! iet-7g 1 0.117 0.068 0.105 0.045

m32 1 0.077 0.014 0.104 0.129 0.337 1.683 1.177
mi99b 1 2.524 1.452 0.699 0.442 0.216 0.199 0.042
mir-1 0.824

mir-133b 481.429 41.929 66.863 23.080 121.981 118.952
mir-320 3355.71 6604.955 3337.173 7761.64
mir-323 261.512 91.099 49.450
mir-324-

3p 1261.7
mir-328 1 0.697 0.992 0.043
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mir-331 | 1 1.266 1.414 0.086 0.075 0.030 0.021 0.002
mir-335 | 1 0.016 0.020 0.083 0.171 0.055 0.293 0.001
mir-338 33.924
mir-339 | 1 0.441 0.519 0.184 0.232 0.083 0.169 0.033
mir-340 4.014 3.585 2.893 5.523 15.099 23.753
mir-342 j 1 0.788 0.437 0.607 0.561 0.207 0.106 0.050
mir-34a 1 5.437 5.356 1.004 0.641 0.542 1.024 0.648
mir-34c 1 0.005 0.006 0.119 0.243 0.090 0.235 0.349
mir-365 2.158 3.320 4.425 6.575 1.035
mir-433 1 0.055 0.032 0.057 0.036
mir-92 1 0.369 0.429 0.264 0.409 0.221 0.280 0.046

imir-148a 54.539 11.812 23.398
mir-149 1 0.353
mir-15a 532.448 332.806 465.888 1205.296 1765.777
mir-182 176.204 110.775 109.441 198.742 46.102

mir-
199a* 1 0.495 0.784 6.213 12.438 11.698 6.761 37.411

mir-301 2.489 2.341 2.872 9.206
mir-361 1 0.412 0.091 0.688 0.815 0.519 0.213
mir-375 1 0.664 1.406 1.262
mir-378 9202.38 2626.273 4336.265 707.458 2155.261
mir-380-

5p 120.703
mir-381 8.995
mir-382 511.290 603.300
mir-412 116.417 356.905 310.105 895.493 2007.398
mir-425 251.252
mir-452 14.762 20.319 19.051
mir-484 1 1.506 0.924 0.607 0.607 0.175 0.149 0.138
mir-486 19706.53 13203.013

mir-7 1 1 0.002 0.003 0.052
mir188 1 5.784
let-7f 1 1 0.304 2.087 0.195 0.085 0.168

mir-124a I i
mir-127 1 1.384 0.579 0.978 16.393 0.818 1.359
mir-137 2.666
mir-140 1 1 0.004 0.005 2.954 0.023 0.167 0.523
mir-192 1 1 0.014 0.467
mir-203 1 262.073 171.245 62.604 2560.457 52.674 39.606 4.031
mir-204 1 0.002 0.003 0.016 0.003
mir-221 567456.8 656488.2 34809.754 1225179.5 32775.32 67867.09 30722.605
mir-324-

5p 24712.588 2917.022 46660.69 807.996
mir-9 51.843 1.584 12.487 41.250

mir-99a 3.108 1.540 0.206 5.151 0.073 0.304 0.478
mir-

UL112-1 1 0.001 0.001 0.309 4.345 0.893 3.962 9.844
mir-

UL148D-
1 1

1
j

0.069 0.106 0.458 0.900
mir-

UL22A-1

i !
I j 

1 i 0.002 1 0.003 0.066 1.954 0.159 0.235 0.457
mir- 1 i  1 

UL36-1 1 i 0.001 0.001 0.016 0.001
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mlet7a 1 0.190 0.290 0.662 7.907 0.436 0.304 0.363
m 10b 268.497

mir-106a 1 0.412 11.723 0.213 0.318 0.176 0.410 0.203
mir-129 1 1.596 0.052 0.030 0.111 0.548 0.724

mir-146b 1 11.383 525.891 1.640 0.809 0.494 1.329 0.559
mir-151 1 0.385 7.857 0.121 0.078 0.060 0.064 0.047

imir-154* 583.233 45.827 96.648 31.533 348.088 38.805
mir-155 22.431 4.121 9.445 25.904 84.187
mir-17- 

i 3p 423.054 130.861 248.631 60.691 940.642 234.930
mir-181d 1 0.231 7.680 0.181 0.111 0.120 0.173 0.298
mir-182* 10258.197 41.921 153.356 75.595 137.622
mir-18a* 1156.123 35.578 23.903 7.631 123.455
mir-191* 1 5.795 0.007 0.000 0.025
mir-193b 1 0.294 30.279 0.490 0.972 0.552 0.858 0.332
; mir-197 1 0.475 7.967 0.201 0.190 0.141 0.196 0,087

mir-
US25-1 1 9.823 0.097 0.072 0.109 0.384 0.378

mir-
US25-2-

3p 5450.685 12.175 124.085 227.660
t mir- 

US33-1 1 8.364 0.026 0.027 0.185 0.160
mir-US5-

2 11.471 96.441 66.046
mir-199b 3.784 1.625 3.220 5.651 24.122

mir- 
! 200a* 1 0.002 0.052 0.006 0.041
mir-20b 1 2.641 5.620 0.994 1.671 0.837 1.619 0.745
mir-211 19.393
mir-220 28.441

: mir-224 576.422 1037.291
; mir-30e- 
’ 3p 1 0.001 2.737 0.476 0.142 0.098 0.349 0.104

mir-31 1 8.161 8.100 4.339 11.393 3.355 10.278 2.460
mir-326 0.136
mir-329 3.797 4.857 1.685 6.044
mir-337 3.907 41.949
mir-346 3172.274 204.222
mir-34b 50.891 109.652 62.226 58.239 89.586

: mir-362 24.823 4.416 20.726 23.978 19.166
mir-363 3.612 3.732 2.305 35.873 113.592

i mir-368 7.067 110.499
mir-373 33.830 16.335

:mir-376b 3.390
I mir-379 2.087 2.975 7.844 25.852 16.721
imir-380- 
i 3p 3.090
i mir-383 0.826 2.439
imir-409- 
1 3p 810.562 450.500
mir-409-

5p 12.237
mir-410 1.197 0.199 19.181 175.291



Appendix

mir345 1 0.679  0.599 0.065 0.074 0.160 0.199
mir-422a 45.668 35.380 33.221 8.708
mir-422b 726.643  1 799.631 893.522 216.286 920.867 249.710
mir-423 1 1 4.579 7.529 0.427 0.640 0.214 0.201
mir-424 374.173 15.607 337.424
mir-432 ! ! 4.967 7.469 17.198 73.817
mir-451 1 0.029 0.042 0.096 0.118 0.414 0.266 0.756
mir-452* 1 13.652
mir-455 1 37.342 24.757 23.830 121.246 126.636
mir-485-

3p 1 ! 160.410 243.551 251.468 418.234
mir-487 1 1 2.377 6.723 7.491 40.666
mir-488 3.671
mir-489 21.693 16.394 29.354
mir-490 12.043 96.395
mir-491 ! 139.295 1 121.630 42.038 32.463 38.778
mir-492 1 0.003 0.004 0.133 0.109 0.089 0.300 0.463
mir-494 2.858 8.697 6.555 8.081
mir-497 905.686 1 513.487 242.223 529.678 460.549 1130.299
mir-500 1 1 0.001 0.549 0.730 0.445 0.458 1.033
mir-501 1 26.613 3.614 12.998 13.513 63.684
mir-502 1 1 

