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If you want to go fast, go alone. 

If you want to go far, go together. 

-  African proverb. 
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ABSTRACT 
 
Pheochromocytomas and paragangliomas are neuroendocrine tumors that arise from neural 
crest-derived cells of the adrenal medulla and the extra-adrenal paraganglia. They cause 
hypertension due to an abnormally high production of catecholamines (mainly adrenaline and 
noradrenaline), with symptoms including recurrent episodes of headache, palpitations and 
sweating, and an increased risk of cardiovascular disease. Malignancy in the form of distant 
metastases occurs in 10-15% of the patients. The malignant cases are difficult to predict and 
cure, and have a poor prognosis. About a third of pheochromocytomas and paragangliomas 
are caused by hereditary mutations in a growing list of known susceptibility genes. However, 
the cause of the remaining, sporadic, tumors is still largely unknown. The aim of this thesis 
project has been to further characterize the genetic background of pheochromocytomas and 
paragangliomas, with a focus on the sporadic tumors.   
 
First, we investigated the role of the genes known from the familial tumors in the sporadic 
form of the disease. By studying mutations, copy number variations, DNA methylation and 
gene expression, we found that many of the known susceptibility genes harbor somatic 
alterations in sporadic pheochromocytomas. Particularly, we found that the NF1 gene, which 
plays an important role in suppressing cell growth and proliferation by regulating the RAS-
MAPK pathway, was inactivated by mutations in more than 20% of the cases. The mutations 
occurred together with deletions of the normal allele and were associated with a reduced NF1 
gene expression and a specific hormone profile. We also detected activating mutations in the 
gene EPAS1, which encodes HIF-2α, in a subset of sporadic cases. Microarray analysis of 
gene expression showed that several genes involved in angiogenesis and cell metabolism were 
upregulated in EPAS1-mutated tumors, which is in agreement with the role of HIF-2α in the 
cellular response to hypoxia. In order to comprehensively investigate all the known 
susceptibility genes in a larger patient cohort, we designed a targeted next-generation 
sequencing approach and could conclude that it was fast and cost-efficient for genetic testing 
of pheochromocytomas and paragangliomas. The results showed that about 40% of the 
sporadic cases had mutations in the tested genes. The majority of the mutations were somatic, 
but some apparently sporadic cases in fact carried germline mutations. Such knowledge of the 
genetic background can be of importance to facilitate early detection and correct treatment of 
pheochromocytomas, paragangliomas and potential co-occurring cancers, and also to identify 
relatives that might be at risk. By sequencing all the coding regions of the genome, the exome, 
we then identified recurrent activating mutations in a novel gene, in which mutations have 
previously only been reported in subgroups of brain tumors. The identified mutations are 
proposed to cause constitutive activation of the encoded receptor tyrosine kinase, resulting in 
the activation of downstream kinase signaling pathways that promote cell growth and 
proliferation.  
 
In summary, the studies increase our biological understanding of pheochromocytoma and 
paraganglioma, and possibly also co-occurring cancers in which the same genes and pathways 
are involved. Together with the findings of other scientific studies, our results may contribute 
to the development of future treatment options.  



  



POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
Feokromocytom och paragangliom är tumörer i binjuren respektive paraganglierna som ofta 
producerar stora mängder av stressrelaterade hormoner, t.ex. adrenalin. De orsakar därför högt 
blodtryck, med relaterade symtom som hjärtklappning, svettningar, huvudvärk samt en ökad 
risk för potentiellt dödlig hjärt- och kärlsjukdom. Många av tumörerna är godartade i 
meningen att de inte ger upphov till spridd cancer, men drygt en tiondel av fallen är elakartade 
och har en dålig prognos, med ca 50l% femårsöverlevnad. Idag finns det inga säkra sätt att 
förutsäga om en tumör är elakartad och inte heller någon effektiv behandling för tumörer som 
spridit sig. Det saknas även kunskaper om de biologiska mekanismer som styr tumörernas 
uppkomst. Omkring en tredjedel av tumörerna är kopplade till ärftliga tumörsyndrom som 
orsakas av medfödda mutationer i specifika kända gener. De resterande fallen utgörs av 
sporadiska tumörer, och vad som orsakar dessa vet man mycket lite om. Syftet med detta 
avhandlingsprojekt har varit att kartlägga den genetiska bakgrunden till feokromocytom och 
paragangliom, med fokus på sporadiska tumörer.  
 
Projektet började med att vi undersökte de gener som är kända från ärftliga feokromocytom 
och paragangliom i den sporadiska formen av sjukdomen. Resultaten visade att flera av dessa 
gener också är förändrade i de sporadiska tumörerna. Förändringarna var förvärvade, d.v.s. de 
förekom i tumörernas DNA men inte i patienternas normala DNA. Vårt viktigaste fynd var att 
genen NF1, som tidigare inte misstänkts i de sporadiska tumörerna, var muterad i mer än 
20l% av fallen. Genen har en viktig reglerande roll när det gäller att hindra celler från att dela 
sig, men denna funktion förstörs då genen muteras. Vi hittade även genetiska förändringar i 
en annan gen, som har en viktig roll i cellernas svar på syrebrist. Det visade sig att tumörer 
med dessa mutationer molekylärbiologiskt tillhör en annan grupp än de med NF1-mutationer, 
vilket kanske kan komma att ha betydelse för behandlingen av patienterna. I nästa steg satte vi 
upp en ny typ av DNA-sekvenseringsteknik för att undersöka ett stort antal tumörer. Vi fann 
att cirka hälften av tumörerna har mutationer i någon av de kända generna, samt att den nya 
tekniken kan vara lovande för snabb och kostnadseffektiv klinisk genetisk testning. Några av 
fallen som verkar vara sporadiska visade sig i själva verket ha ärftliga mutationer. Att hitta 
sådana fall kan vara av stor vikt, dels för att kunna ge rätt behandling och upptäcka tumörer 
tidigt, och dels för att kunna identifiera släktingar som riskerar att drabbas. I den sista delen 
av projektet var målet att söka efter nya gener som är inblandade i de tumörer som man hittills 
inte vet någonting om. Vi använde en ny teknik för att undersöka de kodande delarna av alla 
mänskliga gener och hittade då förändringar i en för sjukdomen helt ny gen, i vilken 
mutationer tidigare bara setts i ett fåtal hjärntumörer. Tillsammans har resultaten från dessa 
studier gett oss en ökad förståelse för hur feokromocytom och paragangliom uppstår, och 
förhoppningsvis kan detta bidra till utvecklingen av framtida behandlingsmetoder.  
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2. LIST OF ABBRIVIATIONS 
 
AKT – RAC-alpha serine/threonine-protein kinase 

BRCA1 – Breast cancer 1, early onset 

cDNA – Complementary deoxyribonucleic acid 

CpG – Cytosine-phosphate-Guanine 

ddNTP – Di-deoxynycleosidetriphosphate  

DNA – Deoxyribonucleic acid 

dNTP – Deoxynucleosidetriphosphate 

E. coli – Escherichia coli  

EGLN – Egl nine homolog 

FGF – Fibroblast growth factor  

FGFR – Fibroblast growth factor receptor 

FH – Fumarate hydratase 

FRS2 – Fibroblast growth factor receptor substrate 2 

GISTs – Gastrointestinal stromal tumors 

HIF – Hypoxia-inducible factor 

IDH – Isocitrate dehydrogenase 

KIF1B – Kinesin family member 1B 

LOH – Loss of heterozygosity 

MAD – Max dimerization protein 1 

MAPK – Mitogen-activated protein kinase 

MAX – Myc-associated factor X 

MEK – Dual specificity mitogen-activated protein kinase kinase 

MEN1 – Multiple endocrine neoplasia type 1 

MEN2 – Multiple endocrine neoplasia type 2 

mRNA – Messenger ribonucleic acid 

mTOR – Mechanistic target of rapamycin/mammalian target of rapamycin 

MXD1 – Max dimerization protein 1 

MYC – Myc proto-oncogene protein 

NF1 – Neurofibromatosis type 1 

PCR – Polymerase chain reaction 

PGL 1-4 – Familial pheochromocytoma and paraganglioma syndrome 1-4 

PHD – Prolyl hydroxylase domain-containing protein 
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PI3K – Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PNMT – Phenylethanolamine N-methyltransferase 

RAF – Raf (rapidly accelerated fibrosarcoma) proto-oncogene serine/threonine-protein kinase 

RAS – GTPase Ras (rat sarcoma) 

RET – Proto-oncogene tyrosine-protein kinase receptor Ret (rearranged during transcription) 

RNA – Ribonucleic acid 

SDH – Succinate dehydrogenase 

SDHx – SDHA, SDHB, SDHC, SDHD and SDHAF2 

SNP – Single nucleotide polymorphism 

TERT – Telomerase reverse transcriptase 

TET – Ten-eleven translocation methylcytosine dioxygenase  

TMEM127 – Transmembrane protein 127 

VEGFA – Vascular endothelial growth factor A 

VHL – Von Hippel-Lindau disease 

WHO – World Health Organization 

X-gal – 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside  
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3. BACKGROUND 
 

