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Abstract  

Phaeochromocytoma (PCC) and paraganglioma (PGL) are tumours with neural 

crest differentiation. They are relatively rare neoplasms, but can be highly malignant, 

and benign tumours can progress into malignant phenotypes many years after initial 

diagnosis, a process that is poorly understood.  Overall, known genetic mutations 

account for the pathogenesis of approximately 60% of 

phaeochromocytoma/paragangliomas. Phaeochromocytoma/paraganglioma are 

characterised by mutations in twenty-nine specific genes, thus making single gene 

testing, time consuming and expensive. Next generation sequencing is a method which 

allows simultaneous testing of many genes in a single run. Thus, the aim of this research 

was to develop a customized, cost-effective amplicon panel (Ampliseq) for target 

sequencing in a cohort of patients with sporadic phaeochromocytoma /paraganglioma. 

To achieve this aim, the research works in this project focussed on setting up, design 

and optimization of amplicon panel for phaeochromocytoma /paraganglioma using 

archived human tissues such as formalin fixed paraffin embedded tissues.  

Primers for fifteen target genes (NF1, RET, VHL, SDHA, SDHB, SDHC, SDHD, 

SDHAF2, CDKN1, TMEM127, MAX, MEN1, KIF1Bβ, EPAS1 & PHD2) were designed 

using ion ampliseq designer. Sequencing of the samples was done using the Ion Torrent 

personal genomic machine by means of Hi-Q sequencing chemistry. Ion Reporter 

software and Ingenuity® Variant Analysis™ software (www.ingenuity.com/variants) 

from Ingenuity Systems were used in the analysis of these results. The most frequently 

altered gene in the cohort was EPAS1, BAP1, KIF1B followed by NF1. Novel EPAS1 

and KIF1B mutations were identified. Thus, a customised amplicon panel was 

developed for successful screening of phaeochromocytoma /paraganglioma genes using 

archived tissues. Also, targeted next-generation sequencing was noted to be a sensitive 
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method for detecting genetic changes in patients with phaeochromocytoma 

/paraganglioma. Further mutational studies of phaeochromocytoma /paraganglioma 

were extended in the recently discovered BAP1 gene. High resolution melt curve 

analysis and Sanger sequencing revealed novel mutations in BAP1 gene. This further 

supports the fact that genetic testing should be done in all the patients with 

phaeochromocytoma/paraganglioma. 

Mutations in succinate dehydrogenase B (SDHB) have been considered the most 

important clinically, as phaeochromocytoma /paraganglioma carrying them has 

relatively high rates of malignancy. To date, no histological criteria can predict the 

malignant behaviour of the tumours. However, only the presence of metastasis can 

determine its potential for malignancy. Nevertheless, dilemma still remains in 

differentiating a benign from malignant phaeochromocytoma /paraganglioma. This is 

important in clinical management as malignant phaeochromocytoma /paraganglioma is 

rarely curable. This research question was attempted to be answered in this study by 

investigating the microRNA-regulated molecular pathogenesis in SDHB targeted 

phaeochromocytoma/paraganglioma. Furthermore, the role of stem cell and epithelial-

mesenchymal transcription factors in the pathogenesis of 

phaeochromocytoma/paragangliomas was investigated. 

MicroRNA 183 cluster expressions and SDHB protein expression were analysed 

in phaeochromocytoma /paraganglioma tissues by quantitative real-time polymerase 

chain reaction and immunohistochemistry respectively. The relative expression levels of 

miR-183 cluster were predominantly downregulated or deleted in phaeochromocytoma.  

Among the microRNA cluster, low expression or deletion of miR-96 was 

predominantly noted in younger age patients with phaeochromocytoma (<50 years, 

p=0.01).  Female patients in the study group showed marked deletion of miR-182 
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(p=0.05).  Deletion of the cluster was also associated with positive SDHB protein 

expression in phaeochromocytoma. Moreover, patients with low miR-183 cluster 

expression had a slightly better survival rate when compared to patients with high 

expression.  Hence, these findings imply the role of miR-183 cluster in the pathogenesis 

and clinical progression of sporadic phaeochromocytoma and shed their future roles as a 

predictive biomarker.  

On the other hand, stem cell and epithelial-mesenchymal transcription factors 

showed negative expression in non-metastatic phaeochromocytoma/paraganglioma 

tissues.  Western blot analysis of SOX2 and SLUG 2 protein have also confirmed the 

downregulation of these markers in phaeochromocytoma/paraganglioma indicating that 

stemness and epithelial-mesenchymal transcription (EMT) is not activated in benign 

tumours. Therefore, these markers have the ability to be used as a marker of malignancy 

in phaeochromocytoma/paraganglioma. 

Taken together, this research study has confirmed the use of next generation 

gene sequencing as an easy and cost-effective molecular profiling platform for the 

diagnosis and management of phaeochromocytoma/paraganglioma patients.  In 

addition, this study has first time confirmed the role of miR-183 family in 

phaeochromocytoma/paraganglioma which has future implications in the SDHB 

targeted therapies in these patients. Significant associations of these genetic alterations 

with multiple clinical and pathological parameters of 

phaeochromocytoma/paraganglioma patients as well as the deregulation of stemness 

and EMT process in these tumours further unveils the genetic mystery of this rare but 

aggressive tumour in humans.  
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1.1 Aims and Hypothesis 

 

Phaeochromocytoma/paraganglioma are characterised by mutations in twenty- 

nine specific genes, which have been mainly discovered via family-based studies and 

exome sequencing. Mutations in succinate dehydrogenase B (SDHB) have been 

considered the most important clinically, as phaeochromocytoma/paraganglioma 

carrying them has relatively high rates of malignancy.  

This research is intended to investigate the pattern of mutations in tissues of 

phaeochromocytoma/paraganglioma. The genes included in this study are 

neurofibromin 1 (NF1), Von Hippel-Lindau tumour suppressor (VHL), Multiple 

endocrine neoplasia 1(MEN1),Endothelial pas domain protein 1(EPAS1),rearranged 

during transfection (RET), the succinate dehydrogenase subunit A-D genes (SDHA-D), 

succinate dehydrogenase assembly factor 2 (SDHAF2), prolyl hydroxylase (PHD), 

kinesin family member 1B (KIF1B), transmembrane protein 127 (TMEM127) ,cyclin 

dependent kinase inhibitor 1(CDKN1),MYC associated factor X (MAX) and Breast 

cancer associated protein 1(BAP1). This study will identify the pattern of mutation in 

these genes by amplicon based target sequencing using next-generation Ion Torrent 

sequencing and Sanger sequencing.  Since phaeochromocytoma/paraganglioma can 

appear benign for many years before becoming malignant, this research will also 

examine to identify reliable markers that can be used to determine which of these 

tumours are likely to transition into the highly dangerous malignant forms.  

Phaeochromocytoma/paraganglioma samples will be obtained from various 

hospitals in and outside Australia for identification and analysis. Genetic material will 

be extracted from these tumours and the behaviour of genes will be determined. This 

research will also analyse the role of micro-RNA in the pathogenesis of 

phaeochromocytoma/paraganglioma. To determine the malignant potential stem cell 
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marker and epithelial-mesenchymal markers in phaeochromocytoma/paraganglioma 

will be analyzed at the tissue level.  Specific aims of this study are detailed below.  

Aim 1 

Design and optimize a targeted amplicon panel for 

phaeochromocytoma/paraganglioma genes and evaluate its usefulness in 

formalin fixed paraffin embedded tissues using a next generation sequencer. 

Hypothesis: 

Targeted sequencing will reveal specific mutations or mutations in particular 

regions in known causative genes for phaeochromocytoma/paraganglioma. 

Objective 

Genomic DNA will be extracted from formalin fixed paraffin embedded tissues. 

Primers will be designed for specific genes. These extracted samples will 

undergo targeted amplicon sequencing using a bench top sequencer. 

Aim 2 

Evaluate the genetic alterations in recently discovered lesser known 

susceptibility genes and study their expression patterns in 

phaeochromocytoma/paraganglioma. 

Hypothesis: 

Mutations of lesser known genes in phaeochromocytoma/paraganglioma  

will be identified and it will be associated with specific clinical outcomes. 

Objective 

Genomic DNA will be extracted from formalin fixed paraffin embedded tissues, 

primers will be designed for specific exons of the targeted genes, high-resolution 

melt curve and Sanger sequencing will be used for identifying mutations in the 

target genes. 
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Aim 3 

Investigate the microRNA-regulated molecular pathogenesis in SDHB targeted 

phaeochromocytoma/paraganglioma. 

Hypothesis: 

MicroRNA expression will be associated with specific clinical outcome in 

phaeochromocytoma/paraganglioma 

Objective 

Genomic DNA will be extracted from formalin fixed paraffin embedded tissues  

which will be converted to complementary DNA. The samples will undergo real 

time polymerase chain reaction and results will be correlated with clinical data 

of the patients. Succinate dehydrogenase B (SDHB) protein expression will be 

analysed by immunohistochemistry and results will be correlated with micro 

RNA expression. 

Aim 4 

Analyse the role of tissue based stem cell and epithelial-mesenchymal markers 

in the pathogenesis of phaeochromocytoma/paraganglioma. 

Hypothesis: 

Protein expressions of stem cell and epithelial-mesenchymal markers will 

illustrate significant changes in phaeochromocytoma/paraganglioma. 

Objective 

Formalin fixed paraffin embedded tissues will be cut into slices using microtome 

protein expression of stem cell and epithelial mesenchymal markers will be 

analysed using immunohistochemistry. Western blot will be used to confirm the 

results of immunohistochemistry. 
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1.2Significance 

Phaeochromocytoma and paraganglioma are relatively rare forms of cancer, yet 

they have a number of qualities that make them important targets for new research.  

First, these neoplasms are often subject to late detection, due to lack of major 

symptoms, and when malignant forms are present, patient outlooks are extremely poor. 

Related to this, there are no known markers that can separate patients who have been 

diagnosed with benign forms of the disease into viable risk categories. Combined with 

the highly variable number of years between diagnosis and transition to highly 

malignant forms, this makes surveillance for these cancers expensive and difficult 

process for patients. This research will undertake a comprehensive examination of how 

mutations in the causative genes for these cancers as well as expression of specific 

markers of disease affect final outcomes, adding valuable information to the attempts to 

provide improved risk stratification.  

Secondly, these cancers have an additional burden of morbidity and mortality, in 

the form of their effects on the cardiovascular disease through catecholamine secretion. 

Improving our understanding of the molecular mechanisms at work in these cancers 

may enable the development of a simple and effective method to detect the presence of 

even the benign forms of the disease, eliminating this problem. 

Thirdly, these cancers and the mutations in their associated genes are strongly 

linked with hypoxic and pseudo hypoxic biology, which is an important factor in the 

aetiology of all cancers. This is perhaps most important in the case of SDHB, mutations 

in which have been associated with the development of several other cancers. This 

makes phaeochromocytoma and paraganglioma potentially highly useful as models for 

cancer associated disruption of oxygen metabolism and its links to metastasis, treatment 

resistance and the development of cancer stem cells. Examining how specific mutations 
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correlate with pathophysiological traits, as well as the expression of stem cell and 

epithelial markers will improve our understanding of how these genes affect disease 

development and identify candidates for translational research into treatment. 

Lastly, most mutational information from phaeochromocytoma and 

paraganglioma is derived from family- based studies. This research will be examining 

sporadic as well as familial cases, providing information on how well the classical risk 

genes fit into the carcinogenesis of sporadic disease. Mutations in these genes in 

familial models are also associated with treatment response and this study will provide 

information on whether mutations in sporadic cases result in similar clinical outcomes 

and profiles.  
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General Introduction to Adrenal Gland 
 

2.1 Adrenal Gland Anatomy 

 

The adrenal glands are paired endocrine organs located above the kidneys and 

weigh approximately 5 grams and are golden yellow in colour (Figure 1) (Drake 2010).  

On cross section adrenal glands can be separated into two regions, the adrenal 

cortex and the adrenal medulla, both of which have a separate embryologic origin and 

are distinct both structurally and functionally(Drake 2010).  The adrenal cortex is 

derived from coelomic mesothelial cells where as adrenal medulla develops from neural 

crest cells (Drake 2010). 

    

 

 

Figure 1 Location of the adrenal glands 

2.1.1 Right Suprarenal Gland  

The right gland is pyramidal in shape and has two well-developed lower 

projections (Figure 2).  The right suprarenal gland lies posterior to the inferior vena 

cava, from which it is only separated by a thin layer of fascia and connective tissue.  
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Below the apex, right suprarenal vein emerges to join the inferior vena cava and is 

particularly short, which makes surgical resection of the gland possibly dangerous, as 

the vein may be avulsed from the inferior vena cava during surgery (Drake 2010). 

2.1.2 Left Suprarenal Gland 

The left gland has a more semilunar form (Figure 2) and lies closely to the left 

crus of the diaphragm separated from it only by a thin layer of fascia and connective 

tissue (Benninghoff 1993).  

 

Figure2 Adult human adrenal gland Spak, J. M(2000). WebPath: The Internet 

Pathology Laboratory for Medical Education  

 

2.2 Vascular Supply and Lymphatic Drainage of Adrenal Gland 

2.2.1 Arteries 

The suprarenal glands have an extensive vascular supply in relation to their size. 

Each gland is supplied by superior, middle and inferior suprarenal arteries (Figure 3). 

They unite over the capsule before entering the gland to form a subcapsular plexus 

(Drake 2010). 

2.2.1.1 Superior suprarenal arteries 

The superior suprarenal artery arises from the inferior phrenic artery, a branch of 

the abdominal aorta: it is often small and may be absent (Drake 2010). 
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2.2.1.2 Middle suprarenal arteries 

The middle suprarenal artery arises from the lateral side of the abdominal aorta 

it ascends and runs over the diaphragm to the suprarenal glands, where it anastomoses 

with the suprarenal branches of the inferior phrenic and renal arteries (Waugh 2001; 

Drake 2010). The right middle suprarenal artery passes behind the inferior vena cava 

and is frequently multiple (Waugh 2001). The left middle suprarenal artery passes close 

to the left coeliac ganglion, splenic artery and the superior border of the pancreas 

(Waugh 2001). 

2.2.1.3 Inferior suprarenal arteries 

The inferior suprarenal arteries arise from the renal arteries, usually from the 

main renal artery but occasionally from its upper pole branches (Waugh 2001). 

2.2.2 Veins 

Medullary veins emerge from the hilum to form a suprarenal vein, which is 

usually single. The right vein is very short, passing directly along the posterior aspect of 

the inferior vena cava (Waugh 2001).  An accessory vein is also occasionally present to 

join the inferior vena cava above the right suprarenal vein. Their short course renders 

both right vessels liable to injury during surgery if undue traction is applied (Drake 

2010).  Since the venous drainage from each gland is usually via a single vein, 

infarction of that gland is more likely to be caused by damage to a suprarenal vein than 

to one of the suprarenal arteries (Drake 2010).   
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Figure 3. Blood supply of Adrenal Gland 

(From Drake RL, Vogl W,Mitchell AWM. Gray's anatomy for students. Philadelphia: 

Elsevier; 2005. p. 329.) 

2.2.3 Lymphatic drainage 

Small lymphatic channels from both cortex and medulla drain to the hilum, from 

where larger calibre lymphatics emerge to drain directly into the lateral groups of para-

aortic nodes (Drake 2010; Waugh 2001). 

2.3 Nerve Supply 

The suprarenal gland has a larger autonomic supply. It contains mostly 

preganglionic sympathetic fibers. These fibers synapse, in deep invaginations, on large 

medullary chromaffin cells, and are homologous with postganglionic sympathetic 

neurons.  Both cortex and medulla also contain acetylcholinesterase -positive axons that 

reach the gland from the coeliac plexus (Drake 2010). 
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2.4 Physiology of Adrenal Gland  

The adrenal medulla and adrenal cortex are derived from ectodermal neural crest 

and endoderm respectively, which are embryologically distinct and can functionally be 

considered distinct organs (Guyton 1991).  The human adrenal cortex consists of three 

distinct histological layers (Figure 4).  Outer zona glomerulosa, which synthesizes 

mineralocorticoid hormones, mainly aldosterone. Middle is zona fasciculata, which 

produces the glucocorticoid hormone cortisol. The inner zona reticularis produces male 

sex hormones, mainly dehydroepiandrosterone and androstenedione (Guyton 1991). 

The adrenal medulla is found beneath the cortex, it contains chromaffin 

cells which function as postganglionic cells, secreting mainly epinephrine, and in lesser 

amounts, norepinephrine into the bloodstream (Guyton 1991). 

 

Figure 4. Schematic diagram of the structure of the human adrenal cortex. 

(From Williams Textbook of Endocrinology, Twelfth Edition) 
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2.4.1 Adrenal Cortex 

All adrenocortical hormones are steroid compounds derived from cholesterol 

which is either produced in the adrenal cortex or transported to the cortex in the form of 

low -density lipoprotein (Guyton 1991).   

2.4.1.1 Glucocorticoids 

Glucocorticoid raises blood glucose levels and the effects of glucocorticoids can 

be categorized as metabolic, anti-inflammatory, and immunosuppressive (Guyton 

1991).  

Metabolic Effects of Glucocorticoids 

 Stimulation of gluconeogenesis.  

 Protein catabolism to provide amino acids for gluconeogenesis. 

 Lipolysis in adipose tissue. 

 Inhibition of insulin-stimulated glucose uptake by muscle and adipose tissue. 

Because of this action, as well as stimulation of gluconeogenesis, cortisol is considered 

a diabetogenic hormone. 

Metabolic Effects of Excess Glucocorticoids 

 Muscle wasting and thinning of skin 

 Bone resorption 

 Deposition of centripetal (truncal) fat, and therefore, centripetal obesity. 

 Renal sodium retention and potassium loss.  
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2.4.1.2 Sex Corticoids 

Adrenarche is the maturation of the adrenal cortex, which occurs between 6 and 

10 years of age and results in the three distinct zones of the cortex, and subsequently, 

production of adrenal androgens. The adrenal androgens have remarkable effects in 

females, as it is the only significant source of androgens in women. Effects in females 

include the development of pubic hair, hypertrophy of sebaceous glands, stimulation of 

libido and inhibition of osteoporosis (Guyton 1991). However adrenal androgens have a 

minor role in men due to testosterone produced by the testes is the major androgen 

(Guyton 1991).   

2.4.1.3 Mineralocorticoids 

 Mineralocorticoids regulate extracellular fluid volume (Guyton 1991).  Main 

functions include 

 sodium reabsorption excess aldosterone will cause hypertension 

 pottassium excretion; excess aldosterone will cause hypokalaeemia 

 hydrogen ions excretion; excess aldosterone causes metabolic alkalosis. 

2.4.2 Adrenal Medulla 

Adrenal medulla bridges the endocrine and sympathetic nervous systems.  The 

cells of the medulla are known as chromaffin cells as the catecholamines in the 

chromaffin cells stain with chromium.  The cells synthesize and secrete epinephrine and 

norepinephrine where norepinephrine is the neurotransmitter of the autonomic nervous 

system (Guyton 1991). 

Chromaffin cells are the structural and functional equivalents of 

the postganglionic neurons of the sympathetic nervous system and are the only ones that 

have the enzyme for synthesizing epinephrine.  These hormones are responsible for an 
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increase in cardiac output, vascular resistance and for all the physiologic characteristics 

of the stress response (Guyton 1991). 

2.5 Histology of Adrenal Gland 

On cross section, the suprarenal gland has a thick outer cortex, which is golden 

yellowish in colour and forms the main mass and a thin medulla, which is dark red or 

greyish, depending on its content of blood. The medulla is completely enclosed by 

cortex, except at the hilum. The cortex is essential to life, but the medulla is not (Kumar 

2007).   

2.5.1Adrenal cortex (Figure 5) 

The zona glomerulosa, under the capsule, represents 10%-15% of the cortex and 

is made of closely packed, rounded clusters of parenchymal cells that 

produce mineralocorticoids, mainly aldosterone (Kumar 2007). The middle zona 

fasciculata forms up to 75% of the cortex, consisting mainly of radially oriented cords 

of polyhedral cells in close relation to sinusoidal fenestrated capillaries.  These cells 

contain many lipid droplets, so they appear washed out and are called spongiocytes 

(Kumar 2007). The thin innermost zona reticularis makes up 5%-10% of the cortex.  It 

is smaller; more acidophilic parenchymal cells are arranged as an anastomosing network 

of short cords with intervening sinusoidal capillaries.  These cells synthesize androgens 

(Kumar 2007).   
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Figure 5 Histology Of Adrenal Cortex (From Ovalle, William K., Ph.D - Netter's 

Essential Histology, 213-24) 

2.5.2. Adrenal medulla 

The adrenal medulla is composed of groups and columns of chromaffin cells 

(phaeochromocytes) separated by venous sinusoids and supported by a network of 

reticular fibers (Figure 6) (Kumar 2007).  All the cells are large, with large nuclei and 

basophilic, faintly granular cytoplasm lined by fenestrated endothelium (Kumar 2007).    

The majority of chromaffin cells synthesize adrenaline and store it in small granules 

with a dense core. Less numerous noradrenaline-secreting cells have larger granules 

with a dense eccentric core (Kumar 2007).  



 

  40 

  

Figure 6 Histology of Adrenal Medulla courtesy of PathologyOutlines.com 

 

2.6 Introduction to Phaeochromocytoma/Paraganglioma 

Neuroendocrine tumours that arise in the adrenal medulla or the extra-adrenal 

sympathetic and parasympathetic paraganglia are termed as phaeochromocytoma (PCC) 

and paraganglioma (PGL) respectively (Lam 2015).  According to World Health 

Organization, a PCC   arises from the chromaffin cells of the adrenal medulla within the 

adrenal gland, can also be called as intra- adrenal PGL (DeLellis et al., 2004).  PCC was 

first described in 1886 by Frankel during an autopsy but the term PCC was coined 19 

years later by Poll in 1905 to describe the dusky (phaeo) colour (chromo) of the cut 

surface of the tumour when exposed to dichromate salts.  

Paraganglioma (PGL)s, can be classified into sympathetic or parasympathetic 

depending on the type of paraganglia from which they originate (Lam et al 1993).    

Sympathetic PGLs arise from chromaffin cells along the sympathetic chains and are 
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located in the chest, abdomen, or pelvis (Lam et al 1993).  Parasympathetic PGLs arise 

from the cells that are distributed along parasympathetic nerves in the head, neck, and 

upper mediastinum and are therefore also known as head and neck PGLs (Lam et al 

1993).   Retroperitoneal and thoracic sympathetic PGLs also occur in ganglia of the 

ovaries, testes, vagina, urethra, prostate, bladder, or liver (Welander et al., 2011). 

Sympathetic PCC/PGLs secrete catecholamine, whereas the parasympathetic 

PCC/PGLs are mainly nonsecreting hence responsible for the chromaffin (Baysal et al., 

2003). 

2.6.1 Incidence 

The annual incidence of phaeochromocytoma is around 2 to 10 per million 

persons per year (Beard et al.,1983., Ariton et al.,2000) and approximately 5% of 

patients are accidently discovered with adrenal tumours during other clinical 

examination (Young et al.,2000). Approximately 0.1% to 1% of patients with 

hypertension are found to be diagnosed with PCC (Anderson et al., 1994; Omura et al., 

2004).  Higher prevalence of PCC has been reported during autopsy suggesting that 

many tumours remain undiagnosed during the lifetime of a person (McNeil et al., 2000).  

The collective incidence of PCC and PGL in all sites is about 1 in 300,000 per year.  
 

PCC is the most frequent tumour where as PGL are much rarer (0.5 per million) 

(Kirmani et al., 2008). The highest incidence of the tumours occurs between 30 and 50 

years, with an almost equal gender affinity (Oriordain et al., 1996; Favia et al.,1998; 

Erickson et al.,2001; Mannelli et al.,2009). But some studies report a slight preference 

for females (Goldstein et al., 1999; Melicow., 1977; Proye et al., 1992). 

 

2.6.2 Clinical Features 

 Symptoms are produced due to excess catecholamine production in PCC and 

sympathetic PGL (Werbel et al., 1995). Most common presentation is hypertension, 
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headache and anxiety (Werbel et al., 1995; Goldstein et al., 1999). Less common 

symptoms are myocardial infarction, stroke and arrhythmias (Goldstein et al., 1999).  

Hypertension is paroxysmal in nature which can lead to crisis and can be fatal (Werbel 

et al., 1995). Symptoms can be exacerbated by severe physical exertion, injury, 

childbirth, anaesthesia, surgery or diet rich in tyramine which includes red wine, cheese. 

(Kumar V et al., 2011, Kuok et al., 2011).  Catecholamine is not secreted by 

parasympathetic PGL so they usually present as a neck mass with symptoms related to 

compression or sometimes incidentally during imaging studies for other disorders 

(Young et al., 2007, Motta-Ramirez et al., 2005). 

2.6.3. Classical Syndromes associated with PCC/PGL 

2.6.3.1 Neurofibromatosis type I (NF1) 

Neurofibromatosis type I is an autosomal dominant disorder caused by a mutation 

in NF1gene, with an incidence of 1 in 3000-4000 people (Williams et al., 2009). The 

disease is characterized by cafe-au-lait spots, Lisch nodules in the eye, axillary and 

inguinal freckling and fibromatous tumours of the skin (Williams et al., 2009).  Typical 

physical features easily distinguish NF1 from other hereditary PGL/PCC syndromes 

(Jimenez et al 2006).  PCCs are rare in NF1, and are mostly unilateral and adrenal in 

origin.  The average age of tumour occurrence is 40 years (Fishbein et al., 2012; Jimnez 

et al., 2006).  Genetic testing for NF1 mutations is not routinely performed as NF1 is 

large and also due to many pseudogenes associated with it (Bausch et al 2007). 

          2.6.3.2 Von Hippel-Lindau syndrome (VHL) 

  VHL is an autosomal dominant disorder caused by mutation of VHL gene with 

an incidence of 1 in 36,000 births (Maher et al., 1991).  VHL can be classified as type 1 

(without PCC) and type 2 (with PCC).  VHL type 2 can be further subdivided into type 

2A (with PCC) and type 2B (with PCC and renal cell carcinoma) (Maher et 
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al.,1991).  Clinical features include retinal angiomas, central nervous system 

hemangioblastomas, clear cell renal cell carcinoma, pancreatic islet cell tumours, 

endolymphatic sac tumours, renal, pancreatic, and epididymal cysts and PCCs. The 

mean age of onset of PCC in VHL is approximately 30 years (Lonser et al., 2003).  

Approximately 50% of PCC are bilateral and secrete norepinephrine and 

normetanephrine (Maher et al., 2004).  VHL can be distinguished from other hereditary 

PGL/PCC syndromes on clinical grounds and through molecular genetic 

testing (Jimenez et al 2006).  

2.6.3.3 Multiple endocrine neoplasia type1 (MEN1) 

Multiple endocrine neoplasia type I is an autosomal dominant disorder 

characterized by mutations in MEN1 gene.  It involves tumours of parathyroid, 

pancreatic islets, duodenal endocrine cells, and the anterior pituitary 

(Chandrasekharappa et al.,1997).  PCC occurring in association with MEN1 is rare and 

is unilateral (Schussheim et al., 2001). 

2.6.3.4 Multiple endocrine neoplasia type2 (MEN2) 

Autosomal dominant syndrome caused by mutation in RET gene.   There are 

three subtypes MEN2A, MEN2B and familial medullary thyroid carcinoma (FMTC) 

MEN2A is characterized by medullary thyroid carcinoma, PCC and 

hyperparathyroidism. MEN2B lacks hyperparathyroidism but includes mucocutaneous 

neuromas, diffuse ganglioneuromatosis, slim body habitus, joint laxity, and skeletal 

malformations. FMTC has medullary thyroid carcinoma as its only feature (Pacak et al., 

2007, Fishbein et al., 2012). Approximately 50% of individuals with MEN2A and 

MEN2B develop PCC and is bilateral in most of the cases (Erickson et al., 2001).  
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Tumours usually present between 30-40 years of age and produce norepinephrine and 

epinephrine (Jimenez et al., 2006; Fishbein et al.,2012). 

2.6.4 Paraganglioma-Phaeochromocytoma Syndromes 

2.6.4.1 Familial Paraganglioma type 1(PGL1) 

Autosomal dominant syndrome caused by mutation in SDHD gene and is 

inherited exclusively through the paternal line.   Clinical features include multiple head 

and neck PGL with a mean age of onset at 28–31 years
 
(Boedeker et al., 2012). The 

lesions noted in this condition also include gastrointestinal stromal tumour (GIST) and 

pituitary adenoma (Lam 2015). 

2.6.4.2 Familial Paraganglioma type 2(PGL2) 

PGL2 is an autosomal-dominant syndrome caused by mutation in SDHAF2 gene 

(Hao et al., 2009). It consists of head & neck paraganglioma without other known 

lesions.   The average age of onset is 33 years (Kirmani et al., 2008). 

2.6.4.3 Familial Paraganglioma type 3(PGL3) 

PGL3 is an autosomal-dominant syndrome due to mutation in the SDHC gene 

(Schiavi et al., 2005).  Mean age at diagnosis is 38 years, characterized by head & neck 

paraganglioma and gastrointestinal stromal tumour. (Fishbein et al., 2012). 

2.6.4.4. Familial Paraganglioma type 4(PGL4) 

PGL4 is transmitted in an autosomal dominant pattern due to mutation in SDHB 

gene (Astuti et al., 2001).  The syndrome is associated mainly with extra-adrenal, 

abdominal, and pelvic tumours, the disease could also present as PCC as well as the 

presence of papillary thyroid carcinoma, breast cancer, gastrointestinal stromal tumour 

and renal cell carcinoma (Fishbein et al., 2012). Mean age of onset is 25–30 years 
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(Gimenez et al., 2012).  Mutation in this gene is associated with an increased malignant 

risk and  morbidity is related mainly to metastatic disease (Fishbein et al., 2012). 

2.6.4.5. Familial Paraganglioma type 5(PGL5) 

PGL5 is noted with mutation of SDHA gene. The disease could have PGL and 

gastrointestinal stromal tumour (Fishbein et al., 2012). 

2.6.4.6 Carney-Stratakis Syndrome (Carney-Stratakis Dyad) and Carney 

Triad  

Carney–Stratakis syndrome (Carney dyad) is an autosomal dominant syndrome 

associated with mutations in SDHB SDHC, and SDHD. It is a rare disorder that 

primarily affects young women. This syndrome is characterised by the association of 

PGL and gastrointestinal stromal tumour (McWhinney et al., 2007). The classic Carney 

triad includes extra-adrenal sympathetic PGL, gastric stromal sarcoma, and pulmonary 

chondroma adrenal cortical adenoma and oesophageal leiomyoma (Stratakis et al., 

2009).  

2.6.5. Sporadic phaeochromocytoma/paraganglioma 

Sporadic tumours constitute the majority of PCCs and PGLs.  Sporadic 

PCCs/PGLs are usually unicentric and unilateral compared to familial PCC/PGLs which 

are often multicentric and bilateral (Manelli et al., 2009). Germline mutations and 

familial syndromes are known to be associated with 8–24% of sporadic 

phaeochromocytoma due to the advancement in genetics (Manelli et al., 2009).  Somatic 

mutations in inherited PCC/PGL genes can be detected in 25–30% of sporadic tumours 

(Dahia et al., 2015).  
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2.6.6 Diagnosis of PCC/PGL 

 2.6.6.1 Physical examination 

On physical examination PCC/PGL show elevated blood pressure, arrhythmias 

and palpable head, neck and abdominal masses (Gujrathi et al., 2005).  

2.6.6.2 Biochemical Testing 

Normetanephrine and metanephrine are the metabolites of norepinephrine and 

epinephrine respectively (Eisenhofer et al., 1999).  Plasma normetanephrine and 

metanephrine were useful in screening for patients with PCC/PGL with high specificity 

and sensitivity (Young et al., 2011). 