1 1 15.161
mir-503 9.771
mir-504 51.284 110.594 66.463 84.696 68.053 228.391 667.981
mir-505 378.085 369.895
mir-508 3.909 25.017
mir-509 1.473 1.716 8.481 14.125
mir-511 28.671 27.533 15.649 28.206 233.804
mir-515-

5p 0.837
mir-517a 1 0.004 0.010 0.001 0.001 0.001

mir-
518a-2* 1 0.173 0.190 0.006 0.013 0.002 0.011

mir-519a 17.709 10.452
mir-519d 317.943 3.463 41.559 3.610 65.152

mir-
520a* 124.543 11.866 85.515 30.373

mir-520c 20.903
mir-520e 1
mir-520f 15.503 66.281 85.317 62.539 473.043
mir-521 9.627
mir-527 2816.356
mir-93 22077.225 25541.58 6513.125 11137.62
mir-95 3.031
mir-96 10.264 70.138 192.679 376.563

Blank cells indicate expression of the miRNA was not detected in that sample
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Table II Transcripts that were up-regulated (p-value s 0.05 and a fold change > 1.5) by anti- 

mi R-222

RefSeq Gene
Symbol Gene / Transcript Assignment

Fold Change 
(Anti-miR-222 
vs Nm O M

P-Value

ENST000003857
65

ncrna:snoRNA_pseudogene 1.55978 0.0016

ENST000003638
65

ncrna:misc_RNA 1.52761 0.002904

ENST000003874
01 ncrna:tRNA_pseudogene 1.53871 0.048509

ENST000003623
30

ncrna:misc_RNA 1.7342 0.008266

XM 001720761 LOC728774 LOC728774 1.59445 0.006414
ENST000003884

05
ncrna:Mt_tRNA_pseudogene 2.23875 0.01401

ENST000003629
39

ncrna:rRNA 1.79503 0.008014

ENST000003882
83

ncrna:snRNA_pseudogene 1.97781 0.017636

NM 018661 DEFB103A defensin, beta 103A 1.53508 0.005237
NM_018661 DEFB103A defensin, beta 103A 1.53508 0.005237

GENSCANOOOOO
042413 cdna:Genscan 1.92739 0.012292

AF194537 AF194537 NAG13 mRNA, complete cds. 1.56031 0.024818
ENST000003644

38
ncrna:snRNA 1.55203 0,016844

ENST000003648
79 ncrna:misc_RNA 1.65716 0.018298

NM_006919 SERPINB3 serpin peptidase inhibitor, clade B 
(ovalbumin), member 1.51406 0.035443

ENST000003626
55

ncrna:rRNA 1.65419 0.012848

GENSCANOOOOO
045478 cdna:Genscan 1.54185 0.014061

ENST000003853
62 ncrna; Mt_tRNA_pseudogene 1.52189 0.016223

ENST000003910
33 ncrna:misc_RNA 1.78467 0.028346

ENST000003648
16 ncrna:rRNA 2.01539 0.043495

ncrna, non-coding RNA, snoRNA, small nucleolar RNA, tRNA, transfer RNA, rRNA, ribosomal 

RNA
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Table III Transcripts that were up-regulated (p-value < 0.05 and a fold change s 1.5) by anti- 

miR-25

RefSeq Gene
Symbol Gene / Transcript Assignment

Fold Change 
(Anti-miR-25 
vs Naa Ctrll

P-Value

ENST000003871
07 ncrna:tRNA_pseudogene 1.79674 0.039083

ENST000003840
29

ncrna:misc_RNA 1.52778 0.006825

ENST000003845
96

ncrna:misc_RNA 1.67381 0.007593

NM 001077708 ANKRD7 ankyrin repeat domain 7 1.50267 0.025263
ENST000003647

53
ncrna:snRNA 1.6579 0.015492

NM 080424 SP110 SR110 nuclear body protein 1.54213 0.018038
ENST000003840

76
ncrna:snRNA 2.35716 0.003451

■ ■
XR_038698 IMPAIR inositol(myo)-1(or 4)- 

monophosphatase 1 pseudogene 1.6016 0.016723

ENST000003857
57 ncrna:rRNA_pseudogene 2.03883 0.024412

ENST000003847
07 ncrna:misc_RNA 1.62157 0.001655

NM 021066 HIST1H2AJ histone cluster 1, H2aj 1.73559 0.039513

NM_017654 SAMD9 sterile alpha motif domain containing 
9 1.52147 0.023994

ENST000004113
53

ncrna;misc_RNA 1.57075 0.038337

ENST000003643
16 ncrna:snRNA 1.54758 0.001126

ENST000003867
78 ncrna:Mt_tRNA_pseudogene 1.70945 0.021304

ENST000003872
53 ncrna:Mt_tRNA_pseudogene 1.5801 0.003115

ENST000003886
61 ncrna;Mt_tRNA_pseudogene 1.5179 0.009707

ENST000003867
78 ncrna:Mt_tRNA_pseudogene 1.70978 0.026196

AK098235 LOC401622 similar to LINE-1 reverse transcriptase 
homolog 1.5734 0.010188

ENST000003867
80 ncrna:Mt_tRNA_pseudogene 1.56381 0.030624

ENST000003874
12 ncrna:tRNA_pseudogene 1.95837 0.005195

ENST000003841
87 ncrna:misc_RNA 2.06784 0.028467

ENST000003855
51 ncrna;Mt_tRNA_pseudogene 2.09494 0.014578

NM_080657 RSAD2 radical S-adenosyl methionine domain 
containing 2 1.5046 0.020464

ENST000003641
62

ncrnaisnRNA 1.68961 0.015759

ENST000004106
75

ncrna:snRNA 1.74231 0.008641

NM 001004737 OR5K2 olfactory receptor, family 5, subfamily 1.52718 0.000628
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K, member 2
ENST000003859

67 ncrna:Mt_tRNA_pseudogene 1.6457 0.019182

NC 001807 gene=TRNN; product=tRNA-Asn 1.5507 0.021122
NC 001807 gene=TRNN; product=tRNA-Asn 1.5507 0.021122

ENST000003859
00 ncrna:snoRNA_pseudogene 1.55844 0.036503

NR 001276 SNORD56B small nucleolar RNA, C/D box 56B 1.50023 0.003168
ncrna, non-coding RNA, snoRNA, small nucleolar RNA, tRNA, transfer RNA, rRNA, ribosomal 

RNA
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Abstract
Background: Papillary thyro id  carcinom a (PTC) frequently  p resen ts  as multiple tum our-foci within a single thyroid  gland o r  
pluriform , w ith synchronous tu m o u rs  com prising different histological variants, raising questions regarding its clonality. Among 
th e  genetic ab e rra tio n s described in PTC, th e  6RAF V600E m utation and retlPTC activation o ccu r m ost com m only. Several studies 
have investigated th e  genetic a lteration  sta tus o f multifocal thyroid  tum ours, v/ith d iscordan t results.

