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Abstract 

Familial nonmedullary thyroid carcinoma (FNMTC) is a hereditary condition that 

affects two or more first degree relatives in the absence of other syndromic, 

predisposing or environmental causes. FNMTC is less common than sporadic NMTC; 

the relative frequency of FNMTC to sporadic NMTC ranges from 3-10.5%. Studies 

investigating the genetic basis of FNMTC have identified a number of genes that appear 

to influence risk for the disease, however together these explain only a small proportion 

of the heritability of the cancer.  

 

Current research has provided little clarification on the number of genes or variants 

likely to be involved in the aetiology of FNMTC. Additionally, a number of causal 

variants and genes may be involved in each family, or the causal genes and private 

mutations may be completely different for each family, adding further complexity to the 

task of elucidating the aetiology. Therefore, this research aimed to perform exome 

sequencing and examine this data from an Australian FNMTC cohort in order to 

identify potential candidate genes involved with FNMTC. 

 
Firstly, whole exome sequencing was performed on 79 individuals from the cohort, 

including those affected and unaffected by FNMTC, in order to identify potentially 

pathogenic rare variants that may play a role in the cancer. A variant in the RASSF1 

gene, designated A144P, was identified as a potential candidate mutation in one 

kindred. Computational analysis was performed to predict the effects of this variant, and 

it was shown to be potentially damaging. Protein modelling predicted that the mutated 

protein would be less stable that its wild-type counterpart. A number of functional 

studies were performed to examine selected consequences of this variant on the cell 

cycle, protein binding, apoptosis and the HIPPO signalling pathway. From these studies, 

it was demonstrated that the RASSF1A A144P mutant does influence the function of 
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RASSF1A – it decreased RASSF1A protein stability and, through its ability to alter the 

expression of key genes involved in apoptosis and the cell cycle, may have important 

affects on these functions. Further detailed studies will be required in future to fully 

characterise the precise mechanisms and full repertoire of consequences of the mutation. 

Since RASSF1 has tumour suppressor properties, reduced stability may lead to a less 

abundant and therefore less effective protein, leading to unrestricted proliferation of 

mutated cells, ultimately causing tumorigenesis.  

Secondly, the exome sequencing data was analysed for known and novel pathogenic 

variants in genes previously associated with FNMTC. A HABP2 variant, designated 

G534E, was reported previously to be associated with FNMTC. In the present study, the 

G534E variant was identified in a single kindred, but it did not cosegregate with disease 

in the kindred, and prevalence studies in two independent populations indicate that it is 

a common polymorphism. Its role (if any) in the pathogenesis of thyroid cancer remains 

to be determined. In a separate kindred, a novel variant in SRRM2, designated R1805W, 

was identified which co-segregated with the disease. The variant was not present in 

other kindreds or in 87 patients with sporadic thyroid cancer. The frequency of this 

variant in the general population indicates that it is a rare variant, and the role of this 

variant in the pathogenesis of thyroid cancer remains to be determined. 

In the remaining 37 kindreds, no confirmed pathogenic mutation was demonstrated by 

exome sequencing despite detailed bioinformatic analysis. This suggests that in most 

kindreds, FNMTC may be a polygenic disease, rather than a monogenic disease 

exhibiting Mendelian inheritance, as was previously thought. It may also suggest that 

the mutations involved are non-exonic and additional sequencing such as whole genome 

sequencing may be required to elucidate the causative mutations.  



 
 

V 

Overall, FNMTC is a genetically complex disease. This study provides evidence 

implicating the RASSF1A gene as a novel candidate with a potential role in some 

kindreds with FNMTC, and evidence for the possible involvement of the SRRM2 gene 

in other kindreds. In most kindreds, however, FNMTC is likely to be a polygenic 

disease, and the genetic architecture underlying it remains largely unknown. 
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1 Introduction 

1.1 Background 

The thyroid gland is an important part of the human endocrine system. It is a butterfly-

shaped organ located in the neck, lying just below the thyroid cartilage of the larynx 

(Demers, 2004). The thyroid gland releases the thyroid hormones triiodothyronine (T3) 

and thyroxine (T4), which perform a number of roles in the body, including regulation 

of growth, regulation of metabolism for energy and heat production, development and 

maintenance of the nervous system – functions which are essential for childhood 

development and adult health (McAninch et al., 2014). As with most hormone systems, 

elevated levels of T3 and T4 in the blood exert negative feedback onto the 

hypothalamus and pituitary (Fekete et al., 2007). This limits additional release of 

thyrotropin-releasing hormone (TRH) and thyroid-stimulating hormone (TSH) to 

maintain a balance of hormone levels in the bloodstream (Hiller-Sturmhofel et al., 

1998). Around one in 20 people will experience some form of thyroid dysfunction in 

their lifetime (Johnson, 2011). Common problems include overactivity and 

underactivity of the thyroid gland and cancer (Johnson, 2011).  

Thyroid cancer is the most common endocrine malignancy, accounting for 94.5% of all 

endocrine malignancies (DeVita et al., 2015). Nonmedullary thyroid cancer (NMTC) 

accounts for approximately 80% of thyroid malignancies. The incidence of thyroid 

cancer is increasing worldwide – in the US alone, the incidence has almost tripled in the 

last 30 years and worldwide it has almost doubled since 2000. Thyroid cancer occurs in 

a sex ratio of approximately 3 females to 1 male, however incidence is increasing in 

both genders worldwide (Rahbari et al., 2010). 
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A study of 77,276 US patients diagnosed with thyroid cancer from 1974-2013 

determined that the incidence increased, on average, 3.6% per year (95% CI, 3.2% - 

3.9%) during this period (Lim et al., 2017). The incidence increased from 4.6 per 

100,000 in 1974-1977 to 14.4 per 100,000 in 2010-2013 and was primarily related to 

increases in papillary thyroid cancer across all tumour sizes and stages (Lim et al., 

2017). A 1.1% per year increase in the mortality rate was also identified, suggesting that 

this is a true increase in incidence, rather than due to over-screening (Lim et al., 2017). 

In Australia, thyroid cancer is the seventh most common cancer affecting women and an 

important public health problem with an estimated eight new cases diagnosed every 

day; it is the third most common cancer affecting women aged 25-49 (Australian 

Institute of Health and Welfare 2017). In 2018, thyroid cancer is expected to affect 

3,330 people, up from 2,553 people in 2013 (Australian Institute of Health and Welfare 

2017). 

Between 1982 and 2017, thyroid cancer had the greatest percentage increase of any 

cancer in Australia, with the age-standardised incidence rate of 351% (from 2.7 to 12 

per 100,000 persons) (Australian Institute of Health and Welfare, 2018). The increase in 

thyroid cancer may be due to an increase in medical surveillance and the introduction of 

new diagnostic techniques, such as neck ultrasonography (Vaccarella et al., 2016).  

Thyroid cancers can be classified into five different types of carcinomas - papillary 

thyroid carcinoma (PTC), follicular carcinoma (FTC), anaplastic (undifferentiated) 

carcinoma, medullary carcinoma and poorly differentiated carcinoma. The research 

detailed in this thesis focuses on non-medullary thyroid cancers. Most non-medullary 

thyroid cancers occur in younger adults and therefore occur during peak employment 

and reproductive years. Despite low mortality rates and high 5 year survival rates, local 
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recurrence occurs in up to 20% of patients and distant metastases form in approximately 

10% at 10 years (Eustatia-Rutten et al., 2006; Mazzaferri et al., 1995).  

Familial non-medullary thyroid cancer (FNMTC) is a hereditary condition that is 

defined by the presence of NMTC in 2 or more first degree relatives in the absence of 

other syndromic, predisposing or environmental causes (Bonora et al., 2013). FNMTC 

is much less common than sporadic NMTC; the relative frequency of FNMTC to 

sporadic NMTC ranges from 3-10.5% (Orsenigo et al., 2003). First degree relatives of 

thyroid cancer patients are up to 8.6 times more likely to develop the cancer. On the 

basis of familial clustering and this increased familial risk ratio, it has been suggested 

that there is a strong hereditary basis to FNMTC (Fallah et al., 2013; Goldgar et al., 

1994; Oakley et al., 2013). Studies specifically investigating the genetic basis of 

FNMTC have identified a number of genes that appear to influence risk for the disease: 

NKX2-1 (Ngan et al., 2009), SRGAP1 (He et al., 2013a), FOXE1 (Landa et al., 2009), 

SRRM2 (Tomsic et al., 2015) and most recently C14orf93 (Liu 2017), but together these 

explain only a small proportion of the heritability of the cancer. A number of 

susceptibility candidate chromosomal loci have also been identified, at 1q21, 6q22, 

8p23.1-p22, and 8q24 (Cavaco et al., 2008; He et al., 2009; Suh et al., 2009). Recently, 

another candidate variant was suggested for FNMTC, the G543E variant in the HABP2 

gene (Gara et al., 2015); however we and others have shown that this variant is common 

in the general population and does not co-segregate with disease (Alzahrani et al., 2016; 

Tomsic et al., 2016; Weeks et al., 2016; Zhao et al., 2015). Therefore, it is clear that 

substantial further research is necessary to fully elucidate the genetic basis of FNMTC.  

However, a number of challenges have been identified in elucidating the genetic basis 

of FNMTC which have impacted research to date. Studies thus far have only involved 

relatively small cohort numbers, which may not be as informative as larger cohorts with 

larger families including four or more affected individuals. The mode of inheritance of 
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FNMTC remains unknown, but it is believed to be complex, involving multiple loci that 

show autosomal dominant or codominant inheritance with incomplete penetrance and 

variable expressivity, making variants more difficult to detect. That is, an individual 

may have the inherited genetic lesion(s) but not get thyroid cancer, or the cancer may be 

more or less aggressive. Current research has provided little clarification on the number 

of genes or variants likely to be involved. Additionally, a number of causal variants and 

genes may be involved in each family, or the causal genes and private mutations may be 

completely different for each family, adding further complexity to the task of 

elucidating the aetiology. 

This chapter provides an overview of thyroid cancer, specifically the different 

histological subtypes and their corresponding genetic mutations. Since FNMTC is the 

focus of this thesis, a review of the literature is included together with background 

information about relevant genes and mutations involved in thyroid cancer, which 

provides context for the research work performed. 

1.2 The Genetics of Non-medullary Thyroid Cancer 

Thyroid cancers can be classified into five different types of carcinomas - papillary 

thyroid carcinoma (PTC), follicular carcinoma (FTC), anaplastic (undifferentiated) 

carcinoma, medullary carcinoma and poorly differentiated carcinoma. The prevalence 

of each of these thyroid carcinomas is described in Table 1-1. below (Nikiforov et al., 

2011b). 
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Table 1-1: Prevalence of thyroid cancer subtypes. 

Carcinoma type Prevalence (%) Cell Type 

Papillary Thyroid Carcinoma 80-85 Follicular 

Follicular Carcinoma 10-15 Follicular 

Anaplastic (undifferentiated) carcinoma 1-2 Follicular 

Medullary carcinoma 3-5 C cell 

Poorly differentiated carcinoma <2 Follicular 

 

 

After PTCs, follicular carcinomas are the second most common thyroid cancer. 

However, they are far less common and account for only 10-15% of thyroid cancers. 

Anaplastic, medullary and poorly differentiated carcinomas each account for less than 

5% of all thyroid cancers (Table 1-1). Thyroid cancers are mostly derived from 

follicular cells with the exception of medullary carcinomas which arise from thyroid C 

cells (Nikiforov et al., 2011b). Thyroid carcinomas that are derived from follicular cells 

are termed non-medullary thyroid carcinomas (NMTCs).  

This thesis will focus on the germline mutations involved in PTC, follicular variant PTC 

(FvPTC) subtypes of NMTC, and in particular FNMTC. The other forms of thyroid 

cancer were not the subject of research work for this thesis and will not be discussed 

further. 

1.2.1 Papillary Thyroid Carcinoma  

PTC is caused by environmental, genetic and hormonal factors and has been previously 

correlated with exposure to radiation (Lloyd et al., 2011). Patients with PTC usually 

present with a palpable nodule in the thyroid. A fine needle aspiration (FNA) is the most 

common method used to examine a single thyroid nodule as it has a very high accuracy 
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and can allow earlier diagnosis of the tumour (Al-Brahim et al., 2006; Lloyd et al., 

2011; McDonald et al., 2011).  

PTC is derived from follicular cells and comes in fifteen different forms, the most 

common being classical PTC, FvPTC, papillary microcarcinoma and tall cell PTC 

(Nikiforov et al., 2011b). Histologically, each form appears as a combination of growth 

patterns, nuclear changes and cell types. Therefore, classification of PTC into each 

subtype can be difficult. However, there is a general agreement that the subtype will be 

classified by the predominant pattern present (Lloyd et al., 2011). 

Classical PTC was first named due to the predominant papillary architecture displayed 

in the tumour. However, it was later discovered that a lot of these tumours contained a 

large number of follicles (Albores-Saavedra et al., 2006). The criteria for diagnosing 

PTC are now based on the cytological nuclear structure. Nuclear features which are 

indicative of PTC include a large, pale staining, irregularly shaped nucleus, with the 

appearance of "ground glass" or nuclear clearing (Lloyd et al., 2011; Trovisco et al., 

2007). Nuclei may also have "grooves" (Rivera et al., 2010). However, if there is 

uncertainty, other characteristics such as papillary architecture with branching, diffuse 

growth, stromal reaction and focal psammoma bodies (laminated calcification) can be 

analysed (Kuriakose et al., 2001; Lloyd et al., 2011; Trovisco et al., 2007). Figure 1-1A 

shows a histological view of classical PTC. The enlarged nuclei with nuclear clearing 

and papillae with fibrovascular cores are visible (Lloyd et al., 2011).  
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Figure 1-1: H&E staining of PTC subtypes. A) Classical PTC. B) FVPTC. C) 
Papiliary microcarcinomas. D) Tall cell PTC (Lloyd et al., 2011). 

 

FvPTC is characterised by the presence of follicles with various sizes, containing nuclei 

consistent with the characteristics of classical PTC. Its colloid is usually darker than 

classical PTC and may have a "bubblegum" appearance (Figure 1-1B) (Lloyd et al., 

2011).  

Papillary microcarcinomas are another form of PTC. They are defined as being less than 

1 cm in diameter and are being diagnosed more frequently due to the use of ultrasound-

guided FNA biopsies (Lloyd et al., 2011; Noguchi et al., 2008). Papillary 

microcarcinomas less than 1 mm in size often show a follicular pattern. Large 

encapsulated microcarcinomas have follicular or papillary architecture; however, they 

are not very common. Figure 1-1C shows a histological view of a larger 
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microcarcinoma, approximately 2 mm in size which has desmoplastic stroma, causing 

fibrosis (Albores-Saavedra et al., 2006).  

Tall cell PTC, as the name suggests, contains cells 2 to 3 times taller than they are wide 

(Figure 1-1D). The nuclei have the same features as classical PTC, however the tumours 

themselves are generally larger and more aggressive (Lloyd et al., 2011). 

1.3 Genetics of PTC 

There are a number of somatic gene mutations that are involved with thyroid cancers, 

particularly PTC. Most of the mutations found in PTC are involved with the MAPK 

pathway, including RET/PTC rearrangements, RAS mutations and BRAF mutations 

(Nikiforov et al., 2011b). Other mutations are also present in some PTC cases, however 

not as often. These include mutations in the PTEN and PIK3CA genes. 

1.3.1 RET/PTC Rearrangements 

Somatic RET/PTC rearrangements are thought to occur in 10-20% of PTC cases 

(Nikiforov et al., 2011b). It is a chromosomal rearrangement in which part of the RET 

proto-oncogene, which is located at band q11.2 on chromosome 11, is fused with one of 

several possible partner genes to create a rearrangement. This always involves intron 11 

from the RET gene, which contains the intracellular tyrosine kinase domain, and the 5' 

end of a partner gene which leads to constitutive expression in the thyroid (Corvi et al., 

2001a; Corvi et al., 2001b). This expression leads to chronic stimulation of the MAPK 

signalling pathway and tumorigenesis in thyroid cells (Nikiforov et al., 2011b).  
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Figure 1-2: The MAPK and PI3K-AKT Pathways (Nikiforov et al., 2011b). 

 

There are twelve known partner genes that fuse with RET; the two most common being 

the CCDC6 gene which leads to the rearrangement RET/PTC1 and the NCOA4 gene 

which leads to the RET/PTC3 rearrangement. Activation of the MAPK pathway (Figure 

1-2) is a common tumour initiating event in PTC. This is due to the disruption of the 

normal cell processes of proliferation, differentiation and survival as the tyrosine 

kinases cannot regulate these processes (Nikiforov et al., 2011b). This results in the up-

regulation of cell division and proliferation (Eze et al., 2011). Of note however, 

germline RET/PTC rearrangements are reported as not playing a role in FNMTC. 

1.3.2 RAS Mutations 

Somatic RAS mutations are found in multiple types of thyroid cancers, including PTC, 

and like RET/PTC rearrangements, also account for approximately 10-20% of PTC 

cases (Nikiforov et al., 2011b). There are three isoforms of RAS gene mutations – 

HRAS, KRAS and NRAS (Howell et al., 2013). Like RET/PTC mutations, the HRAS, 

KRAS and NRAS genes are involved in the MAPK signalling pathway, however they are 
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also involved in the PI3K-AKT pathway (Figure 1-3). These genes encode G-proteins 

which work to transmit signals from the cell-membrane receptor tyrosine kinases and 

G-protein-coupled receptors along these pathways (Nikiforov et al., 2011b).  

RAS mutations have also been found to lead to tumourigenesis (Howell et al., 2013). 

Activating point mutations in codon 61 of NRAS and HRAS are most common in thyroid 

cancer although mutations also affect codons 12 and 13 (Nikiforov et al., 2011b). RAS 

mutations are thought to not play a role in FNMTC. 

1.3.3 BRAF Mutations 

The BRAF proto-oncogene is a serine-threonine kinase and is a downstream signalling 

molecule of RAS and RET (Eze et al., 2011). Mutations in the BRAF gene are activators 

of the MAPK pathway and like RAS and RET mutations, have been found to lead to 

tumourigenesis (Nikiforov et al., 2011b). There are a number of BRAF mutations found 

in a range of human cancers, however one particular mutation, BRAFV600E, is the most 

common mutation in PTC (Howell et al., 2013). It accounts for 98-99% of BRAF 

mutations in thyroid cancers and affects approximately 35-70% of PTC cases (Lee et 

al., 2011; Nikiforov et al., 2011b). BRAFV600E is caused by a point mutation from 

thymine to adenine at position 1799 which causes a valine to glutamate change at 

residue 600 (Nikiforov et al., 2011b). This mutation is more prevalent in males than 

females (Eze et al., 2011).  

BRAFV600E is thought to increase kinase activity and activate the chronic stimulation of 

the MAPK pathway (Lee et al., 2011; Nikiforov et al., 2011b). In BRAFV600E-positive 

thyroid cancer cell lines and BRAFV600E transgenic mice, the mutation causes tumour 

initiation, transformation, growth, proliferation and dedifferentiation (Lee et al., 2011). 

The presence of BRAFV600E in PTC is as associated with poorer patient outcomes, with 

problems such as lymph node metastasis, extra-thyroidal extension, increased rates of 



 
 

13 

tumour recurrence and advanced tumour grade at presentation (Eze et al., 2011). 

Mutations in BRAF are considered to not be relevant to FNMTC. 

1.3.4 NTRK1 Mutations 

Mutations in the TRK, also called the NTRK1 gene, occur in less than 5% of all PTC 

cases (Nikiforov et al., 2011b). The NTRK1 gene also encodes for a tyrosine kinase, 

however it is not usually expressed in thyroid follicular or parafollicular epithelial cells 

(Hunt, 2002). This mutation is a chromosomal rearrangement of NTRK1 in which the 

gene, located on chromosome 1q22, can fuse to at least three different partner genes 

located on a number of chromosomes (Nikiforov et al., 2011b). NTRK1 mutations cause 

altered signal transduction and ultimately chronic stimulation of the MAPK pathway 

(Nikiforov et al., 2011b; O'Brien et al., 2010), leading to malignant transformed cells 

(O'Brien et al., 2010). There is no evidence so far for a role of NTRK1 mutations in 

FNMTC.  

1.3.5 The PAX8/PPARγ fusion protein (PPFP) 

The PAX8 gene is also involved in certain thyroid cancers, however more studies are 

required in order to determine the pattern of expression and the role it plays in thyroid 

cancers (Kimura, 2011). An oncogene involving PAX8 has been implicated in FTC, 

named the PAX8-peroxisome proliferator-activated receptor gamma (PPARγ) fusion 

protein (PPFP) (Eberhardt et al., 2010). The PPFP is created by a translocation 

between chromosome 2 and 3, where the 2q13-qter region of PAX8 is translocated to 

3p25 in the PPARγ gene (Eberhardt et al., 2010). This translocation causes a fusion of 

most of the coding sequence of PAX8 and the entire translated reading-frame of PPARγ. 

Expression of the PPFP is driven by the PAX8 gene promoter (Kroll et al., 2000). Due 

to this mutation, the usual function of the PAX8 gene is interrupted, leading to 

suggestions that this alteration could be the mechanism which influences 
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tumourigenesis (Eberhardt et al., 2010). Tumours with the PPFP mutation have been 

found to be smaller in size, present at a younger age, have a solid, nested growth pattern 

and present with more frequent vascular invasion (Nikiforov, 2011a). 

PPFP is most commonly expressed in FTC, however it is also expressed in FvPTC, 

follicular adenomas and Hürthle cell carcinoma (Kimura, 2011). It is found in 

approximately 30-40% of FTC cases, approximately 2-10% of follicular adenomas 

cases and less than 5% of FvPTC cases (Nikiforov, 2011a). Although most studies 

report that the PPFP is not commonly found in FvPTC, single studies have been 

performed which suggest that the incidence is much higher, with one study suggesting 

an incidence of 37.5% (Castro et al., 2006). There is no convincing evidence for a role 

of PAX8 mutations in FNMTC. 

1.3.6 Other Mutations 

There are two other mutations which are involved in thyroid cancer that may be 

involved in PTC which are not involved in the MAPK pathway: mutations in the PTEN 

and PIK3CA genes. The PTEN gene normally functions as a tumour suppressor gene, 

however in thyroid cancer the PTEN gene experiences a loss of heterozygosity (LOH) 

mutation in which one allele is already not functioning and the remaining allele then 

loses its normal function. Point mutations in PTEN are rare in thyroid carcinomas 

(Hunt, 2002). 



 
 

15 

 

Figure 1-3: PTEN methylation leading to self-enhancement of the PI3K/Akt 
signalling pathway (Xing, 2010). 

 

The loss of PTEN protein expression has been associated with FVPTC in a middle 

eastern cohort (Beg et al., 2015). 

PTEN is a phosphatase and is a negative regulator of the PI3K/Akt signalling pathway 

which is involved with cell growth, proliferation and survival (Hou et al., 2007). It 

works to terminate the PI3K/Akt signalling pathway by acting on a molecule known as 

PIP3, involved in signal relaying, by dephosphorylating it and thus terminating the 

pathway (Xing, 2010). Activation of the PI3K/Akt signalling pathway with the mutated 

form of PTEN may lead to hypermethylation and silencing of PTEN (Figure 1-3) which 

removes the terminating action of PTEN on the pathway and causes tumourigenesis. 

This is due to the wide range of functions associated with the abnormal PI3K/Akt 

signalling pathway, such as promotion of cell proliferation and inhibition of cell 

apoptosis (Xing, 2010).  

Another gene involved in thyroid cancer, PIK3CA, is thought to play a role in some 

PTC cases. PIK3CA is a proto-oncogene which encodes for PI3K, an effector in the 

PI3K/Akt signalling pathway (Nikiforov et al., 2011b; Wu et al., 2005). It is involved in 

a number of different cancers, including ovarian cancer, cervical cancer and non-small 

cell lung cancer (Wu et al., 2005). Previous studies have shown its involvement in 
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FvPTC, poorly differentiated carcinomas, anaplastic carcinomas and a small number of 

PTC cases (Abubaker et al., 2008; Nikiforov et al., 2011b). 

Like PTEN, increased activity of PIK3CA has been shown to be involved in the altered 

PI3K/Akt signalling pathway (Xing et al., 2012). PIK3CA has been found to have 

mutating or amplifying alterations and has been found to be amplified in a small number 

of PTC cases (Abubaker et al., 2008). It is activated by receptor tyrosine kinases and 

some G-protein-coupled receptors and works to activate PIP3 by phosphorylation. As 

previously mentioned, the abnormal function of the altered PI3K/Akt signalling 

pathway inhibits apoptosis and promotes cell proliferation, causing tumorigenesis 

(Xing, 2010). However, PTEN and PIK3CA do not appear to play a role in FNMTC. 

1.4 Familial Non Medullary Thyroid Carcinoma 

As mentioned, a number of cases of NMTC have been found clustered in families, more 

often than can be explained by chance, leading to the recognition of a familial form of 

NMTC (FNMTC) (McDonald et al., 2011). The first reported case of FNMTC was in a 

set of identical twins and was reported in 1955 (figure 1-4) (Robinson et al., 1955). One 

twin discovered two nodules in her neck and underwent a biopsy on one which was 

reported to contain metastatic carcinoma, probably originating in the thyroid. On the 

same day of her admission, her twin asked to be examined for a similar mass in her neck 

and was admitted at the same time as her sister. The 24-year old monozygotic twins 

presented with thyroid cancer of follicular origin and underwent a total thyroidectomy 

and radical neck dissection 2 days apart (Chandler et al., 1988; O’Connell et al., 2015).  
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Figure 1-4: Identical twins at 24 years of age were the first reported cases of 
FNMTC (Nemec et al., 1975). 

 

Then in 1975, it was reported that a 9 year old boy and his mother were both diagnosed 

with NMTC, with no prior radiation exposure nor familial colonic polyposis detected 

(Nemec et al., 1975). Over the last 20 years, the case for the existence of a genetic 

component has become more widely accepted (Burgess, 1997; de la Chapelle, 2013; 

Hemminki et al., 2005; LiVolsi et al., 2009; Marchesi et al., 2000; McDonald et al., 

2011; Rios et al., 2001; Sturgeon et al., 2005).  

FNMTC is defined as when two or more first-degree relatives are affected with thyroid 

cancer of follicular cell origin and are found to have thyroid cancer, in the absence of 

syndromic and other predisposing or environmental causes (Bonora et al., 2013; Moses 

et al., 2011). FNMTC is much more uncommon than sporadic NMTC with the 

estimated frequency of FNMTC ranging from 3.2% to 6.2% among all thyroid cancer 

cases, but the precise prevalence is unknown (Moses et al., 2011). However, more 

recent studies have estimated that approximately 5% of cases are FNMTC (Pinto et al., 
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2014) though no specific genetic mutation has yet been discovered (Peiling Yang et al., 

2016; Wang et al., 2015).  

FNMTC is thought to be an autosomal dominant condition with incomplete penetrance 

and variable expressivity – that is, not all people with a mutation will develop FNMTC 

and people with FNMTC may express different clinical features, including age of onset, 

even though they have the same condition (Gomes et al., 2011). First degree relatives of 

thyroid cancer patients are up to 8.6 times more likely to develop thyroid cancer than 

those with no affected relatives (Fallah et al., 2013; Goldgar et al., 1994; Oakley et al., 

2013). Recent studies have suggested that the second generation of FNMTC patients 

have a higher risk of developing FNMTC than first generation individuals (Zhou et al., 

2017).  

A number of studies have been performed to assess the aggressiveness of FNMTC 

compared to sporadic NMTC. Several studies reported that FNMTC is more aggressive 

in that FNMTC affected individuals may have increased recurrence rates due to 

increased risk of multifocal disease, lymph node metastases and local invasion 

compared to other studies which report that it is no more aggressive than the sporadic 

type (Alsanea et al., 2000; Gomes et al., 2011; Park et al., 2012). However, there were 

also a number of studies that disputed this, claiming that the extent and aggressiveness 

of the disease is similar in sporadic and familial NMTCs (Ito et al., 2009; Loh, 1997; 

Moses et al., 2011; Robenshtok et al., 2011).  

A 2013 publication examined the aggressiveness of FNMTC (Mazeh et al., 2013). It 

discusses the aggressiveness of sporadic NMTC versus FNMTC in a number of studies, 

however there are conflicting data on the tumour aggressiveness and the results were 

inconclusive on which is more aggressive (Mazeh et al., 2013). 	
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To further address the aggressiveness of FNMTC, a recent meta-analysis of 12 studies 

with a total of 12,741 participants was performed (Wang et al., 2015). This study 

suggests that FNMTC is more aggressive due to higher recurrence rate and lower 

disease-free survival when compared to sporadic NMTC (Tavarelli et al., 2015; Wang 

et al., 2015). However, there is an issue with these reports in that they include families 

who have only two affected individuals. With only two affected patients, the chance of 

some of them being affected with sporadic NMTC rather than FNMTC is high (62-

69%) (Charkes, 2006). With families that have three or more affected patients, the 

chance of this is much lower, approximately 4% (McDonald et al., 2011). 

1.4.1 Telomere length and FNMTC 

In 2008, it was suggested that altered telomere length may play a role in familial and 

sporadic papillary thyroid cancers, however this theory is controversial (Capezzone et 

al., 2008; He et al., 2013b). Telomeres are repetitive structures located at the 

chromosome ends that progressively shorten with each cell replication due to 

incomplete lagging DNA strand synthesis and oxidative damage (Capezzone et al., 

2011). Previous studies have indicated that human malignant cells in general have 

shorter telomeres than normal cells, and a relationship between telomere shortening and 

risk of cancer has been suggested (Hiraga et al., 1998; Wu et al., 2003).  

In their study, Capezzone et al. (2008) examined blood samples of 45 FNMTC patients, 

75 sporadic PTC patients, 20 patients with nodular goiter, 19 healthy subjects, and 20 

unaffected siblings of FPTC patients, in order to study the telomere-telomerase complex 

in the peripheral blood. They determined that patients with FPTC displayed an 

imbalance of the telomere-telomerase complex in the peripheral blood, which they 

believed may be implicated in FPTC (Capezzone et al., 2008). A later study in 2011 
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confirmed that short telomeres are a constant feature of PTC, both sporadic and familial 

(Capezzone et al., 2011). 

A number of subsequent studies were performed in order to determine if telomere 

length plays a role in FNMTC (Cantara et al., 2012a; Cantara et al., 2012b; He et al., 

2013b). Two publications by Cantara et al. in 2012 suggest that telomere length may 

play a role in FNMTC. This study involved the examination of the telomerase RNA 

component (TERC) and shelterin complex genes (telomere repeat binding factor 1 

(TRF1), telomere repeat binding factor 2 (TRF2), repressor activator protein 1 (RAP1), 

TRF1 interacting nuclear factor 2 (TIN2), tripeptidyl peptidase 1 (TPP1), and protection 

of telomere 1 (POT1) (Cantara et al., 2012a). No mutations or polymorphisms were 

found in these genes studied, and no statistically significant results were identified 

between FNMTC and sporadic NMTC groups (Cantara et al., 2012a; Cantara et al., 

2012b).  

Another study examined blood samples from 44 members (13 affected and 31 

unaffected) of six families with FNMTC and 60 controls, in order to analyse relative 

telomere length (RTL), gene copy number and mRNA expression of telomerase reverse 

transcriptase (hTERT), TRF1, TRF2, RAP1, TIN2, TPP1, and POT1 (He et al., 2013b).	

They determined that the RTL is shorter in affected members with FNMTC but is not 

associated with altered copy number or expression in hTERT, TRF1, TRF2, RAP1, 

TIN2, TPP1, and POT1. This difference in RTL among affected members with FNMTC 

was relatively small when compared to the findings of Cappezone et al. (2008). 	

Although it appears that in some cases there may be an involvement of RTL in FNMTC, 

this still remains widely controversial. Shorter telomere length has been identified in 

affected members with FNMTC but the significance in thyroid cancer development and 

the mechanism of this finding still remains unclear. He et al. claim that RTL may be 
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useful as a marker for FNMTC in at-risk individuals; however there is not enough data 

to support this claim (He et al., 2013b). The involvement of telomere length as a cause 

of FNMTC has been set aside in favour of identifying germline mutations, as outlined 

below.  

1.4.2 Cause of FNMTC 

The cause of FNMTC is not yet known. Although a number of studies have been done, 

the underlying mechanisms are yet to be determined. A 2005 study performed by 

Hemminki et al. on data obtained from the Swedish Family-Cancer Database examined 

the familial risk for PTC. The study indicated a gender preference towards females, 

particularly towards sisters. Hemminki et al. (2005) described FNMTC as a complex 

and heterogeneous pattern which will provide a challenge in determining the underlying 

mechanisms involved.  

While a number of studies have been performed on individuals with FNMTC, the 

majority of these studies focus on case studies of families and few studies have been 

performed to determine the underlying mutations (Marchesi et al., 2000; Orsenigo et al., 

2003). A 2017 GWAS study yielded 5 novel loci 1q42.2 (rs12129938 in PCNXL2), 

3q26.2 (rs6793295 a missense mutation in LRCC34 near TERC), 5q22.1 (rs73227498 

between NREP and EPB41L4A), 10q24.33 (rs7902587 near OBFC1), and two 

independently associated variants at 15q22.33, however these results are yet to be 

identified in independent studies (Gudmundsson et al., 2017).  

However, as mentioned, several genes have been suggested to play a role in 

susceptibility to FNMTC, including FOXE1, NKX2-1, SRGAP1, SRRM2, HABP2 and 

C14orf93, and these are discussed below. 
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1.4.2.1 FOXE1 

A 2013 study examined the Forkhead Box Protein E1 (FOXE1) locus and determined it 

as a major genetic determinant for FNMTC (Bonora et al., 2013). The study examined 

23 single nucleotide polymorphisms (SNPs) at 11 candidate loci and determined that 

SNPs at 9q22.33 near FOXE1 were associated with FNMTC in the 133 families studied. 

This study confirmed the results of a previous GWAS looking at sporadic NMTC 

(Gudmundsson et al., 2009). Another study by Bullock et al. provided further 

confirmatory evidence for a role for FOXE1 in PTC, but did not provide data relevant to 

FNMTC; that study suggested that the coding polyalanine expansion in FOXE1 may be 

responsible for the observed association between FOXE1 and PTC (Bullock et al., 

2012).  

1.4.2.2 NKX2-1 

In a study of Hong Kong Chinese patients who developed PTC in the setting of 

multinodular goitre, a germline missense mutation (A339V) was identified in the 

Thyroid Transcription Factor-1 gene (TITF-1/NKX2.1) in four of 20 patients, and the 

mutation was shown to be dominantly inherited in two families (Ngan et al., 2009). This 

mutation has not been found in Italian kindreds with PTC (Cantara et al., 2010) or in 

kindreds collected in Perth, Western Australia (Chiripal, 2009). A population-based 

genome wide association study from Iceland implicated common variants in the TITF2 

gene as being associated with PTC, but mutations in this gene have not been identified 

in FNMTC (Gudmundsson et al., 2009).  

1.4.2.3 SRGAP1 

The SLIT-ROBO Rho GTPase-activating protein 1 (SRGAP1) gene was first identified 

in 2013 as a candidate gene for FNMTC susceptibility. The study involved linkage 
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analysis of 38 families, as well as 2 cohorts of sporadic PTC cases and controls, in order 

to identify susceptibility genes for PTC (He et al., 2013a). They determined that the 

Q149H and R617C variants they identified impaired the ability of SRGAP1 to inactivate 

Cell division control protein 42 homolog precursor (CDC42), which is a key function of 

the SRGAP1 gene (He et al., 2013a).  

 

More recent studies have suggested that SRGAP1 may play a role in colorectal cancer 

and may function as a potential oncogene in gastric tumourigenesis (Feng et al.; Huang 

et al., 2017). To date there have been no further reports in the literature to corroborate 

the role of SRGAP1 in FNMTC.  

1.4.2.4 HABP2 

In 2015, Gara et al. identified Hyaluronan-binding protein 2 precursor (HABP2) as a 

causative gene of FNMTC. Using next generation sequencing and linkage analysis, they 

identified a germline variant in HABP2 that segregated with all affected members of the 

kindred and was not present in unaffected spouses (Gara et al., 2015). However, 

subsequent publications in a number of different populations have revealed that HABP2 

is unlikely to be involved in FNMTC (Alzahrani et al., 2016; Cantara et al., 2016; 

Tomsic et al., 2016; Weeks et al., 2016; Zhang et al., 2016). HABP2 will be discussed 

further in chapter 5.  

1.4.2.5 SRRM2 

In 2015, Tomsic et al. identified a germline mutation in the Serine/arginine repetitive 

matrix protein 2 (SRRM2) gene which they suggest is implicated in FNMTC. This study 

focused on one family with six individuals affected by PTC over three generations. The 

missense mutation, identified as S346F, was also found in seven individuals affected 

with sporadic PTC, one of whom is not affected with PTC but is believed to be a carrier 
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of this mutation (Tomsic et al., 2015). The authors speculate that this mutation leads to 

a mutated protein which affects splicing of at least one of the genes specifically 

expressed in thyroid or involved in a thyroid-specific pathway, thereby leading to PTC 

formation (Tomsic et al., 2015). SRRM2 will be discussed further in chapter 6.  

1.4.2.6 C14orf93 

Most recently, the Chromosome 14 Open Reading Frame 93 (C14orf93) gene, also 

called Regulator of Thyroid Function and Cancer (RTFC), was identified as a novel 

susceptibility gene for FNMTC (Liu et al., 2016). The 2016 study found that 3 mutants 

in the C14orf93 gene, R115Q, V205M and G209D, were able to enhance the colony 

forming capacity of thyroid cancer cells and to transform normal thyroid cells. The 

authors suggest that C14orf93, for which the biological function is as yet unknown, 

plays a role in thyroid carcinogenesis (Liu et al., 2016). At the time of writing, no 

subsequent publications confirming these findings have been published.  

A subsequent 2017 publication by the same authors has suggested that C14orf93 may 

play a role in in vitro thyroid differentiation of embryonic stem cells, and in vivo 

thyroid function. Using mouse models, they determined that knockout C14orf93 mice 

are viable and fertile; however female knockout mice display mild hypothyroidism. 

They also determined that knockout of C14orf93 compromises the thyroid 

differentiation of mouse embryonic stem cells (ESCs), while overexpression of 

C14orf93 promotes mouse ESCs to differentiate toward the thyroid lineage	(Yu et al., 

2017). 
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1.5 Elucidating the genetic component of FNMTC 

The human genome spans over 3 billion base pairs on 23 chromosomes (Venter et al., 

2001). Due to the vast span of the human genome, elucidating the genetics behind 

FNMTC has proved to be a difficult and complex process. There have been a number of 

methods used for the analysis of complex diseases including genetic linkage studies, 

candidate gene studies, genome-wide association studies (GWAS) and, more recently, 

whole exome sequencing (WES) and whole genome sequencing (WGS).  

These methods each have their advantages and disadvantages. Genetic linkage studies 

proved to be a very useful approach for the identification of monogenic disease genes, 

but were inefficient for discovery of cancer genes. Before WES and WGS, linkage 

studies were the best method available because they required only 254 nucleotide 

microsatellite markers to give a genome-wide assessment (Reed et al., 1994). Genetic 

linkage studies were used to identify regions of the genome that contain genes that 

predispose to disease, however linkage analysis of complex diseases can only identify 

large regions (typically tens of centimorgans (cM)), which often contain hundreds of 

genes, many of which may be biologically plausible candidates (Dawn Teare et al., 

2005).  

The candidate gene approach has also proven most useful for monogenic diseases with 

pre-specified genes of interest, however this approach has its limitations and relies on a 

thorough knowledge of genes involved with a disease (Kwon et al., 2000). The GWAS 

study approach has been used in the study of polygenic diseases and because of the 

hypothesis-free approach, allows the identification of disease-associated genes when 

candidate genes are unknown (Duncan et al., 2010). It is a major method for studying 

the genetics of complex diseases, however due to small effect sizes of common variants 

tagged by the genotyping arrays, and required stringent statistics because of multiple 



 
 
26 

testing, the sample sizes required to achieve adequate statistical power are large; it is a 

challenging task to perform a GWAS powerful enough to map disease genes for 

complex diseases successfully (Kao et al., 2017). Sample sizes for GWAS using WES 

or WGS and seeking to find variants in the lower end of the allelic frequency spectrum 

(where FNMTC variants are presumed to reside) are much larger (Auer et al., 2015). 

