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 Abstract 

Phaeochromocytomas (PCC) and paragangliomas (PGL) (collectively PPGL) are rare neural crest-derived 

tumours originating from adrenal chromaffin cells or extra-adrenal sympathetic and parasympathetic 

tissues. More than a third of PPGL cases are associated with heritable syndromes involving 18 or more 

known genes. These genes have been broadly partitioned into two groups based on pseudo-hypoxic and 

receptor tyrosine kinase (RTK) signalling pathways. Many of these genes can also become somatically 

mutated, although up to one third of sporadic cases have no known genetic driver. Furthermore, little is 

known of the genes that co-operate with known driver genes to initiate and drive tumourigenesis. To 

explore the genomic landscape of PPGL, exome sequencing, high-density SNP-array analysis, and RNA 

sequencing was applied to 36 PCCs and four PGL tumours. All tumours displayed a low mutation 

frequency in combination with frequent large segmental copy-number alterations and aneuploidy, with 

evidence for chromothripsis seen in a single case. Thirty-one of forty (77.5%) cases could be explained by 

germline or somatic mutations or structural alterations affecting known PPGL genes. Deleterious somatic 

mutations were also identified in known tumour-suppressor genes associated with genome maintenance 

and epigenetic modulation (e.g. TP53, STAG2, KMT2D). A multitude of other genes were also found 

mutated that are likely important for normal neuroendocrine cell function (e.g. ASCL1, NCAM1, 

GOLGA1). In addition, the existing paradigm for gene-expression subtyping of PPGL was further refined 

by applying consensus clustering to a compendium of previously published microarray data, enabling the 

identification of six robust gene-expression subtypes and subsequent cross-platform classification of 

RNA-seq data. The majority of cases in the cohort with no identifiable driver mutation were classified 

into a gene-expression subtype bearing similarity to MAX mutant PPGL, suggesting there are yet 

unknown PPGL cancer genes that can phenocopy MAX mutations.  

The cross-platform classification model was then further refined to develop a 46-gene Nanostring-based 

diagnostic tool capable of classifying PPGL tumours into gene-expression subtypes.  The strong 

genotype-to-subtype relationship in PPGL makes subtyping a powerful tool that can be used clinically to 

guide and interpret genetic testing, determine surveillance programs and aid in better elucidation of PPGL 

biology. In applying the diagnostic assay to a test set of 38 cases, correct classification into one of the six 

subtypes was achieved for 34 (90%) samples based on the known genotype to gene-expression subtype 

association.  The observation that at least one of the six subtypes is likely defined by the presence of non-

neoplastic cells led to further refinement into five, four, and three-class architectures, further improving 

classification accuracy. 
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Increasingly tumour heterogeneity is being recognised as one of the most significant challenges facing 

modern oncology. Genomically diverse tumour regions create additional complexity in predicting 

treatment response and metastatic potential through biopsy.  Multi-region sampling of multiple 

synchronous primaries from patients with a predisposing germline mutation was used to explore tumour 

evolution and heterogeneity in PPGL and concomitant medullary thyroid carcinoma. Evolutionary 

reconstruction of a single primary PPGL demonstrated periods of both branched and linear evolution 

resulting in a high degree of intratumoural heterogeneity. Comparison of multiple synchronous primaries 

provided strong evidence of convergent evolution through recurrent chromosomal aberrations, indicating 

these may be obligate events in tumourigenesis, and as such, may indicate potential novel therapeutic 

targets. 
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1 Literature Review 

1.1 Preface 
The human body is formed of a multitude of cell types performing unique and necessary functions. These 

functions need to be coordinated over both short and long intervals, a process achieved by intercellular 

signalling. In addition to localised intercellular signalling, signals are transmitted between remote organ 

systems either through the nervous system as electrical potential or as signalling molecules released by 

the endocrine system and carried in the blood.  There is an obvious need for the nervous and endocrine 

systems to be integrated to form a seamless communication system throughout the body; this system is 

termed the neuroendocrine system. 

Chromaffin cells are a specialised type of neuroendocrine cell that arise from progenitor cells in the 

neural crest, the largest population of which is located in the medulla of the adrenal gland. Extra-

adrenally, the organ of Zuckerkandl represents the largest accumulation of chromaffin cells, while smaller 

deposits, known as chromaffin bodies or chromaffin paraganglia, can be found associated with the ganglia 

of the sympathetic trunk.  These specialist cells are responsible for the production and secretion of the 

catecholamines, epinephrine and norepinephrine, and play an integral role in the "fight or flight" 

response. Under basal conditions small amounts of catecholamines are constantly released into the blood, 

but in situations of physical exertion or stress the concentration can be rapidly increased up to 10-fold 

(Cryer, 1980; Takiyyuddin et al., 1994).  Upon release, catecholamines enact physiological changes 

including elevated heart rate, increased blood pressure, and a rise in blood glucose to ensure adequate 

blood and energy supply to major organs. 

Chromaffin cells, like most cell types, are vulnerable to changes in their genetic program leading to 

uncontrolled growth and proliferation.  When this occurs in chromaffin cells of the adrenal medulla the 

resulting tumour is known as a phaeochromocytoma, at extra-adrenal sites the terms paraganglioma and 

extra-adrenal phaeochromocytoma are used interchangeably. The paraganglioma nomenclature is also 

given to a highly similar but distinct tumour arising from non-chromaffin glomus cells. These cells, also 

of neural crest origin, act as specialised chemoreceptors predominantly involved in oxygen sensing.  In 

the interest of clarity, this review will use the terms phaeochromocytoma (PCC) and paraganglioma 

(PGL) to refer to tumours of chromaffin origin, whilst the term parasympathetic paraganglioma will be 

used for tumours of non-chromaffin origin. For convenience, the term PPGL will encompass both PCC 

and PGL. 



8 
 

1.2 Diagnosis 
PPGL is a relatively rare neoplasm with an annual incidence between 2 and 8 per 1,000,000 people 

(Beard et al., 1983; Stenstrom & Svardsudd, 1986). These tumours represent a diagnostic challenge as 

they often exhibit limited or ambiguous symptoms. Headaches, sweating, and palpitations are among the 

most common (Lenders et al., 2005), with many patients exhibiting paroxysmal or sustained hypertension 

(Mazza et al., 2014). Other symptoms include tachycardia, pallor, headache, feelings of panic or anxiety, 

and less frequently, nausea, fever, and flushing (Martucci & Pacak, 2014). The majority of these 

symptoms are a result of the secretion of excess catecholamines, however, not all PPGL remain functional 

or produce the same catecholamine profile. Therefore symptoms may vary widely between patients or be 

entirely absent.  One retrospective study of forty-one patients found that around half of the included 

PPGL were discovered during routine imaging for an unrelated condition (Baguet et al., 2004).  The rare 

nature of PPGL precludes any systematic screening on a population level as is done for cancers of the 

breast, colon, and prostate.  In individuals with a family history of PPGL, or a positive genetic test for 

mutations in a known susceptibility gene, regular screening is recommended.   

As a significant proportion of PPGL are functional, secretory products released by PPGL provide useful 

diagnostic markers. In chromaffin cells, catecholamines are synthesised in the cytoplasm and sequestered 

into vesicles by vesicular monoamine transporters (Henry et al., 1994). However, the vesicles are leaky 

and catecholamines slowly diffuse back into the cytoplasm where they are metabolised by catechol-O-

methyltransferase to form metanephrine and normetanephrine. These metabolites can be directly 

eliminated in the urine or further metabolised in the liver to form Vanillylmandelic acid. Historically, 

diagnostic methods relied on measurements of urinary or plasma catecholamines. However, many 

tumours exhibit fluctuating levels of catecholamine release, which can lead to false negative results 

(Martucci et al., 2014). Metabolism of catecholamines in the adrenal medulla accounts for 91% of free 

metanephrine and 23% of normetanephrine in the blood of healthy individuals (Eisenhofer et al., 1995) 

and, as such, are highly specific markers for the metabolic activity of chromaffin cells. A comparison of 

detection methods showed plasma free metanephrines to have the highest sensitivity (99%) and urinary 

VMA to has the lowest (66%), however, urinary VMA has the highest specificity (95%) while urinary 

fractionated metanephrines have the lowest (69%) (Lenders et al., 2002).  The authors concluded that 

plasma free metanephrines provided the best combination of sensitivity (99%) and specificity (89%) and 

that combining multiple tests did not improve the detection accuracy.  

Chromogranin A (CgA) is also an established biomarker used in the detection of neuroendocrine tumours.  

CgA is a precursor peptide to three biologically active peptides; vasostatin, pancreastatin, and parastatin. 
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These peptides act through autocrine and paracrine mechanisms to regulate the neuroendocrine system.  

While CgA is not specific to PPGL, evidence suggests that in combination with metanephrine assays, it 

provides increased detection sensitivity (d'Herbomez et al., 2007; Zuber et al., 2014).   

Where available, molecular imaging provides an important diagnostic tool for PPGL. Modern imaging 

techniques leverage specific biochemical features of PPGL to achieve a high sensitivity and specificity.  

Metaiodobenzylguanidine (MIBG) is a synthetic analogue of norepinephrine that is sequestered through 

catecholamine symporters and subsequently stored in neurosecretory granules (Wafelman et al., 1994).  In 

diagnostic applications, MIBG is radiolabelled with Iodine (123I-MIBG/131I-MIBG) and imaged using 

single-photon emission computed tomography (SPECT). As MIBG targets norepinephrine storage 

granules, the primary clinical indication for usage of MIBG scintigraphy is in catecholamine producing 

tumours such as functional PPGL, neuroblastomas, and medullary thyroid carcinomas (Rufini et al., 

2006).    

68Ga-DOTA-octreotate (GaTate), a positron emitting radiotracer comprised of the somatostatin analogue 

octreotate conjugated to Gallium (68Ga) can be used to selectively target cells expressing the somatostatin 

receptor (SSTR). As overexpression of the somatostatin receptor is recognised as a distinctive feature of 

some neuroendocrine tumours (Fischer et al., 2008; Oberg, 2005; Schulz et al., 2000). Recent research 

suggests that GaTate provides superior sensitivity and specificity when compared with a range of other 

imaging modalities in the detection of PPGL (Janssen et al., 2015).  

In patients presenting with somatostatin or MIBG negative disease, the positron emitting 

radiopharmaceutical 18F-fluorodeoxyglucose (18F-FDG) provides significant diagnostic utility (Timmers 

et al., 2007). 18F-FDG is a glucose molecule on which one hyroxyl group has been substituted with 

radioactive Fluorine (18F).  18F-FDG is sequestered by cells in place of glucose through GLUT 

transporters where it becomes trapped following phosphorylation by a hexokinase (Carrasquillo & Chen, 

2010). Some studies have suggested that FDG avidity may have predictive value in determining 

malignant potential, although it is difficult to discern whether this is independent of the presence of an 

SDHB mutation, itself a risk factor of malignancy (Fikri et al., 2014).   

PPGL have a predominantly benign indolent progression, however, a portion develop metastases to 

unrelated sites including lymph nodes, bone, lungs, and liver.  The proportion of PPGL that become 

metastatic remains in contention, historically it has been considered to be around 10% (Eisenhofer et al., 

2004). However, recent studies have suggested figures between 15% and 25% (Ayala-Ramirez et al., 
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2011; Jimenez et al., 2013).  The current World Health Organisation guidelines on PPGL do not recognise 

any clinical or histopathological features that can differentiate benign from metastatic PPGL in the 

absence of disseminated disease. Despite this, three clinical predictors of increased likelihood of 

metastasis have been reported; primary tumour location, tumour size, and a germline mutation in the 

SDHB subunit.  

In order to assess the relationship between site of origin and metastatic potential Park et al. (Park et al., 

2011) examined a series of 152 benign and malignant PPGL. Overall, adrenal PCC accounted for 137 

(90.1%) and PGL 15 (9.8%) of the 152 cases, despite this imbalance, PGL accounted for 4 (23.6%) of the 

17 metastatic tumours.  Other studies examining metastatic potential have shown that a tumour size larger 

than 5 cm is significantly correlated with increased risk of metastasis and decreased overall survival 

duration (de Wailly et al., 2012; Park et al., 2011).  Furthermore, a large retrospective study 

encompassing 365 PPGL patients, 105 of which had metastatic disease, demonstrated that despite their 

correlation, tumour size, tumour location, and SDHB mutation are independent risk factors for 

malignancy(Eisenhofer et al., 2012). 

In 2002, a scoring algorithm called the Phaeochromocytoma of the Adrenal gland Scaled Score (PASS) 

was proposed to differentiate benign from malignant disease (Thompson, 2002). The study reviewed 

histological features of fifty benign and fifty malignant cases and assigned a value of one or two to each 

feature giving a cumulative score to each tumour based on the features present. The study concluded that 

all benign tumours studied had a PASS less than four while all malignant tumours scored greater than 

four, although the author does add the caveat that these values are not absolute indicators. Despite 

becoming widely used within the field, more recent systematic reviews of the method have had mixed 

results. Detractors cast doubt on the utility of the metric citing both poor prognostic value and a potential 

for observer bias (Agarwal et al., 2010; de Wailly et al., 2012; Gao et al., 2006; Wu et al., 2009). 

1.3 Treatment 
In cases of benign PPGL, standard clinical management involves the pharmacological treatment of 

symptoms associated with catecholamine excess followed by surgical excision of the primary tumour. 

Proper management of catecholamine associated symptoms both before and during surgery is of the 

utmost importance to prevent hypertensive crisis. This is usually achieved through the administration of 

α-adrenergic receptor blockers and calcium channel antagonists. In severe cases additional treatment with 

α -methyl paratyrosine to inhibit catecholamine synthesis may be necessary (Tada et al., 1998).  In cases 

where complete surgical resection is not possible or metastatic disease is evident 131I-MIBG therapy has 
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been the mainstay of treatment but novel therapies such as peptide receptor radionuclide therapy are also 

being employed. 

As mentioned previously, MIBG is a norepinephrine analogue that is sequestered by various 

neuroendocrine cell types.  The same characteristics of radiolabelled MIBG that facilitate molecular 

imaging of PPGL also make it a good candidate radiotherapeutic agent. Clinical indication for use of 131I-

MIBG therapy is non-responsive, aggressive metastatic disease with strong positive imaging using 123I-

MIBG or 124I-MIBG as a tracer.  In 1997, a review of 116 patients who received MIBG therapy found that 

patients who had an initial response to MIBG had a lower rate of mortality (33%) compared to non-

responders (45%) and an increased survival time (median 22 months versus 13 months) at follow-up. 

However, complete remission was only seen in 4% of patients (Loh et al., 1997). A more recent meta-

analysis of 17 studies encompassing 243 patients found MIBG therapy resulted in complete or partial 

tumour response, or stable disease in 3%, 27%, and 52% of patients respectively (van Hulsteijn et al., 

2014). These results suggest that while MIBG therapy is not curative in the majority of cases, it does 

provide an increase in progression free survival and palliative relief from disease associated morbidity. 

Traditional external beam radiotherapy applies ionising radiation from an external source, which has to 

pass through any intervening healthy tissue to reach the therapeutic target leading to unwanted tissue 

damage. Peptide Receptor Radionuclide Therapy (PRRT) employs a radionuclide such as lutetium 

(177Lu), yttrium (90Y), or indium (111In) conjugated to a receptor-specific peptide via a chelating agent 

such as DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid).  The PRRT agent is then 

introduced to the patient's blood stream where the circulating radionuclide complex binds to a reciprocal 

receptor on the surface of the tumour cells, delivering the radiation dose directly to the tumour.  The 

remaining circulating PRRT agent is rapidly cleared by the kidneys.  Although PRRT has shown potential 

in other neuroendocrine tumours (van Essen et al., 2009), there is very limited information on its efficacy 

in PPGL. Small studies with between 12 and 40 patients have seen partial tumour responses in 36% of 

PCC and between 10 and 25% of PGL (Imhof et al., 2011; van Essen et al., 2006). While further studies 

are required, these preliminary results suggest that PRRT may be of some therapeutic benefit in cases that 

present with poor I-MIBG uptake but image well with somatostatin analogues. 

The most widely applied chemotherapeutic regimen for malignant PPGL is a combination therapy with 

cyclophosphamide, vincristine, and dacarbazine (CVD) first described in 1985 (Keiser et al., 1985). A 22-

year follow-up study found that while CVD produced a complete response in 11% and a partial response 

in 44% of patients, there was no overall difference in survival between the responders and non-
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responders. Even so, patients exhibiting tumour response reported a reduction in catecholamine related 

symptoms and improvements in hypertension. As such, the therapy is generally considered palliative 

rather than curative. 

As the molecular mechanisms of oncogenesis become increasingly understood, there has been a greater 

focus on the use of targeted therapies. Sunitinib is a multi-target receptor tyrosine kinase inhibitor with 

antiangiogenic and antitumour activity. Targets of sunitinib include the PDGF-Rs, VEGF-Rs, and RET. 

Recognition of the highly vascularised nature of some PPGLs and the underlying activation of Hypoxia-

Inducible Factor (HIF) signalling provided the rationale for its application in PPGL. Xenograft models 

using rat PCC cell line PC12 demonstrated a significant reduction in tumour growth rate following 

treatment with sunitinib (Denorme et al., 2014).  In humans, most published literature to date is limited to 

single case studies or small cohorts (Hata et al., 2014; Jimenez et al., 2009; Joshua et al., 2009). Initial 

data from these limited trials suggest sunitinib provides clinical benefit and, as such, sunitinib is now the 

focus of an international clinical trial (FIRSTMAPPP, clinicaltrials.gov identifier: NCT01371201). 

Everolimus, an mTORC1 inhibitor, was trialled in a cohort of four patients with limited success, all 

patients showed disease progression following treatment (Druce et al., 2009). It is postulated that these 

tumours may be escaping through compensatory PI3K/AKT and ERK activation, as such, research is 

currently underway into dual-specificity PI3K/mTORC1 inhibitors (Nolting & Grossman, 2012).  

As it stands, there are no highly effective treatments for malignant PPGL. The investigation into novel 

targeted therapies is still in its infancy and is hampered by the paucity of knowledge surrounding the 

molecular mechanisms of both oncogenesis and metastasis.  It is likely that future treatments will come as 

a result of greater understanding of the genetic, epigenetic, and micro-environmental changes that foster 

malignant progression. 

1.4 Genetics of PPGL 
Perhaps one of the most interesting features of PPGL is the relatively high contribution of heritability to 

its aetiology. Historically, around 10% of PPGLs were considered to be the result of a germline mutation. 

However, the last decade and a half has seen a steady expansion in the number of genes linked to PPGL 

from three to more than eighteen (Favier et al., 2014). It is now estimated that up to 40% of cases are due 

to an underlying germline mutation, and a further one-third of sporadic cases can be explained by a 

somatic mutation in one of the known drivers (Dahia, 2014). Due to the heritable nature of these 

mutations, PPGL often presents as part of a syndrome in the presence of other tumour types and non-

tumour related symptoms.  
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Table 1.1 Summary of PPGL associated genes 

Gene Pathway Predominant Site Risk of 
Malignancy 

Related  
Conditions 

Incidence  
Proportion 

VHL HIF PCC > PGL Low RCC, 
CNS-HAB 

9-13% 

EPAS1 HIF PGL > PCC Unknown Polycythemia 2-5% 
EGLN1 HIF PGL (Single case) Unknown  <1% 
SDHA TCA/HIF PGL Unknown GIST <1% 
SDHB TCA/HIF PGL > PCC High GIST 7% 
SDHC TCA/HIF PGL Low GIST 1-2% 
SDHD TCA/HIF PGL > PCC Moderate GIST 5% 
SDHAF2 TCA/HIF PGL Unknown  <1% 
IDH1 TCA/HIF PGL (Single case) Unknown  <1% 
FH TCA/HIF PCC > PGL Unknown Uterine  

leiomyoma 
<1% 

MDH2 TCA/HIF PGL (Single case) Unknown  <1% 
MAX MYC PCC > PGL Low  1-2% 
RET RAS PCC Low MTC 5% 
NF1 RAS PCC > PGL Moderate Neurofibroma, GIST,  

optic glioma 
15-20% 

HRAS RAS PCC/PGL Unknown  7% 
BRAF RAS PCC (Single case) Unknown  <1% 
TMEM127 RAS/mTOR PCC Low  1-2% 
KIF1Bbeta Neuronal  

apoptosis 
PCC (limited cases) Unknown  <1% 

MEN1 Epigenetic  
control 

PCC Unknown Tumors of the  
parathyroids,  
pancreatic islets,  
and anterior pituitary 

<1% 

 

1.4.1 Syndromic PPGL 

1.4.1.1 Multiple Endocrine Neoplasia Type 1  
Multiple Endocrine Neoplasia Type 1 (MEN1) (MIM: 131100) is an autosomal dominant cancer 

syndrome giving rise to tumours of the parathyroid glands, pancreatic islet cells, and the anterior pituitary, 

and less frequently, gastric carcinoids, adrenocortical adenomas, lipomas, angiofibromas, thyroid 

adenomas, and PPGL (Chandrasekharappa et al., 1997).  In 1988, the gene responsible for MEN1 was 

mapped to chromosome 11 by Catharina Larsson and co-workers, this mapping was further refined 

through positional cloning to 11q13 in 1997 (Chandrasekharappa et al., 1997; Larsson et al., 1988).  The 

product of the MEN1 gene codes for 67-kDa protein, dubbed menin, with no significant homology to any 
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other proteins.   Although the function of menin is poorly understood, it is thought to have a role in 

transcriptional regulation and has been shown to facilitate histone methyltransferase activity when 

complexed with mixed-lineage leukemia histone methyltransferase (KMT2A) and lens epithelium derived 

growth factor (PSIP1) (Yokoyama & Cleary, 2008). At present, more than 300 unique mutations have 

been described in the MEN1 gene (Klein et al., 2005). Disease penetrance in carriers of a pathogenic 

mutation is estimated to be greater than 90% by 50 years of age (Trump et al., 1996), however, PPGL 

occur rarely within the context of MEN1. 

1.4.1.2 Multiple Endocrine Neoplasia Type 2 
The RET (Rearranged during Transfection) proto-oncogene was discovered in 1985 by Masahide 

Takahashi and colleagues while transfecting NIH-3T3 cells with human lymphoma DNA. The RET gene 

product is a transmembrane receptor tyrosine kinase which, in concert with GFRα co-receptors, responds 

to growth factors of the glial cell line-derived neurotrophic factor (GDNF) family (Arighi et al., 2005).  

Upon activation, two RET monomers dimerise and undergo autophosphorylation via their intracellular 

kinase domains (Eng, 1999). Depending on which tyrosine residues become phosphorylated, RET can 

induce downstream signalling via the PI3K/AKT, RAS/ERK, and RAC/JNK pathways (Murakumo et al., 

2006; Prazeres et al., 2011). In mouse knockout models RET has been shown to be essential for nervous 

system and kidney development, with Ret-/- mice dying shortly after birth (Enomoto et al., 2001; Rozen 

et al., 2009).  

In humans, the effect of RET mutations depends on whether they are loss or gain-of-function mutations.  

Loss-of-function mutations are associated with Hirschsprung disease, a disorder in which the intrinsic 

ganglion cells in the myenteric and submucosal plexuses of the gastrointestinal tract do not develop (Eng 

& Mulligan, 1997). Gain-of-function mutations are associated with Multiple Endocrine Neoplasia Type 2, 

which can be further stratified into MEN2A (MIM: 171400), MEN2B (MIM: 162300), and familial 

medullary thyroid carcinoma (MTC) (MIM: 155240).  MEN2A is characterised by the development of 

PPGL and hyperplasia of the calcitonin producing para-follicular C cells of the thyroid leading to MTC. 

MEN2B presents a similar phenotype to MEN2A with additional developmental defects and a tendency 

towards more aggressive tumour progression (Brandi et al., 2001).  There is a strong genotype to 

phenotype correlation in RET related disorders with a handful of point mutations in exons 10 and 11 

being responsible for the MEN2A phenotype, and 93% of MEN2B cases being attributed to a single point 

mutation in exon 16 (M918T) (Eng et al., 1997; Eng et al., 1994; Mulligan et al., 1994). More recently, 

somatic mutations in the RET gene have been shown to contribute to the development of PPGL, these 

mutations occur mostly in accordance with the oncogenic hotspot mutation profile affecting amino acids 
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634 and 918 (Burnichon et al., 2011).  Overall RET mutations account for around 5% of PPGL (Brito et 

al., 2014; Dahia, 2014). 

1.4.1.3 Neurofibromatosis Type 1  
Neurofibromatosis Type 1 (NF1) (OMIM: 162200) is an autosomal dominant, multi-system disorder with 

a diverse phenotypic presentation including both tumour and non-tumour manifestations.  While 

neurofibroma, a benign tumour arising from the nerve sheath, is the tumour-type most commonly 

associated with NF1, patients are also at risk of developing juvenile myelomonocytic leukemia, 

gastrointestinal stromal tumour, optic glioma, and PPGL (Boyd et al., 2009; Korf, 2000).  NF1 has the 

highest rate of de novo events of any single-gene disorder with approximately half of affected individuals 

having no affected parent (Theos & Korf, 2006).  

The NF1 gene, which has 60 exons dispersed over more than 300 kilobases of chromosome 17q11.2, 

encodes neurofibromin and is expressed in a variety of cell types including neurons, glial cells, and 

Schwann cells (Daston et al., 1992). The gene product contains a RAS-specific guanosine triphosphatase 

(GTPase)–activating protein domain, which enhances the conversion of RAS-GTP to the inactive form, 

RAS-GDP, resulting in a decrease of signalling through the RAS signalling cascade (Ballester et al., 

1990; Khosravi-Far & Der, 1994). The role of NF1 as a tumour-suppressor gene is supported by 

mutational profile surveys demonstrating the absence of mutational hotspots and a preponderance (~75%) 

of mutations predicted to result in a protein truncation event. In addition, loss of heterozygosity at the 

NF1 locus has been observed in 20-50% of cutaneous neurofibromas, 70% of plexiform neurofibromas, 

and 85% of PPGL (Ko et al., 2013; Laycock-van Spyk et al., 2011).  

Recently, two studies examining sporadic PPGL found that somatic alterations to NF1 were a major 

contributor to these tumours. One study examining 61 sporadic tumours preselected to exclude mutations 

in other causative genes demonstrated that 25 cases (41%) could be explained by somatic alteration in the 

NF1 gene (Burnichon, Buffet, et al., 2012). The second study which preselected cases exhibiting loss of 

chromosome 17q (11 of 42 cases studied) demonstrated that 10 of 11 cases harboured somatic NF1 

mutations (Welander et al., 2012). Overall, Neurofibromatosis Type 1 accounts for around 5% of PPGL, 

whilst somatic mutations in the NF1 gene are thought to account for around 20-25% of sporadic PPGL (or 

between 15-20% of all PPGL) (Dahia, 2014). 
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1.4.1.4 von Hippel-Lindau Syndrome 
von Hippel-Lindau (VHL) syndrome (OMIM: 193300) is an autosomal dominant disorder caused by 

mutations in the VHL gene on chromosome 3p25. Individuals with VHL mutations are prone to 

developing retinal and central nervous system hemangioblastomas (HAB), endolymphatic sac tumours, 

clear cell renal cell carcinomas (RCC), pancreatic tumours, and PPGL (Kaelin, 2007; Maher, 2004).  

VHL syndrome is divided into two clinical subtypes; type 1 presents with RCC and HAB but not PPGL, 

type 2 is further divided with type 2A characterised by HAB and PPGL but not RCC, type 2B 

characterised by HAB, RCC, and PPGL, and type 2C which presents with PPGL only. Mutations in VHL 

account for around 13% of familial and 9% of sporadic PPGL (Dahia, 2014).  

The VHL protein, in concert with elongin C (TCEB1), elongin B (TCEB2), Cullin-2 (CUL2), and ring-

box 1 (RBX1), forms a complex possessing ubiquitin ligase functionality marking substrate proteins for 

degradation (Kibel et al., 1995; Stebbins et al., 1999). The most notable substrates of the VHL complex 

are the alpha subunits of HIF.  Under normoxic conditions, HIF1α subunits are hydroxylated by prolyl 

hydroxylase (PHD) proteins through an oxygen-dependant mechanism. Subsequently, the hydroxylated 

HIF1α is captured and ubiquitinated by the VHL complex marking it for degradation. Under hypoxic 

conditions, the activity of the PHD proteins is diminished leading to the stabilisation of HIF.  The 

stabilised HIF promotes transcription of genes involved in a wide variety of cellular processes including 

metabolism, cell cycle progression, and angiogenesis (Hon et al., 2002; Kaelin, 2007; Keith et al., 2012; 

Maxwell et al., 1999).  

