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Abstract
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Genotypic and phenotypic inter patient heterogeneity characterize pheochromocytoma and
paraganglioma (PPGL). Up to 60% of PPGL are associated with either somatic or germline
mutations in at least 14 established disease causing genes. Consequently, a comprehensive
screening test for PPGL patients utilizing standard techniques is not feasible and in the
diagnostic approach, multiple different phenotype guided gene prioritization protocols have
been utilized. This may result in misdiagnosis, especially in patients with sporadic presentation.
Diagnostic testing of somatic mutations in tumour material is not performed due to the lack of
actionable results.

The aims of this study were, (1) to investigate the use of novel sequencing techniques in a
clinical application, (2) to discover novel PPGL disease causing loci using novel sequencing
techniques, (3) to characterize a large cohort of PPGL for mutations in known disease
causing genes and to analyse corresponding genotype-phenotype correlations, (4) to dissect the
molecular and genetic landscape of MEN2 PPGL and (5) to determine the clonal architecture
and heterogeneity within, and in-between matched PPGL.

For these purposes we studied PPGL tumours from a total of 96 patients using targeted
and/or whole exome enrichment, capillary and high throughput sequencing as well as
genome wide array based genotyping. Novel bioinformatics pipelines were constructed
for raw data processing and downstream interpretation. Quantitative PCR, western blot
and immunohistochemistry were utilized in order to characterize molecular traits. Selected
experimental findings were correlated to patient phenotype.

We conclude that novel sequencing techniques could be utilized in clinical genetic screening
of patients with PPGL. Somatic gain-of-function mutations in H-RAS are likely to contribute
to disease pathogenesis. Analysing tumour DNA for somatic mutations in disease causing
genes could provide relevant clinical information and have an impact on patient management.
Concomitant mutations in PPGL may occur in exceptional cases and have a substantial impact
on tumour biology and patient phenotype. And finally genetic heterogeneity is present between
and within a majority of PPGL tumours.

Joakim Crona, Department of Surgical Sciences, Akademiska sjukhuset, Uppsala University,
SE-75185 Uppsala, Sweden.
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Introduction 

Paraganglia and the adrenal glands 
History 
The first detailed description of the adrenal glands can be found in Bar-
tolomeo Eustachio work Opuscula anatomica dated 1564. Three hundred 
years later, following the advances in microscopy technology, Albert von 
Kölliker made the first comprehensive description of the adrenal glands’ 
histological structure. The first paper on adrenal disease was published by 
Thomas Addison in 1849. In 1886 Felix Fränkel made the first documented 
description of an adrenal tumour – a pheochromocytoma 1. Pheochromocy-
toma (PCC) received its name in 1912 by Ludwig Pick 2. 

Anatomy, histologic structure and physiology 
The adrenal medulla and paraganglia originate from the neural crest and are 
part of the autonomic and sympathetic nervous system. The adrenal glands 
are located in close proximity to, just superior to the kidneys in the retroperi-
toneal space. Parasympathetic ganglia are abundant in the head and neck 
region as well as along the glossopharyngeal and vagal nerves (Figure 1). 
These ganglia serve as chemoreceptors and may give rise to Head-and-neck 
paragangliomas 3. Sympathetic nerves or paraganglia are located along the 
aorta, in the adrenal glands and at the aortic bifurcation (organ of 
Zuckerkandl).  

The adrenal gland can be divided into cortex and medulla that have dif-
ferent embryological origin. Cortical cells have mesodermal origin and are 
characterized by production and secretion of steroid hormones. The cortex 
encircle the medulla that contain chromaffin cells. The term chromaffin cells 
stems from its appearance with high density of secretory vesicles. 

The adrenal medulla and sympathetic ganglia consist mainly of neuroendo-
crine cells that may secrete hormones, most commonly epinephrine and 
norepinephrine. Collectively denoted catecholamines, these peptide hor-
mones are synthesized from tyrosine through dihydroxyphenylalanine (DO-
PA) and dopamine to epinephrine. Epinephrine is converted to norepineph-
rine by phenylethanolamine-N-methyltransferase (PNMT). Catecholamines 
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are metabolized through metanephrines to vanillyl-mandelic acid 4.  Epi-
nephrine and norepinephrine have affinity for alpha-adrenergic and beta-
adrenergic receptors whereas dopamine has affinity for the dopamine family 
receptors 3. Circulating catecholamines affect blood pressure through regula-
tion of cardiac output and peripheral blood vessel resistance. Catechola-
mines also modulate body metabolism as well as function of the central and 
peripheral nervous systems 3. 

 
Figure 1: Anatomical location of paraganglia and adrenal medulla, adopted and 
modified from 5.  

Pheochromocytoma & Paraganglioma 
Pheochromocytomas (PCC) and Paragangliomas (PGL, together abbreviated 
as PPGL) arise from neuroendocrine cells in the adrenal medulla and the 
autonomous ganglia. A classification published by the World Health Organ-
ization in 2004 denoted tumours arising from the adrenal medulla as pheo-
chromocytomas and the remaining as paragangliomas 6. The prevalence is 
reported to be 1:2500-6500, although numbers as high as 1:2000 have been 

HHeerreeddiittaarryy CCaanncceerr iinn CClliinniiccaall PPrraaccttiiccee 2006; 4(4)170

CJM Lips, EGWM Lentjes, JWM Höppener, RB van der Luijt, FL Moll

adrenalin and are called phaeochromocytomas. Extra-
-adrenal paragangliomas may produce noradrenalin
and then stain dark-brown with chromic acid just like
phaeochromocytomas (from Greek phaeo).

In a part of the peripheral autonomic nervous system
the concentration of oxygen and carbon dioxide in the
blood as well as the pressure in the vascular system are
measured. This information is passed on to centres in
the brain stem, where the frequency of heart rhythm and
respiration is regulated. By means of neural stimuli and
hormones (such as catecholamines) the blood stream in
the arterioles is regulated. Besides this central regulation
by the autonomic nervous system and hormones, most
tissues are able to contract or relax the muscles in their
vessel walls in a process of autoregulation. Peripheral
chemoreceptors in the glomus caroticum and glomus
aorticum are stimulated if oxygen pressure decreases
and carbon dioxide pressure increases. The consequence
is peripheral vasoconstriction. Baroreceptors in cells of
the aorta and neck arteries regulate blood pressure by
stretching of these cells and vasodilatation.

Paragangliomas have their origin especially in
neuroendocrine cells that have chemoreceptors. These
cells are localized near the great vessels and mostly they
develop in the head and neck region. Common
characteristics are: they grow slowly and they are benign.
The prevalence of paragangliomas is approximately 1 to
30,000. About 10 to 50% of all paragangliomas are
familial. Many subjects with genetic predisposition do not
have phenotypic expression of the disease. This pheno-
menon is explained by a mechanism of ‘imprinting’ (see
below). The hereditary predisposition occurs in an equal
male-to-female ratio (autosomal dominant inheritance).
Expression may occur as early as at age five, whereas in
25% of all carriers expression is found before the age of
25 years. Often, in about 50% of disease gene carriers,
there is multicentric involvement. In fact, multicentricity is
an indication for hereditary disease in patients with
apparently sporadic disease. Sometimes, in about 10%
of familial cases of paragangliomas, they occur in the
adrenal medulla and produce noradrenalin and
adrenalin (phaeochromocytomas). Most frequently,
tumours in the glomus caroticum occur (60%) followed
by paragangliomas of the inner ear (jugulotympanic
paragangliomas). Less than 10% of paragangliomas are
malignant.