3.1. Cancer – a disease of the genome 
Cancer is the result of a multistep process, in which somatic cells acquire the ability of 
uncontrolled reproduction through successive genetic and epigenetic alterations1. Normally, 
cells in a multicellular organism are strictly regulated by extracellular signals that direct them 
to grow, divide, differentiate or die depending of the needs of the whole organism. A random 
mutation that disturbs these control mechanisms may give a cell a selective advantage that 
allows it to survive better and proliferate faster than its neighbours. In consistency with 
Darwinian evolution principles, such a mutation will be favoured in the natural selection, 
enabling cells that carry the mutation to eventually dominate the local tissue environment. To 
prevent mutant clones from growing at the expense of their neighbours and eventually kill the 
organism; the body has several complementary defence mechanisms. Tumor development 
therefore generally requires alterations in many different control functions and can be seen as 
a microevolutionary process that occurs during several years or decades. The occurrence of 
random mutations cannot be avoided, but the process can be affected by environmental 
factors that may differ between different tumor forms. For example, it can be accelerated by 
exposure to radiation or carcinogenic chemicals that induce DNA damage. Individuals may 
also have a hereditary predisposition, i.e. inherited genetic variants that increase the risk of 
developing tumors in certain tissues. 
 
There are several characteristics that distinguish tumor cells from normal cells. These have 
been referred to as hallmarks of cancer2, 3, and include the abilities to sustain proliferative 
signaling, evade growth suppressors, resist cell death, enable unlimited replication and induce 
angiogenesis. For a benign tumor to turn into a malignancy, a cancer, the cells also need to 
acquire the ability to invade surrounding tissue. This allows them to enter the blood or 
lymphatic systems and to form secondary tumors, called metastases, in distant tissues of the 
body. The acquirement of the above alterations can be accelerated by genome instability, 
which is a common characteristic of several human tumor forms. For example, tumor cells 
often have a high mutation rate caused by alterations in DNA repair mechanisms, or an 
inability to maintain the number or integrity of their chromosomes. Inflammation is another 
factor which can promote tumor growth by contributing to the acquirement of cancer 
hallmarks, for example by supplying growth factors. Two additional capabilities that have 
recently been suggested as cancer hallmarks are the ability to evade destruction by the 
immune system and the ability to reprogram the cellular energy metabolism3. The latter 
characteristic was originally indicated many decades ago, when Otto Warburg observed that 
cancer cells can limit their energy metabolism largely to glycolysis even in the presence of 
oxygen4 (a switch referred to as the Warburg effect), as has also been documented by a high 
glucose uptake by many human tumor types3. 
 
When somatic alterations accumulate in tumor cells, multiple alterations also occur that do 
not have any driving role in the tumor development; these are called passenger mutations. The 
genetic changes that do contribute to tumorigenesis, the driver events, target two main classes 
of genes: proto-oncogenes that have normal functions that promote cell survival, growth and 
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proliferation; and tumor suppressor genes which have normal functions that counteract the 
same processes. A gain-of-function mutation that causes overactivation or overexpression of 
one copy of a proto-oncogene has a dominant growth-promoting effect on the cell. In contrast, 
both copies of a tumor suppressor gene normally need to be inactivated before any tumor-
promoting effect is seen5, 6. Common genetic alterations in tumor cells include point 
mutations (including missense, nonsense, frameshift and splice-site mutations), ampli-
fications, deletions and other structural events such as translocations. In addition to changes in 
the DNA sequence, epigenetic alterations such as DNA methylation and histone modifications 
also play an important role in tumor development7, 8. For example, methylation of gene 
promoters is associated with gene silencing and is commonly observed in tumor suppressor 
genes.   
 

3.2. Pheochromocytoma and paraganglioma 
Pheochromocytomas and paragangliomas are tumors that arise from the neuroendocrine cells 
of the adrenal medulla and the extra-adrenal paraganglia, respectively. These cells have their 
origin in the embryonic neural crest, which also gives rise to neurons and glial cells of the 
peripheral, autonomic and enteric nervous systems as well as to melanocytes9. As defined by 
the World Health Organization (WHO), a pheochromocytoma is a tumor of the chromaffin 
cells of the adrenal medulla10. The normal function of these cells is to synthesize and secrete 
catecholamines, mainly epinephrine (adrenaline) and norepinephrine (noradrenaline) to the 
bloodstream in response to stimulation by nerve impulses, as a part of the body’s fight-or-
flight response. The name pheochromocytoma, which in Greek means “dark-colored-tumor”, 
was derived from a color change of the tissue when stained with chromium salts. The extra-
adrenal counterparts of pheochromocytomas, which are more rare, are called paragangliomas 
and have their origin in the paraganglia. Paraganglia are small organs of neuroendocrine cells 
that can be divided into two types10, 11. Sympathetic paraganglia, consisting of chromaffin 
cells like the adrenal medulla, are associated with the sympathetic nervous system, lie in the 
pelvis, abdomen or chest (Figure 1) and can secrete catecholamines in response to neural 
stimulation. Parasympathetic paraganglia are histologically similar but are located along 
nerves of the parasympathetic nervous system in the head and neck regions (Figure 1). They 
consist of clusters of glomus cells, which are cells that have a chemoreceptor role and are 
involved in regulating the body’s cardiac, vascular and respiratory responses to oxygen 
pressure11, 12. 
 
Pheochromocytomas and sympathetic paragangliomas often produce abnormally high 
amounts of epinephrine and/or norepinephrine and cause elevated blood pressure, 
hypertension13. The symptoms are typically recurring episodes of headache, palpitations and 
sweating, and may also include anxiety, nausea, pallor, tremors and chest or abdominal pain. 
In some cases, the tumors may cause severe and potentially life-threatening cardiovascular 
and neurological complications such as shock, heart failure, seizures and stroke14-16. 
Parasympathetic paragangliomas do usually not secrete catecholamines and many patients are 
therefore without symptoms17, 18, but, depending on the site, the space occupied by the tumors 
may cause symptoms such as pain, hearing disturbances and hoarseness10.  
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Pheochromocytomas and paragangliomas are rare tumors with an estimated life-time 
prevalence of between 1:6500 and 1:250019. Autopsy studies have revealed a higher 
prevalence of about 1:2000, suggesting that many tumors remain undiagnosed, and may have 
contributed to the death of the patients20, 21. The tumors can occur in all ages but have the 
highest incidence between the ages of 40-60 years, and are approximately equally common in 
men and women17, 22. The majority of pheochromocytomas and paragangliomas are benign, 
but about 10-15% are malignant and can develop metastases to unrelated tissue such as bone, 
liver, lungs and lymph nodes23. WHO has defined malignancy in pheochromocytomas and 
paragangliomas as the presence of distant metastases, and local invasion is thus not sufficient 
to call a tumor malignant10. There are currently no histological or molecular markers to 
predict malignancy in pheochromocytomas and paragangliomas24, except for the presence of a 
germline mutation in the SDHB gene which increases the risk25. The prognosis of malignant 
tumors is poor, with a 5-year mortality rate of approximately 50%24, 26. There is no curative 
treatment, though surgery, chemotherapy and radiotherapy are beneficial in some patients. 
However, thanks to the increasing knowledge of the molecular mechanisms involved in the 
tumors, new targeted therapies are now under development and testing24, 27.

Figure 1. Anatomical distribution of human paraganglia, which consist of neuroendocrine 
cells derived from the embryonic neural crest. Pheochromocytomas arise in the medulla of 
the adrenal gland. Sympathetic paragangliomas arise along the sympathetic chains of the 
chest, abdomen and pelvis, whereas parasympathetic paragangliomas arise along the 
parasympathetic nerves in the head and neck regions. The figure has been adapted from Lips 
et al., 200628 with permission.

3.2.1. Hereditary predisposition

Historically, about 10% of pheochromocytomas and paragangliomas were known to be 
associated with hereditary tumor syndromes, mainly multiple endocrine neoplasia type 2 
(MEN2), von Hippel-Lindau-disease (VHL) and neurofibromatosis type 1 (NF1)29. During 
the last 15 years, starting with the identification of succinate dehydrogenase (SDH) mutations 
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in year 200030, it has been revealed that more than a third of the tumors are in fact caused by 
germline mutations23. This makes them the human neoplasms with the highest degree of 
heritability. We now know that there are at least a dozen different susceptibility genes, which 
are briefly described below (previously reviewed in more detail by the author and colleagues31 
and by others23, 27). The genes and syndromes are summarized in Table 1. 
 