Numerous cancer genes have been identified using the GWAS approach in conditions 

such as breast cancer (Michailidou et al., 2017), however the available sample sizes for 

studies of FNMTC are typically very small and below the minimum required for a well 

powered GWAS. For complex diseases such as FNMTC, where GWAS studies may not 

be appropriate, next generation sequencing (NGS) methods such as WES and WGS 

have been proposed as a useful method of identifying rare variants and private 

mutations.  

Genome-wide detection of rare genomic variants is now the focus of many 

investigations into complex genetic disease. The basis of this approach is 

comprehensive exome-wide or genome-wide sequence analysis, generally employing 

larger numbers of samples than have previously been the focus of candidate gene 

studies. This has been made possible by rapid advances in the technology, which allow 

for the production of large numbers of sequence reads at a fraction of the cost of 

traditional automated Sanger sequencing (Stranneheim et al., 2012). The publication of 

the sequencing-by-synthesis technology and the multiplex polony sequencing protocols 

in 2005 marked the beginning of the era of next generation sequencing (Seo et al., 2005; 

Shendure et al., 2005). Both technologies used strategies that greatly reduce the 

required reaction volume while dramatically extending the number of sequencing 

reactions. The overall strategy involved arraying several hundred thousand sequencing 

templates in either picotiter plates or agarose thin layers, so that these sequences could 

be analysed in parallel – a huge increase compared to the maximum of 96 sequencing 

templates on a contemporary Sanger capillary sequencer. The first version of the 454 
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instrument could easily generate a throughput equivalent to that of more than 50 

Applied Biosystem's 3730XL capillary sequencers at about one-sixth of the cost 

(Schuster, 2007). The increasing demand for technologies that deliver fast, inexpensive 

and accurate genome information has stimulated the development of next generation 

sequencing technologies. 

Next generation sequencing (NGS) technologies are capable of  providing sequencing 

data on the entire protein-coding component of the genome, known as the exome (e.g. 

using WES), or even the entire human genome (e.g. using WGS) (Gilissen et al., 2012). 

WES has been used in a number of studies to elucidate the basis of a number of 

complex diseases where candidate gene and GWAS approaches were not appropriate, 

such as in cases where the focus is on rare variants (as opposed to common SNPs with 

GWAS studies) and where there is no prior association between any gene and the 

disease (Kwon et al., 2000; Petersen et al., 2017).  

1.6 Next Generation Sequencing 

NGS, also referred to as high-throughput sequencing, provides a rapid and reliable 

sequencing methodology that has improved our understanding of human cancer genetics 

as well as inherited diseases (Strahan et al., 2016; Zhang et al., 2014). NGS methods 

using massively parallel processing has brought the cost down to a fraction of the cost 

of Sanger sequencing (Besser et al., 2017). NGS also offers numerous other advantages, 

including a faster sequencing time, increased automation, increased sequence output, 

increased sequence quality and lower base calling error rates (Lister et al., 2009). 

Over the last three decades, there have been significant advances in sequencing 

technology. The Human Genome Project was launched in 1990 to obtain a highly 

accurate sequence of most of the human genome (Lander et al., 2001). The public 

initiative to sequence the human genome used a map-based, or bacterial artificial 
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chromosome-based approach and Sanger sequencing. In comparison, in 1998 Craig 

Venter founded the Institute for Genomic Research in Maryland, USA, and announced 

that this new private company (later to become Celera Genomics) would independently 

sequence the human genome by 2001 at a cost of $300 million of private funding, 

because he considered that the publicly funded initiative was costing too much and 

taking too long. That initiative used mostly shotgun sequencing a method developed by 

Venter, that involves randomly breaking DNA into segments of various sizes and 

cloning these fragments into vectors, which are then sequenced from both ends (Venter 

et al., 1998). While some rivalry was reported between the public and private efforts, 

the result was a joint announcement on 26 June 2000 that both initiatives had completed 

their own working draft of the human genome sequence. A more refined sequence of 

the human genome was achieved by the National Human Genome Research Institute 

(NHGRI), the Department of Energy (DOE) and their partners in the International 

Human Genome Sequencing Consortium on April 14, 2003 and published in 2004, with 

the last chromosome completed and published in 2006, 16 years after the inception of 

the project (Consortium, 2004; Gregory et al., 2006). Figures from the National Human 

Genome Research Institute (NHGRI) put the cost of the publically funded sequencing 

project at approximately $2.7 billion (Wetterstrand, 2016). 

NGS technologies first began to appear in the market in 2004, with the National Human 

Genome Research Institute (NHGRI) creating a program that aimed to produce faster, 

cheaper, higher throughput sequencing technologies in order to reduce the cost of 

sequencing to US$1000 per genome within ten years (van Dijk et al., 2014). Since then, 

technology has improved rapidly: it is now possible to sequence a human genome in as 

little as 10 hours and under US$1000 when performed on a large commercial scale 

(Sheridan, 2014). The technology is currently quickly advancing to one day enable a 

$100 genome (Illumina, 2017b). 
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One of the most useful applications of NGS is to sequence human malignancies, such as 

thyroid, lung, breast and colorectal cancers (Kolanowska et al., 2014; Kothari et al., 

2014; Ross et al., 2014; Vasan et al., 2014). Sequencing both tumour tissue along with 

patient-matched non-transformed (or “normal”) tissue facilitates the identification of 

somatic mutations – those occurring as part of the cancer process.  

However, NGS is not only used to sequence human cancers. It has many other uses 

including examining the response of cancer cells to chemotherapy, increased detection 

of drug resistance mutations in infants after prevention of mother-to-child transmission 

(PMTCT) failure, virus and bacteria detection and identification and discovery and 

diagnosis of inherited non-syndromic disorders such as hearing loss, familial 

hypercholesterolemia and many other monogenic and polygenic inherited disorders, 

including cardiovascular diseases, skin lung and bone diseases, among others (Cheng et 

al., 2010; Gao et al., 2015; Ho et al., 2014; Maglio et al., 2014). It is also used for 

sequencing of non-human samples, including examining DNA methylation in insects, 

resistance to ascochyta blight in legumes and the identification of genomic variants in 

grain legumes among many other applications (Fondevilla et al., 2014; Varshney et al., 

2015; Yan et al., 2015).  

There are a number of different NGS technologies used to identify cancer-causing 

genes, including WGS, WES, ChIP-seq and RNA-seq. WGS provides very detailed 

sequencing of the vast majority of the human genome; this is useful to create a 

comprehensive sequence profile. More specific genetic analysis methods can be used if 

the whole genome is not necessary, such as SNP genotyping arrays which can provide 

information about SNPs, deletions and amplifications (Lizardi et al., 2011).  
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Figure 1-5: DNA fragments being ligated to adaptors as the first steps in the 
generation of a genomic DNA library for NGS (Illumina, 2008). DNA is 
fragmented and the fragments are repaired using T4 DNA polymerase and E. coli 
DNA polymerase I Klenow fragment to create blunt ends. Adapters are then 
ligated to the DNA fragments. 

 

Due to the ever-evolving nature of the genomics industry, sequencing library kits and 

methods, as well as the sequencers themselves, are frequently replaced with newer, 

more efficient versions. However, the fundamental procedures behind these workflows 

follow specific methodologies. These methodologies will be discussed below.  

1.6.1 Sequencing methods 

NGS using the Illumina platforms involves a sequencing-by-synthesis method in which 

the sequencing instrument or platform reads and sequences the genome at a number of 

random points (Buermans et al., 2014). In order to sequence the genome, the samples 

must be prepared to create a genomic DNA library. The DNA is purified and broken 

into a large number of random fragments less than 800 bp. The ends of the fragments 

are repaired so that any overhanging bases which have resulted from the fragmentation 

become blunt ends. This is performed by using two enzymes, T4 DNA polymerase and 

E. coli DNA polymerase I Klenow fragment, in order to remove 3’overhangs and fill in 

the 5’overhangs (Illumina, 2008). The DNA fragments are then ligated to adaptors by 

incubation with the necessary reagents at 20°C so that the fragments can be analysed 
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(Figure 1-5) (Zhang et al., 2011). The ligated product is then purified to remove the 

unligated adaptors and a PCR is performed to amplify the fragments in order to create a 

DNA library (Figure 1-6) (Illumina, 2008).  

 

Figure 1-6: The workflow process of creating a genomic DNA library for NGS 
(Illumina, 2008). 

 

1.6.2 Exome sequencing 

WES is commonly chosen in favour of WGS due to the relatively lower cost and time 

required for the sequencing (Teer et al., 2010). As the name suggests, WES involves 

sequencing all of the protein-coding genes in a genome. However, WES may soon be 

replaced with WGS as new technologies are developed, reducing costs and providing 

more data in a fraction of the time. WGS provides additional information that WES 

cannot, including data from the intergenic regions of the genome where many 

expression quantitative trait loci (eQTLs) and GWAS loci reside (Koopmann et al., 
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2014). Studies have determined that WGS provides a much more uniform distribution 

of sequencing-quality parameters than WES and can detect hundreds of potentially 

damaging coding SNVs per sample that would have been missed by WES despite being 

located in the regions targeted by the exome kit (Belkadi et al., 2015; Meynert et al., 

2014). However, WES may be extended to target functional non-protein coding 

elements such as microRNA and long intergenic noncoding RNA, as well as specific 

candidate loci (Warr et al., 2015).  

Exome sequencing has proven to be a useful tool in identifying novel germline 

mutations underlying a variety of Mendelian disorders with unknown aetiologies with a 

high throughput (Bamshad et al., 2011; Gilissen et al., 2011; Ku et al., 2012; Ng et al., 

2010b). As previously stated, this method is more cost effective and less resource 

intensive than WGS; however it assumes that the genes involved in cancer causing 

changes are located in the protein-coding genes and not outside of the exons in distant 

regulatory regions (Lizardi et al., 2011).  

In order to sequence the entire exome, a targeted capture of the exome is performed by a 

hybridisation-type method. This can be either array-based hybridization or liquid-based 

hybridization. There are other methods for targeted capture including Region-Specific 

Extraction (RSE) which produces DNA segments in excess of 20 Kb in length, however 

WES can capture larger areas of the genome (Dapprich et al., 2016).  

Exome sequencing is useful as a molecular diagnostic tool, as it has a number of 

advantages over Sanger sequencing. For example, exome sequencing is less biased as it 

does not assume that the abnormalities are within a given set of genes and allows the 

vast majority of all exons of protein coding genes in the genome to be examined (Warr 

et al., 2015). A number of studies have used exome sequencing to identify the mutations 

causing a number of conditions (Graul-Neumann et al., 2018; Khalilipour et al., 2018; 
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Ung et al., 2017), including congenital chloride diarrhoea and Miller syndrome, two 

Mendelian disorders (Choi et al., 2009; Ng et al., 2010a).  

A study performed by Ng et al. (2010a) analysing the cause of Miller syndrome, a rare 

monogenic disorder, involved performing exome sequencing on four individuals from 

three unrelated families affected with Miller syndrome. The resulting data was then 

compared against a number of SNP databases as well as eight HapMap exomes. From 

this, a single candidate gene was identified, the Dihydroorotate dehydrogenase 

(DHODH) gene. Once the gene was identified, Sanger sequencing was used to analyse 

the DHODH gene in an additional three families (Ng et al., 2010a). This breadth of 

analysis (i.e. surveying the entire genome) would not have been possible with Sanger 

sequencing alone and was a more affordable and faster analysis than would have been 

possible with WGS. 

1.6.2.1 Exome Capture Technology 

Exome capture technologies have been rapidly changing and improving since their 

inception. New technologies allow for a greater region of the exome to be covered with 

more accuracy, and a higher level of coverage.  

Exomes can be captured by a number of different commercially available kits, including 

the NimbleGen SeqCap EZ Exome Library SR, the Agilent SureSelect Human All Exon 

Kit and the Illumina TruSeq Exome Enrichment Kit, which were all available at the 

commencement of this study (Illumina, 2011; Parla et al., 2011). The efficiency of these 

kits can be examined and roughly compared by their consensus coding sequences 

(CCDS) annotations which describe the coverage by their targeted probes (Parla et al., 

2011). 
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An independent study by Parla et al. (2011) determined the CCDS for the intended 

targets of the NimbleGen and Agilent kits to be between 78.68-89.05% and 71.47-

73.50%, respectively. Since then, both companies have produced new versions of each 

kits, with expected coverage annotations of approximately 99.2% coverage for the 

NimbleGen kit and approximately 96.3-98.1% for the Agilent kit (Parla et al., 2011). 

However, these figures are not based on research and are only expected CCDS 

annotations. No independent data was available for the CCDS annotations of the TruSeq 

kit. The manufacturer, Illumina, has stated that the kit covers 97.2% of its targeted area 

(Illumina, 2011).  

Currently, some of the exome capture kits on the market include Nextera Rapid Capture 

Exome and Expanded Exome Kits from Illumina, the SeqCap EZ Exome Library from 

NimbleGen, the SureSelect Human All Exon V6 from Agilent and the Illumina TruSeq 

DNA Exome kit, an update of the previous TruSeq Exome Kit (Illumina, 2015, 2017d). 

While the basic sample preparation protocols are similar among these exome capture  

kits, the major differences lie in the design of the oligonucleotide probes (either RNA or 

DNA), including selection of target genomic regions, sequence features and lengths of 

probes (with probe sizes ranging from 55-126bp), and the exome capture mechanisms 

(Asan et al., 2011; Clark et al., 2011; Meienberg et al., 2015; Sims et al., 2014). 

The Nextera Rapid Capture Exome kit targets coding exons (target size: 45 Mb) and the 

Nextera Rapid Expanded Exome kit is reported to target coding exons, UTRs, and 

miRNAs (target size: 62 Mb) using only 50ng of starting genomic DNA (Illumina, 

2018; Warr et al., 2015). Data from the manufacturer’s website states that the Nextera 

Rapid Capture kit covers 99.3% of the target at 20X depth, however their datasheet 

comparing their available kits details that it covers more than 85% of targets at 20X 

depth, a significant difference when compared to their website (Illumina, 2018). A 

comparison of four exome capture kits stated that the Nextera Rapid Capture Exome kit 
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had good coverage of UTRs and miRNAs, however also had two weaknesses: a 

coverage bias for high GC content areas reducing uniformity and high off-target 

enrichment (Warr et al., 2015).  

The SureSelect Human All Exon V6 was released in 2015 and targets a region of 60Mb 

(or 89Mb for the SureSelectXT Human All Exon V6+UTR kit, which includes UTRs) 

and claims to target 99% of a number of databases including RefSeq, Consensus Coding 

Sequence (CCDS) and GENCODE (Agilent, 2015). The SureSelect Human All Exon 

V6 kit also provides an option that includes targets from both The Cancer Genome Atlas 

(TCGA) and Catalogue Of Somatic Mutations In Cancer (COSMIC) databases (target 

size: 66Mb) (Agilent, 2015). According to the manufacturer, this kit captures ~90% of 

the target at 20X depth and ~80% at 30X depth (Agilent Technologies, 2015). 

The SeqCap EZ Exome Library v3.0 from NimbleGen targets coding exons (target size: 

64Mb) and also supports sequencing of non-human targets (Warr et al., 2015). This 

exome kit was found to have a high sensitivity and specificity, however there was a 

lower alignment rate and more duplicate reads when compared to the Agilent Sure 

Select Human All Exon Kit (Clark et al., 2011; Warr et al., 2015). According to their 

website, NimbleGen also offer a number of pre-designed, off-the-shelf capture kits such 

as the SeqCap EZ Exome Plus Probes (64 Mb exome capture with the ability to add up 

to 200 Mb of custom targets) and SeqCap EZ Exome+UTR Probes (96 Mb design 

which includes UTRs) (Roche, 2017). They also offer custom (user-defined) probes 

which can capture up to 200 Mb of custom regions (Roche, 2017). 

The TruSeq DNA Exome kit has a target size of 45 Mb, spanning 214,405 exons 

(Illumina, 2017a). According to the manufacturer, the TruSeq DNA Exome kit delivers 

uniform coverage, with more than 85% of bases covered at 10X depth and more than 

90% of targets covered up to 20X depth (Illumina, 2017a). and Although it provides 



 
 
36 

slightly higher coverage at 20X (90% vs. 85%), it requires a higher input of DNA 

compared to the Nextera kit (100ng vs. 50ng) and has longer hands-on time, assay time, 

and hybridisation time (Illumina, 2017a).  

This thesis will focus on the 3 different exome capture kits used in the following studies 

– the Illumina TruSeq Exome Enrichment Kit, the Life Technologies TargetSeq Exome 

Enrichment System and the Agilent SureSelect XT Human All Exon+UTR v5 kit. This 

study involves the use of 3 different technologies due to the fast-moving nature of this 

field – as funding became available for exome sequencing, advances in technology 

allowed for better exome sequencing technologies with more coverage, and some older 

methods, such as the TargetSeq Exome Enrichment, became unavailable. This exome 

capture kit is no longer available; however, Life Technologies now have the Ion 

TargetSeq Exome Kit available for use with the Ion Torrent system. 

1.6.2.1.1 TruSeq Exome Enrichment Kit 

The TruSeq Exome Enrichment Kit by Illumina provided a simpler, more affordable 

option to capture exons using hybrid selection. This is achieved in a four-step process 

(Illumina, 2011), as outlined in Figure 1-7. This process uses samples which have been 

previously pooled into a library, containing up to twenty-four samples which have been 

prepared using Illumina's TruSeq DNA Sample Preparation Kit. The samples are 

denatured into single strand samples which are then hybridised to biotin-labelled probes. 

These probes are specific to the targeted regions. The samples are then enriched with 

streptavidin beads which bind to the labelled probes. Once the fragments are bound, 

they are magnetically eluted from the solution and then eluted from the beads. This 

enrichment step is repeated, after which the samples are ready for cluster generation and 

sequencing (Illumina, 2011). 
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Figure 1-7: Workflow of the TruSeq Exome Enrichment Kit (Illumina, 2011) 
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Figure 1-8: Workflow of TargetSeq kit (Life Technologies, 2011). 

 

1.6.2.1.2 TargetSeq  

The TargetSeq Exome Enrichment System from Life Technologies was an alternative 

technology to the Illumina TruSeq and was analysed on the 5500 SOLiD system. The 

process involves the preparation of a DNA library, in which samples have been 

molecular barcoded following the standard SOLiD workflow method (Figure 1-8). The 

library is amplified and hybridised in a solution to approximately 2 million TargetSeq 

capture probes. Once hybridised, the bound DNA is washed and recovered using 
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strepdavidin-coated paramagnetic beads, then amplified and purified. The purified DNA 

is then returned to the SOLiD system for quantitation, emulsion PCR, enrichment and 

sequencing (Life Technologies, 2011). 

 

 

Figure 1-9: Workflow of SureSelect kit (Life Technologies, 2017). 

 

1.6.2.1.3 SureSelect XT Human All Exon+UTR v5 kit 

The SureSelect XT Human All Exon+UTR v5 kit by Agilent Technologies was used for 

the most recent exome sequencing, as the provider of the sequencing, AGRF, had 

changed the exome capture kit used for their standard exome sequencing on the 
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Illumina system due to the larger capture size (71Mb compared to 62Mb) and better and 

more even enrichment. The SureSelect XT Human All Exon kits can also be used on a 

number of platforms including Illumina, Ion Proton, 5500 SOLiD, Roche 454 and GS 

Junior platforms.  

The process involves the preparation of the DNA library using the SureSelect Library 

Prep kit, followed by library hybridization. The selection of targeted DNA fragments is 

done by magnetic beads. The DNA is then amplified and index tagged, purified, 

quantified and assessed for quality, and finally sequenced (Figure 1-9). 

1.6.2.2 Sequencing Platforms 

Next generation sequencing technologies have changed rapidly over the last 10 years, 

with new platforms and technologies being introduced improving speed, read length, 

throughput and cost (van Dijk et al., 2014). There are a number of sequencing platforms 

created by different companies to perform NGS. Each differ by their approach to 

sequencing method, read lengths, base pairs per run and time taken for each run 

(Mikheyev et al., 2014; Morozova et al., 2008).  

While there are a number of platforms that have been present in the market over the last 

10 years, at the time of commencement of this study, there were five main platforms 

that have dominated the market since the introduction of NGS in 2004: 454, Illumina, 

SOLiD, Ion Torrent and PacBio (van Dijk et al., 2014). A 2012 study reported that, at 

the time of publication, Illumina's sequencing platforms had the best balance between 

read lengths, error rates and cost (Loman et al., 2012).  

At the commencement of this study in 2013, the most widely used platforms were the 

Genome Sequencer FLX from 454 Life Sciences/Roche, the HiSeq2000 or Genome 

Analyzer from Illumina and the SOLiD from Applied Biosystems. In 2010, three new 
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major platforms were introduced – the Ion Torrent by Life Technologies, the MiSeq by 

Illumina and the GS Junior by Roche 454 Life Sciences. The HiSeq2000, MiSeq and 

GS Junior are all new upgrades available to existing machines. 

The Illumina HiSeqXTen, announced in January 2014, is the first NGS platform 

boasting a $1,000 genome - that is, it can produce an entire human genome for less than 

$1,000. The HiSeqXTen claims that it can produce genomes at 30X coverage or greater 

and the first genome in a day. However, the $1000 per genome claim is only when used 

for population-scale projects. This means that to achieve this cost, each machine would 

have to produce tens of thousands of genomes per year (manufacturers website states 

over 18,000 genomes). This cost is said to include DNA extraction, library preparation 

and estimated labour for a typical high-throughput genomics laboratory and instrument 

depreciation (Illumina, 2016a). The HiSeqXTen is said to have 4 main differences from 

the HiSeq2500 - a faster camera, new, faster polymerases, the flow cell has been 

changed to an ordered array of nanowells and an enhancement of clustering in most of 

the nanowells (Hayden, 2014).  

Since the commencement of this study, a number of other platforms based on new NGS 

methods have become available, including the Oxford Nanopore MinION, Ion Torrent 

and the Illumina NovaSeq 5000/6000. The MinION is a portable sequencing USB 

device that has been commercially available since May 2015 and can provide quick 

sequencing in the field (Mikheyev et al., 2014). It is a considered a third generation 

sequencing platform, which has the capability to produce substantially longer reads than 

second generation sequencing and does not have an amplification step during the library 

preparation stage which allows for single molecule sequencing (Bleidorn, 2016). The 

portability of the MinION has proven to be extremely useful, with the sequencers being 

used to read the genomes of Ebola viruses from 14 patients during the 2015 outbreak in 

as little as 48 hours after sample collection (Check Hayden, 2015).  



 
 
42 

The Ion Torrent was first introduced in 2010 and has become increasingly popular since 

its inception. The Ion Torrent uses an ion detection method which has been referred to 

as “a pH meter that sequences,” rather than the previously standard sequencing by dye-

labelled oligonucleotides (Rusk, 2010).  

Illumina’s NovaSeq is a replacement for its HiSeq series, promising faster speed, higher 

throughput and more flexibility than other sequencing platforms (Illumina, 2017c). The 

imaging technology has changed from capturing four images per nucleotide to two, 

using two filters which each detect two nucleotides (A+C and T+C), rather than a filter 

for each image (Illumina, 2016b). Whilst this decreases the time taken to capture the 

images, which decreases the overall run time, it may create a problem where high 

quality G bases (detected by no signal) can be called where there is no signal on the 

flowcell.  

As previously mentioned, there have been vast changes in the progression of these 

sequencing platforms, including increased read lengths, increased base pairs per run and 

decreased costs (Lister et al., 2009). The focus of this chapter will be the Illumina 

HiSeq platforms and the Applied Biosystems SOLiD platforms used in this study, 

which will be discussed in further detail below.  

1.6.2.2.1 Illumina HiSeq2000/2500 

The HiSeq2000 by Illumina first came onto the market in 2010 and uses the sequencing 

by synthesis method outlined in chapter 1.6.1. However, unlike its predecessor the 

Illumina Genome Analyser IIx (GA IIx), the HiSeq2000 can acquire data at an 

increased rate of 2-fold to 5-fold (Minoche et al., 2011) and generates up to 200 Gb per 

run compared to the GA IIx which can generate up to only 96 Gb per run (Glenn, 2011).  
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In order to increase the rate of data collection the HiSeq2000 operates with four 

cameras, instead of one, which can detect the intensity of all four nucleotide bases 

simultaneously. It also contains two flow cells compared to only one in the HiSeq1000 

and the flow cell can be imaged on the top and bottom surfaces (Minoche et al., 2011).  

As of 2011, the HiSeq2000 boasted the lowest cost per read and per million bases, as 

well as the lowest number and percentage of error-free reads and at least 30X coverage, 

compared to other sequencing platforms (Glenn, 2011). It has a maximum read length 

of 100 bp for single reads, or 2 x 100 bp for paired-end reads (Minoche et al., 2011). 

However, it is important to note that this information is based on company sources 

alone (Glenn, 2011), making it difficult to find unbiased information.  

1.6.2.2.2 5500XL SOLiD  

The SOLiD (Sequencing by Oligo Ligation Detection) sequencing platform by Applied 

Biosystems (now Thermo Fisher Scientific) was introduced onto the market in 2006 and 

was the 3rd NGS technology available. It boasted much larger read numbers than the 

first technology, the 454 Genome Sequencer by Life Sciences (now McKinley 

Scientific). The 5500XL SOLiD was made available in 2006 and is said to generate up 

to 20-30Gb per day, and up to 180Gb per run, according to the manufacturer (Life 

Technologies, 2011).  

The SOLiD platform, as the name suggestions, uses a ligation method for sequencing 

(Glenn, 2011). Sample preparation involves the creation of DNA libraries which are 

captured on beads and are amplified using emulsion PCR with one bead per droplet in 

order to amplify each fragment individually. The DNA is denatured and the beads 

containing the amplified DNA are placed onto a glass slide. This differs from the 

Illumina technology, which uses adaptors attached to the DNA fragments rather than 

beads (van Dijk et al., 2014).  
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The 5500XL is the second short-read sequencer, behind Illumina, and is said to have 

low error rates, reputedly making it an ideal platform to work with (Glenn, 2011). A 

study of 4 next generation sequencing platforms showed the 5500XL had the lowest 

false positive rate and, alongside the HiSeq2000, had the least coverage bias in GC-poor 

regions. However, it had the highest coverage bias in regions with more than 60% GC 

content (Rieber et al., 2013). 

1.7 Summary and aims 

While the causes of sporadic thyroid cancer are becoming clearer, there has been very 

limited success to date in elucidating the genetic basis of FNMTC. FNMTC has a 

particularly high relative risk (8.6-10.3) in first degree relatives such that a positive 

family history is present in about 5% of PTC patients (Fallah et al., 2013; Oakley et al., 

2013). Six genes have been reported to play a role in FNMTC, but as yet these have not 

been widely replicated and explain only a small portion of the genetic variance. The 

general consensus in the field at present is that numerous genes underlying FNMTC 

susceptibility remain to be identified. The disease has features of an autosomal 

dominant disorder and may well be monogenic in some families (Sturgeon et al., 2005), 

but may be oligogenic or complex in others (Nagy et al., 2014). The observed 

incomplete penetrance and variable expressivity provides further complexity and 

challenge in identifying causal genes/variants since the genetic lesions may occasionally 

be present in first degree relatives who do not present with FNMTC.  
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Therefore, the goal of this research was to identify the genetic lesion/s implicated in 

families among the Western Australian cohort of 40 FNMTC kindreds. The unifying 

hypothesis was that: 

 Susceptibility loci for FNMTC can be efficiently identified using exome sequencing 

of genomic DNA from individuals within affected pedigrees, identifying pathogenic 

variants relevant to thyroid metabolism and cancer biology that are shared by affected 

individuals and not present in unaffected family members. 

To address that goal, the specific aims of this project were to: 

1. Examine exome sequencing data from 79 individuals from FNMTC families 

in order to identify potentially pathogenic rare variants that may play a role in 

FNMTC. 

2. Analyse exome sequencing data for known and novel pathogenic variants in 

genes previously associated with FNMTC.  

3. Evaluate the pathogenicity or functional effect of any genetic lesions that were 

identified with a possible causal role in FNMTC. 

Chapter 2 addresses the materials and methods for this thesis. Chapter 3 presents the 

exome sequencing work from 79 FNMTC individuals and identify several potentially 

pathogenic rare variants, one of which cosegregates with FNMTC and is validated in an 

FNMTC family. Chapter 4 presents work with the RASSF1 gene, including why this 

variant was selected and functional studies examining the effect of this RASSF1 variant. 

This includes discussion of the selection process for this variant, as well as the 

implications it may have on FNMTC. Chapter 5 presents findings of the G534E variant 

of the previously identified FNMTC susceptibility gene HABP2. Chapter 6 presents 

findings of the S346F variant of SRRM2 previously identified as a FNMTC 
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susceptibility gene and our findings of a novel SRRM2 variant designated R1805W. 

Chapter 7 presents the general discussion and conclusions. 
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2  Materials and Methods 

2.1 Study Participants 

Between November 2009 and June 2017, a total of 119 affected and unaffected 

members from 43 kindreds were recruited into this study. From these kindreds, 90 

participants were diagnosed with FNMTC and 29 were unaffected family members. 

Probands and kindreds were referred by clinicians (endocrinologists, surgeons and 

nuclear medicine physicians) and also identified from the Familial Cancer Registry of 

Genetic Services of Western Australia. A total of 87 sporadic NMTC patients were also 

recruited from the Outpatient Thyroid Clinic at Sir Charles Gairdner Hospital. This 

study was approved (approval number RA/4/1/6412) for recruitment by the Sir Charles 

Gairdner Group Human Research Ethics Committee, Nedlands, Western Australia and 

written informed consent was provided by the individuals involved. Original 

histopathology reports were obtained for all affected patients where possible, and 

patients were staged using the 8th edition of the AJCC cancer staging system. Where 

detail histopathology was not available, diagnosis was confirmed from medical records.  

Whole blood samples were obtained from each participant by venepuncture performed 

by a trained phlebotomist. Where this method of collection was not suitable, saliva 

samples were collected with the use of Oragene saliva DNA collection kits (DNA 

Genotek, Ottawa, ON, Canada) which are non-invasive and provide high-quality DNA. 

The collected samples were allocated a unique coded identification number and then 

name-deidentified. The samples were stored at -20°C until required.  
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2.1.1 Family History 

2.1.1.1 Family 1 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 2) who was 

diagnosed at the age of 41 with stage I PTC (T2N1bM0) and her unaffected mother 

(subject 1; Figure 2-1). Subject 2 also has two sisters; however neither of them has been 

diagnosed with PTC. There is another affected individual in this family, the half-sister 

of subject 2, however this individual has not been recruited into the study and no further 

information on this individual is available. 

 

 

Figure 2-1: Pedigree of Family 1. An asterisk indicates the proband and solid 
symbols represent individuals affected by FNMTC. Numbers indicate the identity 
of individuals enrolled in the study. 

 

2.1.1.2 Family 2 

Four individuals were recruited into this study from family 2, which represent four of 

five siblings in the family, 2 of whom are affected and 2 are unaffected (Figure 2-2). 

Their fifth sibling was also affected with PTC however she is deceased. All three 

affected siblings were female, two of which have provided blood samples (subjects 3 

and 4) and one who is now deceased. The proband, subject 3, was diagnosed with PTC 

 * 
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(stage III; T1N1aM0) at age 59 and subject 4 was diagnosed at 57 (stage IVa; 

T4N1bM0). Their sister was diagnosed at age 50 with stage I PTC (T3aN1aM0), 

however there is no further information on the third affected sibling and no sample has 

been obtained. Samples have been obtained from the other two siblings, their sister 

(subject 5) and their brother (subject 6) who are unaffected. 

 

 

Figure 2-2: Pedigree of Family 2. 

 

2.1.1.3 Family 3 

One individual has been recruited into the study from this family, which has two 

affected individuals – a father, who is now deceased, and his daughter (subject 7; Figure 

2-3A). Subject 7 was diagnosed at the age of 42 with stage I follicular variant PTC 

(T2N0M0). Subject 7 also has a brother who has not been affected, however this 

individual has not been recruited into the study and no further information on this 

individual is available.  

2.1.1.4 Family 4 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 9) who was 

diagnosed at the age of 26 with stage I PTC (T4N1bM0), and his father (subject 8; 
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Figure 2-3B) who was diagnosed with stage I PTC (T1N0M0) at the age of 50. Subject 

9 has an unaffected sister however this individual has not been recruited into the study.  

2.1.1.5 Family 5 

A total of 7 individuals were recruited into the study from this family, 6 of which 

belong to affected individuals. The proband (subject 10; Figure 2-3C) was diagnosed 
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Figure 2-3: Pedigrees of Families (A) 3, (B) 4 and (C) 5. 
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with stage I PTC (T3bN1aM0) at the age of 51, her daughter (subject 11) was diagnosed 

with stage I PTC (T2N0M0) at the age of 37, her niece (subject 12) was diagnosed with 

stage I PTC (T1N1aM0) at the age of 33. The proband’s sister (subject 13) was also 

diagnosed with stage I PTC (T1aN0MX) at the age of 45, another sister (subject 14) was 

diagnosed at the age of 47 with stage I PTC (T1N0MX) and subject 14’s daughter 

(subject 15) was diagnosed at age 19 with stage I PTC (T1NXMX). One of the 

proband’s unaffected sisters (subject 16) was also recruited into the study. 

2.1.1.6 Family 6 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 17) who was 

diagnosed at the age of 21 with stage I PTC (T2N1aM0), and her sister (subject 18; 

Figure 2-4A) was diagnosed at the age of 22 with stage I PTC (T2N1aM0). Subjects 17 

and 18 also have a brother who is unaffected, however this individual has not been 

recruited into the study and no further information on this individual is available.  

2.1.1.7 Family 7 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 19) who was 

diagnosed at the age of 35 with stage I PTC (T2N1bM0), and her sister (subject 20; 

Figure 2-4B who was diagnosed at age 42 with stage I PTC (T2N1M0). Subjects 19 and 

20 also have a brother who is unaffected. 

2.1.1.8 Family 8 

One individual was recruited into the study from this family and a blood sample was 

collected for DNA extraction and genetic analyses: the proband (subject 21) who was 
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Figure 2-4: Pedigrees of families (A) 6, (B) 7, (C) 8 and (D) 9. 
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diagnosed at the age of 32 with stage I PTC (T1bN1aM0). There is another affected 

individual in this family, the sister of subject 21 (figure 2-4C), however this individual 

has not been recruited into the study and no further information on this individual is 

available. 

2.1.1.9 Family 9 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 22) who was 

diagnosed at the age of 31 with stage I PTC (T4aN1bM0), and her niece (subject 23; 

Figure 2-4D) who was diagnosed at the age of 28 with stage I PTC (T2N1aM0). There 

are no other affected individuals in the family. 

2.1.1.10 Family 10 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 24) who was 

diagnosed at the age of 41 with stage I PTC (T2N0MX), and her sister (subject 25; 

Figure 2-5A) who was diagnosed at the age of 41 with stage I PTC (T1N0M0). There 

are no other affected individuals in the family. 

2.1.1.11 Family 11 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 26) who was 

diagnosed at the age of 27 with stage I PTC (T1N1bM0), and her sister who was 

diagnosed with stage I follicular variant PTC (T1N1bMX) at the age of 29 (subject 27; 

Figure 2-5B). They have 4 other siblings, none of whom are affected and no further 

information on these individuals is available. 
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Figure 2-5: Pedigrees of Families (A) 10 and (B) 11. 

2.1.1.12 Family 12 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 28) who was 

diagnosed at the age of 66 with stage I PTC (T2N0M0), and his son who was diagnosed 

at the age of 35 with stage II PTC (T3aN1bM0) (subject 29; Figure 2-6A). A sample for 

comparison was also obtained from the proband’s daughter (subject 30) who is 

unaffected.  

2.1.1.13 Family 13 

Seven individuals were recruited into the study from this family and blood samples 

were collected for DNA extraction and genetic analyses: 4 affected and 3 unaffected. 
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Figure 2-6: Pedigrees for Families (A) 12, (B) 13 and (C) 15. 
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The proband (subject 19; Figure 2-6B) was diagnosed at the age of 19 with stage I PTC 

(T2N1bM0), his sister (subject 20) who was diagnosed at the age of 35 with stage I PTC 

(T1N1bM0), his other sister (subject 21) who was diagnosed at the age of 31 with stage 

I PTC (T1N1M0) and his aunt (subject 22) who was diagnosed with stage II tall cell 

PTC (T3bN1bM0) at the age of 57. Three unaffected individuals were also recruited 

into the study: the proband brother (subject 23), mother (subject 24) and father (subject 

25). 

2.1.1.14 Family 14 

There are two affected individuals in family 14, who are both sisters. No further 

information is available. This family was not included in the study as at the time of 

commencement no samples had been collected. 

2.1.1.15 Family 15 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 38) who was 

diagnosed at the age of 59 with stage IVa PTC (T4aNXM0), and her affected daughter 

(subject 39; Figure 2-6C) who was diagnosed at age 33 with stage I PTC (T1N0M0). A 

sample was also obtained from one of the proband’s sons (subject 40) who is 

unaffected. 

2.1.1.16 Family 16 

Four individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 41) who was 

diagnosed at the age of 49 with stage I PTC (T4N0M0), and her affected daughter 

(subject 42; Figure 2-7A) who was diagnosed at age 28 with stage I PTC (T1NXMX), 

as well as 2 unaffected individuals (subject 43 and 44).  
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Figure 2-7: Pedigrees of Families (A)16, (B) 17, (C) 18 and (D) 19. 
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2.1.1.17 Family 17 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 45) who was 

diagnosed at the age of 70 with stage II PTC (T1N1aM0), and her non-identical twin 

sister (subject 46; Figure 2-7B) who was diagnosed at the age of 69 with stage II PTC 

(T1N1bM0). There is another affected individual in this family, the mother of subjects 

45 and 46, who was diagnosed with PTC at age 70, however this individual is deceased 

and no further information on is available. 

2.1.1.18 Family 18 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 47) who was 

diagnosed at the age of 65 with stage I follicular variant PTC (T1N0MX), and her 

daughter (subject 48; Figure 2-7C) who was diagnosed with stage I PTC (T3aN1aM0) 

at the age of 50. Subject 48 has an unaffected sister however this individual has not 

been recruited into the study and no further information on this individual is available. 

2.1.1.19 Family 19 

One individual was recruited into the study from this family and a blood sample was 

collected for DNA extraction and genetic analyses: the proband (subject 49) who was 

diagnosed at the age of 30 with stage I PTC (T1N1aM0). There is another affected 

individual in this family, the mother of subject 49 (figure 2-7D), however this individual 

has not been recruited into the study and no further information on this individual is 

available. 
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2.1.1.20 Family 20 

Six individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses, 3 of whom are affected: the proband 

(subject 50) who was diagnosed at the age of 38 with stage I NMTC (T3aN1bM0), his 

sister (subject 51; Figure 2-8A) who was diagnosed at the age of 18 with stage II NMTC 

(T2N1M0) and his other sister (subject 52) who was diagnosed with stage I NMTC 

(T1N0M0) at the age of 42. There is another affected individual in this family, the 

proband’s paternal grandmother, who was diagnosed with NMTC at age 70, however 

this individual is deceased and no further information on is available. Samples were also 

collected from the proband’s father (subject 53), mother (subject 54) and uncle (subject 

55) who are all unaffected with NMTC. 

2.1.1.21 Family 21 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 56) who was 

diagnosed at the age of 45 with stage I PTC (T2N1aMX), and his mother (subject 57; 

Figure 2-8B) who was diagnosed with stage II PTC (T3aN0M0) at the age of 63.  

2.1.1.22 Family 22 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 58) who was 

diagnosed at the age of 36 with PTC (histopathology and staging not available), and her 

affected daughter (subject 59; Figure 2-8C) who was diagnosed at age 37 with stage I 

PTC (T1N0MX). A sample was also obtained from the proband’s other daughter who is 

unaffected (subject 60).  
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Figure 2-8: Pedigrees of Families (A) 20, (B) 21 and (C) 22. 
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2.1.1.23 Family 23 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 61) who was 

diagnosed at the age of 75 with stage II PTC (T3aN1bM0), and his affected daughter 

(subject 62; Figure 2-9A) who was diagnosed at age 48 with stage I PTC (T2N1aM0), 

as well as one of the proband’s other daughters who is unaffected (subject 63).  