In addition to regulation of HIF degradation, VHL also plays an important role in maintaining 

extracellular matrix (ECM) integrity. The participation in each role is determined by post-translational 

modification of VHL involving the addition of the ubiquitin-like molecule NEDD8. The neddylation of 

VHL creates steric hindrance preventing VHL from participating in the ubiquitin ligase complex (Russell 

& Ohh, 2008). Immunoprecipitation studies have shown that VHL interacts with ECM components 

fibronectin (Ohh et al., 1998) and collagen IV alpha 2 (Kurban et al., 2008) and that loss of these 

interactions results in the disruption of ECM formation.  While the exact mechanism by which VHL 

regulates ECM assembly is unclear, preliminary evidence suggests ECM dysregulation may be a result of 

inadequate activation of the small GTPase RhoA (Feijoo-Cuaresma et al., 2008).  Interestingly, mutations 

that cause VHL syndrome types 1, 2A, and 2B have been shown to be deficient in both HIF regulation 

and fibronectin binding, whereas mutations leading to type 2C disease are capable of ubiquitinating HIF 

but unable able to bind fibronectin (Clifford et al., 2001). This suggests multiple cell-specific roles for 

VHL in oncogenesis. 
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1.4.1.5 SDHA/B/C/D and SDHAF2 
Succinate dehydrogenase (SDH) is a four subunit protein complex bound to the inner mitochondrial 

membrane that is integrally involved in cellular metabolism. During the tricarboxylic acid (TCA) cycle, 

SDH is responsible for oxidising succinate to fumarate by transferring two hydrogen ions to flavin 

adenine dinucleotide (FAD).  The electrons transferred to FAD by SDH, also known as complex II, are 

shuttled into the electron transport chain for use in oxidative phosphorylation (Lehninger et al., 2000).  

Mutations in any of the SDH subunits leads to a failure in the conversion of succinate to fumarate (King 

et al., 2006). The resulting accumulation of excess succinate disrupts the function of a diverse class of 

enzymes known as the α-ketoglutarate (α-KG) dependent dioxygenases, which includes the hypoxia-

inducible factor prolyl hydroxylases (PHD), jumonji histone demethylases (JMJD) and TET DNA 

hydroxylases. 

PHDs are involved in post-translational modification where they catalyse the hydoxylation of prolyl 

residues by transferring one oxygen atom from molecular oxygen to α-KG and the other to a prolyl 

residue, producing carbon dioxide, succinate, and hydroxy-prolyl.  As mentioned previously, the 

hydroxylation of two prolyl residues is the first step in the degradation of HIF1α. In a normal cell under 

standard oxygen conditions the progression of this reaction is constant, it is only when the level of oxygen 

is reduced that this reaction can no longer proceed, the result of which is that HIF1α is allowed to 

accumulate triggering the hypoxia response.  The accumulation of succinate mimics the low oxygen 

condition by inhibiting the function of PHDs through both competitive (with α-KG) inhibition and 

product inhibition, leading to a perpetual state of, what has been termed, pseudo-hypoxia (King et al., 

2006).  

The jumonji proteins are a class of JmjC domain containing histone demethylases (JHDM) that depend on 

molecular oxygen and α-KG for their activity. Histones, which form the structural component of 

nucleosomes around which DNA is wrapped to form chromatin, are subject to post-translation 

modification such as acetylation and methylation.  These epigenetic modifications govern the 

transcriptional activity of genes by both physically altering the topology of DNA and providing signals to 

transcriptional machinery.  Disruptions to normal methylation patterns have been implicated in a variety 

of cancers (Varier & Timmers, 2011).  Knockdown models examining the effect of reduced SDH in 

cultured cells have demonstrated an increase in the levels of histone methylation (H3K27me3 and 

H3K36me2), furthermore, the phenotype was shown to be reversible by over-expression of the 

functionally active C-terminal region of Jmjd3, a H3K27me3-specific histone demethylase (Cervera et al., 
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2009). In yeast, phenotypic comparison of a strain harbouring a deletion of the JHDM orthologue, Jhd1, 

with an Sdh2 knockout strain showed a similar increase in occupancy of H3K36me2 relative to the wild-

type strain. Wild-type strains could be made to partially mimic the knockout phenotype by treatment with 

exogenous succinate (Smith et al., 2007).  

Similarly to histone methylation, methylation of DNA bases provides an important mechanism of 

epigenetic regulation.  DNA methylation involves the covalent addition of a methyl group to a cytosine 

base, a process that occurs almost exclusively to bases in a CpG dinucleotide context. High densities of 

CpG dinucleotides, known as CpG islands, are often found in the promoter regions of genes. In this 

context, their state of methylation confers transcriptional repression (methylated) or expression 

(unmethylated). In recent times aberrant DNA methylation has been increasingly recognised as a 

mechanism for the silencing of tumour suppressor genes such as MLH1, VHL, CDKN2A, and BRCA1 

(Baylin, 2005). The TET DNA hydroxylases are a family of enzymes that catalyse the conversion of 5-

methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC), the first step in cytosine demethylation 

(Guo et al., 2011). Over-expression of the catalytic domain of TET1 in cultured cells produces a 

detectable increase in the level of 5hmC but when combined with the knockdown of SDHA or SDHB, the 

levels of 5hmC are reduced by 83% and 69% respectively (Xiao et al., 2012).  Methylome analysis of a 

large PPGL cohort found that samples separated into three distinct classes based on their methylation 

phenotype, designated M1, M2, and M3. Class M1, consisting primarily of SDH-mutant tumours, 

exhibited a hypermethylator phenotype characterised by high methylation levels both within and outside 

of CpG islands.  Classes M2, predominantly VHL tumours, and M3, NF1/RET type tumours, lacked the 

hypermethylator phenotype and exhibited a hypomethylation phenotype outside CpG islands (Letouze et 

al., 2013). Combined, these findings suggest a strong role for oncometabolites resulting from SDH 

mutations in methylome dysregulation. 

The clinical phenotype of SDH mutations is variable depending on the defective subunit.  Loss of SDHD 

function gives rise to paraganglioma syndrome 1 (PGL1) (MIM:168000), which is characterised by the 

development of multiple PGL, particularly in the head and neck region, and less frequently PCC, with a 

low rate of malignancy (Benn et al., 2015; Dahia, 2014; Opocher & Schiavi, 2011).   PGL2 (MIM: 

613019) is associated with mutations in the SDHAF2 gene, required for the flavination of SDH, and has 

similar clinical phenotype to PGL1 with the exception of adrenal PCC, which have not been reported 

(Hao et al., 2009).  PGL3 (MIM:605373), which is caused by mutations in SDHC, leads to the 

development of PGL and carotid body tumours but not adrenal PCC, while development of concurrent 

tumours or metastatic disease are rare (Schiavi et al., 2005). Inactivating mutations in SDHB are 
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associated with PGL4, an autosomal dominant disease marked by the development of head and neck 

paragangliomas, PCC, and PGL, with a high rate of malignancy (Waldmann et al., 2009).  Recently, 

mutations in SDHA have been described in both PCC and PGL (Burnichon et al., 2010; Korpershoek et 

al., 2011). 

In 2002, a novel syndrome, known as the Carney-Stratakis syndrome, was described as imbuing a 

propensity to develop both PGL and gastrointestinal stromal tumours (GIST). In 2008, a screen of 11 

GIST patients lacking a typical KIT or PDGFRA mutation found mutations in SDHB, C, and D in 5, 2 and 

1 patients respectively (Pasini et al., 2008).  A finding supported by further research showing that GISTs 

with wild-type KIT and PDGFRA have either complete loss, or a substantial reduction in, SDHB protein 

expression (Janeway et al., 2011). However, the exact relationship between SDH and Carney-Stratakis 

syndrome remains to be elucidated. 

1.4.2 Non-syndromic PPGL 

1.4.2.1 Germline Mutations in Non-syndromic PPGL 
 

1.4.2.1.1 MAX 
MAX, or MYC-associated factor X, is a member of a highly evolutionarily conserved transcription 

modulation network. The MYC/MAX/MXD triad forms the core of a complex network of DNA 

interacting proteins, modulating a diverse and sometimes antagonistic set of cellular processes such as 

proliferation, growth-arrest, and differentiation (Diolaiti et al., 2014). The MAX/MYC heterodimer is 

able to bind to the E-box (Enhancer Box) sequence found in the promoter region of many genes, where 

upon doing so, it promotes gene transcription.  Conversely, the MAX/MXD heterodimer, which also 

binds E-box sequences, prevents transcriptional activation upon binding.  Research suggests that MYC 

and MXD compete for MAX binding and that the ultimate outcome of the regulatory network results 

from the relative abundance of each partner (Ayer et al., 1993). 

In 2011, exome sequencing of three PCC with similar transcriptional profiles uncovered germline 

mutations in the MAX gene (Comino-Mendez et al., 2011). The tumours exhibited coordinate loss of the 

wild-type allele as either chromosomal loss or copy neutral loss of heterozygosity. A follow-up study 

sequencing the MAX gene in 1,694 PPGL patients without a known mutation found MAX to be altered in 

1.12% of cases (Burnichon, Cascon, et al., 2012). 
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1.4.2.1.2 TMEM127 
In 2010, genomic analysis of a family with multiple individuals affected by PCC revealed a mutation in 

the transmembrane protein TMEM127 (Qin et al., 2010). Although the exact function of TMEM127 is 

unknown, the similar transcription profile of TMEM127 mutant tumours and RET/NF1 tumours suggested 

the oncogenic mechanism might be through the RAS signalling pathway. However, initial TMEM127 

knockdown experiments showed no additional RAS activity (Qin et al., 2010). As loss of NF1 has been 

shown to result in dysregulation of mTOR signalling, Qin and colleagues examined phosphorylation of 

4EBP1 and S6K, markers of mTORC1 activation, and AKT, a marker of mTORC2 activation. They 

found that knockdown of TMEM127 resulted in increased levels of 4EBP1 and S6K but not AKT 

phosphorylation.  Conversely, over expression of TMEM127 showed reduced mTORC1 signalling (Qin 

et al., 2010). These results suggest that TMEM127 may have a role in regulation of mTORC1 but not 

mTORC2 signalling. Examination of the cellular localisation of wild-type TMEM127 suggests it is 

typically either integrated into the plasma membrane of the cell or that of membrane bound organelles. In 

contrast, mutant TMEM127 demonstrates a diffuse cytoplasmic distribution (Yao, Schiavi, et al., 2010). 

Wild-type TMEM127 has also been shown to colocalise with activated mTORC1, suggesting that it may 

have a role in trafficking or regulating exposure of mTORC1 to other regulatory factors (Jiang & Dahia, 

2011). Large cohort studies estimate the frequency of TMEM127 mutations in PPGL to be between 0.9 

and 2% (Abermil et al., 2012; Yao, Schiavi, et al., 2010). 

1.4.2.1.3 KIF1Bβ 
KIF1B codes for two isoforms of a motor protein, KIF1Bα and KIF1Bβ, which are implicated in 

anterograde transport of mitochondria and synaptic vesicle precursors. The beta isoform has been shown 

to have a proapoptotic function (Munirajan et al., 2008).  During development, programmed cell death is 

integral to formation of correct neural connections and its occurrence is tightly controlled by the levels of 

neurotrophic factors. One such neurotrophic factor, nerve growth factor (NGF) binds to the cell surface 

receptor TrkA triggering a blockade of the apoptotic process (Dekkers et al., 2013). KIF1Bβ has been 

implicated in this process as a downstream effector of TrkA signalling. Ectopic expression of KIF1Bβhas 

been shown to increase caspase activity and induce apoptosis. This ability is thought to be independent of 

its function as a motor protein, as constructs lacking the motor domain retain the proapoptotic 

functionality. Recently, KIF1Bβ has been shown to be responsible for the localisation of DHX9 to the 

nucleus where it promotes the transcription of proapoptotic factor XAF1 (Chen et al., 2014). These data 

suggest that mutations in KIF1B may undermine programmed cell death in cells of neural origin, priming 

them for oncogenic transformation.  
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At present there are only a small number of reports of KIF1B mutations in PPGL, suggesting that the 

overall prevalence is likely to be very low (Schlisio et al., 2008; Yeh et al., 2008).  

1.4.2.1.4 EGLN1 (PHD2) 
EGLN1 is a member of the prolyl-hydroxylase domain (PHD) family of proteins.  As discussed 

previously, these proteins hydroxylate HIF-α subunits in an oxygen-dependent manner marking them for 

destruction. At present only a single case of PGL has been linked to a mutation in EGLN1 (Ladroue et al., 

2008). Studies looking for mutations in the remaining PHDs, EGLN2 and EGLN3, were unable to find 

evidence of mutations in these genes (Astuti et al., 2011). 

1.4.2.1.5 IDH1 
Isocitrate dehydrogenase catalyses the oxidative decarboxylation of isocitrate to produce α-KG.  As such, 

failure of IDH can result in inadequate levels of α-KG leading to a disruption of α-KG dependant 

dioxygenases through a similar mechanism to succinate dehydrogenase failure.  In light of this 

mechanistic similarity and the identification of IDH1 mutations in neural type tumours (Bleeker et al., 

2009), two studies examined the prevalence of IDH1 mutations in PPGL. The first study examined 365 

PCC, PGL, and head and neck paragangliomas, finding no mutations in PCC or PGL, but finding a single 

p.Arg132Cys mutation in a sporadic carotid paraganglioma (Gaal et al., 2010). The second study 

sequenced codons 132 of IDH1 and 172 of IDH2 in 104 PCC and found no mutations (Yao, Barontini, et 

al., 2010).  These findings suggest that although IDH1 mutations may have a similar biochemical 

phenotype to SDH mutations, they do not play a significant role in PPGL tumourigenesis. 

1.4.2.1.6 FH  
During the TCA cycle, fumarate hydratase (FH) catalyses the conversion of fumarate to malate through 

the addition of a water molecule. Individuals with a germline mutation in FH are predisposed to 

hereditary leiomyomatosis and renal cell cancer (Lehtonen, 2011). However, the association with PPGL 

was not described until recently. In 2013, a survey of 598 patients without mutations in the known PPGL 

susceptibility genes uncovered five pathogenic germline FH mutations (Castro-Vega et al., 2013), while a 

more recent study of 72 patients found two novel mutations (Clark et al., 2014).  Examination of the 

levels of 5-hmC in FH tumours by IHC demonstrated a similar pattern of methylation to that observed in 

SDHx mutant tumours. This suggests a common mechanism of dioxygenase inhibition by metabolite 

accumulation.   Overall FH mutations are likely to account for a small proportion of PPGL, but since 

three of the seven patients described so far exhibited metastatic disease, suggesting that, like SDHx 

tumour, FH-driven disease, like SDHx tumours, may have a higher malignant potential. 
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1.4.2.1.7 MDH2 
Malate dehydrogenase 2 (MDH2) is the most recent addition to the growing list of TCA cycle genes 

which, when mutated, confer susceptibility to PPGL development. A study in which whole exome 

sequencing was performed on a 55-year-old male with multiple malignant paragangliomas identified a 

donor splice site mutation on exon 4 of MDH2 (Cascon et al., 2015). The authors demonstrated that the 

mutation resulted in incorporation of an additional 20 amino acids followed by a premature stop codon. 

The mutant transcript was demonstrated to undergo nonsense-mediated decay. The role of MDH2 in the 

TCA is to catalyse the oxidation of malate to oxaloacetate; surprisingly the authors were unable to detect 

accumulation of the substrate as has been seen with the dysfunction of other TCA enzymes. However, an 

increased fumarate to succinate ratio was observed, suggesting a potential accumulation of fumarate 

similar to that of FH mutant tumours. Furthermore, MDH2 mutant tumours were shown to exhibit the 

hypermethylator phenotype seen in SHDx and FH tumours. Pathogenicity was ultimately confirmed by 

demonstrating segregation of the mutation with disease in related individuals.  At present there is only 

this single report of MDH2 mutations in PPGL and, as such, the prevalence remains unknown.  

 

1.4.2.2 de Novo and Sporadic mutations in Non-syndromic PPGL 
 

1.4.2.2.1  EPAS1 
The EPAS1 gene encodes the protein HIF2α, a member of the hypoxia inducible factor group of 

transcription factors. These transcription factors are master regulators of the cellular response to oxygen 

availability. As touched on previously, under normoxic conditions the HIFα subunits (HIF1α, HIF2α, and 

HIF3α) are rapidly degraded.  If cellular oxygen levels are reduced, the HIFα subunits escape destruction, 

translocate to the nucleus, and bind to the HIF1β subunit (also known as ARNT). The heterodimer then 

recruits the transcription co-factors CREB-binding protein and p300, and binds to HIF-responsive 

elements (HRE), promoting the transcription of a vast array of genes (Maxwell et al., 2001). 

Despite the central role that HIF signalling plays in many cancers, mutations in the HIF2α subunit had 

only previously been described in relation to polycythemia, a disorder in which the proportion of blood 

volume occupied by red cells is increased (Bento et al., 2014).  Recently, however, a case report was 

published describing two patients with congenital polycythemia and young onset multiple PGLs (Zhuang 

et al., 2012). Interestingly the mutations were not found in constitutional DNA taken from each of the 
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patients suggesting that the mutations were likely de-novo events in a common precursor cell during early 

embryogenesis.  A subsequent study found EPAS1 mutations in three patients with concomitant PGL and 

congenital polycythemia, as well as an additional four sporadic cases in the absence of polycythemia 

(Comino-Mendez et al., 2013). All mutations were found to affect residues at, or in close proximity to, the 

primary hydroxylation site, resulting in increased stability without affecting DNA binding efficiency. A 

more recent study sequencing 167 sporadic PPGL found four (2.3%) HIF2α mutations, whilst screening 

of HIF1α uncovered no mutations (Toledo et al., 2013). Combined, the recent literature suggests that 

mutation in HIF2α account for between 2 and 5% of sporadic PPGL. 

1.4.2.2.2 HRAS 
HRAS is a member of the p21 RAS GTPase family of signalling effector proteins which form a major 

convergence point for cellular signalling. Typically, activation of a receptor tyrosine kinase by ligand 

binding leads, through various intermediaries, to activation of guanadine exchange factors (GEFs). These 

GEFs assist with the conversion of inactive GDP-bound RAS to the active GTP-bound form.  Once 

activated, RAS further activates a number of downstream effectors such as RAF, PI3K, and PLC.  

Through these pathways, RAS plays a significant role in a diverse array of cellular processes including 

cell growth, cell-cycle progression, apoptosis, and cytoskeletal organisation. Since the oncogenic 

potential of the RAS genes was first discovered in the 1970s they have been shown to be involved in the 

development of 30% of all cancers (Saxena et al., 2008). HRAS specifically has been found to be mutated 

in cancers of the urinary tract (11%), salivary gland (15%), prostate (6%), and cervix (9%) (Pylayeva-

Gupta et al., 2011).  HRAS mutations in PPGL were first described in 1992, where a small cohort study of 

19 tumours revealed a single case with a mutation in codon thirteen (Yoshimoto et al., 1992).  More 

recently, two studies examining the contribution of HRAS to PPGL discovered mutations in four of 58 

(6.9%) and fourteen of 271 (5.2%) PPGLs (Crona et al., 2013; Oudijk et al., 2014).  

1.4.2.2.3 BRAF 
BRAF, an effector kinase immediately downstream of RAS, is the most recent component of the mitogen-

activated protein kinase pathway (MAPK) to be linked to PPGL.  Mutations in BRAF are common in a 

wide range of cancers including melanoma (~60%), colorectal (5-20%), and low-grade serous ovarian 

cancer (33-50%) (Burotto et al., 2014; Davies et al., 2002). Luchetti et al. applied massively parallel 

sequencing to examine recurrently mutated sites in 50 known cancer genes across 85 PPGL samples 

(Luchetti et al., 2015). This approach detected a single sample with a somatic mutation (c.1799T>A) in 

BRAF resulting in the canonical p.V600E amino acid change.  At present this the only report of BRAF 

mutations in PPGL and, as such, the overall contribution to the incidence of PPGL is unknown. 
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1.4.3 Pathways in PPGL Oncogenesis 

In 2005, Dahia et. al. performed unsupervised clustering of gene-expression analysis on 76 PPGL. They 

observed that the tumours formed 2 major clusters; cluster one, comprised mainly of SDHx and VHL 

mutant tumours, and cluster two containing tumours with RET and NF1 mutations, as well as a large 

number of sporadic tumours of unknown genotype (Dahia et al., 2005).  This picture was further refined 

by a 2011 study by Nelly Burnichon and colleagues who performed unsupervised clustering of 69 

hereditary and 119 sporadic PPGL (Burnichon et al., 2011). The analysis revealed that cluster 1 further 

segregates into 2 subgroups, a group designated 1A containing all of the SDHx related tumours and two 

sporadic tumours, and group 1B containing all except one of the VHL-related tumours and 16 sporadic 

tumours. Cluster two segregates into subgroup 2A representing all of the NF1 and TMEM127 related 

tumours, and all except one of the RET related tumours.  Cluster 2B was composed entirely of sporadic 

tumours and group 2C contained the remaining VHL and RET tumours along with 12 sporadic tumours. 

Subsequent sequence analysis identified VHL mutations in 11 of the 16 Cluster 1B sporadic tumours, and 

RET mutations in 6 of the 60 sporadic group 2A tumours.  More recently, mutations in FH and EPAS1 

have been identified in apparently sporadic cluster one tumours (Castro-Vega et al., 2013; Zhuang et al., 

2012), and MAX mutations have been discovered in familial and sporadic cluster two tumours (Comino-

Mendez et al., 2011). 

1.4.3.1 Pseudo-Hypoxia 
Cluster 1 tumours have been termed pseudo-hypoxic based on their shared dysregulation of HIF 

signalling.  Through the mechanisms described previously, mutations in SDHx, VHL, FH, MDH2, and 

EGLN1 result in the stabilisation of HIFα subunits and subsequent transcription of HIF target genes. 

Genome-wide immunoprecipitation studies have found between 377 and 546 HIF1α and around 150 

HIF2α binding sites (Mole et al., 2009; Xia et al., 2009). A portion of these sites lack the canonical HRE 

sequence and may represent HIFα in complex with other DNA binding proteins. At present, HIF has been 

shown to directly regulate the expression of over 100 genes (Liu, Shen, et al., 2012), and likely affects the 

expression of others through regulation of microRNAs (Kulshreshtha et al., 2007), interaction with other 

signalling pathways (Dang et al., 2008; Koshiji et al., 2004), and regulation of transcription factors (Peng 

et al., 2008).  



25 
 

 

 

The HIF target genes traverse a wide range of cellular processes including angiogenesis, energy 

metabolism, cell differentiation and apoptosis, which are commandeered during oncogenesis. One of the 

first described targets of HIF was vascular endothelial growth factor (VEGF), a signalling molecule that 

promotes the development of neovasculature, a process integral to tumour growth and survival (Ellis & 

Hicklin, 2008). The effects of activated HIF and VEGF signalling are reflected in the high degree of 

vascularisation in PPGL, particularly those belonging to cluster 1. Additional HIF targets include 

enzymes involved in glycolytic metabolism such as the glucose transporter GLUT1, hexokinase 2 (HK2), 

and pyruvate kinase 1 (PDK1)(Chi et al., 2006). The upregulation of these genes represents a shift away 

from oxidative phosphorylation towards glycolysis as the primary metabolic pathway; known as the 

Warburg effect, this shift in energy metabolism is a feature of many types of cancer (Chi et al., 2006).  

Interestingly, jumonji histone demethylases have also been shown to be a target of HIF transcription (Xia 

Figure 1.1 Pathways in PPGL 

In receptor tyrosine kinase type PPGL, activating mutations in the receptor tyrosine kinase RET and the 
effector proteins RAS and RAF, as well as inactivating mutations in NF1, a negative regulator of RAS, and 
TMEM127, a modulator of mTOR, lead to excess activation of the mitogen activated protein kinase (MAPK) 
and mTOR signalling pathway. In pseudo-hypoxia type PPGL, inactivating mutations in several tricarboxylic 
acid cycle enzymes lead to substrate accumulation, resulting in inhibition of prolyl hydroxylases (PHD) and 
stabilisation of HIF. Similarly mutations in VHL¸ which forms part of a ubiquitination complex responsible for 
marking HIF for proteasomal degradation, result in stabilisation of HIF under normoxic conditions.      
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et al., 2009). As these enzymes are oxygen-dependant, their function is impaired under hypoxic 

conditions.  The upregulation by HIF likely represents an attempt by the cell to compensate for low 

oxygen conditions and maintain the methylation steady state.  However, it seems in FH/SDHx-driven 

pseudo-hypoxia increased expression is insufficient to overcome product inhibition (Letouze et al., 2013). 

Adding to the complexity of HIF signalling is the finding that HIF1α and HIF2α have both shared and 

mutually exclusive gene targets (Keith et al., 2012). Working from the assumption that HIF 

overexpression represented an oncogenic facilitator in non-small cell lung cancer, Mazumdar et al. 

performed knockdown experiments on HIF1α and HIF2α (Mazumdar et al., 2010). Rather than observing 

a reduction in cellular proliferation, knockdown of HIF1α resulted in no change while knockdown of 

HIF2α resulted in increased proliferation. The authors concluded that diminished expression of the HIF2α 

target SCGB3a1, a candidate tumour suppressor gene, was responsible.  This apparent paradox highlights 

the immense complexity in understanding the outcome of dysregulated HIF signalling. As such, 

discerning exactly which targets of HIF are important in the initiation and progression of PPGL represents 

a significant challenge. 

1.4.3.2 MAPK Signalling 
Cluster 2 tumours share a dysregulation of mitogen-activated protein kinase (MAPK) signalling. RTKs 

are proteins that consist of an extracellular receptor domain and intracellular kinase domain. Typically, a 

ligand binding to the extracellular domain triggers dimerisation facilitating autophosphorylation of the 

intracellular domains. The phosphorylated residues then act as docking sites for downstream signalling 

effector molecules.  

As discussed previously, the receptor tyrosine kinase RET follows this paradigm. Phosphorylation studies 

have shown that fourteen of the eighteen tyrosine residues of the RET protein can become phosphorylated 

(Kawamoto et al., 2004; Knowles et al., 2006). The particular residues phosphorylated determine which 

downstream effector molecules bind and thus which signalling pathway is activated (Murakumo et al., 

2006). Phosphorylation of reside Y905 allows binding of SRC, which then activates the PI3K signalling 

pathway promoting cell survival (Melillo et al., 1999). Similarly, phosphorylated Y1062 (pY1062) can 

lead to PI3K activation through SHC binding and subsequent activation of GRB2 and GAB1/2 (Arighi et 

al., 1997; Murakumo et al., 2006).  Interaction of FRS2 with pY1062 also activates GRB2, in this 

instance GRB2 complexes with SOS to promote the removal of GDP from members of the RAS family, 

allowing the subsequent activation RAS through the binding of GTP (Melillo et al., 2001). Other 

signalling pathways activated by RET include c-JUN NH2-terminal kinase (JNK), phospholipase Cγ, and 
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signal transducer and activator of transcription 3 (STAT3) (Murakumo et al., 2006; Plaza Menacho et al., 

2005).  

Mutations in the RET gene either lead to persistent dimerisation in the absence of ligand or constitutive 

activation of the protein kinase domain (Asai et al., 1995; Borrello et al., 1995; Santoro et al., 1995). 

Transfection of NIH 3T3 cells with mutant RET is sufficient for transformation, however, additionally 

mutating Y1062 was shown to significantly impair the transforming activity (Asai et al., 1996). It is not 

yet known how many of the signalling pathways activated by RET are involved in PPGL oncogenesis, 

however, the RAS signalling cascade is certainly a major contributor. This is evident in the contribution 

of both deactivating mutations in NF1, a negative regulator of RAS, and activating mutations in HRAS 

itself to PPGL development. 

TMEM127-driven PPGLs also fall into cluster two, although the link with MAPK signalling is less clear.  

TMEM127 has been implicated in the early-to-late endosomal transition by regulating the function of 

RAB5 (Qin, Deng, et al., 2014), failure of which is thought to result in enhanced activity of lysosomal-

bound mTOR (Li et al., 2010). Interestingly, the mTOR signalling pathway is in part regulated by RAS 

signalling through the activation of ERK.  Phosphorylation of TSC2 by ERK has been shown to disrupt 

the TSC1-TSC2 complex impairing negative regulation of mTOR (Ma et al., 2005).  PI3K regulated 

phosphorylation of TSC2 by AKT and subsequent mTOR activation may also contribute to oncogenic 

RET signalling independently of RAS (Rapa et al., 2011). Additional research is required to further 

elucidate the mechanisms of TMEM127 oncogenesis and the role of mTOR signalling in PPGL 

development. 

1.4.3.3 MAX/MXD/MYC 
As mentioned previously, MAX-driven PPGL have also been shown to belong to cluster 2. However, 

these tumours tend to form a distinct subcluster away from the RET/RAS/NF1 type tumours, potentially 

suggesting a related but distinct mechanism of oncogenesis. Further support of this distinction is seen in 

the expression of the gene phenylethanolamine N-methyltransferase (PNMT), which encodes the enzyme 

responsible for the conversion of norepinephrine to epinephrine in the final step of catecholamine 

biosynthesis. PNMT is thought to provide a surrogate marker for the differentiation state of chromaffin 

cells. Cluster 1 tumours exhibit low or absent expression of PNMT, indicative of a less differentiated 

state, whereas non-MAX cluster 2 tumours express higher levels. MAX-related tumours have an 

intermediate level of PNMT expression suggesting a partially differentiated phenotype (Qin, de Cubas, et 

al., 2014). As discussed previously, the MAX/MXD/MYC triad forms an intricate regulatory network, 
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dysregulation of which, often through MYC amplification, has been found in many cancers (Calcagno et 

al., 2008; Chen & Olopade, 2008; Sewastianik et al., 2014), including the closely related neuroblastoma 

(Westermark et al., 2011). Experiments using the rat PCC line PC12, which lacks a functional MAX gene, 

demonstrated that reintroducing MAX expression affected the expression of over 3000 genes including 89 

involved in cell proliferation and differentiation (Qin, de Cubas, et al., 2014).   The authors also 

demonstrated that Pnmt expression in MPC cells is modulated by MAX, with siRNA abrogation of Max 

expression resulting in a reduction in PNMT activity. The large scope of the gene network regulated by 

the MAX/MXD/MYC triad presents a significant obstacle to understanding the specific genes involved in 

MAX-driven oncogenesis.  