RET 
The RET gene is a proto-oncogene encoding a transmembrane receptor tyrosine kinase32. The 
RET protein is required for normal development and maturation, but it is also important in the 
maintenance of several tissues and is found in many neural crest-derived cells. RET is 
normally activated through binding of one of its ligands (proteins from the glial cell line-
derived neurotrophic factor family), which induces dimerization and autophosphorylation. 
This leads to activation of multiple downstream pathways, including the RAS/RAF/MAPK 
and PI3K/AKT pathways32-35 (further discussed in section 3.4). Gain-of-function mutations in 
RET is the genetic cause of the MEN2 syndrome, which is an autosomal dominantly inherited 
disorder characterized by medullary thyroid carcinoma and often also pheochromocytoma36. 
Inactivating mutations in RET instead predispose for Hirchsprung disease. 
 
VHL 
VHL is a tumor suppressor gene which is involved in oxygen-dependent regulation of 
hypoxia-inducible factor (HIF) as part of the E3 ubiquitin ligase complex37, 38 (further 
discussed in section 3.3). Germline inactivating mutations in VHL result in the tumor 
syndrome VHL. It is an autosomal dominantly inherited disease which is characterized by 
several different tumor forms, including clear cell renal carcinomas, pheochromocytomas/ 
paragangliomas, hemangioblastomas, pancreatic islet cell tumors and lymphatic sac tumors39. 
Pheochromocytomas occur in about 10-30% of the cases, but the risk varies between different 
families. 
 
NF1 
The NF1 gene encodes the tumor suppressor neurofibromin which is expressed in many cell 
types, but most highly in the cells of the nervous system40, 41. It promotes the conversion of 
RAS into its inactive form and thereby suppresses cell proliferation by inhibiting the 
RAS/RAF/MAPK signaling cascade42, 43. It has also been shown to inhibit PI3K/AKT/mTOR 
signaling via its suppression of RAS44, 45. Inactivating mutations in NF1 cause NF1 syndrome, 
also called von Recklinghausen’s disease40. It is inherited as an autosomal dominant disease, 
but about half of the patients have de novo mutations since the large NF1 gene has one of the 
highest spontaneous mutation rates in the human genome. The diagnosis criteria for NF1 
include neurofibromas, café au lait patches, skin fold freckling, iris Lish nodules, optic 
pathway gliomas and bone dysplasia. The patients are also predisposed to develop malignant 
peripheral nerve sheath tumors, other gliomas and cognitive impairment. Pheochromocytoma 
and paraganglioma are not among the most common manifestations (occurring only in 0.1-
5.7% of the patients46) but are considerably more common than in the general population. Due 
to the typical and early symptoms, NF1 is usually diagnosed in childhood and genetic testing 
is normally not required40. 
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SDHx  
SDH is an enzyme complex which is also known as mitochondrial complex II47. It is involved 
in the tricarboxylic acid cycle, where it catalyzes the oxidation of succinate to fumarate, and 
also in the respiratory electron transfer chain, where it transfers electrons to coenzyme Q. 
SDH consists of four subunits which are all encoded by the nuclear genome: SDHA, SDHB, 
SDHC and SDHD. SDHA functions as part of the catalytic domain. SDHB forms the other 
part of the catalytic domain and also constitutes an interface with the membrane anchor. The 
anchor is built up of the two hydrophobic proteins SDHC and SDHD, which attach the 
complex to the mitochondrial inner membrane. The complex has been shown to have a tumor 
suppressor role, and inactivating germline mutations in the encoding genes cause syndromes 
of familial pheochromocytoma and paraganglioma termed PGL 1-4. This was first discovered 
for SDHD30 followed by SDHC48 and SDHB49, in which mutations were shown to cause the 
syndromes PGL1, PGL3 and PGL4, respectively. Later on it was revealed that mutations in 
SDHAF2, encoding a cofactor required for the assembly of the complex, were responsible for 
the PGL2 syndrome50. The syndromes are inherited in an autosomal dominant manner but 
PGL1 and PGL2 are almost exclusively passed on from fathers, suggesting that SDHD and 
SDHAF2 are maternally imprinted51, 52. Most recently it was discovered that the fourth subunit 
of the complex, SDHA, is also involved in pheochromocytoma and paraganglioma, although 
the penetrance of the disease appears to be lower for mutations in SDHA than in the other 
genes53. Inactivation of any of the different SDHx genes has been shown to abolish the SDH 
enzyme activity54, 55 and lead to an absence of the SDHB protein, as can be detected by 
immunohistochemistry of the tumor tissue56-58. A recent study also demonstrated that SDHx-
mutated tumors can be distinguished from other tumors by their high succinate:fumarate 
ratios59. Apart from pheochromocytomas and paragangliomas, mutations in the different 
SDHx genes have been shown to be involved in some other tumor forms (sometimes co-
occurring with pheochromocytoma/paraganglioma), including renal cell carcinoma60, thyroid 
carcinoma60,  pituitary adenoma61, 62 and gastrointestinal stromal tumors (GISTs)63, 64. The 
SDHB gene is of special interest since patients with SDHB mutations have a considerably 
higher risk of developing metastases, and hence a much worse prognosis, than other 
pheochromocytoma and paraganglioma patients25. The mechanisms behind this are still 
largely unknown, but epigenetic reprogramming (further discussed in section 3.2.3) may 
constitute part of the explanation65. 
 
TMEM127 
The TMEM127 gene encodes a transmembrane protein that has been demonstrated to function 
as a tumor suppressor and a negative regulator of mTOR as well as a pheochromocytoma 
susceptibility gene66. Subsequent studies showed that germline TMEM127 mutations are 
present in about 1-2% of pheochromocytomas and paragangliomas without known mutations 
in other susceptibility genes67, 68. They occur predominantly in pheochromocytomas and only 
rarely in paragangliomas69. In a large family, pheochromocytomas occurred in 32% of the 
individuals who carried TMEM127 mutations70. TMEM127 mutations have also been 
identified in patients with renal cell carcinoma71. 
 
MAX 
MAX is a transcription factor that plays an important role in regulation of cell proliferation, 
differentiation and death in the MYC/MAX/MXD1 network, which is involved in the 
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development of several cancers72. Heterodimerization of MAX with MYC family members 
results in sequence-specific DNA-binding complexes that act as transcriptional activators of 
genes that promote growth and proliferation. Heterodimers of MAX with MXD1 (also known 
as MAD) antagonize MYC-MAX function by repressing transcription of the same target 
genes. PC12 cells, which are derived from a rat pheochromocytoma73, have been observed to 
only express a mutant form of MAX74. Reintroduction of normal MAX inhibited growth, 
suggesting that MAX might work as a tumor suppressor. This was confirmed many years later 
when inactivating germline mutations were discovered in pheochromocytomas75. A large 
subsequent study established that germline MAX mutations are responsible for just over 1% of 
pheochromocytomas/paragangliomas that lack mutations in other susceptibility genes76. MAX 
mutations have been observed both in cases with and without family history of 
pheochromocytoma and the prevalence is thus unknown75, 76. So far, no other tumor forms are 
known to be associated with MAX mutations. 
 
EPAS1 
The EPAS1 gene encodes HIF-2α which, like HIF-1α, is a transcription factor involved in the 
cellular hypoxic response77, 78. Germline EPAS1 mutations have been found in rare patients 
with polycythemia, a disease state characterized by an abnormal increase in the concentration 
of red blood cells79. In rare cases such patients may also have mutations in VHL and EGLN1, 
which are also involved in the hypoxic response. In 2012, it was discovered that gain-of-
function mutations in EPAS1 are the cause of a syndrome characterized by both polycythemia 
and paraganglioma, thus presenting the first evidence of EPAS1 as a proto-oncogene80. The 
mutations were somatic and not present in the germline, but they are thought to occur during 
early development and thereby cause mosaicism for the mutation in the adult81, 82. A 
subsequent study revealed a germline EPAS1 mutation in a patient with polycythemia and 
paraganglioma83. Both this and the previously identified somatic mutations were 
demonstrated to increase the stability of HIF-2α, and another study showed that EPAS1 
mutations promote tumor growth in mice84. So far, all the identified somatic mutations 
occurred in or in close vicinity of Pro531 in exon 12, which is the primary hydroxylation site 
of HIF-2α78. In contrast, the germline mutation occurred in exon 9, closer to Pro405 which is 
the second of the two hydroxylation sites. In addition to polycythemia and paragangliomas, 
some EPAS1 patients also have somatostatinomas, which are rare tumors of the pancreas85. 
 