2.1.1.24 Family 24 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 64) who was 

diagnosed at the age of 58 with stage I PTC (T2N0M0), and her second cousin (subject 

65; Figure 2-9B) who was diagnosed with stage II PTC (T4NXM0) at the age of 43.  

2.1.1.25 Family 25 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 66) who was 

diagnosed at the age of 62 with stage I PTC (T1NXMX), and her affected daughter 

(subject 67; Figure 2-9C) who was diagnosed at age 30 with stage I PTC (T1bNXMX), 

as well as one of the proband’s other daughters, who is unaffected (subject 68). Subject 

66 also has an affected son, however this individual has not been recruited into the study 

and no further information on this individual is available. 

2.1.1.26 Family 26 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 69) who was 

diagnosed at the age of 27 with stage I PTC (T1N0MX), and his affected sister (subject 



 
 

81 

 

 

 

 

Figure 2-9: Pedigrees of Families (A) 23, (B) 24, (C) 25 and (D) 26. 
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70; Figure 2-9D) who was diagnosed at age 20 with stage I PTC (T1N1bM0), as well as 

the proband’s mother, who is unaffected (subject 71). The proband also has 3 unaffected 

brothers, however these individuals have not been recruited into the study and no further 

information is available. 

2.1.1.27 Family 27 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 72) who was 

diagnosed at the age of 74 with stage III PTC (T4aN1aM0), her affected daughter 

(subject 73; Figure 2-10A) who was diagnosed at age 56 with stage II PTC 

(T3aN1MX), as well as one of the proband’s other daughters who is unaffected (subject 

74). The proband has a third daughter who is unaffected, however this individual has 

not been recruited into the study and no further information is available. 

2.1.1.28 Family 28 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 75) who was 

diagnosed at the age of 55 with stage I PTC (T1aNXMX), and her son (subject 76; 

Figure 2-10B) who was diagnosed with stage I PTC (T3aN1aMX) at the age of 30.  

2.1.1.29 Family 29 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 77) who was 

diagnosed at the age of 71 with stage I tall cell PTC (T1N0M0), her daughter (subject 

78; Figure 2-11) who was diagnosed with stage I tall cell PTC (T3aN1MX) at the age of 

53, as well as one of the proband’s unaffected sons (subject 79). There is also a family 

history of breast cancer in Family 29, as indicated by a chequered symbol in the 

pedigree below.  
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2.1.1.30 Family 30 

Four individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 80) who was 

diagnosed at the age of 62 with stage II PTC (T2N1M0), her daughter (subject 81; 

Figure 2-12A) who was diagnosed with stage I PTC (T1N0MX) at the age of 41, as well 

as one of the proband’s unaffected sons (subject 82). The wife of subject 82 was also 

recruited into the study as she was diagnosed with FTC at the age of 26 and her brother 

has also been diagnosed with PTC. No detailed histopathology is available for subject 

82, and no sample of histopathology is available for her brother. 

 

 

 

Figure 2-10: Pedigrees of Families (A) 27 and (B) 28. 
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Figure 2-11: Pedigree of Family 29. 
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Figure 2-12: Pedigrees of Families (A) 30, (B) 31 and (C) 32. 
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2.1.1.31 Family 31 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 84) who was 

diagnosed at the age of 69 with stage I PTC (T1N0M0), and her daughter (subject 85; 

Figure 2-12B) who was diagnosed with stage I PTC (T2N1M0) at the age of 35. Subject 

84's mother was affected with bladder cancer, and her maternal grandmother with breast 

cancer. 

2.1.1.32 Family 32 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 86) who was 

diagnosed at the age of 39 with stage I PTC (T1aN0MX), and his sister (subject 87; 

Figure 2-12C) who was diagnosed with stage I PTC (T1aNXMX) at the age of 32. 

2.1.1.33 Family 33 

Five individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses including the proband (subject 80; 

Figure 2-13) who was diagnosed at the age of 47 with stage I PTC (T1N1bM0), her 

sister (subject 81) who was diagnosed at age 49 with stage I PTC (T1aN1aM0), her 

other sister (subject 82) who was diagnosed at age 41 with stage I PTC (T1NXMX) and 

the proband’s mother (subject 91) was diagnosed at the age of 64 with stage II PTC 

(T1N1MX). Subject 91 was also affected by breast and gastric cancer. The proband’s 

maternal grandmother was diagnosed with PTC, however a sample and detailed 

histopathology are not available. Family 33 is affected with a number of cancers as 

indicated in the pedigree below. 
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Figure 2-13: Pedigree for Family 33. 
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2.1.1.34 Family 34 

Four individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 93) who was 

diagnosed at the age of 56 with stage II PTC (T2N1M0), his sister (subject 94; Figure 2-

14A) who was diagnosed at age 50 with stage I PTC (T1aN0M0), as well as their 2 

unaffected brothers (subjects 95 and 96).  

2.1.1.35 Family 35 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 97) who was 

diagnosed at the age of 49 with stage I follicular variant PTC (T1aN0M0), her aunt 

(subject 98) who was diagnosed at age 59 with stage I PTC (T1N0M0), and her mother 

(subject 99; Figure 2-14B) who was diagnosed at age 74 with PTC (detailed 

histopathology not available).  

2.1.1.36 Family 36 

Three individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 100) who was 

diagnosed at the age of 32 with stage I PTC (T1aNXMX), and her daughter (subject 

101; Figure 2-14C) who was diagnosed with stage I PTC (T1N0MX) at the age of 22. 

Subject 100’s identical twin sister (subject 102) was also recruited into the study. The 

mother is a triplet, however only 2 of the siblings are identical, as indicated by a � in 

the pedigree below.  
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Figure 2-14: Pedigrees of Families (A) 34, (B) 35 and (C) 36. 
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2.1.1.37 Family 37 

Four individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 103) who was 

diagnosed at the age of 56 with stage I PTC (T1aNXMX), her daughter (subject 104; 

Figure 2-15A) who was diagnosed at age 36 with stage I PTC (T1aNXMX), as well as 

the proband’s other 2 daughters, both of whom are unaffected (subject 105 and 106). 

2.1.1.38 Family 38 

Five individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 107) who was 

diagnosed at the age of 65 with stage I follicular variant PTC (T1aNXMX), his brother 

(subject 108) who was diagnosed at age 62 with stage I PTC (T2N0M0), his sister 

(subject 109) who was diagnosed with stage I PTC (T1NXMX), his other sister who 

was diagnosed at the age of 42 with stage I PTC (T1aNXMX), as well as their 

unaffected mother (subject 111; Figure 2-15B). Subject 111’s sister has a history of 

thyroid disease, but is unaffected with FPTC. 

2.1.1.39 Family 39 

One individual was recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 112; Figure 2-

15C) who was diagnosed at the age of 38 with stage I PTC (T1aNXMX). The proband’s 

father was also diagnosed with PTC (stage IV; T3aN1M1) at the age of 58, however no 

sample is available. 

2.1.1.40 Family 40 

One individual was recruited into the study from this family and blood samples were 
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Figure 2-15: Pedigrees for Families (A) 37, (B) 38, (C) 39 and (D) 40. 
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collected for DNA extraction and genetic analyses: the proband (subject 113; Figure 2-

15D) who was diagnosed at the age of 58 with stage II PTC (T1aN1aM0). There is 

another affected individual in this family, the father of subject 113, however this 

individual is deceased and has not been recruited into the study and no further 

information on this individual is available. 

2.1.1.41 Family 41 

One individual was recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 114; Figure 2-

16A) who was diagnosed at the age of 28 with stage I PTC (T1bNXM0). There is 

another affected individual in this family, the father of subject 114, who was diagnosed 

with stage I PTC (T1N0MX) at the age of 59, however this individual has not been 

recruited into the study and no further information on this individual is available. 

2.1.1.42 Family 42 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 115) who was 

diagnosed at the age of 42 with stage I PTC (T2N0M0), and her brother (subject 116; 

Figure 2-16B) who was diagnosed with stage II PTC (T3N1bMX) at the age of 55. 

2.1.1.43 Family 43 

Two individuals were recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 117) who was 

diagnosed at the age of 46 with stage I PTC (T2N1aM0), and her father (subject 118; 

Figure 2-16C) who was diagnosed with stage II PTC (T2N1aM0) at the age of 77. 
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Figure 2-16: Pedigrees for Families (A) 41, (B) 42, (C) 43 and (D) 44. 
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2.1.1.44 Family 44 

One individual was recruited into the study from this family and blood samples were 

collected for DNA extraction and genetic analyses: the proband (subject 119; Figure 2-

16D) who was diagnosed at the age of 44 with stage I PTC (T3aN1aMX). There is 

another affected individual in this family, the sister of subject 119, however this 

individual has not been recruited into the study and no further information on this 

individual is available. 

 

Table 2-1: Characteristics of affected FMNTC patients. 
Characteristic Patients (N=90) 

Age at diagnosis (SD) 44.9 (14.5) 
Female N (%) 74 (82.2%) 
Ethnicity  
 Caucasian 80 (88.9%) 
 Asian 10 (11.1%) 
Histological subtype  
 Papillary 89 (98.9%) 
      Papillary (follicular variant) 7 (7.9%) 
      Papillary (tall cell variant) 3 (3.4%) 
 Follicular 1 (1.1%) 
 Multifocal 43 (47.8%) 
TNM staging  
 T1 N0 M0 30 (33.3%) 
 T2 N0 M0 7 (7.8%) 
 T1 N1 M0 19 (21.1%) 
 T2 N1 M0 12 (13.3%) 
 T3a N1 M0 13 (14.5%) 
 T3b N1 M0 2 (2.2%) 
 T4 N1 M0 7 (7.8%) 
Staging*  
 I 69 (76.6%) 
 II 8 (8.9%) 
 III 7 (7.8%) 
 IV 6 (6.7%) 

*Available for 85 patients. Detailed histopathology not available for two patients.  
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2.2 Clinical data 

The FNMTC cohort is founded on 43 probands and involved a total number of 119 

participants. This includes 90 participants affected with FNMTC and 29 participants 

who are unaffected (Table 2-1). Of the 119 participants, 92 were females and 27 were 

males. The mean age of onset was 44.9 years of age. There are 3 affected individuals  

 

Table 2-2: Characteristics of 87 sporadic NMTC controls 
Characteristic Patients (N=87) 

Age at diagnosis (SD) 46.5 (16.1) 
Female N (%) 57 (65.5%) 
Ethnicity  

 Caucasian 74 (85.1%) 
 Asian 10 (11.5%) 
 Other 3 (3.4%) 

Histological subtype  
 Papillary 72 (82.8%) 
      Papillary (follicular variant) 11 (12.6%) 
      Papillary (tall cell variant) 11 (12.6%) 
      Papillary (Hurthle cell variant) 2 (2.3%) 
 Follicular 15 (17.2%) 
 Multifocal 19 (21.8%) 

TNM staging*  
 T1 N0 M0 16 (18.8%) 
 T2 N0 M0 16 (18.8%) 
 T3a N0 M0 8 (9.4%) 
 T4 N0 M0 1 (1.2%) 
 T1 N1 M0 16 (18.8%)  
 T2 N1 M0 2 (2.4%) 
 T3a N1 M0 20 (23.5%) 
 T3b N1 M0 2 (2.4%) 
 T4 N1 M0 4 (4.7%) 

Staging*  
 I 64 (75.3%) 
 II 15 (17.6%) 
 III 1 (1.2%) 
 IV 5 (5.9%) 

*Available for 85 patients. Detailed histopathology not available for two patients.  
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from 2 sets of non-identical twins - subjects 45 and 46 are twin sisters, and subject 51 

has a non-identical twin brother who is unaffected. The sporadic NMTC cohort 

involved a total number of 87 participants. Of these, 72 were affected with classic PTC 

and 15 were affected with follicular variant PTC (Table 2-2). 

2.3 Methods 

2.3.1 DNA extraction and Quantitation 

2.3.1.1 DNA extraction 

DNA was extracted from frozen or fresh whole blood containing 

ethylenediaminetetraacetic acid (EDTA) anti-coagulant. To extract the DNA, the 

QIAamp DNA Blood Mini or Midi Kit (Qiagen, Chadstone, VIC, Australia) was used, 

following the manufacturer's instructions. The final elution stage followed the 

manufacturer's recommendation for highly concentrated DNA in which the 300μl of 

DNA is eluted in Buffer AE, and the eluate was re-loaded into the spin column and re-

eluted. Extracted DNA was stored at -20°C until required. 

2.3.1.2 DNA quantitation 

DNA quantitation was performed using a Nanodrop-2000, Nanodrop-One or Qubit 2.0 

Fluorometer (ThermoFisher Scientific, Scoresby, VIC, Australia). The Nanodrop was 

calibrated using elution buffer and 1µl of each sample was analysed in duplicate with 

the results averaged to determine the concentration of DNA in each sample. Samples 

analysed by Qubit were prepared using 1ul of DNA added to 199µl of working reagent, 

as per the manufacturer's instructions. 
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2.3.2 Polymerase Chain Reaction (PCR) 

2.3.2.1 Primer design 

Sequence specific oligonucleotide primers for PCR reactions were designed using the 

Primer3 online software which designs forward and reverse primers for inputted 

sequences (Untergasser et al., 2012). Primers were specifically designed using the 

default settings. Chemically synthesised primers were obtained from Sigma-Aldrich 

(Castle Hill, NSW, Australia). 

2.3.2.2 PCR 

Polymerase Chain Reaction (PCR) was performed using the HotStarTaq Plus DNA 

Polymerase Kit (Qiagen, Chadstone, VIC, Australia) on a MJ Research Dyad PTC220 

thermal cycler (Bio-Rad, Gladesville, NSW, Australia). The master mix was created as 

shown in Table 2-3. 

Table 2-3: PCR master mix composition for  20 µl reaction 

Reagents Volume (µl) 

10x PCR Buffer 2 

5x Q Solution 4 

100 µM dNTP Mix 0.4 

10 µM Primers (forward and reverse) 2 

2.5 µM MgCl2 0.4 

5 U/µL Taq Polymerase 0.1 

ddH2O 9.1 

DNA 2 
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Master mixes were created for each experiment. A negative control reaction was also 

performed, using TE Buffer in place of the DNA, to ensure that there was no 

contamination of the experiment. PCR amplification conditions used on the thermal 

cycler were as described (Table 2-4). 

 

Table 2-4: Polymerase chain reaction run cycle conditions. 

Step Time (minutes) Temperature (°C) Cycles 

Activation 5 95 1 

 

Denaturation 1 94 

35 Annealing 1 60 

Elongation 1 72 

 

Final Elongation 

 

10 

 

72 

 

1 

 

2.3.2.3 Agarose gel electrophoresis 

Following the PCR, an agarose gel electrophoresis was performed using a horizontal 

mini submarine cell to visualise the DNA and determine the presence of the amplicon, 

its approximate size and quantity and to establish if there was any contamination. This 

was performed by creating a 1% agarose gel, composed of 1g of agarose, 100ml of 1X 

TAE buffer and 1.25mg/mL ethidium bromide and pouring it into a gel tray with the 

appropriate comb as described by Maniatis et al. (1982). Once set, the gel was loaded 
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with DNA products combined with loading dye (Qiagen, Chadstone, VIC, Australia) 

into the designated wells and the appropriate molecular weight marker, either a GelPilot 

1kb Plus Ladder (Qiagen, Chadstone, VIC, Australia), 50bp DNA step ladder or 100bp 

DNA ladder (Promega, Alexandria, NSW, Australia). The gels were then 

electrophoresed in TAE buffer. Electrophoresis was performed at 100V for 

approximately 40-50 minutes and DNA visualised using an Ultraviolet trans-illuminator 

and photographed using a Polaroid quick shooter (International Biotechnologies, CT, 

USA) or documented using a Chemidoc XRS+ system (Bio-Rad, Gladesville, NSW, 

Australia). 

2.3.3 Sanger sequencing 

Sanger sequencing was performed to confirm that genetic variants that were identified 

in the genomic DNA of study subjects by WES were truly present and were not 

sequencing errors. Primer design and PCR analysis were performed as described above. 

Amplified samples and their corresponding primers were sent to the Australian Genome 

Research Facility (AGRF) for Sanger sequencing and analysis. The resulting sequence 

data was aligned and examined using two separate approaches - i) Geneious Pro 4.8.5 

(Biomatters Ltd.) software and ii) by alignment performed using Clustal Omega 

software (McWilliam et al., 2013).  

2.3.4 Cell culture 

2.3.4.1 Maintenance of cell lines 

Cell cultures were grown in humidified conditions with 5% CO2 at 37°C and were 

subcultured at 80% confluence for HEK293FT cells and 70% confluence for HAP1 

cells. HEK293FT cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) 

(ThermoFisher Scientific, Scoresby, VIC, Australia) prepared with 4.77g HEPES and 

3.7g NaHCO3 and adjusted to a pH of 7.4, as per the manufacturer’s instructions. The 
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prepared DMEM was supplemented with 10% Foetal Bovine Serum (FBS) and 1% 

Penicillin/Streptomycin (P/S). HAP1 cells were grown in IMDM (ThermoFisher 

Scientific, Scoresby, VIC, Australia) prepared with 3.024g NaHCO3 as per the 

manufacturer’s instructions and the prepared media was supplemented with 10% FBS 

and 1% P/S. 

2.3.4.2 Subculture of cells 

All cells were passaged when they reached 70-80% confluence. This was performed by 

washing the cells with PBS and incubating them for 5 minutes with 0.2% Trypsin-

EDTA (Sigma-Aldrich, Castle Hill, NSW, Australia). Cells were incubated with 

sufficient trypsin to cover the flask for 5 minutes, or until cells were mostly detached. 

After incubation, the trypsin was deactivated with DMEM containing 10% FBS. The 

cell suspension was transferred to 15ml tube and centrifuged for 2 minutes at 180 x g to 

pellet the live cells. The media was removed and cells resuspended in 10-15ml of new 

media. The cell number and viability was assessed on an aliquot of the suspension using 

trypan blue (0.02% w/v) staining and an improved Neubauer haemocytometer. Cells 

were replated either in culture flasks or stored frozen for future use.  

2.3.4.3 Cryopreservation of cells 

Cells were stored long-term in liquid nitrogen. 75cm2 flasks of cells were grown until 

80-90% confluent and cells were trypsinised, washed and re-suspended in DMEM 

containing 10% FBS, 1% P/S and 10% dimethyl sulfoxide (DMSO). The suspended 

cells were transferred into cryovials and frozen at -80°C for 48 hours before being 

transferred into the liquid nitrogen tank.  

Cells were resuscitated by rapid thawing in a 37°C water bath. The cells were then 

transferred to a tube and washed with DMEM containing 10% FBS and 1% P/S to 

remove all traces of DMSO. Cells were pelleted by centrifugation as described 
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previously, resuspended in 1 ml culture media and added to a T75 flask containing 

DMEM at 37°C. The media was replaced the following day.  

2.3.5 Western blotting 

2.3.5.1 Extraction of total cell protein 

Cells were washed once with PBS and an appropriate volume of lysis buffer (see 

Appendix 1) was added. The cells were scraped into 1.5ml microcentrifuge tubes and 

centrifuged at 4°C for 30 minutes at 180 x g.  

2.3.5.2 Protein quantitation 

2.3.5.2.1 Bradford Assay 

Protein quantitation was performed using the Bradford assay (Bradford, 1976) for most 

experiments. A set of 9 bovine serum albumin (BSA) standards, ranging from 0-

2000µg/ml, was prepared using 10mg/ml molecular biology grade BSA (Promega, 

Alexandria, NSW, Australia). 5µl of each standard was added to a 96-well microplate 

containing 200µl of Bradford reagent (chapter 2.3.5.2.1). 5µl of each protein sample 

was also added to each well in triplicate and plates were vortexed to mix. The protein 

concentrations were then determined using a BMG Optima microplate reader (BMG, 

Mornington, VIC, Australia) as per the manufacturer’s instructions. 

 

2.3.5.2.2 BCA assay 

Protein quantitation was performed using the BCA assay for the co-

immunoprecipitation experiments. This was done with the Pierce BCA Protein Assay 

Kit (ThermoFisher Scientific, VIC, Australia) following the manufacturer’s instructions. 

In brief, 9 protein standards between 0-2000µg/ml were prepared and 10µl added to 96-
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well microplates containing 200µl of the BCA Working Reagent (WR). Samples were 

prepared (10 µl) and plated into wells containing 200 µl WR. All standards and samples 

were prepared in triplicate, and the micorplates incubated at 37°C for 30 minutes, after 

which they were cooled to room temperature and the protein concentrations were 

determined using a BMG Optima plate reader as per the manufacturer’s instructions. 

2.3.5.3 SDS-PAGE gel electrophoresis 

Proteins were electrophoresed as described by Maniatis et al. (1982) using 1.5mm thick 

10% SDS-PAGE gels made as described in Table 2-5. 

The separating gel was poured and left to set for one hour at room temperature. Once 

set, the stacking gel was prepared (Table 2-6) and set with an 8 well comb for one hour 

at room temperature. Recipes for separating and stacking buffers are found in Appendix 

1. 

Once the gel was completely set, it was removed from the chamber and put into a Mini-

PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad, Gladesville, NSW, Australia), 

containing running buffer (Appendix 1). The gels were loaded with 8ul of Precision 

Plus protein dual colour standard (Bio-Rad, Gladesville, NSW, Australia) and the 

appropriate amount of protein samples mixed with 6x Loading buffer (Appendix 1).  

Table 2-5: Reagents and volumes required to make an SDS-
PAGE separating gel. 

Separating gel Volume 

H2O 3.2ml 

4x Separating buffer 1.87ml 

30% acrylamide 2.4ml 

10% APS 25ul 

TEMED 7.5ul 
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Table 2-6: Reagents and volumes required to make an SDS-
PAGE stacking gel. 

Stacking gel Volume 

H2O 4.0ml 

4x Stacking buffer 1.7ml 

30% acrylamide 0.86ml 

10% APS 66ul 

TEMED 6.6ul 

 

Gels were electrophoresed at 80V through the stacking gel (approximately 15 minutes) 

and then at 180V through the separating gels until the protein colour markers showed 

good separation of bands (approximately 45-60 minutes).  

2.3.5.4 Gel electrophoresis 

Once the SDS-PAGE gels were adequately separated, they were layered in a Mini 

Trans-Blot cell in a Mini-PROTEAN Tetra cell with an Amersham Protran Premium 

0.45 µm nitrocellulose membrane (GE Healthcare Life Sciences, Parramatta, NSW, 

Australia). The Tetra cell was filled with 1x transfer buffer (Appendix 1). Proteins were 

transferred onto a nitrocellulose membrane overnight at 4°C at 30 volts with magnetic 

stirring of the transfer buffer. Successful transfer of the gel was determined by 

identification of the loaded marker and by staining the membrane with ponceau stain 

(Sigma-Aldrich, Castle Hill, NSW, Australia). Ponceau stain was added to the 

membranes and incubated for 5 minutes, after which it was washed with water until the 

water ran clear. The membranes were then washed in Tris-buffered saline with 0.1% 

Tween 20 (TBS-T; Appendix 1). Membranes were blocked with 5% skim milk 

powder/TBS for 1 hour on a horizontal roller mixer (Chiltern Scientific, UK) at room 

temperature.  
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2.3.5.5 Antibody hybridisation 

Primary antibody for detection of target proteins in western blot was added at a 

concentration of 1:1000 and incubated for 1.5 hours on a horizontal roller mixer at room 

temperature. The membrane was washed 3 times with TBS-T and the appropriate 

secondary antibody was added at a concentration of 1:5000 and incubated for 1 hour. 

The nitrocellulose membrane was washed a further 3 times with TBS-T and ECL 

substrate (Thermofisher Scientific, VIC, Australia) was added to the membrane and 

incubated for 1 minute with gentle rocking. Membranes were visualised using a 

Chemidoc XRS+ system (Bio-Rad, Gladesville, NSW, Australia).  

2.4 Statistical analysis 

Experiments were repeated three times unless otherwise stated. Data presented in this 

thesis were analysed using a number of statistical software tools as described in each 

experimental protocol. 

2.5 Materials 

Detailed information about the materials, chemicals and reagents used in this research 

are listed in Appendix 5. Information about the equipment and software used is listed in 

Appendix 6. 

2.5.1 Cell lines 

HEK293FT cells were obtained from ThermoFisher Scientific (Scoresby, VIC, 

Australia). HAP1 cell lines (passage 8; HAP1 parental cell line (Essletzbichler et al., 

2014), A144P mutant and R231* mutant cell lines) were purchased from Horizon 

Discovery PLC (Cambridge, UK). The SNP knock-in mutant cell lines were created 

using CRISPR/Cas9 technology. This technology is based on the use of Clustered 
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Regularly Interspaced Short Palindromic Repeats (CRISPR) DNA sequences which are 

a family of DNA sequences found in bacteria (Barrangou, 2015). 
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Chapter 3 – Identification of a novel FNMTC-
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3 Identification of a novel FNMTC- related variant in affected 

families using Whole Exome Sequencing  

 Introduction 

Thyroid cancer is the most common endocrine malignancy, accounting for 94.5% of 

malignancies in endocrine organs (Aksu, 2014). Nonmedullary thyroid cancer (NMTC) 

accounts for approximately 80% of thyroid malignancies. Thyroid cancer is the seventh 

most common cancer affecting women and is the 3rd most common cancer affecting 

women aged 25-49 in Australia (Australian Institute of Health and Welfare 2017). It is 

an important public health problem with an estimated eight new cases diagnosed every 

day (Australian Institute of Health and Welfare, 2017). 

The familial component to NMTC, FNMTC, is a rare hereditary condition, affecting 

approximately 5% of NMTC cases, whereby NMTC is present in two or more first-

degree relatives in the absence of other predisposing or environmental causes (Bonora et 

al., 2013; Pinto et al., 2014). FNMTC is a complex disease and is more aggressive than 

its sporadic counterpart (Wang et al., 2015). FNMTC is a condition with incomplete 

penetrance – that is, a subject may have the mutation, but not be affected by the disease 

(Guilmette and Nose, 2018), and individuals with the mutation may present with some 

difference in phenotype. Incomplete penetrance is a phenomenon that occurs in 

autosomal dominant conditions such as FNMTC, where the expression of the unaltered 

allele can modify or compensate the effect of the altered allele on the phenotype 

(Plaisancie et al., 2016). However, it is also possible that there are other factors which 

may complicate the identification of the causative gene/s. Although a number of studies 

have been performed in order to elucidate the genetic basis of FNMTC, the causative 

gene/s or genetic mutations responsible for the condition of FNMTC are still unknown 

(Peiling Yang and Ngeow, 2016). 
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Though no causative genetic mutations have been identified for FNMTC, a role has 

been indicated for a number of genes in the pathogenesis of the disease, suggesting that 

it is a polygenic familial cancer syndrome (Gara et al., 2015). FOXE1, a transcription 

factor, is suggested to be a key factor in the development of thyroid cancer (Bonora et 

al., 2013; Landa et al., 2009). Similarly, a mutation in HABP2 discovered in both 

familial and sporadic cases of NMTC suggested the importance of this gene in the 

pathogenesis of FNMTC (Gara et al., 2015), however other studies have not confirmed 

its significance (Colombo et al., 2017; Sahasrabudhe et al., 2016; Tomsic et al., 2015b). 

Additionally, mutations in SRRM2 and C14orf93 have also been identified in FNMTC 

patients (Liu et al., 2016; Tomsic et al., 2015a; Yu et al., 2017). 

As outlined in Chapter 1, whole exome sequencing (WES) involves sequencing the 

protein coding regions (exomes) of the genome, which accounts for ~1% of the human 

genome or ~30 Mb, split across ~180,000 exons (Ng et al., 2009). WES is routinely 

used and is gradually being optimized for the detection of rare and common genetic 

variants in humans and is now recommended as the most comprehensive clinical 

genomic test available (Stark et al., 2016; Timmermans and Stivers, 2018). WES has 

proven to be a useful tool to diagnose patients with rare Mendelian disorders. 

Approximately 25-30% of such patients receive a diagnosis, some after years of waiting 

for a molecular diagnosis (Lee et al., 2014; Timmermans and Stivers, 2018; Yang et al., 

2014). By using this technology, one can provide new information to patients suffering 

from rare diseases and may ultimately lead to better identification methods or therapies 

for these conditions. 

WES has also led to the correction of treatments, prognoses, and disease management 

(Nguyen and Charlebois, 2015). It was chosen for this study as these technologies have 

already accelerated genetic studies of Mendelian disorders and there was great interest 

in using WES for studies of complex traits (Bamshad et al., 2011; Do et al., 2012; 

Kiezun et al., 2012).  
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The cohort consists of 38 FNMTC families, some of which have previously been 

involved in a candidate gene study to identify the causative gene/s in FNMTC which 

proved to be largely unsuccessful. This proposed method of exome sequencing has not 

been previously performed on an Australian FNMTC cohort, which may provide new 

insight into genes of interest in FNMTC families when compared to healthy controls.  

Next generation sequencing (NGS) has been proposed as a method for identifying rare 

variants and susceptibility gene screening in a number of diseases, including FNMTC 

and familial hypercholesterolaemia (Dong et al., 2017; Maglio et al., 2014). This is 

firstly due to its vastly improved speed at significantly lower cost than Sanger or 

shotgun sequencing, as well as the need for significantly less DNA to be used (Petersen 

et al., 2017; Serratì et al., 2016). Secondly, NGS is a technology that could in principle, 

given a large enough sample size and deep enough sequencing, uncover all the genetic 

variation in a region, rather than just the common SNPs identified using other methods 

(Thomas et al., 2013).  

Currently, there are no gold standard approaches to the identification of potentially 

disease-causing variants from whole exome sequencing data. The current best practices 

approaches typically involve the use of multiple variant identification algorithms, of 

which there are many (Hwang et al., 2015; Liu et al., 2017). For instance, some tools 

use heuristic metrics such as sequencing depth, quality scores and allele frequency to 

identify putative variants (Koboldt et al., 2012; Li et al., 2009). Conversely, other 

algorithms use probabilistic models in order to statistically derive putative variants 

(Larson et al., 2012; Van der Auwera et al., 2013). Once initially identified, these 

putative variants must undergo stringent filtering and validation for which, again, there 

is no single method.  

Whilst there are a number of variant callers including Genome Analysis Tool Kit 

(GATK) and SAMtools, which are among the most commonly used, the algorithms all 
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have strengths and weaknesses. For instance, Freebayes is biased towards ignoring the 

reference allele (IR) and GATK and SAMtools are biased towards adding the reference 

allele (AR) (Hwang et al., 2015; Li et al., 2009; Van der Auwera et al., 2013). A large 

number of studies have used only one variant called from any one of the widely 

available variant calling programs including GATK, SAMtools, Freebayes, MuTect, 

SOAPsnp and VarScan 2 (Brastianos et al., 2014; Garrison and Marth, 2012; Hwang et 

al., 2015; Koboldt et al., 2012; Li et al., 2009; Van der Auwera et al., 2013; Zhang et al., 

2013).  

Since different algorithms using different information have their own strengths and 

weaknesses, it has been suggested to use the consensus outputs from multiple 

algorithms to obtain a more reliable prediction for a missense variant (Cai et al., 2015; 

Chun and Fay, 2009). As such, some studies have developed multi-caller pipelines 

which utilise two or more variant callers (Callari et al., 2017; do Valle et al., 2016). One 

such study developed a three-caller pipeline, which utilises three algorithms (GATK, 

MuTect and VarScan) to improve the detection of true positive mutations in 

hepatocellular carcinoma (HCC) (Liu et al., 2017). 

In order to identify potentially causative variants in FNMTC in an Australian cohort, 

whole exome sequencing was performed on 79 samples from 38 families to identify 

pathogenic missense variants and indels that were segregating with disease in the 

affected families. 

 Methods 

 Patient samples 

A total of 79 samples for whole exome sequencing were collected from 115 thyroid 

cancer patients who comprised 38 families. Whole blood samples were collected and 

stored at -20°C until required. DNA was extracted from the samples using the QIAamp 

DNA Blood Midi kit (Qiagen, Victoria, Australia) following the manufacturer’s 
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instructions for an increased sample concentration, by re-loading the TE buffer and re-

eluting the DNA in the same TE buffer. DNA was quantitated using the Nanodrop 

(ThermoFisher Scientific, Malaga, Western Australia), where samples yielding at least  

2 µg DNA that showed minimal smearing on electrophoresis were considered to be high 

quality. This study was approved by the UWA Human Research Ethics Committee 

(#2009-128). 

 Exome Sequencing 

Whole exome sequencing was performed with assistance from the staff at the 

Lotterywest State Biomedical Facility Genomics (LSBFG) and the Australian Genome 

Research Facility (AGRF) in Victoria. Sequencing libraries were created using the 

TargetSeq Exome Enrichment System (Life Technologies, Victoria, Australia) 

(LSBFG), the TruSeq Exome Enrichment Kit (Illumina, Victoria, Australia) (AGRF) or 

the SureSelect XT Human All Exon Target Enrichment System (Agilent, Victoria, 

Australia) (AGRF) according to the manufacturers’ protocols. Sequencing was 

performed using either the SOLiD XL5500 sequencing system (LSBFG), or the 

Illumina HiSeq2000 (AGRF). FastQC was used to collect quality metrics from the raw 

read containing files (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  

Sequencing reads were aligned to the human reference sequence (hg19) with BWA 

using the default settings (Li and Durbin, 2009). Coverage and quality statistics for each 

binary alignment (BAM) file were computed using SAMtools (Li et al., 2009). 

 Variant calling 

Several pre-processing steps were undertaken on the BAM files before variant detection 

took place (Figure 3-1). Variant calling and detection was performed using Galaxy 

(https://galaxy-qld.genome.edu.au) (Afgan et al., 2015). SAMtools (Li et al., 2009) and 

the Genome Analysis Toolkit (GATK) (Van der Auwera et al., 2013) were used to 
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independently identify candidate variants. An “intersect-then-combine” approach was 

used, where variants were called by SAMtools and GATK, and variants identified by 

both callers were used for the analysis. Variants that were called by one variant caller 

only were discarded. The resulting variant call format (VCF) files were annotated using 

ANNOVAR (Appendix 3) (Wang et al., 2010). 

 Annotation of VCF files 

The VCF files, either those generated or provided, were converted into an ANNOVAR 

compatible input and variants were then annotated using the TABLE_ANNOVAR 

function (Appendix 3). This particular function was chosen as it provided a 

comprehensive annotation of the variants in an excel compatible file. The annotation 

was a gene-based annotation, which annotated SNPs and indels to provide information 

in order to identify whether they caused protein coding changes and to identify the 

amino acids that were affected.  
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Figure 3-1: Galaxy workflow for variant calling with SAMtools and GATK.	

 

The annotations chosen included gene name, conservation scores, SIFT, PolyPhen2, 

MutationTaster, MutationAssessor, FATHMM, GERP++ and SiPhy scores, 1000 

genomes minor allele frequency (MAF), rsIDs and esp6500si allele frequencies. The 

combination of these annotations provided details about the gene including the function 

and type of each variant, as well as the predicted effects of a variant and allele 

frequencies in the 1000 genomes project and NHLBI-ESP project.  

 Variant analysis 

The annotated variant files from ANNOVAR were formatted for use in VarSifter (Teer 

et al., 2012) in order to visualise and manipulate the variant data. For input into 

VarSifter, a single analysis file was made for each family exome sequenced, using an 

external control with no family history of any cancers. Files were merged using a 
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combination of Microsoft Excel and Statistica for the manipulation of large files. 

Variants were firstly sorted for those that were exonic and non-synonymous, which 

were present in all affected individuals but not present in the control individual.  

Candidate variants were then filtered for those with a polyphen score of above 0.7, and 

those which were either not present in the 1000 genomes data or who were found in less 

than 1% of the 1000 genomes database. The candidate genes were then prioritized based 

on phenotype using VarElect (https://varelect.genecards.org/). The phenotype keywords 

used in VarElect were "thyroid", "cancer" and "thyroid cancer."  

Individual VCF files containing candidate variants were input into VAAST (see 

Appendix 3), an analysis tool that ranks the genes from most damaging to least 

damaging based on the composite likelihood ratio test (CLRT) statistical test and 

assigns them with a ranking score. The files were formatted with VAAST in order to 

run the analysis (Appendix 3).   

The candidate genes and their variants output by VAAST were manually filtered by the 

function of the gene, the nature of the mutation (for example whether it was 

synonymous or non-synonymous, frameshift or non-frameshift mutation), the frequency 

of the variant in the 1000 genomes project, PolyPhen2 scores and SIFT scores. Some of 

these analyses, such as running VAAST and ANNOVAR, were performed on the Epic 

and Magnus supercomputers through the Pawsey Supercomputing Centre. Conventional 

Sanger sequencing (Sanger et al., 1977) was performed by AGRF to validate the 

candidate variants that were identified in the NGS data. 
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 Results  

 Patient characteristics 

Of the 79 individuals who underwent exome sequencing, 67 were affected and 12 were 

unaffected (Table 3-1). The mean age of diagnosis was 45.9 years (range 18-75 years) 

and 81% of the cohort was female. Of the affected patients, 98.5% presented with 

papillary thyroid cancers, while one individual (1.5%) presented with follicular thyroid 

cancer.  

 

Table 3-1: Summary of patient characteristics from individuals 

who underwent exome sequencing. 

Characteristic Patients (n=79) 

Age at diagnosis (SD) 45.9 (15.6) 

Female 64 (81.0%) 

Affected 67 (84.8%) 

 Papillary 66 (98.5%) 

  Follicular variant 5 (7.6%) 

  Tall cell variant 3 (4.5%) 

 Follicular 1 (1.5%) 

 

 

 Variants 

Overall, an average coverage of 69.24X was achieved by the exome sequencing data 

(Figure 3-2). On average, 97.99% of the target was covered (Figure 3-2) and 89.05% 

was covered at 20X coverage (Figure 3-3). An average of 87,698,646 reads was 

produced per sample (Figure 3-4). 
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Figure 3-2: Average coverage form 79 exome sequencing samples. 

 

 

Figure 3-3: Percentage of the total target covered by exome sequencing for 79 
exome sequencing samples.  

 

An average of 86,153 SNPs (Figure 3-6) and 11,959 indels (Figure 3-7) were called for 

the cohort. The number per sample differed due to the exome capture method used and 

the programs used to call variants. The most recent samples, performed with exome 

capture kits designed to capture more of the exome, produced a larger number of 

variants. 
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Figure 3-4: Number of reads produced by exome sequencing for 79 exome 

sequencing samples. 

 

 

Figure 3-5: Percentage of the target covered at 20X in 79 exome sequencing 
samples. 
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Figure 3-6: Number of SNPs identified per sample for 79 exome sequencing 

samples. 

 

A number of variants were identified by exome sequencing. These variants were 

examined and prioritised to identify the top five candidate genes (Table 3-2). However, 

only one of these variants was a missense mutation validated by Sanger sequencing and 

co-segregated with the disease – RASSF1.  

 

Figure 3-7: Number of indels identified per sample for 79 exome sequencing 

samples. 
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Table 3-2: Top 5 candidate variants identified by exome sequencing. 

Gene rsID Type Validated 

RASSF1 rs775940249 SNV Yes 

NCOR1 rs77813223 SNV No 

CDC25A n/a SNV No 

RASAL1 n/a Deletion No 

FOXO3 n/a Insertion No 

 

 

 Identification of a candidate FNMTC variant in RASSF1  

A variant in RASSF1, NM_007182.4:p.Ala144Pro, was identified in 3 individuals from 

Family 2 - subjects 3, 4 and 5 (Figure 3-8). Subject 3 and 4 were affected by FNMTC, 

however subjects 5 and 6 were unaffected. Figure 3-9 below shows a sequencing 

chromatogram of the mutation in all four individuals in Family 2. The heterozygous 

mutation is present in subjects 3, 4 and 5, while subject 6 displays the wild-type 

genotype.  

 

Figure 3-8: Pedigree of Family 2, showing subject IDs and genotypes. 

 

One of the individuals, subject 5, has the mutation but does not have FPTC. This may 

be due to incomplete penetrance, where this individual has the variant but will not 

      

CG     CG        CG                           CC 
  3             4              5                              6 
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develop NMTC, or it may be that this individual may develop it sometime in the future. 

The mutation identified was an amino acid change from alanine to proline at amino acid 

144 (A144P), caused by a CàG nucleotide change. An amino acid substitution from 

alanine to proline can be problematic and can cause issues with the stability and 

refolding of the affected protein (Hacke et al., 2013). This variant is located at 

chr3:50369513 at 3p21.3, which is a known tumour suppressor gene cluster. It has a 

MAF of 0.00014 (ExAC database) suggesting that this variant is rare.   