SSyymmppttoommaattoollooggyy 

In most patients a local tumour in the neck
develops, initially at one side. Mostly the swelling is
painless, but it increases slowly in diameter and is
usually located under the edge of the jaw. Interruption
of nervous tissue may occur by pressure at the base of
the skull, e.g. passage of the glossopharyngeal nerve,
vagal nerve, and/or accessory in the jugular foramen.
Complaints such as choking, defect in speech, tickling
cough and pain and weakness in shoulder muscles
may occur. Hoarseness and Horner’s syndrome
frequently occur. In jugulotympanic paragangliomas,
tinnitus with the frequency of heart beating, dizziness
and blurred vision may occur. Later on, deafness, facial
nerve palsy and pain in the inner ear develop. 

Sometimes paragangliomas produce amines such
as serotonin and/or noradrenalin or their precursors.
Production of noradrenalin may evoke hypertension,
headache, palpitations and perspiration. These
complaints occur in 30% of patients. Paragangliomas
in the adrenal glands may produce adrenalin and this
occurs in 5% of patients. Infrequently, proteins such as
vasoactive intestinal peptide (VIP) or adrenocorticotropic
hormone are produced. Depending on the hormone
produced, specific complaints may develop. This occurs
only in 2 to 3 % of patients with paragangliomas.

FFiigg.. 11.. Paragangliomas classified according to their origin and location
Paragangliomas have their origin in cells derived from the
embryological neuroectoderm. There are 4 types of paragangliomas
(according to Kleinsasser O. Arch. Klin. Exp. Ohren, Nasen,
Kehlkopfheilkunde, 1064; 184: 214-25 and Glenner GG, Grimley PM,
Atlas of tumor Pathology 1974; p. 18) 
1. Branchiomeric group: In the region of the embryological branchiomeres

(jugulotympanic ganglion, carotid body, laryngeal ganglia, subclavian
ganglion, aorticopulmonary ganglion). There is a close relationship with
blood vessels.

2. Intravagal group: In the region of the parasympathetic nerves (jugular
ganglion, nodose ganglion). They have their origin within the perineurium.

3. Aortosympathetic group: In the region of the sympathetic nerves of the
aorta. 

4. Visceral autonomic group: in the nervous system of the heart, digestive
tract, liver hilus, and bladder. 

jugulotympanic 
ganglion 

carotid body 

superior laryngeal
ganglion 

inferior laryngeal
ganglion

aorticopulmonary
ganglion 

ganglia of the
sympathetic trunk 

jugular vein
jugular ganglion 
nodose ganglion
glossopharyngeal nerve 
nervus vagus 

pre-aortical ganglia
(visceral autonomic)

adrenal medulla 
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discovered in autopsy series 7-9. The annual incidence is estimated to 0,2 – 
0,8 cases /100’000 person-years 10,11.  

Clinical presentation 
PCC and PGL tumours may be discovered en passant or due to symptoms of 
local growth and/or those related to hormone release 12-14. Excess levels of 
catecholamines may cause a wide array of symptoms often occurring in a 
paroxysmal fashion. Headache, sweating, hypertension and tachycardia are 
commonly observed 15. Symptoms of local tumour growth are common 16,17. 
Increased levels of catecholamines may also cause cardiomyopathy and lead 
to increased cardiovascular risk, that may be normalized following a com-
plete surgical resection 12,18. 

Syndromes of PCC & PGL 
Twelve genes conferring susceptibility to familial forms of PPGL have been 
identified; SDHA, SDHB, SDHC, SDHD, SDHAF2, FH, VHL, EPAS1, RET, 
NF1, TMEM127 and MAX. About 20-30% of PPGLs are caused by a 
germline mutation in any of these genes 19,20 and up to 10% of patients 
showing non syndromic presentation can be found to have mutations in the 
above mentioned genes 21-23. KIF1Bβ 24, IDH1 and EGLN1 25 have also been 
suggested as causing familial forms of PCC & PGL, but have only been 
described in a limited number of reports.  
 
Table 1. Genes conferring susceptibility to PCC and PGL 
Gene Syndrome Original reference 
SDHA  Burnichon et al. 2010 
SDHB PGL4 Astuti et al. 2001 
SDHC PGL3 Niemann et al. 2000 
SDHD PGL1 Baysal et al. 2000 
SDHAF2 PGL2 Hao et al. 2009 
FH  Letouze et al. 2013 
VHL VHL Latif et al. 1993 
EPAS1  Zhuang et al. 2012 
RET MEN2 Mulligan et al. 1993 
NF1 NF1 Wallace et al. 1990 
TMEM127 

 
Qin et al. 2010 

MAX  Mendez et al. 2011 
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Familial paraganglioma type 1-5 
Familial PGL is transmitted in an autosomal dominant manner and is caused 
by loss of function mutations in SDHD (type 1), SDHAF2 (type 2), SDHC 
(type 3), SDHB (type 4) and SDHA (type 5). SDHx genes encode succinate 
dehydrogenase subunits that are catalysing reactions in tricarboxylic acid 
cycle and in the respiratory electron transfer chain. Genes involved in famil-
ial PGL are located on 11q23 (SDHD), 11q12 (SDHAF2), 1q23 (SDHC), 
1p36 (SDHB) and 5p15 (SDHA). 
PGL1 is transmitted in a maternally imprinted manner and patient phenotype 
commonly includes parasympathetic PGL tumours in the head and neck 
region 26,27. Unilateral PCC is seen in about 50% of the  patients and meta-
static tumours are rare 28,29. 
PGL2 has so far only been detected in a few European families 30-33. All 
reported patients have had parasympathetic PGLs and there are no reported 
cases with metastatic disease.  
PGL3 is also a rare condition that is mainly manifested by parasympahic 
PGL. Metastatic disease is rare 34-36.  
PGL4 is associated with PGL having an increased risk of malignancy that 
results in increased patient mortality 29,37,38. Succinate dehydrogenase subu-
nit B mutation carriers have an increased risk of developing Gastrointestinal 
Stromal Tumours (GIST) and renal cell carcinoma 28. 
PGL5 is associated with PPGL as well as GIST having a low disease pene-
trance and concomitant disease has only been reported once 39-41. 

FH 
Germline mutations in the fumarate hydratase (FH) gene were recently de-
scribed in a few cases with PPGL 42-44. The affected patients phenotype was 
characterized by multiple primary tumours and metastatic disease 43. Carriers 
of germline FH mutations are susceptible to leiomyomatosis and Renal Cell 
Cancer 45. 

Von Hippel Lindau Syndrome 
Von Hippel Lindau (VHL) syndrome is caused by inactivating mutations in 
the tumour suppressor gene VHL. VHL is located at 3p25 and is involved in 
the oxygen-sensing pathway through regulation of hypoxia-inducible factors 
46. VHL has an incidence of ~1/36000 individuals 47 and is characterized by 
increased risk of developing tumours in multiple organ sites; PCC, PGL, 
renal clear cell carcinoma, pancreatic neuroendocrine tumours, lymphatic 
sac tumours and hemangioblastomas. The penetrance of PPGL is 10-25% 
and about 90% of tumours are PCC 20,48-50. Close to 50% of patients have 
bilateral PCC and less than 5% develop metastatic disease 48-51. Somatic 
mutations in VHL have been reported in sporadic PCC and PGL patients 51. 
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EPAS1 
EPAS1 (or Hypoxia-inducible factor 2 subunit alfa, HIF2α) is located on 
2p21. It is associated with PCC and PGL by gain of function mutations that 
reduces HIF2α degradation through disturbed VHL binding 52-55. To date 
only one case with bilateral PCC has been reported 56. Mutations are rarely 
found in germline DNA 57. Instead, the presence of mosaic carriers indicated 
that mutations may occur during embryogenesis 53,58. Mosaic mutation carri-
ers are prone to develop additional morbidities; polycytemia and somato-
statinomas 55. A recent study also suggested ocular manifestations in these 
carriers 59. A majority of patients with mosaic mutations have had female 
gender 55. Mutations apparently specific to PPGL tumours have been de-
scribed in patients without polycytemia 54.  