FH 
In 2013, a germline mutation was for the first time identified in the FH gene in a 
pheochromocytoma patient65. The mutation was coupled with a somatic mutation in the other 
allele in the tumor, in agreement with a tumor suppressor role. FH encodes fumarate 
hydratase, another enzyme in the tricarboxylic acid cycle which catalyzes the conversion of 
fumarate to malate. Germline FH mutations that reduce the fumarate hydratase activity are 
since previously known to predispose to smooth muscle tumors of the uterus and the skin and 
to papillary renal cell cancer86. Additional such mutations were later found in about 0.8% of 
pheochromocytoma/paraganglioma patients without other susceptibility gene mutations, 
including one patient who also had uterine tumors87. Though rare, mutations in FH may be of 
prognostic significance as they appear to confer a high risk for metastases similar to that of 
SDHB mutations. 
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EGLN1 and EGLN2 
The EGLN1 gene has been implicated in a few cases of paraganglioma. It encodes the protein 
EGLN1, also known as PHD2, which is a prolyl hydroxylase that catalyzes the proline 
hydroxylation of HIF-α37. EGLN2 and EGLN3 (also known as PHD1 and PHD3) are other 
HIF prolyl hydroxylases, but EGLN1 appears to be the main enzyme under conditions of 
normal oxygen levels88. Germline mutations in EGLN1 had previously been reported in 
polycythemia, but not in association with tumors89. In 2008 a germline EGLN1 mutation was 
identified in a patient with polycythemia and recurrent paraganglioma, with loss of the wild-
type allele in the tumors suggesting a tumor suppressor role90. No mutations in EGLN1, 
EGLN2 or EGLN3 were detected in a subsequent study of 82 paraganglioma patients91 so the 
prevalence of EGLN mutations remains unknown. However, interestingly, a recent study of 
patients with polycythemia and multiple pheochromocytomas and paragangliomas reported an 
additional novel germline EGLN1 mutation in one patient and, for the first time, a germline 
EGLN2 mutation in another patient92. 
 
KIF1Bβ 
In a few cases, germline mutations in the gene KIF1B have been indentified in 
pheochromocytomas93, 94, but so far the prevalence of KIF1B mutations in pheochromo-
cytoma/paraganglioma patients is unknown. The gene has two splice variants, KIF1Bα and 
KIF1Bβ, which encode kinesins that share a common region but have different cargo domains 
for transporting mitochondria and synaptic vesicle precursors, respectively95, 96. KIF1Bβ is the 
splice variant that has been associated with pheochromocytoma and also with neuroblastoma, 
a childhood cancer that arises from immature neural crest-derived cells93, 94. Studies indicate 
that KIF1Bβ is a tumor suppressor which is necessary for neuronal apoptosis during 
embryogenesis93, 97. One model proposes that mutations in KIF1Bβ as well as other 
pheochromocytoma- and paraganglioma-related genes allow neuronal progenitor cells to 
escape from neuronal apoptosis (which otherwise occurs during early development when 
nerve growth factor becomes limiting), and that these cells are capable of forming neural 
crest-derived tumors later in life93, 98, 99. 
 
Other susceptibility genes 
One study has reported a germline inactivating mutation in BAP1 in a family with uveal and 
cutaneous malignant melanoma and, in one patient, a paraganglioma100. BAP1 encodes a 
tumor suppressor called BRCA1-associated protein 1, which is a deubiquitinating enzyme that 
binds to BRCA1101. Germline BAP1 mutations have previously been identified in families 
with uveal and cutaneous malignant melanoma and mesothelioma102-104. It is unclear whether 
the BAP1 mutation was contributing to the paraganglioma development in the case mentioned 
above, but loss of the wild-type allele in the tumor may support its involvement100.    
 
Pheochromocytomas have also been reported in rare patients with multiple endocrine 
neoplasia type 1, caused by mutations in the MEN1 gene, but it is still unknown whether any 
causative association exists105. 
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Table 1. Summary of the clinical presentation for pheochromocytomas and paragangliomas 
associated with known germline mutations.  
 

 
The statistics were summarized from the papers reviewed herein and in previously published reviews23, 31.  
Pheo, Pheochromocytoma; Para, Paraganglioma; U, unknown; GISTs, Gastrointestinal stromal tumors. 
aOnly a few germline mutations have been reported; the syndrome is more commonly caused by somatic 
mutations that arise early in embryogenesis. bOnly 2-3 patients with mutations have been reported. cValid only 
for paternally inherited mutations, penetrance after maternal transmission is approximately 0, putatively due to 
maternal imprinting. dThe risk appears to be high (~50% of published cases) but the number of reported cases is 
still low.  

 

3.2.2. Sporadic tumors 
Sporadic pheochromocytomas and paragangliomas are generally characterized by a somewhat 
higher age of onset and a lower rate of multiple tumors than the familial cases31. In patients 
with negative family history, the frequency of germline mutations has been reported to be 
between 5% and 24%, but closer to the lower number in patients without any syndromic 
features and with only a single tumor106-111.  

Gene  Syndrome Propor-
tion of all 
pheo/para 
cases [%] 

Penetrance 
of pheo/ 
para [%] 

Common 
presentation 

Risk of 
malignancy 
(metastasis) 

Other conditions 
associated with 
mutations 

RET MEN2 5.3 ~ 50 Pheo, multiple Low Medullary thyroid 
carcinoma,  
hyperparathyroidism 

VHL VHL 9.0 10-30  Pheo > Para, 
multiple 

Low Renal cell carcinoma 
and  hemangioblast-
omas, among others 

NF1 NF1 2.9 0.1-5.7 Pheo, single Moderate Neurofibromas and 
gliomas, among 
others 

SDHD PGL1 7.1 ~ 86c   Para > Pheo, 
multiple 

Low GISTs and pituitary 
adenomas 

SDHAF2 PGL2 < 1 ~ 100c Para, multiple U None reported 
 

SDHC PGL3 < 1 U Para, multiple Low GISTs 
 

SDHB PGL4 5.5 77    Para > Pheo, 
multiple 

High GISTs and renal cell 
carcinoma 

SDHA PGL5  < 3 U Para > Pheo, 
single 

U GISTs 

TMEM127 - 1-2 ~ 32 Pheo, single/ 
multiple 

Low Renal cell carcinoma 

MAX - 1-2 U Pheo > Para, 
single/multiple 

U None reported 

EPAS1a  < 1 U 
 

Para > Pheo, 
multiple 

U Polycythemia and 
somatostatinomas 

FH - < 1 U Pheo and Para, 
multiple 

Highd Uterine and skin 
leiomyomata, 
papillary renal cell 
cancer 

EGLN1b - < 1 U Pheo and Para, 
multiple 

U Polycythemiab 

KIF1Bβb - < 1 U Pheo, multiple U Neuroblastomab 
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Although the proportion of pheochromocytomas and paragangliomas associated with a known 
germline mutation and/or syndrome has been growing with the discovery of new genes during 
the recent years, the majority of the tumors are still apparently sporadic, i.e. non-familial and 
without syndromic features or known germline mutations. While the familial pheochromo-
cytomas and paragangliomas are becoming increasingly well defined, less has been found 
regarding the genetics of the sporadic tumors, and this was especially the case at the time 
when this thesis project was initialized in 2010. However, a known feature of both the familial 
and sporadic tumors is their chromosomal instability, with many large gains and losses112-114. 
For example, somatic loss of the chromosome arms 1p and 3q are very common in sporadic 
pheochromocytoma, but it is not yet known whether specific tumor suppressor genes in the 
regions are involved in the pathogenesis. 
 
Somatic mutations in any of the known susceptibility genes have, until recently, been thought 
to be rare in the sporadic tumors, only occurring in a few percent of the cases29, 115-117. A later 
study indicated that somatic VHL and RET mutations were somewhat more common than 
previously thought118, but studies of somatic mutations were still lacking for the more recently 
discovered genes as well as for the very large NF1 gene.  
 
After the findings of EPAS1 mutations in patients with polycythemia and paraganglioma, 
subsequent studies identified somatic EPAS1 mutations also in some patients with sporadic 
pheochromocytoma or paraganglioma but without polycythemia84, 119, 120.  
 
In 2013, somatic activating mutations in HRAS were found in about 7% of sporadic 
pheochromocytomas and paragangliomas121. Hence, HRAS represents the first gene with 
recurrent somatic mutations that has not been associated with hereditary pheochromocytoma. 
RAS proteins are encoded by the three oncogenes HRAS, KRAS and NRAS and constitute 
components of signaling pathways that start from cell surface receptors122 (further discussed 
in section 3.4). Activating mutations occur in specific residues and are common in a variety of 
human cancers. The three different genes are mutated to different extent in different tumor 
types. For example, HRAS mutations have been associated with tumors of the skin whereas 
KRAS mutations are associated with colorectal tumors and NRAS mutations are common in 
haematopoetic malignancies. A later study performed mutation analysis of HRAS, KRAS and 
NRAS and found HRAS mutations in 10% of sporadic pheochromocytomas, but no association 
with specific clinical features and no mutations in the other two genes123. One study has 
reported somatic mutations in KRAS in pheochromocytomas, but the results have not been 
replicated124. 
 
In a single case, a somatic mutation in the IDH1 gene has been detected in a sporadic 
paraganglioma125. IDH1 encodes isocitrate dehydrogenase type 1, which, like succinate 
dehydrogenase and fumarate hydratase, is a tricarboxylic acid cycle enzyme. Isocitrate 
dehydrogenase catalyzes the oxidative decarboxylation of isocitrate to α-ketoglutarate. 
Mutations in IDH1 are common in gliomas126, 127 and also occur in some other cancers128. 
 