Computational analysis of the variant by Pymol (http://sourceforge.net/projects/pymol/), 

a molecular visualization system, was performed to view the structure of the RASSF1A 

protein. A protein BLAST search identified a structure which contains codon 144, 

named 3DDC. This structure was input into Pymol and it was discovered that a proline 

substitution at codon 144 could potentially destabilise an alpha-helix (Figure 3-10).  

 

Figure 3-9: Chromatogram showing RASSF1 A144P mutation. 

 

Subject 6 

Subject 3 

Subject 4 

Subject 5 
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Figure 3-10: Structure of the A144P mutant RASSF1A protein. The site of the 

mutation is indicated with an arrow. 

 

The A144P variant was examined with SIFT (http://sift.jcvi.org/) and was given a score 

of 0.04, which is considered damaging. This suggests that this variant is likely to have a 

damaging effect on protein function (Kumar et al., 2009). It also has a CADD phred-

scaled C-score of 23.4, which indicates that it is in the top 1% most deleterious variants 

(Kircher et al., 2014). 

 Discussion 

FNMTC is a rare endocrine malignancy and analysis to date has failed to identify a 

single causative variant or gene responsible for the pathogenesis of this disease, 

although a number of susceptibility loci have been reported. This study aimed to 

determine the presence of pathogenic FNMTC-related variants in an Australian cohort 

of 79 patients from 38 families using whole exome sequencing and an innovative 

bioinformatics pipeline.  

In 2013 when this research began, the average time taken to process the data from a 

single human exome using the pipeline created in this project was over 24 hours: each 

exome VCF file contains up to 650,000 lines of data.  As mentioned the pace of 
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advancement of genomics in the last 5 years has been frenetic and economies have been 

achieved on many levels in the wet laboratory procedures, data processing and 

bioinformatics.  In comparison, by the end of this study, exome data was analyses in 

batches of 10 samples at a time using the pipelines described in this thesis and 

additional publicly available software (e.g. ANNOVAR), all of these together requiring 

only approximately 24 hours to process an annotate and representing a ten-fold increase 

in research productivity.  

Overall it is estimated that approximately 18 months of full time research work during 

this PhD candidacy was invested in the physical performance of WES at the laboratory 

bench, creation of bioinformatics analysis pipelines, data processing and annotation of 

exome sequencing files. 

The research performed in this candidacy identified and validated a candidate variant in 

RASSF1 in the germline DNA of individuals from Family 2. Rat associated domain-

containing protein 1 (RASSF1) is a known tumour suppressor gene thought to be an 

effector of the Rat sarcoma (RAS) subfamily, and is one of the most common 

oncogenes, which has been found to be altered in up to 90% of cases in several types of 

cancer, including pancreatic, colorectal, ovarian and lung cancers (Feng et al., 2014; 

Han et al., 2016; Rezk et al., 2017; Sun et al., 2017). The RAS family is commonly 

mutated in thyroid cancer and has been found in thyroid carcinomas at a frequency of 

4.7% - 24.3% (Fernández-Medarde and Santos, 2011). The RASSF1 gene is located at 

3p21.3, a region of the chromosome which is commonly mutated or deleted in human 

cancers. The RASSF1 gene itself has frequently found to be inactivated in many cancers 

including breast and lung cancers, due to the hypermethylation of a CpG island in its 

promoter (Jung et al., 2013). 

While the A144P mutation identified in the current study has not previously been 

described in association with FNMTC nor functional data reported for the variant, 
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previous general functional studies have been performed on amino acids 120-185, and 

deletion of these amino acids has been determined to stop the ability of RASSF1A to 

interact with microtubules (Donninger et al., 2014). The RASSF1A-microtubule 

complex allows modulation of the cell cycle – without the ability of RASSF1A to 

interact with microtubules, the cell cycle can no longer be modulated by RASSF1A.  

Computational modelling of the A144P variant has shown that this mutated protein is 

less stable than wild-type RASSF1. This is due to the interaction between the proline 

and its aligning residue - the proline cannot form peptide bonds with this residue and as 

such it is a "helix-breaker" due to its inability to form hydrogen bonds from its 

backbone nitrogen. This could potentially destabilise an alpha-helix due to its inability 

to form hydrogen bonds from its backbone nitrogen. If the protein is less stable, one can 

hypothesise that it may not function as well as wild-type RASSF1, and as such may have 

negative consequences on the normal functions of RASSF1.  

The RASSF1 gene was chosen as a candidate gene for this study as it has been 

implicated in a number of cancers and predictive modelling has shown it may be 

potentially damaging. The A144P variant of RASSF1 was chosen as it has a MAF of 

0.00014 in the ExAC database, which is considered rare. It has also been predicted to be 

damaging by CADD, a comprehensive tool which aims to take the results of many 

known prediction tools into account and provide a single predictive score (Kircher et al., 

2014). These findings all indicate a variant which may be potentially damaging and may 

be a good candidate gene for FNMTC. 

Variant calling can be a difficult process, with a large number of variant callers 

available, each with their own strengths and weaknesses, including SAMtools, GATK 

and Freebayes (Garrison and Marth, 2012; Li et al., 2009; Van der Auwera et al., 2013). 

Studies have been performed to determine the effectiveness of these variant callers, and 

a large number of studies have used multiple variant callers to increase sensitivity of the 
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variant calling and reduce the occurrence of false positives (Lam et al., 2012) (Kim et 

al., 2017). The “intersect-then-combine” variant calling method has been used by the 

1000 Genomes project (The Genomes Project, 2015) to yield superior results. Using 

three different variant calling pipelines, they determined that a combination of any two 

variant callers had a higher sensitivity than any single caller (The Genomes Project, 

2015). Other studies have also shown that GATK is superior when calling indels and 

SAMtools is superior when calling SNPs (Hwang et al., 2015). Therefore, this ITC 

approach, which has been widely used in the field, was an appropriate choice for variant 

calling.  

 Conclusion 

FNMTC is a complex disease with an unknown aetiology and incomplete penetrance, 

making identification of the causative gene/s a challenge. The literature to date is 

perplexing, sometimes with contradictory reports on the genes or variants identified. 

Few rare mutations have been found in affected individual’s families, which have not 

been identified in any other families or cohorts (He et al., 2013). Due to the complexity 

of the disease and relatively small cohorts available, identifying the causative gene/s has 

been a complex task and the findings so far do not explain the genetic basis for the vast 

majority of FNMTC cases (Suh et al., 2009). The identification of a variant in the 

RASSF1 gene offers a promising avenue for further interrogation in FNMTC, and is 

therefore the focus of Chapter 4. 
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4 RASSF1 and FNMTC 

4.1 Introduction 

FNMTC is a complex disease and constitutes 3-9% of all thyroid cancers (Hemminki et 

al., 2005; Peiling Yang and Ngeow, 2016). No causative mutation has yet been 

identified for FNMTC. Through exome sequencing of the Western Australian FNMTC 

cohort conducted in the current study, a novel missense variant was identified in the 

RASSF1 gene (Chapter 3). This chapter focuses on the functional characterisation of the 

potentially pathogenic variant. 

4.1.1 The RASSF gene family 

The Ras association domain family (RASSF) family of proteins consists of 10 members 

(RASSF1-10), of which RASSF1-8 produce multiple isoforms by alternate splicing or 

using different promoters (Donninger et al., 2016; Volodko et al., 2014). This family 

has two characteristic features – a Ras-association domain (RA) and a Sav-RASSF-Hpo 

(SARAH) domain. The SARAH domain encodes a protein-protein interaction domain, 

however it is only found in RASSF1-6 (Richter et al., 2009). 

While RASSF family proteins have a number of domains, the most important is the Ras 

Association (RA) domain located in their N-terminus or C-terminus; after which they 

were named (Volodko et al., 2014). This domain is thought to interact with the Ras 

GTPase family of proteins which are involved in a number of cellular processes 

including apoptosis, proliferation and membrane trafficking (Volodko et al., 2014). The 

isoforms containing the RA domain (RASSF1-6) usually act to inhibit cellular growth 

and survival and all exhibit down-regulation by epigenetic inactivation to some degree 

in human tumours (Donninger et al., 2016). 
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The RASSF genes are thought to control a number of cellular processes, including MST 

kinase-dependent apoptosis, microtubule formation and stabilisation, cell cycle, mitosis 

and are involved in DNA repair (Volodko et al., 2014). They have been shown to link or 

have the potential to link Ras to pathways that modulate apoptosis, senescence, 

autophagy, inflammation and DNA repair (Donninger et al., 2016). Due to its ability to 

interact with multiple tumour suppressor proteins and link Ras to p53 and Rb, two of 

the most important tumour suppressors in human biology, it has been suggested that 

RASSF1A may serve as the central element in a tumour suppressor network (Donninger 

et al., 2016).  

The Ras family is divided into 2 groups - the classical members (RASSF1-6) and the N-

terminal members (RASSF7-10). The classical RASSF family members encode a C-

terminal RA and SARAH domain (Guo et al., 2011), a specialised coiled-coil structure 

extending to the C-terminus and mediating protein–protein interactions crucial in the 

pathways that induce cell cycle arrest and apoptosis (van der Weyden and Adams, 

2007). This will be discussed in further detail later in the chapter. The N-terminal 

members have a number of differences from the classical RASSF members and 

represent a newly defined set of potential Ras effectors (Sherwood et al., 2010).  

4.1.2 The RASSF1 gene 

The Ras association domain family 1 gene, also called RASSF1, is located on 

chromosome 3, at 3p21.23, and contains 8 exons which are alternatively spliced to 

create 8 isoforms, RASSF1A-H (Gordon et al., 2012). RASSF1 produces 10 transcripts, 

5 of which are protein coding (Figure 4-1). The gene is located in a region of the 

chromosome which is commonly mutated or deleted in human cancers (Dittfeld et al.,  
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Figure 4-1: Genomic location and transcript detail for the human RASSF1 gene. 
There are 10 transcripts of RASSF1, including protein coding and nonsense 
mediated decay (which contain an open reading frame (ORF)) and processed 
transcripts and retained intron transcripts (which do not contain an ORF) 
(Zerbino et al, 2018).  

 

2012a; Hesson et al., 2007). Loss of heterozygosity of chromosome 3p21 is one of the 

most frequent alterations in solid tumours, including thyroid carcinomas (Pfeifer and 

Dammann, 2005; Schagdarsurengin et al., 2002). 

The two main isoforms, RASSF1A and RASSF1C, are expressed in a wide variety of 

normal tissues. The RASSF1A and RASSF1C proteins contain an ATM 

phosphorylation site and an N-terminal protein kinase C conserved region 1 (C1) 

domain which co-localizes with microtubules (Gordon and Baksh, 2011). However, 

among the isoforms, only RASSF1A is seen to be inactivated by DNA methylation of its 

promoter CpG island in many human cancers (Guo et al., 2011; Tommasi et al., 2005b). 

As such, RASSF1 is one of the most epigenetically silenced elements in human cancers 

and has been demonstrated to be a tumour suppressor gene (Gordon et al., 2012). It has 

also been identified as an important driver gene in cancer (Gordon and Baksh, 2011; 

Richter et al., 2009). It has previously been suggested that RASSF1 may be a 

haploinsufficient tumour suppressor gene - that is, it promotes tumour formation 

through the inactivation of only one allele (Tommasi et al., 2005b).  
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It is thought that up to 15% of tumours may carry RASSF1A mutations that may affect 

protein function (Donninger et al., 2016). The inactivation of RASSF1 has been 

implicated in over 40 types of sporadic cancer (Palakurthy et al., 2009). Several studies 

have identified RASSF1 as a tumour suppressor gene, and studies have shown knockout 

mice defective for RASSF1A are prone to tumour development (Tommasi et al., 2005b). 

This thesis will focus on the most prevalent isoform of RASSF1 - RASSF1A.  

4.1.2.1 RASSF1A domains 

As previously stated, the RASSF family proteins have two characteristic features - a 

Ras-association domain (RA) and a Sav-RASSF-Hpo (SARAH) domain. These 

domains allow interactions of RASSF1A with death receptor complexes and other 

proteins which affect apoptosis and other tumour suppressor functions (Volodko et al., 

2014). RASSF1A in particular contains four domains - the RA and SARAH domains 

which characterise RASSF family members, as well as C1/DAG and ATM domains 

(Figure 4-2) (van der Weyden and Adams, 2007). These four domains present in 

RASSF1A are outlined below.  

4.1.2.1.1 RA domain 

Proteins containing RAS association (RA) domains perform several different functions 

ranging from tumour suppression to being oncoproteins (Song et al., 2005). The main 

isoforms of RASSF1 all contain RA domains, and usually act to inhibit cellular growth 

and survival (Donninger et al., 2016). RASSF1-6 have RA domains near the C-

terminus, whilst RASSF7-10 have theirs near the N-terminus (Dallol and Latif, 2011; 

Volodko et al., 2014). 
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Figure 4-2: (A) The RASSF1 gene locus is characterized by 8 exons (1α, 1ẞ, 1γ, 2-6; 
boxed regions) and 2 different promoters (arrows) (B) Schematic representation of 
RASSF1 isoforms A-H showing C1/?DAG, ATM, RA and SARAH domains 
present in each isoform. (Donninger et al., 2007) 

 

The RA domain is thought to be an effector of RAS oncoproteins. It potentially interacts 

with the Ras GTPase family of proteins that control a number of cellular processes 

including membrane trafficking, apoptosis, and proliferation (Volodko et al., 2014).  

4.1.2.1.2 SARAH domain 

The SARAH domain is a protein-protein interaction domain named for the Hippo 

pathway proteins that contain it: Salvador, Rassf, and Hippo (Dittfeld et al., 2012). In 

mammals, these are SAV1, RASSF1-6 and Hippo homologues MST1 and MST2. 

SARAH domains are a distinct C-terminal Coiled-coil domain, which allows for 

dimerization and possibly trimerization with other SARAH domains (Sánchez-Sanz et 

al., 2015). 

The SARAH domain is involved in several protein-protein interactions and for homo- 

and heterodimerization of RASSF isoforms (Volodko et al., 2014). It plays an important 

role in allowing RASSF1-6 to heterodimerise with MST1/2, which are involved in 
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promoting apoptosis (Avruch et al., 2012; Volodko et al., 2014). RASSF1A also 

stabilizes MST1/2 activation by preventing the dephosphorylation of these kinases (Guo 

et al., 2011). 

4.1.2.1.3 C1 domain 

RASSF1A contains an N-terminal protein kinase C conserved region 1 (C1) domain 

that co-localizes with microtubules. This domain is also called the diacylglycerol 

(DAG) C1 domain. It is thought to allow for the interaction of RASSF1A with death 

receptor complexes such as TNF-R1 and TRAIL (Volodko et al., 2014). This domain is 

thought to contain a potential zinc finger binding motif, allowing RASSF1 to associate 

with the TNF-R1/MOAP-1 or TRAIL-R1/MOAP-1 complex. A 2008 study showed that 

the C1 domain of RASSF1A is required for death receptor association (Foley et al.). 

4.1.2.1.4 ATM domain 

RASSF1A also contains an ATM (ataxia telangiectasia mutated) phosphorylation site, 

which has been found to be phosphorylated in several RASSF proteins upon DNA 

damage/repair (Volodko et al., 2014). ATM is a serine/threonine protein kinase that is a 

DNA damage sensor activated upon double strand breaks (DSBs), apoptosis or the 

addition of genotoxic stresses such as ultraviolet light (UVA) (Gordon and Baksh, 

2011).  This ATM domain in RASSF1 plays an important role in DNA damage repair of 

double strand breaks (Gordon and Baksh, 2011). 

4.1.3 Biological Functions 

RASSF1 has been identified in playing a role in cell cycle arrest, mitotic arrest, 

migration and apoptosis (Figure 4-3). 
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Figure 4-3: Four pathways in which a role for RASSF1A is known; cell cycle 
arrest, mitotic arrest, migration and apoptosis (Donninger et al., 2007). 

 

4.1.3.1 Cell cycle arrest 

RASSF1A plays a vital role in modulating the cell cycle, by forming a complex with 

microtubules and enhancing their polymerization (Donninger et al., 2014b). RASSF1A 

plays a role in the G1-S checkpoint of the cell cycle and affects the cell cycle by 

modulating cyclins D1 and A2 (Figure 4-3) (Donninger et al., 2007; Shivakumar et al., 

2002). One mechanism of this action is by inhibition of the c-Jun-NH2-kinase (JNK) 

pathway; through direct interactions with the kinase MST1, which can modulate JNK 

activity (Ura et al., 2007; Whang et al., 2005). This pathway is activated by the 

exposure of cells to death signals or extracellular stress, although it is not always 

involved in apoptotic signalling. A number of studies have implicated JNK in cellular 

transformation and tumour cell growth (Whang et al., 2005). RASSF1A is known to 

suppress tumour growth by arresting the cell cycle at the G1 phase in lung carcinoma 

cells (Shivakumar et al., 2002), although it wasn’t until 2005 that this effect was 
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determined to be due to the JNK pathway (Whang et al., 2005). In this pathway, 

RASSF1A activates MST1 and the phosphorylated MST1 induces apoptosis via 

caspase-dependent and -independent mechanisms, dowregulating cyclin D1 (Feo et al., 

2008).  RASSF1A also reduces the phosphorylation of JNK that inhibits cell growth. 

This suggests that JNK plays role as a mediator in the RASSF1A signal transduction 

pathway that inhibits cell proliferation. The data also suggest that the tumour 

suppressing abilities of RASSF1A are due to its suppression of JNK activation (Whang 

et al., 2005).  

As previously mentioned RASSF1A also regulates cyclin A2, through the enhanced 

binding of the transcription factor p120E4F to the cyclin A2 promoter (Ahmed-

Choudhury et al., 2005). RASSF1 can also affect other cyclins including cyclin D3 

through interaction with p120E4F, which induces cell-cycle arrest and provides a 

mechanistic link with other known tumour-suppressor genes such as p14ARF, Rb and 

p53. This suggests a transcriptional mechanism for RASSF1A-dependent cell cycle 

regulation (Ahmed-Choudhury et al., 2005). 

A study in 2014 examined the effect of RASSF1A inactivation on epithelial cell 

transformation and found that RASSF1A interacts with SCF(β-TrCP), a complex 

involved in the ubiquitination of proteins involved in the cell cycle (Ram et al., 2014). 

They identified de-repression of SCF(β-TrCP) activity as a key mechanistic event that 

may account for many of the altered cell regulatory states observed upon loss of 

RASSF1A expression. They determined that the ability of RASSF1A inactivation to 

promote oncogenic transformation is likely strongly linked to either the presence of 

other lesions in cell cycle checkpoint control machinery that may work in partnership 

with RASSF1A loss, or the nature of the tumour cell of origin (Ram et al., 2014).  
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4.1.3.2 Mitotic arrest and migration 

RASSF1A interacts with a number of proteins including CDC20, MAP1B and 

C19ORF5. RASSF1A regulates mitosis via its interaction with CDC20, an activator of 

the anaphase-promoting complex (APC/C). It does this via modulation of APC/CCdc20 to 

control anaphase phase cell-cycle progression (Song et al., 2004).  Overexpression of 

RASSF1A induces mitotic arrest at metaphase with aberrant mitotic cells by preventing 

activation of the APC/C (Liu et al., 2003; van der Weyden et al., 2005). These aberrant 

cells display monopolar spindles, or complete lack of a mitotic spindle (Liu et al., 

2003). Cells lacking RASSF1A display altered microtubule stability in cells. This is 

likely to affect spindle assembly and chromosome attachment, processes that need to be 

carefully controlled to protect cells from genomic instability and transformation (Liu et 

al., 2003).  

C19ORF5, also called MAP1S, is a ubiquitously expressed member of the MAP1A/B 

family of microtubule associated proteins (MAPs) and interacts with RASSF1A at the 

centrosome. This interaction is thought to be required for the proper control of the 

APC/CCdc20 complex during mitosis (Dallol et al., 2007). RASSF1A has also been 

reported to bind directly with microtubule-associated protein 1B (MAP1B), a 

microtubule-associated protein involved in directly binding tubulin (Dittfeld et al., 

2012; Donninger et al., 2014b). This interaction may cause an indirect interaction of 

RASSF1A with tubulin via MAPs such as MAP1B (Donninger et al., 2014b).  

4.1.3.3 Apoptosis  

RASSF1A promotes apoptosis by at least two pathways – the Bax pathway and Hippo 

pathway (Donninger et al., 2014b). These pathways which induce apoptosis are often 

silenced in tumours, which suggest that they play a vital role in tumourigenesis. 

RASSF1A directly binds with MOAP-1, an activator of Bax which has tumour 

suppressor properties (Donninger et al., 2016). This interaction between RASSF1A and 
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MOAP-1 is enhanced by the presence of activated K-Ras and activated K-Ras, 

RASSF1A and MOAP-1 synergize to induce Bax activation and cell death (Vos et al., 

2006). A study in 2006 examined the effects of wild-type and a C65R point mutant 

RASSF1A on binding of MOAP-1 to activate the Bax pathway. They demonstrated that 

the wild-type RASSF1A activated Bax, however the mutant did not (Vos et al., 2006). 

This suggests that cysteine rich domain (CRD) of RASSF1A, in which the C65R 

mutation occurs, plays an important role in activating the Bax pathway. RASSF1A may 

also be phosphorylated by ABL1, a proto-oncogene located on chromosome 9, which 

leads to induction of apoptotic genes (Reuven et al., 2013). RASSF1A is involved with a 

number of genes which play a role apoptosis including TNFRSF25, CD40 and PYCARD 

(Dang et al., 2018; Masumoto et al., 2001; Schreiber and Podack, 2013). 

RASSF1A also interacts with the Mst kinases (MST1/2) to stimulate the Hippo 

pathway. It is also called the Hippo tumour suppressor pathway, and is a master 

regulator of proliferation, death and differentiation (Yu and Guan, 2013). This pathway 

is a proapoptotic pathway that regulates cell growth and cell death (Donninger et al., 

2014b). The Hippo pathway was first discovered in Drosophila melanogaster as a 

pathway controlling organ size and mutations in this pathway were found to lead to 

tumourigenesis (Fausti et al., 2012). Drosophila has only one RASSF ortholog, Rassf, 

which acts to antagonize the Hippo pathway (Polesello et al., 2006). Interestingly, the 

mammalian RASSF family cannot be said to be a strictly positive or negative regulator 

of the Hippo pathway (Avruch et al., 2012). Whether the RASSFs are activators or 

inhibitors of MST1 and MST2 likely depends on a number of factors, including the 

relative expression levels of the RASSFs and other relevant proteins and experimental 

conditions (Rawat and Chernoff, 2015). The Hippo pathway is highly conserved and its 

activation or repression could lead to proliferation/transformation and death/tumour 

suppression. It is a vital pathway, not only for its role in apoptosis, but in its cross-talk 
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with other signalling players such as Notch, Wnt, and Sonic hedgehog (Shh) (Fausti et 

al., 2012).  

RASSF1A plays a direct role in the Hippo pathway by interacting with serine-threonine 

kinases Mammalian STE20-Like Protein Kinase 1 (MST1) and Mammalian STE20-

Like Protein Kinase 2 (MST2). Exactly how the RASSF family regulates MST1/2 is 

varied and details of their activation are not clearly understood (Rawat and Chernoff, 

2015). However, it is known that RASSF1A competes with RAF1 to bind MST2 in 

particular, through its SARAH domain, which leads to the formation of a LATS1 

complex. This complex leads to YAP1 phosphorylation and nuclear relocalization 

where it binds to p73 and increases its apoptotic activity (Figure 4-4). This results in the 

translocation of YAP from the cytoplasm to the nucleus, which makes it available for 

other phosphorylation events (Fausti et al., 2012). RASSF1A can also prevent MST1/2 

dephosphorylation and promote protein stability (Guo et al., 2011). 

It has been suggested that the Bax and Hippo pathways may be functionally connected 

(Vos et al., 2006). MST kinases are known to phosphorylate and activate the kinases 

LATs1 and LATs2, which have been shown to promote apoptosis (Chan et al., 2005). 

LATs2 can also down-regulate the Bax inhibiting protein Bcl-2 in rodents. These 

characteristics suggest RASSF1A may induce apoptosis by activating BAX via MOAP-

1 and at the same time, down-regulate Bcl-2 via the MST/LATs pathway (Vos et al., 

2006). 

4.1.3.4 DNA Repair 

The RASSF1 gene is thought to regulate XPA-Mediated DNA repair (Donninger et al., 

2014a). A 2014 study showed that the RASSF1 protein plays an important role in the 

DNA repair process by forming a complex with the protein product of the Xeroderma 

Pigmentosum A (XPA) gene, a key DNA repair protein. The XPA is a Nucleotide 

Excision Repair (NER) protein involved in facilitating the repair of single and double 
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strand DNA breaks and plays a crucial role in Nucleotide Excision Repair (Donninger et 

al., 2014a). 

 

 

Figure 4-4: RASSF1A involvement in the mammalian Hippo pathway. Red arrows 
indicate the impact of RASSF1A signaling in modulating activity of Hippo 
pathway components (Fausti et al., 2012). 

 

Previous studies suggest that RASSF1A may play a role in DNA repair and is involved 

with modulating the DNA damage response (DDR) (Dammann et al., 2000). It is 

thought that RASSF1A forms an endogenous complex with XPA after DNA damage. 

This interaction is essential for full XPA repair activity; without this interaction the 
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DDR does not function correctly (Donninger et al., 2014a). This study examined wild-

type RASSF1A and the A133S variant RASSF1A and their ability to bind XPA. The 

A133S mutant RASSF1A, which has been linked to an enhanced risk of cancer, exhibits 

differential binding to XPA and suppresses DNA repair. This suggests that cells with 

the mutant RASSF1A are more likely to resist the induction of apoptosis due to DNA 

damage and accumulate more oncogenic lesions after DNA damage (Donninger et al., 

2014a).  

4.1.4 RASSF1 Variants 

The most common somatic variants identified in RASSF1A are single nucleotide 

variants (SNVs) and promoter hypermethylation (Gordon et al., 2012). These variants 

have a wide range of effects, from minor changes to an increase in cancer pathogenesis 

and a more aggressive clinical phenotype (Gordon et al., 2012). These variants are 

outlined below. 

4.1.4.1 Single Nucleotide Variants  

A number of polymorphisms have also been identified in RASSF1 in a number of 

cancers including breast, kidney, lung and brain cancers (Burbee et al., 2001; Dammann 

et al., 2000; Lusher et al., 2002; Schagdarsurengin et al., 2005). These polymorphisms 

affect a number of biological roles including cell cycle regulation, apoptosis, DNA 

damage control, microtubule stability and tumour suppressor function (Gordon et al., 

2012).  

The COSMIC database shows 58 somatic variants in the RASSF1 gene, as shown in 

Figure 4-5 (Zhou et al., 2015). These polymorphisms have been found in a number of 

tumours from cancer patients and cell lines (Gordon et al., 2012; Kashuba et al., 2009). 

A 2009 study examined 17 sequenced RASSF1A clones from 6 cancer and 11 normal 

tissues and determined that the mutation rate in the cancer tissues was 0.42 



 
 
148 

mutations/100 bases, compared to 0.10 mutations/100 bases in the normal tissues 

(Kashuba et al.). These mutation differences were found to be statistically different 

(P=0.025) and it is thought that the high GC content of exons 1-2 (72.3%) may explain 

this high mutation rate of RASSF1A in cancer tissues (Kashuba et al., 2009). These 

polymorphisms affect the cell cycle, DNA damage response, apoptosis, microtubule 

stability and tumour suppression functions of RASSF1A (Gordon et al., 2012).  

 

 

Figure 4-5: Schematic diagram of the RASSF1 gene annotated with variants 
present in the COSMIC database, visualised using ProteinPaint (Zhou et al., 2015). 
Numbers represent number of mutations at a given site. Mutation types are as 
follows: blue are missense mutations, green are silent mutations, purple are splice 
mutations, red are frameshift mutations and orange are nonsense mutations. 

 

4.1.4.2 Methylation 

The most common alteration of RASSF1A is hypermethylation, which is an increased 

frequency of methyl-cytosine in the promoter spanning CpG island. Promoter 

methylation of RASSF1A is rare in normal tissues; however, it is one of the highest 

described methylation sites in tumour tissue. This high frequency of RASSF1A promoter 

methylation has been associated with cancer pathogenesis and more aggressive clinical 

phenotype (Grawenda and O'Neill, 2015). It has been identified in a number of cancers 

including colorectal cancer, lung cancer, breast cancer, thyroid cancer and prostate 

cancer (Divyya et al., 2013; Han et al., 2016; Jezkova et al., 2016; Shou et al., 2017; van 

Engel et al., 2002). RASSF1A promoter methylation has been shown to correlate with 

the worst prognosis in Ras driven tumours, demonstrating how damaging RASSF1A 
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promoter methylation is in tumour tissues (Kim et al., 2003). Therefore, it has been 

suggested that RASSF1A promoter methylation may be useful as a biomarker for early 

detection of a number of cancers due to its prevalence in tumour tissue compared with 

normal surrounding tissue. The frequency of RASSF1A hypermethylation in primary 

tumours has been reported to be up to 88, 95 and 99% in lung, breast and prostate 

cancers, respectively (Grote et al., 2006; Jeronimo et al., 2004; Yeo et al., 2005).  

4.1.5 RASSF1A and thyroid cancer 

As mentioned, RASSF1A promoter hypermethylation has been previously implicated in 

thyroid cancer by a number of studies (Mohammadi-asl et al., 2011; Nakamura et al., 

2005; Shou et al., 2017). Most recently, a 2017 meta-analysis determined that RASSF1A 

promoter methylation is a risk factor for thyroid tumours. The study used data from a 

total of 10 publications, after studies with irrelevant or insufficient data were removed. 

Statistical analysis was performed to calculate the pooled odds ratios (ORs) and 95% 

confidence interval (CI), evaluating the strength of association of RASSF1A promoter 

methylation with thyroid cancer risk or thyroid cancer clinical characteristics. The 

authors concluded that RASSF1A promoter methylation may play a role in thyroid 

cancer initiation and progression, further supporting the concept that quantitative 

assessment of RASSF1A promoter methylation  may be a useful biomarker for the early 

detection of thyroid cancer (Shou et al., 2017). Other meta-analyses published in 2015 

(Jiang et al.) and one published in 2017 (Niu et al.) drew the same conclusion that 

RASSF1A promoter methylation is strongly associated with thyroid carcinoma 

susceptibility.  
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4.1.6 RASSF1 Variant Identification 

As mentioned in Chapter 3, through exome sequencing, a novel germline single 

nucleotide variant (SNV) which is located in exon 3 of the RASSF1 gene and present in 

all affected family members in one kindred, was identified. The cytosine to guanine 

nucleotide change causes an alanine to proline amino acid change at codon 144 

(NP_009113.3:p.Ala144Pro). This missense variant, named A144P or rs775940249, has 

an allele frequency of 0.0001401 (ExAC) and as such is considered a rare variant. This 

novel SNV may play a role in microtubule interaction and have an effect on the ability 

of RASSF1A to bind and interact with downstream genes and as a result influence 

functional effects RASSF1A has on the cell cycle and apoptosis.  

The research detailed in this chapter will focus on the RASSF1A transcript (Genbank 

transcript NM_007182.4) and will examine the effect of the germline A144P variant on 

the function of RASSF1A. The RASSF1A isoform was chosen as it is the most common 

isoform and is ubiquitously expressed in all tissues (van der Weyden and Adams, 2007). 

The aim of this chapter is therefore to determine i) if this variant has detectable 

functional consequences for the protein and ii) if this variant could play a role in the 

aetiology of FNMTC.  

4.2 Methods 

This study employed a transient overexpression approach to examine the effects of the 

RASSF1A A144P mutant in HEK293FT cells. Figure 4-6 shows the experimental 

process used to create the pcDNA3/EGFP-RASSF1A mutant plasmid. 
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Figure 4-6: Flowchart of the experimental process used to generate the 
pcDNA/EGFP-RASSF1A mutant plasmid. 

 

4.2.1 RASSF1A Plasmid Preparation 

RASSF1A cDNA was kindly provided by Dr Gerd Pfeifer from the Beckman Research 

Institute as a FLAG-RASSF1A, ampicillin-resistant plasmid on filter paper. The 

RASSF1A insert was known to be 3XFLAG tagged, however the specific vector was not 

well characterized. As such, RASSF1A was cloned into pDrive and then into a known 
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vector, pcDNA3 containing enhanced green fluorescent protein (EGFP), named 

pcDNA3/EGFP. The area of filter paper containing the FLAG-RASSF1A plasmid was 

cut out and placed in a microcentrifuge tube and 50µl of TE buffer was added. The tube 

was vortexed to ensure the plasmid was eluted out of the filter paper and centrifuged. 

The RAASF1 insert in the plasmid was then amplified by PCR as outlined below.  

4.2.1.1 PCR 

A PCR was performed using the provided FLAG-RASSF1A plasmid in order to amplify 

the DNA and ensure it was the correct size by gel electrophoresis of the amplified 

product. This was performed using the Promega GoTaq Flexi DNA Polymerase kit 

(Table 4-1) and RASSF1A primers (Table 4-2). PCR amplification conditions were as 

previously described in chapter 2. 

 

 

 

 

 

 

 

 

 

 

Table 4-1: PCR master mix volumes 

Reagents Amount 

5x PCR Buffer 10 μl 

5mM dNTP Mix 2 μl 

Forward primer 1 μM 

Reverse primer 1 μM 

25 mM MgCl2 3 μl 

Taq 1.25 U 

ddH2O 14.6 μl 

DNA 0.5 μg 

Final Volume 50 μl 
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Table 4-2: RASSF1A primer details.  Restriction enzyme sites are indicated in 
bold. 

Primer Primer design (sequence 5'-3') 
Size 
(bp) Tm GC% 

Forward GATATCATGTCGGGGGAGCCTGAGCTCATT 30 67.00 53.00 

Reverse CTCGAGTCACCCAAGGGGGCAGGCGTG 27 73.80 70.00 

 

Following the PCR, a 1% agarose gel electrophoresis was performed as described 

(Chapter 2), to determine whether the PCR successfully amplified DNA of the expected 

size, using a 1kb plus ladder (Qiagen, Chadstone, VIC, Australia) as a reference. 

4.2.1.2 Gel Extraction of purified PCR products 

Post-electrophoresis PCR products were extracted from the agarose gel and purified 

from the 1% gel using the QIAEX II Gel Extraction Kit (Qiagen, Chadstone, VIC, 

Australia). The DNA band was extracted from the gel with a sharp scalpel and weighed 

to a weight of 320mg. The band was placed in a tube where 960µl of Buffer QX1 (3 

times the weight of the gel in µl) and 15µl of QIAEX II were added. The sample was 

incubated at 50°C for 10 minutes and was vortexed every 2 minutes to keep the QIAEX 

II reagent in solution. The sample was centrifuged and the supernatant removed. The 

remaining pellet was washed once with 500µl of Buffer QX1 then twice with Buffer PE. 

The pellet was air-dried for 15 minutes and the DNA was eluted into 20µl of H2O. The 

tube was vortexed and incubated at room temperature for 5 minutes then centrifuged 

and the supernatant containing the DNA withdrawn. 

4.2.1.3 pDrive Ligation 

The RASSF1A cDNA was firstly ligated into the pDrive cloning vector (Figure 4-7) in 

order to later clone it into the pcDNA3EGFP vector. Once in pDrive, known restriction 

enzyme sites incorporated into the PCR primers could be used to clone RASSF1A into 
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pcDNA3/EGFP. EGFP was added to the plasmid so that the transfection of the 

pcDNA/EGFP plasmids (either wild-type or mutant) could be visualised using a Zoe 

fluorescent cell imaging system (Bio-Rad, Gladesville, NSW, Australia). A ligation-

reaction mixture was prepared with pDrive Cloning Vector (1µl), 2x Ligation Master 

Mix (5µl) and the purified RASSF1A PCR product (4µl) for a total volume of 10µl. It 

was then briefly mixed and incubated overnight at room temperature.  

4.2.1.4 Transformation and Inoculation 

The pDrive ligation-reaction mixture was kept on ice and 50µl of XL2 Blue competent 

cells were added and gently mixed by pipetting. After 20 minutes incubation on ice, the 

cells were heat shocked at 42°C for 90 seconds. The cells were then incubated on ice for 

2 minutes. 500µl of SOC medium was added to the cells and incubated for 1 hour at 

37°C on a shaker at 220rpm.  

 

Figure 4-7: pDrive cloning vector map (Qiagen). 
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100 µl of SOC medium and 50 µl of the cells were spread onto a 2xYT agar plate 

containing ampicillin. The remaining cells were centrifuged for 30 seconds at 13,000 

rpm in a Microfuge and 450µl of supernatant was removed. The pellet was resuspended 

in SOC medium, and the suspension was spread onto a second plate. Both plates were 

incubated at 37°C overnight to grow the transformed cells. The following day, single 

colonies from the transformed plates were randomly selected and inoculated in 5 ml of 

2xYT medium containing ampicillin. Samples were incubated on a shaker at 210 rpm at 

37°C overnight.  

4.2.1.5 DNA Isolation and Purification 

The pDrive-RASSF1A plasmid DNA was isolated and purified using the Wizard Plus 

SV Minipreps DNA Purification System (Promega, Alexandria, NSW, Australia), 

according to the manufacturer’s instructions. Briefly, 1.5 ml of the inoculated bacterial 

culture was centrifuged for 5 minutes at 13000 rpm in a Microfuge and the supernatant 

removed. This process was repeated for a total of 3ml culture. 250µl of Cell 

Resuspension Solution was added to the pellet and was resuspended by vortexing. 250 

µl of Cell Lysis Solution was added and samples were mixed by inverting the tubes four 

times. Samples were incubated for four minutes, until the sample became clear. 10 µl of 

alkaline protease solution was added and mixed by inverting the tubes four times. 

Samples were incubated at room temperature for five minutes. After incubation, 350 µl 

Neutralization Solution was added and mixed by inverting the tubes four times. Samples 

were centrifuged at 14800 rpm in a Microfuge for 10 minutes at room temperature. The 

neutralised sample solution was then transferred to a spin column and was centrifuged 

at 14800 rpm for one minute at room temperature. The flow-through was discarded, and 

750 µl of Column Wash Solution was added to the column. The samples were 

centrifuged for one minute and the flow-through again discarded. A further 250 µl of 

Column Wash Solution was added to the column and centrifuged for two minutes. The 
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column was transferred to a 1.5ml microcentrifuge tube and the DNA was eluted by 

adding 100 µl of nuclease free water to the column and centrifuged for one minute.  

4.2.1.6 Restriction Enzyme Digest 

Samples were subject to a restriction enzyme digest to identify if they contained the 

plasmid DNA containing the RASSF1A sequence. The reaction consisted of DNA (16 

µl), EcoRI restriction enzyme (2 µl) and 10x buffer (2 µl) for a total volume of 20 µl. 

Samples were incubated at 37°C for two hours and then electrophoresed on a 1% 

agarose gel to determine whether they contained RASSF1A. The gel was run in 1X TAE 

buffer (Appendix 1) at 100V for approximately 40 minutes. Ethidium bromide was 

added to the gel in order to visualise the separated DNA fragments, using either a 

Chemidoc XRS+ system or an Ultraviolet trans-illuminator and photographed using a 

Polaroid quick shooter (International Biotechnologies, CT, USA). 

4.2.1.7 Confirmation Sanger Sequencing 

Plasmid samples containing the RASSF1A insert, and RASSF1 primers were sent to 

AGRF for Sanger sequencing to confirm that the nucleotide sequence was correct.  

4.2.2 Site Directed Mutagenesis 

Once the RAASF1 wild type sequence was verified in the pDrive clone, site directed 

mutagenesis (SDM) was performed to create the A144P mutant using the QuikChange 

Lightning Site-Directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA, 

USA), as per the manufacturer's instructions. A set of primers was created to specify the 

site for mutagenesis (Table 4-3). Briefly, a SDM sample reaction was prepared (Table 

4-4) and 1μl of QuikChange Lightning Enzyme was added. The reaction was then 

cycled using the cycling parameters outlined below (Table 4-5). 
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Table 4-3: RASSF1A site directed mutagenesis primers. 