2.6.6.3Computerised tomography (CT)/Magnetic resonance imaging (MRI) 

PCC/PGL show heterogeneous appearance on CT (Figure 7). PGL/PCC 

tumours exhibit high signal intensity on T2-weighted MRI, thus helping it to distinguish 

from benign adrenal cortical adenomas (Figure 8). The diagnostic sensitivities and 

specificities of CT and MRI are equivalent and can also be used for tumour staging 

(Lenders et al., 2005; Pacak et al., 2007). 
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Figure7. Axial unenhanced CT image shows low-attenuation left adrenal 

phaeochromocytoma (Leung K, Stamm M, Raja A, Low G. Phaeochromocytoma: the 

range of appearances on ultrasound, CT, MRI, and functional imaging. AJR Am J 

Roentgenol. 2013; 200 (2):370-8.) 

 

 

Figure8.  MRI images show haemorrhagic left adrenal phaeochromocytoma (arrow) 

(Leung K, Stamm M, Raja A, Low G. Phaeochromocytoma: the range of appearances 

on ultrasound, CT, MRI, and functional imaging. AJR Am J Roentgenol. 2013;200 

(2):370-8.) 
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2.6.6.4 Sonography 

 B-mode sonography coupled with color-coded Doppler sonography is useful for 

diagnosis of carotid body and vagal PGLs (Boedaker et al., 2005).  

2.6.6.5 Digital subtraction angiography (DSA) 

DSA is used for the detection of small PGLs and can diagnose accurately 

(Boedeker et al., 2005). 

2.6.6.6 
123

I-metaiodobenzylguanidine (MIBG) scintigraphy  

In this method tumour uptake of a catecholamine analogue radioisotope is 

measured and can also be used to detect metastases (Figure 9). (Gujrathi et al., 

2005;Young et al., 2011). 

 

Figure9. Axial 
123

I-MIBG fused CT image shows intense radiotracer uptake within 

tumour 

(Leung K, Stamm M, Raja A, Low G. Phaeochromocytoma: the range of appearances 

on ultrasound, CT, MRI, and functional imaging. AJR Am J Roentgenol. 2013;200 

(2):370-8.) 
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2.6.6.7 Immunohistochemistry 

 Chromogranin A (CgA) immunohistochemistry helps in distinguishing 

PCC/PGL from non-neuroendocrine tumours and adrenocortical tumours (Zuber et al., 

2014).  Staining for CgA in PCC/PGL is strong and diffuse in PCC.  Tyrosine 

hydroxylase (TH) stains positively in cells that are able to produce catecholamines thus 

helping in distinguishing PCC/PGL from other neuroendocrine tumours that are 

metastatic to the adrenal gland (Zuber et al., 2014).  

 Immunohistochemistry is also used as a guide to genetic testing of patients with 

PCC/PGL.  This allows more economical costs for screening of mutations in PCC/PGL 

after surgical resection. Loss of SDHB protein expression (Figure 10a) is seen in 

PCC/PGL harbouring a mutation in SDHA, SDHB, SDHC or SDHD genes (Papathomas 

et al., 2015). SDHB is the most common stain being used for screening mutations in the 

group of SDH genes (Figure 10 b). Also, loss of SHDA protein can be detected by 

immunohistochemistry. SDHA immunostaining is negative in SDHA-mutated tumours 

only (Papathomas et al., 2015). The problems of interoperation variability of negative 

staining and inter-observers' interpretation in immunohistochemical detection of SDHX 

have been tested by a multi-institutional study from seven expert endocrine pathologists 

in Europe. They have validated the use of SDHB/SDHA immunohistochemistry to 

identify patients with SDHX mutations in 15 centres with a 351 

phaeochromocytoma/paraganglioma cohort (Papathomas et al., 2015).  In addition, 

SDHD protein staining is also available (Menara et al., 2015). 
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Figure 10a: SDHB negative tumour cells Figure 10b SDHB positive control (normal 

staining) 

Negative immunohistochemical staining for MAX protein is observed in 

tumours harbouring only truncating MAX mutations (Burnichon et al., 2012). 

Positive immunohistochemical staining of 2 succinyl cysteine protein can be 

indirectly used to detect FH mutated PCC/PGL (Bardella et al., 2011).  FH mutated 

tumours accumulate fumarate which favours the covalent alteration of cysteine to 2 

succinyl cysteine (Bardella et al., 2011).  

ATRX protein in the tumour cells can be detected by immunohistochemistry 

(Fishbein et al., 2015).  Marinoni and colleagues reported that tumours with 

somatic ATRX mutations showing negative immunohistochemical staining were 

associated with poorer prognosis than tumours without a mutation (Marinoni et 

al.,2014) . 

Positive immunostaining using anti-KMT2D antibody can be used to detect 

the KMT2D mutation in PCCs.  Juhlin et al. demonstrated positive nuclear staining for 

KMT2D protein in all the cases of PCCs showing increased copy number 

of KMT2D (Juhlin et al., 2015). 
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2.6.6.8 Genetic Testing 

 

Genetic testing is important in patients with PCC/PGL because one-third of all 

patients with PCC/PGL have disease causing germline mutations and establishing a 

hereditary syndrome in the proband may effect in earlier diagnosis and treatment of 

PCC/PGL in families (Lenders et al 2014). 

Currently, twenty- nine genes are associated with PCC/PGL (Pillai et al., 2016).  

In the previous decades, genetic testing for germline mutations in genes predisposing to 

PCC/PGL involved testing single gene and prediction by clinical features (Toledo et al., 

2015). This testing method is expensive and took a long time to get the results. 

Advances in massive parallel sequencing technologies such as next-generation 

sequencing have transformed the practice of DNA sequencing. The new technique 

allows simultaneous sequencing of multiple genes in a single run at a much lower cost 

than conventional DNA-sequencing techniques (Toledo et al., 2015). 

Three types of targeted NGS gene panels have been recommended in PCC/PGL 

diagnosis. The basic panel includes PCC/PGL genes mutated at the germ line level and 

is predominantly associated with familial disease (FH, MAX, NF1, RET, SDHA-D, 

TMEM127, and VHL).  The second one, extended panel,  includes all basic panel genes 

and candidate genes that have been proven to be functionally relevant in the 

pathogenesis of PCC/PGL (EGLN1, EPAS1, KIF1B, MET and SDHAF2). The final 

comprehensive panel comprises all extended panel genes, recently identified genes 

mutated at the germ line or somatic level and genes found to be exclusively mutated at 

the somatic level (Toledo et al., 2016). 
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2.6.7 Macroscopic appearance of PCC/PGL 

 
         As PCC and PGL both originate from chromaffin cells, the morphology of these tumours is 

similar. Grossly PCC is usually 3-10 cm in diameter and weight may range from a few 

grams to over 3500g.  The cut surface of the tumour is solid or dusky red and darkens 

on exposure to air (Figure 11).  Haemorrhage, central degeneration, necrosis, cystic 

change and calcification are common (Lam et al 1998).   

 

Figure11 Phaeochromocytoma Cross section of tumour on the right is fleshy and pale 

tan, with areas of congestion, portions of the same tumour fixed in Zenker solution 

show a positive chromaffin reaction with a brown colour. 

 

2.6.8 Microscopic Appearance of PCC/PGL 

Microscopically sometimes unusual histological patterns like composite tumours 

or oncocytic changes are noted, cortex-tumour border is irregular and there is a false 

capsule rather than a true capsule (Lam et al., 1998).  The most common histologic 

pattern is alveolar and trabecular (Zellballen) or a mixture of the two, bound by a 

delicate fibro vascular stroma.  Tumour cells are slightly larger than chromaffin cells. 

Sometimes nuclear and cellular pleomorphism is pronounced (Lam et al., 1998). 

Sometimes, the cells of PCC may contain a large number of mitochondria which give 

the cells an oncocytic appearance (Lam et al., 1998).  Three types of histological pattern 

are found in phaeochromocytoma namely anastomosing cell cord pattern, diffuse 
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growth pattern and alveolar pattern which are shown in Figure 12, 13 and 14 

respectively. 

 

Figure 12 Phaeochromocytoma with an anastomosing cell cord pattern. The cells have 

a finely granular, basophilic cytoplasm with round to oval, eccentrically placed nuclei.  

Adapted from Urologic Surgical Pathology, 3rd Edition 

 

Figure13 Phaeochromocytoma with solid or diffuse growth pattern. Cells have abundant 

amphophilic cytoplasm with nuclear pleomorphism and hyperchromatic Adapted from Urologic 

Surgical Pathology, 3rd Edition 
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Figure 14 Phaeochromocytoma with a vague alveolar or nesting pattern. Adapted from 

Urologic Surgical Pathology, 3rd Edition 

 

 2.6.9 Malignant potential of phaeochromocytoma/paraganglioma 

  No definite histological feature can predict the malignant behaviour of 

PCC/PGL before metastases. In 2002, PASS (Phaeochromocytoma of the Adrenal 

Gland Scaled Score) was developed by Thompson. PASS is based on a set of 12 

histological features. Benign phaeochromocytoma has a score of less than 4 and 

malignant phaeochromocytoma has a PASS score higher than 6(Lam 2015). However, 

assessment of 12 histological features is a complex and time consuming task (Lam 

2015).  

In 2005, Kimura and colleagues from Japan proposed another system for 

assessment of the malignant potential of PCC/PGL known as grading system for adrenal 

phaeochromocytoma and paraganglioma (GAPP) (Kimura et al., 2005). GAPP was 

based on 4 histological features (histological pattern, cellularity, comedo-type necrosis, 

capsular/ vascular invasion) (Kimura et al., 2005).  The tumours were classified as well 

(score= 0-2), moderately (score =3-6), and poorly differentiated (score =7-10) types 
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according to their scores (Kimura et al., 2005). The system is yet to be validated by 

other researchers in different groups (Lam 2015). 

Larger tumour size (>5cm) appears to be a higher risk factor of malignancy in 

PCC/PGL (Lam 2015). Different molecular markers have been proposed to predict the 

malignant potential of tumours in patients with PCC/PGL. SDHB and FH mutations 

have been associated with a high malignant potential in PCC/PGL (Pillai et al., 2016; 

Lam 2015). A group of few micro-RNAs were also noted to be able to predict the 

behaviour of this group of tumour especially miR-183 cluster (Pillai et al 2017). 

2.6.10 Management of PCC/PGL 

The clinical management of PCC/PGL is a multistep process, depending on a 

multidisciplinary collaboration as the patient is at risk before and during surgery.  

Complications include hypertensive crises, cardiac arrhythmias, pulmonary oedema and 

cardiac ischemia caused by spontaneous release of catecholamines by the tumour 

(Young et al., 2011).  Laparoscopic surgery is the treatment of choice (Lenders et al., 

2005).  Phenoxybenzamine is the alpha blocker of choice in both pregnant and non-

pregnant individuals with catecholamine-secreting tumours (Reisch et al., 2006). 

2.6.11 MOLECULAR GENETICS 

Genetic Pathways involved in PCC/PGL 

Transcriptome studies show that many PCC/PGLs and their inherent genetic 

mutations can be classified into two major clusters depending on their gene expression 

profile (Figure 15) (Dahia et al., 2005).  

Cluster 1 is involved with the pseudo hypoxic pathway of tumour development 

and is comprised of PHD2, VHL, SDHx, IDH, HIF2A and FH mutated PCC/PGL 

(Dahia et al., 2005).  Favier et al, in 2012 reported that cluster 1 tumours showed a 

marked increase in vascularization and in the expression of VEGF and its receptors 
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(Favier et al., 2012).  VEGF proteins and receptors are the main factors in angiogenesis 

of cancers (Salajegheh et al, 2011; Salajegheh et al, 2013; Yu et al. 2005; Yu et al, 

2008). Also, the increased VEGF expression was observed in both benign and 

malignant tumours from cluster 1 (Favier et al., 2012).     

Cluster 2 mutations are associated with abnormal activation of kinase signalling 

pathways such as PI3Kinase/AKT, RAS/RAF/ERK and the mTOR pathway (Figure 

15) (Favier et al., 2012). Cluster 2 genes include RET, NF1, KIF1Bβ, MAX and 

TMEM127 (Dahia et al., 2005). We will now consider each of the genes in both clusters 

and the literature regarding them. 

 

 
Figure 15. The sub divisions of cluster 1 and 2 molecular pathways of these genes in PCC/PGL   

In PCC/PCL, Cluster 1 genes could be divided into 2 groups. Cluster 1A contains PCC/PGL 

related to SDHx and FH while Cluster 1B contains tumours with HIF2A and VHL respectively. 

Cluster 2 can be divided into sub cluster 2A, 2B, 2C and 2D. Sub cluster 2A 

comprises RET, MAX, NF1 and TMEM127 mutated tumours whereas sub cluster 2B and 2C are 

sporadic tumours. Cluster 2D are tumours lacking known mutations related to PCC/PGL. 
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2.6.11.1 Cluster 1 genes  

 

2.6.11.1.1 Elegans Homolog of 1(EGLN1) / Prolyl hydroxylase domain 

proteins PHD2  

Hypoxia-inducible factors (HIFs) function as key players in the cell response to 

hypoxia.  Prolyl hydroxylase domain proteins (PHDs) initiate the degradation of the 

HIF-α protein through its hydroxylation (Ivan et al., 2002). There are three main 

isoforms of prolyl hydroxylase domain proteins namely PHD1, PHD2, and PHD3 which 

encode the genes EGLN2, EGLN1, and EGLN3, respectively (Ivan et al., 2002).   

The PHD2–VHL–HIF-2α pathway plays a crucial role in erythropoiesis; a 

partial interruption of the pathway can cause erythrocytosis, whereas drastic alterations 

of the pathway are associated with the development of tumours (Yang et al., 2015).  

Mutations in PHD2 have been implicated in the pathogenesis of polycythaemia in 

humans (Percy et al., 2007).  Germline mutation of PHD2 was first reported in a patient 

with erythrocytosis and recurrent PGL by Ladroue et al. in 2008 using direct sequencing 

(Ladroue et al., 2008). 

Another study by Astuti et al. demonstrated the mutation analysis of EGLN1 

(PHD2), EGLN2 (PHD1) and EGLN3 (PHD3) in 82 inherited PGL patients through 

PCR sequencing (Astuti et al., 2010).  This study noted no germline mutations for 

PHDs 1-3 and there was an absence of mutation in known PCC/PGL susceptibility 

genes in the selected samples (Astuti et al., 2010).  Welander et al. detected a novel 

germline mutation for the first time in PHD2 in a PCC along with other known 

susceptibility genes in PCC after analysing 72 PCCs and 14 PGLs through targeted next 

generation sequencing (Welander et al., 2014).  Another recent study using Sanger 

DNA sequencing has for the first time reported a PHD1 germline mutation in one 
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patient along with a novel germline PHD2 mutation in another patient presenting with 

recurrent PCC/PGL along with polycythaemia (Yang et al., 2015).  

These studies showed that germline mutations in this group of genes are not a 

frequent event in PCC/PGLs.  Nevertheless, PHD1 mutation is the latest inherited 

abnormality that contributes to the development of PCCs/PGLs.  The study by Yang et 

al. further provides evidence that the PHD2–VHL–HIF-2α pathway plays a role in the 

pathogenesis of PCC/PGL and their association with polycythaemia.  Thus patients with 

polycythaemia could be screened for the presence of PHD1 and PHD2 mutations to 

detect the early presence of PCC/PGL.  

2.6.11.1.2 Von Hippel Lindau (VHL) 

Von Hippel Lindau (VHL) is a tumour suppressor gene located on chromosome 

3p25.3 consisting of 3 exons (Latif et al., 1993).  VHL was first identified by positional 

cloning in 1993 and is reported to have involvement in oxygen dependent regulation of 

hypoxia-inducible factor (HIF) (Latif et al., 1993; Maynard et al., 2007).    

 Von Hippel-Lindau (VHL) syndrome is an autosomal dominant disorder caused 

by germline mutation of the VHL gene.  The incidence of the syndrome is 1 in 36,000 

births (Santos et al., 2014). Von Hippel Landau syndrome is characterized by clear cell 

renal cell carcinomas, PCCs, PGLs, hemangioblastomas and cysts of the retina, 

cerebellum, kidney, and pancreas (Lonser et al., 2003).  VHL was classified into type 1 

(without phaeochromocytoma) and type 2 (with phaeochromocytoma) by Neumann and 

Wiestler in 1991 (Neumann et al., 1991). Brauch et al. further subdivided VHL type 2 

into type 2A (with phaeochromocytoma), type 2B (with phaeochromocytoma and renal 

cell carcinoma) and type 2C (patients with isolated phaeochromocytoma without 

hemangioblastoma or renal cell carcinoma) (Brauch et al., 1995).  
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 Regarding the prevalence, PCCs occur in only 6%-9% of individuals with Von 

Hippel-Lindau syndrome type 1 and the prevalence rises to 40%-59% in persons with 

Von Hippel-Lindau syndrome type 2 (Jimenez et al., 2006; Pacaketal et al, 2007). The 

mean age of onset of patients with PCC in Von Hippel-Lindau syndrome is 

approximately 30 years (Santos et al., 2014).  However, some individuals may also 

present with this neoplasm before the age of ten years (Lonser et al., 2003).  VHL-

associated PCCs are frequently bilateral and multiple. These tumours characteristically 

produce only norepinephrine.  This is because of the lack of the enzyme phenyl 

ethanolamine-N-methyltransferase, an enzyme responsible for the conversion of 

norepinephrine into epinephrine in adrenal medulla (Jimenez et al., 2006).  PCC/PGLs 

with VHL mutations frequently present with missense mutations in the gene (Walther et 

al., 1999).  Also these tumours are rarely malignant and a younger age group is 

commonly affected (Welander et al., 2012).   

Somatic VHL mutations in head and neck paraganglioma were reported for the 

first time by Merlo et al. in 2013 (Merlo et al., 2013).  The VHL gene was analysed in 

53 PGL tissues by gene sequencing, multiplex-ligation–dependent probe amplification, 

and quantitative PCR. VHL somatic mutation was found in 50% (2/4) of non SDH 

mutant HNPGLs (Merlo et al., 2013).These results indicate that VHL mutation can 

predict the clinical diagnosis of PCCs and plays an important role in the pathogenesis of 

sporadic head and neck paragangliomas.   

2.6.11.1.3Succinate Dehydrogenase Complex (SDHX) 

Succinate dehydrogenase (SDH) is a mitochondrial enzyme complex which is 

part of both the Kreb’s cycle and electron transport chain (Rustin et al., 2002).  SDH 

oxidizes succinate to fumarate in the Kreb’s cycle and transports electrons to coenzyme 

Q in the electron transport chain (Rustin et al., 2002).   
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Succinate dehydrogenase consists of four subunits, SDHA, SDHB, SDHC, and 

SDHD.  Subunits A and B form the core of the SDH protein, whereas the other two 

subunits C and D, are often referred to as the anchoring subunits (Yankovskaya et al., 

2003).  In 2009, two factors involved in the assembly of the SDH complex were 

discovered, SDHAF1 (Ghezzi et al., 2009) and SDHAF2 (Hao et al., 2009), which may 

play a role in the development of cancers associated with this pathway.  In practice, the 

mutation of any of the SDH members (SDHX) can be detected by the loss of protein 

SDHB as determined by immunohistochemistry.  This is because that these subunits are 

linked together.  Mutations of any of these genes cause defects in the structure of these 

subunits and faulty assembly, which will result in loss of the SDHB protein 

(Castelblanco, et al, 2013).  Recently, a multi-national study from seven expert 

endocrine pathologists has validated the use of SDHB/SDHA immunohistochemistry to 

identify patients with SDHX mutations in 15 centers with a 351 

phaeochromocytoma/paraganglioma cohort (Papathomas et al., 2015).  

The relation between SDH and neuroendocrine tumours was first established in 

the year 2000 after the discovery of SDHD mutations in sporadic and familial PGL/PCC 

(Baysal et al., 2000; Gimm et al. 2000; Astuti et al., 2001).  Germline mutations in the 

SDHX genes give rise to familial PCC/PGL syndrome.  Familial paraganglioma 

syndromes are autosomal dominant inherited diseases caused by mutations in SDHX 

genes. They have been classified into 5 paraganglioma syndromes, PGL1, PGL2, PGL3, 

PGL4 and PGL5 caused by mutations in SDHD, SDHAF2, SDHC, SDHB and SDHA 

respectively (Santos et al. 2014).  SDHD protein positivity can also be used to detect the 

mutation of SDHD in cases where the interpretation of SDHB protein by 

immunohistochemistry is difficult (Menara, et al. 2015). 
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Hensen et al. determined the mutation frequency of the four SDH genes in a 

total of 1,045 patients from 340 Dutch families with PCC/PGLs. The most commonly 

mutated gene was SDHD (87.1%), followed by SDHAF2 (6.7%), SDHB (5.9%), and 

SDHC (0.3%) (Hensen et al 2012). 

2.6.11.1.3.1 Succinate Dehydrogenase Complex Subunit A (SDHA) 

 PGL5 is caused by mutations in the SDHA gene.  Germline mutations in SDHA 

are linked to Leigh syndrome but it was only recently the first case of a patient 

presenting with a catecholamine-secreting abdominal PGL and a heterozygous germline 

SDHA mutation was reported (Burnichon et al., 2010).  SDHA germline mutations in 

PCCs were reported by Kopershoek after analysing 316 PCC/PGL tissues by 

immunohistochemistry and sequence analysis (Korpershoek et al., 2011).  The study 

reported the importance of SDHA immunohistochemistry in detecting patients with 

germline SDHA mutations (Korpershoek et al., 2011).  Recently, Welander et al. in 

2014 reported 2 PCCs with SDHA mutations using targeted next generation sequencing 

on 86 PCC/PGL tissues.  These 2 cases with mutations were males and the tumours 

were benign (Welander et al., 2014).   

2.6.11.1.3.2Succinate Dehydrogenase Complex Subunit B (SDHB) 

SDHB mutation in four PGLs was reported for the first time by Astuti et al 

(Astuti et al., 2001).  Another study reported SDHB germline missense mutation in a 

case of malignant sporadic PCC in 2002 (Gimenez et al., 2002).   Both PCC/PGL are 

associated with SDHB mutation.  Among SDHX genes SDHB mutations in PCC/PGL 

are associated with higher morbidity and mortality (Gimenez et al., 2003). 

PGL4 is transmitted in an autosomal dominant pattern with incomplete 

penetrance. SDHB mutation carriers were more likely to develop PGL4 and malignant 

disease (Astuti et al., 2001; Benn et al., 2006).  PGL4 usually presents with extra-
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adrenal PGLs although it can be also present as PCC, HNPGLs or both types of tumour 

simultaneously (Gimenez et al., 2012).  Mean age of onset for PGL4 is 25–30 years 

(Gimenez et al., 2012; Fishbein et al., 2012).  SDHB mutation in PGL4 is associated 

with an increased risk of malignancy (Fishbein et al., 2012).  The morbidity associated 

with these tumours is related mainly to its metastatic potential (Fishbein et al., 2012; 

Jafri et al., 2012).  Also, mutations in SDHB are the most frequent source of malignant 

paraganglioma–phaeochromocytoma syndrome (Santos et al., 2014). 

2.6.11.1.3.3Succinate Dehydrogenase Complex Subunit C (SDHC) 

SDHC mutations were reported in PGLs in 2000 by Niemann et al (Niemann et 

al., 2000).  PGL3 is an autosomal-dominant syndrome without maternal imprinting 

caused by mutation in the SDHC gene (Schiavi et al., 2005).  This syndrome is 

characterised by head and neck PGLs.  PGL3 usually develops with solitary head and 

neck paragangliomas.   Nevertheless, some cases coursing with adrenal PCC and PGLs 

in other sites have been reported (Santos et al., 2014).   SDHC-associated tumours are 

not likely to be PCC and are less likely to be malignant or multifocal (Bardella et al., 

2011).  The mean age at diagnosis of these tumours is 38 years (Fishbein et al., 2012) 

SDHC mutations were detected in 4% (22/492) of patients with parasympathetic 

PGL in a study reported by Schiavi et al. but there was no case of PCC having SDHC 

mutation (Schiavi et al.,2005).  Mannelli et al. reported the association of SDHC 

mutation with PCC (Mannelli et al 2007) followed by Peczkowska et al. in 2008 

(Peczkowska et al. 2008).   In different studies analysing SDHC mutations in PCC/PGL, 

all patients with the mutations had PGLs and no PCCs were detected in these cohorts 

(Schiavi et al. 2005; Burnichon et al. 2009; Mannelli et al. 2009).  Thus, SDHC 

mutation is very rare in PCC. 
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2.6.11.1.3.4 Succinate Dehydrogenase Complex Subunit D (SDHD) 

 

 Germ line mutations in SDHD was reported in PGL by Baysal et al in 2000 

using direct sequencing (Baysal et al., 2000).  Pigny et al., in 2008 reported the first 

case of a paraganglioma with maternal transmission of the mutated SDHD gene.  They 

noted that maternal transmission of an SDHD-linked paraganglioma, even as a rare 

event can occur (Pigny et al., 2008).  Piccini et al. revealed SDHD to be the most 

mutated 80.5% (29/36) gene among the genes coding for the SDHX complex after 

analysis of samples from 79 patients with head and neck paragangliomas by polymerase 

chain reaction and sequencing (Piccini et al., 2012).  PGL1 is the autosomal dominant 

syndrome caused by mutation in the SDHD gene. Clinically this syndrome is 

characterised by multiple head and neck PGLs with an age of onset of 28–31 years.  The 

PCCs can also be manifested either unilateral or bilateral tumour (Fishbein et al., 2012; 

Boedeker et al., 2009; Gimenez et al., 2003). 

2.6.11.1.3.5Succinate Dehydrogenase Complex Assembly Factor 2(SDH5/ 

SDHAF2) 

Correct flavination of SDHAF2 is essential for a fully functional succinate 

dehydrogenase complex (Hao et al., 2009).  Loss of SDHAF2 results in loss-of-function 

of succinate dehydrogenase and a reduction in stability of the enzyme complex, leading 

to diminished amounts of all subunits (Hao et al., 2009).  Mutations in this gene were 

detected in unrelated large Dutch and Spanish families with hereditary PGLs (Hao et al., 

2009; Kunst et al., 2011; Bayley et al., 2010).  SDHAF2 related tumours have been 

mostly identified as parasympathetic PGLs, and no metastases have been described 

(Kunst et al., 2011; Bayley et al., 2010). PGL2 is an autosomal-dominant syndrome 

caused by mutation in the SDH5/SDHAF2 gene characterised by hereditary 

paragangliomas (Hao et al., 2009).  To date, no cases of PGL2 syndromes presenting 
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with PCC have been reported.  The average age of onset for PGL2 is 33 years (Kunst et 

al., 2011).  

  2.6.11.1.3.6 Carney-Stratakis dyad and Carney triad 

Carney–Stratakis syndrome (Carney dyad) is an autosomal dominant syndrome 

associated with mutations in SDHB, SDHC, and SDHD (McWhinney et al., 2007).  

Both genders are affected equally in this syndrome and the mean age of onset is 23 

years (Santos et al., 2014).  This syndrome is characterised by PGLs and GISTs but not 

pulmonary chondromas, in contrast to the Carney triad.  Carney triad is a rare disorder 

that primarily affects young women and the mean age of onset is 20 years (Stratakis et 

al., 2009).  The classic Carney triad includes extra-adrenal sympathetic paraganglioma, 

gastrointestinal stromal tumours, and pulmonary chondroma.  Adrenal cortical 

adenoma, oesophageal leiomyoma and PCCs were also shown to be associated with this 

syndrome (Stratakis et al., 2009).  No genetic mutations are reported so far in hereditary 

PGLs in Carney triad (Matyakhina et al., 2007; Stratakis et al., 2009).  However, 

recently hyper-methylation of SDHC was reported by Haller and colleagues in 3 of 4 

patients with Carney triad (Haller et al., 2015). 

2.6.11.1.4 Isocitrate Dehydrogenase (IDH) 

IDH catalyses the oxidative decarboxylation that converts isocitrate into alpha 

keto glutarate (αKG) in the citric acid cycle (Winkler et al., 1986).  Mutation in the 

isocitrate dehydrogenase 1 gene was first discovered by sequencing in colorectal 

cancers (Sjoblom et al., 2006).  Since then, oncogenic mutations in isocitrate 

dehydrogenase 1 and 2 (IDH1/2) have been discovered in tumours of neural origin 

(Parsons et al., 2008). 

 IDH1/2 mutations are heterozygous point mutations and are suggestive of 

activating, oncogenic mutations.  IDH mutants are not able to competently carry out the 
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normal oxidative reaction, which results instead in the conversion of αKG to 

2hydroxyglutarate (2HG) (Ward et al., 2010).  2HG is not present in normal cells.  The 

accumulation of 2HG in cells with IDH1/2 mutations is known as an oncometabolite 

(Dang et al., 2009), which results in the stimulation of the pseudo-hypoxic pathway 

(Rodríguez et al., 1998).  The consequences of this may contribute to the pathogenesis 

of PGL/PCC (Morin et al., 2014). 

Gaal et al. in 2010 for the first time reported IDH1 mutation in paraganglioma 

after analysing 365 PCC/PGLs (253 paraffin embedded tissues and 112 frozen tissues).  

A somatic heterozygous IDH1 pArg132Cys mutation was detected in a sporadic carotid 

paraganglioma diagnosed in a 61-yr-old woman.  On the other hand, no mutation was 

detected in phaeochromocytomas (Gaal et al., 2010).  However, a study by Yao et al. 

did not find any mutation of IDH1 after analysis of 104 PCC/PGL tissue samples (Yao 

et al., 2010).  This suggests that pathogenic mutations in these genes do not account for 

the majority of PCC/PGLs that display a pseudo-hypoxic profile (Yao et al., 2010).   

2.6.11.1.5 Endothelial Pas Domain Protein 1 (HIF2A/EPAS1) 

 Wang et al. in 1995 described hypoxia-inducible factors, which are 

transcription factors that respond to changes in tissue oxygen concentration (Wang et 

al., 1995).  These proteins are composed of α and β subunits (Wang et al., 1995).  The 

HIF-β subunit is constitutively expressed, whereas the HIF-α subunit is inducible by 

hypoxia (Keith et al., 2011).  Abnormal HIF-α function enhances cell proliferation and 

growth (Bertout et al., 2008).  Recently, several groups have established that oncogenic 

mutations in HIF2A/EPAS1 that lead to HIF2 stabilisation are implicated in the 

pathogenesis of PCC/PGL (Comino-Mendez et al., 2013; Taieb et al., 2013; Welander 

et al., 2014).  The first report of somatic HIF2A mutations in paragangliomas and 

somatostatinomas that were clinically associated with polycythemia was published in 
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2012 using PCR assay in two patients (Zhuang et al., 2012).  In the following year, the 

first association of a somatic HIF2A mutation with phaeochromocytoma and congenital 

polycythemia was reported (Taieb et al., 2013). 

Germline EPAS1/HIF2A mutation with congenital polycythaemia associated 

with multiple PGLs was first reported by Lorenzo et al using Sanger sequencing 

(Lorenzo et al., 2013).  Also, Mendez et al. assessed 41 PCC/PGL tissues for mutations 

in EPAS1 and of these tumours, 17% (7/41) were found to carry 

somatic EPAS1 mutations.  Three of them also had congenital erythrocytosis, whereas 3 

were single sporadic PCC/PGL cases.  This study reported that HIF2A mutations can 

cause sporadic PCC/PGL in the absence of polycythaemia (Comino-Mendez et al., 

2013). Welander et al. identified both somatic and germline mutations in the EPAS1 

gene after analysing 42 patients with sporadic PCCs (Welander et al., 2014).  All 

EPAS1-mutated tumours displayed a pseudo-hypoxic gene expression pattern, 

suggestive of an oncogenic role of the identified mutations (Welander et al., 2014). 

Buffet et al showed that HIF2A-related tumours were caused by post -zygotic mutations 

occurring in early developmental stages and they suggested that germline mosaicism 

should be considered during the familial genetic counselling in persons diagnosed 

with HIF2A-related polycythaemia-paraganglioma syndrome (Buffet et al., 2014). 