Multiple endocrine neoplasia type 2 
MEN2 is an autosomal dominantly inherited disorder characterized by the 
development of multiple endocrine neoplasms; Medullary thyroid carcino-
ma, pheochromocytoma and parathyroid adenomas. The syndrome is caused 
by mutation in the Rearranged during Transfection (RET) gene that encodes 
a receptor tyrosine kinase 60-62. RET is located at 10q11. Truncating loss of 
function mutations in RET confer susceptibility to Hirschprungs disease, 
whereas gain of function mutations cause familial medullary thyroid carci-
noma (FMTC) as well as multiple endocrine neoplasia types 2A and B 
(MEN2A and B) 63. Mutations in the cysteine-rich extracellular domains 
(exons 10-11) of the RET gene constitute a majority of MEN2 and FMTC 
cases 64 while disease causing variants within RET non-cysteine regions 
(exons 13-16) are less common and are characterized by pronounced pheno-
typic heterogeneity 65. Pheochromocytoma has a penetrance of about 50% in 
carriers of RET cysteine mutations whereas only a minor proportion of non-
cysteine carriers develop PCC 65. Multiple endocrine neoplasia type 2 pa-
tients typically present with bilateral PCC showing a distinct biochemical 
output characterized by a mixed epinephrine/epinephrine output 66. MEN2 
associated PCC with malignant phenotype are rare with only a few metastat-
ic cases described 19,20,67-69. Sporadic PCC patients have been described with 
somatic mutations in RET 51. 

Neurofibromatosis type 1 
Neurofibromatosis type 1 (NF1), also denoted von Recklinghausen’s disease 
70, is an autosomal dominant syndrome caused by loss of function mutations 
in the Neurofibromin 1 (NF1) gene. NF1 is located at 17q11 and is associat-
ed with negative regulation of Rat Sarcoma viral oncogene homolog (RAS) 
proteins and the ERK/MAPK signalling pathway 71.  Affected patients are 
characterized by fibromatous skin tumours, lichen eye nodules, optic glio-
mas and café-au-lait spots 72. The NF1 syndrome is mainly associated with 
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unilateral PCC with a relatively low penetrance for PCC of about 5% 73. 
Somatic mutations in the NF1 gene have been described as frequent events 
in patients with sporadic PCC 74-76. 

TMEM127 
Transmembrane protein 127 gene is located on 2q11. Loss of function muta-
tions are linked to dysinhibition of the Mammalian target of rapamycin 
(mTOR) pathway. Germline mutations in TMEM127 confer susceptibility to 
bilateral PCC and less frequently abdominal PGL 77-79. Association to renal 
cell carcinoma have also been described 80. No additional phenotype associ-
ated with germline mutations have been described. 

MAX 
MYC associated factor X is located on 14q23. Loss of function mutations in 
MAX have been shown to result in altered transcription through deregulation 
of MAX interaction with transcription factor MYC and cause hereditary 
PCCs and PGLs. MAX is inherited through paternal transmission and no 
additional phenotype has been described to date 75,81. Somatic mutations in 
sporadic PCC and PGL patients have been described 75. 

Biochemical diagnosis of PCC and PGL 
Detecting excess catecholamine production is golden standard for the diag-
nosis of PCC and PGL with measurements of free metanephrines in plasma 
being the method of choice to both detect and exclude disease 82-84. In order 
to produce optimal results, this testing should be performed after 30 minutes 
rest with the patient in a supine position 85. Interaction from medications is 
the most common cause of false positive test results 85,86. Succinate dehy-
drogenase, FH, VHL and EPAS1 associated tumours are characterized by 
relatively low levels of epinephrine compared to norepinephrine whereas 
RET, NF1, TMEM127 and MAX have similar levels of epinephrine and 
norepinephrine 87,88. 

 
Table 2. Sensitivity and specificity of biochemical tests for diagnosis of 
PCC and PGL 
Test Sensitivity Specificity 
Urinary norepinephrine and epinephrine 86-100% 83-88% 
Urinary metanephrines 97-100% 69-95% 
Plasma norepinephrine and epinephrine 84-92% 81-91% 
Plasma metanephrines 99-100% 89-94% 
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Tumour localization 
PCC and PGL may be detected by a variety of radiological techniques 89. 
Recent guidelines favour the use of Computed Tomography in non syndrom-
ic cases of adrenal PCC that have low suspicion of metastatic disease 90-93. 
When considering molecular imaging analysis the selection of the appropri-
ate technique should be done in association with the patient genotype and 
phenotype 93.  18F-FDG is preferred in patients with SDHx related disease to 
detect primary and metastatic lesions 91,94.  Meta-iodobenzylguanidine 
(MiBG) has a long tradition in the management of these patients and was 
recently found to have a sensitivity of above 90% 95,96. Other PET tracers 
that have shown benefit in the evaluation of these diseases are 11C-
hydroxyephedrine, 11C-5-hydroxytryptophane and 11C/19F-
fluorodihydroxyphenylalanine 97,98 The radiolabeled somatostatin analogues 
111In-Octreotide and 68Ga-DOTATATE/DOTATOC also have been uti-
lized  96,99,100. Currently, the highest sensitivity in the evaluation of PCC and 
PGL tumours is achieved through a combination of anatomical and func-
tional imaging 96. In addition, MIBG and somatostatin receptor imaging may 
be considered to evaluate patient sensitivity to Peptide Receptor Radiorecep-
tor Therapy. 

 

Table 3. Sensitivity and specificity of imaging techniques in detecting PCC / PGL 

Test Sensitivity Specificity Comment 

CT 85-95% 29-93% 
 

MRI 65-95% 50-93% 
 

123I-MIBG 80-100% 95-100% 
 

18F-FDG 58-83%   
Favourable in tu-
mours characterized 
by pseudohypoxia 

Management of localized disease 
Complete surgical resection, which cures patients with benign tumours is the 
preferred therapy for localized PCC and PGL and should always be consid-
ered 12,20. Adequate pre-operative treatments are required in order to reduce 
the risk of intra- and post-operative hemodynamic instability that may occur 
as a consequence of catecholamine release or sudden loss of catecholamine 
secretion 101,102. The preferred surgical technique is dependent on tumour 
size and localization. Thus, adrenal PCC may be subjected to laparoscopic 
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resection with or without adrenal sparing technique 103,104. Large PCC or 
abdominal PGL are usually resected during open surgery. 

Metastatic disease and systemic treatment 
Malignant disease is defined by the presence of tumour cells in non-
chromaffin organs 105 and occurs in 10-20% of PCCs and 15-35% of ab-
dominal PGLs 19,106,107. The 5-year overall survival rate of patients with met-
astatic tumours ranges from 40 to 77% 108-110. A recent study found that the 
one year progression free survival was 46% in therapy naïve patients 111. 
Surgical resection may facilitate towards long-term remission and/or palliate 
symptom relief in patients with metastatic disease 112. Systemic chemothera-
py or Peptide Receptor Radionuclide Therapy (PRRT) with 131I-MIBG are 
alternative therapeutic strategies for patients with unresecteble tumours 113. 
The effect of somatostatin labelled compounds has also been reported 114,115. 
Several  phase II trials investigating the role of tyrosine kinase inhibitors are 
currently recruiting patients. 
 