Primer Primer design (sequence 5'-3') 
Size 
(bp) Tm 

CG
% 

1 TGTTGATCTGGGGATTGTACTCCTTGATCTTCTGCT 36 78.174 44.4 

2 AGCAGAAGATCAAGGAGTACAATCCCCAGATCAACA 36 78.174 44.4 

 

 
 

Table 4-4: Site directed mutagenesis 
reaction mix. 

Reagent Amount 

10x reaction buffer 5µl 

dsDNA template 100ng 

Primer 1 125ng 

Primer 2 125ng 

dNTP mix 1µl 

QuikSolution reagent 1.5µl 

ddH2O Up to 50µl 

 

 

Table 4-5: Site directed mutagenesis cycling conditions 

Segment Cycles Temperature Time 

1 1 95 2 minutes 

2 18 95 20 seconds 

60 10 seconds 

68 1 minute 

3 1 68 5 minutes 
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After cycling, 2 μl of DpnI restriction enzyme was directly added to each amplification 

reaction and mixed by pipetting up and down several times. The reaction was then 

briefly spun down and then immediately incubated at 37°C for five minutes to digest the 

parental methylated dsDNA. Next, 45 μl of ultracompetent cells was aliquoted to a 

prechilled Falcon tube for each control and sample reaction to be transformed. 2 μl of 

the provided β-ME mix was added to the cells and the tube gently swirled to mix. The 

cells were incubated on ice for two minutes, after which 2 μl of the DpnI-treated DNA 

from each control and sample reaction was transferred to each tube containing the cells. 

The cell mixture was swirled gently to mix and incubated on ice for 30 minutes. The 

tubes were heat pulsed in a 42°C water bath for 30 seconds and then incubated on ice 

for two minutes. 500 µl of NZY+ broth preheated to 42°C was added to each tube, and 

the tubes incubated at 37°C for one hour with shaking at 225rpm. The incubated broth 

was plated onto agar plates and incubated at 37°C overnight. 

4.2.2.1 Confirmation of the Presence of the A144P Mutation in pDrive Clones 

Single colonies from the plates containing the SDM samples were collected and grown 

in broth at 37°C overnight. The following day, the samples were purified using a 

Wizard Plus SV Minipreps DNA Purification System kit (Promega, Alexandria, NSW, 

Australia) as previously described. The purified DNA was then sent to AGRF for 

Sanger sequencing to confirm they contained the mutation and that the rest of the 

sequence was as per wild type. 

4.2.2.2 Cloning of the Wild Type and Mutant RASSF1 Fragments from pDrive 

into the pcDNA3EGFP Vector 

Once the wild-type and mutant pDrive clones were validated, the clones were digested 

using the EcoRV and XhoI restriction enzymes, as well as the pcDNA3/EGFP vector. 

The RASSF1A fragments and the vector were then gel purified and the purified 

RASSF1 fragments ligated to the purified vector. These ligated vectors, both wild-type 
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and A144P mutant, were then transformed into XL2 blue cells and inoculated as 

previously described. A Wizard miniprep was performed as previously described and 

the DNA examined by restriction enzyme analysis using the EcoRV and XhoI 

restriction enzymes. Sanger sequencing was then used to ensure that the RASSF1 

fragments were cloned correctly into the pcDNA3EGFP vector. 

4.2.2.3 pcDNA3 Ligation 

The RASSF1A wild type and A144P mutant cDNA were then ligated into the 

pcDNA3/EGFP expression vector as previously described (Figure 4-8). The EGFP 

sequence was inserted between the HindIII and EcoRV restriction enzyme sites. 

Sequencing of pcDNA3/EGFP-RASSF1A was performed using the RASSF1A primers 

described in Table 4-6 and a set of internal RASSF1A primers (Table 4-6). Internal 

primers were created in order to sequence RASSF1A in two fragments, as indicated 

below. Fragment 1 covered nucleotides 1-622 and fragment 2 covered nucleotides 431-

1023 (Figure 4-9).  

 

Figure 4-8: pcDNA3 vector map (ThermoFisher).  
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Once the wild type and mutant sequences, and their surrounding sequences, were 

confirmed to be correct, the purified DNA was transformed into XL2 competent cells by 

adding 200 µl XL2 cells to 2 µl of 1:20 diluted DNA (See Section 4.2.1.5) and 

incubated on ice for 30 minutes. Cells were then heat-pulsed at 42°C for 90 seconds and 

immediately transferred onto ice. 800 µl of warmed 2xYT media was added and cells 

incubated at 37°C for one hour. Dilutions of the cells were then plated onto 

2xYT/Ampicillin plates – 1 µl of cells plus 100 µl of warmed 2xYT were added to one 

plate, and 100 µl cells were added to another. Plates were incubated at 37°C overnight. 

Next day single colonies were inoculated in 15 mL of 2xYT medium with ampicillin 

and incubated at 37°C overnight. 

 

Figure 4-9: Design of RASSF1A sequencing primers. 

 
 
 

Table 4-6: Internal RASSF1A primer design. 

Primer Primer design (sequence 5'-3') Size 
(bp) Tm CG% 

Internal-1 5' TGGGCAGGTAAAAGGAAGTG 3' 20 60.1 50 

Internal-2 5' CCCAGATCAACAGCAACCTC 3' 20 60.6 55 

 

Purification of the DNA for transfection experiments was performed with the PureYield 

Plasmid Miniprep System (Promega, Alexandria, NSW, Australia) using 3 ml of 

bacterial culture per tube. A total of four tubes were purified per sample (wild-type and 

mutant). Approximately 1.5 ml of bacterial culture was transferred into a 1.5 ml 

microcentrifuge tube and centrifuged for 30 seconds at 13,000 rpm. The supernatant 

was discarded and another 1.5 ml was loaded into the microcentrifuge tube and 

Fragment 1 

Fragment 2 

1 1023 622 431 
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centrifuged as above. 600 µl of water was added and the cell pellet was resuspended. 

100 µl of Cell Lysis Buffer was added and inverted to mix. Once the solution changed 

from opaque to clear blue, 350 µl of cold Neutralization Solution was added and mixed 

by inversion. The sample was centrifuged for three minutes and the supernatant 

transferred to a PureYield Minicolumn. The column was centrifuged for 15 seconds and 

the flowthrough discarded. 200 µl of Endotoxin Removal buffer was added and the 

column centrifuged for 15 seconds, followed by the addition of 400 µl Column Wash 

solution which was centrifuged for 30 seconds. The flowthrough was removed and the 

minicolumn centrifuged for a further 30 seconds. The minicolumn was then transferred 

to a clean 1.5 ml microcentrifuge tube and 30 µl of elution buffer was added. The tube 

was incubated for one minute at room temperature and then centrifuged for 15 seconds. 

Samples were stored at -20°C until required. 

4.2.3 Resuscitation of cells 

HEK293FT cells stored in liquid nitrogen were resuscitated by first thawing cells 

rapidly in a 37°C water bath for approximately 2 to 3 minutes. The cells were then 

transferred to a 15 ml falcon tube containing 4 ml DMEM medium containing 10% FCS 

and 1% Penicillin/Streptomycin. 1 ml of medium was pipetted into the original cell tube 

to wash the tube and remove any residual cells and then added to the 15 ml falcon tube. 

The cells were then centrifuged for two minutes at 1200 rpm to form a pellet. The 

supernatant was aspirated, and cells resuspended in 4 ml of fresh medium. The cells 

were then transferred to two flasks – 1ml was added to a 25 cm2 T flask containing 4 ml 

medium and 3 ml was added to a 75 cm2 T flask containing 12 ml medium. Cells were 

incubated at 37°C with 5% CO2 until 80-90% confluent. HAP1 cells (Horizon 

Discovery PLC, Cambridge, UK) stored in liquid nitrogen underwent the same process 

of resuscitation in Iscove's Modified Dulbecco's Medium (IMDM) medium, however, 

were passaged when no more than 70% confluent.  



 
 
162 

4.2.3.1 Subculturing of cells 

Cells were subcultured as described in Chapter 2.3.4.2.  

4.2.4 Transfection 

4.2.4.1 Cell counting 

Cells were washed with PBS, trypsinised and the trypsin diluted as previously 

mentioned. Cells were centrifuged and resuspended in 10 ml of the appropriate medium. 

20 µl of Trypan Blue was added to 20 µl of cells and the suspension pipetted onto an 

Improved Neubauer haemocytometer and cells counted as per the manufacturer’s 

protocol. The number of cells was calculated, and the appropriate number of cells was 

added to 6-well plates or T25 flasks with the appropriate medium.  

4.2.4.2 Transfection Optimisation 

Following cell counting and overnight incubation, the cells were transfected with 

Lipofectamine 2000 (ThermoFisher Scientific, VIC, Australia). Optimisation of the 

transfection was performed using the protocol described by the manufacturer. In short, 

PLL-coated 6-well plates containing 25x104, 50x104, 75x104 or 100x104 cells were 

transfected with 6, 9, 12 or 15 µl of Lipofectamine 2000 diluted in 150 µl of OptiMEM. 

2.5 µl DNA in 150 µl OptiMEM was added to an equivalent volume of Lipofectamine 

2000 and incubated for 10 minutes. During incubation, the cells were washed twice with 

PBS and 2 ml fresh DMEM containing 10% FCS was added to each well. The DNA-

Lipofectamine 2000 complex was added to each well and incubated for 5 hours at 37°C. 

The media was then replaced with 2 ml fresh DMEM supplemented with 10% FCS and 

1% P/S and incubated at 37°C for a total of 48 hours. Cells were visualised using the 

Zoe Fluorescent Cell Imager (Bio-Rad, Gladesville, NSW, Australia) and manually 

examined to detect GFP expression. The transfection efficiency was recorded for each 

of the cell confluency and Lipofectamine 2000 volume combinations. Subsequent 
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transfections used the amounts of Lipofectamine and number of cells determined to give 

the best transfection rate. 

4.2.4.3  Equivalent Expression 

Once the optimum amount of Lipofectamine 2000 was determined, equivalent 

expression between the wild-type and mutant RASSF1 proteins had to be achieved.  

6-well plates were set up with 75x104 or 100x104 cells per well. A starting amount of 

2.5 µg mutant RASSF1 DNA was used, and 2 µg and 2.5 µg of wild-type RASSF1 DNA 

was used as a comparison. Plates were set up with 10 µl or 12.5 µl Lipofectamine 2000 

per well. Cells were transfected as detailed above. This experiment was performed in 

triplicate. 

4.2.5 Western Blot 

4.2.5.1 Cell Lysis 

Cells were washed twice with 1 ml PBS. The cell-containing flasks were transferred 

onto ice. 150 µl of lysis buffer containing DTT and protease inhibitor cocktail 

(cOmplete Mini,EDTA-free; Roche Diagnostics, Indianapolis, USA)  was added to each 

flask. Cells were scraped using a cell scraper and removed into a 1.5 ml microcentrifuge 

tube. Cells were centrifuged at 4°C for 30 minutes at 14000 rpm. The supernatant was 

transferred to clean tubes and kept on ice. 

4.2.5.2 Western Blot 

SDS-PAGE gel electrophoresis and transblotting were performed (Chapter 2) to 

determine the success of transfection.  
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4.2.6 Cycloheximide Assay 

HEK293FT cells were grown to confluency at 37°C with 5% CO2. Cells were seeded at 

1.6 x 106 cells into 25cm2 flasks and left to incubate overnight. The cells were then 

transfected with either wild type or mutant pcDNA3/EGFP-RASSF1A (13.1µg per 

flask) (Chapter 2) and left to incubate for seven hours. Cells were then trypsinised and 

washed with DMEM and seeded out into Poly L-Lysine (PLL) coated 6-well plates at a 

density of 1.0 x 106 cells per well with 2 ml fresh media added to each well. The plates 

were incubated for 48 hours. To perform the assay, the media was changed and 2 ml of 

fresh DMEM media containing 10% FCS and 1% P/S was added to each well. 20 µl of 

2 mg/ml cycloheximide in ddH2O was added to each test well to stop protein synthesis 

and 20 µl of absolute ethanol was added to each control well. The plates were incubated 

for five minutes and cells were then harvested at 0, 1, 2, 4, 6 and 8 hours. The media 

was aspirated, and cells were washed twice with 1 ml PBS. 100 µl of lysis buffer 

(Appendix 1) containing DTT and protease inhibitor cocktail was added to each well 

and cells scraped into a microcentrifuge tube. The cells were then frozen at -70°C until 

required. Once all samples were collected, the cells were then thawed and centrifuged at 

4°C for 30 minutes at 14,000 rpm. The resulting lysates were then quantitated by 

Bradford assay (Chapter 2). SDS-PAGE gel electrophoresis and transblotting were 

performed (Chapter 2).  

The membrane was probed with antibodies (Chapter 2). Firstly, GFP (1:5000 in 5% 

skim/TBS blocking buffer) (Appendix 1) was used as a primary antibody and incubated 

for one hour. The membrane was washed three times with TBS-T and anti-rabbit HRP 

conjugate as a secondary antibody (1:5000 in 5% skim/TBS blocking buffer) was 

incubated for one hour. The membrane was then washed a further three times with TBS-

T and following addition of ECL reagent protein bands were visualised using the 

Chemidoc XRS+ system. The membrane was then re-probed using Tubulin (1:1000 in 

5% skim/TBS blocking buffer) as a primary antibody for one hour and goat-anti-mouse 
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(1:5000 in 5% skim/TBS blocking buffer) as a secondary antibody for an additional 

hour to ensure an even amount of protein was added to each well of the gel.  

4.2.7 Co-immunoprecipitation (Co-IP)  

Cells were seeded at a cell density of 1.6x106 cells in 25 cm2 tissue culture flasks. Five 

flasks of cells were used for the WT and A144P mutant RASSF1A samples, and three 

flasks for the pcDNA3/EGFP empty vector samples. After 18 hours of culture, cells 

were transfected with Lipofectamine 2000 (see Section 4.2.4.2). However, WT and 

mutant RASSF1A samples were co-transfected with a plasmid containing MST2 

(MST2-pCMV3-N-FLAG) (SinoBiological, Scoresby, VIC, Australia). Equal amounts 

of MST2 and RASSF1A plasmid DNA were added to the Lipofectamine 2000 to 

maintain the ratios previously described. After 48 hours, the transfected cells were 

examined for EGFP using fluorescent microscopy on a Zoe Fluorescent Cell Imager. 

Cells were lysed with 150 µl RIPA buffer with a cOmplete Mini, EDTA-free Protease 

Inhibitor tablet added and centrifuged at 4°C for 30 mins at 14000 rpm. The 

supernatants were transferred to new microcentrifuge tubes and kept on ice. A BCA 

assay was performed (Chapter 2) and the reaction end-point measured on a BMG 

Optima microplate reader.  

GammaBind G Sepharose beads were prepared for pre-clearing of the samples by 

washing the beads three times in RIPA buffer at 4°C. After the final wash, the 

supernatant was removed and an equal volume of RIPA buffer was added and the beads 

resuspended. The bead solution was then aliquoted into microcentrifuge tubes so that 

there was 40 µl of beads for each sample. The supernatant was removed, and the beads 

stored on ice. The experiment was set up to include a test and wash control each for the 

wild-type and mutant, as well as an additional pcDNA3 empty vector control. To the 

washed beads, 1 ml of protein lysate containing 6 mg of protein was added and pre-

cleared for two hours at 4°C on a low-speed rotary mixer. Samples were centrifuged and 
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the supernatant added to new microcentrifuge tubes. 5 µl of GFP antibody (Santa Cruz 

Biotechnology, USA) was added to the test and empty vector samples and samples were 

incubated on a low-speed rotary mixer at 4°C overnight. 

The protein/GFP samples were added to freshly prepared GammaBind G Sepharose 

beads which were prepared as previously described and incubated at 4°C for four hours 

on a rotator. The beads were then centrifuged and the pellet washed with 1 ml RIPA 

buffer for one minute at 4°C and then centrifuged for one minute at 2500 rpm at 4°C. 

The beads were washed in this way a total of 6 times and samples were eluted using 2x 

sample elution buffer (see Appendix 1). Samples were boiled for five minutes and 

loaded onto a 1.5 mm 10% SDS-PAGE gel. 100 µg of the lysates with 6x sample buffer 

(Appendix 1) were also boiled and loaded onto a second gel. Gels were electrophoresed 

at 80V for 15 minutes and 180V for approximately 45-60 minutes. The gels were then 

transferred onto a nitrocellulose membrane at 30V overnight (Chapter 2). A Ponceau 

stain was then performed on the nitrocellulose membrane to verify protein transfer 

(Chapter 2) and membranes were blocked with 10ml of 5% skim milk/TBS for one hour 

at room temperature. The membrane was washed three times with TBS-T and then 

incubated with 4 µl rabbit MST2 antibody diluted in 4 ml primary antibody buffer (5% 

w/v BSA, 1X TBS, 0.1% Tween 20) and incubated on a low-speed rotary mixer at 4°C 

overnight. The membrane was washed three times with TBS-T and incubated with 10 

ml 5% skim/TBS and 2 µl anti-rabbit HRP conjugate (1:5000) for one hour on a low-

speed rotary mixer at room temperature. The membrane was washed a further three 

times with TBS-T and exposed to ECL (Chapter 2) and imaged on a Chemidoc XRS+ 

system (Bio-Rad, Gladesville, NSW, Australia). The membrane was then blocked again 

with 10ml of 5% skim milk/TBS for one hour at room temperature and washed three 

times with TBS-T. It was then incubated with 1 µl anti-GFP antibody diluted in 5 ml of 

5% skim/TBS (1:5000). The membrane was washed three times with TBS-T and 

incubated with 10 ml 5% skim/TBS and 2 µl anti-rabbit HRP conjugate (1:5000) for 
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one hour on a low-speed rotary mixer at room temperature. The membrane was washed 

a further three times with TBS-T and exposed to ECL and imaged as previously 

described. 

4.2.8 HAP1 cell lines 

HAP1 cell lines were passaged when no more than 70% confluent. Three cell lines were 

purchased – the HAP1 parental cell line, the A144P cell line, containing the A144P 

variant introduced by genome editing using CRISPR-associated protein-9 nuclease 

(CRISPR-Cas9) SNP knock-in, and the R231* cell line, containing the R231* variant 

also introduced by genome editing with CRISPR-Cas9, to be used as a positive control. 

HAP1 cell lines were used to perform cell cycle analysis and gene expression studies of 

wild-type and A144P mutant RASSF1A.  

4.2.8.1 Cell cycle analysis 

Cell cycle analysis was performed to determine if there was a difference in the 

percentages of cells in the G0/G1, S and G2/M phases of the cell cycle for the wild type 

and mutant HAP1 cell lines by measuring propidium iodide (PI) fluorescence on the BD 

FACSCanto II (BD Biosciences, NSW, Australia). The test and controls were run for 

each cell line as follows: 

1. Fixed and stained sample: cells were fixed and stained with PI for analysis 

2. Unstained controls: Cells were fixed but were not stained with PI 

3. Unfixed controls: Cells were not fixed but were stained with PI 

4.2.8.1.1 Sanger sequencing of RASSF1 in the HAP1 cell lines 

The RASSF1 gene in each of the HAP1 cell lines underwent PCR and Sanger 

sequencing to confirm the gene sequence and verify that the A144P and R231* variants 
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had been successfully incorporated. A PCR was performed with the GoTaq Flexi DNA 

polymerase kit (Table 4-7). 5 µl DNA was added to each reaction (5 µl of nuclease-free 

water was used for the negative control) for a final volume of 50 µl and the cycling 

conditions were as outlined in Chapter 2. RASSF1A was sequenced using four sets of 

primers designed to cover all 6 exons (Table 4-8).  

Table 4-7L Go Taq Flexi DNA PCR 
reaction master mix. 

Reagent Amount 

5x buffer 10µl 

5mM dNTPs 2ul 

Forward primer 150ng 

Reverse primer 150ng 

25mM MgCl2 3ul 

Taq (1:3 in H2O) 1ul 

Nuclease-free water Variable 

Total volume 45ul 

 
 

Table 4-8: RASSF1A sequencing primers. 

Exon Primers (5’à 3’) Tm GC% 
Product 
Size (bp) 

1 
F CTTCCCGCCGCCCAGTCTGGATC 78.8 69.5 

489 
R CGGACCTAGTCCTCGGGAGCTGTCC 75.9 68 

2 
F CCAATGAGGAAAGGGGAAGTTCTG 69.4 50 

666 
R CAAGCGCACAAGAGTGGCCTCTG 74.1 60.8 

3-5 
F GGCCAAAGGCAGTCAGTTTCCAAAG 72.8 52 

1002 
R TCCTCCTCCAAGCCTTACTGTAGC 67.5 54.1 

6 
F GCTAGTCTTCTCTGGGGAGGGTCT 67.9 58.3 

1089 
R ATCCTGGGCAACACAGAGAGACTC 68.8 54.1 
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4.2.8.1.2 Preparation of HAP1 cells for cell cycle analysis 

HAP1 cells were seeded into T75 flasks in preparation for cell harvesting. After 48 

hours, the cells were washed with PBS and trypsinised. IMDM with FBS was added to 

deactivate the trypsin, and the cells were scraped into a falcon tube and centrifuged at 

1200rpm for two minutes. The medium was removed, and the cells were washed twice 

with PBS. The cells were counted using a Neubauer haemocytometer and the cells 

resuspended in PBS at 1x106 cells/ml. For each sample and controls, 1x106 cells were 

transferred to a 1.5 ml microcentrifuge tube and pelleted by centrifugation at 1200 rpm 

for five minutes. The PBS was removed and cells were fixed with the addition of 1 ml 

of 70% ethanol (in 1x PBS) to the pellet. The pellet was suspended by gentle vortexing 

and incubated on ice for 20 minutes. After fixation, the cells were pelleted at 1200 rpm 

for 10 minutes and the ethanol removed. The cells were then suspended in 1 ml of cell 

cycle analysis buffer (CCA Buffer) (50 μg/mL PI and 50 μg/mL RNase in 1x PBS) and 

stored on ice. The unstained controls were fixed on ice as described above and 

resuspended in 1ml fresh PBS. The unfixed control cells were resuspended in 1 ml CCA 

buffer and stored on ice.  

4.2.8.1.3 Cell cycle analysis of HAP1 cell lines 

This cell cycle analysis was performed using the BD FACSCanto II flow cytometer (BD 

Biosciences, NSW, Australia) with a 490 nm laser at the Centre for Microscopy, 

Characterisation and Analysis (CMCA). A total of 50,000 cells were captured and 

analysed for all samples and controls. Analysis of the flow cytometry data was 

performed using the FCS Express 6 software (De Novo Software, CA, USA). Gating 

was performed to exclude cellar debris and select for live cells based on size and 

cellular complexity/granularity (SSC-A vs. FSC-A). It was also used to select cells 

passing through the flow cytometer laser one at a time (singlets) to exclude cells passing 

through the laser in clumps (doublets) (FSC-H vs. FSC-A). Using this strategy, cellular 



 
 
170 

debris and the majority of doublets present in the sample were excluded from the 

analysis. This gating strategy was applied to all three HAP1 cell lines, although minor 

changes were applied to account for population shifts between replicate runs. The data 

obtained from the analysis was analysed and Histograms of PI fluorescence (DNA 

content) were generated to identify the G0/G1, S and G2/M phases of the cell cycle.  

4.2.8.1.4 Cell cycle analysis statistics 

A statistically significant difference between the percentages of cells in the G0/G1 and 

G2/M phases of the cell cycle for the wild type and mutant HAP1 cell lines was 

evaluated using a multinomial regression analysis. Data were considered statistically 

significant with a P value < 0.05.  

4.2.8.2 Gene expression analysis 

Gene expression of HAP1 cells containing wild-type, A144P or R231* mutant 

RASSF1A was examined using 3 RT2 Profiler PCR Arrays (Qiagen, Chadstone, VIC, 

Australia), which characterises the human apoptosis, cell cycle and HIPPO pathways. 

The cells were grown in T25 flasks until 70% confluent and the cells washed with PBS 

and trypsinised. The cells were then washed twice with PBS and pelleted. The 

supernatant was removed, and the pellets stored at -80°C until required.  

4.2.8.2.1 RNA extraction 

RNA extraction was performed using the RNeasy kit (Qiagen, Chadstone, VIC, 

Australia) with additional on-column DNase digestion according to the manufacturer’s 

instructions. An elution volume of 30 µl of RNase-free water was directly added to the 

spin column membrane and centrifuged for 1 minute at 13200 rpm to elute the RNA. A 

further 30 µl of RNase-free water was added and the column re-eluted. The eluted RNA 

was quantitated by ultra violet (UV) light absorbance at 260 nm using a NanoDrop 
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spectrophotometer. The ratio of the UV absorbance at 260 and 280 nm was used to 

assess the purity of the nucleic acids. The RNA was then stored on ice until required for 

cDNA synthesis. 

4.2.8.2.2 cDNA synthesis 

cDNA was synthesised using the RT2 First Strand kit (Qiagen, Chadstone, VIC, 

Australia). The genomic DNA elimination mix was prepared with RNA (0.5 µg), buffer 

GE (2µl), and RNase-free water to a total volume of 10 µl. The genomic DNA 

elimination mix was then pipette mixed and incubated for five minutes at 42°C, 

followed by incubation on ice for at least one minute. Next, the reverse transcription 

mix was prepared with 5x Buffer BC3 (4µl), Control P2 (1µl), RE3 reverse 

transcriptase mix (2 µl) and RNase-free water (3µl) to a total volume of 10 µl. 10 µl 

reverse transcription mix was added to each sample containing 10 µl of genomic DNA 

elimination mix and incubated for 15 minutes at 42°C, followed by an incubation of five 

minutes at 95°C to stop the reaction. 91 µl RNase-free water was added to each sample 

and mixed by pipetting. The resulting cDNA samples were stored at -20°C until 

required.  

4.2.8.2.3 Quantitative reverse transcription PCR (RT-qPCR) 

qRT-PCR was used to qualitatively detect gene expression in the HAP1 cell lines. qRT-

PCR was performed using the RT2 profiler PCR arrays (Qiagen, Chadstone, VIC, 

Australia) examining the Hippo pathway, apoptosis and the cell cycle. The previously 

synthesised cDNA was thawed on ice and the PCR components mix sufficient for a 96-

well plate (Table 4-9). 
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Table 4-9: RT2 PCR components master mix. 

Reagent Volume 

2x RT2 SYBR Green Mastermix 1350 µl 

cDNA synthesis reaction 102 µl 

RNase-free water 1248 µl 

Total volume 2700 µl 

  

25 µl of the PCR components mix was added to each well using a multichannel pipette 

and the plates sealed with Optical film. The plates were then centrifuged for two 

minutes at 2000rpm and manually inspected for bubbles in the wells. The plates were 

analysed using an ABI StepOnePlus Real-Time PCR system (software version 2.3) 

(Table 4-10). Melt curve analysis was performed using the default settings. 

Using the StepOne software v2.3, a threshold was defined for each array and the CT 

values were determined. The data from the experiment was then exported and formatted 

for analysis with the RT2 Profiler PCR Array Data Analysis Portal. 

 

Table 4-10: RT2 profiler array cycling conditions. 

Cycles Time Temperature Details 

1 10 min 95°C HotStart Taq polymerase activation 

40 

15 s 95°C  

1 min 60°C Fluorescence data collection 

1   Melt curve 
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P-values were calculated based on a Student's t-test of the replicate 2-Delta CT values for 

each gene in the control group and treatment groups, and p values less than 0.05 were 

considered significant. 

4.3 Results 

4.3.1 Transfection Optimisation 

HEK293FC cells were transfected with differing amounts of Lipofectamine 2000 and 

DNA as previously described. Transfection optimisation was assessed using a Zoe 

fluorescent cell imaging system and cells were visually examined for GFP expression. It 

was determined that the most successful transfection used the highest concentration of 

Lipofectamine 2000 in the most confluent cells: 15 µl per 100x104 cells in each well of 

a 6 well plate. This ratio of Lipofectamine 2000 to cells was used for subsequent 

transfections during this study. 

4.3.2 Cycloheximide Assay 

The cycloheximide assay showed a decrease in protein stability in the mutant compared 

to the wild-type (Figure 4-10 & 4-11). The GFP level between the wild-type and mutant 

detected at 8 hours is markedly different, with degradation of the mutant protein 

occurring by at least two hours and continuing through the assay (Figure 4-11). Probing 

the membrane with anti-tubulin antibody showed uneven loading in the third well on the 

wild-type membrane (4-hour collection point), with a proportionate reduction in 

RASSF1A expression (Figures 4-10 & 4-11). 

 



 
 
174 

 

Figure 4-10: CHX assay of WT RASSF1A. Cells were lysed after CHX addition 
and then every 2 hours for 8 hours. WT RASSF1A protein was measured with 
GFP, and even loading of the protein was measured using Tubulin. 

 

 

Figure 4-11: CHX assay of A144P mutant RASSF1A. Cells were lysed after CHX 
addition and then every 2 hours for 8 hours. Mutant RASSF1A protein was 
measured with GFP, and even loading of the protein was measured using Tubulin. 

 
 
4.3.3 Co-Immunoprecipitation 

HEK293FT cells were co-transfected with RASSF1A (both wild type and mutant) and 

MST2 and co-immunoprecipitation experiments performed in order to determine how 

the A144P mutant RASSF1A protein binds to MST2, and if there is a difference in 

binding of MST2 between the wild-type and mutant RASSF1A proteins (Figure 4-12). 

There was no significant difference in binding between the WT and A144P mutant 

RASSF1A. 

 An anti-MST2 antibody was used to detect the MST2 present, and an anti-GFP 

antibody was used to ensure the transfection of RASSF1A was successful. Wash 

controls were performed for both samples to ensure there was no residual MST2 from 
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the beads during the purification steps, and an empty vector control was used as a 

negative control to ensure transfection was successful and no MST2 was detected. 

 

 

Figure 4-12: Co-Immunoprecipitation assay of RASSF1A and MST2 detected with 
MST2 and GFP antibodies.  Lane 1: Wild-type RASSF1A, lane 2: A144P mutant 
RASSF1A, lane 3: WT-RASSF1A wash control, lane 4: A144P mutant-RASSF1A 
wash control, lane 5: pcDNA3/EGFP empty vector contol. 

 

 

 

Figure 4-13: Co-Immunoprecipitation lysate analysis detecting Tubulin and MST2 
in the cell lysates from wild-type RASSF1A, A144P mutant RASSF1A and a 
pcDNA3/EGFP empty vector control. 

 

The cell lysates were also analysed to determine if the samples were evenly loaded 

(detected by anti-tubulin antibody), and to determine if equal amounts of MST2 were 

expressed in the cells by using anti-MST2 antibody (Figure 4-13). There was no 
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significant difference in well loading or MST expression. No MST2 was detected in the 

control, as expected, indicating there was no non-specific binding to the EGFP 

component.  

4.3.4 Gene Expression Analysis 

Prior to gene expression analysis, the HAP1 cells were Sanger sequenced using a high-

fidelity polymerase (KAPA HiFi PCR Kit; Kapa Biosystems, Wilmington, MA, USA), 

to ensure the CRISPR was successful and the cell lines had the expected sequence. The 

WT and R231* mutant RASSF1A cells were correct, however the A144P mutant cells 

had an additional unexpected variant present (c.551C>T); considered inconsequential. 

4.3.4.1 Cell Cycle 

Analysis of the cell cycle data showed that when compared to the wild-type, two genes 

were upregulated (>2 fold change in expression) and no genes were downregulated in 

the A144P cells. Out of the two genes, one was considered to be statistically significant: 

the ABL1 gene (p = 0.0038). When the R231* mutant cells were compared to the wild-

type, the TFDP1 gene was overexpressed (37.60-fold) and no genes were 

underexpressed, however this finding was not considered to be statistically significant 

(p = 0.1841).  

4.3.4.2 Apoptosis 

Analysis of the apoptosis data showed that when compared to the wild-type, five genes 

were upregulated, and three genes were downregulated in the A144P cells. Out of the 

eight genes, four were considered to be statistically significant (Table 4-11).   
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Table 4-11: Genes upregulated or downregulated by the A144P mutant in 
apoptosis-related genes. Significant p-values are shown in bold. 

Gene Symbol Fold Change Regulation p-value 

ABL1 4.4427 Upregulated 0.0004 

BCL2L10 2.4335 Upregulated 0.1397 

TNFRSF11B 2.2493 Upregulated 0.3892 

TNFRSF25 2.1706 Upregulated 0.0142 

TRADD 2.0306 Upregulated 0.1338 

PYCARD -28.7453 Downregulated 0.0007 

LTBR -5.9178 Downregulated 0.099 

CD40 -4.5832 Downregulated 0.0383 

 

When the R231* mutant cells were compared to the wild-type, seven genes were 

upregulated: BCL2A1 (4.72-fold), IL10 (4.17-fold), CASP14 (3.46-fold), CIDEA (2.43-

fold), BCL2L10 (2.22-fold), CASP4 (2.17-fold) and LTA (2.09-fold) and two genes were 

downregulated, LTBR (-6.63-fold) and CASP10 (-2.54-fold), however due to having 

only two replicates for the R231* mutant cells, p-values could not be obtained using the 

provided Qiagen software. A t-test was performed on these samples; however there 

were no significant changes in gene expression. 

4.3.4.3 Hippo signalling pathway 

Analysis of the Hippo signalling pathway performed with GeneGlobe Data Analysis 

Center showed that when compared to the wild-type, six genes were upregulated, GPC5 

(3.61-fold), DCHS1 (3.27-fold), FAT2 (2.81-fold), CRB1 (2.48-fold), FAT4 (2.20-fold) 

and SCRIB (2.01-fold), and two genes were downregulated, PPP2R1A (-59.02-fold) and 

TSHZ2 (-2.24-fold), in the A144P cells. None of these genes were considered to be 
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statistically significant. When the R231* mutant cells were compared to the wild-type, 

one gene was upregulated, FAT2 (3.14-fold), and three genes were downregulated - 

PPP2R1A (-68.95-fold), CRB1 (-4.96-fold) and WNT1 (-2.73-fold). Only one of these 

genes, FAT2, was found to be statistically significant (p = 0.0377).  

4.3.5 Cell Cycle analysis 

Cell cycle analysis was performed to determine the effect of the A144P mutant on the 

cell cycle, compared to wild-type and R231* mutant RASSF1A.  

4.3.5.1 Quantitation of A144P and R231* HAP1 cell cycle using flow cytometry 

A mathematical model for cell cycle analysis was applied to the wild type and mutant 

single cell cycle histogram for each of the biological replicates, using the FCS Express 6 

software (De Novo Software, CA, USA). Chi2 analyses were performed to determine 

the goodness of fit of the mathematical model to each of the cell cycle histograms 

generated. Gating of cells was performed to determine the number of live singlet cells 

(Figure 4-14) and to determine the number of cells in each phase of the cell cycle 

(Figure 4-15). 

Table 4-12 summarises the cell cycle analysis data, including the percentage of cells in 

each phase, the G0/G1 and G2/M CV values and the Chi2 values for each sample.  

Multinomial regression analysis of the data showed that compared to the wild-type, the 

A144P mutant cells were 38% more likely to be in the G1 phase than the S phase (OR: 

1.38, 95% CI: 1.36-1.41), while the R231* cells were 5.5% less likely to be in the G1 

phase than the S phase (OR: 0.94, 95% CI: 0.92-0.97). When compared to the wild-

type, the A144P mutant is 22% less likely to be in the G2 phase compared to the S 

phase (OR: 0.78, 95% CI: 0.77-0.80), while the R231* cells are 31% more likely to be 

in the G2 phase compared to the S phase (OR: 1.31, 95% CI: 1.28-1.34).  
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4.4 Discussion 

In this chapter, whether the RASSF1A A144P variant plays a role in dysregulation of 

the apoptotic process and the cell cycle, as well as being less stable that the WT 

RASSF1A protein has been examined. 

Decreased stability of the RASSF1A A144P mutant cells was predicted from the 

computational modelling previously performed using Pymol (Chapter 3). It was 

hypothesised that due to the alanine to proline amino acid change at amino acid 144, 

which could destabilise an alpha-helix, that the A144P mutant protein was likely to be 

less stable. This hypothesis is supported by the protein stability assay data shown in this 

study (Figure 4-11). There was a clear decrease in the RASSF1 protein stability of the 

mutant when compared to the wild-type over an 8-hour time period, with effects 

observable at 2 hours and the mass of the mutant protein available diminished to 

negligible amount by 4 hours; levels of the WT protein reaming stable across the 8-hour 

time course. A decrease in the protein abundance can be confidently attributed to 
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R231* HAP1 cells in each phase of the cell cycle with standard error.  
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protein degradation, whilst relatively stable proteins will exhibit little change in the 

protein abundance over time (Buchanan et al., 2016). Amino acid changes to proline can 

be particularly damaging, as the proline cannot form peptide bonds with its aligning 

residue and as such it is a "helix-breaker" due to its inability to form hydrogen bonds 

from its backbone nitrogen (Jacob et al., 1999).  

In animal studies targeted at investigating the function of RASSF1 protein, RASSF1 

knockout mice exhibit an increase in neoplasms, including an increased incidence of 

tumours by chemical induction, increased adenoma and lymphoma incidence and 

increased B cell derived lymphoma incidence (Smith et al., 2018). They also exhibit 

abnormal cell physiology (Smith et al., 2018). A study of RASSF1A knockout mice 

showed that with decreased Rassf1a expression, the mice were prone to spontaneous 

tumourigenesis in advanced age (18-20 months) and displayed increased tumour 

multiplicity and tumour size relative to control animals (Tommasi et al., 2005a). Due to 

the decreased expression of Rassf1a, the mice were significantly tumour-prone, 

elements of which may also be relevant in humans. As the protein appears to be less 

stable with the A144P mutant, this may be the cause of reduced levels due to lower 

protein stability and shortened half-life of the protein, and potentially play a role 

subsequent tumorigenesis in cancer patients. 

Expression differences were observed in key genes in relevant pathways that appeared 

to be related to the altered function of RASSF1AA144P, particularly in apoptosis-related 

genes. The expression differences in four genes were statistically significant: ABL1 and 

TNFRSF25, which were upregulated, and CD40 and PYCARD, which were 

downregulated. RASSF1 has been identified as a pro-apoptotic gene and interacts with 

effectors of apoptotic pathways, including MST1/2 and MOAP1, which results in the 

induction of apoptosis (Amin and Banerjee, 2012; Donninger et al., 2011).  



 
 

183 

ABL1, a proto-oncogene located on chromosome 9, may interact with RASSF1A due to 

the phosphorylation of RASSF1A by ATM. This process of phosphorylation is likely to 

act concurrently with ABL1 to coordinate p73 tumour suppression in response to DNA 

damage (Pefani and O'Neill, 2015). RASSF1A promotes YAP mediated differentiation 

via p73 (Papaspyropoulos et al., 2018). YAP has been shown to be tyrosine 

phosphorylated by ABL1 in response to DNA damage (Gordon et al., 2013). This may 

lead to the increased expression of ABL1 and ultimately disruption of the cell cycle.  

PYCARD, located on chromosome 16, is a key mediator in apoptosis and inflammation 

(Dang et al., 2018; Masumoto et al., 2001). A reduction in PYCARD may also reduce 

effectiveness of apoptosis via CASP1 to remove neoplastic cells altered by infection, 

and allow damaged cells to escape apoptosis. The downregulation of PYCARD as a 

result of RASSF1 disruption may confer a survival advantage for affected cells.  

TNFRSF25 binds to its ligand, TL1A (also known as TNFSF15), which causes TNFR-

associated death domain in primary T cells with downstream activation of both the NF-

kappa B (NFκB) signalling pathway and the PI3K/Akt signalling pathway (Schreiber 

and Podack, 2013). Activation of TNFRSF25 in primary T cells has been found to 

stimulate proliferation, cell activation and effector function (Schreiber and Podack, 

2013). Therefore, if TNFRSF25 is upregulated due to the RASSF1A A144P mutant, 

there may be increased proliferation and cell activation. 

 In this study, CD40 was found to be downregulated in association with the RASSF1 

A144P mutant. Previous studies have shown that long-term inhibition of CD40 results 

in immune suppression (Lutgens et al., 2007; Seijkens et al., 2018). CD40 plays a 

number of roles including activating macrophages, stimulating B cells and activating 

them to produce immunoglobulins and cytokines, and it plays an important role in T cell 

proliferation and subsequent activation (Schwab, 2011). In regard to the A144P mutated 

RASSF1A, we can hypothesis that there will be lower rates of B cell proliferation and 
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less macrophages and T cells may be activated. As a result, there are less cells to 

combat any unregulated cell growth, so the cells can continue to proliferate and grow, 

potentially leading to FNMTC. 