2.6.11.1.6Fumarate Hydratase (FH) 

Fumarate hydratase (FH) is a homotetramer which catalyses the hydration of 

fumarate to malate in Kreb's cycle and is located on chromosome 1q42 (Pollard et al., 

2005). Germline mutations in FH cause hereditary leiomyomatosis and renal cell 

carcinoma (Tomlinson et al., 2002).  Pollard et al. showed that FH deficient cells and 

tumours accumulated fumarate and succinate which stabilized HIF1A, leading to 

pseudo-hypoxia resulting in tumorigenesis in paragangliomas, leiomyoma and renal cell 
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carcinoma (Pollard et al., 2005).  Selak et al. also showed that succinate and fumarate 

can activate the oncogenic HIF pathway by inhibiting HIF prolyl hydroxylases (Selak et 

al., 2005).  Letouze et al. in 2013 identified for the first time a germline mutation in FH 

gene causing PGL after exome sequencing of one hyper-methylated sample without 

SDHX mutation among 145 PCC/PGL tissue samples (Letouzé et al., 2013).  Recently 

Castro et al. identified germline FH mutations in 0.83% (5/598) of patients with 

PCC/PGL after collecting blood and tissue samples from 598 PCC/PGL patients 

through direct Sanger sequencing (Castro-Vega et al., 2014).  The mean age at diagnosis 

of the patients with mutation was 45 years.  Three out of the 5 (60%) with the mutation 

showed metastasis (Castro-Vega et al., 2014).  

Thus FH mutations should be considered as a new rare source of predisposition 

to PCC/PGLs and FH inactivation causes PGL/PCC by establishing a hypermethylator 

phenotype (Letouzé et al., 2013).  FH deficient PCC/PGLs display a similar genetic 

pathway of development as SDHB-mutated malignant PCC/PGL. Therefore, mutation 

screening for FH mutation should be included in PCC/PGL genetic testing and also for 

PCC/PGL with malignant behaviour (Castro-Vega et al., 2014). 

 

2.6.11.2 Genetic mechanisms in Cluster 1 genes 

The pathway adapted by cluster 1 genes is the pseudo-hypoxic pathway (Figure 

16).  Hypoxia is a state which occurs when oxygen concentration drops below 21 %.  

On the other hand, pseudo-hypoxia is a state where cellular oxygen is present in 

sufficient amounts and this oxygen cannot be processed further due to a disruption in 

oxygen-sensing pathways (Jochmanová et al., 2014).  Hypoxia Inducible Factors (HIFs) 

are transcription factors which are activated under hypoxic or pseudo-hypoxic 

conditions and are composed of oxygen-sensitive α-subunit and stable β-subunit.  HIFs 



 

  68 

  

consist of three isoforms HIF-1α, HIF-2α, and HIF-3α (Semenza et al., 2010).  HIF-1α 

is activated during short periods of severe hypoxia, while HIF-2α is activated under 

mild hypoxia for more prolonged periods of time (Jochmanová et al., 2014).   

Under normoxic conditions, HIF-1α and HIF-2α are degraded via the ubiquitin-

proteasome pathway. This pathway is controlled by the VHL protein which 

ubiquitinates HIF-α and leads to degradation of HIFs by the proteasome enzyme 

complex (Semenza et al., 2010; Jochmanová et al., 2014).  This activity requires proline 

hydroxylation of HIF-1α and this process is mediated by members of the EGLN/PHD 

family (Jochmanová et al., 2014).  However, hypoxic or pseudo-hypoxic conditions lead 

to HIF-1α stabilization which in turn leads to activation of HIF target genes including 

those associated with angiogenesis, haematopoiesis, cell growth and cell migration 

(Jochmanová et al., 2014).   

Mutations within the VHL, PHD2 genes result in the absence of functional VHL 

protein.  This VHL protein deficiency will further induce pseudo-hypoxia in cells and as 

a result of this, HIF-1α is allowed to accumulate and bind to HIF-1β. Following this, 

transcription of several target genes associated with angiogenesis, energy metabolism, 

survival, and growth will occur and these will in turn leads to the pathogenesis of 

PCC/PGLs (Maynard et al., 2007; Berra et al., 2003).  Mutated SDH complex has also 

been associated with pseudo-hypoxic response (Favier et al., 2010).  Inactivation of 

SDH complex causes accumulation of succinate and this inhibits EGLN/PHD enzyme 

activity, thereby leading to HIF-stabilization and activation of HIF target genes 

resulting in the development of PCC/PGLs (Selak et al., 2005).  

FH mutations in PCC/PGL hypoxic pathways results in loss of fumarate 

hydratase activity (Jochmanová et al., 2014).  This loss of FH enzymatic activity results 

in the accumulation of intracellular fumarate which competitively inhibits EGLN1/ 
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PHD, thus stabilizing the HIF complex and similarly activating its oncogenic target 

genes resulting in tumour development (Yang et al., 2012). 

 Hydroxylation and stabilization of HIF-2α protein is mediated by HIF2A 

mutations.  Also, this HIF2A mutation prevents recognition of HIF-2α protein by VHL 

and thus results in increased HIF-2α stabilization.  This in turn, leads to the activation of 

many hypoxia-related genes and may result in the development of PCC/PGL (Ladroue 

et al., 2008; Jochmanová et al., 2014). 

Studies have shown that HIF-1α and HIF-2α are overexpressed in SDH and VHL 

mutated PCCs and PGLs (Pollard et al., 2006, Favier et al, 2010).  Also a study by 

Castro et al. showed that FH-related PCCs/PGLs displayed the same epigenetic changes 

as SDHB-related tumours (Castro-Vega et al. 2014). Thus cluster1 tumours cause 

pseudo-hypoxic response by stabilizing HIFs under normoxic conditions and result in 

PCC/PGL pathogenesis.  
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Figure 16 Genetic pathway of cluster 1genes in phaeochromocytoma/paragangliomas 
 

Inactivation of SDH, IDH, or FH are believed to cause a pseudo-hypoxic response due 

to accumulation of oncometabolites which in turn leads to the activation of HIF-1α 

target genes such as EPO, VEGF, GLUT1 and P21 ras resulting in the development of 

PCC/PGLs. Mutations within the VHL and PHD2 genes result in the absence of 

functional VHL protein and this can further activate HIF target genes. 

 

2.6.11.3 Cluster 2 genes (KIF1B, RET, NF1, TMEM127, MAX, MEN1) 

2.6.11.3.1Kinesin Family Member1B (KIF1B) 

Kinesin family member 1B (KIF1B) is a member of the kinesin 3 family of 

genes which have a specific cellular role in energy transport (Lawrence et al., 2004).  It 

is a large gene of 50 exons located at chromosome 1p36.22 and encodes two isoforms, 

KIF1Bα and KIF1Bβ (Lawrence et al., 2004).    
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  The function of KIF1Bβ is to act as a tumour suppressor gene which is necessary 

for neuronal apoptosis (Schlisio et al., 2008). KIF1Bβ act as a haplo-insufficiency 

tumour suppressor, and its allelic loss is believed to be involved in the pathogenesis of 

neuroblastoma and other cancers (Munirajan et al., 2008). In 2008, Schlisio et al. 

reported KIF1B β mutations for the first time in phaeochromocytoma without any other 

inclining mutations (Schilisio et al., 2008).   The group sequenced 52 PCC tissues and 

identified KIF1B β missense variants in two PCC samples (Schilisio et al., 2008).  A 

family with germline mutations of KIF1B β predisposing to neuroblastoma, 

ganglioneuroma, PCC and lung carcinoma was also reported (Yeh et al., 2008).  A 

recent study on 72 PCC and 14 PGL tissue samples using targeted next generation 

sequencing reported a novel KIF1Bβ germline mutation in a PCC patient (Welander et 

al., 2014).  In the same study, another PCC with a somatic missense mutation in 

combination with a germline NF1 mutation was also reported (Welander et al., 2014).  

No case of PGL associated with KIF1B mutation has been reported in the literature.  

 Studies imply that KIF1B β is necessary for neuronal apoptosis when nerve 

growth factor becomes limiting and is frequently deleted in neural crest-derived 

tumours.  Also, inherited loss-of-function KIF1Bβ missense mutations in 

phaeochromocytomas prove that KIF1Bβ is a genetic target of these diseases.  Studies in 

larger series are required as KIF1Bβ has not been investigated in a large cohort of 

PCC/PGL patients. 

  2.6.11.3.2 Rearranged during Transfection Proto oncogene (RET) 

RET is an oncogene which is counted among the PCC/PGL susceptibility genes. 

RET gene is involved in cell growth and differentiation and the protein is mainly 

expressed in urogenital and neural crest precursor cells.  RET activation is essential for 

the development of kidneys as well as the sympathetic, parasympathetic, and enteric 
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nervous system (Ichihara et al., 2004).  Oncogenic activation of RET has been shown to 

activate both PI3K/AKT and RAS/RAF/MAPK dependent pathways (Besset et al., 

2000).  

Multiple endocrine neoplasia2 (MEN2), an autosomal dominant disorder, occurs 

as a result of germ line activating missense mutations of RET with an incidence of 

1:35000 in the general population (Mulligan et al., 1993; Santos et al., 2014).  Based on 

the presence of phaeochromocytoma, hyperparathyroidism, and characteristic physical 

features, MEN2 can be grouped into MEN2A, MEN2B and familial medullary thyroid 

carcinoma.  Among the three types, MEN2B is the most aggressive form and sufferers 

of MEN2A or MEN2B have an approximately 50% chance of developing PCC 

(Mulligan et al., 1993; Leboulleux et al., 2002).  PCC associated with RET mutations is 

mostly bilateral and have high chances of recurrence, though low risk of malignancy 

(Mulligan et al., 1993).  PGL is reported to be rare in MEN2 (Neumann et al., 1993; 

Amar et al., 2005; Pasquali et al., 2012).  In MEN2, patients with PCCs usually present 

between the ages of 30 and 40 years (Jimenez et al., 2006; Pacak et al., 2007; Fishbein 

et al., 2012). 

2.6.11.3.3 Neurofibromin 1 (NF1) 

The NF l gene serves as a tumour suppressor gene as its main function is to 

suppress cell proliferation by converting RAS protein into its inactive form, thereby 

inhibiting the oncogenic RAS/RAF/MAPK signalling pathway (Ballester et al., 1990).  

It also inhibits the PI3K/AKT/mTOR pathway via suppression of RAS (Johannessen et 

al., 2005).  Neurofibromatosis type I (NF1), or von Recklinghausen disease, is an 

autosomal dominant disorder caused by mutation in the NF1gene, characterized by cafe-

au-lait spots, lisch nodules in the eye, axillary and inguinal freckling and fibromatous 
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tumours of the skin (Santos et al., 2014).  The worldwide incidence of NF1 is 1 in 3000-

4000 people (Santos et al., 2014). 

 Incidence of PCCs in NF1 patients is around 0.1%-5.7%. NF1 patients with 

hypertension, however, show a relatively high frequency of PCCs and the tumours in 

these patients occur mostly unilaterally and are seldom found to be PGL (Fishbein et al., 

2012; Santos et al., 2014).   NF1 associated PCCs are frequently malignant, unlike the 

sporadic form of PCC.  Also, the average age of tumour occurrence in these patients is 

40 years (Santos et al., 2014; Fishbein et al., 2012; Jimenez et al., 2006).  The diagnosis 

of this syndrome is usually achieved during childhood and the diagnosis is based on its 

clinical presentation.  Genetic testing for NF1 mutations is not routinely performed as 

the NF1 gene is large and there is no known discrete mutation hot spots associated with 

the development of PCC (Bausch et al., 2007). The NF1 gene is the most frequent target 

of somatic, truncating mutations in sporadic phaeochromocytomas (Burnichon et al., 

2012; Welander et al., 2012).  Burnichon et al., using direct sequencing of the NF1 gene 

and a single nucleotide polymorphism array, was the first to report the high levels of 

NF1 somatic alterations in 41% (25/61) of phaeochromocytoma tissues (Burnichon et 

al., 2012).  In another study carried out by Welander et al. using high-density single 

nucleotide polymorphism (SNP) microarrays, 23.8% (10/42) of unselected sporadic 

phaeochromocytomas were found to exhibit somatic NF1 mutations (Welander et al., 

2012). Welander et al. also noted that NF1 mutated neuroendocrine tumours were often 

PCCs, rarely malignant and often noted in middle aged patients (Welander et al., 2012). 

Thus, one-fifth to one-fourth of sporadic phaeochromocytomas may have somatic NF1 

mutations.  A majority of the tumours in both available studies displayed loss of 

heterozygosity at the NF1 locus, indicating that deletion may be a major mechanism of 

NF1 alteration in PCCs and PGLs.  
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2.6.11.3.4Transmembrane protein 127 (TMEM 127) 

Transmembrane protein 127(TMEM 127) was identified as a PCC/PGL 

susceptibility gene through a family with an autosomal dominant inheritance of 

phaeochromocytoma (Qin et al., 2010).  It is a tumour suppressor gene of 4 exons 

identified by positional cloning on chromosome 2q11 (Qin et al., 2010).  Qin et al 

identified germline TMEM127 mutations in a population of 103 tissue samples of PCC.  

The PCCs bearing mutations comprised 30% of the tested familial tumours and about 

3% of the tested sporadic phaeochromocytomas.  Qin et al. demonstrated that PCCs 

with TMEM127 mutation showed hyper-phosphorylation of mammalian target of 

rapamycin (mTOR) effector proteins and indicated that TMEM127 is a negative 

regulator of mTOR (Qin et al., 2010).   mTOR is a member of the phosphatidylinositol-

3kinase (PI3K)-related kinase family which modulate cellular growth, angiogenesis and 

cell survival.  Elevated mTOR signalling has been detected in many common human 

cancers and clinical trials are underway for mTOR inhibitors in multiple cancers 

(Gopalan et al. 2014; Alqurashi et al. 2013).  Neuman et al. reported germline mutations 

of TMEM 127 in 4% (2/48) of patients with multiple PGLs (Neumann et al., 2011).  

Thus, both phaeochromocytoma and paraganglioma have now been identified in 

association with germline TMEM127 gene mutations.   

In a multi-institutional study comprising of 990 patients with PCC/PGL, using 

multiplex polymerase chain reaction in DNA from blood and tissue samples, TMEM127 

mutations were identified in 2% (20/990) of the cases, all of which had PCC (Yao et al., 

2010).  A clear family history of phaeochromocytoma was present in only 25% (5/20) 

of cases which indicate that TMEM127 mutation could be associated with sporadic PCC 

(Yao et al., 2010).  
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 With regards to cellular mechanisms, the tumour suppressive properties of TMEM127 

cause variation of mTOR function in the endo lysosome, while loss of function 

mutations of TMEM127 lead to increased mTOR signalling, a feature that may help in 

the development of PCC/PGL (Qin et al., 2014). 

2.6.11.3.5 Myc Associated Factor X (MAX) 

Myc associated factor X (MAX) is a gene of five exons, associated with 

regulation of cell proliferation, differentiation and death (Grandori et al., 2000).  MAX 

plays a crucial role in the control of the MYC/MAX pathway, the deregulation of which 

contributes to numerous neoplastic conditions, including neuroblastoma (Wenzel et al., 

1995). Next generation exome sequencing helped to discover germline mutations of 

MAX in 12 patients with PCC (Comino- Mendez et al., 2011).  Segregation of MAX 

mutation, lack of MAX protein in the tumours by immunohistochemical analysis and 

loss of the wild-type MAX alleles in the tumours indicated that MAX is a tumour 

suppressor gene (Comino-Mendez et al., 2011). Burnichon et al. in 2012 sequenced 

MAX from DNA obtained from the blood leucocytes of 1,694 patients with PCC/PGL 

using a multiplex PCR-based method and for the first time showed its association with 

PGL (Burnichon et al., 2012).  The study also confirmed the presence of somatic 

mutations of MAX in 1.65% (4/245) of PCC/PGL (Burnichon et al., 2012).   

 A study by Mendez et al. showed 25% of their patients (3/12) had PCCs with 

MAX mutation that showed metastasis at diagnosis (Comino- Mendez et al., 2011).  

These findings supported the idea that functional loss of MAX protein is correlated to 

metastatic potential suggesting that MAX mutations are associated with a high risk of 

malignancy.  A study by Burnichon et al, however, did not support the above theory as 

only 7% (2/28) of MAX mutation bearing tumours developed metastasis (Burnichon et 

al., 2012). 
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 In the literature, MAX mutations have been studied in different series with a total of 

2041 cases of PCC/PGLs (Comino-Mendez et al.,2011; Burnichon et al.,2012; Piccini et 

al.,2012; Peczkowska et al.,2013; Crona et al.,2013).  Overall, the frequency of MAX 

mutation in the population is 1.9% (40/2041).    Also, mutations were noted in cases 

with multiple tumours.  In the literature, MAX mutation was also noted in 5 cases of 

malignant phaeochromocytomas (Burnichon et al., 2012; Comino-Mendez et al., 2011).   

 Thus, the prognostic importance of the MYC/MAX pathway in the development 

of both hereditary and sporadic forms of PCC/PGL should not be overlooked.  Also, 

mutation of MAX as reflected by loss of MAX protein expression was found to be 

detectable by immunohistochemistry (Comino-Mendez et al., 2011).  In general, the 

frequency of MAX mutation in PCC/PGLs is low, so targeted genetic screening should 

be considered after the more common genes have been excluded.  

2.6.11.3.6 Menin (MEN1) 

Multiple endocrine neoplasia type I is an autosomal dominant disorder 

characterized by tumours of the parathyroid, pancreatic islets, duodenal endocrine cells, 

and the anterior pituitary (Chandrasekharappa et al., 1997).  Some patients may also 

develop adrenal cortical tumours, carcinoid tumours, facial angiofibromas, 

collagenomas, and lipomas (Schussheim et al., 2001; Agarwal et al., 2009).  

The tumour suppressor gene, Multiple endocrine neoplasia 1 (MEN1), mutations 

in which cause multiple endocrine neoplasia type I was discovered by positional cloning 

(Chandrasekharappa et al., 1997).  The MEN1 gene and its product, menin, is involved 

in transcriptional regulation, genome stability, and cell proliferation (Agarwal et al., 

1999). Interestingly, seven cases of PCC associated with MEN1 syndrome have been 

reported in the literature (Welander et al., 2011; Schussheim et al., 2001).  In all cases, 

the tumours were unilateral with malignancy noted only in one patient (Schussheim et 
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al., 2001).   The first association of PGL with MEN1 syndrome revealed a new 

missense mutation of the MEN1 gene. The genetic mutation was reported by Jamilloux 

et al. in 2014 in a 58-year-old woman presenting with three features of MEN1 syndrome 

(hyperparathyroidism, pancreatic neuroendocrine tumour, and adrenocortical adenoma) 

along with PGL. Screening for other genes causing PGL was negative.  The new 

germline mutation pArg275Lys of the MEN1 gene was identified by direct sequencing 

and has not been previously reported (Jamiloux et al., 2014). 

Screening of patients with MEN1 mutations in PCC/PGL is potentially 

important. If the result is negative it proves that the disorder is not associated with a 

germline abnormality of MEN1.  On the other hand, a positive result would benefit the 

family members as there is a rationale for appropriate screening for early detection of 

MEN1 syndrome (Dackiw et al., 1999).    

 

2.6.11.4 Genetic pathways for Cluster 2 genes 

The genes in Cluster 2 namely RET /NF1/TMEM127/MAX/ KIF1Bβ are 

connected with oncogenic kinase signalling pathways (Figure 17). Oncogenic 

activation of RET prompts an activation of the tyrosine kinase receptor which activates 

PI3 kinase (PI3K)/AKT/mTOR and RAS/RAF/ERK signalling pathway (Besset et al., 

2000).  Both these pathways promote cell proliferation, growth, and survival leading to 

PCC/PGL development (McCubrey et al., 2007; Nölting et al., 2012). 

The NF1 gene product neurofibromin activates an enzyme, Ras GTPase, to 

inhibit Ras and downstream growth signals which results in the activation of 

RAS/RAF/MAPK and Akt/mTOR signalling pathways, thus loss of function in this 

gene results in PCC/PGL tumour formation (Ballester et al., 1990; Johannessen et al., 

2005).   
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TMEM127 mutations promote pathogenesis of PCC/PGL by cessation of 

negative regulation of mTOR signalling through membrane interactions (Qin et al., 

2010).  Activation of mTOR is deregulated in many human cancers and is a downstream 

signal of both RET and NF1 mutations via the PI3K/AKT pathway (Qin et al., 2010). 

MAX protein is a cofactor of the proto-oncogene MYC and functions as a transcription 

factor in association with MYC and MXD (Comino-Mendez et al., 2011).  A link 

between the MYC/MAX/MXD1, PI3K/AKT/mTOR and RAS/RAF/MAPK signalling 

cascades has been reported and consequently, alterations in MAX-MYC signalling can, 

in turn promote the development of tumours in PCC/PGLs (Zhu et al., 2008; Jimenez et 

al., 2010).   

KIF1Bβ mutant tumours cluster with PCCs carrying RET or NF1 mutations, and 

independently from those with mutations in VHL or SDH genes (Yeh et al., 2008).  This 

two-cluster structure triggers overlapping features of the respective mutations, 

comprising the activation of RAS/RAF/ERK signalling in RET- and NF1-mutant PCC 

(Dahia et al., 2005). Also, KIF1Bβ mutant PCC tumours are significantly enriched in 

genes related to amino acid metabolism, such as glutamate and glutamine, as well as in 

genes linked with oxidative stress response (Yeh et al., 2008). In addition, KIF1Bβ has 

also been found to facilitate the pro-apoptotic effect of PHD3, whose loss of function 

may, therefore, prevent apoptosis and promote PCC/PGL development (Schlisio et al., 

2008). 

Thus RET, NF1 and TMEM127 mutations are associated with hyper-

phosphorylation of mTOR targets and the MYC-MAX signalling pathway is also linked 

to PI3K/AKT/ mTOR signalling (Zhu et al., 2008; Qin et al., 2010).  Hence the mTOR 

signalling pathway may be a point of convergence for all signalling pathways associated 

with PCC/PGL development (Nolting et al., 2012). 



 

  79 

  

 
Figure 17 Genetic pathways of cluster 2 genes in phaeochromocytoma/paragangliomas 

 

Cluster 2 mutations are associated with abnormal activation of kinase signalling 

pathways such as the PI3Kinase/AKT, RAS/RAF/ERK and mTOR pathways Activation 

of mTOR may constitute a common mechanism for tumour development caused by 

mutations in RET, MAX, or TMEM127. The role of p53 in the development of 

PCC/PGL is poorly understood and the most likely mechanism would be evasion of 

apoptosis. 

 

2.6.11.5 Activation of neuronal precursor cells pathway 

Lee et al. has shown that the different susceptibility genes converge into a single 

common pathway, the neuronal precursor cells pathway in PCC/PGLs (Lee et al., 

2005).  VHL, NF1, SDHX (cluster 1 genes) and RET (cluster 2 gene) germline 

mutations, in this pathway can cause a defect in the apoptosis of neuronal progenitor 

cells.  Neuronal apoptosis is induced by a protein called c-Jun, which is in turn activated 

by loss of nerve growth factor (Palmada et al., 2002).  The NF1 gene product, 
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neurofibromin, can inhibit the nerve growth factor receptor and loss of neurofibromin 

promotes the survival of embryonic sympathetic neurons in the absence of nerve growth 

factor (Vogel et al., 1995).   

Lee et al showed that elevated levels of the transcription factor JunB can block 

apoptosis in the PCC cell line, PC12, and suggested inhibition of c-Jun by JunB (Lee et 

al., 2005).  They proposed that the accumulation of succinate acts not through HIF-1 but 

via inhibition of PHD3 mediated apoptosis This study has also demonstrated that PHD3 

induces neuronal apoptosis and that accumulation of succinate due to SDH inactivation 

inhibits PHD3 which in turn leads to survival of embryonic neurons leading to tumour 

formation in PCC/PGLs (Lee et al., 2005).  Growth of c-Jun activity induced by the 

MEN1 gene product, menin, and blocking of c-Jun up regulation by MYC also suggest 

potential roles for MEN1 and MAX mutations in this pathway (Agarwal et al.,1999; 

Vaque et al.,2008). 

 

2.6.11.6 Other genes associated with PCC/PGL not belonging to Clusters 1 and 2 

2.6.11.6.1Glial Cell Line Derived Neurotrophic Factor (GDNF) 

Glial cell line-derived neurotrophic factor (GDNF) is a member of the 

transforming growth factor beta superfamily (Trupp et al., 1996).  GDNF mutations 

have been associated with the pathogenesis of Hirsch sprung disease (Ivanchuk et al., 

1996). GDNF was shown to be the functional RET ligand (Trupp et al., 1996) and it 

was suggested that point mutations in GDNF which alter GDNF function in terms of 

RET binding capacity could be involved in the genesis of PCC (Woodward et al., 1997).  

 Woodward et al. identified a GDNF sequence variant (R93W) mutation in one 

patient with sporadic phaeochromocytoma out of 28 tumours.  They suggested that the 

R93W mutation could function as a susceptibility mutation for PCC of low penetrance 
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(Woodward et al., 1997).  On the other hand, Dahia et al. also investigated the role of 

GDNF mutation in 22 sporadic PCC tissues using semi quantitative PCR, but no disease 

causing somatic GDNF mutations or gross gene amplification were detected in these 

tumours.  The result indicated that GDNF plays a minor role in the origin of PCC 

(Dahia et al., 1997).   However, GDNF allelic variants may influence the susceptibility 

of a patient to PCC and only small cohorts of PCC have been interrogated for GDNF 

mutation at present (Woodward et al., 1997).   

2.6.11.6 .2 Ras genes  

Ras genes (H-ras, K-ras, N-ras, M-ras and R-ras) regulate signalling pathways 

that control many cellular responses such as proliferation, survival and differentiation 

(Karnoub et al., 2008).  Ras signalling is regarded as a major event in cancer 

pathogenesis and they are the most common targets for somatic gain-of-function 

mutations in human cancers (Yoshimoto et al., 1992; Schubbert et al., 2007).   

Activating Ras mutations occur in ~30% of human cancers.  Lin et al indicated that 

activation of Ras signalling pathways favours PCC formation in-vitro (Lin et al., 1998).  

 However, earlier studies by Moley et al. and Moul et al. found no evidence 

for Ras mutations in primary human PCC (Moley et al., 1993; Moul et al., 1991).  In 

1992, Yoshimoto et al have screened 169 endocrine tumours for H-ras mutations and 

identified for the first time a mutation in one patient with PCC among 19 PCC cases by 

polymerase chain reaction-single strand conformation polymorphism detection 

(Yoshimoto et al., 1992). Among the ras family genes, only H-ras and K-ras mutations 

have been reported so far in PCC/PGLs. The specific role of these genes and their 

mutations in the pathogenesis of PCC/PGLs are detailed below.  
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2.6.11.6 .2.1 Harvey Rat Sarcoma Viral Oncogene (H-ras) 

 

Harvey Rat Sarcoma Viral Oncogene belongs to the Ras oncogene family 

(Wong-Staal et al., 1981).  Located on chromosome 11p15.5, the gene is involved in 

signal transduction pathways (Chaganti et al., 1985; Seeburg et al., 1984). Germline 

mutations in this gene cause Costello syndrome, a disease characterized by increased 

growth at the prenatal stage, growth deficiency at the postnatal stage, predisposition to 

tumour formation, mental retardation, skin and musculoskeletal abnormalities, 

distinctive facial appearance and cardiovascular abnormalities (Costello.,1977; Aoki et 

al.,2005). Recently Crona et al. identified recurrent somatic H-ras mutations in 

PCC/PGL through exome sequencing.  H-ras mutations was noted in 6.9% (n = 4/58) of 

the tumours. The mutation positive tumours were 3 PCCs and 1 PGL (Crona et al., 

2013).  PCC/PGL with H-ras mutations showed activation of the RAS/RAF/ERK 

signalling pathway (Crona et al., 2013). In 2014, Oudijk et al. by means of Sanger 

sequencing determined the prevalence of Ras mutations in a cohort of 271 PCC/PGLs 

(Oudijk et al 2014).   

 H-ras mutations were detected in 5.2% (14/271) of cases and were confined to 

sporadic PCCs.  In this large series, H-ras mutations in PCCs lacked any significant 

correlation with pathological or basic clinical end-points (Oudijk et al 2014).  H-ras 

mutations occur mutually exclusively from upstream pathogenic activators and germline 

defects in Ras result in established syndrome-phenotypes (Crona et al., 2013).  Thus, the 

existence of H-ras mutations in otherwise healthy patients with PCC/PGLs is expected 

to be somatic. 

2.6.11.6 .2.2Kirsten Rat Sarcoma Viral Oncogene (K-ras) 

 

  Kirsten ras (K-ras) is a proto oncogene from the mammalian ras gene family 

located on chromosome 12p12.1 (Kranenburg et al., 2005).  K-ras plays a vital role in 
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normal tissue signalling, including proliferation, differentiation, and senility.  Also, K-

ras is noted to be one of the most activated oncogenes, with 17 to 25% of all human 

tumours harbouring an activating K-ras mutation (Kranenburg et al., 2005). Similar to 

H-ras, germline mutations for K-ras mutations have only been reported in disease 

syndromes and they include Noonan syndromes and in cardio facio-cutaneous 

syndromes (Schubbert et al., 2006).  Hrasćan et al. reported point mutations of K-ras for 

the first time in 62% (8/13) of PCCs after paraffin embedded samples were analysed by 

the polymerase chain reaction using restriction fragment length polymorphism and 

dinucleotide repeat polymorphism methods (Hrasćan et al.1998).  Also, this study has 

noted that K-ras mutations were homogenous in PCC compared to insulinomas in 

which K-ras mutations were found to be heterogeneous (Hrasćan et al., 1998).  Future 

studies must also need to be focused on other, less-characterized Ras family members, 

such as M-ras and R-ras, in order to reveal novel insights into the role of Ras signalling 

pathways in PCC/PGLs.  

2.6.11.6.3 Guanine Nucleotide Binding Protein (GNAS) 

GNAS is a complex imprinted locus that produces multiple transcripts through 

the use of alternative promoters and alternative splicing (Bastepe et al., 2005). 

Somatic mutations of GNAS in PCC/PGL were first reported by Williamson et al. in 

1995 after examining tissues from patients having more than one organ affected by an 

endocrine disorder and patients having separate distinct endocrine diseases for G protein 

gene mutations (Williamson et al., 1995).  Integrative epigenomic and genomic analysis 

of malignant phaeochromocytoma by Sandgren et al. also showed that GNAS is a 

potential candidate gene that can cause PCC/PGL (Sandgren et al., 2010).  Further 

studies will be needed to establish this hypothesis.  
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2.6.11.6.4 Cyclin Dependent Kinase Inhibitor (CDKN2A)/p16 

Cyclin-dependent kinase inhibitor (p16) encodes proteins that regulate two 

critical cell cycle regulatory pathways, the p53 and retinoblastoma1 pathway (Robertson 

et al., 1999).  Neural system tumours and melanoma syndrome are some of the 

syndromes associated with mutation of p16 (Bahuau et al., 1998).  

Aguiar et al. used semi quantitative multiplex PCR to search for p16 deletion in 

26 phaeochromocytoma specimens but was not able to find any instances of p16 

deletion.  Thus, they concluded that p16 does not play a role in the pathogenesis of 

PCC.  However, Dammann et al. studied the methylation status of the p16 gene in both 

hereditary and sporadic PCC by methylation-specific PCR, and noted hyper-

methylation of the p16 gene in 24% (6/25) of the tested specimens (Dammann et al., 

2005). Using tissue microarray and immunohistochemistry, Muscarella et al. evaluated 

the expression of p16 in 31 phaeochromocytoma tumour specimens and found that the 

p16 protein expression was down regulated in 30 PCC specimens.  In contrast, high 

expression of p16 protein was observed in the majority of non-tumour control 

specimens (5/7).  These findings suggested that down regulation of p16 protein could 

play an important role in the development of PCC.  The primary cause for such down 

regulation is inactivation of p16 gene, with the results from Dammann et al, indicating 

that epigenetic deactivation rather than deletion may be the mechanism by which p16 

influences PCC development (Muscarella et al., 2008;Dammann et al., 2005). 