Table 4. Overview of trials and selected publications of systemic therapy 
in malignant PCC and PGL 

Agent Patients included Reference 
131I-MIBG 50 / 166 (meta-analysis) 110,116,117 
90Y-DOTA-Octreotate 
and/or 177Lu-DOTA-
Octreotate 

28 / 13 114,115 

Cyclophosphamide, 
Vincristine and 
Dacarbazine (CVD) 

18 / 52 118,119 120 

Sunitinib 
17, (On-going clinical 
trials NCT00843037 and 
NCT01371201) 

121 

Axitinib On-going NCT01967576  
Temozolomide 15 122 
 

Introduction to cancer genetics and tumour biology 
The human genome is coded by four nucleobases: adenine and guanine (pu-
rines), cytosine and thymine (pyrimidines). They are linked together though 
a chain of phosphor and sugar molecules. As an eukaryote organism our 
genome is organized in a linear fashion with the human genome having a 
total length of about 3 billion nucleobases that are structurally divided into 
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23 chromosome pairs 123. Although a large proportion of the human genome 
is transcribed into RNA only a small fraction is translated into proteins 
124,125. Stretches of DNA within the genome associated with regulatory re-
gions, transcribed regions, and or other functional sequence regions are an-
notated as genes. 
 
DNA is a dynamic molecule that accumulates changes over time in a sto-
chastic manner 126. Genetic alterations may be organized into single nucleo-
tide substitutions, deletions and insertions (mutations) as well as structural 
translocations, losses and gains. A small proportion of the obtained altera-
tions may lead to that particular cells acquire novel properties resulting in a 
shift from its original behaviour 127. 
 
Cancer is a genetic disease with a vast majority of cases linked to specific 
changes within the genome/methylome/transcriptome of somatic cells 128. 
The degree of genetic fragmentation in tumours display great variability 
between different subtypes but may also be dependent on exposure to certain 
carcinogens 129,130.  Genetic variants having implications for tumorigenesis 
are classified as driver events and may principally be divided as occurring in 
the context of oncogenes or tumour suppressors. Oncogene denotes a gene 
that accumulates gain of function mutations whereas tumour suppressors 
exhibit biallelic inactivating mutations in accordance with Knudson’s two hit 
hypothesis 131. Epigenetic modifications through chromatin methylation 
and/or histone acetylation/methylation have also been implicated to promote 
tumorigenesis in a wide arrange of cancers although it has proved hard to 
discriminate driver from passenger events.   
 
Additional layers of complexity have been added through the discovery that 
certain cancers evolve in accordance to evolutionary principles similar to 
Darwin’s tree of speciation 132. As the cancer cells progress from normal to a 
neoplastic state they acquire changes in their biology through genetic and/or 
epigenetic instability (Vogelgram) 133. This constant evolution of cancer 
clones may result in variable degrees of genetic heterogeneity casuging dif-
ferent molecular characteristics with potential clinical impact 132,134-137.  
 
Hanahan and Weinberg proposed organizing the acquired biological capabil-
ities of cancer into principally different categories (Hallmarks of Cancer). 
The first edition introduced 6 such hallmarks; sustained proliferative signal-
ling, evasion from growth suppression, activated local invasion and metasta-
sis, enabling replicative immortality and induced angiogenesis 138. In the 2nd 
edition the authors propose yet four further categories; deregulation of cellu-
lar energetics, avoidance of immune destruction, tumour-promoting inflam-
mation and genome instability and mutation 139  
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Hallmarks of pheochromocytoma 
Transcriptome studies have classified PCC and PGL tumours into two dis-
tinct groups; cluster 1 harbouring cases with SDHx, FH, VHL and EPAS1 
mutations (characterized by an hypoxic transcriptional signature) and cluster 
2 harbouring cases with mutations in RET, NF1, TMEM127 and MAX (char-
acterized by an activation of the PI3K/AKT/mTOR and RAS/RAF/ERK 
signalling pathways) 51,88,140-142. Furthermore, subgrouping of cluster 1 into 
1a (SDHx, FH) and 1b (VHL, EPAS1) could be achieved with the former 
being characterized by succinate accumulation 44,51,88. 

Cluster 1 
Mutations in VHL, EPAS1 and SDHx cause a pseudohypoxic state through 
the stabilization of proteins in the Hypoxia Inducible factor (HIF) transcrip-
tion factor family 143. Activated HIF alters transcription of multiple target 
genes, leading to increased cell proliferation and angiogenesis as well as 
reduced apoptosis. Loss of function mutations in VHL lead to a reduced 
ubiqutination of HIF and a subsequent reduction in its proteasome degreda-
tion 144.  

Gain of function mutations in EPAS1 (also denoted HIF2α) occur at hy-
droxylation sites, leading to reduced VHL protein binding and HIF escape 
from degradation. EPAS1 tumours have been show to have similar molecular 
signature as of those with VHL mutations 53. 

The succinate dehydrogenase complex catalyses the oxidation of succin-
ate to fumarate in the tricarboxylic acid cycle, as well as reactions in the 
electron transfer chain. Loss of function mutations in the genes cause an 
accumulation of succinate that inhibits EGLN enzyme activity 145. Inhibition 
of this enzyme leads to decreased ubiqutination of HIF, that cause cell trans-
formation in a fashion similar to VHL and EPAS1. A recent study has sug-
gested that accumulation of succinate in SDHx deficient tumours results in a 
hypermethylator phenotype through inhibition of histone and DNA methyl-
ases 44. 

Cluster 2 
Cluster 2 tumours are characterized by an increased activity in mitogenic 
signalling pathways. Activating mutations in RET occur at phosphorylation 
sites and results in downstream activation of RAS/RAF/MAPK and 
PI3K/AKT signalling pathways 146,147. Both pathways are frequently altered 
in a wide variety of human cancers.  

Deregulation of signalling mediated by RAS activity is shared among 
cluster 2 tumours; mutations in NF1 GTPas domain result in a reduced inhi-
bition of RAS intrinsic activity, while ligand or mutant-dependent activation 
of RET results in activation of RAS through downstream signalling 71,148,149.  



 23 

Mutated TMEM127 results in reduced inhibition of the mTOR pathway in 
an RAS/RAF/MAPK and PI3K/AKT independent manner 77. Mutated MAX 
leads to deregulation the MYC-MAX-MXD1 pathway that leads to altered 
transcription and signalling in NRAS-PIK3CA-AKT1-mTOR pathway 81.  

Somatic events 
Recurrent somatic mutations in PCC and PGL have been found in FH, VHL, 
EPAS1, RET, NF1, MAX and HRAS (table 5). 
 
Table 5. Mutational frequencies of genes associated with PCC and 
PGL 
Gene Germline Somatic Reference 
SDHA <2% 0% 39,40,76,150 
SDHB ~10% 0% 28,51,76,150-152 
SDHC 0,5% 0% 76,153   
SDHD 5-7% 0% 51,154 
SDHAF2 ~0% 0% 33,51 
FH   42,43 

VHL 10% 7-9% 51,76 
EPAS1 ~1%* 5-10% 53-55,76,155 
NF1 3% 15-25% 74,76,156 
EGLN1 0% 0% 25,157 
RET 5% 5% 51,76,158 
TMEM127 1-2% 0% 78,79,159 
MAX 1% ~1% 75

 

HRAS 0% 5-10% 160 

KIF1Bβ 0% 0-1% 76
 

        
*Mosaic mutations  

PCC and PGL genotyping in clinical management 
A correct genetic diagnosis may predict PCC/PGL tumour characteristics, as 
well as the risk of other diseases associated with the specific syndrome. Alt-
hough a majority of patients with germline lesions present with a distinct 
phenotype, about 5-10% of apparently sporadic cases harbour mutations in 
PCC susceptibility genes 21,23.  

SDHB carriers have a substantial increased risk of malignant tumours as 
well as higher mortality 29. Genotyping may also guide the selection of ap-
propriate imaging tests 94. Experimental data suggest that tumour genotype 
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could be utilized in order to predict efficacy of systemic treatment in meta-
static disease 161. 