These results also show that the RASSF1A A144P mutation affected the cell cycle. The 

A144P mutant cells were more likely to have an accumulation of cells in the G0/G1 

phase in the A144P mutant cells when compared to the wild-type. Cells were also 

significantly more likely to have a decrease in G2 cells compared to the wild-type. The 

accumulation of cells in the G1 phase in the A144P mutant cells could be due to a 

number of reasons. These may include exposure to a chemical agent, injury, insufficient 

cell growth or DNA damage (Iwakura et al., 2014; Kastan and Kuerbitz, 1993; Schwab 

et al., 2014), or may be due to arrest by the cell cycle checkpoints for a various reasons 

(Barnum and O’Connell, 2014). Most genetic changes that promote tumourigenesis 

involve dysregulation of G1 cell cycle progression (Foster et al., 2010). A 2014 study 

examining the cell cycle after injury found that a high ratio and rapid accumulation of 

G1 phase cells was a biological strategy for safe, timely, and explosive cell proliferation 

(Iwakura et al., 2014). The accumulation of cells in the G1 phase combined with the 

upregulation of the ABL1 gene could indicate that the cells may be in the stages of 

unregulated cell proliferation. 

In this study, we examined the protein-protein interaction between RASSF1A and 

MST2, to determine if the A144P mutation had an effect on MST2 binding. RASSF1A 

is known to interact with MST2 through its SARAH domain and bind it, to form the 

LATS1 complex (Dittfeld et al., 2012). RASSF1A can also prevent MST2 

dephosphorylation and promote protein stability (Guo et al., 2011). A 2012 study which 

examined cancer cells expressing the SARAH deleted form of RASSF1A observed 

reduced mitotic rates with abnormal metaphases and a significantly increased rate of 

apoptosis compared to full-length RASSF1A (Dittfeld et al., 2012). However, in this 

study, no significant difference was observed in the binding of mutant RASSF1A to 
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MST2 when compared to the wild-type version. This is most likely due to the fact that 

the SARAH domain, which mediates RASSF1A binding to MST2, was not affected by 

the A144P mutation, which is a “helix-breaking” mutation. 

RASSF1A is known to be involved in Hippo pathway signalling, however no Hippo 

pathway genes that were analysed were found to be significantly dysregulated, though 

two genes DCHS1 and FAT4 showed >2 fold expression changes associated with the 

A144P mutant and a trended towards significance. The DCHS1 gene is a calcium-

dependent cell-adhesion protein that mediates functions in neuroprogenitor cell 

proliferation and differentiation (Durst et al., 2015). The FAT4 gene was identified as a 

candidate tumour suppressor gene in breast cancers (Qi et al., 2009). Knockout mouse 

models show that the gene is required for development of multiple organs, including the 

ear, kidney, skeleton, intestine, heart and lung (Mao et al., 2011). These genes are 

cadherins which may act as a ligand and receptor for the HIPPO signalling pathway 

(Mao et al., 2011). It is unknown if these genes are implicated in FNMTC, however the 

hippo pathway appears to be of limited relevance to the functional effects of the A144P 

RASSF1 mutant. 

It must be mentioned that after gene editing had been completed the A144P cell line 

used in this study was found to have an additional nucleotide change (c.551C>T). Since 

this variant is not located in any major domains of RASSF1A, it is considered that it 

would be unlikely to affect the results or conclusions of this study. Nevertheless, any 

further research on the A144P mutation should independently verify the effects reported 

here.  
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4.5 Conclusion 

FNMTC is a complex disease with no known causative mutations. Through exome 

sequencing and bioinformatics analysis, the A144P germline variant of RASSF1A was 

identified as a potential causative mutation for FNMTC. This variant was predicted 

damaging by a number of predictive tests, and computational modelling showed the 

A144P mutation, which is an alanine to proline amino acid substitution, could 

potentially destabilise an alpha-helix, and make the A144P mutant protein less stable. 

Overall, the data from this research suggests that this mutation may have three main 

effects on the function of RASSF1A: reduces protein stability, disrupts regulation of 

genes involved in apoptosis and alters cell cycle regulation. These findings show that 

the A144P variant in the RASSF1A gene is a functional mutation and therefore is a 

candidate SNV for risk modification or causation of FNMTC.  
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5 HABP2 and FNTMC 

5.1 Introduction 

Thyroid cancer is one of the most common endocrine malignancies, and its prevalence 

is steadily rising (Davies et al., 2014). It is more common in women (approximately 3:1 

ratio) and is the 5th most prevalent cancer among women (Siegel et al., 2012). NMTCs 

account for over 95% of all thyroid cancers, with the remaining 5% arising from the 

parafollicular C cells (Hemminki et al., 2003; Sadowski et al., 2013). The majority of 

NMTCs are sporadic, however approximately 3.5–10% of all NMTC are hereditary 

(Fan et al., 2015). 

FNMTC is clinically defined by the presence of thyroid cancer and the absence of other 

predisposing hereditary or environmental factors in two or more first-degree relatives 

(Gara et al., 2015). The inheritance pattern is thought to be autosomal dominant with 

incomplete penetrance (Liu et al., 2017). FNMTC is typically reported with an early age 

onset, increased aggressiveness and an increased incidence of multifocal tumour growth 

(Iacobone et al., 2014; Tavarelli et al., 2015). It has been suggested that the mutations 

behind FNMTC are possibly expressed at multiple sites within the thyroid gland, which 

is a risk factor for multifocal tumour growth (Tavarelli et al., 2015).   

Several candidate chromosomal loci (1q21, 6q22, 8p23.1-p22, and 8q24) and 

susceptibility genes (SRGAP1, NKX2-1, and FOXE1) for FNMTC have been reported, 

which suggests that FNMTC may be a polygenic disease caused by a low-to moderate 

number of low penetrant alleles (Bauer, 2013; He et al., 2013; Landa et al., 2009; Ngan 

et al., 2009).  

HABP2 (Hyaluronan Binding Protein 2) has been implicated in FNMTC. The HABP2 

gene is located on chromosome 10 and is comprised of 13 exons spanning 35kb 
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(Sumiya et al., 1997). HABP2, also known as Factor VII Activating Protein (FSAP), 

encodes the factor VII-activating protease and has been previously associated with 

increased susceptibility to venous thromboembolism and cardiovascular risk (Ahmad-

Nejad et al., 2012; Sedding et al., 2006). 

A 2002 study found HABP2 plays a role in fibrinolysis (Roemisch et al., 2002). They 

identified heterozygosity for a 1601G>A transition in exon 13 of HABP2 which results 

in a gly534-to-glu (G534E) substitution near the C terminus of the light chain. This 

variant, named the Marburg I (MI) polymorphism, impairs the pro-urokinase activating 

potency of the factor VII activating protease (FSAP). A study of 810 individuals who 

had participated in an ultrasound study of atherosclerosis were analysed for the MI 

polymorphism. It was identified in 37 (4.4%) individuals who showed a prominently 

reduced in vitro capacity to activate pro-urokinase. They did not find a relationship 

between the MI polymorphism and early atherogenesis, however it was found to be a 

strong and independent risk predictor of progressive carotid stenosis (Willeit et al., 

2003). A 2005 study found that the frequency of the MI polymorphism was 

significantly increased in patients with a history of venous thromboembolism Hoppe et 

al. (2005).       

A variant identified near the HABP2 gene has been associated with ischemic stroke (IS) 

risk in a Chinese Han population (Li et al., 2017). The rs11196288 variant, located on 

chromosome 10q25.3, approximately 253Kb from the HABP2 gene, was found to 

increase susceptibility to late-onset IS in 389 adult ischemic stroke patients and 

presented a significant effect on late-onset small vessel disease (SVD) stroke 

susceptibility in the dominant model (GG vs. AA; P = 0.042).  

Mutations in the HABP2 gene have been catalogued in a number of databases. The 

Catalogue of Somatic Mutations in Cancer (COSMIC) database contains 158 mutations 
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identified in the HABP2 gene, 117 (74.05%) of which are missense mutations (Figure 5-

1) (Forbes et al., 2017). 

 

Figure 5-1: HABP2 mutations identified in the COSMIC database (Forbes et al., 
2017). 

 

A total of 58 HABP2 variants were identified in the Clinvar database: 1 benign, 14 

likely benign and 43 of unknown significance (Landrum et al., 2018; Zhou et al., 

2015b). 53 variants have an ExAC MAF of <0.01; of which 41 have a MAF of <0.0001 

(Figure 5-2)  (Zhou et al., 2015b).  

HABP2tm1Lex knockout mice display abnormal response to injury, decreased sensitivity 

to induced morbidity/mortality, liver fibrosis and liver inflammation (Borkham-

Kamphorst et al., 2013). A 2015 study showed deficiencies of HABP2 in mice worsen 

the outcome of stroke (Joshi et al., 2015). The authors showed that in the absence of 

HABP2 there was a stronger inflammatory response and lower cell survival due to 

insufficient activation of the PI3K/AKT pathway (Joshi et al., 2015). 
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Figure 5-2: HABP2 variants present in the Clinvar database (Zhou et al., 2015b). 

 

A 2015 study identified HABP2 as a novel regulator of hyaluronan-mediated human 

lung cancer progression (Mirzapoiazova et al., 2015). Previous studied have identified 

HABP2 upregulation in a number of non-small cell lung cancers (NSCLC); however the 

functional consequences of HABP2 overexpression in NSCLC are poorly defined 

(Mirzapoiazova et al., 2015; Wang et al., 2002). This study aimed to investigate the 

effects of stable silencing or overexpression of HABP2 on HMW-HA and LMW-HA-

regulated human NSCLC cell migration, extravasation, tumour growth, and metastasis 

(Mambetsariev et al., 2010; Mirzapoiazova et al., 2015). The authors identified 

increased HABP2 expression in several subtypes of NSCLC samples, particularly in 

SK-LU-1 human NSCLC cells, where HABP2 overexpression increased cell motion, 

migration, transendothelial extravasation, tumor growth and metastasis, and activation 

of the extracellular serine protease, urokinase plasminogen activator (uPA), implicated 

in cancer progression (Mirzapoiazova et al., 2015). Their results suggest a possible 

direct effect of HABP2 overexpression on lung cancer progression through uPA-

regulated pathways (Mirzapoiazova et al., 2015).  

In 2015, HABP2 was implicated in FNMTC (Gara et al.) in a large kindred with 7 

affected individuals. The authors identified the fibrinolysis MI G>A substitution at 

position 1601 as associated with FNMTC. Using expression studies and cell 

transformation assays, the study provided evidence that HABP2 is a tumour-suppressor 

gene (Gara et al., 2015). The G534E variant, located in exon 13, was also found in 19 of 
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423 (4.7%) multi-ethnic patients with PTC from the Cancer Genome Atlas (TCGA), as 

compared with 0.7% of individuals with unknown disease status. 

In subsequent editorial correspondence, however, it was reported that the G534E variant 

in HABP2 was not detected in 12 FNMTC kindreds or 217 sporadic PTC cases from 

China (Zhao et al., 2015), and it was suggested that in some populations, the prevalence 

of the G543E variant was much higher than 0.7%, and as high as 3–5.7% (Sponziello et 

al., 2015; Zhou et al., 2015a). Several additional studies have now been published. 

Tomsic et al. (2016) identified the G534E variant in 6.1% of familial cases, 8.0% of 

sporadic cases and 8.7% of controls, and found that the variant did not cosegregate with 

NMTC in several kindreds. In a study of 2105 NMTC cases from the British Isles, the 

frequency of the variant was 4.2% in cases and 4.6% in controls (Sahasrabudhe et al., 

2016). In a study from Saudi Arabia, Alzahrani et al. (2016) found no association 

between the variant and familial or sporadic NMTC compared with controls. Further 

studies in Polish, Hispanic, Brazilian and Italian populations also found no association 

between HABP2 and NMTC (Bohórquez et al., 2016; Cantara et al., 2017; de Mello et 

al., 2017; Kowalik et al., 2017). These studies, therefore, do not support an association 

between the G534E variant and NMTC. In contrast, in a study from China, Zhang et al. 

(2016) identified the variant in 6 affected subjects from 4 kindreds, consistent with 

HABP2 being a FNMTC susceptibility gene. 

The association between this variant and NMTC is therefore somewhat controversial. 

To address this, Sanger sequencing was performed on a collection of 37 FNMTC 

kindreds in order to confirm the presence of this variant and association with cancer. 

WES data from a subset of kindreds was available from studies of other pathogenic 

variants and so the data were examined for missense variants in HABP2 and for 

mutations in SRGAP1, NKX2-1, SRRM2 and FOXE1. The population prevalence of the 

G543E variant in HABP2 was also determined in two independent cohorts. Therefore, in 
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this chapter, the role of the HABP2 gene in FNMTC as presented by Gara et al. (2015) 

will be considered and an examination of HABP2 in Western Australian FNMTC 

kindreds will be performed. The aim of this chapter is to identify whether this local 

cohort has the G534E or any other HABP2 pathogenic variants. 

5.2 Methods 

DNA from 37 probands was extracted from peripheral whole blood using QIAGEN 

QIAamp DNA Blood mini or midi kits (QIAGEN, Australia) as previously described 

(Chapter 2). Quantification of the samples was performed using the NanoDrop 2000 

spectrophotometer, where 1µl of each sample were quantitated in duplicate by 

measurement of UV absorption at 260 nm and DNA purity assessed by 260/280 nm 

ratio. Sanger sequencing of exon 13 of HABP2 (including the G534E variant) was 

performed on the genomic DNA from the 37 probands from each kindred using the 

QIAGEN HotStarTaq kit (QIAGEN, Australia) and primers as described by Gara et al. 

(2015) and listed below in Table 5-1.   

The PCR produces a product of 336 bp in length. The sequence is shown below in 

Figure 5-3. 

Table 5-1: Primer sequences for exon 13 of the HABP2 gene 

Gene Primer Primer design (Sequence 5'-3') Amplicon 
Size (bp) 

Tm CG% 

HABP2 
Exon 13 -F CCCTGACACCCCCTGGAGAG 

336 
70.4 70 

Exon 13 -R GCTCTGGAGGTGTCCATTGT 64.2 55 
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Figure 5-3: The HABP2 sequence amplified using the primers listed in Table 5-1. 
Primers are indicated in bold and the G534E variant is indicated in red and 
underlined. 

 

The PCR products were analysed on a 1% agarose gel by electrophoresis in order to 

determine their presence and mass, as previously described in chapter 2. Quantification 

of PCR products was also performed on the NanoDrop 2000 Spectrophotometer in order 

to determine the appropriate amount of DNA for sequencing. Sanger sequencing was 

performed by the Australian Genome Research Facility (AGRF; www.agrf.org.au) and 

data analysed using Geneious software (Biomatters Ltd., Auckland, New Zealand) 

(Kearse et al., 2012). 

Whole exome capture and sequencing was performed by AGRF and by Lotterywest 

State Biomedical Facility Genomics (Perth, Western Australia) using Illumina 

HiSeq2000 and Applied Biosystems 5500 SOLiD systems. Exome capture was 

performed using SureSelect Human All Exon V5+UTRs, TargetSeq Exome Enrichment 

System and TruSeq Exome Enrichment kit. The exome data were annotated using 

ANNOVAR (Wang et al., 2010) and examined for pathogenic missense splice-site, 

nonsense, premature stop and start-gained variants as well as indels in the HABP2 gene, 

along with novel and previously identified variants in the SRGAP1, NKX2-1 and 

CCCTGACACCCCCTGGAGAGGCTCTGGAGGTGTCCATTGTCCCTGACACCC

CCTGGAGAGAGGTGGGGGCATCTCCAGATGTCTCTGGTTCACGAGGATGAGC

TTATGCCTCTGTTTCCCTTAGGGTGACTCTGGAGGCCCCCTGACCTGTGAGAA

GGACGGCACCTACTACGTCTATGGGATAGTGAGCTGGGGCCTGGAGTGTGGG

AAGAGGCCAGGGGTCTACACCCAAGTTACCAAATTCCTGAATTGGATCAAAG

CCACCATCAAAAGTGAAAGTGGCTTCTAAGGTACTGTCTTCTGGACCTCAGA

GCCCACTCTCCTTGGCACCCTGACACCGGGAGGCCTCATGGCCAACAATGGA

CACCTCCAGAGC 
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FOXE1 genes, using Varsifter software, as previously described in Chapter 3 (Teer et 

al., 2012). The predictive tools Polyphen-2, SIFT and MutationTaster (Adzhubei et al., 

2010; Kumar et al., 2009; Schwarz et al., 2014) were used to predict the pathogenicity 

of detected variants and MAF data from the 1000 Genomes Project (The Genomes 

Project, 2015) was used to determine population frequency. 

The population frequency of the G534E variant was estimated using deeply imputed 

genome wide association (GWA) data from 4634 participants in the 1994-5 Busselton 

Health Study (www.bpmri.org.au) a community-based, predominantly Caucasian cohort 

from Western Australia. SNP genotyping was performed using the Illumina 610Q and 

660W arrays, with results imputed to the 1000 Genomes (Build 37) reference panel, as 

previously described (Taylor et al., 2015).  

The frequency of the HABP2 variant was also determined from next-generation 

sequence data in an additional cohort of 1195 participants from the TwinsUK study 

(www.twinsuk.ac.uk). These participants were of European ancestry, euthyroid, with no 

history of thyroid surgery or thyroxine treatment and shown to be comparable to 

singletons in the general population European/British population for a range of disease 

and traits.  

5.3 Results 

5.3.1 Patient characteristics 

109 participants from 37 kindreds with nonsyndromic FNMTC were recruited to the 

study. The number of individuals with thyroid cancer ranged from 2 to 6 per kindred; in 

9 kindreds there were 3 or more affected individuals. The ethnicity was Caucasian for 

33 kindreds and Asian for 4 kindreds (Table 5-2). 
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Table 5-2: Characteristics of 37 FPTC probands 
Characteristic Patients (N=37) 

Age at diagnosis (SD) 46.7 (15.9) 
Female N (%) 27 (73.0%) 
Ethnicity  
 Caucasian 33 (89.2%) 
 Asian 4 (10.8%) 
Histological subtype  
 Papillary 30 (81.1%) 
     Papillary (follicular variant) 6 (16.2%) 
     Papillary (tall cell variant) 1 (2.7%) 
 Multifocal 25 (67.6%) 
TNM staging*  
   T1 N0 M0 10 
   T2 N0 M0 5 
   T3 N0 M0 1 
   T4 N0 M0 0 
   T1 N1 M0 5 
   T2 N1 M0 7 
   T3 N1 M0 5 
   T4 N1 M0 3 
Staging*  
   I 23 (63.9%) 
   II 3 (8.3%) 
   III 6 (16.7%) 
   IV 4 (11.1%) 
*Available for 36 probands. Detailed histopathology not available for one proband who 
underwent surgery in 1983. 

 

5.3.2 HABP2G534E identified in one family 

Sanger sequencing performed on peripheral blood DNA of probands from each kindred 

confirmed that the G534E variant in HABP2 was present in only one individual; 

heterozygosity for the G534E variant was detected in a proband from a single kindred 

(Figure 5-4A). Sanger sequencing performed on other family members for whom 
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samples were available revealed that the proband’s son, who has not been affected with 

FPTC, is also heterozygous for the G534E variant. However, the proband’s affected 

sister did not carry the variant. The pedigree is illustrated in Figure 5-4B. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figu
re 5-4: Panel A shows the sequence chromatogram of G534E variant in the 
proband and the reference sequence (NM_004132.4) Panel B shows the pedigree 
with the HABP2 genotype for the G534E variant A/G (wild type is G/G). Squares 
denote male family members, circles female members, shaded symbols affected 
members, and slashes deceased members.  

*Head and neck irradiation age 16, PTC (T2N1M0) and multiple Hürthle cell 
adenomas at age 46. 

�Multifocal PTC at age 55 

 

reference 
sequence 

* � A/G G/G 

A) 

B) 

G534E variant 
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5.3.3 Clinical family data 

The proband was a white female who underwent facial irradiation for acne at age 16, 

and presented in 1993 at age 46 with bilateral thyroid nodules. Fine needle aspiration 

biopsy from the right lobe of thyroid was consistent with Hürthle cell neoplasm, and 

from the left lobe was consistent with hemorrhage into a thyroid nodule. Total 

thyroidectomy was performed. Histopathology of the right lobe showed a 30 mm 

follicular variant of PTC, a 20 mm hemorrhagic Hürthle cell adenoma and two further 

small foci of PTC. In the left lobe, there were multiple Hürthle cell adenomas up to 25 

mm in diameter and a further small focus of PTC. One of 2 excised lymph nodes 

contained metastatic PTC. Radioactive iodine (3000 MBq) was administered, with no 

evidence of distant metastases on the post-therapy scan (stage T2N1MO). There has 

been no evidence of recurrence during follow-up. The proband’s son also has the 

G534E variant. He has no significant medical history but has not yet been assessed 

clinically or sonographically for thyroid neoplasia. 

The proband’s affected sister underwent a right hemithyroidectomy in 1985 at age 36 

for a thyroid nodule. Histopathology was of follicular adenoma, with an incidental 

finding of a single focus of papillary microcancer. At age 55 she developed a left sided 

thyroid nodule and underwent completion thyroidectomy. Histopathology revealed a 13 

mm predominantly cystic PTC with an additional 3mm focus of follicular variant of 

PTC (stage T1NXMX). She did not receive radioiodine treatment and there has been no 

evidence of recurrence during follow-up. Sanger sequencing on genomic DNA from this 

individual revealed wild type results, with no evidence of the G534E variant in HABP2.  

The G534E variant in HABP2 was not found in probands from the remaining 36 

kindreds by Sanger sequencing.  
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5.3.4 Exome Sequencing 

Whole exome sequencing data were available from 59 individuals (50 affected, 9 

unaffected) from 20 FNMTC kindreds. Coding regions were captured and sequenced to 

a mean coverage of 68.73X and sufficient depth to call variants at ~98% of each 

targeted exome. An average of 87,245,482 reads were generated per affected individual 

as paired end, 100bp reads. The data was examined for the G534E variant and other 

pathogenic missense variants in HABP2; none were identified. The WES data were also 

examined for variants previously reported as associated with NMTC in SRGAP1 

(Q149H, R617C), FOXE1 (A248G) and NKX2.1 (A339V) and for novel pathogenic 

mutations in these genes. However, none of these variants were identified in our 

kindreds. 

The population frequency of the G534E variant was determined from two independent 

cohorts. Of 4,634 participants in the 1994-5 Busselton Health Study (with unknown 

thyroid cancer status), 351 (7.6%) were heterozygous for the variant (from imputed 

genotypes), whereas 4 were homozygous, giving a minor allele frequency of 3.9%. 

From directly genotyped next-generation sequence (i.e. WGS) data from 1195 

participants in the TwinsUK study who had no history of thyroid cancer or other thyroid 

diseases, 111 (9.3%) were heterozygous for the variant and 1 individual was 

homozygous, giving a minor allele frequency of 4.7%. 

5.4 Discussion 

This study examined the frequency of the recently identified G534E variant in HABP2 

in a large sample of FNMTC kindreds. The variant was identified in only 1 of 37 

kindreds (2.7%). The proband in this kindred had unusual thyroid histopathology, with 

multiple Hürthle cell adenomas as well as multifocal PTC. She had had previously 

undergone head and neck irradiation for acne, a well-recognized risk factor for thyroid 

cancer, which occurs in up to 31% of individuals receiving this treatment (De Jong et 
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al., 1991). Her histopathology presumably reflects the extensive mutagenic effects of 

ionizing radiation combined with genetic predisposition to thyroid neoplasia. In this 

kindred, the variant did not cosegregate with the disease, being absent in her sibling, 

who had multifocal PTC. There are two possible explanations for this. The sister may 

represent a phenocopy, as thyroid cancer can affect two members of the same family by 

chance or because of shared environmental rather than genetic factors (Charkes, 2006). 

Alternatively, it may be that these two siblings share pathogenic mutations in as yet 

unidentified susceptibility genes. 

After the publication of the Gara et al. study, a number of articles were then published 

which all suggested that HABP2 has no involvement in FNMTC. Tomsic et al. (2016) 

studied the G534E variant in 179 PTC families, 1160 sporadic PTC cases and 1395 

controls. They identified the variant in 6.1% familial cases, 8.0% sporadic cases (with 2 

individuals homozygous for the variant) and 8.7% controls. They genotyped available 

family members for 8 families with 2 or more blood samples, and found that 6 families 

showed no segregation, with the remaining 2 families showing co-segregation, but they 

suggest this may be due to chance (Tomsic et al., 2016). 

Another study examining a highly inbred Middle Eastern population found no 

association of HABP2 with familial or sporadic PTC (Alzahrani et al., 2016). The study 

examined 11 members from four unrelated families with FNMTC and 509 sporadic 

NMTC (63 of which were pediatric samples), as well as 190 healthy controls. They 

found that none of the 11 FNMTC subjects had the G534E variant, and only one of the 

sporadic cases and one healthy control had the variant. This suggests that the variant 

does not play a role in thyroid cancer in a Middle Eastern population (Alzahrani et al., 

2016).  
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In contrast, a single study identified the G534E variant in six affected subjects from four 

kindreds with PTC, consistent with HABP2 being a FNMTC susceptibility gene (Zhang 

et al., 2016).  

A 2015 study found the frequency of the G534E variant to be 4.2% in cases and 4.6% in 

controls. This finding of the mutation being present in a higher proportion of controls to 

cases further suggests that the variant is not associated with NMTC risk (Sahasrabudhe 

et al., 2016). Another study reports that the variant was found in 5.2% and 5.5% of 

controls in the 1000 genomes project and National Heart, Lung, and Blood Institute 

Grand Opportunity Exome Sequencing Project respectively (Zhao et al., 2015). 

The frequency of the G534E variant in two other independent cohorts, the Busselton 

Health Study and TwinsUK study, was 7.6% and 9.3%, indicating that this is in fact a 

common polymorphism, rather than a pathogenic rare variant (Zhao et al., 2015). The 

frequency in the 37 probands of our WA cohort was somewhat lower (2.7%), showing 

that this variant does not explain the familial aggregation of NMTC in the kindreds 

studied. Gara et al. (2015) detected the G534E mutation in 4.7% of a sample of patients 

with PTC, and our results are broadly consistent with that frequency estimate. Gara et 

al. also provided evidence from functional studies that HABP2 is a tumor suppressor 

gene, and that the G534E variant results in loss of function. It remains possible that the 

G534E variant in HABP2 is a susceptibility locus for cancer, but further studies are 

required to adjudicate that issue. Other associations have been reported for the G534E 

variant of HABP2 including thrombophilia, carotidstenosis and venous 

thromboembolism, (Ahmad-Nejad et al., 2012; Sedding et al., 2006), but neither the 

proband nor her son (who also carries this variant) identified in the WA FNMTC cohort 

through these studies, have hematological or vascular disorders. 
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The whole exome data was also examined for other missense mutations in HABP2 and 

for variants which are thought to play a role in FNMTC in the known susceptibility 

genes, SRGAP1, FOXE1 and NKX2.1. However, none of those genes had pathogenic 

variants identified in this study. Thus, the genetic basis of FNMTC in these kindreds 

remains to be determined and the research reported here can provide no evidence for an 

effect of those variants on susceptibility to NMTC. 

Strengths of this study include the large number of FNMTC kindreds recruited, and the 

use of both whole exome and Sanger sequencing to identify pathogenic mutations. A 

limitation is that not all members of all kindreds have undergone exome sequencing to 

date. 

5.5 Conclusion 

In conclusion, the G534E variant in HABP2 is uncommon in FNMTC kindreds in 

Western Australia. The frequency of the G534E variant in general population indicates 

that it is a common polymorphism, and its role (if any) in the pathogenesis of thyroid 

cancer remains to be determined. Data presented in this thesis suggests that the clinical 

yield of sequencing the G534E variant in affected kindreds is likely to be small. The 

genetic basis of nonsyndromic FNMTC remains largely unknown, and further research 

is urgently required to elucidate this. In the meantime, the management of 

nonsyndromic FNMTC kindreds remains primarily clinical, as genetic testing has a 

minimal contribution to offer.   



 
 
210 

5.6 References 

Adzhubei, I.A., Schmidt, S., Peshkin, L., Ramensky, V.E., Gerasimova, A., Bork, P., 
Kondrashov, A.S., and Sunyaev, S.R. (2010). A method and server for predicting 
damaging missense mutations. Nature Methods 7, 248-249. 

Ahmad-Nejad, P., Dempfle, C.E., Weiss, C., Bugert, P., Borggrefe, M., and Neumaier, 
M. (2012). The G534E-polymorphism of the gene encoding the factor VII-activating 
protease is a risk factor for venous thrombosis and recurrent events. Thrombosis 
Research 130, 441-444. 

Alzahrani, A.S., Murugan, A.K., Qasem, E., and Al-Hindi, H.N. (2016). HABP2 gene 
mutations do not cause familial or sporadic non-medullary thyroid cancer in a highly 
inbred Middle Eastern population. Thyroid 26, 667–671. 
 
Bauer, A.J. (2013). Clinical behavior and genetics of nonsyndromic, familial 
nonmedullary thyroid cancer. Frontiers of Hormone Research 41, 141-148. 

Bohórquez, M.E., Estrada, A.P., Stultz, J., Sahasrabudhe, R., Williamson, J., Lott, P., 
Duque, C.S., Donado, J., Mateus, G., Bolaños, F., et al. (2016). The HABP2 G534E 
polymorphism does not increase nonmedullary thyroid cancer risk in Hispanics. 
Endocrine Connections 5, 123-127. 

Borkham-Kamphorst, E., Zimmermann, H.W., Gassler, N., Bissels, U., Bosio, A., 
Tacke, F., Weiskirchen, R., and Kanse, S.M. (2013). Factor VII activating protease 
(FSAP) exerts anti-inflammatory and anti-fibrotic effects in liver fibrosis in mice and 
men. Journal of Hepatology 58, 104-111. 

Cantara, S., Marzocchi, C., Castagna, M.G., and Pacini, F. (2017). HABP2 G534E 
variation in familial non-medullary thyroid cancer: an Italian series. Journal of 
Endocrinological Investigation 40, 557-560. 

Charkes, N.D. (2006). On the prevalence of familial nonmedullary thyroid cancer in 
multiply affected kindreds. Thyroid 16, 181-186. 

Davies, L., and Welch, H. (2014). Current thyroid cancer trends in the united states. 
JAMA Otolaryngology–Head & Neck Surgery 140, 317-322. 

De Jong, S.A., Demeter, J.G., Jarosz, H., Lawrence, A.M., and Paloyan, E. (1991). 
Thyroid carcinoma and hyperparathyroidism after radiation therapy for adolescent acne 
vulgaris. Surgery 110, 691-695. 

de Mello, L.E.B., Araujo, A.N., Alves, C.X., de Paiva, F.J.P., Brandao-Neto, J., and 
Cerutti, J.M. (2017). The G534E variant in HABP2 is not associated with increased risk 
of familial nonmedullary thyroid cancer in Brazilian kindreds. Clinical Endocrinology 
87, 113-114. 

Fan, Y.F., Zhang, B., Yang, X., Shang, Z.H., Liu, H.F., Xie, Y., Liu, Y.W., Gao, W.S., 
Wu, Q., and Li, X.Y. (2015). Clinicopathologic features of familial nonmedullary 
thyroid carcinoma. Chinese Medical Journal 128, 1037-1041. 

Forbes, S.A., Beare, D., Boutselakis, H., Bamford, S., Bindal, N., Tate, J., Cole, C.G., 
Ward, S., Dawson, E., Ponting, L., et al. (2017). COSMIC: somatic cancer genetics at 
high-resolution. Nucleic Acids Research 45, D777-D783. 



 
 

211 

Gara, S.K., Jia, L., Merino, M.J., Agarwal, S.K., Zhang, L., Cam, M., Patel, D., and 
Kebebew, E. (2015). Germline HABP2 mutation causing familial nonmedullary thyroid 
cancer. The New England Journal of Medicine 373, 448-455. 

He, H., Bronisz, A., Liyanarachchi, S., Nagy, R., Li, W., Huang, Y., Akagi, K., Saji, M., 
Kula, D., Wojcicka, A., et al. (2013). SRGAP1 is a candidate gene for papillary thyroid 
carcinoma susceptibility. The Journal of Clinical Endocrinology and Metabolism 98, 
E973-980. 

Hemminki, K., and Li, X. (2003). Familial risk of cancer by site and histopathology. 
International Journal of Cancer 103, 105-109. 

Iacobone, M., Jansson, S., Barczynski, M., and Goretzki, P. (2014). Multifocal papillary 
thyroid carcinoma--a consensus report of the European Society of Endocrine Surgeons 
(ESES). Langenbeck's Archives of Surgery 399, 141-154. 

Joshi, A.U., Orset, C., Engelhardt, B., Baumgart-Vogt, E., Gerriets, T., Vivien, D., and 
Kanse, S.M. (2015). Deficiency of Factor VII activating protease alters the outcome of 
ischemic stroke in mice. The European Journal of Neuroscience 41, 965-975. 

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, 
S., Cooper, A., Markowitz, S., Duran, C., et al. (2012). Geneious Basic: an integrated 
and extendable desktop software platform for the organization and analysis of sequence 
data. Bioinformatics 28, 1647-1649. 

Kowalik, A., Gąsior-Perczak, D., Gromek, M., Siołek, M., Walczyk, A., Pałyga, I., 
Chłopek, M., Kopczyński, J., Mężyk, R., Kowalska, A., et al. (2017). The p.G534E 
variant of HABP2 is not associated with sporadic papillary thyroid carcinoma in a 
Polish population. Oncotarget 8, 58304-58308. 

Kumar, P., Henikoff, S., and Ng, P.C. (2009). Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm. Nature Protocols 4, 
1073-1081. 

Landa, I., Ruiz-Llorente, S., Montero-Conde, C., Inglada-Perez, L., Schiavi, F., Leskela, 
S., Pita, G., Milne, R., Maravall, J., Ramos, I., et al. (2009). The variant rs1867277 in 
FOXE1 gene confers thyroid cancer susceptibility through the recruitment of 
USF1/USF2 transcription factors. PLoS Genetics 5, e1000637. 

Landrum, M.J., Lee, J.M., Benson, M., Brown, G.R., Chao, C., Chitipiralla, S., Gu, B., 
Hart, J., Hoffman, D., Jang, W., et al. (2018). ClinVar: improving access to variant 
interpretations and supporting evidence. Nucleic Acids Research 46, D1062-d1067. 

Li, S.-h., Shi, C.-h., Li, Y.-s., Li, F., Tang, M.-b., Liu, X.-j., Zhang, S., Wang, Z.-l., 
Song, B., and Xu, Y.-m. (2017). Association of GWAS-reported variant rs11196288 
near HABP2 with ischemic stroke in Chinese Han population. Journal of Molecular 
Neuroscience 62, 209-214. 

Liu, C., Yu, Y., Yin, G., Zhang, J., Wen, W., Ruan, X., Li, D., Zhang, S., Cai, W., Gao, 
M., et al. (2017). C14orf93 (RTFC) is identified as a novel susceptibility gene for 
familial nonmedullary thyroid cancer. Biochemical and Biophysical Research 
Communications 482, 590-596. 



 
 
212 

Mambetsariev, N., Mirzapoiazova, T., Mambetsariev, B., Sammani, S., Lennon, F.E., 
Garcia, J.G.N., and Singleton, P.A. (2010). HABP2 is a novel regulator of vascular 
integrity. Arteriosclerosis, Thrombosis, and Vascular Biology 30, 483-490. 

Mirzapoiazova, T., Mambetsariev, N., Lennon, F.E., Mambetsariev, B., Berlind, J.E., 
Salgia, R., and Singleton, P.A. (2015). HABP2 is a novel regulator of hyaluronan-
mediated human lung cancer progression. Frontiers in Oncology 5, 164. 

Ngan, E.S., Lang, B.H., Liu, T., Shum, C.K., So, M.T., Lau, D.K., Leon, T.Y., Cherny, 
S.S., Tsai, S.Y., Lo, C.Y., et al. (2009). A germline mutation (A339V) in thyroid 
transcription factor-1 (TITF-1/NKX2.1) in patients with multinodular goiter and 
papillary thyroid carcinoma. Journal of the National Cancer Institute 101, 162-175. 

Roemisch, J., Feussner, A., Nerlich, C., Stoehr, H.A., and Weimer, T. (2002). The 
frequent Marburg I polymorphism impairs the pro-urokinase activating potency of the 
factor VII activating protease (FSAP). Blood coagulation & fibrinolysis 13, 433-441. 

Sadowski, S.M., He, M., Gesuwan, K., Gulati, N., Celi, F., Merino, M.J., Nilubol, N., 
and Kebebew, E. (2013). Prospective screening in familial nonmedullary thyroid cancer. 
Surgery 154, 1194-1198. 

Sahasrabudhe, R., Stultz, J., Williamson, J., Lott, P., Estrada, A., Bohorquez, M., Palles, 
C., Polanco-Echeverry, G., Jaeger, E., Martin, L., et al. (2016). The HABP2 G534E 
variant is an unlikely cause of familial non-medullary thyroid cancer. The Journal of 
Clinical Endocrinology and Metabolism, Mar 1;10(13):1098-1103. 

Schwarz, J.M., Cooper, D.N., Schuelke, M., and Seelow, D. (2014). MutationTaster2: 
mutation prediction for the deep-sequencing age. Nature Methods 11, 361-362. 

Sedding, D., Daniel, J.M., Muhl, L., Hersemeyer, K., Brunsch, H., Kemkes-Matthes, B., 
Braun-Dullaeus, R.C., Tillmanns, H., Weimer, T., Preissner, K.T., et al. (2006). The 
G534E polymorphism of the gene encoding the factor VII-activating protease is 
associated with cardiovascular risk due to increased neointima formation. The Journal 
of Experimental Medicine 203, 2801-2807. 

Siegel, R., DeSantis, C., Virgo, K., Stein, K., Mariotto, A., Smith, T., Cooper, D., 
Gansler, T., Lerro, C., Fedewa, S., et al. (2012). Cancer treatment and survivorship 
statistics, 2012. CA: A Cancer Journal for Clinicians 62, 220-241. 

Sponziello, M., Durante, C., and Filetti, S. (2015). HABP2 mutation and nonmedullary 
thyroid cancer. The New England Journal of Medicine 373, 2085-2086. 

Sumiya, J.-i., Asakawa, S., Tobe, T., Hashimoto, K., Saguchi, K.-i., Choi-Miura, N.-H., 
Shimizu, Y., Minoshima, S., Shimizu, N., and Tomita, M. (1997). Isolation and 
characterization of the Pplasma hyaluronan-binding protein (PHBP) Gene (HABP2). 
The Journal of Biochemistry 122, 983-990. 

Tavarelli, M., Russo, M., Terranova, R., Scollo, C., Spadaro, A., Sapuppo, G., 
Malandrino, P., Masucci, R., Squatrito, S., and Pellegriti, G. (2015). Familial non-
medullary thyroid cancer represents an independent risk factor for increased cancer 
aggressiveness: a retrospective analysis of 74 families. Frontiers in Endocrinology 6, 1-
7. 



 
 

213 

Taylor, P.N., Porcu, E., Chew, S., Campbell, P.J., Traglia, M., Brown, S.J., Mullin, 
B.H., Shihab, H.A., Min, J., Walter, K., et al. (2015). Whole-genome sequence-based 
analysis of thyroid function. Nature Communications 6, 5681. 

Teer, J.K., Green, E.D., Mullikin, J.C., and Biesecker, L.G. (2012). VarSifter: 
visualizing and analyzing exome-scale sequence variation data on a desktop computer. 
Bioinformatics 28, 599-600. 

The 1000 Genomes Project Consortium (2015). A global reference for human genetic 
variation. Nature 526, 68. 

Tomsic, J., Fultz, R., Liyanarachchi, S., He, H., Senter, L., and de la Chapelle, A. 
(2016). HABP2 G534E variant in papillary thyroid carcinoma. PloS One 11, e0146315. 

Wang, K.-k., Liu, N., Radulovich, N., Wigle, D.A., Johnston, M.R., Shepherd, F.A., 
Minden, M.D., and Tsao, M.-S. (2002). Novel candidate tumor marker genes for lung 
adenocarcinoma. Oncogene 21, 7598. 