Recently, the TERT gene was revealed to be involved in a small proportion of 
pheochromocytomas and paragangliomas129. Out of 105 pheochromocytomas and 13 
paragangliomas, somatic hotspot TERT promoter mutations were found in one benign 
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pheochromocytoma and one metastatic paraganglioma. The gene encodes human telomerase 
reverse transcriptase, the catalytic subunit of telomerase that maintains genomic integrity 
through telomere elongation, and it is often upregulated in cancer130. Activating hotspot 
mutations in the TERT promoter have recently been described in several human tumor forms, 
with the first discoveries being in melanomas131, 132. 
 
Taken together, our knowledge of sporadic pheochromocytoma and paraganglioma has 
greatly advanced during the last few years133. Still, about half of the sporadic tumors remain 
without any known genetic driver event134, 135. The total mutation load in pheochromocytomas 
and paragangliomas is also largely unknown, as well as whether driver alterations in different 
genes may co-occur and collectively contribute to the tumorigenesis23.  
 

3.2.3. Hormone profiles, gene expression and epigenetics 
Depending on their genetic background, hereditary pheochromocytomas and paragangliomas 
are known to show differences in the catecholamines they secrete136. Whereas there are no 
obvious differences in the patients’ levels of norepinephrine, epinephrine levels are strongly 
increased in patients with MEN2 and NF1, but low in patients with VHL or SDHx mutations. 
In addition, many patients with SDHx mutations have increased levels of dopamine, which are 
more rare in VHL, MEN2 and NF1 patients. Together with age, tumor location, malignancy 
and the number of tumors, the secretory phenotype (especially the levels of epinephrine) can 
be useful for prioritizing the order of genetic testing, as is also recommended in the current 
clinical practice guidelines from the Endocrine society137.  
 
Studies of genome-wide mRNA gene expression have revealed that pheochromocytomas and 
paragangliomas cluster into two groups based on their transcription profiles118, 138-141. VHL- 
and SDHx-mutated tumors form one cluster (cluster 1), which is enriched for genes involved 
in the hypoxic response and angiogenesis. In contrast, RET- and NF1-mutated tumors form 
another cluster (cluster 2) which displays a transcription signature that is associated with 
activation of kinase signaling and neuroendocrine differentiation. In agreement with the 
higher levels of epinephrine in MEN2 and NF1 patients, PNMT is one of the genes that has 
been shown to be overexpressed in cluster 2 tumors118, 138. The PNMT gene encodes the 
enzyme phenylethanolamine N-methyltransferase, which catalyzes the methylation of 
norepinephrine to form epinephrine138. When studying the more recently discovered 
susceptibility genes, tumors with mutations in KIF1Bβ94, TMEM12766, 142 and MAX75 were all 
observed to cluster with the RET/NF1 group, whereas SDHAF2143,  SDHA53 and FH65 belong 
to the SDH/VHL cluster as would be expected. Sporadic tumors are represented in both 
clusters instead of forming clusters of their own, indicating that similar molecular 
mechanisms are involved. A recent study showed that expression profiling of microRNAs 
(which are small non-coding RNA molecules with important roles in modulating gene 
expression144), also successfully classifies pheochromocytomas and paragangliomas into one 
VHL/SDHx cluster and one RET/NF1/TMEM127/MAX cluster145. 
 
Hypermethylation of different genes has also been suggested to play a role in 
pheochromocytoma and paraganglioma development146-149. In 2013, it was revealed that 
tumors with SDHx mutations display genome-wide hypermethylation compared to other 
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tumors65. The first discovered tumor with FH mutations also had a similar hypermethylator 
phenotype. The highest degree of hypermethylation occurred in tumors with SDHB mutations, 
and this may constitute part of the explanation for their high risk of malignancy. It was shown 
that succinate accumulation due to SDHx mutations inhibited the ten-eleven translocation 
methylcytosine dioxygenase (TET) enzymes, which catalyze α-ketoglutarate-dependent de-
methylation. Fumarate accumulation due to FH mutations is thought to have the same effect65, 

87. The mechanism is similar to the epigenetic reprogramming that takes place in gliomas, 
where oncogenic mutations in IDH1 or IDH2 instead cause inhibition of the demethylation by 
promoting production of 2-hydroxyglutarate from α-ketoglutarate 150, 151. In all the cases, the 
inhibited demethylation is suggested to cause a high abundance of DNA methylation with the 
associated deregulation of multiple genes151, 152. 
  

3.3. The hypoxic response 
Tumors belonging to cluster 1 have the common feature of activation of hypoxia-inducible 
factors (HIFs), which is a consequence of both VHL and SDH inactivation. HIFs are 
sequence-specific DNA-binding transcription factors that activate several genes that promote 
adaptation and survival under conditions of hypoxia, i.e. reduced oxygen levels77, 153. Active 
HIF is a heterodimer which consists of one α and one β subunit. The β subunit, HIF-1β or aryl 
hydrocarbon receptor nuclear translocator, is stably expressed, and HIF activity is therefore 
mainly regulated by the levels of HIF-α. There are three human HIF-α proteins: HIF-1α, HIF-
2α and HIF-3α. HIF-1α is expressed in nearly all cell types78, whereas HIF-2α is mainly 
expressed in endothelium, heart, lung, kidney, gastrointestinal epithelium and neural crest-
derived cells154, 155. HIF-3α is only expressed in a few organs including the thymus, the 
corneal epithelium of the eye and the Purkinje neurons of the cerebellum155, 156. Currently, 
little is known regarding HIF-3α, whereas HIF-1α and HIF-2α (hereafter together referred to 
as HIF-α) are more well-characterized. During normal oxygen levels, HIF-α is hydroxylated 
at two proline residues by prolyl hydroxylases, which are members of the EGLN/PHD 
family77 (Figure 2). The hydroxylation allows HIF-α to be recognized by the E3 ubiquitin 
ligase complex, which the VHL protein is a part of. This complex ubiquitinates HIF-α, and 
thereby targets it for degradation by the 26S proteasome. Since the hydroxylation reaction is 
dependent on molecular oxygen, it is reduced at low oxygen levels, which results in 
stabilization of HIF-α and subsequent transcription of a variety of genes involved in 
angiogenesis, energy metabolism, survival and growth. HIF activation is also well-known to 
be involved in tumorigenesis and cancer progression37, 157, 158. 
 
If VHL is inactivated by a mutation, HIF-α cannot be ubiquitinated and is thus allowed to 
accumulate and activate transcription regardless of the oxygen levels, a condition that is 
known as pseudohypoxia38, 159. Inactivation of the SDH complex also leads to a pseudo-
hypoxic response since dysfunction of its catalytic activity causes an accumulation of 
succinate159. The succinate can diffuse out from the mitochondrion to the cytosol and has been 
shown to be a competitive inhibitor of EGLN by blocking the binding site of α-
ketoglutarate160. The EGLN enzyme activity is thus inhibited, resulting in HIF-α stabilization 
and activation161. In a similar way, the prolyl hydroxylation may be inhibited by fumarate 
accumulation due to FH mutations, as has previously been shown in renal cancer162. 
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Figure 2. HIF-α regulation and the hypoxic response. EGLN prolyl hydroxylases catalyze the 
hydroxylation of HIF-α at two proline residues. The hydroxylation allows HIF-α to be 
recognized and ubiquitinated by the VHL E3 ubiquitin ligase complex, which targets it for 
proteasome-mediated degradation. During hypoxia, the hydroxylation is reduced and HIF-α 
is allowed to accumulate and promote transcription. If components in the machinery are 
inactivated, e.g. by mutations, an aberrant stabilization of HIF-α may occur that is 
independent of the oxygen levels, a process that is termed pseudohypoxia. HIF-α here refers 
to both HIF-1α and HIF-2α, which are regulated by the same mechanism through 
homologous hydroxylation sites. Proteins indicated with blue color have been found to carry 
mutations in subsets of pheochromocytomas and paragangliomas, including HIF-2α itself.
The figure is an updated version of a previously published figure (Welander et al., 201131).