T o  address th e  question  o f clonality th is study exam ined d isparate geographical and m orphological a reas from  a single PTC 
(classic PTC, insular and anaplastic foci, and tu m o u r cells ad jacent to  vascular invasion and lym phocytic infiltrate) fo r th e  
p resen ce  of retlPTC I o r  BRAF m utations. M oreover, w e w anted  to  investigate th e  consistency of miRNA signatures v/ithin 
d isparate  a reas of a tu m o u r, and geographical data was fu r th e r co rre la ted  w ith expression profiles o f 330 different miRNAs. 
Putative miRNA gene ta rge ts  w e re  pred ic ted  fo r differentially regulated miRNAs and Im m unohistochem istry w as perfo rm ed  on 
tissue sections in an effo rt to  investigate phenotypic variations In m icrovascular density (MVD), and cytokeratin  and p53 p ro tein  
expression  levels.

Results: All o f th e  m orphological a reas proved  negative fo r retlPTC I rearrangem ent. T w o distinct foci w ith classic m orphology 
harb o u red  the  BRAF m utation . All o th e r  regions, including th e  insular and anaplastic areas w e re  negative fo r th e  m utation.

MiRNA profiles w e re  found to  distinguish tu m o u rs  containing th e  BRAF m utation from  th e  o th e r  tu m o u r types, and to  
d ifferentiate be tw een  th e  m ore  aggressive Insular & anaplastic tum ours , and th e  classic variant. O u r data c o rro b o ra te d  miRNAs 
previously d iscovered  In this carcinom a, and additional miRNAs linked to  various p rocesses involved in tu m o u r g row th  and 
proliferation.

Conclusion: T he initial genetic a lteration  analysis indicated th a t pluriform  PTC did n o t necessarily evolve from  classic PTC 
p ro g en ito r foci. Analysis o f miRNA profiles how ever provided an in teresting  variation on th e  clonality question . W hile 
hierarchical clustering  analysis o f miRNA expression  suppo rted  th e  hypothesis th a t d iscrete  a reas did n o t evolve from  clonal 
expansion of tu m o u r cells, it did n o t exclude th e  possibility o f independen t m utational events suggesting bo th  phenom ena might 
o ccu r sim ultaneously w ithin a tu m o u r to  enhance cancer p rogression in geographical m icro-environm ents w ithin a tum our.
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Background
Thyroid cancer is the most common endocrine m alig
nancy and accounts fo r the m ajority o f  endocrine cancer 
deaths each year [1], Carcinomas o f the thyro id comprise 
a heterogeneous group o f  neoplasms w ith  distinctive c lin 
ical and pathological characteristics. Most thyro id  cancers 
originate from  the fo llicu la r cell epithelium . The m ajority 
o f tumours are designated as papillary thyro id cancer 
(PTC) and are well differentiated, indo lent and are associ
ated w ith  good prospects o f survival. Undifferentiated or 
anaplastic carcinomas, however, are very aggressive w ith  
survival rates o f less than one year in  most instances [2].

Thyroid cancer harbours several h ighly prevalent genetic 
alterations including retlPTC rearrangements, Ras muta
tions, and BRAF VGOOE po in t mutations [3]. There have 
been in trigu ing  associations between the m orphology o f 
PTC and specific molecular findings. In the past our group 
and others have noted an association between classic PTC 
m orphology and the BRAF V600E m utation and between 
variant m orphology and ret rearrangements particularly 
ret/PTC3 |4 ,5]. S im ilarly re£/PTC3 appears to strongly cor
relate w ith  the so lid /fo llicu la r variant seen com m only in 
children exposed to Chernobyl fa llou t [6|.

PTC frequently presents as m ultip le  tum our-foci w ith in  a 
single thyro id  gland. In addition, a significant proportion 
o f PTC are also p lu rifo rm , w ith  synchronous tumours 
comprising o f different histological variants. These PTC 
foci may either arise from  intrathyroidal metastasis o f  a 
clonal population o f cells or as a consequence o f m ultip le  
tumours arising independently. Several studies have been 
performed using various techniques in an effort to eluci
date whether most poorly differentiated anaplastic carci
nomas develop through a m u lti step carcinogenesis 
process from  the well differentiated thyroid cancer sub- 
types, or i f  they arise independently |7-15], Among 
genetic aberrations described in  PTC, the BRAF V600E 
m utation and ret/PTC activation occur most commonly. 
Most o f  the studies thus far have focused on investigating 
the genetic alterations present in the different foci in  an 
effort to determine their orig in  and potential clonality. 
Unfortunately these studies have produced conflicting 
results to date and no consensus has been reached. In 
order to further advance this research, examination o f  the 
regulatory environment o f the thyro id  along w ith  genetic 
alteration analysis may prove beneficial.

MicroRNAs (m iRNA) are a recently discovered fam ily  o f 
short non-protein-coding RNAs w ith  diverse functions, 
including regulation o f  cellular d ifferentiation, pro lifera
tion  and apoptosis [16], These small non-coding RNAs 
constitute a novel class o f gene regulators that function by 
negatively regulating gene expression by targeting mRNAs 
fo r cleavage or translational repression. To date, 695

human miRNAs have been identified [17], however, evi
dence suggests the total number o f human miRNAs may 
be much larger. Studies have indicated that different pop
ulations o f miRNAs are expressed in  cancer and normal 
tissues w ith  general down regulation o f  miRNAs in  
tumours, suggesting that tumours may each have a dis
crete "m iRNA signature" [18], MiRNAs are also thought to 
be capable o f acting as both tum our suppressors and 
oncogenes. This differential expression o f miRNAs 
between malignant and normal tissues and between d if
ferent types o f tum our may indicate that miRNAs are 
determinants o f clinical diagnostic and prognostic signif
icance. Recent studies in  m iRNA expression in  PTC have 
found an aberrant miRNA expression profile  in  PTCs 
compared w ith  normal thyroid tissues [19-21].

The origin o f m ukifocal thyroid lesions is potentia lly an 
im portant issue in patient treatment. In fact, multicentric 
cancer has been associated w ith  local and distant metas- 
tases, mortality, and tum our recurrence [22|. I f  m ultip le  
foci are found to be clonal in  origin due to the intraglan- 
dular metastases o f a single tumour, it may indicate an 
increase in the aggressiveness o f the cancer & therefore it 
may be more likely to further metastasize in to  other tis
sue. I f  this is discovered a more aggressive treatment 
approach could be required.

To expand on the question o f clonality, the objective o f 
this study was to examine disparate geographical and 
morphological areas from  a single PTC for the presence o f 
retfPTC 1 or BRAF mutations and correlate it w ith  m iRNA 
expression profiles. A m ulticentric case containing classic 
PTC, insular and anaplastic foci, and areas o f lymphocytic 
in filtrate and vascular invasion was selected for analysis. 
The expression o f 330 miRNAs was examined using a 
recently developed technique, which uses stem loop p rim 
ers fo r reverse transcription followed by real time Taq-j 
Man“ PCR[23[.