Additionally, a link between MAX/MYC and HIF signalling may come from the observation that HIFα 

subunits are capable of modulating MAX/MYC activity in a number of ways. Firstly, expression of 

MXI1, which regulates MYC activity by binding competitively with MAX, has been shown to be 

upregulated by increased HIF signalling (Corn et al., 2005). Secondly, HIF1α has been shown to attenuate 

the cellular level of MYC through a proteasome-dependent mechanism (Zhang et al., 2007). Thirdly, 

HIF1α has been shown to displace MYC from SP1 binding leading to repression of MYC target genes 

(Koshiji et al., 2005). Finally, HIF1α can bind directly to MAX sequestrating it from MYC (Dang et al., 

2008). In contrast to HIF1α, HIF2α appears to enhance MYC activity by binding to and stabilising the 

MYC/MAX complex (Gordan et al., 2007). To what extent the MYC target genes that are dysregulated in 

MAX mutant tumours are also involved in the oncogenesis of pseudo-hypoxia tumours is yet to be 

explored. 

1.4.3.4 Neuronal Apoptosis and Developmental Culling 
In 2005, Lee et al. proposed that PPGL was the result of a failure of apoptosis during developmental 

culling of neural precursor cells. As previously discussed, developing neural cells are dependent on NGF 

to prevent activation of the apoptotic machinery. In the event of NGF withdrawal, discontinuation of 

TrkA signalling results in programmed cell death via a c-Jun and EglN3 dependant mechanism.  Lee et al. 

demonstrated that mutations in VHL increased the levels of JunB resulting in an attenuation of c-Jun 

activation preventing apoptosis (Lee et al., 2005). The authors also postulated that succinate accumulation 

resulting from a mutation in the SDH subunits would prevent EglN3, acting downstream of c-Jun, from 

triggering apoptosis. More recently, the discovery that KIF1Bβ acts as a downstream effector in the 

NGF/TrkA signalling pathway by promoting the transcription of proapoptotic factors has added support 

to the theory. However, it is not clear what role the remaining driver genes play in this model, or how 

somatic mutations arising after developmental culling would contribute to PPGL tumourigenesis. 
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1.4.4 Auxiliary Genomic Changes 

The gene mutations discussed previously can be considered primary or initiating driver events. It is now 

estimated that a typical tumour has between two and eight driver mutations (Vogelstein et al., 2013).  In 

addition to single nucleotide substitutions and small-scale insertions and deletions, tumours can undergo 

large-scale genomic alteration in the form of chromosomal gains, losses, and structural rearrangements.   

1.4.4.1 Copy-number Alterations 
In 1971, after observing that the incidence of bilateral disease in patients with inherited retinoblastoma 

was greater than in sporadic cases, Alfred Knudson proposed that two events were required for 

retinoblastoma formation (Knudson, 1971). This could either be a germline mutation followed by a 

somatic event in the case of inherited disease, or two somatic events in the case of sporadic disease. While 

Knudson postulated that the second event would be in a gene site distinct from the first, it is now known 

that for inherited retinoblastoma the second in event Knudson's "two-hit" hypothesis is the loss or 

mutation of the second copy of the RB1 gene.  This and other observations has led to the broader 

classification of genes as either tumour suppressors, for which oncogenesis requires loss of the gene 

function, or oncogenes, for which oncogenesis is reliant on enhanced or unregulated function of the gene.   

The genes currently known to contribute to PPGL are, with the exception of RET, HRAS, BRAF, and 

EPAS1, predominantly tumour suppressor genes, as such, PPGL tumourigenesis generally adheres to 

Knudson's two-hit model. While loss of the wild-type allele can occur through a somatic mutation, 

chromosomal loss provides the predominant mechanism and has been reported for VHL (Crona et al., 

2014; Zeiger et al., 1995), SDHA/B/C/D (Beristain et al., 2013; Burnichon et al., 2010), TMEM127 

(Abermil et al., 2012), NF1(Burnichon, Buffet, et al., 2012), MAX (Burnichon, Cascon, et al., 2012), and 

FH (Castro-Vega et al., 2013). Conversely, amplification of oncogenic mutations through gain of 

chromosome 10 is a feature of RET mutant tumours, resulting in either trisomy or copy neutral loss of 

heterozygosity with retention of the mutant allele (Huang et al., 2000). 

In addition to alterations to the chromosomes harbouring a driver mutation, frequent chromosomal losses 

involving chromosomes 1p, 3, 6, 11, 17, 21, and 22, and less commonly gains involving chromosomes 

1q, 12, and 19 have been reported (Dannenberg et al., 2000; Edstrom et al., 2000; Jarbo et al., 2006; Petri 

et al., 2008; Sandgren, Diaz de Stahl, et al., 2010; van Nederveen et al., 2009).  A more recent integrated 
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analysis demonstrated a strong correlation between the primary driver event and copy-number alterations 

(Castro-Vega, Letouze, et al., 2015). Cluster 1A, consisting mostly of SDHB tumours, were defined 

largely by the loss of chromosome 1p, representing loss of the wild-type copy of SDHB, with a small 

portion experiencing loss of 3p/q and 11p, and gains of 1q. The VHL tumours (Cluster 1B) displayed 

almost ubiquitous loss of chromosome 3p, again representing the loss of the wild-type allele, with most 

demonstrating loss of chromosome 3q and 11p.  Interestingly, Cluster 2A tumours (RET/NF1/TMEM127) 

also showed almost universal loss of chromosome 1p and 3q, neither of which harbour the relevant 

drivers, and a portion demonstrated loss of 17p/q, 21, and 22. These findings suggest that in order for 

tumour progression via a given driver, there are obligate complementary regions that must first be 

disrupted. Attempts to discern the critical genes in these regions have been met with limited success due 

to the fact that these events frequently involve large segmental changes, usually an entire chromosome or 

chromosome arm, suggesting that it is not a single gene or locus involved but rather a collection of genes 

spread across the regions.   

There is currently very little knowledge surrounding the contribution of copy-number alterations to the 

malignant potential of PPGL. A single study comparing copy-number events observed that malignant 

tumours more frequently demonstrated chromosomal gains, particularly chromosome 12 and 19q 

(Sandgren, Diaz de Stahl, et al., 2010). The authors also noted loss of chromosome 11q was significantly 

associated with malignant tumours. Other studies attempting to look at specific loci have uncovered little, 

except for the observation that malignant tumours appear to have greater clonal heterogeneity with regard 

to chromosomal aberrations (Korpershoek et al., 2010; Petri et al., 2008).  Most efforts to understand the 

molecular differences between benign and malignant PPGL are hampered by the paucity of malignant 

specimens. It is likely that in order to understand the contribution of chromosomal aberrations to 

malignant potential, a concerted multicentre effort will be required. 

1.4.4.2 Cooperating Gene Mutations   
The advent of massively parallel sequencing has ushered in a new age of genomic discovery, facilitating 

fine detail mapping of the genomic changes involved in over 100 cancer types to date (Cancer Genome 

Atlas Research et al., 2013; International Cancer Genome et al., 2010). This has led to the recognition 

that different cancer types can have very different mutational loads and signatures, examination of which 

can assist with understanding the mutational processes involved in oncogenesis (Alexandrov, Nik-Zainal, 

Wedge, Aparicio, et al., 2013; Vogelstein et al., 2013). For instance, C:G > A:T transversions are 

common in smoking-related lung cancer, whilst C:G > T:A transitions and CC:GG > TT:AA double 

nucleotide substitutions are frequently seen in UV radiation-related skin cancers (Alexandrov, Nik-Zainal, 
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Wedge, Campbell, et al., 2013; Krauthammer et al., 2012; Liu, Morrison, et al., 2012). Tumours 

associated with carcinogen exposure or those featuring mutations in DNA repair genes tend to have a 

mutational load orders of magnitude greater than others (Vogelstein et al., 2013).  These genomic 

landscape studies have also furthered the "mountains and hills" paradigm, whereby a small number of 

genes are involved in a majority of cancers and a large number of genes are involved in only a small 

number of cancers. It is now estimated that there are at least 140 genes that, when altered, promote 

oncogenesis (Vogelstein et al., 2013).  

More recently, high-sensitivity genomics techniques have begun to erode the concept of tumours as a 

homogeneous collection of cells with a static genotype. For instance, a study sampling nine spatially 

distinct regions of a clear cell renal cell carcinoma found that only around half the sequence variants were 

shared across all regions of the primary tumour, and as little as a third were shared between the primary 

tumour and the metastases (Gerlinger et al., 2012). Similarly, a study of multi-focal prostate cancer 

comparing regions of high and low Gleason scores with metastases found significant divergence 

(VanderWeele et al., 2014).  In one case, only two of a combined 46 mutations were shared between high 

and low scoring regions. In a second case, 7 of a combined 79 mutations were shared between all regions, 

while 50 of the 63 mutations found in the metastasis were also present in the high scoring region. It is 

clear that in these cases the high and low scoring regions diverged at an early time point from a common 

ancestral clone, both continued to evolve and, in the second case, what became the high scoring region 

ultimately developed metastatic potential. These and other studies are only just beginning to uncover the 

complex evolutionary processes occurring within a developing tumour, understanding of which will be 

paramount in addressing acquired resistance to chemotherapeutic and targeted agents.   

At the inception of this study very little was known about the genomic landscape of PPGL beyond the 

common copy-number alterations. It was clear that there was an information deficit regarding the 

auxiliary genes and pathways that may be recurrently altered or what mutational processes may be driving 

tumour evolution.  It is only very recently that the first study describing a recurrently mutated cooperating 

gene, ATRX, was published (Fishbein et al., 2015). The ATRX gene is a member of the SWI/SNF family 

of chromatin remodelling proteins that is involved in histone H3.3 loading in telomeric regions (Lewis et 

al., 2010), as well as chromosome alignment and meiotic spindle organization (De La Fuente et al., 2004). 

ATRX has also been implicated in the Alternate Lengthening of Telomeres (ALT) mechanism identified in 

a range of cancer types (Lovejoy et al., 2012). Mutation or loss of ATRX had been previously described in 

other neural and neuroendocrine type tumours, suggesting it plays an important role in oncogenesis in 

these cell lineages (Abedalthagafi et al., 2013; Jiao et al., 2011). 
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Following shortly after publication of the paper presented in Chapter Three of this dissertation, a second 

genomics study integrating exome sequencing with methylation, cytogenetic, transcriptomic, and miRNA 

profiling was published. The study found PPGL to have a low mutation rate of 0.3 mutations per 

megabase and that very few genes were recurrently altered. Tumour suppressor genes TP53 and CDKN2A 

were found to be mutated in 10% and 7% of cases respectively, while the oncogene MET was found to be 

mutated in 2.5% of cases. Other genes previously implicated in cancer that were found to be mutated in 

the study include CDH1, ARHGEF12, SLC45A3, SMO, CARD11, MLL2, PCM1, GNAS, FLT3 and FHIT.  

The copy-number alterations described are consistent with previous studies, comprising mainly large 

segmental losses involving chromosomes 1p, 3, 11, 17p, 21, and 22.  

The authors performed consensus clustering, a method for discerning the most stable number of groups 

within a data set, on miRNA data from 172 PPGLs. They found seven distinct subclasses which largely 

correlated with the classes determined through unsupervised clustering of mRNA data. Interestingly, loss 

of expression of the maternally expressed MEG3 and down regulation of miRNAs in the DLK1-MEG3 

cluster at 14q32 was correlated with a subset of PPGL for which no known driver was found. Specific 

loss of the maternal copy of this region has previously been described in MAX-related PPGL, which 

exhibits uniparental disomy corresponding with paternal transmission of the mutation (Comino-Mendez 

et al., 2011). However, these data reveal that in the absence of a MAX mutation, loss of the maternal copy 

of chromosome 14 is still crucial to the development of a subset of PPGL suggesting a role for gene 

imprinting. 

In order to examine the evolution of PPGL the authors explored the relationship between a primary SDHB 

PCC and a metastatic site in regards to mutations and copy-number events.  They found that loss of 1p 

and 11p as well as mutations in SLMO1 and ELMOD3 were common between the primary and metastasis, 

suggesting these were early clonal events. The metastasis demonstrated additional loss of chromosomes 3, 

6q, 14, and 17p, and a gain of 17q, as well as mutations in NDST3, DDX46, and TNXB that were absent in 

the primary. The primary also harboured mutations in GTPBP10 and TTC39C. These data, while 

illustrating that PPGL is a continually evolving tumour, provide little information on the degree of 

heterogeneity present within a primary tumour. 

Further insight into intratumoural heterogeneity in PPGL was provided by a recent study performing 

analysis of somatic copy-number aberrations in 138 samples from 104 tumours in 94 patients (Crona et 

al., 2015). The authors performed either multiregional sampling or inferred heterogeneity based on 

genomic alterations present in a subclonal cellular fraction. Using bioinformatic inference the authors 
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observed genomic heterogeneity in 74 of 136 (54%) samples. In contrast, multiregional sampling 

demonstrated heterogeneity in 22 of 24 (92%) patients analysed.  As the authors note, using subclonality 

to infer heterogeneity may result in underestimation as, unless very large tumour portions are used, only 

colocalised clones will be detected.  Perhaps the most important observation of the study was that, 

although not statistically significant, tumours from patients with malignant disease were characterised by 

a greater degree of genomic instability and intratumoural heterogeneity. While this study represents the 

first major examination of intratumoural heterogeneity in PPGL, moving forward a combination of base-

pair resolution technologies and multiregional sampling will be required to comprehensively map PPGL 

intratumoural heterogeneity. 

1.5 Goals of this Thesis 
In summation, there are currently as many as 18 genes known to act as primary drivers in the 

development of PPGL.  Mutations in these genes, occurring either somatically or in the germline, account 

for between 70 and 80% of PPGL. The majority of remaining cases that cannot be attributed to one of the 

known drivers appear to have similar mRNA and miRNA profiles, suggesting a common mechanism of 

oncogenesis.  Beyond the primary drivers, very little is known about the secondary pathways and 

mechanisms that are dysregulated in PPGL.  Similarly, there is limited knowledge of the mutational and 

evolutionary processes that occur within PPGL or to what degree they exhibit subclonal heterogeneity. 

An understanding of the auxiliary pathways involved in the oncogenesis of PPGL is vital for the 

development of novel treatments that target oncogenic dependencies within the tumour.  As such the first 

aim of this research project was to explore and catalogue the genomic alterations in a cohort PPGL, in 

order to search for recurrently mutated genes and pathways, novel driver mutations in unexplained PPGL, 

and mutational signatures indicative of specific mutational processes (Alexandrov, Nik-Zainal, Wedge, 

Aparicio, et al., 2013).  

In concert, this thesis aimed to extend the knowledge around PPGL subtypes by applying a consensus 

clustering approach to a compendium of published microarray data. The ultimate goal of this was to 

develop a clinically relevant classification tool for subtyping PPGL to assist with interpretation of genetic 

testing, guidance of clinical decision-making, and identification of high interest cases for further study.   

Tumour heterogeneity is one of the greatest challenges facing modern cancer therapies and is thought to 

underpin acquired resistance to many frontline treatments (Turner & Reis-Filho, 2012). Examination of 

subclonal heterogeneity can also provide insight into the obligate steps in oncogenesis through examples 
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of convergent evolution, leading to a better understanding of tumour dependencies (McGranahan & 

Swanton, 2015). In light of this, the final aim of this thesis was to assess both inter- and intratumoural 

heterogeneity in PPGL as a function of the evolutionary processes active in tumour development.  
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2 Materials and Methods 

2.1 Ethical Considerations of Sample Acquisition 
De-identified patient samples were obtained with approval of the Human Research Ethics Committees at 

The Peter MacCallum Cancer Centre, The Kolling Institute of Medical Research, the Royal Melbourne 

Hospital, and the Sydney Children's Hospitals Network. Patient consent was obtained either 

prospectively, for samples obtained during the research period, or retrospectively, for samples obtained 

prior to the research period and not covered by existing consent. Where possible, informed consent was 

obtained by the treating physician, otherwise a member of the Victorian Cancer Biobank or the project's 

ethics coordinator, Annette Hogg, obtained consent. When available, patient clinical history and relevant 

pathology reports were obtained from the hospital of origin in a de-identified manner. 

2.2 In-vitro Methods 
Table 2.1 Reagent table 

Reagent Manufacturer Part Number 
Xylene Sigma Aldrich  247642-500ML 
HotStarTaq DNA Polymerase Qiagen 203203 
Agarose Promega V3121 
Ethidium Bromide Invitrogen 15585-011 
QIAzol Lysis Reagent Qiagen 79306 
miRNeasy Mini Kit Qiagen 217004 
RNeasy FFPE Kit Qiagen 73504 
DNeasy Blood & Tissue Kit Qiagen 69504 
Chloroform Sigma Aldrich C2432 
SureSelect XT All Exon Target Enrichment v5 Agilent Technologies 5190-6208 
SeqCap EZ Human Exome Library v2 Nimblegen (Roche) 05860504001 
TruSeq RNA Sample Preparation Kit v2 Illumina  RS-122-2001 
TruSeq DNA Library Preparation Kit Illumina FC-121-2001 
ThruPLEX-FD Prep Kit Rubicon Genomics R40048 
CytoScan HD Array and Reagent Kit Affymetrix 901835 
Ncounter GX Custom Codeset Nanostring NANGXA-P1CS-096 
Ncounter Master Kit Nanostring NANNAA-AKIT-48 
OncoScan FFPE Assay Kit Affymetrix 902293 
QIAamp Circulating Nucleic Acid Kit Qiagen 55114 
Agencourt AMPure XP Magnetic Beads Beckman Coulter A63880 
Big Dye Terminator v3.1 Applied Biosystems 4337455 
SuperScript II Reverse Transcriptase Invitrogen 18064-014 
Phusion High-Fidelity DNA Polymerase New England Biolabs M0530S 
Herculase II Fusion DNA Polymerase Agilent Technologies 600675 
Dynabeads M-270 Streptavidin Invitrogen 65305 
Dynabeads MyOne Streptavidin T1 Invitrogen 65601 
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2.2.1 Nucleic Acid Extraction 

2.2.1.1 Total RNA Extraction from Fresh Frozen Tissue 
A portion (10-30 mg) of frozen tissue was excised from the tumour specimen, placed in 1 mL of QIAzol 

(Qiagen, Germany) reagent, and mechanically disrupted using an Ultra-Turrex (IKA, Selangor, Malaysia) 

dispersing instrument. Chloroform (200 µL) was added to the homogenised solution and mixed by 

agitation. The aqueous phase was separated by high-speed centrifugation and transferred to a clean 1.5 

mL tube. Total RNA was then purified by column chromatography using an miRNeasy RNA extraction 

kit (Qiagen, Germany) in accordance with the manufacturer's protocol. Purified RNA was eluted in 50 µL 

of RNase free water. RNA integrity was assayed using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, CA, USA). 

2.2.1.2 Total RNA Extraction from FFPE Tissue 
Formalin-fixed paraffin-embedded (FFPE) tumour specimens were cut onto glass slides in 5µm sections.  

Tissue regions of interest were macro-dissected from the slide surface using a surgical blade and placed 

into a 1.5 mL tube. The tissue fragments were deparaffinised by incubation with 1 mL xylene.  Tissue 

was recovered by high-speed centrifugation and removal of xylene supernatant, residual xylene was 

eliminated by incubation with 1mL of absolute ethanol. RNA was extracted from deparaffinised tissue by 

column chromatography using an RNeasy FFPE extraction kit (Qiagen, Germany) in accordance with the 

manufacturer's protocol. Purified RNA was eluted in between 10 and 30 µL of RNase free water 

depending on the quantity of starting material. 

2.2.1.3 DNA Extraction from Fresh Frozen Tissue 
A portion (10-30 mg) of frozen tissue was excised from the tumour specimen. The tissue was incubated 

with proteinase K in lysis buffer (Buffer ATL, DNeasy Blood and Tissue Kit, Qiagen) for three hours. 

DNA was purified from tissue lysis solution by column chromotography using a DNeasy Blood and 

Tissue DNA extraction kit (Qiagen, Germany) in accordance with the manufacturer's protocol. First and 

second elutions were performed with 200 and 100 µL of 10 mM Tris-Cl (Buffer EB, DNeasy Blood and 

Tissue Kit, Qiagen), respectively. 

2.2.1.4 DNA Extraction from FFPE Tissue 
FFPE tumour specimens were cut onto glass slides in 5 µm sections.  Tissue regions of interest were 

macro-dissected from the slide surface using a surgical blade and placed into a 1.5 mL tube. The tissue 

fragments were resuspended in 100 µL of tissue lysis buffer (Buffer ATL, DNeasy Blood and Tissue Kit, 



37 
 

Qiagen), incubated at 98°C for 15 minutes, and then allowed to cool for 5 minutes at room temperature. 

Proteinase K (12 µL) was added to tissue lysate. The solution was incubated for 72 hours with proteinase 

K being replenished every 24 hours. Lysis buffer (111 µL, Buffer AL, DNeasy Blood and Tissue Kit, 

Qiagen) was added and the solution was incubated at 72°C for 10 minutes. Absolute ethanol (111 µL) 

was added and the solution was passed through a chromatography column (DNeasy Mini spin column, 

DNeasy Blood and Tissue Kit, Qiagen). The column was washed with 277 µL of each wash solution 

(Buffers AW1 and AW2, DNeasy Blood and Tissue Kit, Qiagen). Pre-warmed (56°C) elution buffer (50 

µL, Buffer AE, DNeasy Blood and Tissue Kit, Qiagen) was applied to a column and let stand for 5 

minutes.  Purified DNA was eluted by high-speed centrifugation. 

2.2.1.5 Isolation of Circulating Cell-free DNA 
Peripheral blood (10 mL) was siphoned into a K2EDTA vacutainer. The plasma fraction was separated by 

centrifugation at 1500rpm for 15 minutes at room temperature.  The isolated plasma was further 

centrifuged at 4000 rpm for 10 minutes at 4°C and the supernatant transferred to a new tube. Circulating 

nucleic acids were isolated from the purified plasma (3 mL) using a QIAamp Circulating Nucleic Acid 

Kit (Qiagen, Germany) in accordance with the manufacturer's protocol. 

2.2.2 Library Preparation 

2.2.2.1 RNA-seq: Illumina TruSeq RNA V2 
RNA-seq libraries were prepared from 1μg of total RNA using anIllumina TruSeq RNA sample 

preparation (TS-RNA) kit version 2 (Illumina, CA, USA).  Briefly, poly-A-tailed mRNA molecules were 

purified from total-RNA using oligo-dT coated magnetic beads then fragmented.  First-strand cDNA 

synthesis was then performed using SuperScript II Reverse-Transcriptase (Invitrogen, Life Technologies, 

CA, USA) and first-strand master-mix (component FSM, TS-RNA kit). Reaction mixture was incubated 

at 25°C for 10 minutes, 42°C for 50 minutes, and 70°C for 15 minutes, then cooled to 4°C. Second-strand 

master-mix (component SSM, TS-RNA kit) was added and incubated at 16°C for 1 hour to produce 

double-stranded cDNA. Newly synthesised cDNA was purified using AMPure XP magnetic beads 

(Beckman Coulter, IN, USA). Overhanging ends were repaired by incubating double-stranded cDNA in 

end-repair master-mix (component ERP, TS-RNA kit) at 30°C for 30 minutes then bead purified.  

Purified end-repaired cDNA was added to A-tailing master-mix (component ATL, TS-RNA kit) and 

incubated at 37°C for 30 minutes then 70°C for 5 minutes.  A-tailed cDNA was combined with ligation 

mix (component LIG, TS-RNA kit) and the desired indexed adapter (component AR0xx, TS-RNA kit), 
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the reaction was incubated at 30°C for 10 minutes then purified using AMPure XP magnetic beads 

(Beckman Coulter, IN, USA). Ligated fragments were enriched by 15 cycles of PCR amplification (98°C 

for 30 seconds; 98°C for 10 seconds, 60°C for 30 seconds, 72°C for 30 seconds (15x); 72°C for 5 

minutes) using PCR master-mix (component PPM, TS-RNA kit) and primer-cocktail (component PPC, 

TS-RNA kit). 

2.2.2.2 DNA-seq: Illumina TruSeq DNA V2 
Libraries were prepared using anIllumina TruSeq DNA library preparation (TS-DNA) kit version 2 

(Illumina, CA, USA) according to the manufacturer’s protocol. Briefly, between 300 ng and 1 μg of input 

DNA was fragmented using a Covaris S2 sonicator (Covaris, MA, USA). Shearing parameters were as 

follows - duty cycle: 10%, intensity: 5, cycles per burst: 200, duration: 3x 60 seconds, mode: frequency 

sweeping, temperature: 6-8°C. Overhanging ends were repaired by incubating fragmented DNA in end-

repair master-mix (component ERP, TS-DNA kit) at 30°C for 30 minutes then bead purified.  Purified 

end-repaired DNA was added to A-tailing master-mix (component ATL, TS-DNA kit) and incubated at 

37°C for 30 minutes.  A-tailed DNA was combined with ligation mix (component LIG, TS-DNA kit) and 

the desired indexed adapter (component AD0xx, TS-DNA kit), the reaction was incubated at 30°C for 10 

minutes then purified using AMPure XP magnetic beads (Beckman Coulter, IN, USA). Post-ligation yield 

was quantitated using a Qubit fluorometric quantitation system (Life Technologies, CA, USA). Post-

ligation DNA (200 ng) was enriched for ligated fragments by 6 cycles of PCR amplification (98°C for 30 

seconds; 98°C for 10 seconds, 60°C for 30 seconds, 72°C for 30 seconds (6x); 72°C for 5 minutes) using 

Phusion High-Fidelity DNA Polymerase (New England Biolabs, MA, USA) and primer cocktail 

(component PPC, TS-DNA kit). PCR products were purified using AMPure XP magnetic beads and 

library fragment distribution was quality controlled using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, CA, USA). 

2.2.2.3 DNA-seq: Agilent SureSelect 
Between 300 ng and 1 μg of input DNA was fragmented as per section 2.2.2.2. Libraries were prepared 

using aSureSelect library preparation kit (SureSelect, Agilent Technologies, CA, USA). End-repair 

master-mix was prepared by combining 10x End Repair Buffer (10 μL), dNTP Mix (1.6 μL), T4 DNA 

Polymerase (1 μL), Klenow DNA Polymerase (2 μL), T4 Polynucleotide Kinase (2.2 μL) and nuclease-

free water (35.2 μL). Fragmented DNA (48 μL) and end-repair master-mix (52 μL) were combined, 

incubated at 20°C for 30 minutes, then purified using AMPure XP magnetic beads (Beckman Coulter, IN, 

USA). Adenylation master-mix was prepared by combining 10× Klenow Polymerase Buffer (5 μL), 
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dATP (1 μL), Exo(–) Klenow (3 μL), and nuclease-free water (11 μL).  Adenylation master-mix (20 μL) 

and end-repaired template (30 μL) were combined, incubated at 37°C for 30 minutes, then purified using 

AMPure XP magnetic beads. Ligation master-mix was prepared by combining 5× T4 DNA Ligase Buffer 

(10 μL), SureSelect Adaptor Oligo Mix (2 μL), T4 DNA Ligase (1.5 μL), and Nuclease-free water (23.5 

μL). Ligation master-mix (37 μL) and adenylated template (13 μL) were combined, incubated at 20°C for 

15 minutes, then purified using AMPure XP magnetic beads. PCR master-mix was prepared by 

combining 5× Herculase II Reaction Buffer (10 μL), 100 mM dNTP Mix (0.5 μL), Herculase II Fusion 

DNA Polymerase (1 μL) (Agilent Technologies, CA, USA), SureSelect Primer (1.25 μL), SureSelect ILM 

Indexing Pre-Capture PCR Reverse Primer (1.25 μL), and nuclease-free water (6 μL). PCR master-mix 

(20 μL) and adapter ligated template (250 ng in 20 μL) were combined. Post-ligation DNA was enriched 

for ligated fragments by 6 cycles of PCR amplification (98°C for 2 minutes; 98°C for 30 seconds, 65°C 

for 30 seconds, 72°C for 1 minute (6x); 72°C for 10 minutes). PCR products were purified using AMPure 

XP magnetic beads and library fragment distribution was quality controlled using an Agilent 2100 

Bioanalyzer (Agilent Technologies, CA, USA). 