HIF-1α and HIF-2α have both shared and separate target genes and functions78, 155, and can 
even have some opposing effects163, but their individual roles in pheochromocytomas and 
paragangliomas have been unclear. Both proteins have been found to be upregulated in VHL-
and SDHx-mutated pheochromocytomas and paragangliomas54, 140, 163, 164. Whereas the role of 
HIF-1α remains elusive, definitive evidence of the importance of HIF-2α was presented when 
gain-of-function mutations in its gene, EPAS1, were discovered in paragangliomas80. The 
mutations occur in or close to one of the two hydroxylation residues. This allows HIF-2α to 
avoid hydroxylation and thereby also to escape ubiquitination and degradation.
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3.4. The RAS/RAF/MAPK and PI3K/AKT signaling pathways

In the tumors of cluster 2, the affected genes are linked by their association with kinase signal 
transduction pathways. Both oncogenic activation of RET33-35 and inactivation of 
neurofibromin42-45 is known to result in activation of the RAS/RAF/MAPK and PI3K/AKT 
cascades, which are sometimes interconnected via RAS (Figure 3). Both signaling pathways 
promote cell proliferation, growth and survival and are frequently dysregulated in human 
cancers165, 166. They are normally initiated by ligand binding and subsequent activation of cell 
surface receptor tyrosine kinases, to which the RET protein belongs. Oncogenic mutations can 
cause an activation of RET which is independent of extracellular signals. Inactivation of 
neurofibromin, which normally inhibits RAS by converting it into its inactive form, can result 
in constantly active RAS signaling, as can activating mutations in RAS itself. Indeed, new 
evidence for the involvement of RAS in a subset of pheochromocytomas and paragangliomas 
was presented when activating mutations in HRAS were detected in sporadic tumors121.

Figure 3. Kinase signaling pathways. Activation of RET or other receptor tyrosine kinases 
initiate a cascade of events that activate RAS/RAF/MAPK and PI3K/AKT signaling, which 
affect multiple cellular processes to promote cell proliferation and survival. The NF1 protein, 
neurofibromin, inhibits RAS by promoting its conversion into its inactive form. TMEM127 is 
thought to inhibit mTOR signaling which is downstream of AKT. Proteins that have been 
found mutated in pheochromocytomas and paragangliomas are indicated with blue color. The 
role of inactivating MAX mutations in tumorigenesis is not yet known, as MAX-MYC dimers 
promote proliferation whereas MAX-MXD1 dimers inhibit it. Some cross-talk between the 
MAX-MYC network and the RAS/RAF/MAPK pathway has been suggested. The figure is an 
updated version of a previously published figure (Welander et al., 201131).
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The function of TMEM127 is largely unknown, but it is suspected to inhibit mTOR 
signaling66 which is a downstream effect of AKT signaling. TMEM127 mutations enhanced 
mTOR activity, possibly suggesting a common feature of mutations in RET, NF1 and 
TMEM127 that may explain their similar transcription profiles.  
 
Tumors with mutations in MAX appear to form a subcluster within cluster 2 but also share 
some features with cluster 1 tumors, like a low or intermediate expression of PNMT76, 163. 
Links between the MYC/MAX/MXD1 network and the other pathways may exist, for 
example RAS/RAF/MAPK activation promotes MYC stability167 and mTOR activity appears 
to be required in some MYC-driven cancers168.  
 
Although the hypoxic response appears to be mainly associated with cluster 1 
pheochromocytomas and paragangliomas whereas the involvement of kinase signaling 
pathways is more pronounced in cluster 2 tumors, it can be noted that there is probably 
overlap and crosstalk between the two. For example, HIF signaling can be activated by 
mTOR169, and activation of the RAS/RAF/MAPK and PI3K/AKT pathways has been shown 
to increase HIF-α signaling in different cancers170-172. In addition, HIFs are known to be 
involved in the regulation of the MYC/MAX/MXD1 network173, 174. 
 

3.4.1. Fibroblast growth factor receptors 
Fibroblast growth factor receptors (FGFR1-4) represent other receptor tyrosine kinases that 
are upstream components of the RAS/RAF/MAPK and PI3K/AKT signaling pathways175. 
Binding of fibroblast growth factors (FGFs) to the receptors induces receptor dimerization 
which activates the intracellular kinase domain and leads to transphosphorylation. The 
phosphorylated tyrosine residues function as docking sites for adaptor proteins, for example 
FRS2, which can be phosphorylated by FGFR. This leads to an activation of signal 
transduction pathways, including the RAS/RAF/MAPK and PI3K/AKT pathways. FGFRs are 
involved in the formation of several organ systems during embryonic development and 
regulate processes such as tissue repair, angiogenesis and inflammation in the adult175, 176. 
Mutations in FGFR2, FGFR3 and FGFR4 have been reported in different human tumor 
forms176, of which FGFR3 mutations in bladder cancer are perhaps the most well 
known177,178. Activation of FGFR1 has mainly been observed in the form of FGFR1 
amplification in breast cancer179 and lung cancer180, and occasional mutations and fusion 
genes involving FGFR1 have been identified in glioblastomas181. Recently, activating hotspot 
FGFR1 mutations were revealed to be frequent in another form of brain tumor: pilocytic 
astrocytoma182. 
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4. AIMS 
 
The overall aim of this thesis was to further characterize the genetic background of the 
neuroendocrine tumor forms pheochromocytoma and paraganglioma. 
 
The specific aims were:  
 
- To investigate the role of the genes known from familial pheochromocytoma and 
paraganglioma in the sporadic form of the disease 
 
- To study alterations in recently discovered susceptibility genes and their effects on gene 
expression patterns in pheochromocytoma 
 
- To set up a next-generation sequencing method for analysis of the above genes and evaluate 
its usefulness for genetic testing of pheochromocytoma and paraganglioma 
 
- To use the knowledge gained from the above experiments in order to search for potential 
novel genes involved in the tumor development 
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5. MATERIALS AND METHODS 
 

5.1. Biological samples  
The samples used in the work of this thesis consisted of tumor tissue and corresponding 
adjacent normal tissue and/or blood samples from patients with pheochromocytoma or 
paraganglioma. The tumors were surgically removed between 1986 and 2014 at the Linköping 
University Hospital, Linköping, Sweden, at the Karolinska University Hospital, Stockholm, 
Sweden or at the Haukeland University Hospital, Bergen, Norway. In the last study, tumors 
from Hôpital de Brabois, Nancy, France, were also included. Tumors and corresponding 
blood samples were snap frozen in liquid nitrogen and stored at ≤ -70°C. Genomic DNA and 
total RNA were extracted using standardized methods which involve homogenization of the 
tissue, cell lysis and binding of the nucleic acids to a spin column membrane, from which they 
are eluted after washing. For immunohistochemistry and microdissection, tissue samples were 
fixed in formalin and embedded in paraffin. All samples were collected and studied with 
informed consent from the participating patients and with approval from the local ethic 
committees. 
 

5.2. Capillary Sanger DNA sequencing  
DNA sequencing with chain-termination technology was developed by Frederick Sanger in 
1977183 and has been the most widely used sequencing method for more than two decades. 
After amplification of the target DNA fragment using the polymerase chain reaction (PCR184), 
a second, similar synthesis reaction is performed in which some of the included 
deoxynucleosidetriphosphates (dNTPs) are modified into di-deoxynycleosidetriphosphates 
(ddNTPs) that are labeled with different fluorescent dyes. When a ddNTP is incorporated, the 
synthesis will terminate because of its inability to form a phosphodiester bond with the next 
nucleotide. The result of the reaction is a mixture of DNA fragments of different sizes, which 
can be separated by size using capillary gel electrophoresis. The identity of the terminating 
nucleotide is detected by the fluorescent emission that follows laser excitation of the 
fluorescent dye. The Sanger method was used in all the included papers. Primers for PCR and 
subsequent sequencing were designed using a web-based tool185, 186. The primers were 
designed not to overlap with known polymorphisms and were checked for specificity in silico 
by electronic PCR187. Sequencing results were analyzed by alignment and comparison to the 
reference sequence and by visual inspection of electropherograms. 
 

5.3. Next-generation DNA sequencing  
During the last decade, new methods for sequencing have started to replace the traditional 
Sanger method, especially for large-scale genomic studies. The new technologies, which are 
collectively known as next-generation sequencing methods, allow massively parallel 
sequencing of individual molecules in a sample and produce large amounts of data at a low 
price per base compared to Sanger sequencing188, 189. The methods are being used in a variety 
of applications, ranging from genome and transcriptome sequencing of more and more 
species, metagenomic characterizations and evolutionary studies, to clinical mutation analysis 
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of targeted gene panels as well as entire human genomes. In this work, we have used one of 
the now dominating next-generation sequencing technologies which was developed by 
Solexa190 and then acquired and further developed by Illumina. In this method, the DNA 
molecules that are to be sequenced are ligated to oligonucleotide adaptors, which then are 
allowed to bind to complementary adaptors on the surface of a flow cell. An amplification 
reaction is then performed in the flow cell, in which the surface-bound adaptors function as 
primers and each of the millions of molecules that are attached to the surface will give rise to 
a cluster of copies. After this, sequencing reagents are added which include reversibly 
terminating dNTPs that are labeled with fluorophores. After the incorporation of one 
nucleotide, the fluorescence is detected across the entire flow cell. The fluorophore is then 
removed and the termination is reversed to allow for the incorporation and detection of the 
next nucleotide. The process is referred to as sequencing by synthesis. The result is a series of 
images capturing the fluorescent signal in each of the millions of clusters. The derived 
sequences are then identified by alignment against a reference genome. In Paper III, we used a 
targeted sequencing approach to perform mutation analysis of the known pheochromocytoma 
and paraganglioma susceptibility genes. We designed probes for simultaneous amplification 
of all the targeted exons. The amplicons were labeled with Illumina adaptors and also with 
barcode sequences to allow pooling of many samples. The pool of amplicons was then 
sequenced on an Illumina MiSeq instrument. In Paper IV, a standardized protocol for 
enrichment and labeling of the entire human exome was used, followed by sequencing on an 
Illumina HiSeq instrument. Using established bioinformatics methods191, the resulting 
sequences were aligned to the human reference genome and differences from the reference 
were called as variants. The variants could then be filtered based on their predicted effect on 
the protein and overlap with known polymorphisms. For the exome sequencing results, 
dedicated software tools192,193 were used to extract somatic point mutations and indels by 
comparing the sequences from tumors with those from normal DNA. 
 