2.6.11.6 .5 Transformation related protein 53 (p53) 

 

  Transformation related protein 53 (p53) translates a tumour suppressor protein 

containing transcriptional activation, DNA binding, and oligomerization domains (Chen 

et al., 1990).  p53 mutation is the most common mutation in many human cancers 

(Boslooper e t al., 2008; Lam et al, 2008; Lam et al., 1995; Lam et al., 1997; Lam et al., 
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2000).  In addition, germline mutations in this gene are associated with hereditary 

cancers such as Li-Fraumeni syndrome (Li et al., 1988) and adrenocortical carcinoma in 

children (Ribeiro et al., 2001). 

Lin et al. in 1994 performed mutation studies for p53 abnormalities in 23 cases 

with adrenal neoplasms (Lin et al., 1994).  The immunohistochemical study 

demonstrated overexpression of p53 protein in the tumour cells of adrenal neoplasms.  

Five of six PCCs showed an apparent electrophoretic mobility shift between the tumour 

and its paired adjacent normal adrenal tissue.  The study was done using the polymerase 

chain reaction-single strand conformation polymorphism method.  Thus, p53 gene 

mutation may play a role in the tumorigenesis of benign and functional human adrenal 

tumours (Lin et al., 1994).  Lam and colleagues detected p53 protein over-expression in 

4 PCC/PGL (3 phaeochromocytomas and one paraganglioma) out of 65 (6%) patients 

with PCC/PGL (Lam et al., 2001).  Two of the p53 positive tumours were bilateral.  

However, Petri et al. showed no p53 mutations or protein over expression in PCC 

tumours from 48 patients (including 63 samples - 13 paraffin blocks and 50 frozen 

blocks) (Petri et al., 2008).  Thus it is not clear whether p53 mutation plays any role in 

the pathogenesis of PCC/PGL.  

2.6.11.6 .6 Breast Cancer Associated Protein 1 (BAP1) 

Breast cancer associated protein 1(BAP1) is a tumour suppressor gene located on 

chromosome 3p21 and was initially identified as a protein that binds to BRCA1 

(Carbone et al., 2013).  BAP1 helps in the regulation of key cellular pathways, including 

the cell cycle, cellular differentiation, cell death, gluconeogenesis and the DNA damage 

response (Carbone et al., 2013).  Germline mutations in BAP1 are associated with 

tumour predisposition syndrome (TPDS), which involves increased risk of malignant 

mesothelioma, uveal and cutaneous melanoma (Wiesner et al., 2011).  
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Somatic BAP1 mutations were reported in cutaneous melanocytic tumours (epithelioid 

atypical spitz tumours and melanoma), uveal melanoma, mesothelioma, clear cell renal 

cell carcinoma, and other tumours (Murali et al., 2013). However, the complete tumour 

spectrum associated with germline BAP1 mutations is not yet known. 

Using whole exome sequencing, Wadt et al. reported a patient with 

paraganglioma carrying a germ line BAP1 mutation in a Danish family with multiple 

uveal malignant melanoma and suspected mesothelioma cases, as well as several other 

cancers including cutaneous malignant melanoma and breast cancer (Wadt et al., 2012).  

Also, somatic loss of BAP1 wild-type allele was confirmed in the tumour tissues from 

this patient with uveal malignant melanoma and paraganglioma (Wadt et al., 2012).  

Thus, as a broad-spectrum tumour suppressor gene BAP1 may be involved in the 

formation of PCC/PGL (Wadt et al., 2012). 

2.6.11.6.7 Breast Cancer 1 and Breast Cancer 2 (BRCA1 and BRCA2)

 BRCA1 and BRCA2 are tumour suppressor genes located on chromosome 17 and 

chromosome 13 respectively.  They play a critical role in DNA repair, cell cycle 

checkpoint control, and maintenance of genomic stability (Kinzler et al., 1997). 

Germline mutations in BRCA1 and BRCA2 are most commonly associated with familial 

breast and ovarian cancer and the clinical syndrome seen in BRCA mutation carriers is 

referred to as the hereditary breast‐ovarian cancer syndrome (Larsen et al., 2015).  

Mutations in BRCA1 and BRCA2 also increase the risk of several other cancers such 

as breast,pancreas (Mersch et al., 2015).  Barak et al. reported an unusual association 

between BRCA1 and BRCA2 mutations in blood samples from two patients with PCC 

using restriction enzyme digest of amplified PCR product (Barak et al., 2001).  It is hard 

to draw conclusions from two cases, but they raise the possibility of an increased risk 

for developing PCCs in BRCA1 and BRCA2 mutation carriers. More studies are needed 
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in larger series to reveal the exact role of BRCA1 and BRCA2 in the carcinogenesis of 

PCC/PGLs.  

Conclusions 

Phaeochromocytomas and paragangliomas are the results of a blend of genetic 

syndromes and epigenetic changes.  This study has for the first time reviewed the roles 

of all 29 genes reported in the pathogenesis of PCC/PGLs.  Genetic mutations of 

PCC/PGLs are classified into two major clusters depending on their gene expression 

profile.  The pseudo-hypoxic pathway involving the PHD2, VHL, SDHX, IDH, HIF2A 

and FH gene mutations are attributed to cluster 1 genetic profiling in PCC/PGLs.  

Genetic pathways in cluster 2 are associated with abnormal activation of kinase 

signalling pathways and include mutations of RET, NF1, KIF1Bβ, MAX and TMEM127.  

In addition, many genes including GDNF, H-ras, K-ras, GNAS, CDKN2A, p53, BAP1 

and BRCA1&2 have also been reported in the development of PCC/PGLs.  Mutations in 

succinate dehydrogenase B (SDHB) have been emerging as the most clinically relevant 

mutation as PCCs and PGLs carrying them have relatively high rates of malignancy, as 

high as 50%, which has been validated in many studies. Familiarity of these genetic 

mutations and syndromes can help in promoting correct diagnoses and effective genetic 

advice. Thus all patients with PCC/PGL could be considered for offering genetic 

screening in appropriate clinical settings. Furthermore, this will further help in the 

development of novel/modified therapeutic approaches in the treatment of PCC/PGLs. 
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2.7 Gene Sequencing 

Gene sequencing plays important roles to identify pathological mutations which 

are important to understanding the pathogenesis of human diseases as well as planning 

targeted gene therapies for patients with cancer.   A neuroendocrine tumour that arises 

in the chromaffin cells in adrenal medulla is termed phaeochromocytoma (PCC).  Extra-

adrenal tumours arising from chromaffin cells are paragangliomas (PGL) (Lam 2015).  

Currently, twenty-nine genes are known to be associated with PCC/PGL and the list is 

growing (Pillai et al., 2016).  40% of PCC/PGL is associated with germline mutation in 

one of the susceptibility genes and the remaining 60% are thought to be sporadic cases 

(Favier et al., 2015).  Overall, known genetic mutations account for the pathogenesis of 

approximately 60% of PCC/PGLs (Lam 2015).  Thus, the patients with this group of 

tumours will benefit from studying the mutations of the tumours by gene sequencing.    

The American Society of Clinical Oncology suggests that all patients with PCC 

and PGLs should be submitted to genetic screening as these tumours present with high 

degree of genetic heterogeneity and heritability (Burnichon et al., 2016).  The aim of 

these clinical genetic screenings is to identify patients who are carriers of disease-

causing mutations or to test tumour tissue for the presence of genetic alterations in 

PCC/PGL which may be targeted for therapeutic approaches (Toledo et al., 2015).  

With the increase in number of susceptibility genes identified in PCC/PGL, single gene 

testing method was not practical.    This problem was overcome by the use of high-

throughput technology or next generation sequencing (NGS), where simultaneously 

multiple genes could be tested for mutation making it easier in detecting predisposing 

genes of PCC/PGL (Toledo et al., 2015). Thus, the use of NGS has vital implications in 

unveiling the genetic mystery associated with the molecular pathogenesis of PCC/PGLs. 

In this literature review we will summarize three generations of sequencing, different 
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platforms of next generation sequencing (NGS), applications, limitations and future 

perspectives of next generation sequencing with regards to PCC/PGL.  

 

2.8 First generation sequencing and limitations 

DNA sequencing is generally referred to the sequencing of nucleotides within a 

DNA molecule using laboratory methods (Sanger et al., 1977).   In 1977, two methods 

of DNA sequencing were described; the first one was described by Maxam and Gilbert 

using the chemical breakage, radioisotope labeling and gel electrophoresis method to 

sequence DNA (Maxam et al., 1977).  The second one was described by Sanger who 

utilised the di-deoxy nucleotide analogues as specific chain-terminating inhibitors of 

DNA polymerase for sequencing method (Sanger et al., 1977). Sanger’s method, when 

compared to Maxam and Gilbert method, was the most preferred among scientists and 

researchers due to its high efficiency and involvement of non-toxic chemicals.   It is 

being labelled as the first-generation sequencing (FGS) technology (Mardis 2014).  

Also, Sanger is considered the father of sequencing technologies as Sanger’s 

sequencing methods and technologies have been later improved to build future 

sequencing platforms.   

Sanger sequencing had limited applications because of some technical 

limitations in its workflow in terms of throughput (Rizzo et al., 2012).  Throughput is a 

function of sequencing reaction time, the number of sequencing reactions that can be 

run in parallel, and lengths of sequences read by each reaction (Rizzo et al., 2012).    In 

Sanger sequencing, the throughput is approximately 115 kb/day which means the 

instrument can only read 96 reactions in parallel (Rizzo et al., 2012).  Also, the cost of 

sequencing of an entire human genome by Sanger is approximately $5 to 30 million 
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USD.  The time taken to accomplish the task is estimated to be around 60 years if using 

a single instrument (Bennett et al., 2005).   

 

2.9 Birth of Second Generation sequencing/Next generation sequencing (SGS/NGS) 

Following the successes of human genome project in 2005, massive parallel 

sequencing systems called the next-generation sequencing (NGS) was developed to 

reduce the cost and time of genome sequencing. SGS/NGS refers to the high-throughput 

DNA sequencing technologies which are capable of sequencing large numbers of 

different DNA sequences in a single/parallel reaction (Mardis 2013).   NGS 

technologies such as 454 Life Sciences, Illumina and Applied Biosciences are the three 

principal systems, which are commercially available (Table 1). Figure 18 explains their 

specific features, as well as their sequencing chemistries.  
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Figure18. Graphic presentation of the library construction templating and sequencing 

process of next generation sequencing platforms  

 

Different types of starting materials are converted into double stranded DNA molecules 

which are then bounded by barcoded adapters for ligation into linear DNA molecules. 

Adapters enable the bonding of the resultant library with either micro beads or a flow 

cell, for amplification through emulsion PCR or bridge PCR.  The ensuing clonal 

amplicons are then deposited on the picotiterplate, chip or glass slide for sequencing 

depending upon the sequencing platforms. Sequencing is either through pyrosequencing 

(454 platform) or sequencing by ligation process in (SOLiD) or sequencing by synthesis 

process (Illumina).  Incorporation of a nucleotide is detected through light reaction in 

(454), through detection of pH change in (PGM) and through detection of fluorescence 

in (SOLiD).  During Illumina sequencing, four differently labelled nucleotides are 

flooded over the flow cell in multiple cycles, depending on the desired read length. 
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2.9.1 454 Roche/Life Sciences 

The 454Roche/ Life Sciences was the first commercially introduced NGS 

system available in 2005.  It is the first non-Sanger technology to sequence   human 

genome (Rothberg et al., 2008).  This system utilises the mechanism of pyrosequencing 

and it depends on the detection of pyrophosphate released during nucleotide 

incorporation (Margulies et al., 2005).  In this method, template DNA molecules are 

generated by fragmentation or polymerase chain reaction (PCR) (Margulies et al., 2005; 

Moorthie et al., 2011).  Universal adaptors are ligated to the fragmented end if 

fragmentation method is used or adaptors can be built into the primers if PCR is used 

(Rothberg et al., 2008).  The prepared fragments are then hybridised onto special beads 

and then a mixture consisting of these special beads, PCR reagents and oil is agitated to 

form tiny oil reaction chambers. This is then subjected to thermal cycling in order to 

amplify the DNA template present on the surface of each bead (Ambardar et al., 2016).  

Pico Titre Plate is a specially designed plate used in the 454 Life Sciences 

platform to carry out the sequencing reaction. It comprises of millions of microscopic 

wells, and the beads are loaded onto these wells along with all the reagents required for 

sequencing except the nucleotides (Moorthie et al., 2011).  The final sequencing step in 

this system then proceeds with the chronological addition of each individual nucleotide 

in an order of A, C, G and T (Harrington et al., 2013).  However, if a nucleotide is 

added by DNA polymerase into the growing DNA strand, an inorganic phosphate ion is 

released resulting in the discharge of a flash of lights hence the name pyrosequencing 

and is detected by a camera across the whole plate (Ballester et al., 2016). This whole 

process is repeated several hundred times to build the temporal image sequence which is 

then computationally converted into sequence reads (Liu et al., 2012). 
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At the beginning, the read length of Roche 454 system is usually between 100 to 

150 base pairs with 200000 reads, and output of 20 Mb per run.  Later, its read length 

got increased to 700 base pairs with an output of 0.7 G data per run with the 

introduction of 454 GS FLX Titanium system in 2008 (Liu et al., 2012).  The major 

advantage this system is its speed as it takes only 10 hours from sequencing start till 

completion.  However, this system has relatively high error rate in terms of poly-bases 

longer than 6 base pairs and the high cost of the reagents still remains as challenge for 

using this system in clinical use (Liu et al., 2012; Ballester et al., 2016).  Thus, the 454 

genome sequencer is no longer a preferred sequencing platform and has been replaced 

by more affordable NGS platforms. 

2.9.2 Illumina/Solexa Genome Analyser 

In 2006, an NGS system named Genome Analyser was released which is now 

commercialised by Illumina through the Genome Analyser and HiSeq systems.  Further 

on, MiSeq was added to the range of models in 2011(Su et al., 20011).  Sequencing by 

synthesis was the technology adopted in this system. However, it uses specially 

designed fluorescent labeled terminator nucleotides, which allow the chain termination 

process to be reversed (Moorthie et al., 2011).  In this method, the library is prepared by 

the fragmentation of DNA into pieces.  Then, custom adapters are added and the library 

flows across a solid surface known as flow cell leading to the binding of template 

fragments onto this surface.  This process is followed by bridge amplification which 

creates approximately one million copies of each template in tight physical clusters on 

the flow cell surface (Su et al., 2011).   

The sequencing reaction begins with the addition of a universal sequencing 

primer, which hybridizes to the adaptor sequences added in the first stage (Liu et al., 

2012). It uses modified dNTPs containing a terminator, which blocks further 
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polymerization and the sequencing reaction is conducted simultaneously on a very large 

number of different template molecules spread out on a solid surface (Moorthie et al., 

2011).  The terminator also contains a fluorescent label, which can be detected by a 

camera generating a temporal series of colour images, which can be computationally 

converted into sequence reads (Quail et al., 2012). Illumina launched HiSeq 2000 in 

2010. The system utilised the same sequencing technology as genome analyser, making 

it the cheapest in sequencing with $0.02/million bases (Liu et al., 2012).    In 2015, 

Illumina launched HiSeq X Ten, HiSeq 3000/HiSeq 4000 systems which provide 

remarkable level of throughput due to billions of nano-wells at fixed locations 

compared to the normal flow cell (Ambardar et al ., 2016). 

2.9.3Applied Biosystems /Life Technologies (SOLiD system) 

SOLiD (Sequencing by Oligonucleotide Ligation and Detection) is the NGS 

technology developed by Life technologies and introduced in 2007.  This platform uses 

ligation of fluorescently labelled hybridisation probes to determine the sequence of a 

template DNA strand, two bases at a time as a programme for sequencing (Mardis 

2013).  In this method, DNA template molecules are prepared by fragmentation, adaptor 

ligation, hybridisation to beads and emulsion PCR as described for the 454 systems 

(Mardis 2013).  Beads are then immobilised on a glass slide at high density and 

sequencing proceeds with the addition of a universal primer and fluorescently labeled 

oligonucleotide probes (Moorthie et al., 2011).  DNA sequence is generated by 

measuring the serial ligation of dye labeled oligonucleotide to the DNA by ligase 

(Mardis 2013).  The ligation reaction is based on probe recognition.  The probes used in 

SOLiD system interrogate two bases per reaction.  Thus, all bases on the template 

strand are interrogated twice (Quail et al., 2012).   
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 In this method, only four coloured dyes are used.  Hence, each colour represents 

four possible different two-base combinations and totaling to sixteen possible 

combinations (Quail et al., 2012).   The arrangement of colours is in such a way that if 

the first base is known, the second can be deduced.   The first base in the sequence is 

always from the universal primer which was added initially, the rest of the sequence can 

be inferred from the raw colour data (Moorthie et al., 2011).  This modification has 

made this system the only NGS platform that has an overall accuracy of greater than 

99.85% (Mardis 2013).  However, owing to the nature of sequence interrogation, this 

sequencing method has limited read lengths.  Also, the computational infrastructure is 

expensive and is not easy to use (Ambardar et al., 2016). In conclusion, of the three 

NGS systems the Roche 454 system has the longest read length; the Illumina HiSeq has 

the lowest sequencing cost whereas the SOLiD system has the highest accuracy.  

 

2.10 Introduction of compact sequencers 

In early 2010, 454 GS Junior, a new bench top system was introduced with an 

average read length of 400 base pairs having the longest reads up to 600 base pairs and 

with an output of 14 G per run (Pareek et al., 2011).   

 Ion Personal Genomic Machine (PGM) was released by Ion Torrent at the end 

of 2010 which was later acquired by Life Technologies (Pareek et al., 2011).  It is a 

compact benchtop sequencer which uses semiconductor sequencing technology. In this 

technology, a nucleotide is incorporated into the DNA molecules by the polymerase; a 

proton is released resulting in the change in pH helping PGM to recognize whether a 

nucleotide is added or not (Pareek et al., 2011).   It is the first commercial sequencing 

machine that does not require fluorescence and camera, resulting in higher speed and 

throughput, lower cost, and smaller instrument size (Pareek et al., 2011).  However, in 
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genomes with very high A-T content, sequencing by Ion Torrent PGM showed lack of 

coverage in 30% of the analysed genome (Ballester et al., 2016).MiSeq launched in 

2011 by Illumina is the only compact next-generation sequencer that integrates 

amplification, sequencing, and data analysis in a single instrument (Pareek et al., 2011).  

In a comparison study, the sequencing accuracy shown by MiSeq was superior to PGM 

(Quail et al., 2012). Among these compact sequencers, Ion Torrent PGM has high 

throughput compared to 454 GS Junior by having long read length.  On the other hand, 

the Illumina MiSeq is best with respect to least number of errors (Table 2). 

 

2.11 Evolution of Third and Fourth Generation Sequencing 

 Even though NGS has revolutionised the field of high throughput sequencing, 

analysis of larger structural variants and study of overall chromosome structure is still 

difficult (Schadt et al., 2010).   These limitations are now overcome by the use of new 

single-molecule sequencing technologies known as third generation sequencing (TGS) 

(Pareek et al., 2011).The three commercially available third-generation DNA 

sequencing technologies are Pacific Biosciences (PacBio) Single Molecule Real Time 

(SMRT) sequencing, the Illumina Tru-seq Synthetic Long-Read technology, and the 

Oxford Nanopore Technologies sequencing platform (Pareek et al., 2011).  

 A major advantage of the TGS platforms over the NGS is its ability of direct 

sequencing of the single DNA molecules and also the elimination of the DNA 

amplification step, resulting in even reduced costs (Schadt et al., 2010).  Thus the use of 

TGS could result in theatrically longer read lengths, shorter time to have result and 

lower costs which would help scientists in resequencing of genomes, to achieve a higher 

level of accuracy (Pareek et al., 2011).  
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Joakim Lundeberg recently developed a new technique called Spatial 

Transcriptomics thus giving rise to fourth generation sequencing (Ståhl et al., 2016).  In 

this new technology, NGS chemistry is exploited to read nucleic acid composition 

directly in fixed cells and tissues providing a throughput (Stahl et al., 2016).  

However these technologies are still in its infantile stage and in future holds 

immense potential to uncover the mystery associated with diseases.
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Table 1: Comparison of three leading commercial sequencers 

Company Platforms  Sequencing chemistry Read length/Output  Advantages  Disadvantages 

    

Roche  454 FLX Titanium Pyrosequencing  700-1000bp/ 0.7Gb  Long read length Expensive 

  454 FLX+       600bp/450Mb        

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 

 

Illumina GAIIx   Sequencing by synthesis 2×50bp/30Gb   Highest throughput Short reads, large  

               Structural variations 

  HiSeq 1000      2×100bp/35Gb  Low sequencing cost   

  HiSeq 1500      2×100bp/60Gb  High capacity of multiplexing  

  HiSeq 2000      2×100bp/150-200Gb 

  HiSeq 2500      2×150bp/150-180Gb 

  HiSeq 3000      2×150bp/650-750Gb 

  HiSeq 4000      2×150bp/13000-1500Gb 

  HiSeqX ten      2×150bp/1.6-1.8Tb 

  NovaSeq5000      2×150bp/2000Gb 

  NovaSeq6000      2×150bp/6000Gb 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 

Life                    SOLiD 4 Sequencing by ligation 35-50bp/120Gb  Highest accuracy Expensive, longer run  

               time 

Technologies     SOLiD 5500     35-75bp/15 GB        

              SOLiD 5500xl     75bp/160Gb 

   SOLiD 5500W    2×50bp/160Gb 

               SOLiD 5500xlW    2×50bp/320Gb  
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Table 2: Comparison of three leading benchtop sequencers 

Company Platforms  sequencing chemistry  Read length/Output  Advantages  Disadvantages

     

Roche  454 GS junior  Pyrosequencing   400-500bp/35Mb  Long read length   

                 Expensive 

              Fast run time  Low throughput 

                 Homopolymer 

 errors 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 

Illumina  MiSeq    Sequencing by synthesis  2 × 300 bp/15Gb  Least number of errors Long run time 

  MiSeq Dx       2 × 300 bp/15Gb  High throughput   Short reads 

MiSeq FGx       2 × 300 bp/15Gb  Low cost 

              Fully automated workflow 

NextSeq 500       2 × 500 bp/120Gb   

NextSeq 550       2 × 500 bp/120Gb 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 

Life   Ion PGM  Semiconductor based   200-400bp/20Mb-1Gb Short run time  High error rate 

Technologies    Sequencing by synthesis   Depending upon the chip Highly scalable 

              Different chips available 

              Low cost 

  Ion Proton       200bp/10Gb 

 

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

   



 

  100 

  

2.12 Applications of NGS in the study of PCC/PGL  

 Next-generation sequencing is changing the pattern of clinical genetic testing.  In the 

past decade, NGS has replaced conventional sequencing in many clinical settings. Table 3 

summarizes the NGS studies in PCC/PGL and Table 4 summarizes the PCC/PGL genes 

discovered through NGS.  

2.12.1Whole exome sequencing (WES):   

 

WES is a technique in which only the coding regions of DNA, which are of interest 

are sequenced, though it is possible to target any desired region of the genome (Rabbani et 

al., 2014).  Exome characterizes 1% of the whole-genome region and approximately 85% of 

disease-causing mutations are expected to occur within the exome (Bainbridge, et al., 2010).  

Thus, WES has become the most preferred NGS method in multiple studies of PCC/PGLs 

(Bainbridge et al., 2010; Toledo et al., 2015).  Also, WES is the ideal method for identifying 

primary mutations in PCC/PGLs when no mutation is found in the common susceptibility 

genes of PCC/PGL (Toledo et al., 2016). WES, using Illumina HiSeq 2000, has helped in the 

identification of recurrent somatic H-RAS mutations in four benign and sporadic PCC/PGL 

(Crona et al., 2013).  Also, the technique has helped in revealing MAX, FH, ATRX,KMT2D 

and MDH2 as new susceptibility genes in PCC/PGL (Burnichon et al., 2015).  In a 

comparison study by McInerney-Leo and colleagues, the efficiency of two different 

commercial WES platforms namely Illumina TruSeq and NimbleGen SeqCap EZ v3.0 by 

Roche was analysed in eleven individuals with known mutations in PCC/PGL (McInerney-

Leo et al., 2014).   All the mutations were detected using NimbleGen SeqCap EZ v3.0 

platform.However, one mutation was missed by Illumina TruSeq exome capture system 

(McInerney-Leo et al., 2014).  The study also reported that exome sequencing using these 

platforms was economical.   The full results could be obtained in less than five weeks from 

sample collection (McInerney-Leo et al., 2014).  
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One of the limitations of WES is that it misses regions adjoining the exons such as 

promoters, enhancers and transcription factor binding sites unless the probe set is expanded to 

cover them (Parla et al., 2011).  Also, the individual exon coverage of PCC/PGL genes and 

depth of sequencing is not readily available upon the completion of analysis.   The mean 

coverage of 50x or higher is recommended for identification of germline variants in 

PCC/PGL genes which are currently expensive to achieve, with this analysis (Toledo et al., 

2016).  

In conclusion, the use of WES in the detection of mutations of genes known to 

causing PCC/PGL g differs significantly between platforms.  Thus, platform selection a 

critical choice in WES analysis.   Also, the limitations can be significantly diminished as 

technologies improve.  More importantly, it is the preferred method to detect pathogenic 

mutations in PCC/PGL in the absence of a mutation in susceptibility genes of PCC/PGL.  

2.12.2 Targeted next generation sequencing:  

In this method of sequencing, known genes/exons are tested by designing custom-

made primers to target genes of interest (Welander et al., 2014).   Multiplexing is also 

possible by the addition of barcodes to individual samples during library preparation and thus 

improving the throughput of sequencing (Welander et al., 2014).    

Three types of targeted NGS gene panels have been recommended in PCC/PGL 

diagnosis. The basic panel includes PCC/PGL genes mutated at the germ line level and is 

predominantly associated with familial disease (FH, MAX, NF1, RET, SDHA-D, TMEM127, 

and VHL).  The second one, extended panel,  includes all basic panel genes and candidate 

genes that have been proven to be functionally relevant in the pathogenesis of PCC/PGL 

(EGLN1, EPAS1, KIF1B, MET and SDHAF2). The final comprehensive panel comprises all 

extended panel genes, recently identified genes mutated at the germ line or somatic level and 

genes found to be exclusively mutated at the somatic level (Toledo et al., 2016).  Studies 
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have reported a high degree of diagnostic agreement with targeted NGS and conventional 

Sanger sequencing in the detection of PCC/PGL genes (Rattenberry et al., 2013; Welander et 

al., 2014).  However, several problems like instrument based errors, limitations in 

multiplexing and difficulty in addition to new genes to existing panels were highlighted in 

targeted NGS methodology (Welander et al., 2014).  This targeted NGS have made PCC/PGL 

sequencing more comfortable in individual labs because of its cost effective nature, easy 

instrumentation and straightforward analytical tools (Toledo et al., 2016).  Also, targeted 

NGS was reported to be highly effective in DNA samples with suboptimal quality 

(Rattenberry et al., 2013).  Thus targeted NGS is currently emerging as a favoured method for 

genetic diagnosis in PCC/PGL as individual designing of primers helps in customisation of 

the desired gene panels to achieve higher efficiency in sequencing. 

2.12.3Whole genome sequencing  (WGS):  

Sequencing of the whole human genome or determination of the 

complete DNA sequence of an organism's genome at a single time is termed as WGS (Van et 

al., 2013). WGS is the most comprehensive method as it involves sequencing of noncoding 

regions in addition to exons in PCC/PGL genes (Toledo et al., 2016).  With sufficient read 

depth, WGS has the sensitivity to detect driver mutations which are present at frequencies as 

low as 1% of the tumour cells (Mardis 2014).   

WGS has been used to characterise 179 cases of PCC/PGL in an effort to provide 

understandings into the complex genomic alterations in PCC/PGL which would not have 

been possible by other NGS methodologies (Toledo et al., 2016).   However, the costs and 

complexity of the bioinformatics analysis make it difficult to use it in routine clinical practice 

(Toledo et al., 2016).  Due to lack of sufficient data in literature, WGS can’t be used as a 

routine diagnostic tool in PCC/PGL.  More research is needed to further explore the 

diagnostic value of WGS in PCC/PGLs.  However, WGS provides a complete 
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characterization of the cancer genome and it has the potential to discover chromosomal 

rearrangements and study complex karyotypes (Meyerson et al., 2010).   

2.12.4RNA sequencing (RNAseq):  

As the name indicates, this technique utilises RNA instead of DNA in their analysis 

and yields both expression profile and mutational status (Serrati et al., 2016)).  Gene fusions 

and intrachromosomal breakpoints were recently identified by using RNAseq thus providing 

new insights into the molecular diversity and genetic origins of PCC/PGL (Cowin et al., 

2010; Flynn et al., 2015).  RNA sequencing poses a problem when identifying mutations that 

can lead to the absence of transcription or unstable mRNA of the target gene (Flynn et al., 

2015).  Also, analytical pipelines are more complex in RNAseq than WES or targeted NGS 

which limit the use of RNA sequencing for wide range molecular diagnostics in PCC/PGLs 

(Toledo et al., 2016).  Nevertheless, RNA sequencing is good to study gene expressions, 

gene fusions and other non-mutational events in PCC/PGL.  

  2.12.5DNA methylation:  

DNA methylation is a regulatory mechanism involved in the normal cellular 

development and differentiation (Letouze et al., 2013).  Hypo methylation and hyper 

methylation promote genomic instability and silencing of tumour suppressor genes 

respectively in human cancers.  They are the most widely studied epigenetic modifications in 

cancer (Wang et al., 2017). 

Epigenetic studies in PCC/PGL were biased towards hyper methylation of known 

genes in previous decades (de Cubas et al., 2015). Early attempts to uncover epigenetic 

prognostic markers in PPGL generally focused on hyper methylation of tumour suppressor 

genes (de Cubas et al., 2015).   

Currently, genome-scale DNA methylation patterns can be interrogated using high-

throughput technologies.  Two studies have utilised genome-wide DNA methylation analysis 
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using NGS methods in PCC/PGL.  Letouze et al have reported DNA methylation profiles of 

145 tissue samples from patients having PCC/PGL by Illumina Infinium HM27 (Letouze et 

al., 2013).  This study has noted that,the property of metastasis in succinate dehydrogenase B 

subunit (SDHB) mutated PCC/PGLs was due to silencing of PNMT and KRT 19 genes 

involved in cell differentiation and epithelial-mesenchymal transition (Letouze et al., 2013).  

Also, high-throughput study to explore DNA methylation using 27K platform from Illumina 

was used for the first large-scale study of DNA methylation in metastatic PCC/PGL in a large 

series of 154 PCC/PGL tissue samples.  The study identified and validated some novel 

prognostic markers in metastatic PCC/PGL (de Cubas et al., 2015).   

Taken together, DNA methylation studies using NGS technology in PCC/PGL can 

lead to the identification of novel therapeutic or prognostic markers and could also be helpful 

in targeted epigenetic treatment for patients with PCC/PGL. 

 

2.13 Limitations of NGS in PCC/PGL and its solutions 

Despite the recent advancements in the NGS technology, this system still incurs with 

multiple limitations in molecular diagnostics in both clinical and research settings.  NGS 

technologies have noticeably higher error rates than Sanger sequencing.   Nevertheless, 

advances in technologies have led to improvements in the accuracy of NGS data (Madris 

2013).  The other limitation is related to the fact that off-target sequencing and pseudogenes 

can lead to reduced sensitivity and specificity of variant detection in PCC/PGL cases (Toledo 

et al., 2016).  Recent studies have indicated that this problem can be overcome by increasing 

the depth of sequencing and longer read lengths (Burnichon et al., 2016).   

Quality of sequencing is also influenced by the reagents and kits.  Hence, it is 

necessary to ensure that every step of the protocol is performed following strict quality 

control standards, using reliable reagents and sequences with low error rates in PCC/PGL 
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(Treangen et al., 2011; Burnichon et al., 2015).  AT-rich regions and GC-rich regions are 

difficult to get captured by target and WES analysis.  Thus, regions of low coverage should 

be sequenced by complementary assays like Sanger sequencing in PCC/PGL (Ballester et al., 

2016). 