2.2.2.4 Circulating Nucleic Acids: Rubicon ThruPLEX-FD 
Sequencing libraries were produced from 25 ng of purified cell-free DNA using a ThruPLEX-FD library 

preparation kit (Rubicon Genomics, MI, USA). Briefly, template DNA (10 μL) was combined with 

template preparation buffer (2 μL) and template preparation enzyme (1 μL). Reaction was incubated at 

22°C for 25 minutes followed by 55°C for 20 minutes.  Library synthesis buffer (1 μL) and Library 

synthesis enzyme (1 μL) were added and reaction was incubated at 22°C for 40 minutes.  Library 

amplification buffer (48.5 μL), library amplification enzyme (1.5 μL), nuclease-free water (8 μL), and 

indexing reagent (2 μL) were added.  The library was then enriched by PCR amplification (72°C for 3 

minutes; 85°C for 2 minutes; 98°C for 2 minutes; 98°C for 20 seconds, 67°C for 20 seconds, 72°C for 40 

second (4x); 98°C for 20 seconds, 72°C for 50 seconds (11x)).  PCR products were purified using 

AMPure XP magnetic beads and library fragment distribution was quality controlled using an Agilent 

2100 Bioanalyzer (Agilent Technologies, CA, USA). 

2.2.3 Exome Capture 

2.2.3.1 Roche NimbleGen SeqCap EZ Human Exome 
Hybridisation-based target enrichment was performed using a NimbleGen SeqCap EZ Human Exome 

Library V2 kit (Nimblegen, Roche, WI, USA) and SeqCap Hybridization and Wash Kits (Nimblegen, 
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Roche, WI, USA).  When capture was to be performed in multiplex, libraries were pooled in equimolar 

amounts to a total of 750 ng of DNA, otherwise 750 ng of a single library was used.  Single or 

multiplexed libraries were combined with 5 µg of COT Human DNA and 2 nmol of Hybridization 

Enhancing Oligos then dehydrated in a centrifugal evaporator.  Dehydrated components were 

resuspended in hybridisation component A (3 µL) and 2x hybridisation buffer (7.5 µL) and the mixture 

was incubated at 95°C for 10 minutes.  The mixture was combined with the SeqCap EZ exome bait 

library (4.5 µL) and incubated at 47°C for 72 hours with the thermocycler lid set to 57°C. Following 

incubation, prewashed Dynabeads M-270 Streptavidin (Invitrogen, Life Technologies, CA, USA) 

magnetic beads (100 µL) were added and the reaction was incubated at 47°C for 45 minutes to allow 

binding. After incubation, pre-warmed (47°C) wash buffer I (100 µL) was added and the mixture was 

placed on a magnetic rack. The beads were washed once with pre-warmed stringent wash buffer (47°C), 

once with room temperature stringent wash buffer, and once with each of wash buffers I, II, and III. 

Beads were resuspended in nuclease-free water (50 µL). Captured library was amplified with 12 cycles of 

PCR (98°C for 45 seconds; 98°C for 15 seconds, 60°C for 30 seconds, 72°C for 30 seconds (12x); 72°C 

for 60 seconds) using Phusion High-Fidelity DNA Polymerase (New England Biolabs, MA, USA). PCR 

products were purified using AMPure XP magnetic beads and library fragment distribution was quality 

controlled using an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). 

2.2.3.2 SureSelect XT Human All Exon  
Hybridisation-based target enrichment was performed using the SureSelect XT Human All Exon V5 

Target Enrichment System (Agilent Technologies, CA, USA). Template library (750 ng) was dehydrated 

in a centrifugal evaporator and resuspended at 221 ng/μL in nuclease-free water. Blocking oligo mix was 

added and the mixture was incubated at 95°C for 5 minutes then held at 65°C. SureSelect XT capture 

library baits (5 µL) were combined with 25% RNase-block (2 µL) and hybridisation buffer (13 µL) then 

added to pre-heated template library. The reaction was incubated at 65°C for 24 hours with thermocycler 

lid set to 105°C. Dynabeads MyOne Streptavidin T1 (2 µL) were washed and resuspended in binding 

buffer (200 µL).  Hybridised library was added to streptavidin beads and the mixture was incubated for 30 

minutes with agitation. The supernatant was removed from the beads using a magnetic separator, the 

beads were resuspended in wash Buffer 1 (200 µL) and incubated for 15 minutes at room temperature. 

Following incubation, wash Buffer 1 was replaced with pre-warmed (65°C) wash Buffer 2 (200 µL) and 

mixture was incubated at 65°C for 10 minutes, this step was repeated once for a total of three washes. The 

beads were sequestered using a magnetic separator and resuspended in nuclease-free water (30 µL).  PCR 

master-mix was prepared by combining 5× Herculase II Reaction Buffer (10 μL), 100 mM dNTP Mix 
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(0.5 μL), Herculase II Fusion DNA Polymerase (1 μL) (Agilent Technologies, CA, USA), SureSelect 

ILM Indexing Post-Capture Forward PCR Primer (1 µL), and nuclease-free water (18.5 μL). The bead-

bound library (14 µL) and an index-specific reverse primer (5 µL) were combined with PCR master-mix 

(31 μL). Target-enriched library was amplified by 12 cycles of PCR (98°C for 2 minutes; 98°C for 

30 seconds, 57°C for 30 seconds, 72°C for 1 minute (6x); 72°C for 10 minutes). PCR products were 

purified using AMPure XP magnetic beads and library fragment distribution was quality controlled using 

an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA). 

2.2.4 Variant Validation 

2.2.4.1 PCR Amplification, Verification, and Cleanup 
Template DNA (10 ng) was added to a reaction containing 0.1 µL (0.5 Units) of HotStarTaq DNA 

Polymerase, 200 µM dNTPs, 1.5 mM MgCl2, and 1 mM sequence-specific primers in a total volume of 

20 µL. The polymerase was activated by incubating the reaction at 94°C for 15 minute in a thermocycler. 

The reaction was then denatured at 94°C for 30 seconds, annealed at 68°C for 30 seconds, and extended 

at 72°C for 30 seconds.  This cycle was repeated eight times reducing the annealing temperature by 1°C 

with each cycle. The annealing temperature was then fixed at 61°C and the reaction was cycled for an 

additional 27 cycles. A portion of the amplified product (3 µl) was visualised by electrophoreses on a 2% 

agarose gel containing ethidium bromide. The remaining amplified product was purified using Agencourt 

AMPure XP PCR purification reagent (Beckman Coulter, IN, USA). 

2.2.4.2 Sanger Dideoxynucleotide Sequencing 
Template DNA (10 ng) and 9.6 pmol of forward or reverse primer were combined in a total volume of 12 

µL. The primer template cocktail was submitted to the Australian Genome Research Facility for Sanger 

dideoxynucleotide sequencing using the Big Dye Terminator (BDT) chemistry version 3.1 (Applied 

Biosystems, MA, USA). 

2.2.5 Copy-number Arrays 

2.2.5.1 Affymetrix Cytoscan HD 
Template DNA (500 ng) extracted from fresh frozen tissue was submitted to The Ramaciotti Centre for 

Genomics for processing with a CytoScan HD Array and Reagent Kit (Affymetrix, CA, USA) in 

accordance with the manufacturer's protocol. 
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2.2.5.2 Affymetrix Oncoscan 
Template DNA (100 ng) extracted from FFPE tissue was submitted to The Ramaciotti Centre for 

Genomics for processing with an Oncoscan FFPE Assay Kit (Affymetrix, CA, USA) in accordance with 

the manufacturer's protocol. 

2.2.6 Nanostring nCounter GX 

Expression levels for a panel of 52 genes were determined using the nCounter GX gene-expression 

system (Nanostring Technologies, WA, USA) in accordance with the manufacturer's protocol. Briefly, 

RNA isolated from fresh frozen tissue (100 ng) or FFPE tissue (300 ng) was combined with Reporter 

CodeSet (10 μL), hybridisation buffer (10 μL), and Capture ProbeSet (5 μL). The mixture was incubated 

at 65°C for 12 hours. Post-hybridisation processing was performed using a nCounter Prep Station 

(Nanostring Technologies, WA, USA) and reporter probe counts were assayed on a Nanostring Digital 

Analyser (Nanostring Technologies, WA, USA). 

2.2.7 Immunohistochemistry  

2.2.7.1 Chromogranin A 
Four µm sections were cut for each tumour, dewaxed in xylene and rehydrated through a graded ethanol 

series. Appropriate control tissues were used to verify the quality of each stain. Staining for chromogranin 

A was performed using a Roche Ventana Ultra immunostainer (Ventana Medical Systems). Antigen 

retrieval involved incubation with Ventana Ultra CC1 Conditioning Solution for 32 minutes. 

Chromogranin A primary antibody (Dako M0869 Clone DAK-A3) was diluted 1:400 with Ventana 

Antibody Dilution Buffer and incubated at 36ºC for 20 minutes. Antibody detection was performed using 

Ventana OptiView DAB IHC Detection kit and slides were counterstained with haematoxylin.  Protocol 

performed by Peter MacCallum Cancer Centre Department of Pathology. 

2.2.7.2 SDHB  
Immunohistochemistry for SDHB was performed using a Leica BondIII autostainer (Leica Biosystem, 

VIC, Australia).  For SDHB a mouse monoclonal antibody (clone 21A11, ABCAM ab14714) was used at 

a dilution of 1 in 500.  Antibody detection was performed using a biotin-free Bond Polymer Defined 

Detection System (DS9713, Vision Biosystems, VIC, Australia), according to the manufacturer’s 

protocol.  Protocol performed by Royal Northshore Hospital Pathology department of pathology. 
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2.3 In Silico Methods 

2.3.1 Short-read Alignment and Variant Calling 

Basecall data were processed by Illumina CASAVA suite to produce index-separated FASTQ files. 

Sequencing reads were aligned to the hg19 reference genome using BWA-mem (exome-seq) (Li & 

Durbin, 2009) or bowtie-2 via TopHat (RNA-seq) (Trapnell et al., 2009). Local realignment around 

insertions and deletions (INDELs) was performed using GATK (McKenna et al., 2010), and duplicate 

reads removed using Picard. Single-nucleotide variants were detected using multiple variant callers. Two 

variant callers based on Bayesian probability estimation, muTect (Cibulskis et al., 2013) and 

SomaticSniper (Larson et al., 2012), and one based on generative probabilistic models, JointSNVMix 

(Roth et al., 2012), were applied to paired analysis of tumour and normal data. One Bayesian caller, 

GATK UnifiedGenotyper  (McKenna et al., 2010), was applied to tumour and normal data in an unpaired 

analysis, and a single caller based on heuristic models, VarScan2 (Koboldt et al., 2009), was applied to 

tumour data alone. Insertions and deletions were detected using IndelGenotyper (McKenna et al., 2010) 

and VarScan2. High-confidence variants were those called by muTect or at least two other callers, with 

variant allele frequency greater than 10% of reads and supported by reads in both directions, excluding 

any missense changes not seen in the RNA-seq where at least 20 reads were present, and non-pathogenic 

SNVs seen in the germline of more than three other samples. Sequence variants were annotated via the 

Ensembl Perl application programming interface (Release 64). Additional gene annotation was sourced 

from the NCBI Entrez and UniProt databases. 

2.3.2 Copy-number Analysis  

2.3.2.1 Array-based Copy-number Analysis 
Preliminary data analysis and visualisation was performed using Chromosome Analysis Suite 

(Affymetrix, CA, USA). Additional data normalisation and analysis was performed using Nexus Copy-

number (BioDiscovery, CA, USA). Data were normalised using the supplied internal NCN reference 

generated from HapMap pooled samples. If required, diploid regions were assigned by assessing the 

combination of B-allele frequency (BAF) and copy state. The ASCAT algorithm was used to make an 

approximation of tumour purity (Van Loo et al., 2010). All other analyses were performed using the SNP-

FASST2 algorithm. In order to minimise the effect of signal noise, segmentation data were filtered to 

exclude segments containing less than 150 probes. Normalised probe data were extracted from CYCHP 

and OSCHP file using Affymetrix power tools for further analysis and visualisation using the R statistical 

computing framework.  
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2.3.2.2 Exome Seq-based Copy-number Analysis 
ADTEx (Amarasinghe et al., 2014), an algorithm that utilises hidden Markov models in combination with 

discrete wavelet transformation based denoising to derive copy-number alterations, was applied to exome 

sequencing data and the output was visualised using the R statistical computing framework. 

2.3.3 Gene-expression Analysis 

2.3.3.1 Microarray  

2.3.3.1.1 Amalgamating Published Gene-expression Data 
Microarray data sets were obtained from online data repositories (GEO accessions GDS2113 and 

GSE19987, and ArrayExpress accession E-MTAB-733). Array quality was assessed using Normalized 

Unscaled Standard Error (NUSE) plots. Outlier arrays were excluded from further analysis. The 

virtualArray R package (Heider & Alt, 2013) was used to combine the arrays into a single data superset. 

2.3.3.1.2 Consensus-Clustering 
The ConsensusClusterPlus (Wilkerson & Waltman, 2013) package for R was used to assess the most 

stable number of clusters within the merged gene-expression data set using the 1000 most variable genes 

(pItem: 0.7; ClusterAlg: HC; distance: Pearson; reps: 1000; maxK: 10). An appropriate cut-off of 0.65 for 

the item consensus metric was determined by obtaining the threshold value at which all arrays had affinity 

for a single class. Arrays that did not have affinity for any one class greater than 0.65 were assigned the 

unclassified state. 

2.3.3.1.3 Differential Gene-Expression Analysis 
Following consensus-clustering, the Affymetrix and limma (Smyth, 2005) R packages were used to 

perform one-versus-one all pairs differential gene expression analysis to determine the genes most 

representative of each class. The results were filtered for genes with a Benjamini-Hochberg-Yekutieli 

FDR-corrected p-value less than 0.05 and ranked by fold-change. A primary gene-list was derived by 

combining the top 100 genes resulting from each one-versus-one comparison and removing duplicate 

genes, yielding a list of 499 genes, henceforth referred to as the long classification list (LCL).  

In order to create a more succinct gene-list for use with the nCounter GX platform, a second gene-list was 

derived from the intersection of genes represented in both one-versus-one and one-versus-rest differential 

gene-expression analysis. The results were filtered for genes with a fold-change greater than one and 

ranked by p value. For each class, the top 10 genes from each of the five one-versus-one comparisons 
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were combined and the result was intersected with the top 50 genes derived from a one-versus-rest 

comparison for the respective class. Seven genes were randomly selected from the result of the 

intersection as representative for each class. In cases where the intersection did not yield at least seven 

genes, additional genes were selected from the relevant one-versus-rest comparison. If the gene-list for 

any class was ostensibly deficient in differential genes for any one contrasting class, additional genes 

were selected from the relevant one-versus-one comparison. The final gene-list contained 47 genes and is 

henceforth referred to as the short classification list (SCL).  

2.3.3.1.4 k-Nearest Neighbour (k-NN) Classification for Subtyping 
The k-NN algorithm, as present in the Class package for R, performs classification by majority vote using 

the k nearest training set members as determined by Euclidean distance.  To train the classifier, the class 

labels derived from consensus clustering were used in conjunction with the genes in the LCL gene-list. 

Expression values for the training genes were extracted from the microarray superset then standardised to 

Z-scores.  K, or the number of neighbours considered, was set to the nearest integer to the square root of 

the number of genes used for training.  

2.3.3.1.5 Support Vector Machine (SVM) Classification for Subtyping 
Classification was performed using a SVM operated in linear classification mode (C-type) as 

implemented in the e1071 library for R. Multiclass classification was performed using k(k-1)/2 (where k 

is the total number of classes) binary classifiers in a one-versus-one approach with the appropriate class 

found by a voting scheme. 

2.3.3.2 RNA-Seq Analysis 

2.3.3.2.1 RNA-Seq Feature Counting 
Raw RNA-seq reads were summarised to feature counts using the HTSeq software package. Transcript 

information was based on the Genome Reference Consortium Human genome build 37 (GRCh37) 

retrieved from the Ensembl database (version 69) in Gene Transfer Format (GTF). Feature counts were 

normalised for sequencing depth to log counts per million (log-cpm) using the EdgeR (Robinson et al., 

2010) package. 

2.3.3.2.2 Fusion Analysis 
Fusion transcripts were detected using the DeFuse software package (McPherson et al., 2011). Reads 

were aligned to Ensembl hg19 genome build GRCh37.62 and gene model GRCh37.69. All alignment and 

filtering parameters were left as default. The initial output was further filtered to remove read-through 
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transcripts, fusions between genes less than 100 kb apart, fusion events occurring in more than one 

sample, and fusions predicted with a probability score of less than 0.75. Furthermore, a Z-score was 

calculated for the expression of each gene participating in a fusion event relative to other samples in the 

cohort; fusion events in which the sum of the Z-scores for each partner was less than 1 were excluded.  

2.3.3.2.3 Classification of Samples Using RNA-seq Data 
Log-cpm values were extracted for genes in the LCL gene-list and standardised to Z-scores using the R 

statistical computing framework. Standardised expression data were input as the testing set into the k-NN 

classifier described in section 2.3.3.1.4.  

2.3.3.3 Nanostring nCounter GX  

2.3.3.3.1 Probe Design  
As described previously, a list of 47 genes was derived through differential gene-expression analysis (see 

section 2.3.3.1.3). An additional 6 genes were selected as normalisation controls based on their having a 

low variation coefficient across all classes.  The list of 53 genes was submitted to Nanostring 

Technologies for probe design. Probes were successfully designed for 51 genes, 2 genes were determined 

to have high sequence homology preventing unique probe design, a single probe was designed to target 

both genes. 

2.3.3.3.2 Data Normalisation 
Raw probe counts were obtained from the Nanostring Digital Analyser (Nanostring Technologies, WA, 

USA). To account for technical and sample variation experimental probes were normalised against 

positive control and housekeeping gene probes. The geometric mean of the positive control probes for 

each sample was determined to create a summarised-positive-control value (SPCV). A sample-scaling-

factor (SSF) was determined for each sample by dividing the geometric mean of the SPCVs of all samples 

by each sample’s SPCV.  All experimental and housekeeping probes for each sample were multiplied by 

the respective SSF. Using the positive control scaled data, this process was repeated using the 

housekeeping gene controls in place of positive-control probes. 

2.3.3.3.3 Classification of Samples Using nCounter GX Data 
Normalised probe counts were standardised to Z-scores using the R statistical computing framework. 

Standardised data were input as the testing set into the linear SVM classifier described in section 2.3.3.1.5 

using the SCL gene set.   
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2.3.4 Analysis of Subclonal Architecture 

The PyClone statistical model and software tool (Version 0.12.3) was used to infer clonal population 

structure within tumours subjected to multi-region sampling.  The variant allele frequencies of high-

confidence variants occurring in one or more regions of the tumour were supplied to the algorithm. The 

software was operated with variant priors determined by total copy-number. See Appendix A for 

complete configuration file. 

2.3.5 Allelic Enrichment Analysis 

In order to determine if identical or opposing allelic versions were affected by a chromosomal aberration, 

the variant allele frequency (VAF) of germline SNPs were compared between two samples from the same 

patient exhibiting identical chromosomal alterations. To do so, germline SNPs were called using the 

GATK UnifiedGenotyper, the results were filtered for variants with a read-depth greater than 50 in both 

tumour and normal, a VAF between 0.45 and 0.55 in the germline, and a valid dbSNP identifier. The 

VAF for SNPs passing filter in both tumour samples were plotted against one another. A positive or 

negative correlation indicates identical and opposing chromosomal copies affected, respectively. 
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3 The Genomic Landscape of Phaeochromocytoma 

3.1  Chapter Preface 
This chapter, presented in the form of a peer-reviewed publication, represents the first exploration of the 

genomic landscape of PPGL.  Although the previous two decades have seen a spectacular increase in the 

understanding of the primary genetic drivers of PPGL, at the inception of this project there remained a 

paucity of knowledge regarding the genomic landscape and the contribution of secondary genomic 

alterations to tumourigenesis. To address this deficiency, high-resolution genomics technologies were 

used to catalogue the single base changes, insertions and deletions, chromosomal copy-number 

alterations, and gene fusion events that contribute to the development and evolution of PPGL.   

The seminal work by Dahia et al. (Dahia et al., 2005), and further refinement by Burnichon et al. 

(Burnichon et al., 2011), demonstrated the value and importance of defining gene-expression subtypes to 

refining our understanding PPGL biology.  As such, part of the work presented in this chapter sought to 

expand and refine the current understanding of PPGL disease subtypes through a systematic meta-

analysis of previously published gene-expression data, and in doing so develop a cross platform 

classification tool for clinically subtyping PPGL. 
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4 A Diagnostic Gene-expression Assay for the Classification of PPGL 

4.1 Chapter Preface 
As all cells in the body possess the same genetic information, the specialisation or differentiation of 

particular cell-types can be attributed to variation in the utilisation of this information.  The subset of 

genes and the degree to which each is expressed is termed the cellular transcriptional program.  During 

oncogenesis, cellular transcriptional programming is often perturbed, switching on or off cellular 

processes involved in cellular growth, proliferation, energy metabolism, motility, and viability (Hanahan 

& Weinberg, 2011).  The exact transcriptional pathways that become dysregulated are dependant both on 

the driver events that initiated oncogenesis and on the transcriptional program typical of the cell-type.  

The advent of gene-expression profiling technologies such as microarray, and more recently RNA 

sequencing, have made it possible to examine the transcriptional activity of a cell or collection of cells. 

When applied to tumour cells these technologies provide insight into the disturbances to normal 

transcriptional programming that are driving tumour development.  Taken as a whole, the expression 

profile of a tumour provides a signature for the underlying oncogenic events driving tumourigenesis. As 

such, these transcriptional signatures can be used to identify tumour subtypes that may have distinct 

biology in terms of initiation, progression, metastatic potential, and treatment response.  This paradigm 

has been successfully applied to subtyping various cancer types including ovarian cancer (Tothill et al., 

2008), triple negative breast cancer (Jezequel et al., 2015), and acute myeloid leukaemia (Mills et al., 

2009). 

As previously discussed, expression profiling experiments by Dahia et al. (2005) revealed two major 

subtypes of PPGL; one representing tumours with a dysregulation in HIF signalling, termed the pseudo-

hypoxia tumours, and the other comprised of those with aberrant MAPK signalling. Following on from 

this work, Burnichon et al. (2011) used a larger sample set to further refine the subtypes, subdividing the 

pseudo-hypoxia group into those possessing a succinate dehydrogenase subunit mutation (designated 

C1A) and those with a VHL mutation (designated C1B), and subdividing the MAPK tumours into three 

subgroups (designated C2A, B, and C).  As presented in Chapter Three, objective assessment of 

previously published data sets with a consensus clustering algorithm revealed six subtypes.  Utilising the 

publically available annotation, it was determined that the subtypes are largely consistent with those 

observed by Burnichon et al. (Table 4.1), with SDHx and VHL type tumours represented in their own 

clusters, while tumours with MAPK signalling defects were spread across multiple clusters. A sixth 

cluster was found to lack mutations in any of the known PPGL driver genes. However, further  
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analysis of publically available data demonstrated that MAX mutant tumours fell into this class. 

Table 4.1 Correlation matrix of Burnichon et al. (2011) clusters and consensus clustering subtypes 

  C1A C1B C2A C2B C2C 
MAX-Like 0 0 0 19 0 
RTK1 0 0 45 0 0 
RTK2 0 0 0 0 10 
RTK3 0 0 18 0 0 
SDHx 11 2 0 0 0 
VHL 2 24 0 0 0 
 

4.2 Aims and Rationale  
Contrary to many cancer types, the significant contribution of inherited gene mutations to PPGL 

development indicates genetic testing as a valuable component of standard care following PPGL 

diagnosis.  Historically, since genetic testing has been expensive as each PPGL gene had to be 

individually sequenced exon by exon, this lead to the development of decision-tree type approaches based 

on clinical information such as tumour location, catecholamine secretory profile, and 

immunohistochemistry (Benn et al., 2006; Jafri & Maher, 2012). More recently, focussed massively-

parallel sequencing panels allowing all PPGL genes to be simultaneously sequenced have reduced both 

the cost and time burden of genetic testing, however clinical adoption is still in its infancy.  

As the identification of a constitutional pathogenic mutation will inform genetic counselling of affected 

individuals and their relatives, it is of the utmost importance that genetic counsellors are confident in a 

molecular diagnosis before discussing the result with a patient. The strong subtype-to-genotype 

relationship seen in PPGL allows classification to provide orthogonal evidence for assessing the veracity 

of any mutations detected by clinical sequencing. For example, if an individual was found to be positive 

for a VHL mutation and also possessed an expression profile typical of VHL mutant tumours then a 

referring clinician could have additional confidence in the genetic diagnosis. In the setting of traditional 

Sanger dideoxynucleotide sequencing-based diagnostics, classification could also be used to prioritise the 

genes typical of the determined class, reducing the waiting time and associated anxiety a patient may 

experience, as well as potentially reducing costs to patients without adequate medical insurance.   

While the need to prioritise genes is not relevant to high-throughput based approaches, these methods 

have distinct limitations of their own, including variants missed due to poor coverage and false positives 

caused by misalignment to the reference genome (Toledo & Dahia, 2015).  The scope of the data returned 
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by massively parallel sequencing also exacerbates the ‘variant of unknown significance’ (VUS) 

conundrum, whereby a mutation is found in a known causative gene but the biological consequences are 

indeterminable with the available annotation. This scenario was exemplified in a recent publication 

describing a 23-year-old female with metastatic PPGL and no family history of disease (Russell et al., 

2015).  Diagnostic sequencing revealed a novel missense variant (c.361G>C) in the VHL gene with 

unknown pathogenicity.  The study employed various bioinformatics techniques such as examining 

evolutionary conservation and physiochemical properties of the affected residue. However, pathogenicity 

was ultimately decided upon detecting previously unrecognised features of von Hippel-Lindau disease in 

the mother of the patient, whom shared the variant. In scenarios such as this, classification would provide 

valuable insight into the biology of the tumour and the pathogenicity of a VUS.  

In addition to mutation and INDEL events, large-scale chromosomal alterations can act as oncogenic 

drivers, as exemplified by the NF1 breakage fusion events described in Chapter Three.  These events are 

difficult to detect with targeted high-throughput or Sanger dideoxynucleotide sequencing alone. More 

recently, epigenetic inactivation of SDHB and SDHC has been described in patients with Carney-Stratakis 

syndrome-associated PGL (Haller et al., 2014), a mechanism of oncogenesis invisible to routine 

diagnostic sequencing.  Although epigenetic silencing of VHL has been implicated in the aetiology of 

renal cell carcinoma, with the exception of a recent study (Andreasson et al., 2013), there has been little 

evidence linking epigenetic silencing of VHL to PPGL development (Cascon et al., 2004; Welander et al., 

2012). However, classification may assist in identifying tumours exhibiting VHL-like biology with no 

apparent mutation for further analysis.  

Given the profound clinical significance of the identification of a hereditary cancer syndrome, the ability 

to validate molecular testing by an orthogonal approach would have significant benefit before major 

management decisions are made, even in cases in which a clearly pathogenic mutation is identified. 

However, the clinical application of PPGL gene-expression subtyping is currently hindered by the 

requirement for high quality RNA from fresh tissue to be compatible with most array or sequencing-based 

methods.  The aim of this chapter was to develop a clinically robust assay to accurately classify both 

recently obtained and archival PPGL specimens into one of the six subtypes described in Chapter Three. 

And in the process of doing so, further elucidate the interactions and defining features of the PPGL 

subtypes. 
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4.3 The Nanostring Platform 
Standard practice for diagnostic pathology laboratories involves the fixation of surgical specimens in 10% 

neutral buffered formalin, while this process is integral to preservation of cellular morphology and 

antigen retrieval for diagnostic purposes, it is known to drastically reduce the quality of retrievable 

nucleic acids (Bussolati et al., 2015).  As such, any method of gene-expression profiling that relies on the 

availability of full-length mRNA molecules is unsuitable for use with formalin-fixed specimens. 

The Nanostring platform is a hybridisation-based assay in which probes are designed to be 

complementary to a region of the gene or transcript of interest. Each transcript is targeted by a pair of 

probes approximately 50 base pairs in length; the first probe, termed the reporter probe, is conjugated to a 

fluorescent reporter molecule while the second, termed the capture probe, is labelled with biotin.  The 

reporter and capture probes are incubated with isolated total RNA whereupon they bind to the transcript 

molecules of interest.  The hybridised probe and RNA complexes are then immobilised on a glass slide 

and counted using florescence detection. In this way the Nanostring platform provides a digital count for 

the absolute abundance of a transcript. As the assay utilises hybridisation and only targets around 100 

nucleotides of the transcript, fragmentation of target RNA does not impede transcript detection making it 

ideal for use with fresh tissue and fixed archival samples.  