SNP array data 
Infinium Single Nucleotide Polymorphism (SNP) arrays measures the sig-
nals from the two different alleles of a given position within the genome 
individually. The analysis enables the detection of the total copy number of 
each SNP by measuring the total signal intensity (Log R) and the degree of 
allelic imbalance through the relative difference in fluorescence signal be-
tween the two alleles (B Allele Frequency, BAF). Combined allelotyping 
and copy number analysis have proved to be a powerful tool in the analysis 
of somatic copy number alterations in cancers 162. 

The Infinum assay is composed of five experimental components: linear 
whole genome amplification, hybridization capture to the specific array, 
primer extension, signal amplification and scanning 163. It produces two fluo-
rescence signals one for each of the two alleles. The intensity of these two 
signals are determined and processed to generate normalized intensity values 
(R) and allelic intensity ratios (θ) 163. 

Intensity normalization can be performed using datasets generated by the 
manufacturer (ICF) or (for large experiments) be generated from the ac-
quired data (PCF). PCF normalization has the advantage that it is adjusted to 
the conditions of the local laboratory and geographic genetic heterogeneity . 
However, generation of PCF normalization is not suitable in scenarios when 
the generated dataset originate from samples with high levels of aneuploidy, 
such as those originating form cancer tissue. 

The log2 R ratio is calculated from the ratio between the measured normal-
ized intensity of each individual bead signal to the expected total intensity. 
Expected total intensity is generated through linear interpolation of the ob-
served θ to predefined canonical clusters AA, AB and BB. The B allele fre-
quency (BAF) is calculated from linear interpolation between observed θ 
and the θ values of predefined canonical clusters. 

Mere visualization of relative log2R and BAF may reveal segments with 
copy number aberrations and/or allelic imbalance typically allow identifica-
tion of segments with structural events. Absolute quantification of ploidy 
provides more relevant biological information, but is highly complicated due 
to the variable nature of tumour tissue in regards to ploidy itself, but also 
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because of the potential presence of either multiple cancer clones as well as 
stromal and/or immune cells 162,164,165.  

The intertwined nature of these parameters allows for multiple combina-
tions of ploidy and purity to explain the observed data 165,166. Deconvolving 
absolute predictions from SNP array data have been accomplished through 
two principally different approaches. (I) Maximization of parsimony ap-
proach that generates ploidity and purity estimates from direct observations 
of the data based on the assumption that the smallest deviation from diploid 
has the greatest chance to resemble the truth. (II) Resolving ambiguous sce-
narios through comparison with empirical data 167. 

Sequencing technologies 
DNA sequencing denotes the process of determining the order of adenine, 
thymine, guanine and cytosine in a strand of DNA. Major milestones in the 
development of sequencing technologies have been the development of 
“DNA sequencing with chain-terminating inhibitors” by Fred Sanger 168, the 
J. Craig Venter Institutes “whole genome shotgun sequencing” 169, “Mas-
sively Parallel Signature Sequencing” by Lynx Therapeutics Inc 170 and “the 
Solexa” originating from the work of Turcatti et al. 171,172 that was commer-
cialized by Illumina Inc . 

Target enrichment 
Protein coding elements comprise ~2% of the human genome. Because a 
vast majority of discovered disease causing mutations can be found within 
those 2%, there is a rationale for selective sequencing in order to reduce 
costs. In theory, this approach should lead to a minimal loss of information 
173. 

Exome capture enriches for protein coding sequences and can be divided 
into; DNA-chip based capture, DNA-probe based hybridization and RNA-
probe based solution hybridization 174. Agilents SureSelect utilizes RNA-
probe based hybridization and has a target specificity of between 60-80% 
174,175. Multiplexed PCR based methods may provide a more focused but 
flexible enrichment for applications with a more limited genomic region of 
interest. 

Next generation sequencing by Solexa chemistry 
The Solexa method relies on libraries of clonally amplified templates (bridge 
amplification) 176. First, input DNA is fragmented using mechanical or en-
zymatic approach. The fragmented genomic library is then amplified by 
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PCR on a surface, densely coated with adaptor sequences. Sequence libraries 
can then be prepared as single or paired end reads.  

Corresponding adaptor sequences are attached to the 5’ ends of the frag-
mented genomic library and anchor the PCR product close to the point of 
origin, resulting in clusters of identical copies of the same DNA strand. Fol-
lowing the completion of the bridge amplification, each sequencing cycle 
features the addition of deoxynucleotides marked by one of four unique fluo-
rescent labels and a reversible terminator at the 3’ hydroxyl end. The fluo-
rescent signal is registered by optical imaging. The Solexa technique is mar-
keted by Illumina Inc, currently available as instruments with high through-
put and as benchtop solutions with medium throughput 177.   

Bioinformatics processing 
To be able to interpret data from next generation sequencing experiments, 
generated sequences require computational processing. Bioinformatics soft-
ware allows for this analysis to be made, using command-based or graphical 
interfaces. Such solutions are available both under free licenses and as 
commercial options. 

First, generated sequences should be trimmed to filter duplicate reads 
and/or reduce the proportion of reads with low quality scores 177. The subse-
quent workflow is designed based on the availability of a reference genome, 
and if no reference sequence is available a de novo assembly protocol may 
be utilized 178. The human reference genome is available through academic, 
non-profit databases. Read mapping algorithms place the generated reads 
into their correct position within the reference genome. Mapping parameters 
need to be adjusted in order to allow the placement of reads with valid mis-
matches but to avoid the mapping of reads with false mismatches. Mapping 
and assembly may be especially challenging in repetitive and/or in polymor-
phic genomic areas 179.  

Variants that differ between the reference and generated sequences are 
reported using variant-calling algorithms 180. To filter faulty mismatches, a 
variant caller may consider sequencing quality, read depth and variant fre-
quency. Generated variants can be annotated with information available in 
publicly and commercially available databases such as Single Nucleotide 
Polymorphism database (dbSNP), Human Gene Mutation Database 
(HGMD), Catalogue of Somatic Mutations in Cancer (COSMIC), as well as 
disease specific databases. The functional effect of the genetic variant may 
also be calculated in silico 181.  

In addition, variants generated by NGS should be confirmed by other 
methods utilizing principally different sequencing methods. The most com-
monly validation technique is targeted re-sequencing using the Sanger meth-
od 182.   
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Material and methods 

Patients 
Tumour samples and constitutional DNA from a total of 96 patients with 
PPGL were included into studies I-V. This corresponds to all PCC and PGL 
tissues collected by the department of endocrine surgery, Uppsala Universi-
ty, Sweden during 1985-2013. Ethical approval was available from the local 
ethics committee, and informed consent had been obtained from the all indi-
vidual patients prior to the studies. 

Statistics 
Statistical analysis were made with IBM SPSS Statistics (IBM, NY, USA) 
versions 19 (study I) and 21 (studies II-V). Graphs were drawn using SPSS 
Statistics and Prism graph pad 6.0 (Graphpad software Inc, CA, USA).  P 
values less <0.05 were considered as statistically significant. 

DNA/RNA Preparation 
Sections (5-6 µm) were stained with hematoxylin-eosin to verify the pres-
ence of adequate content of tumour cells. When necessary, samples were 
macro-dissected in order to reduce the proportion of non-tumoural cells. 
DNA and RNA were prepared from blood and cryosections using DNeasy 
Blood and Tissue Kit (cat. No. 69506, Qiagen, Hilden, Germany) and All-
Prep DNA/RNA kit (Cat. No. 80204, Qiagen, Hilden, Germany) respective-
ly. In order to achieve higher yields of DNA to be utilized in exome se-
quencing experiments, Genomic-tip 20/G kit was used (cat. no. 10223, Qi-
agen, Hilden, Germany). DNA from FFPE sections were prepared using 
AllPrep DNA FFPE Kit (Cat. No. 80234, Qiagen, Hilden, Germany). DNA 
quality was assessed using Nanodrop spectrophotometer (ThermoFischer 
Scientific, MA, USA). Threshold for sample inclusion in exome capture 
experiments was a ratio of >1,8 for 260/280 absorbance.  