 Interpreting the results of NGS in PCC/PGL is more complex due to the massive 

amounts of data generated.  Fortunately, many software (in silico prediction programs) are 

available on line which could predict possible pathogenicity of an identified mutation 

(Burnichon et al., 2015).   Moreover, functional tests should be done to confirm the 

pathogenicity of the novel variants in PCC/PGL (Favier et al., 2015).  Therefore, no single 

platform can be considered ideal for PCC/PGL testing.  For overcoming the limitations of 

NGS designs, having a high depth of coverage and robust analytical pipelines improves the 

quality of results and can lead to the successful detection of a wide range of genomic defects 

in PCC/PGL.  

 

2.14Future implications of NGS in PCC/PGL 

 De novo mutations are frequent causes of severe, early-onset diseases.  On the other 

hand, the percentage of PCC/PGL caused by de novo mutation is still unknown (Neumann et 

al., 2005).  De novo mutations in PCC/PGLs can be identified by NGS without past 

knowledge of the disturbed pathways or candidate genes by analysis of the affected child and 

the healthy parents (Lohmann et al., 2014).  

  NGS can simultaneously find mutations in multiple genes in the same sample.   

Therefore, the discovery of digenic or polygenic disease causes could be encouraged 

(Lohmann et al., 2014).  Digenic inheritance has been reported in PCC/PGL using genome-

wide linkage analysis (Dahia et al., 2005).  Hence, combining NGS with growing networks of 

established protein –protein interaction may advance future discoveries of digenic inheritance 
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in PCC/PGL. This can further help in revealing the existence of other familial forms of 

PCC/PGL cases resulted from multiple gene defects (Dahia et al., 2005). 

 In PCC/PGL, phenotype usually determines the nature of genetic testing (Dahia et al., 

2005).  In the new era by the use of NGS, it is possible to find a disease-causing mutation 

despite incomplete phenotypic information.  This has revolutionised the diagnosis of 

rare genetic disorders (Lohmann et al., 2014).  The approach is known as “reverse 

phenotyping” (Lohmann et al., 2014).   The same approach can also be useful in PCC/PGL 

cases which can lead to identification and compilation of the wider phenotypic spectrum of 

PCC/PGL and provide a better insight into their molecular basis. Discovery of larger 

structural defects is important in PCC/PGL since 10% of the defects can result from whole or 

partial gene deletions especially in SDH and VHL genes (Toledo et al., 2015).  Also, mosaic 

transmission (mutations occasionally detected in non-tumour tissues at a low frequency) in 

PCC/PGL has been reported.  This phenomenon has not yet been systematically investigated 

using NGS across all known susceptibility genes in PCC/PGL (Buffet et al., 2014).  Thus, 

screening of PCC/PGL requires more uniform and complete coverage of all target exons 

relevant to PCC/PGL in order to identify hyper methylated areas on target genes (Toledo et 

al., 2016).  Also, targeted NGS designs involving whole genes instead of exon-only 

enrichments can significantly improve the detection of these large genomic defects in 

PCC/PGL (Toledo et al., 2016).   

NGS-based assays involving the less commonly involved genes like BAP1, GNAS 

should also be developed.  This could improve the knowledge of mutation prevalence of 

these genes in PCC/PGL and could be helping in develop appropriate targeted therapy 

(Burnichon et al., 2015; Pillai et al., 2016). 

Studies have shown circulating tumour cells (CTC) as a valuable source in predicting 

clinical outcome in patients (Yee et al., 2016).  Khan et al. studied the potential of CTCs as 
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prognostic markers in neuroendocrine tumours using a semi-automated technique based on 

immune magnetic separation (Khan et al., 2013).  Recently, viability of a liquid biopsy for 

NGS has been demonstrated in cancers such as colon, lung and breast however further 

research is needed to characterize CTCs in PCC/PGL as the technique is challenging, 

requiring a careful validation of the whole process, from blood collection to variant 

calling.  Consequently, characterization of CTCs with the help of NGS might play a role in 

diagnosis, therapeutic stratification and treatment monitoring in PCC/PGL without the need 

for direct tumour sampling in near future.  
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Table 3 NGS studies in PCC/PGL  

Author/Year Sample type/  Method used   Sequencing        Significant findings 
  Number      Platform   

Welander/2012 Tumour/86   Targeted NGS   MiSeq (llumina)        Targeted NGS proved to be fast and cost effective for  

                     genetic analysis 

Buffet /2013      FF, buccal cells/2  Amplicon sequencing  GS Junior (Roche)     Detected potential germline mosaicism  

              HIF2A-related polycythaemia-paraganglioma syndrome  

Casey/2013 Blood/31          Illumina sequencer     Novel mutation in sdhaf2 was detected supporting the use  

               of universal genetic screening in PCC/PGL 

Cao/2013 Blood/4        Whole exome sequencing HiSeq 2000(llumina)  Candidate genes potentially associated with PCCs in a  

                      dominant or recessive homozygous or compound  

                      heterozygous pattern were identified 

Crona/2013 Tumour/3  Whole exome sequencing HiSeq 2000(llumina)  NGS can serve as a fast and cost-effective method in  

PCC/PGL screening bioinformatics analysis may be 

performed without expert skills   

Crona/2013 FF; Blood/4  Whole exome sequencing   HiSeq 2000(llumina) Somatic H-RAS mutations were identified in PCC/PGL 

Letouze/2013   Paired Blood/1             Whole exome sequencing  HiSeq 2000(llumina) FH identified as a novel PCC/PGL susceptibility gene  

McInerney-Leo Tumour/11  Whole exome sequencing  Illumina TruSeq  Platform selection is critical to maximize sensitivity in  

2013            whole   exome sequencing    

         Roche NimbleGen               

Toledo/2013    Tumour; Blood/6   Whole exome sequencing HiSeq 2000(llumina)    Somatic mutation in the HIF2A gene was identified  

          establishing a direct oncogenic role for HIF2A in PCC/PGL     

Rattenberry/ Blood/205    -   GS Junior (Roche 454) A comprehensive NGS-based strategy for the analysis of  

2013            genes with predisposition to PCC/PGL was established,  

            validated, and introduced into  diagnostic service.  

Clark/2014       Blood/1  Whole exome sequencing llumina GA analyse      FH mutations are associated with paediatric PCC   

Cascon/2015    FF; FFPE; Blood/1  Whole exome sequencing HiSeq 2000(llumina)   MDH2 identified as a novel PCC/PGL susceptibility gene 

Castro -Vega/   FF; Blood/31   Whole exome sequencing HiSeq 2000(llumina      TP53, CDKN2A, GNAS and MET were identified to be  

2015                mutated In PCC/PGL               

           Tumours/172  RNA sequencing           Overexpression of the miR cluster 182/96/183 is specific  

                 In SDHB- mutated tumours  
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Crona/2015         Tumours/21  Targeted NGS  MiSeq (llumina     Targeted next generation sequencing have equal quality  

              compared to sanger sequencing 

Crona/2015         Tumours/94  Targeted NGS  MiSeq (llumina)     Genomic landscapes of PPGL are specific to mutation 

subtype 

Denes/2015        FFPE; Blood/39 Targeted NGS  Applied Biosystems     Mutations in the genes predisposing to pituitary adenomas 

             could be associated with                  PCC/PGL 

Fishbein /2015    FF/21  Whole exome sequencing HiSeq 2000(llumina) Identified somatic ATRX mutations  

Flynn/2015  FFPE; Blood/40 Whole exome sequencing HiSeq 2000(llumina) First comprehensive genomic analysis of genotypes in  

             PCC/PGL 

    RNA sequencing        

Juhlin /2015        FF/15  Whole exome sequencing HiSeq 2000(llumina)    KMT2D identified as recurrently mutated gene in PCC/PGL 

Luchetti /2015    Tumour; Blood/85 Targeted NGS  PGM (Ion torrent)     First evidence for BRAF mutations in the pathogenesis of 

PCC/PGL 

Bennedbæk/       FFPE; Blood/143  Targeted NGS  MiSeq (llumina)     18 germline variants of SDHx family of which 8 were  

2016              reported to be novel in Danish population              

Comino-Méndez/ FF; Blood/1  Whole exome sequencing HiSeq 2000(llumina) ATRX may play a driver role in sporadic PCC/PGL 

2016 
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Table 4: PCC/PGL genes discovered through next generation sequencing 

Gene Year/Author   Location  Function       Technique used 

MAX 2011/Comino-Mendez 14q23.3/5 exons Regulation of cell proliferation, differentiation and death Whole exome sequencing 

FH 2013/Letouze  1q43/8 exons  Hydration of fumarate to malate in citric acid cycle  Whole exome sequencing 

HRAS 2013/Crona  11p15.5/7 exons Involved in signal transduction pathways   Whole exome sequencing 

ATRX 2015/Fishbein  Xq21.1/30 exons Telomere maintenance and chromosome integrity  Whole exome sequencing 

BRAF 2015/Luchetti  7q34/18 exons  Involved in cell growth     Targeted sequencing 

CAPN22015/Castro-Vega 1q41/23 exons  Involved in apoptosis and focal adhesion   Whole exome sequencing  

CDH1 2015 /Castro Vega  16q22.1/16 exons Regulating cell-cell adhesions, mobility and cell proliferationWhole exome sequencing 

CDKN2A2015/Castro-Vega 9P21.3/12 exons Regulate p53 and RB1 pathway    Whole exome sequencing 

CLPTM1L2015/Castro-Vega 5p15.33/17 exons Resistance to apoptosis      Whole exome sequencing 

FHIT 2015 /Castro- Vega 3p14.2/10 exons Involved in purine metabolism    Whole exome sequencing 

GNAS 2015 /Castro- Vega 20q13.32/16 exons Signal transduction pathways     Whole exome sequencing 

KMT2D2015/Juhlin  12q13.12/54 exons Regulates DNA accessibility     Whole exome sequencing 

MDH2 2015/Cascon  7q11.23/10 exons Reversible oxidation of malate to oxaloacetate in citric acid cycleWhole exome sequencing 

MET 2015 /Castro –Vega 7q31.2/24 exons Differentiation and proliferation of hematopoietic cells  Whole exome sequencing 

MLL3 2015 /Flynn  7q36.1/60 exons Epigenetic transcriptional activation    Whole exome sequencing 

MSH3 2015 /Flynn  5q14.1/24 exons Involved in DNA mismatch repair system   Whole exome sequencing 

PALB2 2015 /Flynn  16p12.2/13 exons Functions in genome maintenance    Whole exome sequencing 

RFPL4A2015 /Castro -Vega 19q13.42/4 exons Decreases sensitivity to chemotherapy   Whole exome sequencing 

STAG2 2015 /Flynn  Xq25/39 exons Regulates the separation of sister chromatids in cell divisionWhole exome sequencing 

STAT3 2015 /Flynn  17q21.2/ 24 exons Role in cell growth and apoptosis    Whole exome sequencing 

SYNE1 2015 /Castro -Vega 6q25.2/ 152 exons Connects nuclei to the cytoskeleton     Whole exome sequencing 

TP53 2015 /Castro- Vega 17p13.1/12 exons Gatekeeper for growth and division    Whole exome sequencing 
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FGFR12016/Toledo  8p11.23/24 exons Role in angiogenesis, neural and embryonic development Whole exome sequencing 

H3F3A 2016/Toledo  1q42.12/4 exons Role in transcription regulation, stability   Whole exome sequencing 

DNA repair and chromosomal  

MERTEK 2016/Toledo 2q13/24 exons  Regulates cell survival and phagocytosis of apoptotic cells  Whole exome sequencing 
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Conclusion 

 NGS has revolutionized molecular genetic research in PCC/PGL by identifying new 

genes and pathways associated with the pathogenesis in these tumours. It provides a wealth 

of information regarding the complex mutational landscape of PCC/PGL.  Among the three 

NGS systems, Roche 454 system has the longest read length, the Illumina HiSeq has the 

lowest sequencing cost and the SOLiD system has the highest accuracy.  Exome sequencing 

is the most frequently used approach of NGS in identifying the genetic aberrations in 

PCC/PGL diagnosis.  However, the high complexity of this technology is a challenge for 

adoption in the clinical setting and must be done with attention to prevent errors and 

misinterpretations.  Also, technological improvements will make NGS a more useful and 

powerful tool in the future for the management of patients with PCC/PGL. 
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Materials and Methods used for this research 

3.1 Recruitment of tissues: 

Phaeochromocytoma/paraganglioma tissues have been recruited from patients at 

various hospitals in Australia and Asia (Hong Kong and China). Ethical approval has been 

obtained for the use of these tissues (GU Ref Nos: MED/19/08/HREC and 

MSC/17/10/HREC). The tissue population for this research consisted of 73 PCC/PGL 

formalin fixed, paraffin embedded (FFPE) tissue samples, composed of 63 PCCs 10 PGL 

samples of which 3 PCC samples were fresh frozen(FF) 9 metastatic tumours are also part of 

the tissue population. The population also has 11 adrenal tissue samples to be used as a 

normal control for the populations.  

Population consisted of 38 males and 35 females. The site and size (maximum length 

in millimetres) of lesions were recorded. The resected tissues were fixed in 10 percent 

formalin and embedded in paraffin wax. Histological sections were cut and stained with 

haematoxylin and eosin for light microscopic examination. These sections were reviewed by 

Professor Alfred Lam, who is a Professor of Pathology and Head of Cancer Research Centre, 

in Griffith University Australia and is an internationally recognized authority in diagnostic 

and molecular pathology of endocrine cancer with more than 25 years of activities this field. 

He has published more than 250 articles in peer reviewed journals and has written book 

chapters in World Health Organization’s classification of tumours of endocrine system.  

Sections were reviewed to ensure concordance between database information and 

sample identity.  One tissue block from each patient was chosen for the study. The tissue 

block was checked to ensure that it contained a representative tumour area. These tissue 

samples have complete clinical and pathological information available. 
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3.2 DNA Extraction  

From the tissue blocks, 4μm sections were stained with hematoxylin and eosin to 

identify the area of interest for DNA extraction. For DNA extraction, five 10μm sections 

were cut. The previously identified tumour tissue was micro dissected away from adjacent 

non-tumour tissues, which were discarded in order to prevent the dilution effect of non-

tumour phaeochromocytoma/paraganglioma tissue. The sections were suspended in 1200mL 

xylene and centrifuged, followed by 2 washes of 1200mL absolute ethanol. Then, they were 

incubated with proteinase K for 24 hours at 56°C for digestion of proteins. Further DNA 

extraction was performed according to the manufacturer’s protocol for Qiagen DNA 

extraction kits (Qiagen, Hilden,NRW Germany). DNA content was quantified by 

spectrophotometric absorption at 260 nm and evaluation of A260/A280 ratio (Nanodrop 

Spectrophotometer, Bio Lab, Scoresby, VIC, Australia). The extracts were stored at 4°C until 

assayed. Extracted DNA was used for further downstream experiments like detecting copy 

number changes and sequencing.  

3.3 Extraction of miRNA  

Tissue blocks from the selected samples were sectioned into 7 micron slices for 

miRNA extraction. Hematoxylin Eosin stained slides were used to distinguish tumour from 

surrounding morphologically normal tissue. Paraffin was then removed with xylene, followed 

by centrifugation to move cellular contents to the bottom of the tube and allow removal of the 

xylene and dissolved paraffin. The miRNA was purified with Qiagen miRNeasy FFPE Kits 

(Qiagen Pty. Ltd., Hilden, NRW, Germany), which were specially designed for purifying 

total RNA and miRNA from formalin-fixed, paraffin-embedded tissue sections. miRNA 

quality was assessed by using a Bio-Rad Experion electrophoretogram instrument (Bio-Rad, 

Hercules, CA, USA). Purity of miRNA was obtained by checking the optical density (OD) 
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260/280 ratio by using a nanodrop spectrophotometer. Concentration of miRNA was noted in 

ng/µL. 

 

3.4 complementary DNA (c DNA) preparations 

From extracted miRNA Reverse transcription reactions were performed using 1 µg 

miRNA in a final reaction volume of 20 µl. miRNA was converted to cDNA using miScript 

Reverse Transcription kit according to the manufacturer's instructions (Qiagen). Master Mix 

and 1 µg of miRNA were incubated for 60 minutes at 37ºC and then heated up for 5 minutes 

at 95ºC for inactivation of the reverse transcription reaction.  Each cDNA sample was diluted 

to30 ng/µl to provide uniformly concentrated samples for RNA and miRNA qRT-PCR 

respectively. Samples were stored in a -20ºC freezer for downstream experiments. 

 

3.5 Immunohistochemistry (IHC)  

FFPE tissue blocks for the study were cut to 3-4 μm thickness and placed on 

positively charged slides. Then dried overnight at 37° C or for 2-4 hrs at 58°C. Retrieval of 

antigen with heat and pressure is a useful pre-treatment for achieving a better result. Sections 

were deparaffinised for FFPE tissues and washed with distilled water. Then slides were 

boiled in citrate buffer for about 15 minutes. After cooling down, they were rinsed with PBS 

to make them ready for immunostaining. Peroxidase, serum blocking solution, primary and 

secondary antibody, enzyme conjugate and 3, 3’-diaminobenzidine (DAB) were applied to 

the sections, in between each step being rinsed with PBS. These slides were then examined 

for the percentage and intensity of SOX2, SLUG and SDHB protein expression. A positive 

control for these experiments was set as oesophageal cancer sample previously confirmed 

positive. 

 



 

  117 

  

3.6 Purification of protein from formalin fixed paraffin embedded tissues  

10 μm thick, formalin fixed paraffin embedded tissues were placed in Eppendorf 

tubes and deparaffinised by incubation at room temperature in xylene for 10 min. After each 

incubation, tissue was pelleted at 14000 g for 3 min, and incubation/centrifugation steps were 

repeated two times. The deparaffinised tissue pellets were then rehydrated with a graded 

series of ethanol. The rehydrated tumour tissue and cell sections were resuspended in a panel 

of extraction buffers. The extraction buffers included Q proteome FFPE tissue kit (Qiagen); 

20 milli moles Tris HCl buffers and the lysis buffers. The samples were first incubated on ice 

for 5 min, and mixed by vortexing, then boiled at 100°C for 20 min. After protein extraction 

the samples were then stored in -80 ºC for western blot experiments. 

 

3.7 Protein Assay  

Protein Assay (Bio-Rad, USA) kit was used for the quantification of proteins. The 

protocol for protein quantification (microplate assay protocol) was as follows:  For the assay, 

96 well plate was used. The working reagent was prepared by adding 20 µL of reagent S to 

each mL of reagent A. Protein standards were prepared 3-5 dilution series (0.2 to 1.5 mg/mL) 

and read at 750nm wavelength so that a  standard curve is generated  each time the assay was 

performed. Several standard curves were necessary as each assay required such standard run. 

The standards were prepared in the same buffer as the sample Standards and samples (5 µL 

each) were pipetted into a clean, dry microtiter plate. Reagent A (25 µL) containing reagent S 

was added into each well.  Reagent B was added into each well. Care was taken to avoid 

cross contamination and formation of bubbles After 15 minutes, absorbance was read at 750 

nm in a microplate reader (POLARstar Omega, BMG Labtech, Ortenberg, Germany). Protein 

concentration of samples was calculated using the standard curve.  
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3.8 Western blotting  

Sample preparation  

20μg of each protein sample was mixed with 4.5μl of Laemmli sample buffer 4X and 

0.5μl of β-mercaptoethanol. DiH2O was added to reach the final volume of 20μl. All 

prepared samples were heated at 95°C for 5 min.  

For the western blot, the following working procedure was used: Mini-PROTEAN® 

TGX Stain-Free™ Protein Gels (4–20%) was used to assemble the electrophoresis cell. Inner 

and outer buffer chambers were filled with running buffer. The upper (inner) buffer chamber 

of each core was filled with 200 mL and the lower (outer) buffer chamber was filled to the 

indicator mark for 2 gels (550 mL) with 1x running buffer. Protein samples were mixed with 

1X/4X SDS sample buffer plus β- mercaptoethanol. Samples were heated at 95 °C for 5 min 

and equal amounts of proteins were loaded (20-50 μg) onto the SDS-PAGE gels. The 

electrophoresis cell was connected to the power supply and electrophoresis carried out using 

100 to 200 V with a run time of 30 to 60 minutes in Mini Trans Bolt module (Bio-Rad).After 

gel electrophoresis, proteins were transferred to PVDF membranes (0.2 µM, BIO-RAD, 

Hercules, CA, USA) using the trans blot turbo (Bio-Rad). The transfer condition was set as 

1.5 A, 25 V, 10 min (at constant voltage).After transfer, the membrane was blocked in 5% 

skim milk for 1 hour at room temperature. Primary antibody (SOX2 and SLUG) was diluted 

in antibody dilution or blocking solution. The membrane was then incubated with the diluted 

antibody overnight at 4°C with gentle agitation. After overnight incubation, the membrane 

was washed at least 3 times with TBST, for 10 minutes each wash. The membrane was then 

incubated for 2 hours at room temperature with secondary antibody after dilution in TBST 

(the details of secondary antibody presented later is recorded in each individual experiment). 

The membrane was then washed at least 3 times with TBST, for 10 minutes each wash. 

Immun-Star Western Chemiluminescence substrate solution (Bio-Rad) was added (0.1 mL 
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per cm2 of the membrane) and the chemiluminescence was visualised using a CCD imager 

ChemiDoc system (Bio-Rad). 

 

3.9 Life Technologies Ion Torrent Library Preparation for sequencing  

The primer pairs were divided into two pools to optimize the coverage and multiplex 

polymerase chain reaction (PCR) conditions.  The overall coverage of the design region was 

86%.  The amplicon-sequencing analyses benefited from the use of the Ion Ampliseq 

technology (Thermo Fisher Scientific) which uses very low input genomic DNA for a simple 

and fast library construction method for the affordable sequencing of specific human genes or 

genomic regions.   Amplicon library preparation was performed with the Ion Ampliseq 

Library kit v2.0 using approximately 10 ng of DNA as advised by the manufacturer.  The 

PCR cycling conditions were as follows: initial denaturation: 99°C for 2 min, cycling: 21 

cycles of 99°C, 15 sec and 60°C, 4 min.  PCR products were partially digested using FuPa 

reagent as instructed, followed by the ligation of barcoded sequencing adapters (Ion Xpress 

Barcode Adapters 1–16 kit; Life Technologies, Carlsbad, CA, USA).  The samples were 

barcoded to allow the pooling of multiple patients DNA on the same sequencing chip.  The 

final library was purified using Agencourt AM Pure XP magnetic beads (Beckman Coulter, 

Brea, CA, USA) and quantified using qPCR (Ion Library Quantitation kit) on a Step One 

qPCR machine (both from Life Technologies).  The individual libraries were diluted to a 

final concentration of 100 pM and ten libraries were pooled and processed to library 

amplification on Ion Spheres using an Ion PGM Template OT2 200 kit.  Unenriched libraries 

were quality-controlled using Ion Sphere quality control measurement on a Qubit instrument.  

Following library enrichment (Ion OneTouch ES), the library was processed for sequencing 

using the Ion Torrent Hi-Q sequencing chemistry and the barcoded libraries were loaded onto 

a single 316-v2 chip following the Ion PGM Hi-Q Sequencing Kit v2 manual. 
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3.10 High resolution Melting (HRM) 

HRM was accomplished by amplifying target sequences on the Rotor-Gene Q 

detection system (Qiagen) using the software Rotor-Gene Screen Clust HRM Software. The 

exons were PCR amplified in a total reaction volume of 10 μl comprising 5 μl of 2Xsensimix 

HRM master mix, 1 μl of 30 ng/μl genomic DNA, diethylpyrocarbonate (DEPC, RNase free) 

treated water 2 μl and 1 μl of 5 μmol/L primer. The thermal cycling protocol started with one 

cycle of 98 °C for 4 minutes. Full activation of the SensiFAST DNA polymerase occurs 

within 30 seconds at 95 °C. This was followed by 40 cycles of 98 °C for 5 seconds. Each PCR 

run included a negative (no template) control. The melt curve data were generated by 

increasing the temperature from 65 °C to 85 °C for all assays, with a temperature increase rate 

of 0.05 °C/seconds and recording fluorescence at each step.The fluorophore was syber green.  

3.11Gel Electrophoresis 

 

Gel preparation-Preparation of a 1% agarose gel was done by dissolving 1 gram 

agarose powder per 100mL 1x TBE(45 mM Tris-borate, 1 mM EDTA) in a flask and melting 

the agarose/buffer mixture by heating in a microwave. The agarose mixture was then poured 

into the casting tray and an appropriate comb was placed into the gel mold to create the wells. 

Loading and running the gel-Loading dye (6X concentration) was added to the DNA 

samples to be separated in order to track the migration of DNA samples and also to make the 

sample to sink into the gel. Then running buffer (TBE) was added to cover the surface of the 

gel. Then DNA samples were loaded into the gel. Cords were then correctly plugged into the 

power supply (red to red, black to black) and electrophorese (run) was done until the 

bromophenol blue has migrated to within ¾ of the positive electrode end of the gel. 

Observing Separated DNA fragments-After the run, gel was removed  and exposed to  

ultraviolet  light using a gel documentation system and DNA bands showed up as green 

fluorescent bands which were then cut for purification for sanger sequencing. 
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Chapter 4:        (Aim 1) 

Design and optimize a targeted amplicon panel for 

phaeochromocytoma/paraganglioma genes and evaluate its usefulness    in 

formalin fixed paraffin embedded tissues using a next generation 

sequencer. 
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4.1 Introduction 

Genetic testing is important in patients with phaeochromocytoma/paraganglioma 

because one-third of all patients with PCC/PGL have disease causing germline mutations and 

establishing a hereditary syndrome in the proband may affect an earlier diagnosis and 

treatment of PCC/PGL in families (Lenders et al., 2014).  In the previous decades, genetic 

testing for germline mutations in genes predisposing to phaeochromocytoma/paraganglioma 

involved testing single gene and prediction by clinical features has been performed (Toledo et 

al., 2015).   

Advances in massive parallel sequencing technologies such as next-generation 

sequencing (NGS) have recently transformed the practice of DNA sequencing (Toledo et al., 

2015).  The new technique allows simultaneous sequencing of multiple genes in a single run 

at a much lower cost than conventional DNA-sequencing techniques (Toledo et al., 2015).   

Formalin-fixed, paraffin-embedded (FFPE) tissues are a valuable source for studying 

cancer genomics (Einaga et al., 2017). However prolonged fixation time, acidic pH, and 

delayed fixation of FFPE tissues can alter sequencing quality (Einaga et al., 2017). 

Deamination of nucleotides can also cause C: G>T: A changes in FFPE tissue samples and 

may produce false positive results with NGS (Kim et al., 2016). 

The goal of this research was thus to develop a customized, cost-effective amplicon 

panel (Ampliseq) for the complete and accurate sequencing of fourteen of the most 

commonly mutated pathogenic genes using NGS in patients with PCC/PGL.   In addition, the 

research intends to obtain proof of concept of the sensitivity, specificity, and accuracy of this 

type of NGS procedure and to refine the analysis pipeline to achieve cost-effective results 

from the perspective of a routine laboratory set-up.  
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4.2 Materials and Methods  

4.2.1Samples collection  

The samples for this study were prospectively recruited from patients with PCC/PGL 

resected in Australia and Hong Kong. All the 5 patients from Australia are of European 

decent (4 born in Australia and 1 born in New Zealand) whereas 20 patients from Hong Kong 

are ethnic Chinese. Ethical approval for this study was obtained from the Griffith University 

Human Research Ethics Committee (GU Ref Nos: MED/19/08/HREC and 

MSC/17/10/HREC). After clinical and pathological review, 25 tissues (22 formalin fixed 

paraffin embedded and 3 fresh frozen) were used in this study for DNA extraction. They were 

obtained from 25 patients (14 females; 11 males) diagnosed with PCC/PGLs (22PCC/3PGL). 

The mean age of the patients with PCC/PGL was 42(range 18–75 years).  

In the second stage of this experiment another 25 formalin fixed paraffin embedded 

tissues were used. They were obtained from (16 females; 9males) diagnosed with PCC/PGLs 

(18 PCC/7PGL). The mean age of the patients with PCC/PGL was 46(range 18–64 years).  

4.3.1 DNA extraction from archived/fresh frozen tissues 

The selected tissues were sectioned in 7µm slices using a microtome.  The genomic 

DNA was extracted from these tissues using the QIAGEN Blood and Tissue kit (method 

described in detail in methodology chapter 3 section 3.2 page 115).  Purification steps were 

done.  The DNA sample quantity and the purity of the nucleic acid samples were assessed 

using a Qubit 2.0 flourometer (Thermo Fisher Scientific, Freemont, CA, USA).  

4.3.2Ampliseq panel design and Ion Torrent PGM sequencing   

 A custom panel was designed with the help of the Ampliseq Designer online tool 

(https://www.ampliseq.com), which was employed to generate optimized primer designs 

compatible for formalin fixed paraffin embedded tissues.  In the current study, primers were 

designed for genes (NF1, RET, VHL, SDHA, SDHB, SDHC, SDHD, SDHAF2, TMEM127, 
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MAX, CDKN1, MEN1, KIF1Bβ, EPAS1, and PHD2) present in the Human Reference 

Genome (hg19).  These genes were selected on the basis of their frequency of mutation in 

PCC/PGL and those described in pathogenesis of phaeochromocytoma and paraganglioma 

(Pillai et al., 2016; Lam, 2015).  This design allowed analysis of 223 exons by the targeted 

sequencing of 798 amplicons. Table5 shows the list of primers of the genes designed for 

targeted amplicon sequencing. 

Table5. List of Primers designed for targeted amplicon sequencing 

Extracted DNA from formalin fixed paraffin embedded (FFPE) and fresh frozen 

tissues, underwent mutation detection using next generation Ion Torrent sequencing for 

determination of pattern of mutations. The steps involved are   

1. Construction of Library 

2. Preparation of Template 

3. Running of Sequence  

 4. Data Analysis 

 

 

Name  

Chromosome 

Numberof 

Amplicons 

Total Bases Covered 

Bases 

Missed 

Bases 

Overall 

Coverage 

 NF1 chr17 178 13989 12392 1597 88.58 

CDKN1 chr12 22 2446 2195 251 89.74 

 KIF1B chr1 173 16544 14131 2413 85.41 

 MEN1 chr11 38 4829 4301 528 89.07 

 SDHA chr5 32 2554 2307 247 90.33 

 SDHB chr1 18 1233 1233 0 100 

 SDHC chr1 31 2918 2490 428 85.33 

 SDHD chr11 14 1409 1191 218 84.53 

 MAX chr14 34 3103 2834 269 91.33 

 PHD2 chr1 52 7152 4407 2745 61.62 

 RET chr10 70 6776 6441 335 95.06 

 VHL chr3 21 4593 1900 2693 41.37 

 SDHAF2 chr11 16 1263 1242 21 98.34 

TMEM127 chr2 41 5000 4094 906 81.88 

 EPAS1 chr2 58 5342 4987 355 93.35 
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4.3.2.1Library Preparation 

Genomic DNA (gDNA) was thawed from PCC/PGL samples and 10ng of gDNA was 

added to each sample to be tested in a PCR tube. To each sample, a master mix of Ampliseq 

reagents as outlined in Table 6 for each individual PCR pool for the test (currently 2 pools) 

was added. Hence each sample thus required two tubes to allow both Ampliseq primer pools 

to be amplified.                    

 

Table 6: Master Mix for library preparation 

The tubes with master mix and DNA was placed in a thermal cycler and activated according 

to the thermal program outlined in Table 7 to amplify target genomic regions. 

Stage               Step Temperature Time  Cycles 

Hold Activate the enzyme   99°C   2min   1 

Cycles Denature  

Anneal and extend 

99°C 

60°C  

15 Sec 

4min 

 

18 

Hold  10°C Hold 1 

Table 7: Thermal program for amplification 

At the completion of amplification, new strip tubes were obtained for all the samples. 

Amplification products for each primer pool for a specific test were combined into one tube 

and the total volume in each tube was 20μL. To each combined amplicon pool, 2 μL of FuPa 

reagent was added to partially digest primers for ligation. Total reaction volume was 22 µL. 