Hierarchical clustering analysis o f the profiles producedj 
was carried out, along w ith  miRNA gene target prediction. 
Immunohistochem istry was also performed on tissue sec
tions in  an effort to investigate phenotypic variations in  
microvascular density (MVD), and cytokeratin and p53 
protein expression levels. The varying miRNA profiles 
w ith in  different foci o f a single tum our illustrate how  a 
tumour's m icroenvironm ent can affect regulatory proc
esses underpinning carcinogenesis, and h igh light a caveat 
that ought to be observed in  the search for the discovery 
o f future cancer biomarker signatures, particularly in  the 
context o f  m ultifocal tumours. Many miRNA studies to 
date have highlighted characteristic 'signatures' that asso
ciate w ith  particular tumours/phenotypes. In this study 
we demonstrate that regulatory processes engendered by 
non-coding RNAs are more subtle and signatures can vary
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w ith in  ind iv idua l areas o f a single tumour. Laser M icro
dissection ensured that the cells interrogated were homog
enous and fo llicu lar epithelial in origin, nonetheless their 
m iRNA profiles varied depending on the specific m icro
environm ent from which they were harvested.

Methods
Tissue sample
A single archival case o f formalin fixed, paraffin-embedded 
(FFPE) multifocal thyroid tumour was chosen for this analy
sis. Eight areas were chosen for examination: 1 normal thy
roid, 2 classic PTC, 1 insular, 2 anaplastic thyroid carcinomas, 
1 area surrounding lymphocytic infiltrate, and 1 surrounding 
vascular invasion. Haematoxylin and eosin (H&E) sections 
were reviewed by a histopathologist (RF) and classified 
according to a recognized system |24]. Corresponding paraf
fin blocks were then collected from the archives o f St. lames 
Hospital. Ethical approval for this study was granted by the 
SIH/AMNCH Research Ethics Committee.

Laser capture microdissection
6 /jm  sections were cut using a microtome (M icrom  HM 
325, Medical Supply Co. Ltd, Ireland) from each paraffin 
block, mounted on uncharged slides, dewaxed and H&E 
stained (Tissue-Tek DRS 2000 Autostainer, Sakura, CA, 
USA). Pure populations o f thyrocytes were obtained from 
each section by laser capture microdissection using the 
PixCell II System (Acturus Engineering Inc., CA, USA). 
Laser capture microdissection produces low  yet accurate 
yields o f  RNA & DNA (yields in the range o f  1.7-9 ng///l 
o f  RNA & 3.2-8.8 ng///l o f DNA were achieved in this 
study). Cells were captured according to a standard pro to
col: laser spot size = 15  //m , pulse power = 25 mW, pulse 
w id th  = 1 .5  ms, threshold voltage = 285 MV. The total 
number o f pulses in each case was approximately 700 
(range = 500-1200). After microdissection the Capsures* 
(Capsuret Macro LCM caps, LCM 0201, Techno-Path Ltd, 
Ireland) containing the homogenous cell populations 
were placed in  a sterile microcentrifuge tube ready for 
RNA &  DNA extraction.

Nucle ic acid extraction
DNA & RNA were extracted using the RecoverAll™ Total 
Nucleic Acid Isolation, Optim ized fo r FFPE Samples Kit 
(Am bion, Texas, USA), according to the manufacturers' 
instructions, w ith  the exception o f the tissue deparaffini- 
zation step o f the protocol as the sections had been depar- 
affinised during the H&E staining. Purified RNA & DNA 
were eluted in  60 //I volumes and the nanogram concen
tration per m icro litre  was verified using a Nanodrop spec
trophotometer (ND-1000, Labtech International, UK).

TaqMan® expression analysis
BRAF V600E mutation detectior)
TaqMan" SNP detection was used for BRAF V600E muta
tion  detection as previously described |4]. Primers and

probes used in this experiment were designed and used to 
the manufacturer's recommendations. The primers/ 
probes used were as follows: 5' CAT CAA GAC CTC ACA 
GTA AAA ATA GGT GAT 3' [BRAF-F], 5' GGA TCC AGA 
CAA CFG TTC AAA CFG A 3' [BRAF-R], VIC-5' CCA TCG 
AGA TTF CAC TGT AG 3' [BRAF-PWT], and FAM-5' CCA 
TCG AGA TTF CTC TGT AG 3' [BRAF-PMUT]. Am plifica
tion  and analysis was performed using an ABI Prism 7900 
HT Sequence Detection System (Applied Biosystems, CA, 
USA) for 40 cycles (92°C  fo r 15 sec, 60°C for 1 m in).

RetlPTCI rearrangement detection

TaqMan® RT-PCR was used for retlPTC 1 rearrangement 
detection. Primers and probes used in  this experiment 
were designed and used according to the Applied Biosys
tems (Foster City, CA, USA) Assays-by-Design SM service. 
Am plifica tion and analysis was performed on an ABI 
Prism 7900 HT Sequence Detection System (Applied Bio
systems, CA, USA) (48 °C for 30 m in then 9 2 °C fo r 15 sec, 
60°C for 1 m in x 40 cycles).

M iR N A  analysis

M ultip lexing stem-loop RT-PCR w ith  m ir-16 as an endog
enous control was used to analyse miRNA profiles as pre
viously described 125]. Briefly, the process involves three 
steps. Steps 1 and 2 are multiplexed reactions w ith  330 
sets o f  primers fo r 330 miRNAs. Step 1 reverse transcribes 
all the miRNAs in  a single reaction and then step 2 PCR 
amplifies the cDNA products to provide enough sample 
for step 3. Step 3 is done as simultaneous, individual sin- 
gleplex TaqMan* reactions in  96-well reaction plates to 
m on ito r the abundance o f each m iRNA after the m u lti
plexed RT-PCRs. Sequences for primers and probes w ill be 
provided by the authors upon request. As previously, 
am plification was performed using an ABI Prism 7900 HT 
Sequence Detection System (Applied Biosystems, CA, 
USA).

D ata  analysis
AAC, studies were performed on the miRNA data using 
the SDS 2.1 software (Applied Biosystems, CA, USA). The 
studies were then exported to the M icrosoft* Office Excel® 
2003 software (M icrosoft Corporation, WA, USA) for fu r
ther analysis. The prim ary means o f identifying differen
tia lly  expressed miRNAs was based on fo ld  change. 
MiRNAs were considered differentia lly expressed between 
tum our areas i f  they possessed fo ld  changes >2 or <0.5. 
Hierarchical clustering analysis was performed using the 
Spotfire programme. Clustering analysis was performed 
using WPGMA and sim ilarity between samples was 
assessed by correlation analysis. Up & down regulated 
miRNAs were entered in to  the three-way intersection in 
the miRGen database to search fo r putative miRNA target 
genes [26]: http://wvyw.diana.pcbi.upenn.edu/miR
G en.htm l). Gene ontology analysis o f  the putative target 
gene lists was then performed using the PANTHER data-
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base http://w w w .pantherdb.org/. This enabled the identi
fication o f  significantly over and under represented 
pathways in  the gene lists.