4.4  Gene Selection 
In Chapter Three the process for selecting genes to develop a microarray-to-RNA-seq cross platform 

classifier was described.  As microarray and RNA-Seq are both essentially whole transcriptome 

technologies, it was acceptable to utilise a large set of genes for training the classifier. However, the cost 

of a Nanostring assay is dependent on the number of genes utilised, given that assay cost is a 

consideration in both diagnostic and research settings, a more succinct list of forty-seven genes was 

derived to ameliorate the per sample cost (see Methods 2.3.3.1.3 and Figure 4.1). Six genes with a low 

coefficient of variance across all subtypes were selected for use as normalisation controls. During probe 

design, two genes were found to share a high degree of homology and were collapsed into a single probe 

set yielding a final list of 52 genes (Table 4.2 and Appendices C-H).  

4.5 Validating the Nanostring Platform 
A three-part validation was performed in order to assess, firstly, how well the Nanostring assay 

recapitulated the expression values obtained from RNA-seq, secondly, how well expression values 

obtained from FFPE material reflected those of fresh frozen material, and finally, the robustness of the 

classification between platforms. For this purpose, the Nanostring assay was performed on a set of eleven 
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FFPE samples for which RNA-seq data were available. For a subset of five samples, the Nanostring assay 

was also performed on matched fresh-frozen material. To ensure a robust comparison the same RNA used 

for RNA-seq library preparation was also used in the Nanostring assay. Haematoxylin and eosin guided 

macro-dissection was performed on FFPE sections prior to RNA isolation (see Methods 2.2.1.2). The 

Nanostring assay and data normalisation were performed as described in methods sections 2.2.6 and 

2.3.3.3.   

Linear regression analysis demonstrated a strong positive correlation (mean R2: 0.75; range: 0.69-0.8) 

between RNA-seq and Nanostring using RNA from fresh frozen material (Figure 4.2a).  In samples with 

lower r-squared scores the largest residuals are predominantly contributed by probes that are 

underrepresented in the RNA-seq relative to the Nanostring. This could be explained by several technical 

factors. Firstly, the sample preparation method for RNA-seq relies on selection of messenger RNA 

molecules via the poly-A tail, if the RNA sample is partially degraded this will result in a reduction of 

read counts as the bulk of the gene body will be missing and as such under-represented. Secondly, RNA-

seq relies on stochastic sampling of a population of RNA molecules, which means a given transcript may 

be under-represented by virtue of sequence coverage.  Finally, as most of the poorly performing genes 

have low expression on both platforms, the expression may be below the reliable threshold for RNA-seq.  

Linear regression analysis of the five matched FFPE and fresh frozen samples demonstrated high 

concordance with a mean r-squared of 0.87 (range: 0.71-0.94) (Figure 4.2b), indicating that the assay was 

performing similarly on both fresh frozen and fixed specimens.  

Next, a support vector machine was trained using expression data for the 46 classifier genes in the 

microarray superset and tested on the Nanostring expression data. Of the eleven cases tested, nine were 

classified into the same subtype based on both RNA-seq and Nanostring data. A sample with no known 

mutation shifted from MAX-like to RTK3, and a sample with a VHL mutation shifted from the SDHx 

subgroup to the RTK2 subtype. This movement between subtypes is likely the effect of regional 

heterogeneity and sample purity and is discussed further below. 
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Figure 4.1 PPGL gene selection for Nanostring assay  

(A) A combination of one-versus-one and one-versus-rest differential gene expression was used to select the genes most 
representative of each group. The top 10 genes, as ranked by p value, from each one-versus-one comparison were combined 
then intersected with the top 50 genes from a one versus rest comparison. Where insufficient contrasting genes were 
selected, additional genes were added for the deficient class. (B) Heatmap representation of gene-expression in the 
microarray training data set for the 46 genes selected. Red indicates overexpression, and green indicates underexpression 
relative to mean expression for the gene across the cohort. Genes and samples are ordered by subtype as indicated by 
coloured bars. 
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Table 4.2 Classifier genes 

Class HGNC Symbol Gene Description 

RTK1 

PLS3 Plastin 3 
IFITM2 Interferon induced transmembrane protein 2 
IFITM3 Interferon induced transmembrane protein 3 
ARHGDIB Rho GDP dissociation inhibitor (GDI) beta 
GPR116 G protein-coupled receptor 116 
HDAC1 Histone deacetylase 1 
VCAM1 Vascular Cell Adhesion Molecule 1 

RTK2 

GSTA3 Glutathione s-transferase alpha 3 
SULT2A1 Sulfotransferase family, cytosolic, 2A, DHEA-preferring, member 1 
NR1H4 Nuclear receptor subfamily 1, group H, member 4 
TST Thiosulfate sulfurtransferase (rhodanese) 
CYP11A1 Cytochrome P450, family 11, subfamily A, polypeptide 1 
RBBP7 Retinoblastoma binding protein 7 
FDX1 Ferredoxin 1 

RTK3 

PNMT Phenylethanolamine n-methyltransferase 
NDUFA4L2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 
RPH3A Rabphilin 3A homolog (mouse) 
MYRIP Myosin VIIA and Rab interacting protein 
CACNA2D3 Calcium channel, voltage-dependent, alpha 2/delta subunit 3 
RET Ret proto-oncogene 
MAB21L2 Mab-21-like 2 (C. Elegans) 
CYR61 Cysteine-rich, angiogenic inducer, 61 
CCL2 Chemokine (C-C motif) ligand 2 

MAX-Like 

TRIB2 Tribbles homolog 2 (Drosophila) 
DUSP6 Dual specificity phosphatase 6 
SPRY4 Sprouty homolog 4 (Drosophila) 
CSGALNACT1 Chondroitin sulfate N-acetylgalactosaminyltransferase 1 
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 
PTN Pleiotrophin 
KCNJ8 Potassium inwardly-rectifying channel, subfamily J, member 8 

VHL 
TPSAB1 Tryptase alpha/beta 1 
CPA3 Carboxypeptidase A3 (mast cell) 
PDE1A Phosphodiesterase 1A, calmodulin-dependent 
ETS1 V-ets erythroblastosis virus E26 oncogene homolog 1 (avian) 
CD34 CD34 molecule 
AQP1 Aquaporin 1 (Colton blood group) 

SDHx 

ARG2 Arginase 2 
RBP1 Retinol binding protein 1, cellular 
MID1IP1 MID1 interacting protein 1 
MAPK13 Mitogen-activated protein kinase 13 
CRYBA2 Crystallin, beta A2 
TBL1X Transducin (beta)-like 1X-linked 
DSP Desmoplakin 
TRIB3 Tribbles homolog 3 (Drosophila) 
HSPB1 Heat shock 27kda protein 1 
F8 Coagulation factor VIII, procoagulant component 

Controls 
VDAC3 Voltage-dependent anion channel 3 
SRSF3 Serine/arginine-rich splicing factor 3 
ITM2B Integral membrane protein 2B 
MTCH1 Mitochondrial carrier 1 
YWHAB Tyr 3-monooxygenase/trp 5-monooxygenase activation protein beta 

  
ABCF1 ATP-binding cassette, sub-family F (GCN20), member 1 

 



68 
 

  

4.6 Testing the Classifier 
To test the classifier performance, a cohort of 38 PPGL tumours was profiled on Nanostring (Table 4.3). 

Three tumours were from fresh frozen tissues and the remainder were archival FFPE cases. All tumours 

had either a) a known pathogenic germline mutation previously determined by Sanger dideoxynucleotide 

sequencing and formally reported by a genetic testing laboratory (n=21), b) a likely pathogenic germline 

or somatic mutation within a known PPGL gene determined by massively parallel sequencing (targeted 

panel or exome) or Sanger dideoxynucleotide sequencing of tumour DNA (n=12), or c) functional SDH 

deficiency indicated by loss of SDHB expression by immunohistochemistry (n= 5).  A MAX-driven 

tumour exhibiting regions of distinct histology was selected for sub-regional sampling to examine the 

effect of tumour heterogeneity on classification (Figure 4.3). 

In summary, 34 of 38 tumours were classified to a subtype consistent with their known genotype or IHC 

staining phenotype (Table 4.3). Importantly, both macrodissected regions of the heterogeneous MAX 

mutant case classified to the MAX-like subtype. SVM classification includes a probability score ranging 

from 0 to 1 for membership in each class, these values were used to establish confidence brackets (low,  

 

Figure 4.2 Assessing the fidelity of the Nanostring platform 

 (A) Linear regression analysis of gene expression values obtained from RNA-seq (x-axis) with those 
obtained from Nanostring assay (y-axis) performed on matching RNA isolated from fresh-frozen tissue.  
RNA-Seq values are presented as counts per million reads, all values are log transformed. (B) Linear 
regression analysis of gene expression values obtained from the Nanostring assay with RNA isolated from 
fresh-frozen tissue tissue (x-axis) and FFPE tissue (y-axis) for matched samples. Coefficient of 
determination (R2) is shown for each comparison. 
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Table 4.3 Sample annotation and classification 
Sample Source P/PGL Dx Age Location Site Genotype Six Class (Conf) 
RBH01-R1 FFPE PCC 14 Bilateral RBH MAX MAX-Like (H) 
RBH01-R2 FFPE PCC 14 Bilateral RBH MAX MAX-Like (M) 
RBH02 FFPE PCC 50 Right adrenal RBH MAX MAX-Like (H) 
RBH03 FFPE PCC 42 Bilateral RBH MAX MAX-Like (H) 
RNSH01 FFPE PCC 35 Right adrenal RNSH NF1 RTK1 (H) 
RNSH02 FFPE PCC 45 T3/T4 Spine RNSH SDHB SDHx (M) 
RNSH03 FFPE PCC 41 Omentum RNSH SDHB SDHx (H) 
RNSH04 FFPE PGL 40 Retroperitoneal RNSH SDHB SDHx (H) 
RNSH05 FFPE PCC 31 Left adrenal RNSH HRAS RTK3 (H) 
RNSH06 FFPE PCC 34 Bilateral adrenal RNSH VHL VHL (H) 
RNSH07 FFPE PGL 35 Retroperitoneal RNSH SDHB SDHx (M) 
RNSH08 FFPE PCC 31 Right adrenal RNSH VHL VHL (M) 
RNSH09 FFPE PCC 39 Right adrenal RNSH VHL VHL (H) 
RNSH10 FFPE PCC 40 Left adrenal RNSH VHL VHL (L) 
RNSH11 FFPE PCC 24 Adrenal RNSH TMEM127 RTK1 (H) 
RNSH12 FFPE PCC 37 Bilateral adrenal RNSH TMEM127 RTK3 (H) 
RNSH13 FFPE PCC 31 Right adrenal RNSH RET RTK3 (H) 
RNSH14 FFPE PCC 37 Left adrenal RNSH RET RTK1 (H) 
RNSH15 FFPE PGL 27 Left adrenal RNSH SDHB IHC Neg SDHx (L) 
RNSH16 FFPE PCC 60 Carotid RNSH SDHB IHC Neg SDHx (H) 
RNSH17 FFPE PGL 21 Retroperitoneal RNSH SDHB IHC Neg SDHx (H) 
RNSH18 FFPE PGL 35 Carotid RNSH SDHB IHC Neg SDHx (M) 
RNSH19 FFPE PCC 41 Left adrenal RNSH SDHB SDHx (H) 
VCB.01T FFPE PCC 57 Right adrenal VCB RET RTK1 (M) 
VCB.04T FFPE PCC 24 Bilateral VCB VHL RTK2 (M) 
VCB.06T FFPE PCC 17 Right adrenal VCB RET RTK1 (H) 
VCB.07T FFPE PCC 60 Right adrenal VCB HRAS  RTK1 (H) 
VCB.09T FFPE PCC 76 Left adrenal VCB RET RTK2 (H) 
VCB.10T FFPE PCC 31 Right adrenal VCB NF1 RTK1 (H) 
VCB.11T FFPE PCC 56 Right adrenal VCB NF1 RTK3 (H) 
VCB.13T FFPE PCC 26 Right adrenal VCB VHL VHL (M) 
VCB.14T FFPE PCC 34 Bilaterlal VCB VHL VHL (M) 
WM01 Fresh PCC 7 ND WCH VHL MAX-Like (L) 
WM02 Fresh PCC 8 ND WCH VHL MAX-Like (L) 
WM03 FFPE PCC 3 ND WCH VHL VHL (M) 
WM04 FFPE PCC 13 ND WCH VHL VHL (M) 
WM05 FFPE PCC 8 ND WCH VHL RTK2 (M) 
WM06 Fresh PCC 10 ND WCH VHL VHL (H) 
WM07 FFPE PGL 7 ND WCH SDHB IHC Neg SDHx (M) 
RNSH = Royal North Shore Hospital; RBH = Royal Brisbane Hospital; WCH = Westmead Children's Hospital; VCB = 
Victorian Cancer Biobank; ND = No Data; IHC Neg = Immunohistochemistry Negative; (L/M/H) = Low/Medium/High 
confidence. 
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0-0.5; medium, >0.5-0.75; high, >0.75). Of the four incorrect predictions all were VHL PCCs and were 

predicted with either low or medium confidence to either RTK2 or MAX-like subtypes. 

4.7 Understanding the RTK Subtypes 
In order to understand why mutations in the MAPK/RTK signalling genes separate into three distinct 

subtypes (RTK 1, 2, and 3), the genes differentially expressed between these groups were examined. 

Pathway analysis of the genes most differentially expressed in the RTK2 subgroup using the MetaCore 

platform (GeneGo, Thomson Reuters, NY, USA) revealed that many of these genes belonged to the 

cortisol biosynthesis pathway. This metabolic pathway is highly active in the cells of the adrenal cortex. 

The most likely explanation for the high expression of these genes in the RTK2 subgroup is 

contamination with adrenocortical cells during sample preparation.  To test this, a matched FFPE 

specimen block was obtained for an RTK2 case previously classified using RNA-seq data from a fresh 

frozen specimen without macrodissection.  Sections were cut and stained with either hematoxylin and 

eosin or Chromogranin-A.  Nanostring analysis of RNA from the macrodissected whole tumour region 

(Figure 4.4a) showed a moderate reduction in cortisol biosynthesis associated genes, while a smaller 

internal region (Figure 4.4b) displayed a precipitous reduction in expression (Figure 4.4c).  A second case 

that had previously classified into the RTK2 subtype was found to be negative for Chromogranin-A. 

Upon pathological review the tumour was determined to have histological features more consistent with a 

zona reticularis type adrenal cortical adenoma (ACA), as such this case was excluded from further  

Figure 4.3 Histological heterogeneity in a MAX -driven tumour 

Haematoxylin and eosin stained section of a MAX mutant tumour exhibiting distinct patterns of cellular 
organisation.  Demarcated regions were macrodissected for RNA extraction. Region one exhibits plump 
spindled cells more typical of a MAX-driven tumour, region two exhibits a more zellballen-type histology. 
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analysis. These results suggest that the RTK2 subtype detected in previously published microarray studies 

results from the presence of cortical tissue or, perhaps in rare cases, a misdiagnosis of a tumour of 

andrenocortical origin.  The failure to abolish cortisol biosynthesis gene signature through dissection to 

the tumour margins may indicate a technical failure or a possible admixture of cell types at the periphery 

of the tumour. 

Examination of the genes distinguishing the RTK3 subtype from RTK1 revealed a number of genes 

involved in immune function (CCR1, CD14, CSF1R, VAMP8, CTGF, TYROBP, SRGN).  For many of 

these genes, the elevated expression relative to the RTK1 subgroup is also present in the VHL and, to a 

lesser degree, the SDHx subtypes. As tumours in the pseudo-hypoxia group are known to have extensive 

Figure 4.4 Elimination of RTK2 gene expression through chromogranin-A guided macrodissection 

(A) Haematoxylin and Eosin (H&E), and (B) Chromogranin-A antibody staining of a sample classified 
into the RTK2 subgroup, the regions used for macrodissection are demarcated with dashed lines. (C) 
Nanostring expression values for the genes representing the RTK2 subtype from fresh frozen tissue 
without macrodissection (red), H&E guided macrodissection (green), and Chromogranin-A guided 
macrodissection (blue) of a matched FFPE specimen.  
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vascularisation resulting from activation of HIF signalling, the elevation of these immune related genes 

may be the result of increased immune infiltrate rather than a feature of the neoplastic cells themselves.   

4.8 Refining the Subtypes 
Given the potential contribution of non-neoplastic cells to the gene-expression profiling, it was reasoned 

that removal of the RTK2 subtype from analysis might improve classification stability for the purpose of 

genotype prediction. To this end, a five-class model was derived by removing the samples and genes 

representing the RTK2 class from the training set. Furthermore, as the aim was to provide clinically 

informative classification, additional four-class, consolidating the RTK1 and RTK3, and then three class, 

consolidating VHL and SDHx were tested (Figure 4.5a, Table 4.4, and Appendix B). Removal of RTK2 

genes and tumours from the classifier training data improved the classification performance on test 

samples and increased the proportional number of medium- to high-confidence predictions (Figure 4.5b).  

Importantly, of three cases previously classified to RTK2, one RET case now classified to RTK3/RTK 

(high probability), one VHL case to the VHL subtype (medium probability) and another VHL case to the 

SDHx subtype (low probability) using either five or four-class models. The three-class model consisting 

of RTK, MAX-like and a single pseudo-hypoxia subtype accurately classified all test samples with no 

low confidence predictions. 

Table 4.4 Number of samples in each class by driver mutation 
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Note: See Figure 4.5 for structure of five, four, and three class classifiers 
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4.9 Discussion 
This chapter described the development and validation of a new clinical diagnostic test for classification 

of PPGL tumours based on the genetic driver of the disease. The assay has clear clinical utility in guiding 

genetic testing, providing supporting evidence in assessing pathogenicity of VUS, and providing 

orthogonal confirmation of molecular testing before major management decisions are made.  In cases 

where a candidate causative mutation cannot be determined, the assay may still provide clinical guidance. 

For example, patients with disease that has been classified into a subtype with higher metastatic risk may 

be placed under greater surveillance. There is also the potential to guide selection of targeted therapies in 

metastatic disease based on subtype, for example, anti-angiogenic agents such as sunitinib are being 

considered for the treatment of SDH-type tumours (Jimenez et al., 2013).  

Figure 4.5 A comparison of classifier models for prediction of PPGL subtypes 

A) Schematic representation of classifier models used B) Accuracy and distribution of prediction 
probability levels between classifier models (L= low probability, M = medium probability, H= High 
probability).   
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Through the process of refining the classifier this chapter has also provided further elucidation of 

previously established subtypes. The RTK2 subgroup, also known in the literature as Cluster 2C, was 

shown to result from the presence of adrenocortical tissue. At this juncture it is unclear whether this is 

always a technical failure in isolating pure tumour tissue, or whether in some cases it may represent an 

admixture of cortical and chromaffin cells at the periphery of the tumour. Resolving this issue will likely 

require profiling of a larger set of tumours following careful Chromogranin-A guided macrodissection.  

As noted in Table 4.1, the cluster denoted Cluster 2A in previously published analysis, was further 

divided into the RTK1 and RTK3 subtypes in the analysis presented in Chapter Three. Although both 

subtypes are characterised by high expression of genes consistent with well-differentiated disease (e.g. 

PNMT and RET), the RTK3 also exhibits elevated expression of genes associated with inflammation and 

wound repair (e.g. CSF1R, TYROBP, CCL2, CYR61, CTGF).  While recombining the RTK 1 and 3 

subtypes in a four-class model is efficacious for the purposes of genotype detection, it is best to be 

cautious in dismissing this subgroup as interactions between the immune system and cancer are highly 

complex.  The immune system provides the first line of defence in detecting and eliminating nascent 

tumours; development of mechanisms to evade the immune system through immunoediting are a key part 

of tumour development, as such the immune system is now considered a major selective pressure in 

tumour evolution (Mittal et al., 2014).  Conversely, in some scenarios inflammation has been shown to 

promote tumour growth and development, a process that may involve activation of pro-growth and 

survival signals or the creation of a permissive microenvironment (Chow et al., 2012; Rakoff-Nahoum, 

2006). Until more is known regarding the role of immune infiltrates in PPGL, it seems judicious to retain 

the ability to detect samples in the RTK3 class.  

MAX-like/Cluster-2B tumours have a distinct gene-expression signature and the membership of MAX 

tumours in this subtype is further evidenced by the data presented in this chapter. However, it is evident 

that MAX mutant PPGL tumours can be phenotypically heterogeneous as shown by the single case 

presented in this chapter. Despite successful subtyping of both regions using the Nanostring classifier, 

there were notable differences in gene-expression between these tumour regions with Region Two 

exhibiting raised expression of the immune signature genes (CCL2 and CYR61) which distinguish RTK3 

from RTK1.  Notably, a recent publication by Castro-Vega et al. (Castro-Vega, Letouze, et al., 2015) 

included the classification of three MAX-mutant tumours that were classified to C2A, C2B and C2C 

subtypes respectively, although the latter is likely due to presence of adrenocortical tissue in the sample 

masking a true subtype association for this case as previously discussed. Previous analysis of an 

independent microarray data set described by Lopez-Jimenez et al. (see Chapter Three Figure 4c) also 

suggested that a proportion of MAX-mutant cases were classified outside of the MAX-like/C2B group. A 
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larger number of MAX-mutant PPGL tumours will need to be gene-expression profiled to determine the 

distribution of MAX-mutant PPGL across Cluster 2 subtypes.  

The current implementation of the classifier relies on the use of existing microarray data as a training set. 

While this approach has given encouraging results, it still relies on data transformation techniques that 

can skew the data if the training or testing set is undersized or a particular class is underrepresented. 

Ultimately, the most robust approach will involve gathering a sufficiently well annotated Nanostring data 

set that can be used as a training set for testing new samples.  This may also facilitate detection of 

genotypes that are underrepresented in the current training data set, such as FH and EPAS1, providing a 

sufficient number of samples can be profiled.  

In summary, this chapter has demonstrated that accurate subtyping and genotype prediction is possible 

from FFPE tissue specimens.  Moving forward, a prospective multisite trial, assessing factors such as 

sample fixation methods, equipment and reagent variation, and operator bias, will be required to gauge 

the utility, accuracy, and robustness of the assay for clinical purposes.   
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5 Inter- and intra-tumoural heterogeneity in the context of 

syndromic neuroendocrine tumours 

5.1 Chapter Preface 
In the mid-nineteenth century, Charles Darwin proposed the theory of natural selection. The theory 

postulated that individuals of a species, if possessive of a novel trait advantageous for survival would 

thrive and be more likely to produce offspring, thus preserving the trait in future generations. At the time 

Darwin was unable to provide an underlying mechanism for heredity, it was not for another century that 

experiments using Pneumococcus (Avery et al., 1944) would demonstrate that hereditary traits were 

transmitted by genetic information encoded in DNA. Since then, DNA sequencing and other 

technological advances have led to an understanding of how the accumulation of small alterations to the 

structure of DNA provides the mechanism for diversification, adaption and speciation. However, despite 

the critical role of mutations in the continued evolution of life, beneficial alterations to genetic material 

are the minority, with most being either neutral or deleterious. In the early 20th century, even without 

knowledge of the intricacies of DNA, German biologist Theodor Bovari recognised a role for deleterious 

alteration to genetic material, specifically errors in its replication, in cancer development after observing 

abnormal mitosis in sea urchin eggs (Boveri, 2008). In the subsequent decades, cytological experiments 

continued to refine the understanding of how abnormal chromosomal structure contributed to oncogenesis 

with studies making note of the dynamic nature of the cancer genome (Sato, 1950). For a period of time, 

it was debated as to whether tumours arose from a single cell (monoclonal) or from a group of cells 

(polyclonal).  In 1967, David Linder and Stanley Gartler presented an elegant experiment demonstrating 

that the same copy of the X chromosome was inactivated in all cells of a uterine leiomyoma, thus 

providing strong evidence in support of the monoclonal origin of tumours. A decade later, based on 

observations that tumours, although originating from a single cell, display diverse chromosomal patterns, 

Peter Nowell hypothesised that cancer cells may undergo processes of natural selection and evolution 

similar to those proposed for speciation (Nowell, 1976). Nowell proposed that the accrual of genetic 

alterations ranging from point mutations to major chromosomal aberrations was correlated with the 

progression of cancer through the stages of malignancy. However, at the time, Nowell lamented that the 

current mapping of the human genome was too incomplete to make any correlation at the level of the 

chromosome.  

Since then, the intervening decades have brought technological advances ranging from Sanger 

dideoxynucleotide sequencing to high-resolution microarray based cytogenetic assays. However, it is only 
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in the last decade that massively parallel sequencing technologies have facilitated the mapping of entire 

genomes at base pair resolution at an affordable cost.  The capabilities of this technology have fuelled a 

renewed effort towards understanding the phenomena of tumour evolution. Recent years have seen the 

publication of studies examining clonal evolution in tumours of the colon (Kim, Jung, et al., 2015), 

prostate (Boutros et al., 2015; Kim et al., 2014), lung (Jamal-Hanjani et al., 2014; Zhang et al., 2014), 

kidney (Fisher et al., 2014), ovary (Bashashati et al., 2013), and brain (Kim, Zheng, et al., 2015). These 

explorations of tumour heterogeneity provide insight into the selective pressures acting on a developing 

tumour, as well as demonstrating examples of evolutionary convergence that highlight potentially 

obligate oncogenic events. For example, spatial sequencing of a renal cell carcinoma (RCC) revealed that 

several distinct mutations in both the histone methyltransferase SETD2 and the histone demethylase 

KDM5C had arisen independently in spatially separate regions of the tumour (Gerlinger et al., 2012).  

Findings such as these suggest that tumours may be reliant on the disruption of specific genes or 

pathways, thus creating oncogenic dependencies that may present common therapeutic vulnerabilities 

between tumour clones.  The concept of cancer genomes as dynamic and evolving has enormous 

implications for cancer therapy, especially with regard to treatment resistance and metastatic potential. 

Current thinking suggests a small number of resistant clones may already be present within a tumour at 

the beginning of a treatment cycle (Cooke et al., 2011; McGranahan et al., 2015), wherein the application 

of a therapeutic agent acts as a selective pressure eliminating cells lacking the adaption, enabling 

outgrowth of the resistant cells (Bozic et al., 2013). This paradigm has fostered the idea of using 

orthogonal combination therapies targeting diverse pathways simultaneously, limiting the efficacy of 

treatment escape mechanisms (Holohan et al., 2013).  

Tumour heterogeneity, a concept that encompasses both intertumoural and intratumoural heterogeneity, is 

one of the greatest challenges facing modern cancer therapies.  Increasingly, higher degrees of 

intratumoural heterogeneity are being linked to less favourable outcome (Mroz & Rocco, 2013; Zhang et 

al., 2014), presumably by providing a more diverse repertoire with which to respond to environmental 

challenges, whether that be intrinsic changes in the tumour microenvironment or assault from external 

sources such as targeted or chemotherapeutic agents. Meanwhile, intertumoural heterogeneity can lead to 

disparate outcomes in patients receiving identical treatment for ostensibly the same disease, obfuscating 

clinical best practice.   

Chapter Three examined the breadth of genomic variation present in independent tumours arising across a 

diverse patient population. While comparison between patients can provide valuable insight into obligate 

oncogenic events, the inherent genetic variation between patients may obscure the patterns of tumour 



78 
 

evolution that give rise to heterogeneity. For this reason, synchronous primaries arising from familial 

tumour syndromes such as MEN2A, von Hippel-Lindau, and the Paraganglioma Syndromes provide an 

exceptional opportunity to explore the diversity of tumour evolution given a uniform antecedent.  Fisher 

and co-workers likened this scenario to a thought experiment proposed by evolutionary biologist Stephen 

Jay Gould (Fisher et al., 2014).  Gould suggested that steps within an evolutionary trajectory were 

contingent on prior events and that if one were able to reset the system, restarting with identical 

conditions, one could expect a different evolutionary course to unfold. In contrast, the concept of 

evolutionary convergence suggests that identical selective pressures should ultimately result in a similar 

evolutionary trajectory. Perhaps unexpectedly, in their exploration of synchronous RCC arising from a 

VHL mutation, Fisher et al. observed that rather than operating in a mutually exclusive manner, instances 

of contingent and convergent evolution were present and complementary. In PPGL, copy-number 

profiling has been used by a small number of studies to examine tumour evolution through the lens of 

intratumoural heterogeneity, examining both the relationship between regions within a primary and 

between a primary and related metastases (Castro-Vega, Lepoutre-Lussey, et al., 2015; Crona et al., 

2015). However, how evolutionary concepts such as contingency and convergence contribute to the 

development of synchronous PPGL has yet to be explored.  

It is well know that familial tumour syndromes exhibit tissue specificity but less is known about why 

inherited gene mutations only affect cells of a particular origin (Maris & Knudson, 2015). In the context 

of PPGL it has been shown that the underlying driver mutation is predictive of secondary genomic events 

likely to occur during tumourigenesis (Castro-Vega, Letouze, et al., 2015; Crona et al., 2015). As such, it 

stands to reason that under the control of a given driver gene, oncogenic transformation may exhibit 

convergent events regardless of cell type. An understanding of these events may shed light on core 

genetic alterations required for progression regardless of cell of origin, thus providing clues to tissue-

agnostic therapeutic targets.  Synchronous primaries originating from diverse tissue types provide an 

invaluable opportunity to examine the relationship between driver mutation, cell of origin, and tumour 

genome evolution. 