5.4. Quantitative real-time PCR  
Quantitative real-time PCR is a method to measure small amounts of nucleic acids by real-
time detection of the progress of a PCR reaction. The number of the PCR cycle in which the 
amount of product reaches a certain threshold can be used to calculate the starting amount of 
template in the sample, either relative to endogenous controls or as an exact number of 
molecules by using a standard curve194, 195. In Paper I, quantitative real-time PCR was used to 
measure gene expression. Tumor RNA was first converted into complementary DNA (cDNA) 
by reverse transcription. We then used pre-designed TaqMan assays from Applied 
Biosystems, which contain two primers and one sequence-specific probe that can anneal to 
the template. The probe is bound to a fluorophore and a quencher, and as long as these are 
close together, the quencher suppresses the fluorescence. If a template is amplified, the 
fluorophore is cleaved off, resulting in a detectable signal. The expression was measured 
relative to two reference genes, HPRT1 and GUSB, which were selected based on their stable 
expression in several different tumor forms196 and mean expression levels in the same order of 
magnitude as the target genes. The data was analyzed according to the comparative CT 
method194. 
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5.5. Methylation-specific PCR  
Methylation-specific PCR is a method that can be used to determine the methylation status of 
certain CpG sites in DNA197. The first step of the method is a treatment of the DNA with 
bisulphite. This converts all cytosine residues into uracil, except for methylated cytosines 
which are left unaffected. Two sets of primers are then designed, one set that will only detect 
methylated DNA (containing cytosines at CpG sites) and one set that will specifically detect 
non-methylated DNA in which all cytosines have been converted to uracil (which base-pairs 
with adenine)198. After the two PCR reactions have been performed separately, gel electro-
phoresis detection reveals whether a sample contains methylated DNA, non-methylated DNA 
or both. Methylation-specific PCR was used to investigate promoter methylation in Paper I. 
The method is limited to the CpG sites that are covered by the designed primers, and newer, 
more advanced methods that cover CpG sites across the entire human genome are now 
available199.  
 

5.6. DNA microarrays  
A microarray consists of oligonucleotides that are attached to a surface in a specific pattern, 
and can be used to detect complementary oligonucleotides in a sample. DNA microarrays can 
be used to study single nucleotide polymorphisms (SNPs) as well as copy number variations 
in DNA. In the technology from Affymetrix, which was used in this work, genomic DNA is 
digested with a restriction enzyme, and adaptors are ligated to the restriction site overhangs200. 
A PCR is then performed using generic primers that recognize the adaptor sequences. The 
amplified DNA is fragmented and labeled with fluorescence, and thereafter hybridized to the 
oligonucleotides on a microarray. The array is filled with 25 bases long oligonucleotide 
probes organized in a pattern of spots, where each spot contains probes with a unique 
sequence. For each SNP there are probes that match each of the two possible alleles. After 
washing away unbound sample molecules, the fluorescence is detected in a scanner. The 
fluorescence intensities represent the amount of hybridization that occurred for each probe, 
and an algorithm is used to translate these intensities into genotypes201. The intensities can 
also be used to determine the copy number of DNA across the genome202. In paper I, we used 
a microarray from Affymetrix covering approximately 250,000 SNP sites to examine copy 
number alterations in pheochromocytomas. The copy number calling is always performed in 
relation to a reference material which is assumed to have a mean of two copies at all 
autosomal loci202. In this case, the reference material consisted of microarray intensity data 
from 48 individuals of European ancestry from the International HapMap project203 that was 
provided by Affymetrix. To reduce noise in the data, a copy number alteration was only called 
when ≥10 genetically adjacent markers in a sample showed the same copy number (≠2). In 
Papers II and IV, we reanalyzed the data to investigate copy number alterations in the EPAS1 
and FGFR1 genes, respectively.  
 

5.7. RNA microarrays  
RNA microarrays use the same basic principle as DNA microarrays, but instead of SNP 
markers, the oligonucleotides on the array are designed to recognize expressed RNA 
molecules that have been converted to cDNA. The abundance of a specific RNA molecule 
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will then be reflected by the fluorescence intensity in the microarray spot where it is 
detected204. In Paper II and Paper IV, we used an Affymetrix microarray for analysis of gene 
expression levels of 28,869 annotated genes. Each gene is covered by a median of 26 different 
probes (a probe set) on the array, from which the signals are summarized to calculate a 
measure of the gene expression. Data was pre-processed using the robust multi-array average 
algorithm205, which includes background correction and normalization. To test for 
differentially expressed genes between groups of samples, t-tests were performed within 
dedicated software (GeneSpring GX from Agilent). To reduce the number of false positive 
results, the Benjamini-Hochberg algorithm was used to correct for multiple testing206. 
Hierarchical clustering was used to visualize the gene expression patterns in different 
samples. A hierarchical clustering algorithm creates a dendrogram of the analyzed samples 
based on their similarity207. First, it identifies the two samples in the dataset that are most 
similar based on their overall gene expression in all the analyzed genes, and creates a node to 
join these two samples. It then identifies the sample that is most similar to these two, and 
connects it with them through another node. The process is repeated until all the samples are 
organized in a dendrogram, in which the distances reflect the gene expression differences 
between samples. 
 

5.8. Cloning of PCR products into vectors  
TA cloning is a technique to clone a PCR product into a vector by utilizing the ability of 
adenine-overhangs on the PCR product to hybridize to thymine overhangs of the vector208. 
The PCR product is created through use of a Taq polymerase, which adds an adenine residue 
to each 3’ end of the product with a high probability. The vector is linearized and tagged with 
thymine residues in the 3’ ends. In this work, the vector was bought ready-made with 
thymine-overhangs and contains a gene for ampicillin resistance. It also contains a LacZ gene 
which encodes the enzyme β-galactosidase, but this gene is spanning over the insert site and is 
therefore disrupted when a PCR product is inserted into the vector. After insertion of the PCR 
products, the vectors were transformed into Escherichia coli cells. The cells were spread on 
agar plates containing ampicillin and X-gal, which is a lactose analog that gives rise to a blue 
pigment when cleaved by β-galactosidase. E. coli colonies containing inserts could thus be 
selected based on their lack of blue color. The insert was amplified by a new PCR and 
sequenced with Sanger sequencing. In Paper I, this technique was used in order to obtain 
separate cDNA sequences from the mutated and the normal allele in a sample with a cryptic 
NF1 mutation, which otherwise gave rise to a mixed sequence that was difficult to interpret. 
In Paper II and Paper III, the method was used to investigate whether two EPAS1 mutations in 
the same sample occurred in cis (in the same copy of the gene, i.e. on the same chromosome 
of a homologous pair) or in trans (on different chromosomes). 
 

5.9. Immunohistochemistry  
Immunohistochemistry is a well established method that utilizes antibodies to detect proteins 
or other antigens in tissue sections209, 210. The method was used in Paper I to detect SDHB 
protein expression. The formalin-fixed paraffin-embedded tissue sections which had been 
mounted on glass slides were first deparaffinized and rehydrated in xylene and a graded 
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ethanol series. They were then boiled in citrate buffer to uncover the antigen epitopes. After 
incubation with the primary antibody, a biotinylated secondary antibody was added. This was 
then visualized using the avidin/biotinylated complex method210. 
 

5.10. Laser-capture microdissection  
Laser-capture microdissection can be used to isolate subpopulations of cells from a tissue 
section during visualization in a microscope. It was used in Paper I in order to separate normal 
cells from tumor cells (to allow separate genetic analysis) in a tumor sample for which no 
corresponding blood sample was available. The basis of the technique is to place a 
thermolabile polymer film over the tissue section and to melt the polymer with a laser pulse in 
the regions where the desired cells can be seen in the microscope211. When the polymer is 
locally melted, it comes into direct contact with the tissue slide and attaches to the cells in that 
area. When the polymer is removed, it takes the captured cells with it, and their DNA contents 
can be released into solution by proteinase K treatment. 
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6. RESULT SUMMARY AND DISCUSSION

6.1. Integrative genomics reveals frequent somatic NF1 mutations in 
sporadic pheochromocytomas (Paper I)

In the first study212, we investigated the known familial pheochromocytoma genes in 42 
sporadic pheochromocytomas. This was performed by studying copy number alterations, gene 
expression, promoter methylation and somatic mutations. First, the tumors were investigated 
for germline and somatic mutations in any of the genes RET, VHL, SDHB, SDHD, and MAX
by Sanger sequencing. No germline mutations were observed, but one tumor (2.4%) had a 
somatic RET mutation (c.1893_1898delCGAGCT) not present in the blood DNA of the 
patient. For 21 cases where paraffin-embedded tissue sections were available, mutations in 
any of the more rarely involved SDHx genes (SDHA, SDHC and SDHAF2) could be excluded 
by positive immunohistochemical SDHB staining, which has previously been demonstrated to 
indicate absence of mutations in any of the SDHx genes56-58.