Immunohistochemistry
6 /m l sections were cut from the archived blocks, depar- 
affinised, and dehydrated. Sections underwent heat 
induced epitope retrieval using Trilogy (CellMarque, 
Greenwood, AR). Immunohistochemical staining, using 
M onoclonal Mouse Anti-Hum an cytokerafin (DakoCyto- 
m ation, Copenhagen, Denmark), CD34 (Serotec, Oxford, 
UK), and p53 (Novocastra, Newcastle upon Tyne, UK), 
was performed on the Nexes imm unostainer using a 
strepavidin peroxidise procedure. Antigen-bound primary 
antibody was detected using strepavidin-biotin imm u- 
noperoxidase complex (Ventana i-view kit, Ventana Med
ical Systems). Slides were examined b lind  by a 
histopathologist (RF) and classified according to a recog
nized system [27].

Results
Genetic a lteration  status
TaqMan® RT-PCR was used to detect the presence o f ret! 
PTC 1 rearrangement in fo llicu lar epithelial cells dissected 
from  each o f the eight designated areas (1 normal thyroid, 
2 classic PTC, 1 insular, 2 anaplastic thyro id carcinomas, 
1 area surrounding lymphocytic infiltrate, and 1 sur
round ing vascular invasion). RNA from theTP C l cell line 
was used as a positive control. A ll areas proved negative 
fo r ret/PTC 1 rearrangement.

TaqMan*SNP detection was used to detect the presence o f 
the BRAF mutation. This assay acts as its own endogenous 
control as the w ild  type allele w ill be detected in  the 
absence o f the mutant. The two foci w ith  classic m orpho l
ogy harboured the BRAF mutation. A ll other tum our 
areas, including the insular and anaplastic areas were neg
ative fo r the mutauon (Figure 1). This result indicates that 
the anaplastic lesions may not have evolved from progen
ito r classic PTC foci.

Regulatory environment analysis
Geographical patterns in miRNA expression 
Expression levels o f 330 miRNAs were analysed in  the 
eight thyroid geographical regions (Figure 2). The AAC, 
method [28] was used to calculate the fo ld  change o f 
miRNA expression between tum our areas, and miRNAs 
were considered differentially expressed i f  they possessed 
fo ld  changes >2 or <0.5. Cells from  the area o f normal thy
ro id  epithelium  were utilised to calibrate the study, and 
mir-16 was used as an endogenous control.

Figure 2 illustrates the miRNA expression profiles in  the 
different tum our areas. It may be noted from  this figure 
that expression o f miRNAs across the tum our areas

Figure I
TaqM an® S N P  assays fo r BRAF V600E  m utation  
detection. D N A  from the TPC I , BC-PAP, and K-2 cell lines 
was used for positive control purposes. TPC I contains the 
wild type BRAF allele, K-2 is heterozygous for the mutant 
allele, and BC-PAP is homozygous for the mutant allele. The 
figure shows clustering of the samples into 3 distinct groups 
depending on their respective levels of V IC/FAM  fluores
cence: homozygous T1799A mutation ( • ) ,  homozygous 
wild-type/normal ( • )  and heterozygous T 1799 mutation ( • ) .  
Negative controls and undetermined samples are also dis
played ( X ) .  The tw o classic PTC tum our areas are the only 
ones that exhibit the BRAF mutation.

appears to be non-homogenous. O f the 330 miRNAs, 225 
(68%) were expressed in the tissues studied. A ll o f  the can
cer areas (classic PTC, insular, and anaplastic cancer) 
showed a general down-regulation in  miRNA expression 
compared to normal thyroid tissue (avg 53.9%) which is 
the general trend observed when comparing miRNAs in  
cancer tissues to normal tissue [18]. Interestingly, the cells 
surrounding the areas o f lymphocytic infiltrate and vascu
lar invasion showed a marginal increase in  m iRNA expres
sion compared to normal thyro id  epithelium  (avg 
53.4%). These cells were captured from  an area o f ana
plastic carcinoma. Perhaps the up-regulation o f miRNAs 
surrounding these areas may enable the down-regulation 
o f gene expression to facilitate angiogenesis and metasta
sis in this aggressive cancer and assist in  its evasion o f the 
imm une system (See Additional file  1 for miRNA RQ val
ues).

Table 1 shows the top five up and down regulated m iR
NAs in  each tum our area compared to normal thyro id  tis
sue. This table, in  contrast w ith  figure 2, emphasizes the 
sim ilarities that can be noted between the profiles w ith  
mir-221 appearing up-regulated in  all tum our areas, and 
mir-124a and mir-328 appearing prevalently down-regu
lated in tum our areas. An inevitable element o f  s im ila rity  
must be expected in the profiles o f  these tum our areas as 
they originate from  a single thyro id  specimen.
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Classic Classic Insular Anoptastlc Anapfcistlc Lvmphocytic Vciscijar 
PTC 1 PTC 2 CarcinofTva Carcinoma Infiltrate Invasion

Figure 2
H eat map of m iR N A  expression. Each mlRNA listed was considered differentially expressed between tumour areas if they 
possessed fold changes >2 or <0.5.
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Hierarchical clustering analysis was then performed on 
the m iRNA data to further investigate the potential s im i
larities and differences between the miRNA profiles (Fig
ure 3). The analysis revealed two main clusters, w ith  one 
cluster d iv id ing  in to  two sub-groups. The normal thyro id  
epithelium  forms one o f  the main clusters and groups sep
arately to all o f  the cancer areas. The insular cancer and 
anaplastic carcinoma 2 areas form  one sub-group, and the 
other tum our areas form  the other sub-group. As illus
trated from  figure 3b, the insular and anaplastic carci
noma 2 samples were excised from  regions o f close 
proxim ity, and the lymphocytic infiltrate, vascular inva
sion, and anaplastic carcinoma 1 areas were harvested 
from  the same geographical region. This clustering o f 
miRNA profiles corresponding to the geographical posi
tion  o f  the cells suggests that the location o f  the cancer 
foci w ith in  the tum our may influence the miRNA profiles. 
However as mentioned previously, an element o f  sim ilar
ity in profiles must be anticipated in cells adjacent to each 
other.

In juxtaposition to the geographical clustering o f  cellular 
areas, the classic PTC 2 miRNAs sub-group w ith  the other 
PTC area, separating it from  the other foci from  the same 
tissue section (insular and anaplastic carcinoma 2). This, 
along w ith  possession o f the BRAF m utation, points 
towards the s im ilarity  o f  the classic PTC genetic profiles. 
However the two anaplastic areas divide in to  separate 
sub-groups. This raises the question as to w hy the cancer 
foci are behaving differently and not grouping together. 
The grouping o f the two classic PTC foci which both con
tain the BRAF m utation indicates that their genetic pro
files are s im ilar and may suggest that these two foci may 
be clonal in  orig in  and have originated from  the same

m utational event or cascade. However, the anaplastic car
cinomas separate in to  the tv̂ ô sub-groups w ith in  the can
cer cluster perhaps indicating that these cancers may have 
arisen independently. Therefore it may not be a question 
as to whether m ultifocal tumours arise due to the clonal 
metastasis o f  tum our cells or o f  independent m utational 
events, but perhaps both phenomena can occur sim ulta
neously w ith in  the one tum our to enhance cancer pro
gression.