Multiplex ligation-dependent probe amplification 
DNA extracted from blood/normal tissue were analysed by Multiplex liga-
tion-dependent probe amplification (MLPA) using SALSA MLPA EK1 
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(MRC-Holland, Amsterdam, Netherlands) reagent kit as recommended by 
the manufacturer (MLPA DNA protocol version MDP v002). (1) DNA was 
denaturated in 98°C; (2) hybridized with SALSA MLPA P226 SDH or 
P016-B2 VHL probe mixes (MRC-Holland, Amsterdam, Netherlands); (3) 
subjected to extension ligation, and (4) amplification of ligated probes in a 
thermo cycler. Reactions were sequenced as previously described using Ap-
plied Biosystems 3100XL DNA Analyzer (Applied Biosystems, CA, USA) 
following the manufacturer instructions 183. Results were analysed by the 
manufacturers software. Included probes covered SDHA, SDHB, SDHC, 
SDHD, SDHAF2 and VHL genes.  

Single Nucleotide Polymorphism array 
Tumour DNA was subjected to SNParray analysis using Illumina Hu-
manOmniExpressExome-8v1_A (studies IV and V), Omni1-Quad (studies 
III, IV and V) or Omni2,5-Quad chips (Studies III and V), (Illumina Inc, 
CA, USA). These chips contain 730’525, (OmniExpressExome), 1,140,419 
(Omni1-Quad) and 2,379,855 (Omni2,5-Quad) probes, respectively. Hybrid-
ization and sequencing were performed by university core facilities, 
SNP&SEQ Technology Platform in Uppsala, Sweden 
(http://molmed.medsci.uu.se/SNP+SEQ+Technology+Platform/).  

Generated raw fluorescent signal data were imported into Illumina BeadStu-
dio (Illumina, CA, USA) software and exported as B-allele frequency (BAF) 
and LogR values for each probe. Data were imported into Nexus Copy 
Number Version 7.0 (study III) or 7.5 (Studies IV and V, Biodiscovery Inc, 
CA, USA). Signals were corrected for GC waves using a quartile algorithm, 
taking into account an array-specific manifest file that was provided by the 
manufacturer. Segments with aberrant copy number status and/or allelic 
imbalances were identified through a circular binary segmentation algorithm 
SNP-RANK (significance threshold 10-13). Samples with Nexus QC score 
>0.13 were excluded. Marginal events (defined as <100 probes) were ex-
cluded from further analysis in order to reduce false predictions. Generated 
segmentations were reviewed by two independent observers and consensus 
was reached by integrating plots of BAF and the log difference in intensity. 
In studies III and IV segments were classified as copy number gain, copy 
number loss or copy number neutral LOH. 

Determination of ploidy and purity from SNP array and NGS 
data. 
In order to determine the underlying ploidy and purity of specific segmenta-
tions we utilize a multi step bioinformatics approach (study V); (I) ploidy 
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classification according to a maximization of parsimony approach into A, B, 
AB, AAB, BAA, AABB (defined as simple calls), (II) determining purity 
from ploidy and B-allele frequency (BAF), (III) sample integration to identi-
fy outliers with complex ploidy calls, (IV) establishing sample and array 
specific relationships between copy number and LogR from simple calls, 
and (V) determining allele specific copy number status and purity through 
interpolation on the generated standard curve and BAF. 

PCR and Sanger Sequencing 
PCR and sequencing reactions were performed using primers and conditions 
from selected publications as well as those designed in NCBI primer blast 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) which were synthesized 
by TAGC AS (Copenhagen, Denmark).  Fragments were directly sequenced 
using automated Sanger sequencing (Beckman Coulter Genomics, Takeley, 
UK) and the chromatograms analysed using CLC Genomics Workbench 
(CLCbio, Aarhus, Denmark). 

Massively Parallel DNA Sequencing 
Papers I and II: Exome capture, Library preparation and sequencing were 
performed by the “SNP & SEQ Technology Platform” Uppsala University, 
Sweden. Briefly, exome capture and libraries were prepared using the 
SureSelect Human All Exon 50Mb kit v2.2 (Agilent Technologies, CA, 
USA). Paired-end libraries were sequenced on a Ilumina HiSeq2000 instru-
ment (Illumina Inc, CA, USA). 

Papers IV and V: A TruSeq custom amplicon kit (Illumina Inc) was de-
signed to cover all coding regions of SDHA, SDHB, SDHC, SDHD, SDHAF, 
VHL, EPAS1, RET (exons 8, 10-11, 13-16), NF1, TMEM127, MAX and H-
RAS (exons 2 and 3). Enrichment and library construction were carried out 
according to the manufacturers instructions and multiplexed libraries were 
pooled into a single suspension and sequenced twice on a MiSEQ (Illumina 
Inc) instrument. Sample preparation and sequencing were carried out at the 
SciLifeLab core facilities, SNP&SEQ Technology Platform in Uppsala, 
Sweden (http://molmed.medsci.uu.se/SNP+SEQ+Technology+Platform/). 

Bioinformatic analysis of high throughput sequencing 
Bioinformatic analysis was performed using the CLC genomics workbench, 
versions 4.0 through 5.1 using the following workflow; (1) import of raw 
fastq sequence reads with paired end orientation; (2) removal of duplicate 
reads; (3) quality trimming of reads based on phred quality scores and pres-
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ence of ambiguous nucleotides; and (4) Read mapping of remaining reads to 
the human reference sequence GRCh37 patch p5. Two principally different 
variant callers were utilized to detect single nucleotide variants (SNVs) and 
short insertion/deletions (INDELs); a quality based detection tool 184 and a 
probabilistic variant detection tool (Probabilistic Variant Detection Plug-in 
Manual, available on clcbio.com). The quality based variant caller takes into 
account the quality of the neighbourhood bases on the same read as wells as 
the significance of the variant (determined by allele frequency and sequence 
coverage). The probabilistic variant caller algorithm calculates the likelihood 
of each combination of alleles available in the mapped sequence files by 
determination of the probability distribution of each unique allele and its 
error probability (by phred quality scores). Nucleotides that are different 
from the reference sequence and have a likelihood above the requested 
threshold are then reported.  

Paper I: The quality based variant caller was used with low and high variant 
calling stringency settings; low stringency defined as coverage of >8 reads 
and a variant allele frequency of  >25%, and high stringency as coverage of  
>30 reads and a variant allele frequency of >35%. Generated results were 
filtered for non-synonymous variants and/or variants with a probable splice 
site effect. The list was annotated for overlapping genes and filtered for vari-
ants annotated by one of the eleven currently known PCC and PGL suscep-
tibility genes. Remaining variants were annotated for overlapping infor-
mation in selected genetic databases; the single Nucleotide Polymorphism 
database (dbSNP) build 135, Catalogue of Somatic Mutations in Cancer 
(COSMIC) 185, database of Human Gene Mutation Data (HGMD) 186 and 
allele-specific databases available through the Leiden Open source variation 
database (LOVD). Impact of non-synonymous amino acid substitution was 
assessed in silico, using Polyphen2 187 and SIFT 188. 

Paper II: The Probabilistic Variant Detection tool was utilized with a thresh-
old of minimum of 10 reads and an error range of 0,01 to call a variant 
(Probabilistic Variant Detection Plug-in Manual, available on clcbio.com). 
The acquired list was filtered to keep for non-synonymous variants. Remain-
ing variants were filtered to keep variants that share the position of a known 
variant in the COSMIC database of somatic cancer mutations 185. Variants 
were analysed manually and selected for validation with automated Sanger 
sequencing according to their potential involvement in tumourigenesis, fre-
quency in the cohort and read quality. 