Component Volume 

5X Ion Ampliseq HiFi Master Mix 2 μL 

2X Ion Ampliseq Primer Pool 5 μL  

G DNA, 10 ng  1 μL 

Nuclease-free Water 2 μL 

Total 10 μL 
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The mixture was pipetted up and down five times to mix and the strip tubes were placed in a 

thermal cycler and temperature was performed according to the program as indicated in  

Table 8. 

  

 

 

 

 

 

Table 8: Thermal program for digestion of amplicons 

As multiple samples libraries will be loaded for each sequencing chip, each sample 

must be assigned a unique barcode to enable sample distinction. For each barcode X chosen, 

a separate mix of Ion P1 Adapter and Ion Xpress™ Barcode X was made. This consisted of: 

2 μL Adapter P1, 2μL Ion Xpress Barcode and 4μL nuclease-free water. Diluted adapters 

could be stored at –20°C for multiple uses.  The designated barcode number was recorded on 

the sample tracking sheet. This diluted adapter mixture was then added to the digested 

amplicons as shown in Table 9. Total volume was 15 μL. 

                                                            

 

 

 

 

 

Table 9: Thermal program for adaptor ligation 

Temperature  Time 

50°C  10 min  

55°C  10 min  

60°C  20 min  

10°C  Hold (for up to1 hour)  

Component  Volume 

Switch Solution  2 μL 

Ion Ampliseq Adapter Mix (P1+Barcode)  1 μL  

Digested Sample Amplicons  12 μL 

Total volume  15 µL 
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1 μL of DNA Ligase was added to each well and mixed thoroughly. Strip tubes were 

placed in a thermal cycler and temperature program was performed as indicated in Table 10 

                                     

 

 

 

 

Table 10: Thermal program for adaptor ligation 

Libraries were then stored at -20C for sequencing. 

4.3.2.2Library Purification  

  AMPure® XP reagent was brought to room temperature and vortexed thoroughly to 

disperse the beads before use. The solution was pipetted slowly then 24μL (1.5X sample 

volume) of Agencourt AMPure XP Reagent was added to each library and pipetted up and 

down 5 times to thoroughly mix the bead suspension with the DNA. The mixture was 

incubated for 5 minutes at room temperature. 

The tube was placed in a magnetic rack and incubated for 2 minutes until solution 

clears. The supernatant was discarded without disturbing the pellet. 75 μL of freshly prepared 

70% ethanol was added (combine 230 μL of ethanol with 100 μL of nuclease‐free water per 

sample) and the tube was moved side to side in the magnet to wash the beads, then the 

supernatant was discarded without disturbing the pellet. The steps were repeated for a second 

wash. Keeping the plate in the magnet, the beads were air dried at room temperature for 5 

minutes. The constructed libraries were stored at -20 for future template preparation. 

4.3.2.3Library Quantification  

Using the experion each library was quantified using the Experion 1K DNA kit 

(Figure: 19). Eleven samples were analysed on the chip at a time. Samples were then 

Temperature  Time  

22°C  30 min  

72°C  10 min  

10°C  Hold  
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grouped into pools according to previous barcoding and according to experimental design. 

For each pool, all samples were diluted to the same concentration(10ng/ μL) and then equal 

volumes were added to a single tube and calculations were done according to the manual. 

 

Figure: 19 Experion systems for library quantification 

 

4.3.2.4Template Preparation  

The Ion One Touch instrument (Figure20) was installed and set up according to the 

user manual. Before each use the amplification plate, reagent oil, recovery solution and 

plastic ware was set up as described in the user manual. Each time a new kit was used, all 

plastic ware and reagents were changed to correspond with the kit currently in use. 

Importantly the waste container was emptied before every run, as any backwash would cause 

permanent contamination of the entire instrument. An amplification solution was prepared 

and installed for each sample pool (8 samples). Before setting up the reaction, the Ion 

OneTouch 2 x Reagent Mix was thawed and subsequently kept at 4 ⁰C. Also, the enzyme mix 

and pre-prepared library were vortexed just before use. In an Eppendorf tube the following 

components were added in the designated order:  

1. 280 uL Nuclease free water  
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2. 500 uL Ion OneTouch 2x reagent mix  

3. 100 uL Ion OneTouch enzyme mix  

4. 20 uL Diluted library pool  

The Ion Sphere Particles (ISPs), included in the template preparation kit, were then 

vortexed at maximum speed for 1 min and immediately 100 uL was added to the 900 uL of 

amplification solution. The filter assembly was then prepared and installed by using a pipette 

to add the 1 ml prepared solution and 1.5 ml of OneTouch oil to the reaction filter. The filter 

was inverted and inserted into the OneTouch as described in the manual. An assisted run was 

selected from the dropdown menu and after following each prompt, the run was started. The 

OneTouch was cleaned according to the instruction after each use.  

 

 

Figure 20 Ion One Touch 2 (For Template preparation and Enrichment) 
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4.3.2.5Recovery of template positive Ion sphere particles (ISP)s 

Both of the recovery tubes were removed immediately after the last centrifugation 

step in the OneTouch and all but 50 uL of recovery solution was removed using a pipette. 

Care was taken not to disturb the pellet and the template-positive ISPs were resuspended in 

the remaining recovery solution. The ISPs were then washed in 1 ml of Ion OneTouch wash 

solution. At this stage ISPs could be stored for up to 3 days at 4 ⁰C. Just before sequencing 

ISPs were centrifuged for 2.5 min at 15500 x g, and all but 100 uL of supernatant removed. 

The pellet was then resuspended by vortexing. Each sample underwent this process and from 

here the sequencing part of the protocol was commenced. 

 

4.3.2.6Sequencing  

The Personal Genome Machine (PGM) (Figure 21) has been maintained according to 

manufacturer’s recommendations including weekly chloride washes when the machine is in 

use and water washes after each run. Before each run, the PGM was initialised in strict 

accordance with the user manual using a Life Technologies HiQ sequencing reagents kit. 

Before each run, a run plan was generated using the Ion Torrent browser on the server. The 

run plan specified sequencing settings, number of flows, kit type used in sample preparation, 

barcodes used and corresponding samples, sample type i.e. DNA and the reference file to be 

used. Human genome (hg19) was used as the reference sequence. This allows the server to 

automatically assemble sequence fragments against this reference sequence. All torrent soft 

wares were updated regularly. 
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Figure21. Personal Genomic Machine (For genetic profiling) 

 

4.3.2.7Template Positive ISP Preparation  

For quality assessment of each sequencing run, 5 uL of control ISPs were added to 

half of the 100 uL volume of ISPs previously stored in the fridge. The other 50 uL were kept 

as reserve stores. The “A” and “D” test fragments found in this control mixture provided 

insight about the quality of sequencing runs. After adding control fragments, 100 uL of 

annealing buffer was added and mixed in by pipetting up and down. The tube was centrifuged 

for 2 min at 15 500 x g and all but 3 uL of supernatant was removed. The sequencing primer 

was then annealed to each target fragment by adding 3 uL of thawed sequencing primer 

followed by a 95 ⁰C 2 min and 37 ⁰C 2 min thermal cycling step.  

4.3.2.8 316 Chip Loading  

The chip (Figure 22) was placed on the PGM system via the grounding plate and 

“experiment” was selected on the main menu to initiate a chip check. Following a successful 

chip check, the chip was washed once with 50 uL of 100 % isopropanol and twice with 50 uL 
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of annealing buffer. Sequencing polymerase was then added to the ISPS, to bring the total 

volume to 7 uL. After a 5 min incubation period, ISPs were loaded onto the chip and equally 

distributed through a series of centrifugations. The run was then started. Each run took 

approximately 2 and half hours.  

 

Figure 22: Ion 316 TM chip 

 

4.3.3 Data Analysis 

 Sequencing results of the Ion Torrent PGM run were assessed via the Torrent 

Browser, which is a web-based user interface on the Torrent Server.  The Torrent Browser 

runs report comprises of the statistics and quality metrics of the run, which include the Ion 

Sphere Particle (ISP) density, the percentage of polyclonal ISPs (ISPs carrying clones from 

two or more templates), and low quality percentage (percentage of ISPs with a low signal). 

Together, these factors make up the percentage of usable reads, which is the percentage of 

Library ISPs that are not eliminated by the quality filters for being polyclonal, having low 

read quality, or the result of primer dimer.  These reports were used to evaluate the quality of 

the Ion Torrent PGM run.  A good quality run has at least 30% ISP loading and 30% usable 

reads.  

The data from the sequencing runs were analysed using the Torrent Suite v4.0.2 analysis 

pipeline, which includes raw sequencing data processing (DAT processing), splitting of the 

reads according to the barcode for the individual sample output sequence, classification, 
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signal processing, base calling, read filtering, adapter trimming, and alignment QC.  Single-

nucleotide polymorphisms (SNP), insertions, and deletions were identified across the targeted 

subset of the reference genome (hg19) using the analysis plug-in Torrent Variant Caller 

(v4.0-r76860), with the parameter settings optimized for germ-line high frequency variants 

and minimal false positive calls. SIFT (Sorting Intolerant From Tolerant) which uses 

sequence homology to predict whether an amino acid substitution will affect protein function 

and  PolyPhen-2 (Polymorphism Phenotyping version 2) which is a tool which predicts 

possible impact of an amino acid substitution on the structure and function of a human 

protein using straightforward physical and comparative considerations were used to classify 

the variants.An allele frequency calculation - 1000 Genomes Frequency - was used to 

determine the frequency of the variants in the population.  The output variant call format 

(VCF) file was then annotated through Ion Reporter and with Ingenuity Variant 

Analysis software (www.ingenuity.com/variants) from Ingenuity systems (Qiagen, Hilden, 

Germany).  
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4.3.4 RESULTS  

4.3.4.1Technical assessment of Next Generation Sequencing assay 

Below in (Figure 23) a series of heat maps are shown which correspond to the density 

of template positive beads sequenced on each chip. Blue depicts empty wells, while red is 

indicative of a high density of template positive ISPs. Poor template preparation or 

insufficient library input into template preparation results in low sequence coverage, as seen 

in the blue far left heat map. 

An average of 800 MB was generated per chip (range300–1GB). Loading densities of 

the targeted sequencing of four libraries (eight samples were multiplexed in each library) 

ranged from 50 to 62 %. The total number of reads (usable sequence) ranged from 5.8 to 6.4 

Mb, and the average read length ranged from 103 to 107 base pairs (Figure 24).  After 

filtering out polyclonal, low quality, and primer dimer bearing ISPs, the percentage of usable 

reads ranged from 54 to 58 %. The numbers of reads for each sequencing chip were 

2,215,571 and 1,462,248 for total reads and 2,166,403 and 1,439,054 for mapped reads 

(Figure 25). The total numbers of bases sequenced were 222, 218, 963 and 734, 745, 431.  

 Approximately 98 % of the reads were aligned to the reference genome (hg19) and 

91 % mapped to the target regions, with average base coverage ranging from 203× to 256× 

for individual samples (Figure 26).  Of which, 97.7 % of the targets had minimum read depth 

of 20×, 95.6 % at >50× and 88.2 %at >100×.  The average total coverage of all targeted bases 

was 93.7 % at 20× and 85.38 % at 100×.  Coverage was comparatively higher for fresh 

frozen (FF) tissues compared to archived (FFPE) tissues. 
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Figure 23: Thermal map of successful NGS run:  

The density of ISP deposition is shown with higher density levels in red and lower levels in blue.  

The more densely positive ISPs are deposited, the greater the sequence data output.  

The blue colour shows poor chip loading with large blue areas, indicating few positive ISPs.  

The red colour illustrates acceptable chip loading metrics which corresponds to high sequence output.  
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Run Report for Auto user SN2-4-suja pheo updated plan run 2 41 

 

Figure 24: Ion Sphere Particle Summary Chip loading and sequencing metrics are given for an example run.  

The red colour indicates dense loading of positive ISPs which corresponds to high sequence output. 

 The percentage of polyclonal reads, where multiple templates are attached to a single ISP, is 21 %. which is what recommended  

The final library obtained is 76% which is indicating successful sequencing run. 
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Figure 25: Chip loading percentage chip achieved 62.4% utilization rate, effective ISPs is 

99.6%; 

 

 

Figure 26: Sequencing data aligned to Homo Sapiens 98% of sequenced bases aligned to the 

human genome, with 2 % of sequenced bases not matching the reference sequence. This 2% 

are the variants identified through sequencing which are different to the reference sequence 

and possibly involved in modulating disease susceptibility 
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4.3.4.2 Genetic Alterations  

In this study, NGS was designed for archived paraffin embedded issues. Fifteen 

PCC/PGL susceptibility genes covered by 798 amplicons were used. Overall, 713 variants 

were identified in the ten patients; these variants identified from the Ion Reporter ranged from 

13 to 162 per patient. Single nucleotide variants (SNV) were the most common genetic 

variants. Additional annotation of the 713 variants with the help of Ingenuity variant analysis 

revealed 257 variants of which 156 were common variants. Further annotation of the 156 

variants revealed 29 different uncommon DNA variants in twelve genes (Table 11). Of these, 

four were classified as pathogenic or probably pathogenic, one in KIF1B, two in NF1 and one 

in SDHD with the help of Ingenuity software (Table 12).  

No genetic variants were observed in SDHB, MAX and VHL genes in PCC/PGL. 

Among the 29 variants, 12 were noted to be present in chromosome1, while chromosome 17 

showed the presence of seven variants. The most frequently altered gene in the current study 

cohort was KIF1B followed by NF1.  

In the second set of experiments, two novel variants were identified in EPAS1 which 

were predicted to be disease causing variants,no other pathogenic variants in any other gene 

were noted (Table 13). 
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Table 11 Genetic Variants Identified in PCC/PGL in the targeted NGS runs (first set of experiment) 

Gene   (tumour) Gene region  Nucleotide change   Protein Variant Variant Effect 

KIF1B  Case9 (PCC) Exonic   c.985G>A    p.D329N  Uncertain Significance 
KIF1B  Case9  (PCC) Intronic; Exonic c.1977+6056G>A; c.2117G>A  p.G706E  Uncertain Significance 
KIF1B  Case2 (PCC) Intronic; Exonic c.2421G>T; c.1977+6360G>T  p.M807I  Benign 
KIF1B  Case9  (PCC) Intronic; Exonic c.2918G>A; c.1977+6857G>A  p.S973N  Uncertain Significance 
KIF1B  Case9  (PCC) Intronic; Exonic c.1977+7211G>A; c.3272G>A  p.R1091H  Uncertain Significance 
KIF1B  Case3 (PCC) Exonic   c.2467G>A    p.E823K  Uncertain Significance 
KIF1B  Case9  (PCC) Exonic   c.2821G>A    p.V941M  Uncertain Significance 
KIF1B  Case9  (PCC) Splice Site  c.3375+1G>A    -   Likely Pathogenic 
NF1  Case1  (PCC) Splice Site  c.288+1G>A    -   Likely Pathogenic 
NF1  Case7  (PCC) Exonic   c.595T>A    p.F199I  Likely Benign 
NF1  Case6  (PCC) Exonic   c.598A>T    p.K200*  Likely Pathogenic 
NF1  Case7  (PCC) Exonic   c.1955G>A    p.R652H  Likely Benign 
NF1  Case7  (PCC) Exonic   c.2921A>G    p.N974S  Likely Benign 
NF1  Case7  (PCC) Exonic   c.3166G>A    p.A1056T  Likely Benign 
NF1  Case7  (PCC) Exonic   c.6965A>G; c.7028A>G  p.H2322R; p.H2343R Likely Benign 
SDHA  Case10 (PGL) Exonic   c.212G>A     p.G71E   Uncertain Significance 
SDHA   Case10 (PGL)  Exonic   c.674C>T; c.818C>T    p.T273I; p.T225I Uncertain Significance 
SDHA   Case10 (PGL) Exonic   c.889C>T; c.745C>T   p.P249S; p.P297S Uncertain Significance 
SDHC  Case5  (PGL)  Exonic; Intronic  c.112A>G; c.77+4760A>G  p.M38V   Uncertain Significance 
SDHC   Case5 (PGL) Exonic   c.242-5580C>A; c.212C>A  p.S105Y; p.S52Y Uncertain Significance 
SDHC  Case5  (PGL) Exonic   c.140-5527C>A   p.P89T; p.P70T Uncertain Significance 
SDHD  Case8  (PCC)  Intronic   c.169+5G>A; c.53-889G>A      Likely Pathogenic 
SDHAF2 Case10 (PGL) Exonic   c.68C>T    p.S23F   Uncertain Significance 
EGLN1  Case9 (PCC) Exonic    c.41G>A     p.S14N   Uncertain Significance 
EPAS1   Case1 (PCC) Exonic    c.1973G>A    p.R658H  Uncertain Significance 
TMEM127  Case6 (PCC) Exonic   c.176G>A     p.G59D   Uncertain Significance 
RET   Case3 (PCC) Exonic    c.664G>A     p.E222K   Uncertain Significance 
MEN1   Case3 (PCC) Exonic    c.700C>T; c.685C>T    p.R229C; p.R234C  Uncertain Significance 
CDKN1B  Case6 (PCC) Exonic    c.437A>T    p.E146V   Uncertain Significance 
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Table 12 Pathogenic variants among the 25 clinical samples using sequencing on Ion torrent PGM 

Case Sex/Age Site/Size  Functional Locus    Gene/type Transcript  Nucleotide  Regulatory site

 clinical features            change 

                

1 F/29  Right/7.5cm Yes  chr17:29486112 NF1/ SNV NM_001128147.2 c.288+1G>A Splice site loss
 neurofibromatosis  
6 F/18  Right/7.5cm Yes  chr17:29508451 NF1/ SNV NM_001128147.2 c.598A>T -   
8 F/33  Bilateral/2cm Yes  chr11:111958702 SDHD/ SNV NM_001276503.1 c.169+5G>A Splice site loss  
9 M/54  Left/4cm Yes  chr1:10399918 KIF1B/ SNV NM_015074.3  c.3375+1G>A Splice site loss  
 

F- Female; M- Male; SNV- Single nucleotide variant 
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KIF1B mutation analysis in phaeochromocytoma/paraganglioma 

Among the 25 PCC/PGLs, three PCCs harboured KIF1B genetic alterations. In total, eight 

genetic variants were found in KIF1B. Of these, seven were missense variants and one was 

predicted to be pathogenic. Among the seven missense variants, six were of uncertain 

significance and one was non-pathogenic. The pathogenic variant was c.3375 + 1G > A. This 

variant decreased the splicing efficiency and its likely effect was altered exonic insertion 

leading to a frame shift effect. In addition, this variant was not found in the dbSNP databases 

nor could it be found in a PubMed search to best of our knowledge, making it a novel 

mutation. 

 Genetic variants identified in NF1 

Two variants c.288 + 1G > A and c.598A > T (p.K200*) were considered to be pathogenic 

out of the seven variants identified. The c.288 + 1G > A variant decreases splicing efficiency 

as predicted by a MaxEntScan score. The likely effect of the change was the strongest nearby 

alternative splice site that was 19 bases from the exon/intron boundary on the 3′ side. This 

would result in insertion of an aberrant exon, leading to a frameshift alteration. Meanwhile, 

c.598A > T (p.K200*) was identified to be a stop gain mutation. The remaining five variants 

were predicted to be non-pathogenic in nature and have no function in the pathogenesis of 

phaeochromocytoma. 

Genetic alterations in SDHx 

SDHx alterations were observed in one PCC and two PGL samples among the 25 PCC/PGLs. 

Genetic alteration was absent in SDHB. However, SDHC and SDHD each showed three 

missense variants of uncertain significance. One missense variant of uncertain significance 

was noted in SDHAF2. Of the 3 SDHD variants noted, there is a pathogenic variant, 

c.169 + 5G > A, which was found to be in the intronic region of the gene and showed splice 
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site loss. This substitution affects the position 5 nucleotides downstream of the 5′ donor 

splice site of intron two, potentially leading to aberrant intron splicing. 

Genetic alterations in other genes 

EGLN1, RET, MEN1, CDKN1B and TMEM127 showed the presence of one missense variant, 

each of uncertain significance. Genetic variants were not reported in MAX, 

SDHB and VHL genes 

4.3.4.3 Clinical features of cases with mutations 

Among the 25 cases included in this study, fourteen females and eleven males (mean 

age 42 ± 20), three were PGL and twenty-two were PCC. All the pathogenic variants noted in 

this study were from functional tumours and were associated with phaeochromocytoma. Only 

one case of PCC was bilateral (with no MEN2A or germline RET mutation). In general, 

patients with germline mutations in their PCC/PGL tumour tissues were younger than 

patients with no mutations (mean age 33 vs 53), with NF1 patients (n=2) being the youngest 

(mean age = 23).  In addition, PCC/PGL tumour size was noted to be larger in patients with 

NF1 gene mutation compared to those without NF1 gene mutation (mean size 7.5 cm vs 5.5 

cm). Among the two NF1 mutated PCC cases, one patient have had clinical confirmation of 

Neurofibromatosis 1 in addition to PCC. This patient also had a positive family history of 

NF1 mutation. On the other hand, the SDHD mutated case (n=1) exhibited a bilateral PCC 

tumour and had the least tumour size compared to other tumours with pathogenic mutations 

(tumour size 2 cm vs mean size of 6cm).   

 

 



 

  143 

  

4.3.4.4 Clinical features of cases with EPAS1 mutations 

Population consisted of five males and four females with a mean age of 45.6 years 

(age range 22-75). All the pathogenic variants noted in this study were from functional 

tumours and were associated with phaeochromocytoma. All the cases were bilateral with a 

mean size of 5.03 cm. Among the nine EPAS1 mutated PCC cases, two patients have had 

clinical confirmation of Neurofibromatosis 1  

 

4.3.5 Discussion 

 

Sporadic PCC/PGLs occur with a negative family history. Many of these tumours are 

caused by spontaneous mutations and have not usually been associated with germline 

mutations (Brito et al., 2015). The frequency of germline mutations in sporadic PCC/PGL 

ranges from 10% to 24% (Neumann et al., 2002). However, with the discovery of new 

germline mutations, many seemingly sporadic PCC/PGL are actually hereditary. 

The American Society of Clinical Oncology suggests that all patients with PCC and 

PGLs should be submitted to genetic screening as these tumours present with a high degree 

of genetic heterogeneity and heritability (Amar et al., 2005). Approximately, 40% of all 

patients with PCC/PGL have disease-causing germline mutations (Fishbein, 2016). In recent 

years, by utilizing novel sequencing techniques in the study of cancers, there is a potential to 

decrease costs and time consumption resulting in lowering the threshold for inclusion of 

cancers for genetic analysis (Toledo and Dahia, 2015).  

In this study, we designed a targeted NGS assay for fourteen known genes to test the 

presence of mutation in 50 phaeochromocytoma/ paraganglioma. Concerning the 

methodology, the targeted NGS approach allowed simultaneous analysis of the known 

PCC/PGL susceptibility genes with a high sequencing depth. The laboratory procedure for 

the library preparation and NGS used in this study required three days of hands-on time for 

10 samples and 227 exons (806 amplicons). The reagent costs were approximately $2 
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Australian dollars per exon and sample ($454 Australian dollars for all genes in one sample), 

which corresponds to about one eighth of the reagent cost for standard Sanger sequencing 

($12.59 Australian dollars per exon and sample) in our laboratory. Thus, the current study has 

demonstrated that the NGS technique has a potential use for multi-gene variant identificat 

and an ability to produce enormous volume of data in a cost effective manner. These findings 

were similar to previously reported studies (Metzker, 2010 and Welander et al., 2014). Also 

by identifying germline mutations with this more sensitive sequencing, regular surveillance 

can be offered to patients and their relatives. In the current research, using NGS, we detected 

four patients with germline mutation. Three of the four patients were not known to have 

germline mutation clinically. 

The down side of the NGS is that the vast amounts of data present enormous 

analytical challenges to all researchers for adequate visualisation and interpretation (Crona et 

al., 2015). Nevertheless, with commercially available software in conjunction with 

customized in-house bioinformatics tools, many of these challenges were overcome in the 

research with the results described here. 

In this study of Asian-Pacific population, 16% (4/25) of patients with PCC/PGL had 

mutant DNA variants detected, which is within the range of previous studies (Brito et al., 

2015 and Neumann et al., 2002). However study by Welander and co-worker reported a 41% 

(28/68) prevalence of mutations in PCC/PGL (Welander et al., 2014). The varied frequencies 

of germline mutations may be due to the difference in selected population and geographical 

areas. In the present study, there was no pathogenic SDHB variant detected. On the other 

hand, some studies showed as many as 18–20% of the mutations detected were 

in SDHB (Neumann et al., 2002 and Gimenez-Roqueplo et al., 2006). The quite low number 

of patients analysed in the present investigation might have contributed to differences in 
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distribution of mutations in different genes. Thus, future research is needed in a larger series 

of patients to confirm the frequency of SDHB variants in PCC/PGLs. 

 

Kinesin family member 1B (KIF1B) is a large gene of 50 exons and its function is to help in 

the transport of materials in the cells as well as in apoptosis (Schlisio et al., 

2008). KIF1B mutations may disrupt apoptosis, allowing cells to divide in an uncontrolled 

way and potentially leading to tumour formation. In our pilot study, KIF1B was noted to be 

the most frequently altered gene in the cohort with a frequency of 4% (1/25). In the literature, 

mutation in this gene is rare in PCC/PGLs and accounted for 1–4% of the population of 

PCC/PGL (Welander et al., 2014 and Schlisio et al., 2008) which is similar to the results in 

our study. Searches in the literature and databases did not show any previous citation of 

the KIF1B pathogenic variant c.3375 + 1G > A identified in our study. Hence, this study 

suggests that KIF1B may be an equally important tumour suppressor gene that deserves 

further investigations in large patient cohorts to determine the frequency and clinical 

implications of KIF1B mutation in PCC/PGL and targeted NGS analysis is a sensitive tool in 

detecting the mutational variants of KIF1B gene in PCC/PGLs. 

 

Neurofibromatosis 1 (NF l) serves as a tumour suppressor as its main function is to suppress 

cell proliferation by converting RAS protein into its inactive form (Ballester et al., 1990). 

Deletion in the NF1 is a major mechanism of tumorigenesis in PCC/PGL (Welander et al., 

2012). Mutational analysis of the NF1 is technically challenging because of its large size (60 

exons) and presence of 36 pseudogenes (Bausch et al., 2007). In the current 

study, NF1 genetic alterations were noted in 8% (2/25) of the cases, opposed to those 

reported in other studies 20–40% ( Welander et al., 2012; Burnichon et al., 2012). Also, 2 

likely pathogenic NF1 DNA variants, c.288 + 1G > A and c.598A > T, were detected in two 
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of the PCC samples. c.288 + 1G > A variant was predicted to induce a large splicing change 

according to the human gene mutation database whereas c.598A > T (p.K200*) variant was a 

stop gain variant. The difference in the frequency of mutations in NF1 detected between this 

and previous studies may be the result of the difference in the population selected. This 

indicates that environmental factors or background genetics may influence which gene 

mutations are most prevalent in particular populations and deserves further investigations in 

large patient cohorts to determine the frequency and clinical implications in PCC/PGL. 

 

Succinate dehydrogenase (SDH) is a mitochondrial enzyme complex and SDHD is one of 

the subunits of SDHx complex (Pillai et al., 2016). Mutation in SDHD leads to 

malfunctioning of SDHx complex resulting in hypoxia and finally tumorigenesis in 

PCC/PGL (Baysal et al., 2000). SDHD mutations are mostly associated with extra-adrenal 

paraganglioma although its association with phaeochromocytoma has also been reported 

(Bayley et al., 2014). A SDHD germline splicing mutation, c.169 + 5G > A, noted in this 

study induces a skipping of exon 2 which has been previously reported by Timmers et al. in a 

case of malignant paraganglioma (Timmers et al., 2008).  In addition, the incidence rate 

of SDHD related malignant PCC/PGL is low when compared to SDHB related malignant 

PCC/PGLs. Early genetic analysis of SDHD identifies patients who are susceptible to 

develop metastatic PCC/PGL and subsequent identification of mutation carriers in family 

members will further improve early detection of PCC/PGL (Timmers et al., 2008). 

Thus, SDHD mutations may be noted in PCC patients when no mutation is found in other 

more common genes. 

 

Endothelial PAS Domain Protein 1 (EPAS1) is an oncogene, encoding hypoxia inducible 

factor 2 alpha (HIF2α) (Pillai et al., 2016).   Somatic gain-of-function and germline mutation 
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of EPAS1 have been reported in PGLs associated with polycythaemia (Welander et al., 2012). 

However later studies also identified somatic EPAS1 mutations in PCC/PGLS in the absence 

of polycythaemia (Welander et al., 2012).   

In this study genetic alterations in EPAS1 were noted in 18% (9/50) of PCC/PGLs 

(Table 13). No other mutant variant in any other genes were detected. However, the reported 

frequency of EPAS1 mutations is 12% in PCC/PGLs which are contrary to the published 

reports (Welander et al., 2014; Comino-Mendez et al., 2013). In total two variants were 

identified   c.1091A>T and c.1129A>T. Both were missense variants. Mutation taster 

predicted the variant to be disease causingc.1091A>T. The mutation identified changed the 

codons in amino acids AAG>ATG (p.Lys364Met). In addition, this variant was not found in 

the dbSNP databases nor could it be found in a PubMed search to best of our knowledge, 

making it a novel mutation. c.1129A>T variant was predicted to be a polymorphism and was 

identified in two tumours. 

The two mutations identified in exon 9 may have a likely effect disrupt prolyl 

hydroxylation and degradation of HIF2α (Welander et al., 2014). The difference in the 

frequency of mutations in EPAS1 detected between this and previous studies may be the 

result of the difference in the population selected indicating that environmental factors or 

background genetics influence gene mutations in PCC/PGL. 
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Table 13 Mutations detected in the sequence of EPAS1 in phaeochromocytoma (second set of experiments) 

Sample 

ID 

Change in 

DNA 

sequence 

Change in 

codon 

Change in protein 

sequence 

Protein features In silico prediction 

 (Mutation taster) 

P1 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

 

P3 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

P33 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

P78 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

P81 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

P93 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

P94 c.1091A>T AAG>ATG p.Lys364Met Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

P99 c.1091A>T 

 

 

c.1129A>T 

AAG>ATG 

 

 

AGT>TGT 

p.Lys364Met 

 

 

P.Ser377Cys 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Amino acids sequence changed 

Diseases causing 

 

 

Polymorphism  

P122 

 

 

c.1091A>T 

 

 

c.1129A>T 

AAG>ATG 

 

 

AGT>TGT 

p.Lys364Met 

 

 

P.Ser377Cys 

Amino acids sequence changed 

Protein structure (might be) affected 

Splice site changes 

Amino acids sequence changed 

Diseases causing  

 

 

Polymorphism 

 

 



 

  149 

  

In our study, multiple missense variants of unknown significance were detected. 

Evaluating the significance of such genetic variations may be extensively resource 

demanding and many bioinformatics predictors can assist in the classification of missense 

variants. However, the majority of these predictors do not automatically indicate the 

pathogenicity of the reported variant (Russell et al., 2015). To further validate the 

implications of these variants, functional studies at the protein level are required for definitive 

proof of the pathogenicity of a gene variant. In this study all the patients from Australia are of 

European decent whereas patients from Hong Kong are ethnic Chinese however further 

studies are needed to establish the ethnicity-specific genetic variations in PCC/PGL. 

Despite the relative simplicity of targeted NGS, achieving uniformity in all desired 

exons in every sample is not straightforward. In addition, NGS technologies have 

recognizably higher raw base error rates than Sanger sequencing. Furthermore, the number 

and speed by which novel genes are identified can pose technical and economic challenges 

for implementation of these new genes in the panels for analysis (Dong et al., 2015) also, in 

targeted NGS, unlike whole exome sequencing, addition of new genes to existing panels 

requires the generation of new libraries and new sample sequencing (Dewey et al., 2014). 