Using high-resolution copy-number profiling and exome sequencing to map tumour heterogeneity at base 

pair resolution, this chapter will present two case studies examining the genomic landscape of multifocal 

disease in the context of a germline driver mutation. 
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5.2 Case One: Paragangliomas-4 (PGL4) 

5.2.1 Patient Presentation 

A 23-year-old male with a history of flushing, pounding headache, paroxysms of palpitations, nausea, and 

vomiting presented with sudden back pain and elevated blood pressure. Renal ultrasound revealed a para-

aortic mass triggering a subsequent CT scan which demonstrated four retroperitoneal masses; a soft tissue 

mass located immediately above the left renal vein contiguous with the left adrenal gland and anterior to 

the left renal hilum (43 x 46 mm, designated primary one), a left para-aortic mass at L2 (17 x 22 mm, 

designated primary two), and aortocaval masses at the levels of L2 (32 x 36 mm, designated primary 

three) and L3/4  (29 x 34 mm, designated primary four). Twenty-four hour urinary catecholamine levels 

showed elevated norepinephrine (10.2 µmol/24hr; normal range: 0-0.8 µmol/24hr). PET/CT imaging with 
18F-FDG demonstrated intense avidity in all lesions (Figure 5.1a), extensive diffuse mesenteric and 

retroperitoneal activity was seen elsewhere in the abdomen with no CT correlate, likely representing 

physiological brown fat activation by excess catecholamine secretion. Additional staging with GaTate 

(68Ga-DOTA-octreotate) demonstrated strong avidity in primaries three and four, while primary one 

demonstrated heterogeneous uptake suggestive of necrotic regions, and primary two demonstrated 

minimal avidity (Figure 5.1b). An additional 7mm soft tissue nodule anterior to the piriformis muscle was 

detected within a focus of strong FDG uptake. Following alpha and beta blockade with Phenoxybenamine 

(80 mg/daily) and Atenolol (50 mg/daily), the patient underwent laparotomy and en bloc resection of 

primaries one through four and removal of the left kidney and adrenal gland (Figure 5.1c).  Surgical 

removal of the pelvic lesion anterior to the piriformis muscle was not attempted. Pathological review 

revealed the tumours to have an organoid appearance consisting largely of nests of partially discohesive 

epithelioid cells.  Immunohistochemistry demonstrated positive staining for synaptophysin and 

Chromogranin A, and negative staining for cytokeratin (AE1/AE3) and SDHB.  Genetic testing revealed a 

single-base frameshift deletion resulting in a premature stop codon in the SDHB gene (NP_002991: 

p.Gln30ArgfsTer47). 

5.2.2 Genomic Profiling 

Following surgical extraction, sections of each tumour were excised for genomic analysis (Figure 5.1d). 

Two longitudinal sections were excised from the largest primary approximately 1 cm either side of the 

central axis. A single longitudinal section was excised along the central axis of the remaining three 

tumours.  The excised slivers were then further divided into two, three, or four segments depending on the  
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Figure 5.1 Anatomical view of synchronous PGL primary tumours  

 (A) 18F-FDG and (B) GaTate PET/CT showing in situ tumour location. (C) Kidney, adrenal gland, and 
multiple primaries following surgical resection. (D) Schematic of sample acquisition for multiregion 
genomic analysis. 
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length of the sliver.  A single piece from each tumour was selected for high-resolution copy-number 

profiling using CytoScan HD SNP array technology.  Exome sequencing using the Agilent SureSelect V5 

target enrichment platform was performed on six regions from primary one, two from primary three, and 

one from primaries two and four.  Copy-number profiles were derived from exome sequencing data using 

the ADTEx algorithm (see Methods 2.3.2.2).  High confidence somatic variants were determined using 

multiple mutation callers combined with an empirical filtering strategy (see Methods 2.3.1). 

5.2.3 Genomic Alterations 

Copy-number profiling revealed the presence of a small number of large-scale chromosomal loss events 

in each of the four primaries (Figure 5.2).  Consistent with Knudson's two-hit hypothesis for tumour 

suppressor genes (Knudson, 1971), all four tumours exhibited single copy loss of the short arm of 

chromosome 1, indicating loss of the wild-type SDHB allele.  Loss of the long arm of chromosome 2 was 

apparent in primaries one and four. Alterations to chromosome 2 are relatively uncommon in PPGL, 

present in around 15% of cases overall ((Crona et al., 2015), supplementary data) and around 5% of those 

harbouring an SDHB mutation ((Castro-Vega, Letouze, et al., 2015), supplementary data).  Examination 

of the enrichment of heterozygous SNPs on chromosome 2 revealed that the same copy was lost in both 

tumours (Figure 5.3).  Although statistically there is a 25% chance of a particular set of alleles being 

enriched in both tumours, this observation combined with the rarity of chromosome 2 alterations suggests 

that the loss may be enriching a deleterious mutation present in the germline.  Analysis of the enriched 

deleterious (i.e. resulting in an amino acid change) germline mutations present on chromosome 2 revealed 

variants in 87 genes, mutations predicted to be benign using the SIFT, PolyPhen2, and Condel algorithms 

were removed, yielding a short list of 20 genes (Table 5.1). A number of the genes are representative of 

the ontologies presented in Chapter Three including neural development (HS6ST1) and apoptosis 

(DAPL1, PRKRA), as well as genes involved in mitochondrial function (MFF, MTERFD2). However, 

given the currently limited understanding of oncogenic pathways in PPGL, it is difficult to implicate or 

eliminate genes with any certainty.  

Degrees of subclonal loss of chromosome 3 were seen in primaries one, two, and three.  Alterations to 

chromosome 3 are commonly found in PPGL, being present in up to 75% of cases (Crona et al., 2015), 

supplementary data). The nature of the alteration is often correlated with the driver context, loss of the 

short arm, where VHL is located, is present in over 85% of Cluster 1B (VHL) tumours but only 13.4% of 

Cluster 2A (RET, NF1, HRAS) tumours, while loss of the long arm is present in around 65% of tumours  
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in both clusters.  Loss of either the short or long arms of chromosome 3 is less common in Cluster 1A 

(SDHx) tumours, present in 18.8 and 25% of cases respectively. Interestingly, multiregional sampling of 

primaries one and three did not demonstrate enrichment of the loss event in any region sampled. Regions 

one (Pr3.1) and three (Pr3.3) of primary three showed a stable proportion of cells exhibiting the loss   

Figure 5.2 High resolution copy-number analysis of synchronous PGL 

Copy-number profiling performed with the Affymetrix CytoscanHD platform on one region from 
each of the four synchronous primaries (a-d) in case study one. See Figure 5.1d for regions 
sampled. 
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event  (Figure 5.4).  Unfortunately, although detectable with high-resolution SNP array technology, the 

clonal proportion of the loss event in primary one was below the signal to noise ratio viable for ADTEx 

analysis.  As a result, while it is possible to say the proportion of cells with chromosome 3 loss did not 

greatly increase in any region, it is not possible to determine if the proportion was maintained as was seen 

in primary three. 

Loss of chromosome 11 was also present in primary three at a similar subclonal frequency to that of the 

chromosome 3 loss.  It is not possible to determine from the genomic data whether both events occurred  

Figure 5.4 Maintenance of clonal diversity 

B-allele frequency plots for regions one (A) and three (B) of primary three derived from exome 
sequencing data using the ADTEx algorithm.  In addition to clonal loss of chromosome 1p, subclonal loss 
events can be seen on chromosomes 3 and 11.  Lateral lines indicate the approximate extent of the B-
allele frequency shift caused by clonal (red) and subclonal (green) events. 

Figure 5.3 Allele enrichment resulting from chromosome 2q loss 

Germline SNPs were filtered to retain those with a read-depth greater than 50 in the tumour and germline, a 
B-allele frequency between 0.45 and 0.55 in germline, and a dbSNP identifier. Panels A and B show the BAF 
for SNPs on Chr2q in primaries one and four, respectively. Panel C shows the B-allele frequency for each 
corresponding SNP in primary one (x axis) and four (y axis). Data points are colour coded to indicate SNPs in 
regions of loss (red) and neutral copy-number (black). Positive correlation indicates identical allele sets (i.e. 
chromosomal copies) lost. 
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Table 5.1 Genes harbouring deleterious mutations enriched by loss of chromosome 2q 

HGNC 
Symbol 

Amino Acid 
Change 

Gene Description Biological Process 

ANKRD36 p.G465R Ankyrin repeat domain 36  

RGPD4 p.K823M RANBP2-like and GRIP domain containing 4  

SULT1C3 p.G179R Sulfotransferase family, cytosolic, 1C, member 3 Sulfation 
biotransformation 
reaction 

DBI p.Y47* Diazepam binding inhibitor (GABA receptor modulator, 
acyl-coa binding protein) 

GABA signalling 

HS6ST1 p.D87E Heparan sulfate 6-O-sulfotransferase 1 Neural development 

POTEJ p.G683S POTE ankyrin domain family, member J  

DAPL1 p.L60P Death associated protein-like 1 Apoptosis 

PRKRA p.A8Rfs*22 Protein kinase, interferon-inducible double stranded RNA 
dependent activator  

Apoptosis 

FSIP2 p.I514T Fibrous sheath interacting protein 2  

LRP2 p.G669D Low density lipoprotein receptor-related protein 2 Endocytosis 

MFSD9 p.I288T Major facilitator superfamily domain containing 9  

MFF p.S7C Mitochondrial fission factor Mitochondrial 
function 

C2orf83 p.W141* Chromosome 2 open reading frame 83  

SPATA3 p.Q30_Q38del Spermatogenesis associated 3  

MROH2A p.E329G Maestro heat-like repeat family member 2A  

OR6B2 p.R122C Olfactory receptor, family 6, subfamily B, member 2 Olfactory signalling 

MTERFD2 p.T45A MTERF domain containing 2 Mitochondrial 
function 

AGXT p.P11L Alanine-glyoxylate aminotransferase Glyoxylate 
detoxification 

PASK p.E796K PAS domain containing serine/threonine kinase Energy homeostasis 
and protein 
translation 

 

in the same subclone, so while it is likely that this is the case, it is also possible that the alterations have 

occurred reciprocally in a proportionate number of cells. Clonal loss of the long arm of chromosome 18 

was present in primary one, while subclonal loss of chromosome 22 and the short arm of chromosome 19 

were evident in primary two. Each of the primaries has a generally stable genome as is typical of PPGL, 

with primaries one to four having 17.3%, 12.9%, 14.8%, and 13.4% of the genome altered, respectively.  
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Similarly to the samples surveyed in Chapter Three, the copy-number changes are dominated by copy loss 

occurring as large segmental events, making it difficult to isolate the critical gene loci. 

A low mutation burden and limited incidence of recurrent mutations was observed in each of the 

primaries, reflective of what has been seen both in the genomic survey conducted in Chapter Three and in 

subsequent publications (Castro-Vega, Letouze, et al., 2015). Primary one had the greatest number of 

single nucleotide coding region alterations with nineteen unique mutations, an average of 6 per region 

across the six regions sampled (range 2 to 9). Primary three had five unique coding mutations with an 

average of 4.5 mutations per region sampled (range 4 to 5). Primaries two and four, for which only a 

single region was sampled, had one and three coding mutations respectively. There were no commonly 

mutated genes between the tumours, however, several of the deleteriously mutated genes have been 

previously reported by others (Castro-Vega, Letouze, et al., 2015).  Of particular interest is the secreted 

metalloprotease ADAMTS9, the epigenetic inactivation of which has been demonstrated in several cancer 

types (Peng et al., 2013; Zhang et al., 2010), correlating with poor prognosis in gastric cancer (Du et al., 

2013). A second recurrently mutated gene, CSMD3, has been implicated in adult familial myoclonic 

epilepsy type 1 and autism suggesting a role in neural development or function (Floris et al., 2008; 

Shimizu et al., 2003), however, the gene is extremely large and, as such, has a greater opportunity to 

undergo spontaneous mutation, therefore, it may be over represented in mutation detection.  

One current theory of tumour evolution is that of competition and selection, whereby a single clone 

accrues a genomic change, which provides a growth advantage allowing the clone to outgrow competing 

clones and become dominant. The implication of this is that the most advantageous genomic changes 

should be present in the largest number of cells, however, it does not necessarily follow that mutations 

found in the majority of cells are advantageous. In order to assess the relationship between ubiquity and 

mutation consequence, mutations were categorised as either deleterious or synonymous, and as ubiquitous 

(present in all regions sampled), shared (present in two or more but not all regions sampled), or private 

(present in only a single region) (Figure 5.5).  Primary one had a single ubiquitous deleterious mutation, 

five deleterious and five synonymous shared mutations, and one synonymous and seven deleterious 

private mutations.  Primary three had two deleterious and two synonymous ubiquitous mutations, and a 

single private deleterious mutation. Contrary to expectation, the ubiquitous and shared mutations do not 

demonstrate an enrichment of deleterious events comparative to private mutations; in fact, in the case of 

primary one the private mutations demonstrate a higher proportion of deleterious events.  The equal 

distribution of synonymous and deleterious mutations amongst the shared mutations may be reflective of 

mutational timing, whereby a clone obtains a synonymous mutation prior to a deleterious one and 
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therefore the synonymous mutation acts as a passenger during the enrichment of the deleterious mutation. 

Or alternatively it may suggest that mutations are not playing a large role in the early development of the 

tumour and are therefore not under great selective pressure.  Interpretation of this is further complicated 

by the fact that not all deleterious mutations are advantageous and may themselves simply be passenger 

events. The uncertainty of using variant allele frequency to infer importance is highlighted by the finding 

that the two mutations present in the greatest proportion of cells in primary three are both synonymous, 

although there is emerging evidence of an active role for a subset of synonymous mutations (Supek et al., 

2014), the majority are likely passenger events. It is perhaps the case that, beyond the primary driver 

mutation, early tumourigenesis is being driven largely by chromosomal aberrations, to which the 

mutations are acting as passengers.  However, as tumour complexity increases and resources become less 

accessible, private mutations may provide incremental benefit to the tumour clone. 

5.2.4 Evolution of Primary One 

Multiregional sampling has been used successfully to map the evolutionary stages of several cancer types 

(Boutros et al., 2015; Gerlinger et al., 2014; Nik-Zainal et al., 2012). Here this same technique has been 

applied to primary one to develop an approximation of both the heterogeneity and timing of genomic 

Figure 5.5 Consequence and distribution of mutations in synchronous PGL 

Number and spatial distribution of coding mutations in primaries one through four as ubiquitous (seen in all 
regions), shared (seen in two or more but not all regions), and private (seen in only a single region).  Primaries 
two and four were not multiregion sampled. The mutations have been further classified as deleterious, if they 
alter the protein sequence, or synonymous, if not. 
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alteration within a single tumour (Figure 5.6a and d).  The ADTEx algorithm was used to derive copy-

number profiles for each region of the tumour to assess the clonality of the changes detected through 

high-resolution SNP profiling. This analysis revealed that the loss of the short arm of chromosome 1 and 

loss of chromosome 18 were present in all cells in all regions of the tumour, suggesting they were 

ancestral events.  In contrast, what had appeared to be a clonal loss of the long arm of chromosome 2 was 

in fact absent in region 1.2.3 and 1.2.4, and only present in a subset of the cells in region 1.2.2 (Figure 

5.6b).  The alteration was present in regions 1.1.1, 1.1.3, 1.2.1, and 1.2.2, suggesting that at least two-

thirds of the tumour harboured this alteration.  Coupled with the observation that this loss event, although 

uncommon in PPGL, was also present in primary four suggests that in this patient the event may offer 

significant growth advantage to the clones in which it occurs. 

Only a single mutation was found to be present in all regions sampled, a missense change in the vitamin 

B12 carrier-protein Transcobalamin II (TCN2). The specific amino acid change, located near the c-

terminal end of the cobolamin binding domain, has not previously been reported in the Catalogue of 

Somatic Mutations in Cancer (CoSMiC).  Although vitamin B12 is a cofactor for several important 

enzymatic reactions, the activity of the TCN2 protein is largely cell extrinsic, where is facilitates the 

delivery and importation of vitamin B12 into the cell, after which the protein undergoes lysosomal 

degradation (Gherasim et al., 2013).  Examination of chromosome 22 where the TCN2 gene is located did 

not demonstrate loss of the second allele, suggesting that the mutation would have to function either in a 

dominant negative manner or as a gain-of-function mutation to elicit an effect. Although, based on the 

RNA-seq expression data generated in Chapter Three, TCN2 is expressed in PPGL, given that the primary 

known activity for TCN2 occurs outside the cell, it is difficult to assess the effect of a mutation in 

intracellularly produced TCN2. 

The PyClone algorithm, which utilises a Bayesian clustering method to model clonal population 

structures, was used to group the remaining variants into clonal populations. In cases where the algorithm 

appeared overly aggressive in grouping mutations, the output was manually refined. The analysis revealed 

mutational clusters representing ten distinct clonal populations within the tumour (Figure 5.6c). As 

mentioned previously, mutation Cluster A consisting of a mutation in TCN2 was the only mutation cluster 

present in all tumour regions.  Mutation Cluster B was shared between regions 1.1.1, 1.1.3, 1.2.1, and 

1.2.2, and appears to coincide with the population harbouring the loss of the long arm of chromosome 2.  

Mutation Cluster C was only present in regions 1.1.1 and 1.1.3.  Mutation Cluster D represents a set of 

four private mutations found only in region 1.2.1 and likely represents an evolutionary branch distinct  
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Figure 5.6 Genomic evolution of primary one 

 (A) Schematic depicting the evolution of primary one through the accrual of sequential genomic alterations 
over time (y-axis) to form the regions profiled (x-axis). Copy-number alterations are denoted as chromosome 
number, arm, and event type (-,loss;+,gain). Clusters of mutation events are denoted with the letter M with a 
superscript annotation of the cluster as determined by PyClone and manual analysis (see panel C). (B) B-Allele 
frequencies for chromosome 2 across each region sampled. (C) Heatmap of regional VAFs for somatic mutations 
(rows) detected in any of the regions (columns) sampled. Mutation clusters assigned by the PyClone algorithm 
and manual refinement are given in the right hand columns. Mutation consequence is denoted as 
synonymous(S), non-synonymous(NS), non-coding (NC), or splice site (SP). (D) Spatial reconstruction showing 
relative positions of subclones within the tumour. Estimated area harbouring the loss of chromosome 2q is 
marked with a dashed red line. 
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from clones harbouring mutation set C, both having arisen from a common ancestral clone harbouring 

mutations in Cluster B.  Mutation Clusters E and F are present in sections 2.2.2, 2.2.3, and 2.2.4, however 

they have the highest VAF in region 2.2.3. This likely represents the subclonal centre for these 

populations, with the reduced VAF in adjacent regions demonstrating dilution through population 

admixture with surrounding subclones.  Mutation clusters G and H are present in 2.2.3 and 2.2.4 in 

reciprocal proportions, likely representing spatial diffusion of two distinct subclones. Mutation cluster I is 

present only in 2.2.4, representing either an evolutionary descendant of the cells possessing cluster H 

mutations, or perhaps independent less fit branches from an ancestral clone.  Fascinatingly, with the 

exception of the mutation in TCN2 and the loss of chromosome 18, regions 1.1.1 and region 1.2.4 are as 

genomically dissimilar to each other as they are to a region of any of the other synchronous primaries.  

There were no obvious instances of convergent branched chain evolution occurring within primary one as 

previously reported in VHL-driven RCC, although it is possible that some of the differentially mutated 

genes interact in pathways that are not yet fully characterised. 

5.3 Case Two: Multiple Endocrine Neoplasia Type IIA (MEN2A) 

5.3.1 Patient Presentation 

A thirty-year old female presented with panic attacks and elevated metanephrine and normetanephrine 

levels. PET/CT imaging with 18F-FDG revealed minimally avid hypodense right (4 cm) and left (1 cm) 

adrenal masses, as well as mildly avid right lung metastasis, a central right liver metastasis, and osseous 

metastases involving the pelvis, bilateral scapulae, humerii, and femora (Figure 5.7a). A region of intense 

tracer uptake was seen in the right lobe of the thyroid and nearby cervical lymph nodes, which was 

confirmed to be medullary thyroid carcinoma (MTC) via histological analysis of a tumour biopsy. 

PET/CT with GaTate demonstrated intense avidity in both adrenal masses but limited avidity in the 

thyroid, nodal metastases, and distant metastases (Figure 5.7b). SPECT/CT with 123I-MIBG mirrored the 

GaTate tracer pattern indicating that the metastatic disease likely originated with the MTC rather than the 

adrenal disease (Figure 5.7c). The patient underwent total thyroidectomy with reimplantation of 

parathyroid glands, resection of the cervical lymph nodes, and right adrenalectomy. Diagnostic 

sequencing revealed a germline mutation in RET (NP_066124:p.Cys634Tyr) consistent with a diagnosis 

of multiple endocrine neoplasia type 2A. 
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5.3.2 Specimen Collection and Genomic Profiling 

Fresh tissue specimens were obtained following surgical resection prior to fixation.  A single region was 

obtained from the tumour mass present in the right thyroid (T1) (Figure 5.8a) and associated cervical 

lymph node metastasis (TM) (Figure 5.8b), and two regions representing each of the tumour poles were 

taken from the PCC (see Chapter 3 Figure 2).  The remaining tissue was prepared for pathological review  

 

 

Figure 5.7 Molecular imaging of MTC and PCC 

(A) 18F-FDG PET showing minimal tracer uptake in right and left adrenal masses, and moderate uptake in 
right lung, central right liver, and osseous metastases.  A region of intense tracer uptake can be seen in the 
right lobe of the thyroid and nearby cervical lymph nodes.  
(B) GaTate PET/CT and (C) 123I-MIBG SPECT/CT both demonstrated intense avidity in the adrenal masses 
with minimal to no avidity in the thyroid, nodal metastases, and distal metastases. 
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by way of standard formalin-fixation and paraffin-embedding. Embedded specimens representing the 

right and left lobes of the thyroid gland were sectioned and stained with haemotoxylin and eosin or by 

immunohistochemistry for the cellular proliferation marker Ki-67. Review of Ki-67 staining of the right 

lobe of the thyroid revealed distinctive regions of high and low of Ki-67 expression (Figure 5.8c).  As Ki-

67 expression has been shown to clinically correlate with metastatic disease (Li et al., 2015), a region of 

high (T1Ki67) and low (T2) expression were selected to assess which was most genomically similar to 

TM.  Staining of sections obtained from the left lobe of the thyroid revealed a small region of dysplastic 

growth previously undetected by molecular imaging (Figure 5.8d). Genomic profiling was also performed 

on this region (T3) to determine if it represented a metastatic deposit or a synchronous primary tumour. 

Circulating nucleic acids (cfDNA) were isolated from peripheral whole blood taken prior to surgery (see 

Methods 2.2.2.5). Exome sequencing was performed on all fresh-frozen, formalin-fixed, and cfDNA 

samples using the SureSelect V5 target enrichment platform, high-resolution copy-number profiling was 

performed using the CytoScan HD or OncoScan FFPE assay on fresh frozen and FFPE samples 

respectively. RNA-seq libraries were generated for T1, TM, and both PCC regions using the Illumina 

TruSeq RNA V2 sample preparation kit (see Methods 2.2.4.1).   

5.3.3 Genomic Alterations in Synchronous MTC and PCC 

5.3.3.1 MTC 
Copy-number profiling revealed loss of the short arm of chromosome 1 in all samples taken from the 

thyroid (Figure 5.9a).  In the T1, T1Ki67, and TM, the breakpoint was found to be approximately 13Mb 

upstream of the centromere, while samples T2 and T3 were found to have centromeric break points 

(Figure 5.9b).  The distinct break points indicate that T2, the low Ki67 region sampled from within the 

right lobe primary tumour, and T3, the dysplastic region taken from the left lobe are in fact independent 

of T1, and originate from distinct tumourigenic events. T1, T1Ki67, and TM, all demonstrated gain of the 

regions downstream to the breakpoint on chromosome 1, suggesting that both the gain and loss events 

resulted from the same rearrangement, and providing additional confirmation that T1 was the site of 

origin for the parent clone of TM (TMP).  The limited literature available regarding copy-number 

alterations in MTC suggests that loss of the short arm of chromosome 1 is a frequent occurrence, older 

publications report frequencies of between 21 and 30% (Marsh et al., 2003; Ye et al., 2008), while a more 

recent publication demonstrated frequencies of up to 47% in sporadic cases harbouring a RET mutation 

and 37% overall. To assess whether the ubiquity of chromosome 1p loss in this patient may be an 

indication of a cooperative germline mutation, allele enrichment analysis was used to determine the set of 

alleles lost in each sample (Figure 5.10).   
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Figure 5.8 Medullary thyroid carcinoma biospecimen collection 

(A) Thyroid gland following surgical resection. The sliver of tissue marked by a white outline was taken from 
the right thyroid and snap frozen for genomic profiling (specimen T1). (B) FFPE section of cervical node stained 
with haematoxylin and eosin.  Specimen TM was obtained as fresh frozen tissue from an alternate node. (C) 
FFPE section of right thyroid tumour stained against Ki-67.  The region of high Ki-67 (specimen T1Ki67), and 
low Ki-67 (specimen T2) used for genomic profiling are marked with black dotted outlines. (D) FFPE section of 
left thyroid stained against Ki-67. The region extracted for genomic profiling is marked by dotted outline 
(specimen T3). 
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As expected T1, T1Ki67, and TM had lost concordant copies of chromosome 1p, however, T2 had lost 

the complementary set of alleles.  Unfortunately the sample purity obtained for T3 rendered the analysis 

for this sample inconclusive. This suggests that the loss of chromosome 1p is not enriching an existing 

deleterious genome feature and that the oncogenic contribution of this event is likely one of compound 

haploinsufficiency. Gain of the short arm of chromosome 4 as well as loss of chromosomes 13, 14, and 

Figure 5.9 High resolution copy-number analysis of MTC 

(A) Overlay of high resolution copy-number analysis of T1, T1Ki67, TM, T2, and T3. Data smoothing was 
performed using the aspcf algorithm in the copynumber package for R. Utilising the assumption that loss of 1p 
is an early event, sample purity and array variance were normalised by multiplying probe and smoothened 
values by a scaling factor to establish a mean probe value of -0.5 on chromosome 1p in each sample. (B) High 
resolution copy-number analysis demonstrating shared non-centromeric chromosome 1p breakpoints in T1, 
T1Ki67, and TM, as distinct from centromeric break points seen in T2 and T3. 
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the long arm of chromosome 4 were present in T1, T1Ki67, and TM at a frequency similar to the loss of 

the short arm of chromosome 1.  Analysis of allele enrichment demonstrated loss of the same allele set in 

all samples suggesting that these were ancestral events, which is concordant with the high clonal 

frequency (Figure 5.10).  Chromosomes 3, 9, and 22 were also lost at a similar frequency to chromosome 

1p in T1Ki67 and TM, however the loss of chromosome 3 and 9 were present in a marginally reduced 

proportion of cells in T1 and the loss of chromosome 22 was absent. Initial interpretation would suggest 

that loss of chromosomes 3 and 9 were early events common to a large proportion of cells including the 

T1Ki67 and TMP clones, while loss of chromosome 22 was a later event occurring in a more recent 

ancestor of T1Ki67 and TMP.  However, analysis of the enriched alleles demonstrated that T1Ki67 and 

TM had lost opposite copies of both chromosomes 3 and 22, suggesting that these loss events occurred 

independently after these clones had diverged from one another.  While this may also be the case for 

chromosome 9, allele enrichment demonstrated loss of the same copy in both clones. As such, it is not 

possible to determine the timing of this event. Loss of chromosomes 22 and the long arm of chromosome 

4 are also detectable in T3, interestingly, chromosome 9 had undergone copy neutral loss of 

heterozygosity (CNLOH) in this tumour. It is difficult to interpret the role of CNLOH as the risk of 

haploinsufficiency is greatly reduced. Examination of the allele enrichment profile demonstrated that the 

copy retained matched that of T1Ki67 and TM (Figure 5.10), so it is plausible the alterations to 

chromosome 9 are enriching a deleterious mutation or abrogating the active copy of an imprinted gene 

(e.g. GLIS3), as despite alterations to chromosome 9 having been previously reported as a feature of MTC 

(Marsh et al., 2003), they do not appear to be common (Flicker et al., 2012; Ye et al., 2008).  Together the 

alterations of chromosomes 3, 9, and 22 provide striking examples of convergent evolution during the 

development of MTC, unfortunately, as was seen in PPGL, the alterations involve large chromosomal 

regions making it difficult to infer the critical genes involved. 