Wang, K., Li, M., and Hakonarson, H. (2010). ANNOVAR: functional annotation of 
genetic variants from high-throughput sequencing data. Nucleic Acids Research 38, 
e164. 

Willeit, J., Kiechl, S., Weimer, T., Mair, A., Santer, P., Wiedermann, C.J., and 
Roemisch, J. (2003). Marburg I polymorphism of factor VII--activating protease: a 
prominent risk predictor of carotid stenosis. Circulation 107, 667-670. 

Zhang, T., and Xing, M. (2016). HABP2 G534E mutation in familial nonmedullary 
thyroid cancer. Journal of the National Cancer Institute 108, djv415. 

Zhao, X., Li, X., and Zhang, X. (2015). HABP2 mutation and nonmedullary thyroid 
cancer. The New England Journal of Medicine 373, 2084-2087. 

Zhou, E.Y., Lin, Z., and Yang, Y. (2015a). HABP2 mutation and nonmedullary thyroid 
cancer. The New England Journal of Medicine 373, 2084-2085. 

Zhou, X., Edmonson, M.N., Wilkinson, M.R., Patel, A., Wu, G., Liu, Y., Li, Y., Zhang, 
Z., Rusch, M.C., Parker, M., et al. (2015b). Exploring genomic alteration in pediatric 
cancer using ProteinPaint. Nature Genetics 48, 4. 
 



 
 
214 

  



 
 

215 

 

Chapter 6 – SRRM2 and FNMTC 
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6 SRRM2 and FNMTC 

6.1 Introduction 

FNMTC is a complex disease and constitutes 3-9% of all thyroid cancers (Hemminki et 

al., 2005; Peiling Yang et al., 2016). Although no causative mutation has been 

identified for FNMTC, a role has been indicated for a number of genes in the 

pathogenesis of the disease, suggesting that it is a polygenic familial cancer syndrome 

(Gara et al., 2015).  It has been hypothesis that FNMTC is caused by a low-to-moderate 

number of low penetrant alleles (Bauer, 2013). A number of potential risk genes have 

been identified for FNMTC, including SRGAP1, NKX2-1, FOXE1 and SRRM2 (He et 

al., 2013; Landa et al., 2009; Ngan et al., 2009; Tomsic et al., 2015). Of particular 

interest is the Serine/Arginine Repetitive Matrix 2  (SRRM2) gene due to its role in 

alternative splicing and the large number of mutations present in this gene (684 

variants) in the COSMIC database (Forbes et al., 2017).  

A recent study has suggested a potential role for SRRM2 in thyroid cancer (Tomsic et 

al., 2015). The SRRM2 gene is 300 kDa in size and is located on chromosome 16p13.3. 

It encodes for one long isoform (16 exons) and 3 short isoforms (∼11 exons) (Shehadeh 

et al., 2010; The UniProt Consortium, 2017). There are two main splice variants, the 

long isoform and one short isoform, which differ at their 3′ end (Figure 6-1) (Shehadeh 

et al., 2010).  

 

Figure 6-1: The two main splice variants of SRRM2, which differ at their 3' end.  
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Figure 6-2: The SRm160/300 complex at an exonic splicing enhancer site (Horvath, 

2015).  

SRRM2, also known as SRm300, is known to form a splicing coactivator complex with 

SRRM1 (also known as SRm160). This complex, named the SRm160/300 complex, 

associates with splicing complexes and promotes splicing through interactions with 

other SR family proteins, functioning as a co-activator of pre-mRNA splicing (Figure 6-

2) (Blencowe et al., 2000; Horvath, 2015; Shehadeh et al., 2010). It is required for 

exonic splicing enhancer (ESE) dependent splicing and allows these ESE sequences to 

recognize splice sites in pre-mRNA (Li et al., 1999). 

SRRM2 functions at the core level of the spliceosome and contains a novel and highly 

conserved N-terminal domain, several unique repeated motifs rich in serine, arginine, 

and proline residues, and two very long polyserine tracts (Blencowe et al., 2000). It is 

thought that SRRM2 is capable of interacting simultaneously with many factors, including 

SRm160 and many other proteins, due to the high content of SR dipeptide repeats and other 

repetitive sequence features (Horvath, 2015). This function could be important for the 

organization of SR proteins and other splicing factors within the cell nucleus (Horvath, 

2015). 
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Studies of CWC21, the yeast (Saccharomyces cerevisiae) homologue of SRRM2 has 

suggested a role for CWC21 and SRRM2 at the core of the spliceosome, although 

specific functions for these proteins have remained elusive (Khanna et al., 2009). The 

authors suggest that CWC21 may have additional functional roles in aspects of mRNA 

biogenesis in S. cerevisiae, including snRNP formation and nuclear retention of pre-

mRNA (Khanna et al., 2009). Studies also suggest that CWC21 functions at the 

catalytic centre of the spliceosome, possibly in response to environmental or metabolic 

changes (Grainger et al., 2009). Microarray analysis of CWC21 suggests that SRRM2 

might influence splice site selection in human cells, due to its role positioning the 3’ 

splice site at the transition to the second step conformation of the spliceosome (Gautam 

et al., 2015). 

When the HitPredict database – a database of protein-protein interactions – is queried 

with SRRM2, a total of 190 interactions of SRRM2 with other proteins are identified 

(Figure 6-3). Protein-protein interactions from IntAct, BIOGRID and HPRD are combined, 

annotated and assigned a reliability score in order to identify a high confidence subset (Patil 

et al., 2011). Each interaction is assigned an interaction score (from 0-1) and a confidence 

score (low-high), which created a ranked table of protein-protein interactions (Patil et al., 

2011).  

Among these interactions are a number of cyclins and cyclin-dependant kinases (CDKs), 

which suggest a role for SRRM2 in cell cycle regulation, and a number of splicing-related 

proteins, which confirms its role in RNA-splicing. Interestingly, 2 of the top 20 interactions 

are HDAC2 and HDAC6, which appear to play a role in human malignant and benign 

thyroid lesions (Giaginis et al., 2014) and ESR2, an oestrogen receptor implicated in 

both medullary and non-medullary thyroid cancers (Ruiz-Ferrer et al., 2017; Smith et 

al., 2016; Yi et al., 2017). SRRM2 also interacts with ARRB1 and ARRB2 which are 
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Figure 6-3: HitPredict SRRM2 protein-protein interaction network (Patil et al., 
2011). 

 

beta arresting proteins; these proteins interact with the TSH receptor and are able to 

desensitize the receptor (Voigt et al., 2000). 

It has been previously suggested that SRRM2 may be a potential blood biomarker for 

Parkinson’s disease (PD) due to its differential upregulation in a number of PD 

experiments when compared to healthy controls. The study found that SRRM2 had 

differential exonic expression in PD patients compared to healthy controls, which has 

the potential to invoke high levels of alternative splicing in the genome of PD patients 

(Fu et al., 2013; Shehadeh et al., 2010).  

A recent study has suggested an interaction between cactin, DHX8 and SRRM2, which 

may point to the existence of cellular protein complexes comprising of these three 

factors. The authors of that report hypothesise that these complexes may sustain precise 

chromosome segregation, genome stability and cell proliferation by allowing faithful 

splicing of specific pre-mRNAs (Zanini et al., 2017).  
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Germline mutations in SRRM2 have been implicated in PTC predisposition (Tomsic et 

al., 2015). In particular, the variant SRRM2S346F (rs149019598) was identified in a 

family with six affected individuals and was also found in 7/1,170 (0.6%) sporadic 

cases (Tomsic et al., 2015). Located in exon 11, this variant was predicted to change the 

amino acid sequence of the SRRM2 protein from serine to phenylalanine at amino acid 

346. It is also predicted to be damaging by altering the alternative splicing function for a 

limited number of transcripts, particularly those which are SRRM2-dependent, or those 

specifically interacting with the S346F and surrounding amino acids (Tomsic et al., 

2015). Furthermore, it was speculated that the SRRM2S346F affected splicing of at least 

one of the genes expressed in the thyroid or a thyroid-specific pathway, thereby leading 

to PTC formation (Tomsic et al., 2015). 

To date, there has been only one study that focused on the role the SRRM2S346F (Tomsic 

et al., 2015), and no other studies that focus on other SRRM2 variants in FNMTC. In 

order to determine whether SRRM2 has a role in FNMTC, bioinformatics analysis was 

performed on whole exome sequencing data from 79 FNMTC individuals from 38 

families and identified potentially pathogenic variants in SRRM2. Genotyping was also 

performed on the DNA from 119 FNMTC and 87 sporadic NMTC individuals for the 

rs149019598 and other variants in SRRM2. 

6.2 Methods 

6.2.1 Patient recruitment 

From November 2009 until June 2017 affected and unaffected members of FNMTC 

kindreds were recruited. A total of 119 samples from affected and unaffected 

individuals belonging to 43 kindreds were collected (Chapter 2). A total of 87 sporadic 

NMTC patients were recruited from the Outpatient Thyroid Clinic at Sir Charles 

Gairdner Hospital.  
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6.2.2 Cohort Analysis 

Exome sequencing was performed as previously described (Chapter 3). In silico 

analysis was performed on exome sequencing data from 79 individuals in order to 

determine the presence of the rs149019598 variant in SRRM2, as well as any additional 

candidate variants in SRRM2 using variant call files (VCF) previously generated with 

SAMtools (Li et al., 2009) and GATK (Van der Auwera et al., 2013) and annotated 

with ANNOVAR (Wang et al., 2010) (Chapter 3). The annotated files were filtered to 

identify variants in the SRRM2 gene and a minor allele frequency (MAF) threshold of at 

least 0.01 was applied.  

The Exome Aggregation Consortium (ExAC) database was used to determine the MAF 

for each variant. SIFT (Kumar et al., 2009), PolyPhen-2 (Adzhubei et al., 2010), LRT 

(Chun et al., 2009) and MutationTaster (Schwarz et al., 2014) were used to identify 

potential consequences for the candidate variants. In order to validate any candidate 

variants, Sanger sequencing was performed on the DNA from relevant individuals and 

any other family members to verify the nucleotide sequence difference and determine if 

the variant cosegregated with FNMTC in the family. DNA extraction and Sanger 

sequencing were performed as described in chapter 2.  

6.2.3 Genotyping 

A Kompetitive Allele Specific PCR (KASP) genotyping assay was performed on two 

candidate variants: rs149019598 and rs575624226. In total, genotyping was performed 

on 119 FNMTC cases and 87 sporadic NMTC cases. Due to the large number of 

variants reported in dbSNP in the surrounding SRRM2 sequence for both variants, two 

KASP by Design (KBD) assays were designed by LGC (United Kingdom) for each 

variant. Optimization of the assay was performed using four primer sets (Table 6-1) and 

four quantities of DNA (10ng, 20ng, 30ng and 40ng) to determine which DNA 

concentration and combination of primers was optimal for each SNV. 
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Table 6-1: Primer assays 
Assay SNV Primer sequence 

1 rs149019598   
  Primer_AlleleFAM CTCTCTTCCACTCTTAGAAATC 
  Primer_AlleleHEX GCTCTCTCTTCCACTCTTAGAAATT 
  Primer_Common TCTGGGCCTGTGCTGCTCCTTT 
2 rs149019598 
  Primer_AlleleFAM GGGCTAGGTCGAGYTGCAG 
  Primer_AlleleHEX AGGGGCTAGGTCGAGYTGCAA 
  Primer_Common CCTGCTCTCTCTTCCACTCTTAGAA 
3 rs575624226 
  Primer_AlleleFAM GGCGAAGACAGCGGAGCC 
  Primer_AlleleHEX CGGCGAAGACAGCGGAGCT 
  Primer_Common GCCGAGTAACCCGCGACCTT 
4 rs575624226 

  Primer_AlleleFAM GTAACCCGCGACCTTGACCG 
  Primer_AlleleHEX AGTAACCCGCGACCTTGACCA 
  Primer_Common CTTCTCAGTCAACCTCTCGGCGAA 
 

The KASP assay was performed in 96-well plates and each experiment included 2 non-

template controls (NTCs) and duplicate known control samples (homozygous wild-type, 

heterozygous, homozygous mutant), containing 10, 20, 30 or 40ng of DNA. As no 

heterozygous or homozygous wild-type samples were available for positive controls and 

to allow grouping of the genotypes, gBlocks gene fragments were constructed 

(Integrated DNA Technologies, Coralville, Iowa, USA). Where no heterozygous sample 

was available, wild-type and mutant sequence gBlocks were mixed in a 1:1 ratio. The 

sequence of each gBlock is defined in Table 6-2 and 40ng of each gBlock were used in 

the KASP assays as positive controls. Samples were quantitated using a Nanodrop One 

and the assay performed in 10 µl reaction volumes as per the manufacturer’s protocol. 

In the genotyping analysis, each sample underwent quantitative real time polymerase 

chain reaction (qPCR) on the AB1 StepOnePlus Real-Time PCR System (Life 

Technologies, Victoria, Australia) using the thermal cycler parameters set out in Table 

6-3.  
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Table 6-2: gBlock gene fragment sequences 
gBlock Sequence (5’ à 3’) 
rs149019598 TGATGTGAAGTTTTGGCGTTTATGAATCCCTATCCCTGCTCTCTCCTCCACT

CTTAGAAATTTGCAACTCGACCTAGCCCCTCTCCGGAAAGGAGCAGCACAG
GCCCAGAACCACCTGCTCCCACTCCGCTCCTTGCTGAGCGACATGGC 
 

rs575624226  CCCGTTCCCGCTCAAGGAGAGAGAAAACAAGAACAACCCGACGTCGAGATAGGTCTGG
ATCTTCTCAGTCAACCTCTCGGCGAAGACAGCGGAGCTGGTCAAGGTCGCGGGTTACT
CGGCGGCGGAGGGGAGGCTCTGGTTATCACTCAAGGTCACCTGC  
 

 Wild-type  
(for use with 
rs575624226) 

CCCGTTCCCGCTCAAGGAGAGAGAAAACAAGAACAACCCGACGTCGAGATAGGTCTGG
ATCTTCTCAGTCAACCTCTCGGCGAAGACAGCGGAGCCGGTCAAGGTCGCGGGTTACT
CGGCGGCGGAGGGGAGGCTCTGGTTATCACTCAAGGTCACCTGC 
 

 

 

Table 6-3: Thermal cycling conditions 

Conditions Temperature Time 

Activation 94°C 15 min 

10 cycles 

(drop by 0.6°C/per cycle) 

94°C 20 sec 

61°C – 55°C 60 sec 

26 cycles 
94°C 20 sec 

55°C 60 sec 

Post-run plate reading 30°C 60 sec 

 

 

Table 6-4: Post-read (recycling) cycling conditions 

Conditions Temperature Time 

3 cycles 
94°C 20 sec 

57°C 60 sec 

Post-run plate reading 30°C 60 sec 
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A second post-read step (recycling stage) in the thermal cycling protocol was added for 

experiments where the results for DNA samples that were analysed were not tightly 

clustered. (Table 6-4). Assays for each variant were selected due to tight clustering 

patterns for each genotype. 

For rs575624226, assay number 3 and 40ng of DNA were selected as the most 

optimized conditions due to the distinct grouping of each condition following 

genotyping (Figure 6-4).  

6.3 Results 

6.3.1 Patient characteristics 

One hundred and nineteen participants from 43 kindreds with nonsyndromic FNMTC 

were available for this study. The number of individuals with thyroid cancer ranged 

from two to six per kindred; in nine kindreds there were three or more affected 

individuals. Of the 43 kindreds, 39 kindreds were of Caucasian ethnicity and four 

kindreds were of Asian ethnicity (Table 2-1, Chapter 2). Eighty-seven sporadic NMTC 

participants were also analysed in the study. 74 (85.1%) of the sporadic controls were 

Caucasian, the other 13 controls (14.9%) were of Asian and other ethnicities (See Table 

2-2, Chapter 2).  
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Figure 6-4: Optimisation of allelic discrimination plot from KASP assay for 
rs575624226. Blue symbols indicate homozygous wildtype samples, green represent 
heterozygous samples and red represent homozygous mutant variant samples. 
Non-template controls (NTCs) are shown in black. 
 

6.3.2 Identification of candidate FNMTC variants 

The PTC risk variant reported by Tomsic, rs149019598 (S346F), was not identified in 

the exome sequencing data of any of the individuals among the Western Australian 

FNMTC kindreds. Additionally, data from KASP genotyping did not identify the 

rs149019598 variant among 119 FNMTC and 87 sporadic samples. However, analysis 

of the exome sequencing did identify another potentially pathogenic variant, 

rs575624226, in SRRM2 in one of the FNMTC kindreds (Figure 6-5). This is a missense 

variant; C to T nucleotide change at base 5413 (c.5413C>T; accession number 

NM_016333.3), resulting in an arginine to tryptophan amino acid change at amino acid 

1805 (designated R1805W). As the MAF was reported as 8.25x10-6 (ExAC), this 
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variant was classified as “rare.” The variant was considered to have a likely deleterious 

function as it was predicted to be damaging by both PolyPhen2 and SIFT (scores 0.99 

and 0.02 respectively) as well as by LRT and MutationTaster. A GERP score of 4.5 

suggested that the variant was highly conserved. Sanger sequencing confirmed the 

presence of rs575624226 in both cases that were identified by exome sequencing 

(Figure 6-6). The KASP genotyping was performed on 206 individuals for the 

rs575624226 variant; 119 from the FNMTC cohort and 87 from the sporadic cohort. 

The variant was identified in family 37 but no other instances of the variant were 

detected.  

 

Figure 6-5: Pedigree of Family 37 with available genotypes listed. FPTC affected 
individuals show as solid symbols 

 

6.4 Discussion 

This study examined the occurrence of the recently identified S326F variant in SRRM2 

in a cohort of FNMTC kindreds. This variant has been reported by Tomsic and 

colleagues to be present in 7/1,170 (0.6%) sporadic PTC individuals and has a MAF of 

0.0006046 reported by the Exome Aggregation Consortium (Lek et al., 2016). 

Interestingly, this variant could not be detected in this Australian cohort of 40 families 

or 87 sporadic controls. This may suggest that the variant may be a susceptibility factor, 

rather than the causative gene predisposing to FNMTC. Since the original study 
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identifying this variant as a potentially pathogenic variant in PTC, no additional studies 

have been reported examining involvement of SRRM2 in FNMTC. The importance of 

SRRM2 in FNMTC may be influenced by additional variants within the gene, not only 

the SRRM2 S346F variant. 

 

Figure 6-6: Chromatograms of Sanger sequencing data showing genotype at 
rs575624226 in FNMTC affected individuals 103 and 104 and unaffected 
individual 105 from family 37. 

 

An additional variant was identified in SRRM2 that was present in one kindred (2.5%). 

This rare variant, denoted SRRM2 R1805W, has not previously been identified in 

FNMTC or in any other disease or condition. Given that this variant has not been 

previously reported to be involved in any disease or condition, one can postulate that 

this may be a novel FNMTC-related variant. Due to the unknown role it plays in the 

susceptibility or cause of the disease, the SRRM2 gene must undergo further analysis 

before any potential role can be clarified and that should be a priority for further 

research in this area. A limitation of the current study is that of many of the kindreds 

studied had only two affected members; including the family in which the rs575624226 

variant was identified. It must be noted that the identification of a variant in such 
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circumstances could be attributed to chance and may not denote specific relevance to 

FNMTC or thyroid cancer. A further limitation of the current study is the small overall 

cohort size. Further studies including genotyping of rs575624226 in a larger cohort of 

FNMTC and controls would be the next step in determining the importance of this 

variant. In addition, functional studies are required to determine the effect of the 

rs575624226 (R1805W) variant in SRRM2 and the role it may play in alternative 

splicing. As the SRRM2 gene plays a role in alternative splicing, it is hypothesised that 

changes in alternative splicing of thyroid-related genes may have an effect on the 

susceptibility or formation of FNMTC. As such, studies investigating variants in other 

genes within relevant pathways may provide insight into the importance of these 

pathways in FNMTC pathogenesis. This approach could form the basis for future 

research in FNMTC. 

Alternative splicing is involved in multiple pathologies, including cancer (Chabot et al., 

2016). A recent study has shown alternative splicing changes in tumours are linked to a 

significant loss of functional domain families that are also frequently mutated in cancer 

(Climente-Gonzalez et al., 2017). The study also revealed that a subset of alternative 

splicing changes could potentially disrupt protein-protein interactions in cancer-related 

pathways (Climente-Gonzalez et al., 2017). Considering the role of SRRM2 in 

alternative splicing (Blencowe et al., 2000), it is possible that the R1805W variant may 

play a role in the pathogenesis of NMTC. As previously outlined, SRRM2 is known to 

interact with a number of proteins including ESR2, HDAC2, HDAC6, ARRB1 and 

ARRB2 which are involved in human malignant and benign thyroid lesions as well as 

interacting with and desensitizing the TSH receptor (Giaginis et al., 2014; Ruiz-Ferrer 

et al., 2017; Smith et al., 2016; Voigt et al., 2000; Yi et al., 2017).  

 Tomsic et al. (2015) have speculated that the protein created by the S346F variant 

affects splicing of at least one of the genes specifically expressed in thyroid or involved 

in a thyroid-specific pathway, thereby leading to PTC formation. One can also speculate 
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that the protein carrying the R1805W variant may play a role in PTC formation. Further 

studies should be performed to examine the functional effects of this variant to 

determine what effects it may have on the genes involved in NMTC and whether it 

leads to NMTC formation. 

In a recent study, SRRM2 was identified as one of 12 genes enriched in rare variants that 

are strong candidates for disease and was in the top 10% percentile for the most 

intolerant human genes (Alhuzimi et al., 2018). To date, very few genetic variants or de 

novo germline mutations have been identified that may have implications in FNMTC. It 

is thought that the approach undertaken in the current study has the potential to lead to 

the identification of relevant FNMTC mutations, given an appropriate cohort size. A 

larger cohort with 3 or more affected individuals per kindred would increase the 

likelihood of successfully identifying relevant mutations.   

6.5 Conclusion 

In conclusion, a novel variant in SRRM2, rs575624226, was detected in this study of 

genetic risk factors for FNMTC. Extensive in silico bioinformatics analyses suggest that 

this variant is likely to be pathogenic. Data presented here suggests that the 

rs149019598 and rs575624226 variants in SRRM2 are uncommon in FNMTC kindreds 

and in individuals with sporadic NMTC. Furthermore, the frequency of both variants in 

the general population indicates that they are rare variants. Nevertheless, the role of 

these two variants in the pathogenesis of thyroid cancer remains to be determined. No 

evidence could be provided from the research conducted for this thesis, of an increase in 

the frequency of rs149019598 in familial or sporadic NMTC. Further functional studies 

should be performed on both genetic variants to expand understanding on their role (if 

any), in thyroid cancer.  Functional studies on the novel variant rs575624226 are needed 

to determine the validity of the in-silico bioinformatics data and validate effects on the 

structure and function of the SRRM2 protein, its ability to bind and interact with the 
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many other proteins that it is known to interact with, as well as the implications this 

may have on alternative splicing for other genes relevant to thyroid cancer.  
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7 General Discussion 

7.1 Introduction 

The research conducted for this thesis involved a detailed genomic analysis of an 

Australian cohort of FNMTC patients and has yielded the identification of a germline 

mutation in RASSF1A that may be associated with the cancer. Molecular 

characterisation of the RASSF1 mutation in vitro provided evidence that the SNV is 

functional in some relevant contexts. Furthermore, these studies have also shown that 

the previously characterised candidate FMNTC variants, HABP2 G534E and SRRM2 

S346F, are not associated with FNMTC in this cohort. Therefore, FNMTC appears to be 

associated with a number of germline mutations in various genes in different families, 

and the impact of these may depend on genetic background and/or local environment.  

In this chapter, the biological insights gained by this research are considered within the 

context of current literature and potential future directions are discussed. 

7.2 A novel germline mutation in RASSF1A is associated with FNMTC 

Whole exome sequencing (WES) provides an unprecedented opportunity to identify the 

potential aetiological role of rare functional variants in human complex diseases (Wu et 

al., 2015). It has been successful in identifying causative genes from a number of 

complex diseases and is now becoming more widely used in a clinical setting 

(Timmermans et al., 2018; Warr et al., 2015). At the time of commencement of this 

research, WES was still a relatively new technology and had not been used to examine 

any FNMTC cohorts.  

 

The role of RASSF1A in the cell cycle and apoptosis has been widely established, as has 

its function as a tumour suppressor (Donninger et al., 2014; Gordon et al., 2011; Jiang 
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et al., 2014; Jung et al., 2013; Shou et al., 2017). Chapter 3 of this thesis reports the 

exome sequencing data and initial analysis of variants identified during this study, 

which led to the hypothesis that RASSF1A may play a role in the pathogenesis of 

FNMTC. In chapter 4, functional studies showed that the mutant RASSF1A protein was 

less stable than the wild-type, suggesting that it may be less abundant and therefore 

functionally compromised. In the in vitro human cell model studies of the RASSF1A 

A144P mutant, there was a marked difference in cell cycle regulation seen through 

direct cell cycle analysis and altered gene expression of cell-cycle related genes. These 

observations are consistent with reports in the literature implicating downregulation of 

RASSF1A in the loss of cell cycle control (Dallol et al., 2005; Donninger et al., 2007; 

Shivakumar et al., 2002). RASSF1A promoter methylation, which results in reduced 

RASSF1A gene expression, has also been associated with thyroid cancer (Shou et al., 

2017); reduced protein levels again being consistent with increased cancer risk. There 

was also a notable difference in apoptosis-related genes in the data reported in chapter 

4, with four genes significantly dysregulated when compared to wild-type RASSF1A. 

Given the role of RASSF1A as a tumour suppressor and its part in modulating and 

promoting apoptosis (Fu et al., 2014; van der Weyden et al., 2007), RASSF1A should be 

considered a potential candidate gene for a role in the pathogenesis of FNMTC and may 

be a novel therapeutic target for FNMTC.  

7.3 FNMTC is characterised by a number of germline mutations 

Throughout this thesis the genetic complexity of FNMTC has been discussed. In 

addition to RASSF1A, in chapters 5 and 6, exome sequencing data was examined for 

previously characterised variants as well as novel variants in known candidate genes. 

These results, combined with those reported in the literature, suggest that FNMTC is a 

complex disease characterised by a number of germline mutations, some or all of which 

may be private mutations in individual families, rather than a single causative germline 
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mutation (Guilmette et al., 2018; Pereira et al., 2015). With this knowledge and the 

identification of additional susceptibility or causative variants, FNMTC sequencing 

panels containing all of these variants may be the best approach to using the current 

knowledge of FNMTC to diagnose new cases, particularly those with a family history 

of FNMTC. 

7.4 Previously characterised FMNTC variants show no association in a 

large cohort 

Although a number of susceptibility genes have been identified, and causative genes 

have been suggested in the literature, to date none of these have been unequivocally 

confirmed as causal for FNMTC. In this Australian cohort, exome sequencing from 79 

individuals was performed and known susceptibility genes were examined for 

previously characterised FNMTC variants. The HABP2 and SRRM2 genes were 

examined for known variants, however none were identified as associated with the 

cancer. The data was also examined for variants in FOXE1, NKX2-1, C14orf93 and 

SRGAP1; however, no pathogenic variants were identified.  

Whilst it is clear that FNMTC is an inherited condition, the search for an FNMTC 

genetic susceptibility locus has been ongoing for more than a decade (Guilmette et al., 

2018). FNMTC is a complex disease and identification of causative gene/s is hindered 

by a number of factors including difficulties in characterising small families that have 2 

or 3 affected individuals as FNMTC versus sporadic NMTC, the incomplete penetrance, 

variable expressivity and difficulty in definitively determining the mode of inheritance 

exhibited by the disease. SNV previously associated with FNMTC may be false positive 

associations or may be true risk alleles which are private mutations in individual 

families with each family harbouring different causative variants.  
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Data reported in this thesis, confirm that previously characterised variants show no 

association with the cancer in this large Australian FNMTC cohort; further studies are 

needed to determine whether these variants are private mutations or are indeed 

susceptibility variants for FNMTC elsewhere in the world or are restricted to 

individuals of specific genetic backgrounds. 

7.5 Future Directions 

The research work conducted in this thesis has contributed to existing knowledge of 

FNMTC and candidate pathogenic variants. It has provided data on a novel gene 

potentially associated with risk of, or the pathogenesis of, FNMTC and has highlighted 

the difficulties of variant discovery in complex, rare diseases. 

There are several future research directions for possible research that are highlighted by 

the data presented here: 

1. The role of germline mutations in RASSF1A, and in particular the A144P variant, 

should be further examined in relation to FNMTC, sporadic thyroid cancer and 

cancer risk in general. In this thesis, evidence has been provided and a role for the 

A144P variant of RASSF1A has been provisionally established in the dysregulation 

of apoptosis and the cell cycle. Existing international cohorts of FNMTC could be 

screened for putatively functional RASSF1A germline variants in an attempt to 

provide supporting evidence for the observed association of this gene and increased 

cancer risk. In regard to further in vitro cell-based studies, a saturation mutation 

analysis should be performed to confirm the observed effects of the A144P variant 

under culture different conditions, in diploid cells of specific tissue types and with 

varied genetic backgrounds; these studies should also consider exposures to a range 

of relevant environmental variables e.g. thyroid hormone concentrations, iodine 

concentrations, environmental carcinogens (phthalates or bisphenol A (BPA), which 
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are common industrial chemicals that are widely used) and ionizing radiation.  

Clinical outcomes, including age of onset, survivorship and the response to different 

therapies for patients with this variant, would be another important focus for future 

research. Last, drugs that specifically increase RASSF1A expression in cancer cells 

should be examined.  For example mahanine, an alkaloid derivative isolated from 

Indian curry leaves (Murraya koenigii) restores RASSF1A expression in prostate, 

breast, ovarian, lung, skin, and pancreatic cancer cells although it does this by 

down-regulating DNMT activity and altering the methylation state of the RASSF1A 

promoter (Amin et al., 2012). Nevertheless, more practical and direct alternative 

may be to consider the role of in vivo gene-editing for the correction of this genetic 

lesion. 

2. The role of the R1805W variant of SRRM2 warrants further research. As discussed 

in chapter 6, SRRM2 plays a pivotal role in alternative splicing and has been 

suggested to play a role in PTC formation. The R1805W variant is rare and is 

predicted to have a deleterious effect. Functional studies similar to those undertaken 

in chapter 4, should be performed to determine whether that germline DNA variant 

also plays a role in the pathogenesis of FNMTC.  

3. A number of susceptibility genes have been reported for FNMTC including FOXE1, 

NKX2-1, C14orf93 and SRGAP1. However, these variants were not identified in this 

large Australian cohort. Additional analyses in other cohorts worldwide should be 

undertaken to determine whether those variants are indeed susceptibility loci 

occurring in the population that warrant further study, have a risk profile dependent 

on genetic background or are simply private mutations in individual families. 
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7.6 Conclusions 

FNTMC is a complex disease involving an unknown number of genes. Elucidating the 

causative gene/s has so far proved to be a challenge. A number of studies have been 

performed to determine the underlying causative genes; however, those studies appear 

to have achieved only partial success; it seems likely from the progress of genetics 

research with other cancers e.g. breast cancer (Michailidou et al., 2017) and prostate 

cancer (Hoffmann et al., 2015), that many other, as yet unknown genetic lesions, some 

of them common and many in non-coding regions, are likely to play a role. It is also 

possible that the variant/s involved in FNMTC are non-exonic and additional 

sequencing such as whole genome sequencing may be required to elucidate the 

causative genes. Characterisation of the complete genetic architecture of FNMTC in the 

near term may need to employ large GWAS study design using data imputed from 

dense SNP arrays, and ultimately is likely to require high coverage whole genome 

sequencing of a very large number of affected individuals.   

This study detected a novel SNV in RASSF1 which appears to have detrimental effects 

on the function of the translated protein and may have a role in the aetiology of 

FNMTC. While the effects of the A144P variant on protein stability and dysregulation 

of expression of key genes such as ABL1 and PYCARD that are involved in apoptosis 

and the cell cycle have been demonstrated, further research is needed to validate the 

findings on the functional effects of the mutation and to extend the findings to 

determine if there is any role of aberrant RASSF1 in FNMTC aetiology.   Lesions in 

RASSF1, and indeed HAPBP2, SRRM2 or any of the other known candidate genes for 

FNMTC, were not consistently detected in pedigrees in this cohort. The original 

hypothesis for this study was founded on the consideration that like familial 

adenomatous polyposis (FAP; caused by mutations in the APC gene), and familial 

breast cancer (FBC; many instances of which are caused by mutations in BRACA1 and 
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BRACA2), FNMTC would have a small number of predisposing causative genes with 

mutations of major effect size, plus numerous other risk alleles that in isolation were 

rarely sufficient to alone cause the cancer. We were unable to detect a single common 

FNMTC gene using WES from a modestly-sized survey of 38 pedigrees. This strongly 

suggests that unlike FAP and FBC, FNMTC may have a genetic architecture more 

similar to a complex disease requiring large collaborative international research efforts 

such as those undertaken for breast cancer (Michailidou et al., 2017) fully characterise 

the genetic architecture of FNMTC.  

Overall, the research work performed in this thesis highlights a new candidate gene 

potentially involved in aetiology of FNMTC.  The data show that the A144P variant of 

RASSF1 may disrupt expression of various genes with known roles in cancer and 

therefore this variant may attenuate the tumour suppressor function of RASSF1A in 

vivo and may promote tumorigenesis; support for the latter will need to come from in 

vivo studies in animal models. 
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Appendix 1 

Reagents 
 

TE Buffer 
1M Tris 

Tris-base  12.114 g 

deionised water 80 ml 

Adjust to pH 8.0 and make to final volume of 100 ml with deionised water. 

0.5M EDTA 

EDTA   18.612 g 

deionised water 80 ml 

Adjust to pH 8.0 and make to final volume of 100 ml with deionised water. 

1x TE Buffer 

1M Tris  1 ml 

0.5M EDTA  0.2 ml 

deionised water 98.8 ml 

 

TAE Buffer (50x stock solution) 
Tris-base  242 g 

deionised water 900 ml 

Glacial acetic acid 57.1 ml 

0.5M EDTA  18.6 g 

Adjust volume to 1 L with deionised water. 

 

2x YT medium 
Tryptone  8 g 

Yeast Extract  5 g   

NaCl   2.5 g 

Adjust volume to 500 ml with deionised water. 
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2x YT agar plates 
2x YT medium 250 ml 

Bacto Agar  3.75 g 

 

SOB medium 
Deionised water 900 ml 

Bacto Tryptone 20 g 

Bacto Yeast Extract 5 g 

5M NaCl  2.5 ml 

1M KCl  2.5 ml 

1M MgCl2  10 ml 

1M MgSO4  10 ml 

Adjust volume to 1 L with deionised water. 

 

SOC medium 
SOB medium  5 ml 

1M Glucose  100 µl 

1M MgCl2  50 µl 

 

0.5M EDTA 
Disodium EDTA 186.1 g 

Deionised water 800 ml 

Adjust to pH 8.0 and make to final volume of 1 L with deionised water. 

 

NZY+ Broth 
NZ Amine  10 g 

Yeast Extract  5 g 

NaCl   5 g 

Adjust to pH 7.5 and make to final volume of 1 L with deionised water. 

 

Prior to use, add (per mL): 
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1M MgCl2  12.5 µl 

1M MgSO4  12.5 µl 

20% w/v Glucose 20 µl 

 

DMEM 
DMEM  1 sachet 

NaHCO3  3.7 g 

HEPES  4.77 g 

Adjust to pH 7.4 and make to final volume of 1 L with deionised water. 

 

To make up 200mL of working media: 

DMEM   180 ml 

Fetal Calf Serum  20 ml 

Penicillin-Streptomycin 2 ml 

 

IMDM 
IMDM   1 sachet 

NaHCO3  3.024 g 

Make to final volume of 1 L with deionised water. 

 

To make up 200mL of working media: 

DMEM   180 ml 

Fetal Calf Serum  20 ml 

Penicillin-Streptomycin 2 ml 

 

 

 

 

Lysis Buffer 
Tris   0.36 g  
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EDTA   0.074 g 

Glycerol  10 ml 

Triton-X  80 μl 

Adjust to pH 7.8 and make up to 100 ml with filtered water. 

 
The amount of lysis buffer used was as follows: 

6-well plate  70 μl per well 

T25 flask  100 μl 

T75 flask  150 μl 

 

6x SDS-PAGE buffer 
0.35M Tris.Cl pH 6.8 60 ml 

SDS   10 ml 

Glycerol  30 ml 

Make up with distilled water. 

 

Transfer buffer (for Trans-blotting) 
Tris   7.54g   

Glycine  36 g 

Methanol  500 ml  

Make up to 2.5 L with distilled water.  

 

Tris-buffered saline (TBS) 
Tris   4.84 g 

NaCl   58.44g  

Adjust to pH 7.5 and make up to 2 L with deionised water. 

 

 

TBS-Tween 
TBS   1 L 

Tween-20  2 ml 
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5% skim milk powder/TBS Blocking Buffer 
skim milk powder 1.5 g 

TBS   30 ml 

Mix on rotator for 1 hour at room temperature. 

 

Phosphate-buffered saline (PBS) 
NaCl   8 g  

KCl   0.2 g 

Na2HPO4  1.44 g 

KH2PO4  0.24 g 

Adjust to pH 7.4 and make up to 1 L with deionised water and autoclave. 

 

5x Running Buffer 
Tris   15 g 

Glycine  72 g 

SDS   5 g 

Make up to 1 L with deionised water. 

 

Ponceau Stain 
Ponceau  0.5 g 

Glacial acid  1 ml 

ddH2O   100 ml 

 

4x Separating Buffer  
1.5M Tris  45.38 g 

0.4% SDS  1 g 

 

Adjust to pH 8.8 and make up to 250 ml with deionised water. 

4x Stacking Buffer  
0.5 M Tris  6.05 g 

0.4% SDS  0.4 g 
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Adjust to pH 6.8 and make up to 100 ml with deionised water. 

 

Bradford Reagent 
Coomassie Brilliant Blue G-250  0.5 ml 

95% ethanol    25 ml 

85% phosphoric acid    50 ml   

  

Make up to 500ml with ddH2O and filter through a large Whatman® 1 filter paper. 

 

6x SDS-PAGE Sample Buffer 
0.35 M Tris.Cl pH 6.8,  

10%   SDS and  

30%  glycerol  

Make up in ddH2O. 

 

To make up as loading buffer add β-merc and Bromophenol blue (BB) 

6x SDS buffer  297.2 μl 

β-merc   150 μl 

0.1% BB  72.8 μl 

 

5% w/v BSA, 1X TBS, 0.1% Tween 20 
BSA  0.5 g 

Tween-20 100 µl 

TBS  9.4 ml 

 

 

2x sample elution buffer 
2x SDS buffer   170 µl  

2-Mercaptoethanol  20 µl 

0.1% bromophenol blue 30 µl 
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RadioImmunoPrecipitation Assay (RIPA) Buffer 
0.5M Tris Cl pH 8.0  20 ml 

NaCl    1.752 g 

Triton X   2 ml 

20% SDS   1 ml 

Sodium Deoxychelate  1 g 

 

Make to final volume of 200 ml with deionised water. 

 

3M Sodium Acetate, pH 5.2 
Sodium acetate  40.8 g 

Deionised water  70 ml 

Add glacial acetic acid to adjust the pH to 5.2 and make final volume to 100 ml with 
deionised water.   

 

Cell Cycle Analysis Buffer 
Propidium iodide   50 μg/ml 

Rnase A    50 μg/ml 

 

Make up in 1x PBS.  
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Appendix	2	

TNM	classification	of	malignant	tumours	of	the	thyroid	
 

T Category T Criteria 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Tumour ≤ 2 cm in greatest dimension limited to the thyroid 

    T1a Tumour ≤ 1 cm in greatest dimension limited to the thyroid 

    T1b Tumour >1 cm but ≤ 2 cm in greatest dimension limited to the thyroid 

T2 Tumour >2 cm but ≤ 4 cm in the greatest dimension limited to the 
thyroid 

T3 Tumour >4 cm limited to the thyroid, or gross extrathyroidal 
extension  invading only strap muscles 

    T3a Tumour >4 cm limited to the thyroid 

    T3b Gross extrathyroidal extension invading only strap muscles 
(sternhyoid, sternothyroid, thyrohyoid, or omohyoid muscles) from a 
tumour of any size 

T4 Includes gross extrathyroidal extension 

    T4a Gross extrathyroidal extension invading subcutaneous soft tissues, 
larynx, trachea, esophagus or recurrent laryngeal nerve from a tumour 
of any size 

    T4b Gross extrathyroidal extension invading prevertebral fascia or 
encasing the carotid artery or mediastinal vessels from a tumour of 
any size 

 

 

 

 

 

 

 

N Category N Criteria 
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NX Regional lymph nodes cannot be assessed 

N0 No evidence of locoregional lymph node metastasis 

    N0a One or more cytologically or histologically confirmed benign lymph 
nodes 

    N0b No radiological or clinical evidence of locoregional lymph node 
metastasis 

N1 Metastasis to regional nodes 

    N1a Metastasis to level VI or VII (pretracheal, paratracheal, or 
prelaryngeal/Delphian, or upper mediastinal) lymph nodes. This can 
be unilateral or bilateral disease.  