Paper IV and V: Generated FASTQ files were processed by MiSEQ Report-
er (MSR) version 2.1.43 using default thresholds. Briefly, a manifest file 
stating the coordinates of the specific targeted enrichment kit was uploaded 
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into MSR that performed read mapping, and generated variant calling, BAM 
and VCF files. VCF files were imported into the CLC Genomics Workbench 
7.5 and annotated against dbSNP version 154 as well as COSMIC. Variants 
not available in both sequencing runs were subtracted.  

Integrative analysis of SNP array and MiSEQ data to determine 
segment specific cellularity 
Integrative analysis between SNP array and MiSEQ experiments were per-
formed only using samples that had the identical batch of gDNA analysed by 
both methods. From MiSEQ data the mean allele frequency of the two se-
quencing runs were calculated for clonal assessments. From SNP array data, 
tumour cellularity as well as proportion of cells harbouring specific events 
were assessed. The expected variant frequency of a somatic allele was esti-
mated using the ploidy and purity observations of the overlapping segment, 
algorithm (1). 

(1)  f = p ∗ a/(p ∗ (a + b) + (1 − p) ∗ 2) 

(f) denotes the expected variant frequency, (p) proportion of cells harbouring 
structural variation, (a) ploidy of allele A, (b) ploidy of allele B. 

Quantitative PCR 
Reverse transcription was performed using RevertAid First Strand cDNA 
Synthesis Kit (Thermo Scientific, Waltham, MA, USA). Experiments were 
performed in triplicates using SsoAdvanced SYBR Green Supermix (Bio-
Rad laboratories, Hercules, CA, USA) on a CFX96 Real Time system (Bio-
Rad laboratories). Expression of NF1 (type I and II), PNMT and VEGFA 
were analysed and normalized to HPRT1 expression. ΔΔCT calculations and 
statistical evaluation were analysed with SPSS version 21 (IBM inc, Ar-
monk, NY, USA) using Mann-Whitney U test. Data was visualized using 
Prism 6.0 (Graphpad Software Inc., CA, USA). 

Immunohistochemistry 
Formalin fixed paraffin embedded tissue was used for immunohistochemis-
try utilizing the following workflow; (1) blocking of intrinsic peroxidase 
activity with 0,3% H2O2; (2) blocking of unspecific epitopes (normal rabbit 
serum) and unspecific activity (avidin/biotin blocking kit) (vector Laborato-
ries, CA, USA)); (3) immunostaining with primary antibody anti-
phosphorylated ERK1/2 rabbit polyclonal antibody (Santa Cruz Biotechnol-
ogy INC., # sc-16982); (4) binding of secondary antibody; (5) visualization 
with DAB peroxidase substrate (Vector laboratories Inc, CA, USA). Tumour 
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from a patient with a germline RET mutation was used as positive compari-
son and tumour from a patient with germline SDHB mutation as negative 
comparison. 

Western Blot 
Proteins were extracted using cytobuster protein extraction kit (Novagen). 
Lysates were separated by electrophoresis and were transferred to PVDF 
membrane, blocked in 5% milk in PBS buffer and incubated with primary 
antibodies Anti-ERK rabbit polyclonal antibody (Santa Cruz Biotechnology 
INC., # sc-94), anti phosphorylated ERK1/2 mouse monoclonal antibody 
(Santa Cruz Biotechnology INC., # sc-7383) and HRP-conjugated anti-actin 
goat polyclonal antibody (Santa Cruz Biotechnology INC., # sc-1616) as 
loading control. Secondary antibodies were applied and protein-antibody 
conjugates visualized using enhances chemiluminescence system (GE 
healthcare). A tumour from a patient with germline SDHB mutation was 
used as negative comparison. 
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Aims 

The aims of the studies in this thesis were to: 
I Develop a bioinformatic pipeline for the analysis of whole ex-

ome sequencing data from tumour DNA. 
II Discover novel disease causing genes in PCC. 
III Discover and validate genotype phenotype correlations in a 

large cohort of PPGL. 
IV Chart the genetic landscape and molecular characterization of 

MEN2 associated PCC. 
V Determine the genetic landscape and spatiotemporal heteroge-

neity in order to identify early events in PCC tumorigenesis. 
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Summary of the included papers 

Paper I. Next generation sequencing in the clinical 
genetic screening of patients with pheochromocytoma 
and paraganlioma.  
The aim of this study was to simulate the use of exome capture and Massive 
Parallel DNA sequencing as a diagnostic test in PCC and PGL. Tumour 
lesions from three patients with apparently sporadic PCC were subjected to 
whole exome sequencing utilizing Agilent Sureselect v2.2 and Illumina® 
HIseq 2000 platform. Bioinformatics analysis was performed in-house using 
commercially available software CLC Genomics 4.9. Sequencing reads were 
mapped to the human reference genome HG19. Variants in PCC and PGL 
susceptibility genes were identified.  

We have identified 16 unique genetic variants in PCC susceptibility loci in 
three different PCCs, spending less than 30 minutes hands on, in-house, 
time. Two patients had one unique variant each that was classified as proba-
bly or possibly pathogenic; NF1 Arg304Ter and RET Tyr791Phe. The RET 
variant was verified by Sanger sequencing. One additional patient had a 
variant of unknown significance in SDHC that was not reported in available 
populations. Both variants were confirmed as germline through validation in 
constitutional DNA. 

We concluded that utilizing next generation sequencing might serve as a fast 
and cost effective method in the clinical genetic screening of patients with 
PCC and PGL. In order to facilitate the introduction of Next Generation 
Sequencing as a diagnostic application we identified process optimization, 
characterization of unknown variants and determination of additive effects 
of multiple variants as key-issues to be addressed by future studies. 
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Paper II. Frequent somatic mutations in H-RAS in 
sporadic Pheochromocytoma identified by exome 
sequencing. (paper II) 
The aim of this study was to identify novel disease causing genes in PCC 
using high throughput sequencing methods. Four benign and sporadic PCC 
tumours were subjected to exome sequencing using SureSelect exome cap-
ture kit and sequenced on the Illumina HiSEQ platform. Generated sequenc-
es were processed using CLC Genomics Workbench 4.9. The acquired list of 
non-synonymous variants was filtered against the Catalogue of Somatic 
Mutations in Cancer (COSMIC) database. Findings were validated in an 
additional cohort of 78 PCC and PGL tumour samples. 

Exome sequencing identified two cases with somatic mutations in the H-
RAS. In total, 6.9% (n=4/58) of tumours lacking mutations in major PCC 
and PGL loci had mutations in H-RAS; G13R, Q61K and Q61R. There were 
3 PCC and 1 PGL, all had sporadic presentation with benign tumour charac-
teristics and substantial increases in norepinephrine and/or epinephrine. H-
RAS mutated tumours were exclusively found in male patients (p=0.007). 
Immunohistochemistry and western blot analysis revealed accumulation of 
phosphorylated ERK in H-RAS mutated tumours. 

Somatic gain of function mutations in H-RAS occurs in sporadic PCC and 
PGL. Tumours with H-RAS mutations had activation of the RAS/RAF/ERK 
signalling pathway and were associated with male PCC patients having be-
nign and sporadic disease characteristics. H-RAS can serve as a prognostic 
and predictive marker as well as a novel therapeutic target.  