However, when compared to whole genome or exome sequencing which are labour intensive 

and expensive, targeted sequencing is suitable for analysing archived/fresh frozen tissues, in a 

cost-effective and technically reasonable way (Fassunke et al., 2015). This method has been 

validated in our current study. Thus, a FFPE compatible NGS-based targeted assay was 

developed .NGS diagnostics is still a progressing area, and the quality and efficiency of 

methods will develop over time. 
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4.3.6 Conclusions 

To conclude, our results show that targeted NGS on a bench-top instrument is a fast 

and cost-effective method for genetic analysis of PCC and PGL. Our knowledge regarding 

the prevalence of genetic variants in PCCs/PGLs, and the complete phenotype of patients 

with mutations in the less commonly involved genes (e.g., KIF1B) is limited when compared 

to that of the more commonly reported genes (eg, RET, SDHx). Personalised medicine in the 

management of patient with PCC/PGL could be achieved by applying this NGS protocol. 

This study shows that the costs for analysing all known candidate genes simultaneously could 

be low due to the use of targeted NGS.  By applying such procedures in all cases with 

PCCs/PGLs in future, it could facilitate a custom-made management of the patients via the 

development of personalised medicine.  Bioinformatics can only predict the pathogenicity of 

an unclassified single nucleotide variant but functional studies are required at protein level to 

confirm the pathogenicity of a genetic variant.  
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Chapter 5    (Aim 2) 

Evaluate the genetic alterations in recently discovered lesser known 

susceptibility genes and study their expression patterns in 

phaeochromocytoma/paraganglioma.  
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5.1 Introduction 

Currently twenty- nine genes are associated with PCC/PGL (Pillai et al 2016). 

Expressional profiling studies of PCC/PGL have divided the tumours into two main clusters 

depending on their genetic pathway. Cluster 1 is characterized by a pseudo‐hypoxic response 

and Cluster 2 is associated with active kinase‐signalling pathways (Dahia et al., 2005). BAP1 

is one of the gene which was recently described in one case of PCC/PGL, so to analyse the 

frequency of lesser known genes in the pathogenesis of sporadic PCC/PGL, the mutation-

prone exons 13, 16 and 17 of BAP1 were analysed with High resolution melt curve analysis 

and Sanger sequencing.  

 

 5.2Recruitment of tissues and sample selection 

Ethical approval of this study has been obtained from the Griffith university human 

research ethics committee (GU Ref Nos: MED/19/08/HREC and MSC/17/10/HREC). The 

study included 73 patients who had resection for PCC/PGL between 1973 and 2015.  They 

were operated in Hong Kong and Australia in hospitals across Asia pacific.   The patients 

were consecutively chosen and with no selection bias. The resected PCC tissues were fixed in 

10% formalin and embedded in paraffin wax.  Histological sections were cut and stained with 

hematoxylin and eosin for light microscopic examination. The histopathological features of 

patients with phaeochromocytoma were analyzed by Professor Alfred Lam (AKL).  After 

review, 73 tumours (63 PCC and 10 PGL) were selected for the study. There were 35 females 

and 38 males in this study. The mean age of the patients was 66 years (Median age = 70; 

range, 15 to 92). 
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5.3 Genomic DNA extraction 

 The methods were carried out in accordance with the approved guidelines. Tissue 

blocks from the selected samples were sectioned into 7 μm slices for DNA extraction. 

(method described in detail in chapter 3 methodology).  Haematoxylin & eosin stained 

sections were used to distinguish tumour from surrounding morphologically normal tissue. 

DNA was extracted and purified from tissue samples using all prep DNA/RNA kit (Qiagen, 

Hilder, Germany), following manufacturer’s instructions. DNA quantification was 

accomplished via Nanodrop Spectrophotometer (BioLab, Ipswich, MA, USA) and purity was 

measured using 260/280 ratio. The concentration of DNA was noted in ng/μl and then stored 

at −20 °C until use. 

5.4 Primer design 

Primers specific for determining mutation were designed for the target gene BAP1 

(exon 13, 16 and 17) and a ubiquitous control gene glyceraldehyde 3-phospahte 

dehydrogenase (GAPDH) using Primer3 version 0.4.0 (http://frodo.wi.mit.edu/primer3). All 

primers were analysed for specificity using Primer-Blast 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast) and Primer Premier program version 5 

(Premier Biosoft, Palo Alto, CA, USA) to check for primer parameters like GC content, 

annealing temperature of primer and ΔG (Gibbs free energy change - energy required to 

break the secondary structure) and to forecast any possible mismatching, primer dimer or 

hairpin formation. Specific exons for this study where selected on the basis of their 

involvement in other cancers and syndromes related to cancer.  Data for this was obtained 

from Online Mendelian Inheritance (OMIM) database. The primer pairs were obtained from 

Sigma-Aldrich (St Louis, MO, USA).  The list of chosen primer sets are summarized 

in Table 14. The primer pairs were obtained from Sigma-Aldrich (St Louis, MO, USA).  
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Table 14 List of primers designed for BAP1 Gene 

5.5 High-Resolution Melt (HRM) curve analysis 

Seventy three tumours were used for HRM analysis. HRM curve analysis was 

accomplished by amplifying target sequences on the Rotor-Gene Q detection system 

(Qiagen) using the software Rotor-Gene Screen Clust HRM Software. Samples were PCR 

amplified in a total reaction volume of 10 μl comprising 5 μl of 2Xsensimix HRM master 

mix, 1 μl of 30 ng/μl genomic DNA, diethylpyrocarbonate (DEPC, RNase-free) treated water 

2 μl and 1 μl of 5 μmol/L BAP1 primer.  The thermal cycling protocol started with one cycle 

of 95°C for 3 minutes. Full activation of the SensiFAST DNA polymerase occurs within 

10 seconds at 95 °C. This was followed by 40 cycles of 95 °C for 10 seconds. Then, the 

reaction mix was at annealed at 60 °C for 15 seconds. Each PCR run included a negative (no 

template) control. The melt curve data were generated by increasing the temperature from 

65 °C to 85 °C for all assays, with a temperature increase rate of 0.05 °C/seconds and 

recording fluorescence at each step. All the reactions were done in duplicate to increase the 

reliability of the results.   

 

Target Gene Exon Primer Sequence  

(Forward and Reverse) 

Amplicon size 

BAP1 13 

5´-

ACCATCAACGTCTTGGCTGA-3´ 

3´-GTGGCGAGTTGAAAGCACTG 

-5´ 

 

190bp 

 16 

5´-

TGATGACCAGAGAAGGACCCA-

3´ 

3´-CTTCCTGAGCCAGCATGGA-

5´ 

 

71bp 

 17 

5´-

CATGCTGGCCAACCTAGTGG-3´ 

3´-

CAAGAGTGGGCTGCAGAGTC-

5´ 

 

167bp 
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5.6 Purification of PCR products and Sanger sequencing analysis 

PCR products were subject to gel electrophoresis in 1% agarose gels and visualized 

by SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA, USA) using UV transilluminator 

(Bio-Rad) to confirm melt curve analysis.  Methodology of gel electrophoresis is explained in 

detail in chapter 3 Methodolgy section 3.11.  All the possible mutations detected by HRM 

analysis were further confirmed by Sanger sequencing.  After HRM curve analysis, 

successful and specific PCR products showing one melting peak were purified according to 

the manufacturer’s protocols from the NucleoSpin Gel and PCR Clean-up kit (Macherey- 

Nagel, Bethlehem, PA, USA). The purified PCR products were subjected to sequence by 

corresponding forward and reverse primer using the Big Dye Terminator (BDT) chemistry 

Version 3.1 (Applied Biosystems, Foster City, CA, USA) under standardised cycling PCR 

conditions and analysed by the Australian Genome Research Facility (AGRF) using a 3730xl 

Capillary sequencer (Applied Biosystems). The composition of DNA sequencing reactions 

was followed according the samples preparation guide from AGRF. Sequence analysis was 

performed with Chromas 2.31 software. 

5.7 In silico analysis 

All the variants were analysed using freely available bioinformatics tools, such as 

Mutation Taster with NCBI 37 and Ensembl 69 database release PROVEAN (protein 

variation effect analyser), and SIFT (sorting intolerant from tolerant) to evaluate the 

consequences of the identified mutations. The results were also compared with ExAc and 

1000 Genomes variant databases. The cut-off value used for PROVEAN and SIFT were 

−2.5 and 0.05, respectively, for predicting the pathogenic/non-pathogenic variants in this 

study 
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5.8 Results  

5.8.1 Identification of BAP1 variants 

A total of 7 variants were identified, of which 6 were novel and 1 was common or 

polymorphisms (defined as variants with allele frequency above this [AF] < 0.002 threshold).  

All the 6 variants were protein-changing and found in 7 cases. These 6 variants were 

predicted to be disease causing  while one variant was a polymorphism.  The disease causing 

variants induced splice site changes and changes in amino acid structure as predicted by 

Mutation Taster (Table 15, Figure 27&28).  All rare variants were confirmed by capillary 

sequencing.  All the mutations discovered have never been reported in literature. 

 

 Figure27. High resolution melts curve analysis and PCR products for BAP1 
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Figure28. Validation of BAP1 different exons sequence variant HRM curve analysis results 

by Sanger sequencing.AP1 HRM and PCR products.  

 

5.8.2Clinical features of cases with mutations 
Among the 73 cases included in this study, there were thirty five females and thirty 

eight males with a mean age of 50 years (range 18-85) years. Of the 73 cases, seven cases 

showed BAP1pathogenic variants, of which two were paraganglioma and five were 

associated with phaeochromocytoma. Tumours in two patients (one PGL and one PCC) were 

malignant in nature. In general, patients with BAP1 mutations were older in age group (mean 

age 47 years) with slight male predominance over females (5% (4/73) vs 4% (3/73). Both 

malignant tumours associated with BAP1 mutations were negative for SDHB mutations.  No 

other cancers were associated with BAP1 mutations in this cohort. 
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Table 15 Mutations detected in the sequence of BAP1 in phaeochromocytoma/paraganglioma 

Sample 

Code 

Change in 

DNA 

sequence 

Change in 

codon 

Change in protein 

sequence 

Score for amino 

acids changes 

Protein features In silico prediction 

 (Mutation taster) 

66 c.1451C>A 

c.1471G>A 

c.1399A>T 

c.2129A>C 

c.2042T>A 

CCC>CAC 

GAG>AAG 

ACT>TCT 

CAC>CCC 

ATG>AAG 

p.Pro484His 

p.Glu491Lys 

p.Thr467Ser 

p.His710Pro 

p.Met681Lys 

P484H score 77 

E491K score 56 

T467S score 58 

H710P score 77 

M681K score 95 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

 

69 c.2001G>C 

 

 

c.2139G>C 

AGG>AGC 

 

 

CGG>CGC 

p.Arg667Ser 

 

 

p.Arg713Arg 

R667S score 110 

 

 

- 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

No amino acid changes 

Diseases causing  

 

 

Polymorphism 

70 c.1451C>A 

c.1344G>T 

c.1399A>T 

CCC>CAC 

TTG>TTT 

ACT>TCT 

p.Pro484His 

p.Leu448Phe 

p.Thr467Ser 

P484H score 77 

L448F score 22 

T467S score 58 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

98 c.1451C>A 

c.1344G>T 

 

CCC>CAC 

TTG>TTT 

 

p.Pro484His 

p.Leu448Phe 

 

P484H score 77 

L448F score 22 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

111 c.1399A>T 

c.2129A>C 

ACT>TCT 

CAC>CCC 

p.Thr467Ser 

p.His710Pro 

T467S score 58 

H710P score 77 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

 

123 c.1451C>A 

c.1471G>A 

c.1399A>T 

CCC>CAC 

GAG>AAG 

ACT>TCT 

p.Pro484His 

p.Glu491Lys 

p.Thr467Ser 

P484H score 77 

E491K score 56 

T467S score 58 

Amino acids sequence change 

Protein structure (might be) affected 

Splice site changes 

Diseases causing  

 

130 c.2139G>C CGG>CGC p.Arg713Arg - No amino acid changes Polymorphism 
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5.9 Discussion 

The American Society of Clinical Oncology suggests that all patients with PCC and 

PGLs should be submitted to genetic screening as these tumours present with a high degree 

of genetic heterogeneity and heritability (Amar et al., 2005). Approximately, 40% of all 

patients with PCC/PGL have disease-causing germline mutations (Fishbein, 2016). 

Breast cancer associated protein 1 (BAP1) is a tumour suppressor gene located on 

chromosome 3p21 and was initially identified as a protein that binds to breast cancer 

associated protein 1 (Carbone et al., 2013).  BAP1 helps in the regulation of key cellular 

pathways, including the cell cycle and DNA damage response (Carbone et al., 2013). 

Germline mutations in BAP1 are associated with tumour predisposition syndrome (TPDS), 

which involves increased risk of malignant mesothelioma, uveal and cutaneous melanoma 

(Wiesner et al., 2011).  However, the complete tumour spectrum associated with 

germline BAP1 mutations is not yet known. 

Studies have reported high frequencies of somatic mutations of BAP1 in uveal 

melanoma and mesothelioma. In the current study frequency of mutation in BAP1 was noted 

to be 10%, however only one other study at the time of writing has reported germ 

line BAP1 mutations in PCC/PGL (Wadt et al., 2012).   Wadt et al, using whole exome 

sequencing, reported one carrier in a Danish family manifesting with  PGL with confirmed 

loss of the wild-type allele in the PGL tumour, however it  is unclear whether the BAP1 

mutation was contributing to the PGL development  but loss of the wild-type allele in the 

tumour may support its involvement (Wadt et al., 2012).  Nevertheless the significance of this 

finding is still unclear.  Abdel et al also reported a germline truncating mutation in BAP1 

associated with neuroendocrine cancer and suggested germline BAP1 mutation predisposes 

patients to a novel hereditary cancer syndrome (Abdel et al., 2011). 
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Abdel and colleagues recently reported germline BAP1 mutations which were 

misreported as somatic mutation based only on tumour testing thus highlighting the 

importance of sequencing matching germline and tumour DNA for proper assessment of 

somatic versus germline mutation status (Abdel et al., 2016).  Hereafter, BAP1 variants may 

be a germline mutation if personal or family history suggests hereditary cancer predisposition 

and characterization of the germline origin of the mutation in BAP1 will have significant 

impact on the management and screening of PCC/PGL. 

BAP1 mutations have been reported to be associated with metastasis and poor patient 

outcome in melanoma and breast cancers (Qin et al., 2016).  In this study cohort two mutated 

BAP1 tumours showed metastasis indicating the role of BAP1 in tumour progression and 

metastasis in PCC/PGL in the absence of other mutations.  These findings suggest that 

mutational analysis of BAP1 may have value as a biomarker for poor prognosis and further 

studies of this gene must be undertaken in larger series of PCC/PGL to confirm the damaging 

effect of this gene.    

5.10 Conclusion 

Henceforth the apparent ability of BAP1 mutations to cause multiple tumour types 

suggests that this gene has a major role in influencing cancer cell growth and extensive 

additional clinical, molecular, genetic and functional studies of this gene must be undertaken 

in larger series of PCC/PGL to confirm the deleterious effect of this gene.   Also, this 

research highlights the importance of genetic testing in all patients presenting with PCC/PGL 

even in lesser known genes associated with PCC/PGL.  Moreover sequencing of matching 

germline and tumor DNA is crucial for proper assessment of somatic versus germline 

mutation status of BAP1 in PCC/PGL. 
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The findings of this study indicate the complex network of genes involved in 

pathogenesis of PCC/PGL and BAP1 could be a potential therapeutic target for this rare 

neuroendocrine tumour. Further gene studies will help in deeper understanding and 

development of these genes leading to the goal of personalised medicine in PCC/PGL.   
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Chapter 6     (Aim 3) 

Investigate the microRNA regulated molecular pathogenesis in SDHB targeted 

phaeochromocytoma/paraganglioma  
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6.1 Introduction 

 

Despite the recent advancements in the field of molecular genetics, the exact 

mechanism involved in the tumorigenesis of PCC/PGL is still largely unknown (Li et al., 

2016).  

Recently, microRNA (miRNA) deregulation has been implicated in the pathogenesis 

of PCC (De Cubas et al., 2013, Lam 2015).  Previous investigations have demonstrated that 

members of evolutionary conserved miR-183 cluster, which include miRNAs such as miR-

96, miR-182, and miR-183, are abnormally expressed and are directly involved in the 

pathogenesis of various tumours including neural crest derived tumours (Zhang et al., 2013).  

In addition, miRNA-183 cluster is reported to be involved in key cellular functions such as 

apoptosis, proliferation, and tumorigenesis (Dumbal et al., 2015).  Furthermore, deregulation 

of miR-183 cluster expression reported to have downstream effects on succinate 

dehydrogenase enzyme subunit B (SDHB), a major mitochondrial protein in which the 

function of it is altered in the pathogenesis of hereditary PCCs (De Cubas et al., 2013).   

Metastatic spread of PCC/PGL can’t be predicted at the time of surgery and also no 

reliable markers are present which can forecast metastasis, thus there is an urgent need to 

identify biomarkers which can help in the prediction of malignancy in these tumours. Thus 

this research was therefore designed to examine miRNA-183 family’s expression levels in 

patients with PCC and to relate PCC patients’ miRNA expressions with their 

clinicopathological features and SDHB protein expressions.  Table 16 shows the MiRNA 

studies undertaken in PCC/PGL till date. 
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Table 16 MiRNA studies in PCC/PGL  

Author/Year  Tumour sample/  Method used   miRNA studied    Significant findings 
   Number of sample 

Hohjoh/2007   Cell line   ----------    miR 302,124a  No significant changes in miR expression  
                
Meyer/2010  FF/24   Microarray   ----------   18 differentially expressed miRNAs  
            between benign and malignant tumours was  
            identified 
Tombol/2010  FFPE/21   Microarray   -----------   16 differentially expressed miRNAs between sporadic 
                                                                                                                                                                                                       benign, multiple endocrine neoplasia 2, 

von Hippel-Lindau disease,  
sporadic recurring PCC was identified. 

Patterson/2012  FF/69   Whole genome microarray -----------   miR-483-5p, miR-101, and miR-183 is  
            Associatedwithmalignantpheaochromocytoma. 
Hammada/2012  Cell line   ------------   -----------  miR-221 plays a critical role in neuronal  

differentiation as well as protection against apoptosis in 
PC12 cells 

Cubas/2013  FF/69   Microarray   -----------  This study identifies for the first time miRNA 
expression levels in seven genetic classes of PCC/PGL 

(VHL, SDHB, SDHD, RET, NF1,TMEM127and MAX mutant 
Tsang/2014  FF/39   qRT-PCR    miR-210   miR-210 was significantly upregulated in  

malignant PCC/PGL and expression of miR-210 was 
higher in SDHx- or VHL-mutated PC/PGLs  

Jain/2014  FF/49   Microarray   miR-195   miR-195 regulated cellular invasion and  
directly regulated ZNF367 expression in endocrine 
cancers. 

Castro/2015  FF/172    Sequencing   ------------  Significant upregulation of the miRNA  
              cluster 182/96/183 in SDHx-related tumours 
Zong/2015  FF/53   qRT-PCR    miR-101   expression of miR-101 was elevated in  

malignant PCC with SDHD mutations when compared 
with benign PCC 

Current study  FFPE/50   qRT-PCR    miR cluster 182/96/183 Downregulation of the miRNA  
              cluster 182/96/183 in sporadic PCCs. 
 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------    
PCC =phaeochromocytoma; PGL = paraganglioma; FF=fresh frozen; FFPE=formalin fixed paraffin embedded 
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6.2 Materials and methods 

6.2.1Recruitment of tissues and sample selection 

The patients who were chosen for this study had resection for PCCs between 1973 

and 2015. They were operated by the in Hong Kong and Australia) in hospitals across Asia 

pacific.  The patients were consecutively chosen and with no selection bias.  Ethical approval 

of this study has been obtained from the Griffith university human research ethics committee 

(GU Ref Nos: MED/19/08/HREC and MSC/17/10/HREC). 

The resected PCC tissues were fixed in 10% formalin and embedded in paraffin wax.  

Histological sections were cut and stained for haematoxylin and eosin for light microscopic 

examination. The histopathological features of patients with phaeochromocytoma were 

analysed by Professor Alfred Lam.  After review, 50 patients (28 males and 22 females) with 

PCCs and 10 non neoplastic adrenal tissues were selected for the analysis. These comprisesd 

41 Chinese patients from Hong Kong and 9 patients from Australian of European decent. The 

mean age of the patients with PCC was 44.6 years (range, 2 to75). One tissue block from 

each of the tumour samples were chosen for miRNA extraction.  Each of the tissue blocks 

was checked by looking at the hematoxylin and eosin section to ensure that it contained a 

representative proportion of tumour cells (more than70% comprised of tumour).  

6.2.2 Extraction of miRNA and complementary DNA conversion 

Tissue blocks from the selected samples were sectioned into 7 μm slices for miRNA 

extraction.  Haematoxylin & eosin stained sections were used to distinguish tumour from 

surrounding morphologically normal tissue. Paraffin was then removed with xylene, followed 

by centrifugation to move cellular contents to the bottom of the tube and allow removal of the 

xylene and dissolved paraffin. The miRNA were purified with Qiagen miRNA easy FFPE 

kits (Qiagen pvt. Ltd., Hilden, NRW, Germany), which were specially designed for purifying 

total RNA and miRNA from formalin-fixed, paraffin-embedded tissue sections.  MiRNA 
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quality was assessed by using a Bio-Rad experion electrophoretogram instrument (Bio-Rad, 

Hercules, CA, USA).  Purity of miRNA was obtained by checking the optical density (OD) 

260/280 ratio by using a nanodrop spectrophotometer (Thermo Fisher Scientific, USA).  

Concentration of miRNA was also noted in ng/µl. 

Reverse transcription reactions were performed using 1 μg of the miRNA in a final 

reaction volume of 20 µL. The miRNA was converted to complementary DNA (cDNA) using 

miScript Reverse Transcription Kit (Qiagen) according to the manufacturer's instructions. 

Each cDNA sample was diluted to1.5 ng/µL in order to provide uniformly concentrated 

sample for miR quantitative real-time polymerase chain reaction analysis (PCR). The sample 

was stored at −20°C till the PCR analysis. 

6.2.3 Quantitative Real-time PCR 

An IQ5 Multicolour Real-Time polymerase chain reaction (RT-PCR) detection 

system (Bio-Rad) was used to analyse the miR-96/182/183 expression changes.  PCR was 

performed in a total volume of 20 µL reaction mixture containing 10 µL 2× Quanti Tect 

SYBR Green PCR Master Mix, 2 µL 10× miScript Universal Primer, 2 µL 10× miScript 

Primer Assay (Hs_miR-96_1), (Hs_miR-182_1), (Hs_miR-183_1), (Qiagen) and 4 µL of 

cDNA template at 1.5 ng/µL concentration.  RNU6B RNA (Hs_RNU6B_2 miScript Primer 

Assay, Qiagen) was used for normalising the amount of target miR. The primer sequences 

used for miR-96a, miR 182, miR 183 and RNU6B were 

5'UUUGGCACUAGCACAUUUUUGCU, 

5'UUUGGCAAUGGUAGAACUCACACU,  5'UAUGGCACUGGUAGAAUUCACU and , 

5′TGACACGCAAATTCGTGAAGrespectively (Qiagen).  All the samples (tumour and non-

tumour) were run in triplicates accompanied by a non-template control to increase the 

reliability of the results.   
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6.2.4 Immunohistochemistry of SDHB in PCC 

Tissues from patients with PCC with significant alteration in the expression of miR-

183 cluster were used for SDHB protein expression analysis.  A high PH ENVision FLEX 

Mini Kit (Dako, Glostrup, Hovedstaden, Denmark) was used for the immunohistochemical 

analysis of SDHB protein.  Deparaffinised and rehydrated sections (4 μm) were first 

processed for antigen retrieval in citrate buffer (at pH 6.0) for 15 minutes in a microwave 

oven and then blocked with peroxidase blocking reagent for 8 minutes. Tissues were 

incubated with a mouse antihuman SDHB monoclonal antibody (1:400) (clone 21A11, 

Abcam, Camebridge, UK) for 60 minutes at room temperature.  The slides were then 

incubated with a horseradish peroxidase-conjugated rabbit secondary antibody (Dako) for 25 

minutes at room temperature.  Visualisation of staining was done by using 3, 3′-

diaminobenzidine (Dako) to produce a brown colour, and then counterstained with 

haematoxylin.  A SDHB mutated PCC tissue that showed negative cytoplasmic staining was 

used as a positive control in each run of the experiment.  

The immuno staining was analysed by a Professor Alfred Lam under a standard light 

microscope.  SDHB was scored as positive if the cytoplasm showed staining and negative if 

the cytoplasm showed negative staining in the presence of internal positive control.  A 

grading of 0 and 1 was used for this assessment, where 0 represented a negative staining for 

SDHB, 1 represented a positive SDHB protein staining.  

6.2.5 Data Analysis for PCR-based Experiments 

Expression levels of miR-182/96/183 in phaeochromocytoma/paraganglioma were 

analysed using the 2
−ΔΔCT

 fold change method (Gopalan et al., 2015).  A fold change of more 

than 2 was considered as high miR-182/96/183 expression and a fold change expression of 

less than 1 was noted as low expression for miR-182/96/183 (Gopalan et al., 2014).  Non-

neoplastic adrenal tissues (adrenal glands with no cancer obtained in patients resected for 
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renal cell carcinomas as part of the operative procedure) were used as controls in assessing 

the fold change expression in PCC tissues.   

6.2.6 Statistical Analysis 

All clinical, pathological and miRNA expression changes were computerized. 

Statistical analysis was performed using the Statistical Package for Social Sciences for 

Windows (version 24, IBM SPSS Inc., New York, NY, USA).  Chi-square test or likelihood 

ratio was used for categorical variables, including categorized miR-182/96/183 expression 

levels, gender, and tumour site. Independent t-test and ANOVA was performed for the 

analysis of continuous variables in categories (miR-182/96/183 expressions, age, and size of 

the tumour). Significance level of the tests was taken at P < 0.05. 

6.3 Results 

Downregulation of miR-182/96/183 and its correlation with clinicopathological 

parameters  

MiR-182/96/183 expressions were downregulated in many PCCs.  Approximately 

90% (n=45), 74% (n=37) and 78% (n=39) of PCC showed either low or no expression 

(deletion) of miR-183, miR-182 and miR-96 levels, respectively (Table 17).    

In clinicopathological analysis, miR-96 low expression or deletion was 

significantly correlated with younger age.  PCC patients aged < 50 years exhibited high 

prevalence of miR-96 deletion compared to patients > 50 years (71% vs 29%, p=0.01).  

Conversely, miR-96 high expression was noted predominantly among PCC patients > 50 

years of age (73 % versus 27%).  However, these correlations did not show any statistical 

significance with other cluster miRs (miR-182, p=0.70; miR-183, p=0.35) despite similar 

trend of expression changes.  

Female patients demonstrated high prevalence of miR-182 deletion compared to male 

patients (55% vs 22%, p=0.05).  Contrariwise miR-182 low expression was noted mostly in 
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males (46% vs 27%).  However, other members of the cluster (miR-96, p=0.43; miR-183, 

p=0.19) did not show any statistical significance in regards to the gender of the patients. 

PCC weighing >50 grams had high predominance of miR-183 deletion when 

compared to PCC tumours <50 grams (79% vs 21%).  However, these differences only 

showed a near statistical significance (p=0.08). Analogues but non-significant trend in 

expression was also noted with miR-96 and miR-182 (p>0.05).   

In the study group PCC patients having low levels of miR-182/96/183 expressions 

had slightly better survival rates when compared to patients with miR-182/96/183 cluster 

over expression  

Expression profiling of miR-182/96/183 cluster did not show any other statistical 

correlation with tumour size, side and pathological status of the patients with PCC.    

Correlation between miR-183 cluster downregulation and SDHB protein expression 

SDHB protein expression was analysed in 49 PCC patients using 

immunohistochemistry.  Approximately 88% (43/49) of the PCC patients showed positive or 

high expression of SDHB protein in their tumour tissues (Figure 29 A) and the remaining 

12% (6/49) of the patients showed no expression of SDHB protein (Figure 29 B).  Amongst 

the SDHB positive PCC, 88% (38/43) showed low or no expression of miR-183, indicating 

their negative correlation with SDHB protein expression. Similar correlations were also noted 

for miR-182(74% (32/43) and miR-96(77% (33/43) (Table 17).  On the other hand, all 

patients who showed no SDHB protein expression, miR-183 cluster was also down-regulated 

or deleted in those patients.    
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SDHB Immunohistochemistry 

 

 

 

 

 
Figure 29A                Figure 29B 

Figure29.  SDHB expression in phaeochromocytoma   

Figure 29A showing the positive expression in the cytoplasm in a case with low miR-183 cluster.  Figure 29B reveals negative expression in the 

cytoplasm in a case with high miR-183 cluster.  Note the positive sustentacular cells as internal controls (3, 3'-diaminobenzidine x 20).  
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Table17- Clinicopathological variables and miR-183/182/96 expressions in PCC patients.  

 

Characteristics miR-96 Expression  P value  miR-182 Expression       P value  miR-183 Expression       P value

   

(Total number) High Low Deletion   High Low Deletion  High Low Deletion 

Age (years) 
=<50 (n=27)  3(11%) 4(15%) 20(74%) 0.01  7(26%) 9(33%) 11(41%) 0.70  4(15%) 14(52%) 9(33%)  0.35  
 >50 (n=23)  8(35%) 7(30%) 8(35%)    6(26%) 10(43%) 7(31%)   1(4%) 11(48%) 11(48%)  
Gender 
Male (n=28)  6(21%) 8(29%) 14(50%) 0.43  9(32%) 13(46%) 6(22%)  0.05 1(4%) 16(57%) 11(39%) 0.19  
Female (n=22)   5(23%) 3(14%) 14(63%)   4(18%) 6(27%)  12(55%)  4(18%)  9(41%) 9(41%)  
Tumour size (cm) 
=<4 (n=16)  4(25%) 4(25%) 8(50%)  0.84  2(13%) 8(50%)  6(37%)  0.27 2(12%) 11(69%) 3(19%)  0.10  
>4 (n=34)  7(20%) 7(21%) 20(59%)   11(32%) 11(33%) 12(35%)  3(9%) 14(41%) 17(50%) 
Tumour weight (gm) 
=<50 (n=13)  4(31%) 4(31%) 5(38%)  0.32  3(23%) 5(38%) 5(39%)  0.63 3(23%) 7(54%) 3(23%)  0.08  
>50 (n=18)  2(11%) 5(28%) 11(61%)   7(39%) 6(33%) 5(28%)   1(6%) 6(33%) 11(61%) 
Type 
Benign (n=42)  9(21%) 9(22%) 24(57%) 0.93  10(24%) 16(38%) 16(38%) 0.66 4(10%) 21(50%) 17(40  0.96 
Metastasizing (n=8) 2(25%) 2(25%) 4(50%)    3(37%) 3(38%) 2(25%)   1(13%) 4(50%)    3(38%) 
SDHB protein 
Positive (n=43)  10(23%) 8(19%) 25(58%) 0.93  11(26%) 17(39%) 15(35%) 0.55 5(12%) 22(51%)   16(37%  0.34 
Negative (n=6)  0(0%) 3(50%) 3(50%)    2(33%) 1(17%) 3(50%)    0(0%) 2(33%)     4(67%) 
 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
Total (n = 50) 
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6.4 Discussion 

In the current study, for the first time I evaluated the expression profiling miR-

183 cluster family in PCC tissues. To the best of my knowledge, this is also the first 

study on miRNA- 183 cluster expressions in apparently sporadic PCC to date.   

Abnormal regulation of miR-183 cluster has been reported in many 

malignancies, including gastric, lung, bladder, endometrial, prostate, colon and breast 

cancers (Dambal et al., 2015).  Members of miR-183 cluster show different expression 

patterns (upregulation and downregulation) in different cancers (Dambal et al., 2015), 

implying its varied and cell specific function, thus it can function as either tumour 

suppressor or an oncogene in different human tissues (Lowery et al., 2010).  Our 

findings showed that expression of miR-183 cluster was significantly downregulated or 

deleted in apparently sporadic PCC and might contribute to the initiation and 

pathogenesis of sporadic PCC tumour.    