    N1b Metastasis to unilateral, bilateral, or contralateral lateral neck lymph 
nodes (lveles I, II, III, IV or V) or retropharyngeal lymph nodes. 

 

 

 

M Category M Criteria 

M0 No distant metastasis 

M1 Distant metastasis 
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Taken from: Tuttle, R.M., Haugen, B., and Perrier, N.D. The Updated AJCC/TNM 

Staging System for Differentiated and Anaplastic Thyroid Cancer. 

 

 

 

 

 

 

 

 

 

 

  

When age at 
diagnosis is… And T is… And N is… And M is… 

Then the stage 
group is… 

< 55 years Any T Any N M0 I 

< 55 years Any T Any N M1 II 

≥ 55 years T1 N0/NX M0 I 

≥ 55 years T1 N1 M0 II 

≥ 55 years T2 N0/NX M0 I 

≥ 55 years T2 N1 M0 II 

≥ 55 years T3a/T3b Any N M0 II 

≥ 55 years T4a Any N M0 III 

≥ 55 years T4b Any N M0 IVA 

≥ 55 years Any T Any N M1 IVB 
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Appendix	3	

Computational	Analyses	

ANNOVAR	
 

Variant	Annotation	
The VCF files were converted into an ANNOVAR compatible input using the following 

command: 

 

convert2annovar.pl -format vcf4 --includeinfo --comment  

--withzyg sample.vcf > sample.avinput 

	

The file extension was then changed from .avinput to .human in order to run in 

ANNOVAR.  

Variants were then annotated using the TABLE_ANNOVAR function as demonstrated 

below: 

	
table_annovar.pl filename.human humandb/ -buildver hg19 -out 

outputfilename -remove -otherinfo -protocol 

gene,phastConsElements46way,genomicSuperDups,esp6500si_all,A

LL.sites.2014_10,avsnp142,ljb26_all,clinvar_20150330, 

cosmic70 -operation g,r,r,f,f,f,f,f,f 

 

 

VAAST	

Variant	Analysis	
The vaast_sort_gff function was used to sort the files into the correct order. SNV and 

indel files were run in separate analyses for each family.  
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./vaast_sort_gff --in_place infile.gvf 

 

The variant annotation tool (VAT) was used to annotate each of the files, which is 

performed separately for each individual. This was performed using the command line 

argument: 

 

 VAT -f genes.gff3 -a sequence.fasta variants.gvf > 
variants.vat.gvf 

 

 

Next, the variant selection tool (VST) was used to select variants and merge them into a 

single file for use with vast (see appendix X). Before analysis with VAAST, a quality 

check to determine if there is a significant mismatch in rare variants between the 

target.cdr file generated by VST and the background.cdr file was run. The command 

line argument used was as follows: 

 

  VST -o 'U(0..n)' -b hg19 *.gvf > vst_output.cdr 

 

Where n is the number of input files (generated from VAT) subtract one, and *.gvf are 

the input files previously created with VAT. This generates a single file which can then 

be input into VAAST. 
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The command line argument was as follows: 

quality-check.pl -bootstrap 1000 <background.cdr> 
<target.cdr> 

 

 VAAST was performed with the likelihood ratio test to identifying damaged genes and 

their disease-causing variants. A model for a disease with a dominant mode of 

inheritance and incomplete penetrance was used. The VAAST command-line 

parameters used in these analyses differed for SNV and indel variants, and are listed 

below. 

 

SNV	
 

VAAST -m lrt -g 4 -d 1.E8 -k -d 10000 -iht d -pnt i -j 2.38E-6 
--less_ram -o  

 <output_file> <feature_file> <1KG.cdr> <target.cdr> 

 

 

INDEL	
 

VAAST -m lrt -g 4 -d 1.E8 -k -d 10000 --indel -iht d -pnt i -j 
2.38E-6 --less_ram  

 -o <output_file> <feature_file> <1KG.cdr> <target.cdr> 
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Appendix 4 

RT2 Profiler PCR Array gene lists  

HIPPO Signaling Pathway (PAHS-172Z) 
 

Position Unigene Refseq Symbol Description 

A01 Hs.514581 NM_001614 ACTG1 Actin, gamma 1 

A02 Hs.528051 NM_133265 AMOT Angiomotin 

A03 Hs.503594 NM_130847 AMOTL1 Angiomotin like 1 

A04 Hs.426312 NM_016201 AMOTL2 Angiomotin like 2 

A05 Hs.141125 NM_004346 CASP3 Caspase 3, apoptosis-related cysteine peptidase 

A06 Hs.244723 NM_001238 CCNE1 Cyclin E1 

A07 Hs.727669 NM_057749 CCNE2 Cyclin E2 

A08 Hs.126135 NM_201253 CRB1 Crumbs homolog 1 (Drosophila) 

A09 Hs.710092 NM_173689 CRB2 Crumbs homolog 2 (Drosophila) 

A10 Hs.150319 NM_139161 CRB3 Crumbs homolog 3 (Drosophila) 
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A11 Hs.631725 NM_001893 CSNK1D Casein kinase 1, delta 

A12 Hs.474833 NM_001894 CSNK1E Casein kinase 1, epsilon 

B01 Hs.199850 NM_003737 DCHS1 Dachsous 1 (Drosophila) 

B02 Hs.655664 NM_017639 DCHS2 Dachsous 2 (Drosophila) 

B03 Hs.226483 NM_006729 DIAPH2 Diaphanous homolog 2 (Drosophila) 

B04 Hs.292549 NM_004087 DLG1 Discs, large homolog 1 (Drosophila) 

B05 Hs.118640 NM_004422 DVL2 Dishevelled, dsh homolog 2 (Drosophila) 

B06 Hs.481371 NM_005245 FAT1 FAT tumor suppressor homolog 1 (Drosophila) 

B07 Hs.591255 NM_001447 FAT2 FAT tumor suppressor homolog 2 (Drosophila) 

B08 Hs.98523 NM_001008781 FAT3 FAT tumor suppressor homolog 3 (Drosophila) 

B09 Hs.563205 NM_024582 FAT4 FAT tumor suppressor homolog 4 (Drosophila) 

B10 Hs.39384 NM_014344 FJX1 Four jointed box 1 (Drosophila) 

B11 Hs.655675 NM_004466 GPC5 Glypican 5 

B12 Hs.731417 NM_022740 HIPK2 Homeodomain interacting protein kinase 2 

C01 Hs.58877 NM_031935 HMCN1 Hemicentin 1 

C02 Hs.655832 NM_198086 AJUBA Jub, ajuba homolog (Xenopus laevis) 

C03 Hs.549084 NM_004690 LATS1 LATS, large tumor suppressor, homolog 1 (Drosophila) 
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C04 Hs.78960 NM_014572 LATS2 LATS, large tumor suppressor, homolog 2 (Drosophila) 

C05 Hs.621057 NM_014240 LIMD1 LIM domains containing 1 

C06 Hs.740619 NM_153713 LIX1L Lix1 homolog (mouse)-like 

C07 Hs.513983 NM_004140 LLGL1 Lethal giant larvae homolog 1 (Drosophila) 

C08 Hs.514477 NM_004524 LLGL2 Lethal giant larvae homolog 2 (Drosophila) 

C09 Hs.720220 NM_005578 LPP LIM domain containing preferred translocation partner in lipoma 

C10 Hs.125503 NM_002753 MAPK10 Mitogen-activated protein kinase 10 

C11 Hs.526754 NM_002398 MEIS1 Meis homeobox 1 

C12 Hs.691454 NM_173468 MOB1B MOB1, Mps One Binder kinase activator-like 1A (yeast) 

D01 Hs.602092 NM_018221 MOB1A MOB1, Mps One Binder kinase activator-like 1B (yeast) 

D02 Hs.169378 NM_003829 MPDZ Multiple PDZ domain protein 

D03 Hs.652312 NM_022474 MPP5 Membrane protein, palmitoylated 5 (MAGUK p55 subfamily member 5) 

D04 Hs.655432 NM_020998 MST1 Macrophage stimulating 1 (hepatocyte growth factor-like) 

D05 Hs.202453 NM_002467 MYC V-myc myelocytomatosis viral oncogene homolog (avian) 

D06 Hs.187898 NM_000268 NF2 Neurofibromin 2 (merlin) 

D07 Hs.462348 NM_015102 NPHP4 Nephronophthisis 4 

D08 Hs.131489 NM_019619 PARD3 Par-3 partitioning defective 3 homolog (C. elegans) 
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D09 Hs.654920 NM_032510 PARD6G Par-6 partitioning defective 6 homolog gamma (C. elegans) 

D10 Hs.580547 NM_001099771 POTEF POTE ankyrin domain family, member F 

D11 Hs.491440 NM_001009552 PPP2CB Protein phosphatase 2, catalytic subunit, beta isozyme 

D12 Hs.467192 NM_014225 PPP2R1A Protein phosphatase 2, regulatory subunit A, alpha 

E01 Hs.380372 NM_018461 PPP2R2D Protein phosphatase 2, regulatory subunit B, delta 

E02 Hs.478199 NM_002740 PRKCI Protein kinase C, iota 

E03 Hs.496255 NM_002744 PRKCZ Protein kinase C, zeta 

E04 Hs.688910 NM_005401 PTPN14 Protein tyrosine phosphatase, non-receptor type 14 

E05 Hs.631504 NM_014737 RASSF2 Ras association (RalGDS/AF-6) domain family member 2 

E06 Hs.522895 NM_032023 RASSF4 Ras association (RalGDS/AF-6) domain family member 4 

E07 Hs.463041 NM_012102 RERE Arginine-glutamic acid dipeptide (RE) repeats 

E08 Hs.642842 NM_021818 SAV1 Salvador homolog 1 (Drosophila) 

E09 Hs.436329 NM_182706 SCRIB Scribbled homolog (Drosophila) 

E10 Hs.604588 NM_005900 SMAD1 SMAD family member 1 

E11 Hs.738869 NM_006281 STK3 Serine/threonine kinase 3 

E12 Hs.472838 NM_006282 STK4 Serine/threonine kinase 4 

F01 Hs.597434 NM_020791 TAOK1 TAO kinase 1 
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F02 Hs.291623 NM_004783 TAOK2 TAO kinase 2 

F03 Hs.644420 NM_016281 TAOK3 TAO kinase 3 

F04 Hs.409911 NM_000116 TAZ Tafazzin 

F05 Hs.655331 NM_021961 TEAD1 TEA domain family member 1 (SV40 transcriptional enhancer factor) 

F06 Hs.515534 NM_003598 TEAD2 TEA domain family member 2 

F07 Hs.485205 NM_003214 TEAD3 TEA domain family member 3 

F08 Hs.94865 NM_003213 TEAD4 TEA domain family member 4 

F09 Hs.743990 NM_175610 TJP1 Tight junction protein 1 (zona occludens 1) 

F10 Hs.50382 NM_004817 TJP2 Tight junction protein 2 (zona occludens 2) 

F11 Hs.137569 NM_003722 TP63 Tumor protein p63 

F12 Hs.284217 NM_005786 TSHZ1 Teashirt zinc finger homeobox 1 

G01 Hs.473117 NM_173485 TSHZ2 Teashirt zinc finger homeobox 2 

G02 Hs.278436 NM_020856 TSHZ3 Teashirt zinc finger homeobox 3 

G03 Hs.248164 NM_005430 WNT1 Wingless-type MMTV integration site family, member 1 

G04 Hs.585010 NM_001080436 WTIP Wilms tumor 1 interacting protein 

G05 Hs.484047 NM_015238 WWC1 WW and C2 domain containing 1 

G06 Hs.477921 NM_015472 WWTR1 WW domain containing transcription regulator 1 
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G07 Hs.503692 NM_006106 YAP1 Yes-associated protein 1 

G08 Hs.643544 NM_003404 YWHAB 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, beta 
polypeptide 

G09 Hs.513851 NM_006761 YWHAE 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, 
epsilon polypeptide 

G10 Hs.74405 NM_006826 YWHAQ 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta 
polypeptide 

G11 Hs.492407 NM_003406 YWHAZ 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 
polypeptide 

G12 Hs.523710 NM_032283 ZDHHC18 Zinc finger, DHHC-type containing 18 

H01 Hs.520640 NM_001101 ACTB Actin, beta 

H02 Hs.534255 NM_004048 B2M Beta-2-microglobulin 

H03 Hs.592355 NM_002046 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

H04 Hs.412707 NM_000194 HPRT1 Hypoxanthine phosphoribosyltransferase 1 

H05 Hs.546285 NM_001002 RPLP0 Ribosomal protein, large, P0 

H06 N/A SA_00105 HGDC Human Genomic DNA Contamination 

H07 N/A SA_00104 RTC Reverse Transcription Control 

H08 N/A SA_00104 RTC Reverse Transcription Control 

H09 N/A SA_00104 RTC Reverse Transcription Control 
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H10 N/A SA_00103 PPC Positive PCR Control 

H11 N/A SA_00103 PPC Positive PCR Control 

H12 N/A SA_00103 PPC Positive PCR Control 

 

 

Apoptosis (PAHS-012Z) 
 

Position Unigene Refseq Symbol Description 

A01 Hs.431048 NM_005157 ABL1 C-abl oncogene 1, non-receptor tyrosine kinase 

A02 Hs.424932 NM_004208 AIFM1 Apoptosis-inducing factor, mitochondrion-associated, 1 

A03 Hs.525622 NM_005163 AKT1 V-akt murine thymoma viral oncogene homolog 1 

A04 Hs.552567 NM_001160 APAF1 Apoptotic peptidase activating factor 1 

A05 Hs.370254 NM_004322 BAD BCL2-associated agonist of cell death 

A06 Hs.377484 NM_004323 BAG1 BCL2-associated athanogene 

A07 Hs.523309 NM_004281 BAG3 BCL2-associated athanogene 3 

A08 Hs.485139 NM_001188 BAK1 BCL2-antagonist/killer 1 

A09 Hs.624291 NM_004324 BAX BCL2-associated X protein 
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A10 Hs.193516 NM_003921 BCL10 B-cell CLL/lymphoma 10 

A11 Hs.150749 NM_000633 BCL2 B-cell CLL/lymphoma 2 

A12 Hs.227817 NM_004049 BCL2A1 BCL2-related protein A1 

B01 Hs.516966 NM_138578 BCL2L1 BCL2-like 1 

B02 Hs.283672 NM_020396 BCL2L10 BCL2-like 10 (apoptosis facilitator) 

B03 Hs.469658 NM_006538 BCL2L11 BCL2-like 11 (apoptosis facilitator) 

B04 Hs.410026 NM_004050 BCL2L2 BCL2-like 2 

B05 Hs.435556 NM_016561 BFAR Bifunctional apoptosis regulator 

B06 Hs.517145 NM_001196 BID BH3 interacting domain death agonist 

B07 Hs.475055 NM_001197 BIK BCL2-interacting killer (apoptosis-inducing) 

B08 Hs.696238 NM_001166 BIRC2 Baculoviral IAP repeat containing 2 

B09 Hs.127799 NM_001165 BIRC3 Baculoviral IAP repeat containing 3 

B10 Hs.744872 NM_001168 BIRC5 Baculoviral IAP repeat containing 5 

B11 Hs.150107 NM_016252 BIRC6 Baculoviral IAP repeat containing 6 

B12 Hs.646490 NM_004330 BNIP2 BCL2/adenovirus E1B 19kDa interacting protein 2 

C01 Hs.144873 NM_004052 BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 

C02 Hs.131226 NM_004331 BNIP3L BCL2/adenovirus E1B 19kDa interacting protein 3-like 
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C03 Hs.550061 NM_004333 BRAF V-raf murine sarcoma viral oncogene homolog B1 

C04 Hs.2490 NM_033292 CASP1 Caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase) 

C05 Hs.5353 NM_001230 CASP10 Caspase 10, apoptosis-related cysteine peptidase 

C06 Hs.466057 NM_012114 CASP14 Caspase 14, apoptosis-related cysteine peptidase 

C07 Hs.368982 NM_032982 CASP2 Caspase 2, apoptosis-related cysteine peptidase 

C08 Hs.141125 NM_004346 CASP3 Caspase 3, apoptosis-related cysteine peptidase 

C09 Hs.138378 NM_001225 CASP4 Caspase 4, apoptosis-related cysteine peptidase 

C10 Hs.213327 NM_004347 CASP5 Caspase 5, apoptosis-related cysteine peptidase 

C11 Hs.654616 NM_032992 CASP6 Caspase 6, apoptosis-related cysteine peptidase 

C12 Hs.9216 NM_001227 CASP7 Caspase 7, apoptosis-related cysteine peptidase 

D01 Hs.599762 NM_001228 CASP8 Caspase 8, apoptosis-related cysteine peptidase 

D02 Hs.329502 NM_001229 CASP9 Caspase 9, apoptosis-related cysteine peptidase 

D03 Hs.355307 NM_001242 CD27 CD27 molecule 

D04 Hs.472860 NM_001250 CD40 CD40 molecule, TNF receptor superfamily member 5 

D05 Hs.592244 NM_000074 CD40LG CD40 ligand 

D06 Hs.501497 NM_001252 CD70 CD70 molecule 

D07 Hs.390736 NM_003879 CFLAR CASP8 and FADD-like apoptosis regulator 
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D08 Hs.249129 NM_001279 CIDEA Cell death-inducing DFFA-like effector a 

D09 Hs.642693 NM_014430 CIDEB Cell death-inducing DFFA-like effector b 

D10 Hs.38533 NM_003805 CRADD CASP2 and RIPK1 domain containing adaptor with death domain 

D11 Hs.437060 NM_018947 CYCS Cytochrome c, somatic 

D12 Hs.380277 NM_004938 DAPK1 Death-associated protein kinase 1 

E01 Hs.484782 NM_004401 DFFA DNA fragmentation factor, 45kDa, alpha polypeptide 

E02 Hs.169611 NM_019887 DIABLO Diablo, IAP-binding mitochondrial protein 

E03 Hs.86131 NM_003824 FADD Fas (TNFRSF6)-associated via death domain 

E04 Hs.667309 NM_000043 FAS Fas (TNF receptor superfamily, member 6) 

E05 Hs.2007 NM_000639 FASLG Fas ligand (TNF superfamily, member 6) 

E06 Hs.80409 NM_001924 GADD45A Growth arrest and DNA-damage-inducible, alpha 

E07 Hs.87247 NM_003806 HRK Harakiri, BCL2 interacting protein (contains only BH3 domain) 

E08 Hs.643120 NM_000875 IGF1R Insulin-like growth factor 1 receptor 

E09 Hs.193717 NM_000572 IL10 Interleukin 10 

E10 Hs.36 NM_000595 LTA Lymphotoxin alpha (TNF superfamily, member 1) 

E11 Hs.1116 NM_002342 LTBR Lymphotoxin beta receptor (TNFR superfamily, member 3) 

E12 Hs.632486 NM_021960 MCL1 Myeloid cell leukemia sequence 1 (BCL2-related) 
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F01 Hs.646951 NM_004536 NAIP NLR family, apoptosis inhibitory protein 

F02 Hs.618430 NM_003998 NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

F03 Hs.738731 NM_006092 NOD1 Nucleotide-binding oligomerization domain containing 1 

F04 Hs.513667 NM_003946 NOL3 Nucleolar protein 3 (apoptosis repressor with CARD domain) 

F05 Hs.499094 NM_013258 PYCARD PYD and CARD domain containing 

F06 Hs.103755 NM_003821 RIPK2 Receptor-interacting serine-threonine kinase 2 

F07 Hs.241570 NM_000594 TNF Tumor necrosis factor 

F08 Hs.591834 NM_003844 
TNFRSF10
A Tumor necrosis factor receptor superfamily, member 10a 

F09 Hs.661668 NM_003842 
TNFRSF10
B Tumor necrosis factor receptor superfamily, member 10b 

F10 Hs.81791 NM_002546 
TNFRSF11
B Tumor necrosis factor receptor superfamily, member 11b 

F11 Hs.713833 NM_001065 TNFRSF1A Tumor necrosis factor receptor superfamily, member 1A 

F12 Hs.256278 NM_001066 TNFRSF1B Tumor necrosis factor receptor superfamily, member 1B 

G01 Hs.443577 NM_014452 TNFRSF21 Tumor necrosis factor receptor superfamily, member 21 

G02 Hs.462529 NM_003790 TNFRSF25 Tumor necrosis factor receptor superfamily, member 25 

G03 Hs.738942 NM_001561 TNFRSF9 Tumor necrosis factor receptor superfamily, member 9 
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G04 Hs.478275 NM_003810 TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 

G05 Hs.654445 NM_001244 TNFSF8 Tumor necrosis factor (ligand) superfamily, member 8 

G06 Hs.437460 NM_000546 TP53 Tumor protein p53 

G07 Hs.523968 NM_005426 TP53BP2 Tumor protein p53 binding protein, 2 

G08 Hs.192132 NM_005427 TP73 Tumor protein p73 

G09 Hs.460996 NM_003789 TRADD TNFRSF1A-associated via death domain 

G10 Hs.522506 NM_021138 TRAF2 TNF receptor-associated factor 2 

G11 Hs.510528 NM_003300 TRAF3 TNF receptor-associated factor 3 

G12 Hs.356076 NM_001167 XIAP X-linked inhibitor of apoptosis 

H01 Hs.520640 NM_001101 ACTB Actin, beta 

H02 Hs.534255 NM_004048 B2M Beta-2-microglobulin 

H03 Hs.592355 NM_002046 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

H04 Hs.412707 NM_000194 HPRT1 Hypoxanthine phosphoribosyltransferase 1 

H05 Hs.546285 NM_001002 RPLP0 Ribosomal protein, large, P0 

H06 N/A SA_00105 HGDC Human Genomic DNA Contamination 

H07 N/A SA_00104 RTC Reverse Transcription Control 

H08 N/A SA_00104 RTC Reverse Transcription Control 
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H09 N/A SA_00104 RTC Reverse Transcription Control 

H10 N/A SA_00103 PPC Positive PCR Control 

H11 N/A SA_00103 PPC Positive PCR Control 

H12 N/A SA_00103 PPC Positive PCR Control 

 

 

Cell Cycle (PAHS-020Z) 
 

Position Unigene Refseq Symbol Description 

A01 Hs.431048 NM_005157 ABL1 C-abl oncogene 1, non-receptor tyrosine kinase 

A02 Hs.533262 NM_013366 ANAPC2 Anaphase promoting complex subunit 2 

A03 Hs.367437 NM_000051 ATM Ataxia telangiectasia mutated 

A04 Hs.271791 NM_001184 ATR Ataxia telangiectasia and Rad3 related 

A05 Hs.250822 NM_003600 AURKA Aurora kinase A 

A06 Hs.442658 NM_004217 AURKB Aurora kinase B 

A07 Hs.715543 NM_016567 BCCIP BRCA2 and CDKN1A interacting protein 

A08 Hs.150749 NM_000633 BCL2 B-cell CLL/lymphoma 2 
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A09 Hs.744872 NM_001168 BIRC5 Baculoviral IAP repeat containing 5 

A10 Hs.194143 NM_007294 BRCA1 Breast cancer 1, early onset 

A11 Hs.34012 NM_000059 BRCA2 Breast cancer 2, early onset 

A12 Hs.141125 NM_004346 CASP3 Caspase 3, apoptosis-related cysteine peptidase 

B01 Hs.58974 NM_001237 CCNA2 Cyclin A2 

B02 Hs.23960 NM_031966 CCNB1 Cyclin B1 

B03 Hs.194698 NM_004701 CCNB2 Cyclin B2 

B04 Hs.430646 NM_005190 CCNC Cyclin C 

B05 Hs.523852 NM_053056 CCND1 Cyclin D1 

B06 Hs.376071 NM_001759 CCND2 Cyclin D2 

B07 Hs.534307 NM_001760 CCND3 Cyclin D3 

B08 Hs.244723 NM_001238 CCNE1 Cyclin E1 

B09 Hs.1973 NM_001761 CCNF Cyclin F 

B10 Hs.79101 NM_004060 CCNG1 Cyclin G1 

B11 Hs.740456 NM_004354 CCNG2 Cyclin G2 

B12 Hs.292524 NM_001239 CCNH Cyclin H 

C01 Hs.92308 NM_001240 CCNT1 Cyclin T1 
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C02 Hs.374127 NM_003903 CDC16 Cell division cycle 16 homolog (S. cerevisiae) 

C03 Hs.524947 NM_001255 CDC20 Cell division cycle 20 homolog (S. cerevisiae) 

C04 Hs.437705 NM_001789 CDC25A Cell division cycle 25 homolog A (S. pombe) 

C05 Hs.656 NM_001790 CDC25C Cell division cycle 25 homolog C (S. pombe) 

C06 Hs.514997 NM_004359 CDC34 Cell division cycle 34 homolog (S. cerevisiae) 

C07 Hs.405958 NM_001254 CDC6 Cell division cycle 6 homolog (S. cerevisiae) 

C08 Hs.732435 NM_001786 CDK1 Cyclin-dependent kinase 1 

C09 Hs.19192 NM_001798 CDK2 Cyclin-dependent kinase 2 

C10 Hs.95577 NM_000075 CDK4 Cyclin-dependent kinase 4 

C11 Hs.500015 NM_003885 CDK5R1 Cyclin-dependent kinase 5, regulatory subunit 1 (p35) 

C12 Hs.435952 NM_016408 CDK5RAP1 CDK5 regulatory subunit associated protein 1 

D01 Hs.119882 NM_001259 CDK6 Cyclin-dependent kinase 6 

D02 Hs.184298 NM_001799 CDK7 Cyclin-dependent kinase 7 

D03 Hs.382306 NM_001260 CDK8 Cyclin-dependent kinase 8 

D04 Hs.370771 NM_000389 CDKN1A Cyclin-dependent kinase inhibitor 1A (p21, Cip1) 

D05 Hs.238990 NM_004064 CDKN1B Cyclin-dependent kinase inhibitor 1B (p27, Kip1) 

D06 Hs.512599 NM_000077 CDKN2A Cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits CDK4) 
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D07 Hs.72901 NM_004936 CDKN2B Cyclin-dependent kinase inhibitor 2B (p15, inhibits CDK4) 

D08 Hs.84113 NM_005192 CDKN3 Cyclin-dependent kinase inhibitor 3 

D09 Hs.24529 NM_001274 CHEK1 CHK1 checkpoint homolog (S. pombe) 

D10 Hs.291363 NM_007194 CHEK2 CHK2 checkpoint homolog (S. pombe) 

D11 Hs.374378 NM_001826 CKS1B CDC28 protein kinase regulatory subunit 1B 

D12 Hs.83758 NM_001827 CKS2 CDC28 protein kinase regulatory subunit 2 

E01 Hs.146806 NM_003592 CUL1 Cullin 1 

E02 Hs.82919 NM_003591 CUL2 Cullin 2 

E03 Hs.372286 NM_003590 CUL3 Cullin 3 

E04 Hs.654393 NM_005225 E2F1 E2F transcription factor 1 

E05 Hs.108371 NM_001950 E2F4 E2F transcription factor 4, p107/p130-binding 

E06 Hs.80409 NM_001924 GADD45A Growth arrest and DNA-damage-inducible, alpha 

E07 Hs.386189 NM_016426 GTSE1 G-2 and S-phase expressed 1 

E08 Hs.152983 NM_004507 HUS1 HUS1 checkpoint homolog (S. pombe) 

E09 Hs.689083 NM_014708 KNTC1 Kinetochore associated 1 

E10 Hs.594238 NM_002266 KPNA2 Karyopherin alpha 2 (RAG cohort 1, importin alpha 1) 

E11 Hs.591697 NM_002358 MAD2L1 MAD2 mitotic arrest deficient-like 1 (yeast) 
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E12 Hs.19400 NM_006341 MAD2L2 MAD2 mitotic arrest deficient-like 2 (yeast) 

F01 Hs.477481 NM_004526 MCM2 Minichromosome maintenance complex component 2 

F02 Hs.179565 NM_002388 MCM3 Minichromosome maintenance complex component 3 

F03 Hs.460184 NM_005914 MCM4 Minichromosome maintenance complex component 4 

F04 Hs.517582 NM_006739 MCM5 Minichromosome maintenance complex component 5 

F05 Hs.484551 NM_002392 MDM2 Mdm2 p53 binding protein homolog (mouse) 

F06 Hs.689823 NM_002417 MKI67 Antigen identified by monoclonal antibody Ki-67 

F07 Hs.509523 NM_002431 MNAT1 Menage a trois homolog 1, cyclin H assembly factor (Xenopus laevis) 

F08 Hs.192649 NM_005590 MRE11A MRE11 meiotic recombination 11 homolog A (S. cerevisiae) 

F09 Hs.492208 NM_002485 NBN Nibrin 

F10 Hs.38114 NM_002853 RAD1 RAD1 homolog (S. pombe) 

F11 Hs.16184 NM_002873 RAD17 RAD17 homolog (S. pombe) 

F12 Hs.631709 NM_002875 RAD51 RAD51 homolog (S. cerevisiae) 

G01 Hs.655354 NM_004584 RAD9A RAD9 homolog A (S. pombe) 

G02 Hs.408528 NM_000321 RB1 Retinoblastoma 1 

G03 Hs.546282 NM_002894 RBBP8 Retinoblastoma binding protein 8 

G04 Hs.207745 NM_002895 RBL1 Retinoblastoma-like 1 (p107) 
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G05 Hs.513609 NM_005611 RBL2 Retinoblastoma-like 2 (p130) 

G06 Hs.269898 NM_013376 SERTAD1 SERTA domain containing 1 

G07 Hs.23348 NM_005983 SKP2 S-phase kinase-associated protein 2 (p45) 

G08 Hs.209983 NM_005563 STMN1 Stathmin 1 

G09 Hs.79353 NM_007111 TFDP1 Transcription factor Dp-1 

G10 Hs.379018 NM_006286 TFDP2 Transcription factor Dp-2 (E2F dimerization partner 2) 

G11 Hs.437460 NM_000546 TP53 Tumor protein p53 

G12 Hs.249441 NM_003390 WEE1 WEE1 homolog (S. pombe) 

H01 Hs.520640 NM_001101 ACTB Actin, beta 

H02 Hs.534255 NM_004048 B2M Beta-2-microglobulin 

H03 Hs.592355 NM_002046 GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

H04 Hs.412707 NM_000194 HPRT1 Hypoxanthine phosphoribosyltransferase 1 

H05 Hs.546285 NM_001002 RPLP0 Ribosomal protein, large, P0 

H06 N/A SA_00105 HGDC Human Genomic DNA Contamination 

H07 N/A SA_00104 RTC Reverse Transcription Control 

H08 N/A SA_00104 RTC Reverse Transcription Control 

H09 N/A SA_00104 RTC Reverse Transcription Control 
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H10 N/A SA_00103 PPC Positive PCR Control 

H11 N/A SA_00103 PPC Positive PCR Control 

H12 N/A SA_00103 PPC Positive PCR Control 
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Appendix 5 

Chemical Sources 
	

  Item   Supplier 

0.1% bromophenol blue Hopkin and Williams, Essex, UK 

10% APS Sigma-Aldrich, Castle Hill, NSW, 
Australia 

10x Buffer (ligase) Promega, Alexandria, NSW, Australia 

100bp DNA ladder (cat # G2101) Promega, Alexandria, NSW, Australia 

2-Mercaptoethanol Sigma-Aldrich, Castle Hill, NSW, 
Australia 

30% acrylamide (cat # 1610156) Bio-Rad, Gladesville, NSW, Australia 

50bp DNA step ladder (cat # G4521) Promega, Alexandria, NSW, Australia 

5500 SOLiD™ Fragment Library Barcode 

Adaptors 1–96 

ThermoFisher Scientific, Scoresby, 
VIC, Australia 

α-Tubulin Antibody (cat # T9026-.2ML) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Absolute Ethanol ThermoFisher Scientific, Scoresby, 
VIC, Australia 

Agarose (cat # V3125) Promega, Alexandria, NSW, Australia 

Agencourt AMPure® XP 450mL Kit Beckman Coulter Genomics, Danvers, 
MA, USA 

Agilent DNA 1000 Kit Agilent Technologies, Santa Clara, 
CA, USA 

Alk Ph. 10x Buffer Promega, Alexandria, NSW, Australia 

Alkaline Phosphatase Promega, Alexandria, NSW, Australia 

Anti-Rabbit IgG (H+L), HRP Conjugate 

(cat # W410B) 

Promega, Alexandria, NSW, Australia 

Anti-RASSF1a antibody (cat # ab23950) Abcam, Cambridge, MA, USA 

Anti-FLAG M2 antibody (cat # F3165-1MG) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Anti-GFP antibody (cat # sc-8334) Santa Cruz Biotechnology, USA 

BCA Assay ThermoFisher Scientific, Scoresby, 
VIC, Australia 
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Bovine Serum Albumin (cat # R3961) Promega, Alexandria, NSW, Australia 

Bovine Serum Albumin powder Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Buffer E Promega, Alexandria, NSW, Australia 

cOmplete Mini, EDTA-free Protease Inhibitor 
Cocktail (cat # 11836170001) 

Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Coomassie Brilliant Blue G-250 Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Cycloheximide (cat # 01810-1G) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

DMEM (cat # 12100046) ThermoFisher Scientific, Scoresby, 
VIC, Australia 

Dimethyl sulphoxide (DMSO)  Sigma-Aldrich, Castle Hill, NSW, 
Australia 

RNase-Free DNase Set (cat # 79254) Qiagen, Chadstone, VIC, Australia 

dNTP-mix, PCR Grade 10mM each (cat # 
201901) 

Qiagen, Chadstone, VIC, Australia 

EcoRI enzyme Promega, Alexandria, NSW, Australia  

Ethidium Bromide Merck, Frenchs Forest, NSW, 
Australia 

Foetal Bovine Serum (cat # SFBS-F) Bovogen Biologicals, Keilor East, 
VIC, Australia 

GammaBind G Sepharose (cat # 17088501) GE Healthcare, Buckinghamshire, UK 

GelPilot 1kb Plus Ladder (cat # 239095) Qiagen, Chadstone, VIC, Australia 

Glycerol Merck, Kilsyth, VIC, Australia 

Goat Anti-Mouse, HRP Conjugate Sigma-Aldrich, Castle Hill, NSW, 
Australia 

HEPES (cat # H3375-250G) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

HindIII enzyme Promega, Alexandria, NSW, Australia 

IMDM (cat # 12200036) Thermo Fisher Scientific Inc., 
Victoria, Australia 

Kanamycin Sigma-Aldrich, Castle Hill, NSW, 
Australia 

KASP assay LGC Group, Teddington, UK 

KASP Master Mix LGC Group, Teddington, UK 
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Ligase Promega, Alexandria, NSW, Australia 

Lipofectamine 2000 Thermo Fisher Scientific Inc., 
Victoria, Australia 

Low TE buffer Thermo Fisher Scientific Inc., 
Victoria, Australia 

MST2 antibody (cat # 3952) Cell Signaling Technology, Danvers, 
MA, USA  

Amersham Protran Premium 0.45 
Nitrocellulose Membrane (cat # 10600008) 

GE Healthcare Life Sciences, 
Parramatta, NSW, Australia 

Nuclease Free Water (cat # P1193) Promega, Alexandria, NSW, Australia 

NZ Amine Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Platemax Ultraclear sealing film Fisher Biotec, Wembley, WA, 
Australia 

Oligonucleotide primers Sigma-Aldrich, Castle Hill, NSW, 
Australia 

OptiMEM ThermoFisher Scientific, Scoresby, 
VIC, Australia 

PCR cloning kit (cat # 231122) Qiagen, Chadstone, VIC, Australia 

Penicillin-Streptomycin (cat # P4333-100ML) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Pierce BCA Protein Assay Kit (cat # 23225) ThermoFisher Scientific, Scoresby, 
VIC, Australia 

Pierce ECL Western Blotting Substrate (cat # 
32106) 

ThermoFisher Scientific, Scoresby, 
VIC, Australia 

PCR Microplate (cat # PCR-96-LP-AB-C) Axygen Inc., USA 

Ponceau S Red Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Precision Plus Protein WesternC Protein 
Standard (cat # 1610376) 

Bio-Rad, Gladesville, NSW, Australia 

Propidium Iodide (cat # P4170-10MG) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

PureYield Plasmid Miniprep System (cat# 
A1223) 

Promega, Alexandria, NSW, Australia 

QIAamp DNA Blood Midi Kit (cat # 51183) Qiagen, Chadstone, VIC, Australia 

QIAamp DNA Blood Mini Kit (cat # 51104) Qiagen, Chadstone, VIC, Australia 

QIAEX II Gel Extraction Kit (cat # 20021) Qiagen, Chadstone, VIC, Australia 
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QIAGEN HotStarTaq Plus DNA Polymerase 
Kit (cat # 203603) 

Qiagen, Chadstone, VIC, Australia 

QiaQuick PCR Purification Kit (cat # 28106) Qiagen, Chadstone, VIC, Australia 

Qubit dsDNA BR assay kit (cat # Q32853) ThermoFisher Scientific, Scoresby, 
VIC, Australia 

Qubit dsDNA HS Assay Kit (cat # Q32851) ThermoFisher Scientific, Scoresby, 
VIC, Australia 

QuikChange  Lightning Site-Directed 
Mutagenesis kit (cat # 210518)  

Agilent Technologies, Santa Clara, 
CA, USA 

RNase A (cat # EN0531) ThermoFisher Scientific, Scoresby, 
VIC, Australia 

RNeasy Mini Kit (cat # 74104) Qiagen, Chadstone, VIC, Australia 

RT2 First Strand Kit (cat # 330404) Qiagen, Chadstone, VIC, Australia 

RT2 SYBR Green qPCR Mastermix (24) (cat # 
330503) 

Qiagen, Chadstone, VIC, Australia 

RT2 Profiler PCR Array Human Apoptosis (cat 
# PAHS-012Z) 

Qiagen, Chadstone, VIC, Australia 

RT2 Profiler PCR Array Human Cell Cycle 
(cat # PAHS-020Z) 

Qiagen, Chadstone, VIC, Australia 

RT2 Profiler PCR Array Human Hippo 
Signaling Pathway (cat # PAHS-172Z) 

Qiagen, Chadstone, VIC, Australia 

Skim milk powder, Coles instant  Coles Supermarkets, Perth, Western 
Australia, Australia 

Sodium Bicarbonate (NaHCO3) JT Baker chemical Co, NJ, USA 

Sodium Deoxycholate Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Sodium dodecyl sulphate MP Biomedicals, Ohio, USA 

TEMED (cat # T7024-25ML) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Triton-X 100 (cat # 11332481001) Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Trizma base Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Trypsin-EDTA Solution 1X (cat # 59430C-
100ML)  

Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Tween-20 Sigma-Aldrich, Castle Hill, NSW, 
Australia 

Universal Primers Sigma-Aldrich, Castle Hill, NSW, 
Australia 
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Wizard Plus SV minipreps DNA purification 
system (cat # A1460) 

Promega, Alexandria, NSW, Australia 

XL2-Blue Ultracompetent cells Agilent Technologies, California, 
USA 

MST2 clone (cat# HG10640-NF) SinoBiological, Scoresby, VIC, 
Australia 
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Appendix 6 

Software 

Item  Supplier 

Chromas Lite Technelysium, South Brisbane, QLD, Australia 

FCS Express 6 De Novo Software, Los Angeles, CA, USA 

Geneious Biomatters, Auckland, New Zealand 

Image Lab software Bio-Rad, Gladesville, NSW, Australia 

StepOne Software v2.1 ThermoFisher Scientific, Scoresby, VIC, 

Australia 