Expression o f miRNAs in thyroid tumours containing BRAF mutation 

Along w ith  looking  at the overall geographical trends o f  
miRNA expression in  a m ultifocal tumour, this data ena
bled us to view the tum our categorically and explore spe
cific aims and questions. Therefore we consequently 
looked at d istinguishing the BRAF containing PTC foci 
from the other cancer areas. A number o f miRNAs were 
found to be both up and down regulated in the PTC areas 
in comparison to all the others (Table 2). These profiles 
indicate that P1"C can be further distinguished from  the 
other tum our areas. Furthermore, several o f these miRNAs 
correspond w ith  miRNAs published in  thyroid cancer- 
related papers, and papers relating miRNAs to the 
tumourigenesis process from  our group and others. For 
instance m ir-222 |19,20), mir-106a [29,30], mir-26a 
[19,29], and m ir-34c [31-33].

Expression o f miRNAs in aggressive thyroid tumours 

It is interesting to further investigate and attempt to d is tin 
guish between the anaplastic and insular tumours as they 
are more aggressive than the usually indolent classic PTC. 
Several miRNAs were found to be both up and down reg
ulated in  the anaplastic areas compared to the insular 
area. Table 3 shows a selection o f  the miRNAs discovered

Table I: Five most up and down regulated miRNAs in eacli tum our area compared to  normal thyroid epithelium.

Classic PTC Insular Carcinom a

Up-regulated m iRNAs

Anaplastic Carcinom a Lym phocytic In filtrate Vascular Invasion

m ir-221 m ir-221 m ir-221 m ir-221 m ir-221
mir-324-5p mir-486 mir-20S mir-205 Iet7e

mir-93 mir-20S mir-324-5p mir-378 mir-412
mir-182* Iet7e mir-486 Iet7e mir-15a
mir-378 mir-320 mir-93 m ir-l5a mir-497

Down-regulated m iRNAs

Classic PTC Insular Carcinom a Anaplastic Carcinom a Lym phocytic In filtrate Vascular Invasion

mir-l24a m ir-l24a mir-328 mir-328 mir-328
mir-192 mir-520e mir-149 m ir-124a mir-423

m ir-U LI48D -l mir-345 mir-520e mir-192 m ir-518a-2*
mir-let-7g mir-7 mlr-375 m ir-152 m ir-124a
mir-let7f mir-140 m ir-l24a m ir-127 m ir-152
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Figure 3
Hierarchical Clustering of m iR N A  profiles. (A ) Hierarchical clustering diagram of the miRNA profiles of the thyroid 
tumour areas. (B) Images illustrating the geographical location of the tumour foci in respect to each other.
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Table 2: Differentially expressed miRNAs in classic PTC tumour 
areas v all others.

Up-regulated miRNAs Down-regulated miRNAs

mir-191* mir-106b
m ir-l46b m ir-451

mir-US33-l mir-26a
m ir-151 mir-199a*

m ir-l93b mir-193a
m ir-222 m ir-34c

m ir-5l8a-2* mir-UL22A-l
mir-106a mir-492
m ir-296 m ir-148b
m ir-197 m ir-U L II2-l
m ir-328 m ir-500
m ir-331 m ir-U LI48D -l
mir-423 mir-let7f

mir-146a

O th e r  areas include insular and anaplastic, and thyrocytes 
surrounding lynnphocytic infiltrate and vascular invasion.

It can be noted  that the three miRNAs m ost up-regulated 
in anaplastic carcinom a com pared to  the insular tum our 
have extremely high RQ values (15668.58, 2326.54, 
474.51). O ne m ight th ink tha t these high values could be 
explained if those miRNAs; m ir-140, mir-345, mir-7 
respectively, are not expressed in the calibrator sample, 
however they are expressed in tha t sam ple so these 
extreme values cannot be attributed to  that. The three 
miRNAs m ost down-regulated in anaplastic carcinoma 
also have extreme RQ values. In this study miRNA expres
sion was evaluated through relative quantification; there
fore these values may result from low  expression levels of 
those miRNAs in the calibrator sample, or very high 
expression in the tum our areas.

Some o f these differentially regulated miRNAs in the ana
plastic carcinom as have also been noted in papers pub
lished by ou r group and others, for instance mir-221

[19,20], m ir-200a [20,31,32], mir-155 [29,30,32,34], and 
m ir-125b [20,29,31].

MiRNAs; biomarkers or crucial biological mediators?
There are currently two m ain schools o f  though t as to the 
utility o f these small RNA gene regulators in the advance
m ent o f  disease treatm ent. The first, and  m ost com m on 
up to  now, being to focus on  data such as tha t above and 
utilize these RNAs as potential new biom arkers. This has 
resulted in the publishing o f num erous papers proposing 
potential miRNA cancer signatures w ith the view to 
im prove diagnosis and early detection [19-21].

The other approach is to view these RNAs as the key to a 
plethora o f knowledge regarding the functioning o f cells 
and the body in both  norm al and disease states. This 
involves elucidating the gene targets o f  the miRNAs and 
therefore their functions and influence in the  cell. MiR
NAs are already thought to possess oncogenic and tum our 
suppressor capabilities, however accurately identifying 
biologically relevant targets that are regulated by individ
ual miRNAs is currendy the p redom inant challenge in this 
area o f  research. This task is further com plicated by the 
fact tha t each miRNA can potentially  regulate many 
mRNA targets and also each mRNA can be regulated by 
several miRNAs.

To further explore this aspect o f  miRNA functionality we 
attem pted to investigate potential targets for the miRNAs 
listed in tables 2 &3. Several publicly available databases 
exist for prediction o f  miRNA target genes. The miRGen 
database was used in this analysis as it allows the produc
tion  o f  lists o f  gene targets com m on to three target predic
tion  databases (miRanda, PICTAR, & TARGETSCAN) 
allowing for increased confidence in the target lists pro
duced. The miRGen putative gene target lists were then 
entered into the PANTHER database in order to identify 
significantly over and under represented pathways. The 
binom ial statistic was used to estim ate this [35]. One

Table 3: Differentially expressed miRNAs in anaplastic tumour areas v insular.

miRNAs Up-regulated in Anaplastic RQ miRNAs Down-regulated in Anaplastic RQ

mir-140 15668.58 mir-328 0.000003
mir-345 2326.54 mir-375 0.00001

mir-7 474.51 m ir-149 0.00002
Mir-124a 23.18 mir-148b 0.067
m ir-221 18.07 m ir-150 0.170
m ir-192 16.39 mir-27b 0.253
mir-99a 12.66 m ir-155 0.302
m ir-127 8.80 mir-30a-5p 0.356

Mir-let7a 6.30 m ir-125b 0.400
mir-let7f 3.75 mir-30d 0.430
Mir-200a 2.50 mir-15b 0.456

T he table also show s th e  fold change in expression.
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could predict that up-regulated miRNAs w ou ld  down-reg- 
ulate their target genes which would  in  turn down-regu- 
late the pathways over represented in  that list. From this 
one could also infer that down-regulated miRNAs w ould  
result in  an up-regulation o f  their target genes and path
ways. Pathways such as cytoskeletal regulation by Rho 
GTPases (p = 0.01) and angiogenesis (p = 0.00006) were 
significandy over-represented in  the putative target lists 
correlating to miRNAs down-regulated in  PTC compared 
to all other areas, and W nt (p = 0.00009) and angiogen
esis (p = 0.003) pathways were significantly over-repre- 
sented in  the putative target lists correlating to miRNAs 
down-regulated in  anaplastic cancer compared to insular 
cancer (thus inferring their possible up-regulation at the 
transcriptome level).