Despite these examples of convergence T1, T2, and T3, display quite distinct copy-number profiles.  T1 

has experienced six chromosomal loss and four gain events, while T3 demonstrates three loss events, 

seven gain events, and a CNLOH event. In contrast, T2 has a comparatively stable genome exhibiting 

only three loss events and no gains. While this could suggest an inherent difference in the genomic 

stability between T2 and the other tumours, it is more likely a reflection of the number of cellular 

divisions since tumour incipience. However, with that in mind, it is interesting to note that TM does not 

exhibit any copy-number alterations that are not detectable in T1, nor does the nodal metastasis 

demonstrate any alterations at subclonal frequency, a surprising observation given that the clone would 

have undergone significant expansion following metastatic seeding. This suggests that the copy-number  
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Figure 5.10 Allelic enrichment analysis 

Correlation of alleles enriched by CNA. Germline SNPs were filtered to retain those with a read-depth greater than 50 
in the tumour and germline, a VAF between 0.45 and 0.55 in the germline, and a dbSNP identifier. Plots show the 
corresponding VAF (x and y axis) for each SNP in each pair of samples. Data points are colour coded to indicate SNPs 
in regions of loss (red), gain (blue), CNLOH (purple), and opposing loss/gain (orange). Positive correlations indicate 
identical allele sets (i.e. chromosomal copies) enriched, while negative indicates opposing sets. Horizontal or vertical 
diametric clusters indicate normal copy-number in one sample, while a central cluster indicates the absence of a 
copy number alteration. Suspected convergence events within the T1Ki67 and TMP subclones are highlighted with a 
green border. Low sample purity obfuscates most comparisons for T3. 
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alterations present in the TMP departing T1 may represent a kind of evolutionary peak given the selective 

pressures being applied to the tumour. It is interesting to speculate on whether given enough time T2 and 

T3 would have approached the challenges of metastasis by ultimately resembling TM, or by finding a 

unique but equally efficient evolutionary peak. 

Allelic imbalance events involving the RET gene have been shown to be common in RET-driven PCC and 

MTC (Ciampi et al., 2012; Huang et al., 2000; Koch et al., 2001).  Examination of copy-number data for 

this case revealed several patterns of chromosome 10 alteration (Figure 5.11).  T1Ki67 exhibited CNLOH 

resulting from loss of the wild-type copy and gain of the copy harbouring the RET mutation, while TM 

demonstrated trisomy ten having gained an additional copy of the mutant allele.  T1 demonstrated a 

similar B-allele frequency pattern to T1Ki67, however, the logR values showed an elevated signal 

consistent with the contribution of trisomy 10 in TMP. These data suggest that the majority of cells 

present in T1 had experienced enrichment of the RET mutation through CNLOH and that trisomy 10 was 

restricted to a minor portion of cells.  This is particularly interesting when one considers the order of 

acquisition of genomic changes.  Alterations to chromosomes 1, 4, 13, and 14, are common to T1Ki67  

Figure 5.11 Chromosome 10 copy-number alterations 

High-resolution copy-number analysis showing the copy state of the RET gene in each MTC sample. Single 
copy loss is seen in T2, while copy neutral LOH can been seen in T1Ki67. TM and T3 exhibit a single copy 
gain.  T1 demonstrates a complex copy state resulting from a mixture of trisomy 10 in the TMP clone, 
seen as an elevated log2 ratio, and copy neutral LOH in T1Ki67, seen as a diametric B-allele frequency 
shift. 
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and TMP suggesting that these clones shared a common ancestor, in order for the wild-type copy of 

chromosome 10 to be present in TM it must have been retained throughout the shared history of these 

clones. The observation that CNLOH is the dominant state within T1 suggests that the loss of the wild-

type copy has also occurred independently within clones divergent from T1Ki67 and T1MP.  Loss of the 

wild-type copy is also seen in T2, however there has not been a gain of the mutant copy, while T3 

demonstrates trisomy having undergone a gain of the mutant copy. Enrichment of the mutant allele can be 

seen as the common factor in each of these events, either through gain of the mutant copy, loss of the 

wild-type copy, or a combination of both leading to CNLOH. It is unclear whether duplicate mutant 

alleles through trisomy ten or CNLOH provides the greater growth advantage, although given the 

oncogenic nature of RET, it seems intuitive to assume that more copies would provide the greater 

advantage. As such, the convergence towards the CNLOH state seen in T1 may represent a trade-off 

designed to alleviate gene dosage issues caused by trisomy while maintaining maximum oncogenic 

activation.  There is also the possibility that wild-type RET provides some level of negative feedback, and 

thus, even in the absence of amplification of the mutant, it is advantageous to remove the wild-type allele, 

Figure 5.12 Consequence and distribution of mutations in synchronous MTC and PCC (Case 2) 

Number and spatial distribution of coding mutations in MTC and PCC as ubiquitous (seen in all regions), shared 
(seen in two or more but not all regions), and private (seen in only a single region).  Shared mutations in T1 have 
been subdivided to indicate whether they were shared with T1Ki67 or TM. The mutations have been further 
classified as deleterious, if they alter the protein sequence, or synonymous, if not. 
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as was seen in T2. Without a greater understanding of the dynamics of the wild-type-mutant relationship 

as well as the effects of trisomy ten on gene dosage, it is difficult to speculate on how trisomy ten 

contributed to the metastatic potential of TMP. Previous attempts to utilise RET copy-number alteration as 

a prognostic factor in MTC have been inconclusive (Ciampi et al., 2012). 

The mutational landscape of T1, T2, and T3 mirrors the respective complexity of their copy-number 

profiles. T1 had the largest number of mutations with thirty-two detectable coding region mutations, 

followed by T3 and T2 with twelve and two coding region mutations, respectively (Figure 5.12). Twenty-

four of the mutations present in T1 could also be detected in both T1Ki67 and TM, T1 and TM shared 

two mutations absent in T1Ki67, while T1 and T1Ki67 shared four mutations absent in TM (Figure 5.13). 

The highest variant allele frequencies among the shared mutations were observed for missense mutations 

in the genes FCAMR and MAX.  Taking into account the location of FCAMR on the long arm of 

chromosome 1, the high VAF likely indicates that the mutation was present prior to the copy gain event, 

suggesting that it may either be a very early oncogenic event or a passenger mutation present in the pre-

transformed cell.  A previous exome study described a single case with a frame shift deletion in FCAMR 

(Agrawal et al., 2013), however, as FCAMR is primarily expressed in lymphoid tissues where it facilitates 

endocytosis of IgM and IgA antibodies (Sakamoto et al., 2001), it is unclear what advantage a mutation 

might offer the developing MTC.  The role of MAX mutations in the development of PPGL has been 

previously discussed, however, there is mounting evidence for a more general role for MAX in 

neuroendocrine tumour biology.  A recent study in small cell lung cancer (SCLC) encompassing fifty-

three cell lines and forty-five primary tumours found MAX-inactivating alterations in 6% of SCLCs 

tested (Romero et al., 2014). In addition, the study detected mutations in BRG1, a regulator of MAX 

expression, that were mutually exclusive with mutations in MAX.  Although the particular missense 

mutation present in this case has not been reported in COSMIC, analysis with the mutation effect 

prediction algorithms, SIFT, PolyPhen, and Condel, unanimously predicted the variant to have a 

damaging effect on protein function. Furthermore, loss of chromosome 14 has resulted in abrogation of 

the remaining functional copy.  Together these findings strongly support MAX as a potential driver in 

MTC. 

 T1 harboured just two mutations not detectable in T1Ki67 or TM suggesting the tumour had undergone 

periods of linear evolution, a process marked by the outgrowth of a single dominant clone following each 

beneficial genomic alteration (Figure 5.14).  T1Ki67 harboured six mutations not present in either T1 or 

TM, these likely represent branched evolution occurring locally within the high Ki67 region which was  
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Figure 5.13 Shared and private variants in MTC  

Heatmap showing VAFs for somatic mutations (rows) 
detected in any MTC specimen (columns). Values in 
the PyClone and Manual columns indicate the cluster 
each mutation was assigned by the respective 
method. Variants shared between T2 and T1 are 
likely the result of sample contamination with 
peripheral T1 cells during macrodissection. Mutation 
consequence is denoted as synonymous (S), non-
synonymous (NS), or stop gained (SG). 

 

 

 

 

 

 

 

 

 

Figure 5.14 Evolution of T1, TiK67, and TM 

Schematic depicting the evolution of various 
subclones (x-axis) through the sequential accrual of 
genomic alterations over time (y-axis). Copy-number 
alterations are denoted as chromosome number, 
arm, and event type (-,loss; +,gain). Clusters of 
mutation events are denoted with the letter M with 
a superscript annotation of the cluster as 
determined by PyClone with manual adjustment (see 
Figure 5.10). Values in brackets indicate which 
chromosomal copy was lost as mutant(m), wild-
type(wt), and allele set A/B. 
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either not sampled as part of T1 or represented an insufficient fraction for the variants to be detected. Of 

particular interest is a missense change in the DNA damage checkpoint modulator ATM  

(NP_000042.3:p.Val2152Glu), loss of which has been shown to significantly increase the proliferative 

index of intestinal neoplasia in mouse models (Kwong et al., 2008). The same study that described 

FCAMR mutations also described ATM and MDC1 mutations in RET-mutation negative MTC, leading the 

authors to suggest a potential role DNA damage pathways in these cases (Agrawal et al., 2013). However, 

the current data suggest that ATM mutations may enhance the proliferative rate of MTC regardless of the 

primary driver mutation. TM harboured three synonymous and seven deleterious private mutations which 

likely arose after TMP metastasised from T1, although it is possible some were present in T1 at sub-

detectable levels. Examination of RNA-seq data for the seven deleteriously mutated genes revealed that 

three were not expressed within limits of detection, while one x-linked mutation could not be detected in 

the RNA-seq reads, possibly due to selective inactivation of the mutant allele through x-inactivation. 

These data suggest that although TM continued to accrue mutations after metastasis, the majority appear 

not to contribute to the metastatic phenotype, further supporting the idea that TMP represents a stable 

evolutionary peak given the environmental pressures.  Another possibility is that point mutations in 

general play a very minor role in early MTC oncogenesis, an idea supported by the observation that only 

two of the coding mutations to pass filtering in T2 were synonymous changes, as were six of the twelve 

mutations detected in T3. In this regard, MTC may mirror what was seen for PPGL driven by loss of 

SDHB whereby, subsequent to the initial driver mutation, early oncogenesis appears to be largely driven 

by copy-number alterations and the resulting compound haploinsufficiency of multiple tumour suppressor 

genes. 

5.3.3.2 PCC 
A brief description of the genomic changes detected in the poles of the PCC was included as part of the 

publication in Chapter Three (see Chapter 3 Figure 2) and will be covered in more detail here.  

Copy-number profiling demonstrated losses of chromosome 1p, chromosome 3 downstream of 3p14.3, 

chromosome 9 between 9q21.11 and 9q31.3,  chromosome 10 between 10q23.1 and 10q25.1, 

chromosome 14 from 14q32.2, and chromosome 17p in both poles of the tumour. Interestingly, the 

alteration to chromosome 10 does not encompass the RET gene, which remains balanced diploid. An 

additional loss of chromosome 21 was detected in the left pole, while the right pole demonstrated a 

0.38Mb segmental gain encompassing the genes YIPF5 and KCTD16, which are involved in the 

maintenance of Golgi structure (Yoshida et al., 2008) and GABA(B) receptor modulation (Metz et al., 

2011), respectively.  The signal ratio for the loss of chromosome 21 is of a lesser magnitude comparative 
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to the other copy-number alterations, suggesting that although dominant, it is not present in all cells in the 

region. This cellular composition may indicate either that the loss was a recent event occurring locally 

within the region which imbued a significant growth advantage, or an earlier event which gave only 

minor advantage allowing other clones to grow in parallel, sampling of additional regions would be 

required for clarification.  

A total of fourteen coding region mutations, two synonymous and twelve deleterious, were detected 

across both poles combined, however, only three missense changes were ubiquitous (Figure 5.12).  Only 

one of the three ubiquitous mutations could be detected as expressed by RNA-seq; a missense change in 

the cellular trans-Golgi network (TGN) membrane protein, GOLGA1,  which is involved in trafficking 

between the TGN and endosomal system (Jing et al., 2010; Lock et al., 2005).  A shared mutation in 

NRK, a member germinal center kinase family shown to be predominantly expressed in skeletal muscle 

during the late stages of mouse embryogenesis (Kakinuma et al., 2005), was not detectable by RNA-seq, 

as NRK is located on chromosome X it is possible that the variant is located on the inactive copy. The 

final ubiquitous mutation, located in the unprocessed pseudogene PCDHB17, is difficult to interpret, 

unlike mutations in coding genes there is no framework available for assessing mutations in non-coding 

RNA, despite emerging evidence of their critical role in complex gene regulation networks (Rinn & 

Chang, 2012).  The left pole harboured two synonymous and five missense private mutations, while the 

right pole demonstrated four private missense mutations. The majority of private mutations were present 

at a high VAF reflecting the purity of the respective copy-number alterations in each pole.    

It seems likely that the tumour underwent an extended period of linear evolution in which the shared 

copy-number alterations and mutations were established, after which one or more branching events 

occurred that were then followed by further linear evolution along each branch. The high number of 

shared copy-number alterations relative to shared mutations again supports a strong role for loss of 

tumour suppressor genes in early PPGL development. 

5.3.3.3 cfDNA 
Deeper understanding of tumour heterogeneity combined with the availability of increasingly sensitive 

massively parallel sequencing methods has created a surge in interest in the diagnostic utilisation of 

circulating nucleic acids. Circulating DNA, or cell-free DNA (cfDNA), is a term given to short fragments 

of DNA released into the blood stream from apoptotic or necrotic cells which have escaped phagocytosis 

by scavenger cells (Schwarzenbach et al., 2011).  At present the is no literature examining the detection of 

specific mutations in cfDNA derived from MTC or PCC, and only a single study on the potential use of 
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cfDNA abundance as a diagnostic test in MTC (Zane et al., 2013). In light of this, exome sequencing was 

performed on cfDNA isolated prior to surgery to provide an initial insight into the relative representation 

of ubiquitous, shared, and private variants in the cfDNA. As variant calling pipelines may be less 

effective at low VAFs typical of cfDNA, additional manual inspection of alignment data was performed 

for all variant bases detected in any other specimen. In total, twenty-eight variants were detected in the 

cfDNA, twenty-two of these were ubiquitous amongst T1, T1Ki67, and TM, two were shared between T1 

and TM but absent in T1Ki67, two were private to TM, and two were unique to the cfDNA. Excepting 

two mutations with poor sequence coverage, all ubiquitous mutations were detectable in the cfDNA. 

Unsurprisingly, the highest detected VAF in the cfDNA belonged to the FCAMR mutation, reflecting the 

combination of an ancestral event and allelic amplification.  In contrast, the VAF of the remaining 

variants in the cfDNA showed very little correlation with their VAF in either T1 or TM (R2: 0.18 and 

0.17, respectively).  The high degree of variation in the VAFs detected in the cfDNA relative to the VAF 

in the parent tumour is more likely a limitation of the sample preparation process rather than a biological 

phenomenon. However, a second technique such as amplicon sequencing would be required for 

confirmation.  No mutations that were private to T1, T1Ki67, T2, or T3 were detectable in the cfDNA. 

Furthermore, a mutation in DCLK3, located on chromosome 3, which was present at high VAF in T1 and 

T1Ki67 but absent in TM, probably due to loss of the mutant copy, was not detectable in the cfDNA 

despite sufficient coverage (read-depth: 96). These data suggest that the majority of cfDNA detected was 

being released from one or more metastatic sites either seeded by TMP in parallel with TM or reseeded by 

TM subsequent to establishment. As such, mutations in TRIM46 and ZNF696 detected exclusively in the 

cfDNA may have originated at other metastatic sites. Interestingly, only two of the mutations present in 

the PCC were detectable in the cfDNA and both in only a single read, representing less than 1% of the 

total cfDNA reads. It is likely this disparity is correlated with disease burden (Diehl et al., 2008), 

however, as various cancer types have been shown to emit differing levels of cfDNA, it may represent a 

difference between the biology of PCC and MTC (Bettegowda et al., 2014).   

5.3.3.4 Common Alterations in PCC and MTC 
There are currently over 100 genes thought to contribute to cancer susceptibility when mutated in the 

germline (Rahman, 2014).  One of the most fascinating and puzzling aspects of cancer susceptibility 

genes (CSG) is that, despite many of them having central roles in cellular biology, they often contribute to 

tumour formation only within a small array of tissue types. A possible implication of this is that the 

particular tissues affected by a CSG may share common biochemical pathways with respect to the  
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function of that gene.  If so, it stands to reason that tumour progression within these tissues may follow a 

common evolutionary pathway with respect to genomic alterations.  Comparison of the genomic 

alterations in the PCC and MTC revealed shared copy-number loss or LOH on chromosome 1p, 3q, and 

subsections of 9q and 10q (Figure 5.15a). Examination of allele enrichment demonstrated that opposing 

copies of chromosome 1p and 9q, and matching copies of chromosome 3q has been lost (Figure 5.15b), 

further supporting the idea of compound haploinsufficiency over enrichment of an occult germline 

mutation. There were no subtle mutations shared between the two disease sites.  These results further 

Figure 5.15  CNA common to PCC and T1 

 (A) High-resolution copy-number analysis of MTC (T1) and PCC (left pole) showing shared copy-number 
losses (highlighted regions). (B) Allele enrichment analysis of shared regions on chromosomes 1, 3, and 9. 
Interpret as per Figure 5.10. 



104 
 

highlight the critical role for alterations to chromosome 1p and 3q to the progression of RET-driven 

tumours. 

5.4 Discussion 
Multiregional sampling within two patients with multifocal disease revealed a diverse array of 

evolutionary processes, with examples of intertumoural and intratumoural heterogeneity seen in both 

cases studied. Examination of primary one in case one revealed an extremely diverse genomic landscape 

with distal regions of the tumour showing as little similarity to each other as to the other synchronous 

primaries. Furthermore, similar to what has been seen in VHL-driven RCC (Fisher et al., 2014), 

synchronous primaries from the same patient were as diverse as if they had come from separate patients.  

Despite this, several examples of convergent evolution were seen in both cases, all SDHB-driven tumours 

demonstrated loss of the wild-type allele through loss of chromosome 1p, similarly, all RET-driven 

tumour also demonstrated loss of chromosome 1p, albeit for a hitherto unknown reason. Partial or 

complete loss of chromosome 3 was seen at varying degrees of clonality in PPGL arising in both cases, as 

well as T1 in case two. The subclonal nature of chromosome 3 loss in several of the PPGLs, as well as the 

observation that clones TMP and T1Ki67 had lost opposing copies, suggest that chromosome 3 loss is a 

later event in the progression of both PPGL and MTC. Another example of convergent evolution was 

seen in the loss of chromosome 2q in primaries one and four, a genomic alteration that seems to imbue 

significant growth advantage.  The rarity of chromosome 2q losses suggests that this event, in contrast to 

commonly occurring chromosome 3 events, may be under a positive selective pressure specific to the 

genome of this patient. This finding suggests that in some cases the presence of secondary driver 

mutations within the germline may influence the evolutionary pathway taken by tumours. There has been 

some discussion surrounding the possibility that secondary genomic hits may occur early in embryonic 

development (Eisenhofer et al., 2011). Daughter cells harbouring the genetic lesion then migrate to 

disparate locations within the body giving rise to synchronous or metachronous primaries. Without 

knowledge of their common ancestry, these tumours would appear to exhibit convergent evolution. 

However, this is unlikely to explain the convergence seen in the cases presented here. For instance, the 

loss of chromosome 2q, present in both primaries 1 and 4 of P018 is not ubiquitous in primary 1, 

suggesting that the event has occurred later in tumour evolution. Examples of both linear and branched 

evolution were seen in both cases and both tumour types. Several of the tumours appeared to have 

undergone periods of both linear evolution, whereby selective sweeps resulted in a single dominant clone, 

and branched evolution, which results in several coexisting subclones. In instances of branched evolution, 

it is unclear from the data whether maintenance of clonal diversity is the result of mutually beneficial 

cooperation or simply the failure of any one clone to outcompete others. There were no specific examples 
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of convergent evolution seen with regard to subtle mutations in either case. Coupled with the low 

mutation rate and the observation that several early mutation events were non-deleterious, this may 

suggest that subtle mutations are of secondary importance in the early development of both PPGL and 

MTC.  However, the detection of an early MAX mutation in MTC sample T1 is of particular interest given 

the mounting evidence for the importance of MAX mutation in neuroendocrine cancer. 

Primary three from case study one demonstrated maintenance of clonal diversity, where rather than a 

single clone becoming dominant, two or more clones were present in equal proportions across the tumour 

regions sampled. This is of particular interest in considering the potential for mutually beneficial 

relationships between diverse subclones.  A 2010 study of glioblastoma multiforme demonstrated that 

cells possessing over-activation of EGFR are able to confer a growth advantage to surrounding EGFR 

wild-type cells through cytokine signalling (Inda et al., 2010).  Similarly, a recent study demonstrated 

clonal cooperation in WNT-driven mouse mammary cancers, whereby Hras-mutant basal-type tumour 

cells were dependent on Hras-wild-type WNT-producing luminal-type tumour cells (Cleary et al., 2014). 

Interestingly, depriving the basal-type cells of an exogenous WNT source often lead to development of 

self-sufficient basal-type clones through mutation of β-Catenin. Furthermore, clonal cooperation has also 

been implicated in metastatic spread. A recent study of metastatic prostate cancer found that multiple 

distinct clones present at the metastatic site could be detected as pre-existing within the primary tumour 

suggesting polyclonal seeding (Gundem et al., 2015). The study was unable to discern whether this 

represents an initial collective migration or a single clone providing a beachhead by shaping a permissive 

microenvironment for the arrival of other clones. Either way, clonal cooperation likely plays a role in the 

metastasis of prostate cancer.  What role, if any, cooperation between clones plays in PPGL development 

remains to be established.   

Interestingly, despite both being driven by an initial RET mutation, the MTC and PCC from case two 

exhibit quite distinct genomic landscapes. The MTC exhibits considerably more genomic instability on 

both the level of large copy-number alterations and subtle mutations. The PCC, as is typical of these 

tumours, exhibits predominantly copy-number loss events, whereas the MTCs demonstrate an equal 

tendency towards loss and gain events.  These observations are particularly interesting to note given the 

clinical differences between PCC, a mostly benign and indolent tumour, and MTC, an aggressive and 

often metastatic disease.  These data do not provide sufficient evidence to determine whether the 

increased genomic instability is a consequence or cause of the more rapid growth seen in MTC.  There is 

also the possibility that parafollicular cells, the cell of origin for MTC, are inherently more tolerant of 

genomic instability therefore undergo less clonal culling due to harmful alterations. 
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Traditionally, molecular diagnostic assays are performed using surgically resected tissue or tissue 

specimens obtained through methods such as fine needle aspiration or core needle biopsy.  However, in 

cases where one or more disease sites may not be accessible, or patients have contraindications, such as 

undergoing treatment with antiangiogenic drugs (Hompes & Ruers, 2011), these procedures may not be 

feasible. Furthermore, even in the absence of contraindications, a biopsy procedure may have adverse 

effects on a patient's health, with a small study reporting biopsy related complications in 14 of 20 (70%) 

patients (Vanderveen et al., 2009). Increasing recognition of intertumoural and intratumoural 

heterogeneity within a single patient has also cast doubt on the utility of single point biopsy (Crowley et 

al., 2013). As cfDNA is safely and easily accessible, and is thought to more robustly represent tumour 

diversity, "liquid-biopsy"-based assays have been proposed as a viable method for overcoming some of 

the limitations of traditional biopsy. These methods allow non-invasive detection of potential markers for 

treatment response, such as BRAF mutations for vemurafenib in melanoma (Gonzalez et al., 2013) or 

KRAS mutations for cetuximab or panitumumab in colorectal cancer (Allegra et al., 2009), as well as 

monitoring of potential markers of treatment resistance (Murtaza et al., 2013).  Cell-free DNA can also 

provide a safe and cost-effective adjunct to disease surveillance, whereby the levels of a tumour-specific 

mutation are monitored to detect residual or recurrent disease (Diehl et al., 2008). The success of cfDNA-

based assays is contingent on their ability to sensitively detect tumour-specific biomarkers from within a 

mixed population of normal and tumour-derived cfDNA.  The degree of sensitivity required is dependent 

on the application, for example, an assay to detect a targetable mutation present in the bulk of a tumour 

would require lower sensitivity than one to detect a marker of resistance in a minority of tumour cells.  

The data presented here suggest that exome sequencing of cfDNA would be sufficiently sensitive to 

detect disease-wide targetable mutations but, importantly, it would not be sufficient for low abundance 

markers of resistance. While exome sequencing was used for discovery in the context of this chapter, the 

extent of the regions covered makes exome sequencing impractical for a diagnostic setting as it both 

reduces sensitivity and increases cost.  A more appropriate approach in a clinical context would be to use 

a targeted panel, allowing for ultra-deep sequencing which has the potential to detect less abundant 

mutations. Given the apparent importance of copy-number alterations to the development of both MTC 

and PPGL, it is likely that any clinically relevant diagnostic assay based on cfDNA would need to be 

sensitive to these changes, a challenge that is currently being addressed (Xu et al., 2015).  However, any 

approach such as this is contingent on the development of appropriate biomarkers. 

This chapter utilised the unique resource of multiple synchronous primaries to explore the nuances of 

tumour evolution on a uniform genetic background. And in doing so, revealed a startling array of 

variation, highlighting again the significant challenge that tumour heterogeneity presents to modern 
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oncology.  However, several instances of convergent evolution provide clues to obligatory genomic 

events in the development of MTC and PPGL, further research into these critical regions may reveal 

targets for potential therapeutics.  
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6 Concluding Remarks and Future Directions  

6.1 The Emerging Genomic Landscape of PCC 
The previous three decades have seen an incredible expansion in the understanding of the biology of 

PPGL.  Beginning with the discovery that mutations in the RET and VHL genes give rise to MEN2 and 

von Hippel-Lindau syndromes respectively, there has been a steady increase in the number of both 

heritable and somatically altered PCC driver genes. These discoveries have been due in part to the rapid 

expansion of genomics technologies, including improvements in dideoxynucleotide sequencing, the 

advent of microarray based assays for gene-expression and cytogenetics, and, most recently, massively 

parallel sequencing.  The advent of whole-transcriptome microarray-based expression profiling 

technologies facilitated early work that demonstrated PPGL can be clustered into two major groups and 

ultimately into as many as six minor groups. This striking facet of PCC biology was exploited in order to 

discover MAX mutant tumours and provide supporting evidence for mutations in FH and MDH2. Despite 

the expanding repertoire of primary driver genes, there remained a paucity of knowledge surrounding the 

general genomic landscape of PPGL outside of large-scale copy-number alterations.  The aim of this 

thesis was to utilise cutting edge high-throughput genomics technologies to further refine the genomic 

alterations that define PPGL.   Unsurprisingly, over the same time course several other research groups, 

including large cancer genomics consortium The Cancer Genome Atlas (TCGA), have attempted to do 

the same. While the TCGA data have not been formally published at the time of writing, the data is 

available in the public domain.  In combination, the published studies and TCGA data represent exome 

sequencing for over 250 cases, with many also having undergone high-resolution copy-number, 

transcriptome, miRNA, and methylation analysis. This incredible wealth of data has begun to provide 

valuable insight into the underlying genomic architecture of this highly heterogeneous disease.  

In the work presented in this thesis, genomic profiling of 40 PPGL revealed a highly stable genome 

defined by a low mutational load and large segmental copy-number alterations. With very few exceptions, 

copy-number alterations were seen as chromosomal loss events, suggesting that PCC is driven more by 

failure of tumour suppressor genes than activation of oncogenes.  The mutational spectrum of tumours has 

been used to uncover mutational processes in a variety of tumour types, similar analysis in PCC revealed 

a predominance of C>T transitions, a signature thought to be associated with ageing. Concordant with the 

low mutational burden, none of the known mutagenic signatures, such as those associated with carcinogen 

exposure or the APOBEC family of cytidine deaminases, were present. Despite the low mutation 

frequency, combining the data presented in Chapter Three with publically available TCGA and Castro-

Vega et al. data sets reveals deleterious alterations in over 5300 genes (pre-publication provisional TCGA 
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used). Of these, a startling 69% (3657/5308) were mutated in only a single sample, while only 14% 

(757/5308) of genes were seen to be mutated in three or more samples. Estimates of discovery power by 

Lawrence et al. (2014) suggest that, based on the rate of 0.3 mutations per megabase proposed Castro-

vega et al. for PPGL, to detect genes mutated in 1, 2, 3, 5, and 10% of cases would require sequencing of 

approximately 1500, 500, 300, 160, and 70 cases, respectively. This suggests that with the current pool of 

published data, there is only sufficient power to detect genes mutated in greater than around 4% of cases, 

or in the case of this specific study, greater than 10-15% of cases.  

Attempts to stratify the genes in this study using pathway analysis tools met with limited success. While it 

is possible this results from an under-representation of neuroendocrine-specific biology in the pathway 

databases utilised, it may also be that the study was under-powered to detect a sufficient number of 

infrequently mutated pathway members. Beyond the established cancer genes, manual integration 

revealed several broad functional classes including genome maintenance, epigenetic control, and 

cytoskeletal remodelling. The importance of epigenetic control has since been underscored by subsequent 

studies showing that ATRX (Fishbein et al., 2015) and KMT2D (Juhlin et al., 2015) are somatically 

mutated in 12.6% and 11% of PCC, respectively. Although, one might note that KMT2D was not found to 

be somatically mutated in the Castro-Vega et al. data set, and only appeared in a single sample from this 

study (1/40, 2.5%) and the TCGA data set (1/179, <1%), suggesting that considerable work remains to 

establish the true frequency of recurrently mutated genes.  