Factors responsible for the pathogenesis of sporadic PCC still largely remain 

unknown.  However, previous transcriptome studies have identified abnormal activation 

of kinase signalling pathways such as PI3Kinase/AKT and the mTOR pathways 

are involved in the pathogenesis of sporadic PCC (Dahia et al., 2005).    Recently, it has 

been reported that knockdown of miR-183-96-182 cluster is associated with apoptosis 

and deregulation of the PI3K/AKT/mTOR signalling axis in medulloblastoma 

(Weeraratne et al. 2012).  Also, a most recent study by Sun and colleagues has 

confirmed downstream target protein interaction of miR-96 expression with mTOR 

(Sun et al., 2015).  Hence it can be hypothesised that downregulation of miR- 183 

cluster promote tumorigenesis in sporadic phaeochromocytoma by the activation of 

kinase signalling pathway.  However more functional studies are needed to confirm this 

event in sporadic phaeochromocytoma. 
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Metastasizing PCC accounts for about 1% to 90% of cases and no reliable 

histopathological methods are helpful in distinguishing between PCC with and without 

metastatic potential (Angelousi et al., 2015).  Previous studies have indicated that miR-

183 could act as a marker of malignancy in non-SDHB mutated PCCs and it could also 

be detected in the serum of patients with PCC (Patterson et al., 2012).  Yu and 

colleagues reported that downregulation of miR-96 decreased cancer cell invasion and 

migration and slowed tumour growth in pancreatic cancer (Yu et al., 2010).   Another 

report demonstrated that miR-182 regulated suppression of cell proliferation in lung 

carcinomas (Zhang et al., 2011). In addition, downregulation of miR-183 can cause a 

decrease in cancer cell migration in colon adenocarcinoma and synovial sarcoma cell 

lines (Sarver et al., 2010). Current study extended these findings with other members of 

the cluster miRs and confirmed that downregulation of miR-183 cluster especially miR-

183 inhibited metastasis.  The study findings in this report didn’t show any statistical 

significance and future studies needed to be done with a larger PCC population.  

On the contrary, overexpression of miR-183 has been reported to have roles in 

repressing the metastasis in lung and breast cancer cells indicating its cell specific 

carcinogenic effects (Zhu et al., 2011).  Thus mir-183 cluster can be used as an added 

predictive marker for distinguishing PCC with and without metastatic potential.   

Sex- biased expression of miRs in males and females have been reported, also 

disease outcome and pathogenesis in males and females differ (Sharma et al., 2014).   

Lai et al reported gender to be an important factor in the presentation of signs and 

symptoms in PCC patients especially females (Lai et al., 2008).  In addition, the 

prevalence of catecholamine-stress-induced cardiomyopathy is reported to be more in 

females than in males, which further reflect gender-specific differences in PCC 

(Audenet et al., 2013).  
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 Recently deregulation of miR-183 cluster was reported in female associated 

systemic lupus erythematosus suggesting these miRs may be regulated by estrogen 

(Sharma et al., 2014).  Also downregulation of miR-182 has been reported to be 

associated with the development of cardiovascular diseases.   Present study noted that 

approximately 55% of the female PCC patients showed miR-182 deletion (p=0.05). 

These findings imply that miR-182 might play a key role in regulation of 

catecholamines secretion in PCC and in turn responsible for the long-lasting myocardial 

changes associated with PCC in female patients. Also further research in exploring the 

gender-specific roles of miR-183 cluster is particularly important for the development 

of effective therapeutic strategies in PCC. 

Succinate dehydrogenase (SDH) is a mitochondrial enzyme complex consisting 

of SDHA, SDHB, SDHC and SDHD subunits (Pillai et al., 2016).   Mutations in any of 

these genes can lead to hereditary PCCs which can in turn get detected by the loss of 

SDHB protein (Blank et al., 2010).  MiR-183 cluster have been reported to be 

overexpressed in SDHB mutated PCCs (Castro et al., 2015).   Previously, Patterson and 

colleagues noted that downregulation of miR-183 to be involved in sporadic and non 

SDHx PCCs when compared to SDHB mutated PCCs (Patterson et al., 2012).  In this 

study, we have extended this observation to the whole miRNA cluster miR-182/96/183 

and noted that miR-183 cluster is downregulated or deleted in highly expressed SDHB 

protein (sporadic) PCC tissues. On the other hand, all SDHB negative PCC cases also 

exhibited low expression of deletion of miR-182/96/183. This converse finding indicate 

that miR-182/96/183 cluster might not directly regulate SDHB mutation in all PCC 

cases and its modulation of SDHB protein expression might be selective depending on 

the biological demands of the PCC.  
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In addition to the SDHB protein or mutation status, tumour weight acts as a 

useful tool in predicting malignancy in PCCs (August et al. 2004, Parenti et al., 2012).  

In this study, tumour weight was associated with downregulation of miR-182/96/183 

suggesting its potential role in regulating tumorigenesis by its own or by targeting 

SDHB.  More studies are needed with larger series of PCC cases to confirm this 

association. This study has also noted high prevalence of miR-96 downregulation and 

overexpression in PCC patients < 50years and > 50 years respectively (p <0.05).  In 

general, sporadic PCCs occur often at older age group and hereditary PCCs are 

commonly associated with younger age group (Parenti et al., 2012). This altered 

expression patterns of miR-96 specific to different age groups of PCCs infers its 

potential roles in the differentiating hereditary and sporadic PCC cases.   

The downregulation of miR-183 cluster is known to be associated with good 

prognosis in patients with breast, colorectal, and prostate cancers (Ma et al., 2016).   

Current study also noted that patients with PCC having downregulation of miR-183 

cluster showed better survival rates.   This indicates that miR-183 cluster can also be 

used as a prognostic marker of prognosis in patients with sporadic PCC.   

 

6.5 Conclusion 

 To conclude, miR-183 cluster play a pivotal role in the biology of sporadic 

phaeochromocytoma.  They may have predictive and prognostic potential and as 

therapeutic targets.  Additional in-vitro and in-vivo studies are essential to investigate 

the cellular and molecular characteristics of PCC following the deregulation of miR-183 

cluster. 
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Chapter 7:  (Aim 4) 

Analyse the role of tissue based stem cell and epithelial 

mesenchymal markers in the pathogenesis of 

phaeochromocytoma/paraganglioma  
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7.1 Introduction 

To date, no histological criteria can predict the malignant behaviour of the 

PCC/PGL. However, only the presence of metastasis can determine its potential for 

malignancy. Interestingly, it has been also identified that mutation in one of the 

susceptible genes, SDHB poses a risk for cancer malignancy. However dilemma still 

remains in differentiating a benign from malignant PCC. This is important in clinical 

management as malignant PCC/PGL is rarely curable.  Also, there is a lack of reliable 

predictive metastatic makers in PCC/PGL. Hence the task of analysing the role of tissue 

based stem cell and epithelial mesenchymal markers in PCC/PGL were undertaken. 

As the origin of PCC/PGL, is from the neuroectoderm, these tumours provide a 

beneficial means to investigate stem-cell-related factors (Ohgaki 2009). SRY sex-

determining region Y-box 2 (SOX2) is a key transcription factor that is known to be 

related to stem cell self-renewal and differentiation of embryonic stem cells (ESCs) 

(Rodda et al., 2005).   

Neural crest cells undergo the process of epithelial to mesenchymal transition 

(EMT) during embryonic development thereby acquiring a motile and invasive 

phenotype giving rise to different tissue types ((Blanco et al. 2002). In pathological 

condition, this mechanism is believed to play a crucial role in tumour progression and 

metastasis ((Blanco et al. 2002). Amongst the EMT markers SLUG is one of the 

proteins that make the specific molecular signature for developing neural crest cells and 

help in regulating epithelial-mesenchymal transition (EMT) (Blanco et al. 2002). Slug 

also known as Snail homolog 2 (SNAI2), is a member of Snail family of transcription 

factor located on chromosome 8, and encodes for the protein Slug (Blanco et al. 2002). 

It is known to repress E-cadherin, inducing the process of EMT and distant metastasis in 

cancer (Blanco et al. 2002).  Thus in this research by studying the expression pattern of 
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EMT/STEM cell markers in PCC/PGL might shed some light on the malignant potential 

of these tumours. 

7.2 Materials and Methods 

7.2.1 Samples and clinical characteristics 

A series of 50 (45 PCC and 5 PGL) formalin fixed paraffin embedded tumours, 

were collected from hospital across Asia Pacific. 2 fresh frozen tumours were also used. 

The patients who were chosen for this study had resection for PCCs between 1973 and 

2015. Subjects were in between 10-75 years of age. The tumours were clinically non 

metastatic. Ethical approval of this study was obtained from the Griffith university 

human research ethics committee (GU Ref Nos: MED/19/08/HREC and 

MSC/17/10/HREC). The resected PCC tissues were fixed in 10% formalin and 

embedded in paraffin wax.  Histological sections were cut and stained for haematoxylin 

and eosin for light microscopic examination. The histopathological features of patients 

with phaeochromocytoma/paraganglioma were analysed by Professor Alfred Lam.  

7.2.2 Immunohistochemistry 

Formalin fixed paraffin embedded (FFPE) tissues were sectioned into 5µm using 

Leica tissue microtome and were mounted on glass slides. Trimmed sections were heat 

fixed for 30 minutes under 60 degrees Celsius in an incubator. For 

immunohistochemistry procedure, a High pH, EnVision
TM 

FLEX Mini Kit, High 

(DAKO, USA) was utilised by following manufactures instructions. Briefly, sections 

were deparaffinised and rehydrated by series of graded ethanol. It was then subjected to 

antigen retrieval solution (TE buffer pH 8) using a microwave under low pressure for 30 

minutes. Cooling period of approximately 40 minutes were then applied. Slides were 

incubated for 90 minutes at room temperature in a humidified slide chamber with the 

optimally diluted primary antibody; Slug and SOX2 (1:100 dilution, monoclonal Ab, 
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Abcam), The antibody concentration and incubation time were established after a series 

of optimisation steps. Anti-goat antibody was utilised as secondary antibody and were 

added to the slides for 15 minutes’ incubation at room temperature. Freshly prepared 

DAB was applied for 5 minutes at room temperature. Finally, tissues were 

counterstained with haematoxylin. Oesophageal cancer tissue was utilised as a positive 

control. The immuno staining was analysed by a pathologist Professor Alfred Lam 

(AKL) under a standard light microscope. SLUG and SOX2 were scored as positive if 

the nucleus showed staining and negative if the nucleus showed negative staining in the 

presence of internal positive control.   

7.2.3 Protein Extraction from oesophageal cell line /fresh frozen PCC/PGL 

The human oesophageal cancer cell lines ((KYSE-520 and KYSE-70)) obtained 

from ATCC (Rockville, MD, USA). All the cell lines were maintained in RPMI 1640 

medium supplemented with 10% FCS, 1% penicillin and streptomycin at 37°C in 5% 

CO2.After that cultured cells were checked and cell density was estimated.  Confluence 

levels of about 70 to 80% are found as optimal.  Briefly, cultured cells in the T-20 flasks 

were washed twice with PBS, trypsinised and transferred into clean 15mL conical tubes 

with their corresponding media for dissociation of trypsin. The tubes were then 

centrifuged; their media discard and replaced with 1mL of cold PBS. Cells were mixed 

well with this PBS solution and aliquot into Eppendorf tubes. These tubes were then 

centrifuged at 3000rpm in 4
o
C for 7 minutes.  After centrifuge, cold PBS was removed 

by aspiration, without disturbing the cell pellet.  Meanwhile, a cell lysis buffer (Bio-

Rad, USA) was prepared by taking required volume of NP 40 solution and 3% of 

Protein Inhibitor (IP) in a sterilized eppendorf tube (one for each co-culture group and 

control cells).  Subsequently, the lysis buffer was added into the eppendorf tube 

containing TCA8113, OBJ and co-cultured cells, with the following volume 100μl, 
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120μl and 115μl, respectively.  The volume of the lysis buffer was reliant on the level of 

pellet formed at the bottom of eppendorf tubes after centrifuge with cold PBS.  Once the 

lysis buffer was added to the cells, the tube was then incubated on ice for 30 minutes, 

with occasional vortexing.  To clarify the lysates, the tubes were centrifuged one last 

time at 14,000rpm at 4
o
C for 10 minutes. Following centrifugation, the supernatant 

(protein) of the cells were carefully transferred into clean eppendorf tubes by aspirating 

and stored at -80
o
C until western blot analysis was performed.   

7.2.4 Western Blot Analysis 

 

To confirm the results Western blot analysis was performed. Total proteins from 

the phaeochromocytoma tissues were extracted with a lysis buffer (Bio-Rad, Hercules, 

CA, USA).  Subsequently, the proteins were quantitated by absorbance spectrometry.  

Afterwards, 30 μg of total protein was separated by 15% SDS-PAGE (Bio-Rad) and 

transferred to nitrocellulose membranes using Trans-Blot
®
 Turbo transfer system (Bio-

Rad).  After blocking, membranes were incubated with SLUG and SOX2 monoclonal 

antibody (Cell signalling Technology Inc., Danvers, MA, USA) at 1:1000, at 4°C.  

Membranes were then incubated with the anti-mouse and anti-goat secondary antibodies 

respectively (Santa Cruz) (1:5000) at room temperature for 2 hours.  The proteins bands 

were developed and detected with a chemiluminescence HRP detection kit (Bio-Rad).  

Images were taken with the ChemiDoc MP Imaging system (Bio-Rad).  ESCC cell lines 

(KYSE-520 and KYSE-70) were used as control. 

7.3Results 

Fifty cases of non-metastatic PCC/PGL were analysed for stem cell marker 

SOX2 and epithelial mesenchymal transcription factor SLUG. No SOX2 expression 

(Figure 31) or SLUG expression (Figure 34) was seen in any of PCC/PGL tissues 

however the positive control (oesophageal squamous carcinoma) showed positivity to 



 

  181 

  

both SOX2 (Figure 30) and SLUG(Figure 33) protein.  To confirm these findings 

western blot analysis was done which also showed absence of proteins SOX2(Figure 

32)  and SLUG (Figure 35) in PCC/PGL and presence in oesophageal cell line. 

SOX2 (stem cell marker) Immunohistochemistry Findings 

 
Figure 30 SOX2 positive staining in oesophageal carcinoma. Note the brown staininig of the 

nuclei (3, 3'-diaminobenzidine x 20) 

 
Figure 31 SOX2 negative staining in phaeochromocytoma Note the absence of brown 

staining of the nuclei (3, 3'-diaminobenzidine x 20) 
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Western blot findings (SOX2) 

 

 
     Oesophagus        PCC            Oesophagus        

 

Figure 32 Western blot analysis for SOX2 in oesophageal carcinoma cell line and 

phaeochromocytoma it was observed that SOX2 protein level was significantly over-

expressed in oesophageal cell line and completely absent in phaeochromocytoma   

 

SLUG (epithelial mesenchymal transcription marker) Immunohistochemistry 

Findings 

 
Figure 33 SLUG positive staining in oesophageal carcinoma. Note the brown staining of the 

nuclei (3, 3'-diaminobenzidine x 20) 
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Figure 34 SLUG negative staining in phaeochromocytoma. Note the absence of brown 

staining of the nuclei (3, 3'-diaminobenzidine x 20) 

 

 

Western blot findings (SLUG) 

 

 

 

 

 

 

Figure 35 Western blot analysis for SLUG in oesophageal carcinoma cell line and 

phaeochromocytoma it was observed that SLUG protein level was significantly over-

expressed in oesophageal cell line and completely absent in phaeochromocytoma   

 

 

7.4 Discussion 

In the current study evaluation of the expression of SLUG which is an early 

marker of epithelial to mesenchymal transition (EMT) was done. The results reveal that 

EMT is specifically inactivated in non-metastatic PCC/PGL which is in accordance with 

the studies reported by Waldman et al and Hayry et al (Waldman et al., 2009; Hayry et 

al., 2009). In two studies that respectively analysed 49 and 50 PCC/PGL samples the 

Slug 

Oesophagus 

 

 

PCC 
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abscence of EMT markers were noted with non metastatic/benign PCC/PGL where as 

metastatic PCC/PGL overexpressed these markers. (Waldman et al.,2009; Hayry et al., 

2009). Thus EMT markers can be used to predict the malignant potential of PCC/PGL. 

This may also provide valuable guidelines regarding follow up in PCC/PGL. 

Current study also analysed the expression of stem cell factor SOX2 which also 

showed negative expression in non-metastatic PCC/PGL.  SOX2-positivity was recently 

reported in 12% (25/210) of PCC/PGL samples in a study by Oudijk et al. However 

only SDH mutated tumours, showed the stem cell marker expression which is again 

associated with metastasis (Oudijk et al., 2015). Further studies are required to validate 

if any of these markers could serve as targets for future therapies or as predictors of 

malignancy. 

 

Conclusions 

This research was undertaken to shed light on whether the stem cell factor and 

EMT marker can be used as a parameter to predict prognosis in PCC/PGL. In this study, 

non metastatic tumours did not show the presence of stemness and EMT activation 

indicating these events are not activated in benign tumours. The identification and 

characterisation of stem cell factor and EMT marker thus may be useful in forecasting 

metastasis in PCC/PGL and also can be helpful in patient follow up. These markers may 

also provide necessary information in the diagnosis, treatment and prognosis of the 

PCC/PGL. 
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Chapter 8  

Summary and Conclusions 
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Phaeochromocytomas and paragangliomas are the result of a blend of genetic 

syndromes and epigenetic changes.  This research shows that targeted NGS on a bench-

top instrument is a fast and cost-effective method for genetic analysis of PCC/PGL thus 

providing a wealth of information regarding the complex mutational landscape of these 

neoplasms. It is worth noting that our knowledge regarding the prevalence of genetic 

variants in PCCs/PGLs, and the complete phenotype of patients with mutations in the 

less commonly involved genes (e.g., KIF1B, BAP1) is limited when compared to that of 

the more commonly reported genes (eg, RET, SDHx). Personalised medicine in the 

management of patient with PCC/PGL could be achieved by applying this NGS 

protocol. This research also shows that the costs for analysing all known candidate 

genes simultaneously could be low due to the use of targeted NGS.  By applying such 

procedures in all cases with PCCs/PGLs in future, it could facilitate a custom-made 

management of the patients via the development of personalised medicine.  However, in 

this research many variants were identified and bioinformatics could only predict the 

pathogenicity of unclassified variant but functional studies must be undertaken at 

protein level to confirm the pathogenicity of the genetic variant identified. 

In this study for the first time novel mutations of KIF1B, BAP1, EPAS1 genes 

were noted which have never been reported indicating the need for genetic testing of 

patients with sporadic PCC/PGL cases as well. Nevertheless, further research will be 

required to determine the risks associated with the more rarely involved susceptibility 

genes. Thus all patients with PCC/PGL should be considered for genetic screening in 

appropriate clinical settings. Additional genes might be involved in the pathogenesis of 

sporadic PCC/PGL as the information of any causative genetic event is still unknown 

for about half of the sporadic tumours. In this regard exome sequencing could be used 

in identifying the genetic aberrations in PCC/PGL.  However, the high complexity of 
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this technology is a challenge for adoption in the clinical setting and must be done with 

attention to prevent errors and misinterpretations.  Also, technological improvements 

will make NGS a more useful and powerful tool in the future for the management of 

patients with PCC/PGL. 

 This research for the first time showed the importance of miR-183 cluster in 

the pathogenesis of PCC/PGL. This cluster plays a pivotal role in the biology of 

sporadic phaeochromocytoma.  They may have predictive and prognostic potential and 

could be used as therapeutic targets.  Additional in-vitro and in-vivo studies are 

essential to investigate the cellular and molecular characteristics of PCC following the 

deregulation of miR-183 cluster. 

This research also noted that non metastatic/benign tumours did not show the 

presence of stemness and epithelial mesenchymal transition (EMT) activation indicating 

these events are not activated in benign tumours. The identification and characterisation 

of stem cell factor and epithelial mesenchymal transition marker thus may be useful in 

forecasting metastasis in PCC/PGL and also help in patient follow up.  

Taken together, this research study has confirmed the use of next generation 

gene sequencing as an easy and cost-effective molecular profiling platform for the 

diagnosis and management of PCC/PGL patients.  In addition, this study for the first 

time has confirmed the role of miR-183 family in PCC/PGL which has future 

implications in the SDHB targeted therapies in these patients. Significant associations 

of these genetic alterations with multiple clinical and pathological parameters of 

PCC/PGL patients as well as the deregulation of stemness and EMT process in these 

tumours further unveils the genetic mystery of this rare but aggressive tumour in 

humans.  
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It is anticipated that the research presented in this thesis can add a portion to the 

enigma of neural crest-derived tumours and probably, together with other scientific 

studies can contribute to the development of novel/modified therapeutic approaches in 

the treatment of PCC/PGLs. 
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APPENDIX 

 

 

BAP1 

BLAST BAP1 analysis 

B13_66F 

 

 

 

Query  16    CTCTCA-TTCCTCTGTCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTG  74 

             |||||| ||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1602  CTCTCAATTCCTCTGTCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTG  

1661 

 

Query  75    CCCACACACTCGCAGCCCTCACCCACCCCCAGCAATGAGAGTACAGACACGGCCTCTGAG  134 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1662  CCCACACACTCGCAGCCCTCACCCACCCCCAGCAATGAGAGTACAGACACGGCCTCTGAG  

1721 

 

Query  135   ATCGGCAGTGCTTTCAACTCGCCAC  159 

             ||||||||||||||||||||||||| 

Sbjct  1722  ATCGGCAGTGCTTTCAACTCGCCAC  1746 
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B13_66R 

 

 

 
 

Query  2     ACCATCAACGTCTTGGCTGAGAAGCTCAAAGAGTCCCAGAAGGACCTCTCAATTCCTCTG  61 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1557  ACCATCAACGTCTTGGCTGAGAAGCTCAAAGAGTCCCAGAAGGACCTCTCAATTCCTCTG  

1616 

 

Query  62    TCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTGCCCACACACTCGCAG  121 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1617  TCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTGCCCACACACTCGCAG  

1676 

 

Query  122   CCCTCACCCACCCCCAGCAATGAGAGTACAGACACG  157 

             |||||||||||||||||||||||||||||||||||| 

Sbjct  1677  CCCTCACCCACCCCCAGCAATGAGAGTACAGACACG  1712 
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B13_69F 

 

 

 
Query  12    AACGACCTCTCA-TTCCTCTGTCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTG  70 

             || ||||||||| ||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1596  AAGGACCTCTCAATTCCTCTGTCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTG  

1655 

 

Query  71    GCAGTGCCCACACACTCGCAGCCCTCACCCACCCCCAGCAATGAGAGTACAGACACGGCC  130 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1656  GCAGTGCCCACACACTCGCAGCCCTCACCCACCCCCAGCAATGAGAGTACAGACACGGCC  

1715 

 

Query  131   TCTGAGATCGGCAGTGCTTTCAACTCGCCAC  161 

             ||||||||||||||||||||||||||||||| 

Sbjct  1716  TCTGAGATCGGCAGTGCTTTCAACTCGCCAC  1746 
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B13_69R 

 

 

 
Query  2     ACCATCAACGTCTTGGCTGAGAAGCTCAAAGAGTCCCAGAAGGACCTCTCAATTCCTCTG  61 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1557  ACCATCAACGTCTTGGCTGAGAAGCTCAAAGAGTCCCAGAAGGACCTCTCAATTCCTCTG  

1616 

 

Query  62    TCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTGCCCACACACTCGCAG  121 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1617  TCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTGCCCACACACTCGCAG  

1676 

 

Query  122   CCCTCACCCACCCCCAGCAATGAGAGTACAGACTCG  157 

             ||||||||||||||||||||||||||||||||| || 

Sbjct  1677  CCCTCACCCACCCCCAGCAATGAGAGTACAGACACG  1712 
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B13_70F 

 

 

 
Query  18    CTCTCACATACTCTGTCC-TCACGACATAGACAGCGGGAGCTGGGAGTCCAGGCTGTGGC  76 

             ||||||  | |||||||| ||| ||| ||| ||||||| ||||||||||| ||||||||| 

Sbjct  1602  CTCTCAATTCCTCTGTCCATCAAGAC-TAG-CAGCGGG-GCTGGGAGTCC-GGCTGTGGC  

1657 

 

Query  77    AGTGCCCACACACTCGCAGCCCTCACCCACCCCCAGCAATGAGAGTACAGACACGGCCTC  136 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1658  AGTGCCCACACACTCGCAGCCCTCACCCACCCCCAGCAATGAGAGTACAGACACGGCCTC  

1717 

 

Query  137   TGAGATCGGCAGTGCTTTCAACTCGCCAC  165 

             ||||||||||||||||||||||||||||| 

Sbjct  1718  TGAGATCGGCAGTGCTTTCAACTCGCCAC  1746 
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B13_70R 

 

 

 
Query  2     ACCATCAACGTCTTGGCTGAGAAGCTCAAAGAGTCCCAGAAGGACCTCTCAATTCCTCTG  61 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  1557  ACCATCAACGTCTTGGCTGAGAAGCTCAAAGAGTCCCAGAAGGACCTCTCAATTCCTCTG  

1616 

 

Query  62    TCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTGCCCACACACTCTGCA  121 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||| ||| 

Sbjct  1617  TCCATCAAGACTAGCAGCGGGGCTGGGAGTCCGGCTGTGGCAGTGCCCACACACTC-GCA  

1675 

 

Query  122   GTCCTCACCCACCCCCAGCAATGAGAG  148 

             | ||||||||||||||||||||||||| 

Sbjct  1676  GCCCTCACCCACCCCCAGCAATGAGAG  1702 

 

 

  



 

  231 

  

B16_66F 

 
Query  20    GCACCTTTATCTCCATGCTGGCTCAGGAAG  49 

             |||||||||||||||||||||||||||||| 

Sbjct  2254  GCACCTTTATCTCCATGCTGGCTCAGGAAG  2283 

 

B16_66R 

 
Query  1     TGATGACCAGAGAAGCACCCACAACTAGCGACGAGT  36 

             ||||||||||||||| ||||||||||| ||| |||| 

Sbjct  2213  TGATGACCAGAGAAGGACCCACAACTA-CGATGAGT  2247 

 

B16_69F 

 
Query  13    ATCTGCACCTTTATCTCCATGCTGGCTCAGGAAG  46 

             |||||||||||||||||||||||||||||||||| 

Sbjct  2250  ATCTGCACCTTTATCTCCATGCTGGCTCAGGAAG  2283 

 

B16_69R 

 

Query  1     TTGATGACCAGAGAAGGACCCACAACTACGACGAGTGCATC  41 

             ||||||||||||||||||||||||||||||| |||| |||| 

Sbjct  2212  TTGATGACCAGAGAAGGACCCACAACTACGATGAGTTCATC  2252 

B16_76F 

 
Query  3     GAGTTCCTATCTGCACCTTTATCT-CATGCTGGCTCAGGAAG  43 

             ||||||  |||||||||||||||| ||||||||||||||||| 



 

  232 

  

Sbjct  2244  GAGTTC--ATCTGCACCTTTATCTCCATGCTGGCTCAGGAAG  2283 

 

B16_76R 

 
Query  1     GATTGATGACCAGAGAAGGACCCACAACTA  30 

             |||||||||||||||||||||||||||||| 

Sbjct  2210  GATTGATGACCAGAGAAGGACCCACAACTA  2239 

 

B16_97F 

 
Query  14    TCTACACCTTTATCTCCATGCTGGCTCAGGAAG  46 

             ||| ||||||||||||||||||||||||||||| 

Sbjct  2251  TCTGCACCTTTATCTCCATGCTGGCTCAGGAAG  2283 

 

B16_97R 

 
Query  5     TTGATGACCAGAGAAGGACCCACAACTA  32 

             |||||||||||||||||||||||||||| 

Sbjct  2212  TTGATGACCAGAGAAGGACCCACAACTA  2239 

 

B17_66F 

 

 
Query  24        AGGGGTCAGCATCGGCCGTGCTCCACAAGCAGCGGAAGCCTGACCGGCGGAAACGCTCTC  

83 

                 |||||||||||||||||| ||||||||||||||||||||||||||||||||||||||||| 

Sbjct  52388914  AGGGGTCAGCATCGGCCG-GCTCCACAAGCAGCGGAAGCCTGACCGGCGGAAACGCTCTC   

 



 

  233 

  

Query  84        GCCCCTACAAGGCCAAGCGCCAGTGAGGACTGCTGGCCCTGACTCTGCAGCCCACTCTTG  

143 

                 |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  52388855  GCCCCTACAAGGCCAAGCGCCAGTGAGGACTGCTGGCCCTGACTCTGCAGCCCACTCTTG 

 

B17_66R 

 

 
Query  8     CATGCTGGCCAACCTAGTGGAGCAGAACATCTCCGTGCGGCGGCGCCAAGGGGTCAGCTT  67 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||| | 

Sbjct  2285  CATGCTGGCCAACCTAGTGGAGCAGAACATCTCCGTGCGGCGGCGCCAAGGGGTCAGCAT  

2344 

 

Query  68    CTTGCCGGCTCCACAAGCAGCGGAAGCCTGACCGGCGGCAAACCGCTCTCGCCCCTACAA  127 

             |  |||||||||||||||||||||||||||||||||||  || ||||||||||||||||| 

Sbjct  2345  C-GGCCGGCTCCACAAGCAGCGGAAGCCTGACCGGCGG--AAACGCTCTCGCCCCTACAA  

2401 

 

Query  128   GGCCAAGCGC  137 

             |||||||||| 

Sbjct  2402  GGCCAAGCGC  2411 

 

B17_69F 

 

 

Query  44    GCTCCAGCAAGTAGCGAAAGCCTGAGCGGCGGAAACGCTCTCGCCCCTACAAGGCCAAGC  103 

             |||||| |||| |||| |||||||| |||||||||||||||||||||||||||||||||| 

Sbjct  2351  GCTCCA-CAAGCAGCGGAAGCCTGACCGGCGGAAACGCTCTCGCCCCTACAAGGCCAAGC  

2409 

 

 

Query  104   GCCAGTGAGGACTGCTGGCCCTGACTCTGCAGCACACTCTTG  145 

             ||||||||||||||||||||||||||||||||| |||||||| 



 

  234 

  

Sbjct  2410  GCCAGTGAGGACTGCTGGCCCTGACTCTGCAGCCCACTCTTG  2451 

 

 

B17_69R 

 

 
Query  2     CATGCTGGCCAACCTAGTGGAGCAGAACATCTCCGTGCGGCGGCGCCAAGGGGTCAGCAT  61 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  2285  CATGCTGGCCAACCTAGTGGAGCAGAACATCTCCGTGCGGCGGCGCCAAGGGGTCAGCAT  

2344 

 

 

Query  62    CGGCGGGCTCCACAAGCAGCGCAAGCTTGATCCGGCTCAACACCCTCTCGC  112 

             |||| |||||||||||||||| |||| ||| |||||  || || ||||||| 

Sbjct  2345  CGGCCGGCTCCACAAGCAGCGGAAGCCTGA-CCGGCGGAA-ACGCTCTCGC  2393 

 

 

B17_66R (Repeat) 

 

 
Query  4     CATGCTGGCCAACCTAGTGGAGCAGAACATCTCCGTGCGGCGGCGCCAAGGGGTCAGCAT  63 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  2285  CATGCTGGCCAACCTAGTGGAGCAGAACATCTCCGTGCGGCGGCGCCAAGGGGTCAGCAT  

2344 

 

 

Query  64    CGAACCGGCTCCACAAGCAGCGGAAGCCTGACCGGCGGCAACACCGCTCTCGCGCATACC  123 

             ||  |||||||||||||||||||||||||||||||||| ||   ||||||||| | |||  

Sbjct  2345  CG-GCCGGCTCCACAAGCAGCGGAAGCCTGACCGGCGGAAA---CGCTCTCGCCCCTACA  

2400 

 

Query  124   AG  12 