A lthough these are predicted results, they may lead us in  
the right direction in  revealing the biological functioning 
o f these miRNAs. Therefore, in  an effort to explore the 
behaviour o f some cellular processes across different areas 
o f m orphology in  a m ultifocal tum our, we performed 
some im m unohistochem istry on our tissue sections (Fig
ure 4). CD34 was analysed in  an effort to assess microvas- 
cular density (MVD), cytokeratin to stain epithelial cells 
and view d ifferentiation status, and p53 as it  is com m only 
mutated in  this cancer. M orphological assessment and 
evaluation o f  staining intensity may h in t at performance 
o f some o f the pathways mentioned previously such as 
angiogenesis and cytoskeletal regulation and w nt signal
ing.

MVD was marginally increased in  anaplastic cancer (n = 
197) compared to PTC (n = 131). There are varying 
reports on the MVD in  different thyro id  cancers; some 
show that reduced MVD in poorly differentiated cancer is 
associated w ith  poor d ifferentiation and worse prognosis, 
and others demonstrate increased risk o f  recurrence and 
shorter disease-free survival w ith  more vascular PTCs [36]. 
Strong intensity o f  staining in  a high number o f  cells was 
observed w ith  the cytokeratin giving an im m uno score o f 
7 fo r all areas. However there was no staining observed in 
the squamoid and spindled/sarcomatoid components o f 
the anaplastic cancer illustrating the dedifferentiation o f 
these cells. Finally, there was a marginal increase in  p53 
between the anaplastic areas (im m uno score = 4) com
pared to the classic PTC areas (im m uno score = 3). An 
activating m utation in  the p53 gene could explain this 
increase in  expression as mutated p53 is often found in  
anaplastic carcinoma [37].

Discussion
The objective o f  this study was to examine the question o f 
c lonality in  multicentric PTC through correlating the 
m iRNA profiles and genetic alteration status o f  eight 
tum our areas in  a case o f  m ultifocal thyro id  cancer.

A ll o f the tum our areas examined (one area o f  normal thy
roid, two o f  classic PTC, one insular, two anaplastic thy
ro id  carcinomas, and thyrocytes surrounding an area o f 
lymphocytic in filtrate and vascular invasion) proved neg
ative fo r retlPTC 1 rearrangement. The two foci w ith  clas
sic m orphology harboured the BRAF m utation. A ll other 
tum our areas, including the insular and anaplastic were 
negative for the mutation. This result suggests that the 
tumours in  this thyro id arose independently and not as a 
result o f  intrathyroidal metastasis o f  a clonal population 
o f cells. This outcome also agrees w ith  previous reports 
supporting this theory. Park [11] and C iann in i [8] both 
studied BRAF m utation rate on 61 and 69 patients respec
tively and their results suggested 39.3% and 40% o f  the 
m ultifocal tumours may have arisen independently. Sugg 
and colleagues [15] proposed that the m ajority o f  the 
tumours they tested arose independently by showing dis
tinct patterns o f retlPTC rearrangement in  m ultifocal PTC. 
Shattuck and colleagues [13] examined BRAF by u tilis ing  
X-chromosome inactivation on samples from  10 patients 
and reported discordant genetic patterns in  50% o f the 
multicentric PTC. However, McCarthy [10] also used X- 
chromosome inactivation and produced results that sup
port the theory o f  intrathyroidal metastasis. This discord
ance o f  conclusions resulting from  genetic alteration 
analysis illustrates that additional analysis w ou ld  be ben
eficial in  unravelling the tumourigenesis process.

Subsequent to revealing the differential BRAF status o f the 
tum our areas, the study o f  the profiles o f 330 miRNAs in  
the areas provided further insight in to  m ultifocal cancer. 
These miRNA profiles o f  the different tum our areas h igh
lighted the fact that both sim ilarities and differences could 
be found between the different foci. The heat-map in  fig
ure 2 illustrated the apparent non-homogenous nature o f 
the profiles, however when the most h igh ly up and down 
regulated miRNAs from  each area are viewed (Table 1), 
the sim ilarities become more evident. This is an encourag
ing observation as one would  expect sim ilarities in  the 
profiles o f  cells located close to each other, however d if
ferences in  the profiles o f  different morphological variants 
w ou ld  also be expected, as shown by N ik iforova and col
leagues [21]. The down-regulation o f miRNAs in  the can
cer areas compared to normal thyro id  epithelium  follows 
trends found generally when comparing cancers to nor
mal tissue [18]. The up-regulation o f miRNAs in  thyro
cytes surrounding areas o f lymphocytic in filtra te  and 
vascular invasion is an interesting result as the differential 
regulation in  m iRNA and in  turn gene expression may aid 
the progression o f the cancer.

The hierarchical clustering analysis performed on the 
m iRNA profiles unearths some exciting findings (Figure 
3). The normal and cancerous tissue cluster separately and 
there is a further sub-grouping w ith in  the cancer cluster.

Page 9 of 13
(page number not for citation purposes)



Molecular Cancer 2008, 7:89 http://www.molecular-cancer.eom/content/7/1/89

Normal Thyroid Classic PTC Anaplastic Cancer

2D m Mi m m m

Normal Thyroid Classic PTC Anaplastic Cancer

CD34
' o

10 pM

Normal Thyroid Classic PTC Anaplastic Cancer

(D)

Cytokeratin

(C)

p53
10 mm

Normal Thyroid Classic PTC  & Anaplastic Cancer

Figure 4
H&E & immunohistochemistry staining of thyroid sections. (A ) H&E stained sections of normal thyroid, classic PTC, 
anaplastic thyroid cancer, and insular carcinoma. (B ) Immunohistochemical staining for CD34 in normal, PTC, and anaplastic 
sections. (C ) Immunohistochemical staining for p53 in normal, PTC, and anaplastic sections. (D ) Immunohistochemical staining 
fo r cytokeratin in normal thyroid, and in an area showing classic PTC and anaplastic cancer areas.
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Initial exam ination o f the figure may suggest tha t the 
tum our areas group together depending on  their geo
graphical position w ithin the thyroid. The sites o f  the dif
ferent tum our areas captured w ithin the thyroid sea io n  
can be viewed in figure 3b, and com pared to the two sub
groups in w hich they fall in figure 3a. From this one can 
see tha t the anaplastic carcinoma 1, lymphocytic infiltrate, 
and vascular invasion all fall in to  the  sam e sub-group, and 
the insular and anaplastic carcinom a 2 areas also sub
group together. However the classic PTC 2 area groups 
away from  the o ther tum our foci tha t are close to  it and 
aligns itself w ith the other PTC area. This may indicate 
tha t these tw o foci, w hich bo th  contain the BRAF m uta
tion, possess sim ilar genetic profiles and m ay suggest that 
they are clonal in origin and have originated from  the 
sam e m utational event. However, the anaplastic carcino
m as separate into the two sub-groups w ithin the cancer 
cluster perhaps indicating that these cancers may have 
arisen independently. Therefore one m ight speculate that 
it m ay no t be a question as to  w hether multifocal tum ours 
arise due to  the clonal metastasis o f  tum our cells or o f 
independently  m utational events, bu t perhaps bo th  phe
nom ena can occur sim ultaneously w ithin the one tum our 
to  enhance cancer progression.