Interpreting the extensive list of non-recurrent mutations presents a significant challenge. On the one 

hand, the diversity of mutations may reflect the heterogeneous nature of PCC, mirroring the distinct array 

of pathways affected across the various subtypes. On the other, it may represent something of a red 

herring, with the majority simply being passenger events that play no part in tumourigenesis. In this 

scenario, PCC development may rely less on subtle mutations and more on alternate mechanisms of gene 

disruption such as chromosome loss, functional and non-functional fusion genes, or dysregulation of 

epigenetic modifiers and miRNAs  (Castro-Vega, Letouze, et al., 2015). At present, interpretation of gene 

mutations is largely dependent on annotation derived from various experimental sources, the reality may 

be that determining the importance of infrequently mutated genes is beyond the scope of the current 

knowledge base. As such, the data will need to be periodically revisited within the evolving framework of 

cellular biology. 

 



110 
 

 

 

 

 

Figure 6.1 Recurrent evolutionary paths in PPGL 

Genomic profiling has revealed recurrent patterns of copy-number alterations contingent on the underlying driver 
mutation.  Some of these chromosomal alterations appear to occur exclusively as early events (e.g. loss of 
chromosome 11p in VHL type tumours) or at variable time points (e.g. chromosome 3 loss in MAPK type tumours). 
Chromosome loss events are drawn in pink and gain events in blue, the length of each bar relative to the 
containing segment indicates the proportion of tumours in which the alteration is seen.  
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Through the work presented in Chapter Three and additional publications (Castro-Vega, Letouze, et al., 

2015; Crona et al., 2015), it is clear that certain patterns of copy-number alteration in PCC are strongly 

correlated with the underlying driver mutation and, by extension, expression cluster. The most commonly 

seen events are those that result in loss of the wild-type allele corresponding to the driver mutation. 

Beyond this, loss of chromosome 1p and 3q are seen in greater than 80% of RTK/Cluster 2A type 

tumours, while tumours driven by VHL exhibit almost ubiquitous loss of chromosome 11p as well as 

frequent loss of 3q.  These patterns suggest that each driver requires a distinct cascade of genomic 

alterations for tumourigenesis to occur. The extent and uniformity of the altered regions indicates that 

multiple gene loci across the affected chromosomes are likely to be involved. Despite the tantalising 

window into PCC biology that these alterations offer, surprisingly few candidate loci have been proposed.  

Tumours driven by both loss of function mutations in VHL or SDHD have been shown to exclusively lose 

the maternal copy of chromosome 11p, leading investigators to suspect the maternally imprinted H19, a 

long non-coding RNA which functions as a tumour suppressor (Margetts et al., 2005; Yeap et al., 2011).  

Similarly, MAX mutations exhibit a parent-of-origin effect whereby only inheritance on the paternal copy 

and subsequent loss of the maternal copy permits tumourigenesis. Combined miRNA and CNA profiling 

has recently implicated the maternally imprinted DLK1-MEG3 miRNA cluster located on chromosome 14 

(Castro-Vega, Letouze, et al., 2015). As no such allelic bias has been observed for the remaining regions, 

which are frequently altered in PCC, and traditional methods of finding the smallest region shared 

between tumours are hampered by uniformly large segmental events, identifying the critical gene loci 

affected by CNA remains a significant challenge in understanding PCC biology.  

 
6.2 Subtypes and the Search for Novel Drivers 

 
Consensus clustering of a compendium of publically available PPGL expression data revealed six robust 

subtypes correlating closely with those previously published (Burnichon et al., 2011). Tumours 

harbouring SDHx and VHL mutations were represented by their own respective subclasses, and the 

remaining MAPK/mTOR-type tumours held membership across three subclasses (RTK 1-3).  A sixth 

subclass, largely devoid of cases with a known driver in the compendium data set, was revealed through 

cross-platform classification of a secondary data set to contain MAX mutant tumours and termed MAX-

like.  

Cross-platform classification of RNA-seq gene-expression data was able to accurately classify 93% of 

samples for which a mutation could be detected by exome sequencing. Samples lacking a detectable 

mutation were not evenly dispersed among the subgroups. Of the nine samples without a detectable 
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mutation, a single sample classified into each of the RTK 1, 2, 3 and VHL classes, while the remaining 

five samples classified into the MAX-like class. In total, a driver mutation was detected in 75.5% (31/40) 

of samples, a figure that matches closely with current estimates that 70% of PCC can be explained by 

either a germline or somatic mutation in one of the known genes (Castro-Vega, Lepoutre-Lussey, et al., 

2015). The high percentage of cases that can now be solved makes the absence of any detectable driver in 

the MAX-like group all the more striking. As mentioned above, the name MAX-like was initially 

assigned after observing that MAX-mutant tumours in an independent published microarray set classified 

into this class.  Subsequently, further support for the membership of MAX-mutant PCC in the MAX-like 

(which equates to Cluster 2B) group was provided through application of the Nanostring classifier assay 

to three known MAX cases. Despite this, membership of MAX tumours in the MAX-like/Cluster 2B class 

remains controversial in the literature, with a recent review in the journal Oncogene asserting that MAX-

mutant tumours belong in Cluster 2A (RTK 1/3) (Castro-Vega, Lepoutre-Lussey, et al., 2015). As the 

MAX-driven tumours utilised in the Nanostring assay were sourced from related individuals, and therefore 

harboured identical mutations, the possibility that subtype membership of MAX-mutant tumours is 

variable depending on the exact genetic alteration cannot be excluded. Additional profiling and 

classification of a diverse set of MAX-mutant tumours will be required to provide clarification.   

As the MAX-like class accounts for approximately 10% of PPGL and mutations in MAX are estimated to 

only contribute to around 1% of PPGL (Burnichon, Cascon, et al., 2012), the MAX-like class would 

appear to be fertile ground for gene driver discovery. However, novel drivers within this class have 

proven elusive.  Between the work presented in Chapter Three and that of Castro-Vega, Letouze, et al. 

(2015), exome sequencing has been performed on sixteen MAX-like/Cluster-2B tumours. Despite this 

reasonably extensive discovery set no candidate genes have been published.  Across both data sets, only a 

single gene was mutated in more than one sample, OR13C5, a member of the olfactory receptor family, 

which was found not to be expressed in any of the PPGL profiled in Chapter Three. This raises two 

possibilities, either the MAX-like group is composed of a highly heterogeneous group of low frequency 

driver mutations precluding recurrence in a small sample set, or some or all of the remaining driver 

mechanisms lie beyond the scope of exome sequencing, potentially involving mechanisms such as gene 

fusions, promoter/enhancer mutations, epigenetic gene silencing, or dysregulation of lncRNA or miRNA.  

As previously mentioned, abolition of a cluster of maternally imprinted miRNA, known as the DLK1-

MEG3 cluster, has been implicated in the parent-of-origin effect seen in MAX-mutant tumours. More 

recently Castro-Vega et al. demonstrated that downregulation of this cluster of miRNAs was also present 

in many Cluster 2B tumours lacking a MAX mutation.  The authors speculated that loss of heterozygosity 
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in the region of 14q32 and the resulting loss of DLK1-MEG3 expression may be driving tumourigenesis 

in these cases.  However, DLK1-MEG3 down regulation was not exclusive to Cluster 2B tumours being 

seen also in tumours driven by VHL, NF1, RET, and TMEM127. As such, it remains unclear whether loss 

of the DLK1-MEG3 miRNA cluster is acting as a primary or secondary driver in MAX-like/Cluster 2B 

tumours. Strikingly, besides alterations to chromosome 11, MAX-like tumours do not display the copy-

number changes typical of the other subtypes, with very few tumours displaying loss of chromosomes 1p, 

3, or 17. Furthermore, loss of chromosome 4 and gain of chromosomes 7 and 8 were seen in several 

MAX-like/Cluster 2B samples.  In combination, expression profiling and CNA analysis suggest that 

MAX-like tumours utilise an oncogenic pathway distinct from that of the other subtypes. Identifying the 

primary drivers in these cases will likely require an integrated genomics approach examining genetic and 

epigenetic changes across the whole genome. 

6.3 Classification as a Diagnostic and Research Tool 
The expense of traditional single-gene diagnostic tests has led to the development of decision-tree 

algorithms for prioritising genes (Benn et al., 2006; Jafri et al., 2012). Currently clinical factors such as 

age of onset, disease location, and catecholamine profile are utilised for gene selection.  Gene-expression 

based diagnostic classification can provide a cost-effective and highly informative augmentation to 

existing decision algorithms, helping to alleviate the time and cost burden associated with genetic testing.  

Increasingly, as diagnostic testing shifts from single gene tests to high-throughput approaches, the need 

for gene prioritisation will diminish. However, these methods have distinct technical limitations including 

variants missed owing to poor sequence coverage and false positives caused by misalignment to the 

reference genome (Meldrum et al., 2011). In this scenario, classification can be used for quality assurance 

purposes, mutations detected that do not conform to the assigned class can be put through more rigorous 

assessment, conversely where a mutation is not found in the genes indicated by classification, further 

assessment of the sequencing data for those genes may be initiated. A significant challenge facing 

diagnostic gene testing is that of unclassified variants, also referred to as variants of unknown 

significance. The increasing importance of this issue was exemplified by recent publications describing 

previously unreported VHL mutations in patients with ambiguous family history (Russell et al., 2015; 

Sexton et al., 2015).  Classification in cases such as these can provide valuable guidance as to the 

participation of a variant of unknown significance. In cases where the driver mutation cannot be 

ascertained, classification may still be used to guide clinical management. For instance, if a tumour were 

to classify into a subtype with high metastatic risk, a more stringent surveillance regime may be indicated. 

Classification in these cases may also help guide selection of targeted therapies, such as the use of 
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tyrosine kinase inhibitors with anti-angiogenic properties such as sunitinib or pazotanib, which may be 

more efficacious on pseudohypoxia type tumours (Hata et al., 2014; Joshua et al., 2009). 

Chapter 4 described the development and validation of a new diagnostic test for classification of PPGL 

tumours based on the underlying genetic driver of the disease.  Initially a six-class classification was 

attempted based on the subtypes detected through consensus clustering. However, testing in a cohort of 

38 clinical samples revealed that the RTK2 and RTK3 subtypes were likely associated with the presence 

of non-neoplastic cells.  Five- and four-class models of classification were proposed to ameliorate factors 

such as tumour purity and heterogeneity, both achieving equally high classification accuracy of 92.31% 

for samples with a known driver. By reducing the classifier to represent the three major biological classes 

(pseudo-Hypoxia, MAPK/RTK signalling, and MAX-like) a classification accuracy of 100% was 

achieved. For the purposes of diagnostic testing a four class classifier is likely optimal, representing a 

trade-off between driver specificity and classification accuracy. Moving forward, a prospective multi-site 

evaluation of the assay will be required to gauge clinical utility, reproducibility, and accuracy. 

The fact remains, however, that the biology driving RTK2 and RTK3 tumours requires elucidation. It 

would appear in some cases assignment to the RTK2 class simply indicates contamination with 

surrounding cortical tissue which can be eliminated with careful sample preparation. While in others, 

macrodissection to the tumour margin failed to eradicate the expression of cortical genes, potentially 

indicating an admixture of cortical and chromaffin type cells at the tumour periphery. In which case, 

ascertaining the relationship between these distinct cell types will be integral to understanding the biology 

of this subtype. The RTK3 subtype, which has not been described in previously published subtype 

analyses, is characterised by overexpression of the same genes as RTK1 tumours (e.g. PNMT and RET), 

consistent with the notion of a well-differentiated disease.  However, several genes that distinguish RTK3 

from RTK1 are indicative of inflammatory processes (SRGN, CSF1R, TYROBP) and wound repair 

(CCL2, CYR61, CTGF).  In regard to expression of these genes, RTK3 is more closely aligned with the 

pseudo-hypoxia type tumours perhaps indicating a more vascularised tumour. Correlation of clinical and 

histological features with subtype across a larger cohort of tumours will be required to ascertain the 

clinical importance of the RTK2 and RTK3 subtypes. 

Moving forward, it will be important to assess how the classifier performs with low prevalence drivers. 

Recently described drivers such as MDH2, FH, and particularly EPAS1, may have gene-expression 

profiles that distinguish them from the other pseudo-hypoxia type tumours. If so, the signature may have 

been obfuscated in the current analysis by underrepresentation in the discovery data sets.  Application of 
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the Nanostring assay to a sufficient number of cases with these genotypes may facilitate retraining of the 

assay to allow accurate identification. If the current gene set proves inadequate for the task, differential 

expression analysis of whole transcriptome studies with a sufficient number of representative samples 

could be used to derive a gene set to augment the assay.  

In addition to use in clinical diagnostics, the classification assay is also a valuable research tool. The 

utilisation of subtyping to interpret potential novel drivers has already proven useful in PCC. Previously, 

hierarchical clustering was used to demonstrate shared biology between SHDx tumours and the proposed 

novel drivers MDH2 and FH. Similarly, PCC tumours with MAX mutations were revealed through exome 

sequencing of tightly clustering tumours without a known mutation. In addition to providing a framework 

for interpreting VUS in known PCC genes, a classification assay can also be used to guide the search for 

drivers in unexplained cases. For instance, if a tumour without a detectable driver were to classify as an 

SDHx type tumour, investigating novel mechanisms of gene inactivation or examining additional 

members of the TCA cycle may prove fruitful. This is particularly important for the MAX-like group 

which, as previously discussed, represents something of a last frontier in the discovery of PPGL driver 

genes. The ability to identify these tumours for further study in a rapid and cost effective manner is of the 

utmost importance.  

6.4 Cousins not Twins: Lessons from Sub-Clones and Synchronous Primaries 
Detailed genomic profiling of two patients exhibiting synchronous primaries in the context of a germline 

mutation revealed considerable intertumoural and intratumoural heterogeneity. Among four synchronous 

paragangliomas profiled, there were no commonly mutated genes, nor were there instances of mutations 

within the same gene arising independently within the same tumour, a phenomenon seen in other tumour 

types (Gerlinger et al., 2012). In contrast, subclonal loss of chromosome 3 was seen in three of four 

tumours, and loss of chromosome 2q was seen in two of four tumours, suggesting that these events are 

under strong positive selection but not a pre-requisite for tumourigenesis.  The observation that identical 

copies of chromosome 2q were lost in both tumours, combined with the rarity of alterations to 

chromosome 2q in SHDB tumours, suggests that the loss may be enriching a secondary driver or modifier 

gene variant present in the germline.   This implies that while some aspects of PPGL evolution, such as 

loss of chromosome 3q, are independent of the patient genome, others may stem from the tumour 

leveraging an existing genomic vulnerability. As more genomic data become available, cataloguing these 

less common chromosomal alterations and correlating them with germline variants may provide crucial 

insight into secondary drivers in PPGL.  
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Multiregional sampling of a single tumour (Pr1) demonstrated extensive heterogeneity resulting from 

subclonal divergence. Comparison of diametric regions of the tumour revealed only a single somatic 

mutation and two copy-number alterations, one being the obligatory loss of chromosome 1p, as shared. 

This degree of clonal diversity, however, is likely an extreme example as multiregion sampling of a RET 

mutant tumour and a second SDHB mutant tumour revealed multiple shared mutations and copy-number 

alterations. However, all tumours displayed one or more subclonal copy-number alterations, suggesting 

that PPGL are routinely genomically heterogeneous. This is consistent with the findings of Crona et al. 

(2015) who demonstrated, in what is currently the largest study examining PCC heterogeneity, discrepant 

CNA patterns through multiregion sampling in 18 of 21 cases. Although intratumoural heterogeneity may 

influence clinical factors such as imaging tracer uptake, in cases of benign PPGL surgical resection 

renders the issue of heterogeneity largely academic. However, the concept is likely crucial to 

understanding, diagnosing, and treating tumours with malignant potential. 

    
6.5 Tumour Heterogeneity and Malignant Potential 

The estimated five year survival for benign PCC is around 95% (Goldstein et al., 1999). As the majority 

of morbidity and mortality associated with benign disease results from the effects of excess catecholamine 

secretion, it is unlikely that understanding the genomic landscape of PPGL is going to improve this 

figure. It is, however, important to first understand the genomic variability present in benign disease in 

order to begin to distinguish what differentiates benign from malignant disease. In contrast to benign 

disease, five year survival rates for malignant disease has been reported to be between 34 and 60% 

(Parenti et al., 2012). Furthermore, metastatic recurrence has been shown to occur as much as 15 years 

after initial diagnosis (Goldstein et al., 1999) and as discussed previously, there are currently no official 

guidelines from the WHO for distinguishing benign from malignant disease. Numerous biomarkers have 

been correlated with metastatic behaviour (Fernandez et al., 2013; Liu et al., 2014; Meyer-Rochow et al., 

2010; Patterson et al., 2012; Qi et al., 2012; Sandgren, Andersson, et al., 2010; Suh et al., 2009; Xu et al., 

2013), however, none have offered significant predictive value. Despite this, there is now a general 

consensus that large tumour size, extra-adrenal location, and the presence of an SDHB mutation are 

adverse prognostic factors. Drawing on the observations made in Chapter Five, it seems logical that 

tumour size may in fact be acting as a surrogate measure of tumour heterogeneity. The data presented for 

the evolution of MTC demonstrated sequential acquisition of genomic alterations presumably culminating 

in a clone with metastatic potential.  A similar model in PPGL is supported by findings that metastatic 

PPGL exhibit a greater degree of genomic heterogeneity than their benign counterparts (Crona et al., 

2015). This, however, begs the question that if metastatic potential is a matter of procuring the correct 
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genomic alterations, why then do SDHB mutant tumours have a higher propensity for metastatic 

behaviour than MAPK/RTK type tumours? While it seems likely that the answer to this will lie, at least in 

part, with the epigenetic dysregulation caused by oncometabolite accumulation (Letouze et al., 2013; 

Xiao et al., 2012), given that only a portion of SDHB mutant tumours become malignant, it is unlikely 

that the presence of these epigenetic changes are sufficient to drive metastasis without acquisition of 

further genomic alterations.   

Strikingly, the majority of studies comparing benign and malignant disease have opted to treat each group 

as homogeneous, simply comparing benign tumours with malignant without consideration for the 

underlying driver biology. Given that each PCC subtype appears to follow unique oncogenic processes, it 

stands to reason the process of metastatic transformation may be equally distinct. As such, it seems 

prudent to first stratify benign and malignant samples by subtype prior to comparison.  

Historically, comparison has also been performed as malignant primary versus benign primary. As was 

seen in Pr1 of case study one in Chapter Five, significant regional differences can exist within a single 

tumour, therefore in selecting a portion of a malignant primary for study, one could potentially fail to 

obtain any cells with metastatic potential. Moving forward, by utilising increasingly high-sensitivity 

genomics techniques, studies similar to that performed for T1 and T1M in Chapter Five, whereby the 

metastatic clone is identified within the primary tumour, can provide a powerful research model. This 

approach facilitates comparison of the parental metastatic clone with coexisting clones, metastatic 

deposits, and unrelated benign and metastatic tumours, allowing identification of specific sub-clonal 

alterations that imbue cells with the ability to metastasise.  This, of course, subscribes to the paradigm that 

the genomic alterations which facilitate metastasis occur late in the evolution of a tumour. This view has 

been questioned by those suggesting that, firstly, metastatic seeding has a high rate of failure and, 

secondly, the alterations that provide metastatic capability provide no growth advantage (Bernards & 

Weinberg, 2002). In this scenario the genomic alterations that provide metastatic capability would need to 

occur earlier in tumour development to be present in a sufficient number of cells for a successful seeding 

event to occur. Ideally, future experimental design will provide consideration for both models.  

In addition to somatic changes, metastatic potential may be affected by the presence of polymorphisms in 

modifier genes as has been seen for BRCA1/2-related breast and ovarian cancer penetrance (Barnes & 

Antoniou, 2012; Peterlongo et al., 2015). Identification of such loci is complex, perhaps requiring 

identification of unrelated families harbouring an identical PPGL driver mutation but exhibiting 

contrasting rates of metastatic disease. In such a scenario, genomic profiling of tumours from multiple 
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probands may reveal uncommon but recurrent genomic alterations such as that seen on chromosome 2q in 

Chapter Five.  

As discussed previously, patients can be stratified into high and low metastatic risk groups based on the 

causative gene mutations, with SDHB-mutant tumours presenting the highest risk.  There is some 

evidence that this risk can be further stratified based on the exact mutation present.  Ricketts et al. (2010) 

performed a genotype to phenotype analysis of 295 patients with SDHB-associated PPGL from 125 

kindreds. This study demonstrated a higher, albeit not statistically significant, propensity for metastasis in 

patients with truncating or missense mutations in the first 300 nucleotides of the transcript. The major 

challenge to performing analyses such as this is acquiring sufficient samples with a given genotype.  

Further clarification will likely come from either meta-analysis of existing data, or a large multi-site 

effort.      

Deciphering the relative contribution of modifier genes, epigenetic reprogramming, genotype-phenotype 

relationships, as well as early and late somatic alterations will likely be a considerable focus for the field 

of PPGL biology in the near future. 

6.6 Conclusion 
The work presented in this thesis represents a first foray into understanding the somatic changes driving 

PPGL development, providing preliminary insight into the biological and evolutionary processes 

underlying tumour development.  PPGL has continually displayed remarkable heterogeneity both on the 

intertumoural level, demonstrating diversity of transcriptome profiles, chromosomal alterations, and 

somatically mutated genes, and the intratumoral level, with evidence of divergent clones existing in 

spatially distinct regions. Moving forward, understanding how the various layers of disease heterogeneity 

contribute to disease progression will be of the utmost importance in ensuring the best outcome for 

patients presenting with PPGL.   

Furthermore, this thesis described the development of a robust assay for subtyping PPGL using gene-

expression data. In a clinical setting, the assay could be a valuable adjunct to genetic testing by providing 

orthogonal validation of a genetic testing result, as well as providing guidance in interpreting variants of 

unknown significance, and potentially in making clinical management decisions in the absence of a 

detectable mutation. This direct translational outcome supports the rationale for genomic studies even for 

rare tumours.  
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7 Appendices 

Appendix A PyClone Configuration File 

num_iters: 10000 

base_measure_params: 

  alpha: 1 

  beta: 1 

 

concentration: 

  value: 1.0 

 

  prior: 

    shape: 1.0 

    rate: 0.001 

 

density: pyclone_beta_binomial 

 

beta_binomial_precision_params: 

  # Starting value 

  value: 1000 

 

  # Parameters for Gamma prior distribution 

  prior: 

    shape: 1.0 

    rate: 0.0001 

 

  # Precision of Gamma proposal function for Metropolis Hastings step 

  proposal: 

    precision: 0.01 
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Appendix B Nanostring Validation Cohort 

Sample ID PCC/PGL Sample Dx Age Location Source Genotype Six Class Five Class Four Class Three Class 
RBH01-R1 PCC FFPE 14 Bilateral RBH MAX MAX-Like(H) MAX-Like(H) MAX-Like(H) MAX-Like(H) 
RBH01-R2 PCC FFPE 14 Bilateral RBH MAX MAX-Like(M) MAX-Like(L) MAX-Like(M) MAX-Like(M) 
RBH02 PCC FFPE 50 Right adrenal RBH MAX MAX-Like(H) MAX-Like(H) MAX-Like(H) MAX-Like(H) 
RBH03 PCC FFPE 42 Bilateral RBH MAX MAX-Like(H) MAX-Like(H) MAX-Like(H) MAX-Like(H) 
RNSH01 PCC FFPE 35 Right adrenal Kolling NF1 RTK1(H) RTK1(H) RTK(H) RTK(H) 
RNSH02 PCC FFPE 45 T3/T4 Spine Kolling SDHB SDHx(M) SDHx(M) SDHx(H) pHyp(H) 
RNSH03 PCC FFPE 41 Omentum Kolling SDHB SDHx(H) SDHx(H) SDHx(H) pHyp(H) 
RNSH04 PGL FFPE 40 Retroperitoneal Kolling SDHB SDHx(H) SDHx(H) SDHx(H) pHyp(H) 
RNSH05 PCC FFPE 31 Left adrenal Kolling HRAS RTK3(H) RTK3(M) RTK(H) RTK(H) 
RNSH06 PCC FFPE 34 Bilateral adrenal Kolling VHL VHL(H) VHL(H) VHL(H) pHyp(H) 
RNSH07 PGL FFPE 35 Retroperitoneal Kolling SDHB SDHx(M) SDHx(H) SDHx(H) pHyp(H) 
RNSH08 PCC FFPE 31 Right adrenal Kolling VHL VHL(M) VHL(M) VHL(M) pHyp(H) 
RNSH09 PCC FFPE 39 Right adrenal Kolling VHL VHL(H) VHL(H) VHL(H) pHyp(H) 
RNSH10 PCC FFPE 40 Left adrenal Kolling VHL VHL(L) VHL(M) VHL(H) pHyp(H) 
RNSH11 PCC FFPE 24 Adrenal Kolling TMEM127 RTK1(H) RTK1(H) RTK(H) RTK(H) 
RNSH12 PCC FFPE 37 Bilateral adrenal Kolling TMEM127 RTK3(H) RTK3(H) RTK(H) RTK(H) 
RNSH13 PCC FFPE 31 Right adrenal Kolling RET RTK3(H) RTK3(H) RTK(H) RTK(H) 
RNSH14 PCC FFPE 37 Left adrenal Kolling RET RTK1(H) RTK1(H) RTK(H) RTK(H) 
RNSH15 PGL FFPE 27 Left adrenal Kolling SDHB IHC Neg SDHx(L) SDHx(L) SDHx(L) pHyp(M) 
RNSH16 PCC FFPE 60 Carotid Kolling SDHB IHC Neg SDHx(H) SDHx(H) SDHx(H) pHyp(H) 
RNSH17 PGL FFPE 21 Retroperitoneal Kolling SDHB IHC Neg SDHx(H) SDHx(H) SDHx(H) pHyp(H) 
RNSH18 PGL FFPE 35 Carotid Kolling SDHB IHC Neg SDHx(M) SDHx(M) SDHx(M) pHyp(H) 
RNSH19 PCC FFPE 41 Left adrenal Kolling SDHB SDHx(H) SDHx(H) SDHx(H) pHyp(H) 
VCB.01T PCC FFPE 57 Right adrenal VCB RET RTK1(M) RTK1(M) RTK(H) RTK(H) 
VCB.04T PCC FFPE 24 Bilateral VCB VHL RTK2(M) SDHx(L) SDHx(L) pHyp(H) 
VCB.06T PCC FFPE 17 Right adrenal VCB RET RTK1(H) RTK1(H) RTK(H) RTK(H) 
VCB.07T PCC FFPE 60 Right adrenal VCB HRAS  RTK1(H) RTK1(H) RTK(H) RTK(H) 
VCB.09T PCC FFPE 76 Left adrenal VCB RET RTK2(H) RTK3(H) RTK(H) RTK(H) 
VCB.10T PCC FFPE 31 Right adrenal VCB NF1 RTK1(H) RTK1(H) RTK(H) RTK(H) 
VCB.11T PCC FFPE 56 Right adrenal VCB NF1 RTK3(H) RTK3(H) RTK(H) RTK(H) 
VCB.13T PCC FFPE 26 Right adrenal VCB VHL VHL(M) VHL(H) VHL(H) pHyp(H) 
VCB.14T PCC FFPE 34 Bilaterlal VCB VHL VHL(M) VHL(M) VHL(M) pHyp(H) 
WM01 PCC Fresh 7 ND WCH VHL MAX-Like(L) MAX-Like(L) MAX-Like(L) pHyp(M) 
WM02 PCC Fresh 8 ND WCH VHL MAX-Like(L) MAX-Like(L) MAX-Like(L) pHyp(M) 
WM03 PCC FFPE 3 ND WCH VHL VHL(M) VHL(H) VHL(H) pHyp(H) 
WM04 PCC FFPE 13 ND WCH VHL VHL(M) VHL(H) VHL(H) pHyp(H) 
WM05 PCC FFPE 8 ND WCH VHL RTK2(M) VHL(M) VHL(M) pHyp(H) 
WM06 PCC Fresh 10 ND WCH VHL VHL(H) VHL(H) VHL(H) pHyp(H) 
WM07 PGL FFPE 7 ND WCH SDHB IHC Neg SDHx(M) SDHx(M) SDHx(M) pHyp(H) 
ND= No Data, WCH= Westmead Children's Hospital, RBH=Royal Brisbane Hospital, (L/M/H)=Low/Medium/High Confidence, IHC Neg = Immunohistochemistry Negative
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Appendix C Expression of classifier genes distinguishing the RTK1 class in the training set
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Appendix D Expression of classifier genes distinguishing the RTK2 class in the training set
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Appendix E Expression of classifier genes distinguishing the RTK3 class in the training set
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Appendix F  Expression of classifier genes distinguishing the MAX-like class in the training set
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Appendix G Expression of classifier genes distinguishing the SDHx class in the training set
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Appendix H Expression of classifier genes distinguishing the VHL class in the training set
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Appendix I Expression of Nanostring control genes in the training set
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