Paper III. Integrative Genetic Characterization and 
Phenotype Correlations in Pheochromocytoma and 
Paraganglioma Tumours. 
The aim of this study was to characterize genetic events in known disease 
causing genes and to identify corresponding phenotype correlations in a 
large cohort of PCC and PGL tumours. We utilized a combination of Sanger 
sequencing (SDHB, SDHC, SDHD, SDHAF2, VHL, EPAS1, RET, 
TMEM127 and MAX loci), Multiplex ligation-dependent probe amplification 
(MLPA) (SDHx and VHL loci) and SNP array analysis. 

Pathogenic genetic variants were found in tumours from 33 individual pa-
tients (37%) of which 14 (16%) were present in constitutional DNA and 16 
(18%) were confirmed as somatic. Loss of heterozygosity (LOH) was ob-
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served in 1/1 SDHB, 11/11 VHL and 3/3 NF1-associated tumours. In patients 
with somatic mutations there were no recurrences in contrast to carriers of 
germline mutations (P = 0.022). SDHx/VHL/EPAS1 associated cases had 
higher norepinephrine output (P = 0.03) and lower epinephrine output (P 
<0.001) compared to RET/NF1/H-RAS cases. 

Somatic mutations are frequent events in PCC and PGL tumours. Carriers of 
somatic mutations in VHL, EPAS1, RET and H-RAS had no recurrences. 
There are growing evidence suggesting that analysis of tumour DNA could 
have an impact on the management of these patients. 

Paper IV. Concurrent somatic VHL deletion and point 
mutation in a Multiple Endocrine Neoplasia type 2 
metastatic pheochromocytoma. 
This study investigates the genetic and molecular characteristics of PCC 
tumours from MEN2 patients. A total of 10 PCC tumours from 8 patients 
with MEN2 syndrome were re-sequenced for mutations in 12 disease-
causing genes and investigated with high density SNP array to detect ge-
nomic aberrations. Findings were validated in 8 out of the 10 PCC tumours. 
Genetic variants and genomic aberrances in PCC from MEN2 patients were 
analysed and correlated to clinical characteristics.  

A somatic VHL mutation p.Ser65Ala was detected in both the primary tu-
mour and a liver metastasis from one MEN2 patient. SNP array revealed 
copy number loss and loss of heterozogosity (LOH) at the VHL locus. The 
patient´s phenotype was characterized by predominant norepinephrine out-
put and gene expression analysis revealed mRNA expression pattern similar 
to that of VHL/EPAS1 tumours.   

The finding of a concomitant somatic VHL mutation in a MEN2A associated 
metastatic PCC indicate that rare cases of malignant MEN2 PCC may har-
bour multiple genetic events. This particular concomitant somatic mutation 
had impact on the patient phenotype, suggesting a potential benefit of ana-
lysing tumour DNA as a diagnostic screening, at least in PCC tumours from 
patients that deviate from the expected phenotype. 
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Paper V. Spatio-temporal heterogeneity characterize 
the genetic landscape of pheochromocytoma and 
defines early events in tumorigenesis. 
The aim of this study was to characterize genome wide patterns of somatic 
copy number alterations. A total of 138 different PPGL samples that had 
previously been subjected to comprehensive genetic analyses were analysed 
with high-density single nucleotide polymorphism array. Raw fluorescent 
data was processed using Genome Studio. Nexus Copy number 7,5 called 
aberrant segments. Absolute purity and ploidy was determined and validated 
against ASCAT and TAPS. Phylogenetic trees were drawn from matched 
tumour samples. 

Mutations were found in 61% of patients and correlated to specific patterns 
of somatic copy number aberrations (SCNA) and tumour purity. Intratumour 
heterogeneity were observed within 74/136 samples as well as in 19/22 pri-
mary tumours with multiple samples. Cases (n=3) with paired distant meta-
static lesions showed intertumour divergences (proportion ubiquitous SCNA 
14, 16 and 24%). Integrative analysis suggested 11p loss and biallelic VHL 
inactivation (VHL cases) as well as oncogenic mutation in HRAS or RET, bi-
allelic NF1 inactivation and 1p loss (HRAS, NF1 and RET cases) as events 
occurring early in tumorigenesis. These results define the genomic landscape 
of PPGL as specific to genetic subtypes and characterized by inter- and in-
tratumour heterogeneity, providing insight into the evolution of these tu-
mours. 

We conclude that the genetic landscape of PPGL is specific to mutation 
subtypes and characterized by heterogeneity on all levels: between patients, 
between different tumour lesions of the individual patient and within tumour 
lesions. Temporal categorizaion revealed parallel evolutionary pathways and 
validated the usefulness of driver mutations both as biomarkers and drugga-
ble targets.  
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Discussion 

Recent decades have seen extraordinary efforts undertaken in order to un-
derstand the biology of cancer. Substantial amounts of clinical and experi-
mental data have been generated and translated into improvements of many 
different aspects of the management of patients with cancer 189. However, 
the complexity of the task to discover a “Cure for cancer” has proved to be 
unprecedented and in retrospect, statements comparing cancer to cleaving 
the atom and conquering the moon may be considered as naïve 128,190. Never-
theless spirited by the evident (yet slow) progresses, recent years have seen 
the launch of ambitious large-scale studies such as the Cancer Genome At-
las. Through these and similar efforts we do now possess molecular libraries 
of a wide array of cancer subtypes. A striking conclusion has been the de-
gree of heterogeneity observed on all levels; between different cancer sub-
types, between patients with similar subtypes, between different tumour 
lesions from the same patient and finally between different clones of cancer 
cells within cancer lesions 134,136.  

It is therefore with great humbleness that I have approached and studied the 
genetics of PPGL, content with the tiniest contribution towards a better un-
derstanding of this rare entity. Papers II-IV were able to describe the role of 
both novel and previously known genes in PPGL. Although confirmatory 
results from more comprehensive material would be needed there is a possi-
bility that these data could improve the care of PPGL patients. The novelty 
of Paper I was the use of a new technology in a simulated clinical setting. 
For my future career this will serve as an example of how to translate 
knowledge from “bench to bed”. Finally in Paper V we set out to describe 
the genomic landscape of PCC but the main finding turned out to be the 
characterization of genetic heterogeneity within PPGL that also enabled 
temporal separation of genetic events. This unpredicted finding was ob-
served through the mist of big data that was possible only after the develop-
ment of custom computational tools. The findings presented in this doctoral 
thesis provide several jigsaws into uncharted territories of the PPGL genetic 
landscape that may serve as prognostic and/or predictive biomarkers. 
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A final provocative thought: is PCC one distinct diagnostic entity or two 
separate diseases (noradrenalineoma and mixed cathecolamineoma) charac-
terized by unique clinical and molecular phenotypes?  
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Conclusion 

- NGS can serve as a fast and cost-effective method in the clinical genetic 
screening of PCC. 

- Activating mutations in the HRAS gene are probable driver events in PCC 
tumorigenesis. 

- Somatic mutations are frequent events in PCC and PGL tumours and tu-
mour genotype may be further investigated as prognostic factors in these 
diseases. 

- A concomitant somatic VHL mutation in a MEN2A associated metastatic 
PCC was discovered and classified as the driver behind the disease. This 
exemplifies that concomitant mutations may be present in a subset of PPGL. 

- Pheochromocytomas are characterized by genetic diversity between pa-
tients as well as inter- and intratumoural heterogeneity within the individual 
patient. 
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Future directions 

This thesis utilized a translational approach to study both genotype and phe-
notype of patients with PCC and PGL. For this purpose PPGL has served as 
a good learning platform by having distinct clinical and molecular clusters. 
Together we have learned to master existing techniques and developed novel 
methods for the analysis and interpretation of big data that may easily be 
applied to similar scenarios. There are still many entities of cancers in gen-
eral and neuroendocrine tumours in particular where such integrative genetic 
characterization and phenotype correlation may provide useful information 
that could ultimately translate into improvements in the care of these pa-
tients.  
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