The ability o f the miRNA profiles to  distinguish the classic 
PTC foci from  all other cancer areas, and the two more 
aggressive types o f cancer from  each other (Tables 2 &3) 
enforces the  concept o f divergent miRNA profiles w ithin 
disparate foci o f a multifocal tum our. Previous studies 
involving miRNA expression profiling have com pared 
tum our to  norm al tissue to determ ine the differentially 
regulated miRNAs and in turn  potential biom arkers [18]. 
Due to  the  m any types o f thyroid cancer, miRNA profiles 
have been exam ined in several different thyroid tum ours 
[21]. However no study has investigated miRNA expres
sion w ithin a m ultifocal tum our. The varying miRNA pro
files in the different foci o f this tum our highlight a caveat 
tha t ought to be observed in the search for the discovery 
o f  future cancer biom arker signatures, particularly in the 
context o f  m ultifocal tum ours.

This body of work also invokes a debate as to the practical 
uses o f  this emerging technology. Are these small RNAs to 
be considered solely as biom arkers as discussed above, or 
should  we delve deeper into the functions o f  these regula
tors to  enhance our understanding o f  disease processes? 
For instance, do the miRNAs respond to  the cellular 
changes observed when a norm al cell transform s into a 
cancer cell, or are they intrinsic m ediators in this transfor
m ation. It has been previously suggested that miRNAs 
m ay possess oncogenic or tum our suppressor roles in the 
cell. For research in this field to  progress, advancements 
m ust be m ade in  the discovery o f the gene targets o f  the 
miRNAs. For this reason we endeavoured to  predirt the

gene targets o f som e o f the miRNAs found to  be differen
tially regulated in this study. These predicted results gen
erated som e biologically plausible pathways tha t may be 
influenced by miRNAs in the developm ent o f  this cancer. 
Pathways such as angiogenesis and W nt signalling are par
ticularly relevant w hen considering the biology o f  this 
cancer due to  their previous associations w ith this disease.

C om ponents o f the W nt signalling pathw ay such as (3-cat- 
enin  and APC have been found to be m utated  in m any 
cancers including thyroid cancer [38]. The pathway can be 
hyperactivated due to  DNA m ethylation or specific m uta
tions resulting in the stim ulation o f  cancer progression via 
the up-regulation o f m ultiple genes involved in cell cycle 
progression, invasion, motility, and differenfiation [39]. 
Aberrant activation of the W nt pathw ay has been linked to 
the  dedifferentiation o f thyroid cells, a process universally 
observed w ith anaplastic thyroid cancer [40]. This pa th 
way could have a role in the dysregulation o f  the cytoskel- 
eton through the disruption o f the cadherin-catenin 
com plex com prised o f e-cadherin, (3-catenin, and a-cat- 
enin. D isruption or loss o f the com plex plays a prom inent 
role in cancer and leads to  loss o f cell-cell adhesion, 
cytoskeletal remodelling, and increased m igration in  a 
process related to epithelial to  mesencymal transition 
(EMT). EMT is a com m on occurrence in cancer progres
sion and plays an im portant role in metastasis [41]. The 
m ajority o f carcinomas (including thyroid cancer) lose e- 
cadherin m ediated cell-cell adhesion. Smyth and col
leagues [42] investigated e-cadherin mRNA expression in 
various thyroid tissue types and found a decrease in 
expression levels w ith decreasing differentiation. The up- 
regulation o f the W nt signalling pathw ay observed in this 
study and the reported loss o f  e-cadherin expression in 
anaplastic cancer could culm inate in the disruption o f the 
cadherin-catenin com plex may be an im portan t fartor in 
the dedifferentiafion and m alignancy o f this cancer.

Angiogenesis is also a prevalent feature in thyroid cancer, 
and one o f the hallm arks o f  cancer. M utation o f  the 
tum our suppressor p53 is com m only found in anaplastic 
cancer and was observed here (Figure 4). Hassan & col
leagues [43] showed tha t secretion ofVEGF was decreased 
by 34%  in undifferentiated thyroid cancer cells in which 
m utated  p53 has been knocked down; im plicating this 
protein  in angiogenesis. There have also been studies 
show ing the ability o f  exogenous wild type p53 to 
increase chemosensitivity in ATC cell lines. It has been 
suggested that the com bination  o f chem otherapy with 
wild type p53 gene therapy may be efficacious in treating 
ATC [37]. Therefore, although the results o f  gene targets 
analysis are speculative at this stage, they may provide 
insight in to  miRNAs' role in the m echanism s o f cancer 
progression and provide inspiration for further research.
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Conclusion
The genetic analysis performed on the muhifocal thyroid 
tumour areas consisting of divergent morphologies indi
cated that the insular and anaplastic tumours did not arise 
from PTC progenitor foci. However, due to the discord
ance in conclusions in other studies examining this issue, 
the miRNA profiles of the tumour areas were examined in 
an effort to shed further light on the tumourigenesis proc
ess. This analysis provided an interesting interpretation to 
the answer of the clonality question. Similarities were 
seen among the tumour areas (which must be anticipated 
due to the close proximity of the foci) but differences were 
also noted. The hierarchical clustering analysis indicated 
that the multiple foci may not have arisen due to the 
clonal metastasis of tumour cells or of independently 
mutational events, but perhaps both phenomena can 
occur simultaneously within the one tumour to enhance 
cancer progression.

This study illustrates the potential variability of miRNA 
expression in different tumour micro-environments. It 
highlights the importance of considering and reporting 
the areas of the tumour from which cells are excised for 
the study of miRNA expression. In light of this informa
tion, studies reporting miRNA signatures specific for dis
ease types may need to be refined to allow for or exploit 
this variability. Studies may choose to report global 
expression patterns for whole sections of tumour, or alter
natively focus on miRNA patterns that associate with pro
pensity for metastasis -  e.g. miRNAs altered in vascular 
areas, or perhaps those miRNAs with altered expression in 
hypoxic areas of tumour -  which might correlate with 
resistance to chemotherapeutic intervention. The latter 
approach has particular promise in a translational medi
cine setting where a personalised approach to medicine 
may be indicated.

Another approach might be to investigate the differen
tially regulated miRNAs harvested from nominated areas 
(e.g. areas exhibiting lymphocytic infiltration or vascular 
invasion) of different types of tumours to determine 
whether they are universal markers of these features, or 
specific to lymphocytic infiltration or increased vasculari- 
sation in the thyroid.

Finally, when considering the best potential applications 
of miRNAs, either as biomarkers or biological mediators 
of disease, the answer remains to be seen. Further research 
is required to provide both solid information on the gene 
targets of these RNAs and robust miRNA biomarker signa
tures.
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