To study genome-wide DNA copy number in the tumors, we used high-density DNA
microarrays. We detected a number of large chromosomal alterations such as deletion of 1p, 
3q, 11p and 22q with similar frequencies as has previously been reported113, 114 (Figure 4 and 
Figure 5). 

Figure 4. Example of copy number alterations in a sporadic pheochromocytoma. Loss of 
genetic material is shown as light red segments with red arrows, and gains are shown in blue.
Only alterations that were covered by at least ten adjacent markers are reported. The 
visualization was exported from the Affymetrix Genotyping Console software.
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Figure 5. Summary of copy number alterations in the included sporadic tumors. 
Chromosomes are shown on the x-axis and the proportion of samples with gain or loss on the 
y-axis. Deletion of chromosome arm 1p was the most frequent large alteration in the cohort.
The summary was created using the dChip software with default settings and smoothing of the 
copy number over 10 marker-windows213. To allow for some normal tissue in the tumor 
samples, gain was here defined as a copy number ≥ 2.8 and loss as a copy number ≤ 1.2.

When investigating the copy number state of the genes that have so far been associated with 
susceptibility to pheochromocytoma and/or paraganglioma, RET, VHL, NF1, SDHA, SDHB,
SDHC, SDHD, SDHAF2, KIF1Bβ, TMEM127 and MAX, we found that 35 of the 42 samples 
(83%) had an altered copy number in at least one of the genes. It is unknown how many of 
these events that are actual drivers in the tumor development. Many are likely to be a 
consequence of larger events, for example both SDHB and KIF1Bβ are located on 1p which is 
frequently deleted. However, there were also several focal deletions covering only about 100-
500 kbp which could suggest that the familial gene might have been the target of the event. A 
notable observation was that eleven of the 42 samples showed loss of one copy at a part of 
chromosome 17q. The minimal region of overlap between the alterations included 17q11.2,
where the NF1 gene is located (Figure 6).

Next, we used reverse transcription quantitative real time PCR to compare the mRNA 
expression between tumor samples with and without an altered copy number. For the genes 
NF1, SDHD, SDHAF2, KIF1Bβ and VHL we found a significantly lower gene expression in 
samples with loss of one copy compared to those with normal copy number, which was 
particularly apparent for the NF1 gene (p<0.00001). A similar correlation between loss and 
gene expression has been observed for SDHD and SDHAF2 in VHL-associated 
pheochromocytomas (which often have loss of chromosome 11214), but the pathological 
significance of this phenomenon is unknown215.
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Figure 6. Deletion of a common region on chromosome 17q in eleven tumors. Chromosome 
17 of each tumor is represented by horizontal bars. Losses of one copy are here represented 
in light red and gains of one copy are represented in light blue. Genes, cytobands and base 
pair positions are shown in tracks below the tumor samples. The position of the NF1 gene is 
indicated by the vertical line at 17q11.2. The visualization was exported from the Affymetrix 
Genotyping Console software.

We also analyzed the promoter region of the susceptibility genes for hypermethylation, which 
could represent another mechanism of gene inactivation, but we did not detect methylation in 
any of the genes. This is in agreement with previous studies that analyzed the SDHB, SDHD
and VHL genes without finding promoter methylation146, 216. However, interestingly, a later 
study reported VHL promoter methylation in pheochromocytomas and paragangliomas (but 
not in EGLN1, MAX, MEN1, NF1, RET, SDHB, SDHC, SDHD, SDHAF2, or TMEM127)217.
The discrepancy with our data regarding VHL is most likely due to differences in the 
methodology: the new study detected methylation with a quantitative pyrosequencing assay 
that covered CpG sites upstream of the sites covered by us and the previous studies, and could 
therefore detect methylation that had previously been missed. For future studies, it may be 
interesting to apply the new method to the samples of our and other cohorts in order to relate 
epigenetic silencing of VHL with already obtained copy number and gene expression data.

Despite the association between the NF1 syndrome and familial pheochromocytomas, the 
NF1 gene has previously not gained much attention in the research of sporadic 
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pheochromocytoma. One of the reasons may be that the prevalence of pheochromocytomas in 
patients with the NF1 syndrome is so low218. Also, the NF1 gene is very large and is rarely 
sequenced even in NF1 patients, since they can generally be diagnosed based on clear 
symptoms that occur in early childhood. However, the frequent loss of one NF1 copy, in 
combination with very low NF1 mRNA levels in those samples, prompted us to search for 
somatic NF1 mutations inactivating the remaining copy of the gene. By sequencing the NF1 
mRNA, converted into cDNA, we detected truncating somatic mutations in ten of the eleven 
samples with copy number loss, but not in any of the samples without loss, which is in 
agreement with the two-hit principle of tumor suppressor genes5, 6. The mutations were also 
confirmed in genomic DNA. In two cases, genomic DNA analysis would suggest point 
mutations to be missense, but the cDNA evidence showed that they in fact give rise to de 
novo splice sites that result in partial exon skipping. Bioinformatics analysis219 also suggested 
that the novel splice sites are stronger than the corresponding natural splice sites. In a third 
cryptic case, a part of intron 13 was present between exons 13 and 14 in the cDNA. 
Bioinformatics analysis suggested that this might be caused by a point mutation more than 
1000 bases into intron 13 that gives rise to a strong de novo 5’ splice site. Together with an 
existing upstream cryptic 3’ splice site, it results in the inclusion of a 54 bases long cryptic 
exon that contains a stop codon (visualized in the supplement of the paper). The predicted 
mutation in intron 13 could be confirmed with genomic DNA analysis.   
 
Tumors with somatic NF1 mutations were associated with higher plasma levels of 
metanephrine (p=0.0025) and normetanephrine (p=0.0050). The higher levels of 
metanephrine (indicating epinephrine production) are in agreement with data from familial 
tumors, where epinephrine levels are increased in patients with NF1- and MEN2-related 
pheochromocytomas compared to other patients136. However, previous studies have not 
shown any differences in normetanephrine levels. In this study, there was a tendency of NF1-
mutated tumors to be larger than those without NF1 mutations. It can therefore not be 
excluded that the increased hormone levels in part may be explained by the larger volumes of 
secreting tumor cells. 
 
In conclusion, the results of this paper suggest that the genes involved in hereditary 
pheochromocytoma may be important players also in the sporadic disease, as many of them 
show copy number loss in combination with a low gene expression. Specifically, somatic NF1 
mutations were revealed to be frequent in sporadic pheochromocytomas, with a frequency of 
23.8% in this study. Somatic NF1 mutations are also likely to be responsible for some of the 
NF1/RET-associated gene expression patterns that have been observed in a subset of sporadic 
pheochromocytomas118, 138, 139, 141.  
 
An independent study, which was published in the same journal issue, indeed confirmed the 
results of this paper by reporting somatic NF1 mutations in 21.8% of sporadic 
pheochromocytomas, also with loss of heterozygosity (LOH) in the majority of the mutated 
tumors220. Somatic NF1 mutations have also been reported in other sporadic neoplasms 
including glioblastomas181, malignant peripheral nerve sheath tumors221, acute myelogenous 
leukemias222, neuroblastomas223, lung adenocarcinomas224 and ovarian carcinomas225, 
indicating that neurofibromin can be a significant player in both neural- and non-neural-
derived cancers. 
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6.2. Frequent EPAS1/HIF2α exons 9 and 12 mutations in non-familial 
pheochromocytoma (Paper II) 
In the second study134, we investigated the new susceptibility gene EPAS1, which encodes 
HIF-2α. The aim of this study was to further characterize the importance of EPAS1 mutations 
in sporadic pheochromocytomas, as only a few cases with a single sporadic tumor and no 
polycythemia had so far been reported120. We sequenced exon 9 and exon 12 of EPAS1, 
which contain the two hydroxylation sites that are involved in HIF-2α degradation, in a cohort 
of 42 sporadic pheochromocytomas not associated with polycythemia (the same cohort as in 
Paper I). As one mutation of unknown significance has been reported in exon 2, close to the 
DNA binding domain of the protein84, we also added this exon to the analysis.  
 
We found six missense mutations/variants in five tumors, three in exon 9 and three in exon 
12. Cloning showed that the two mutations which occurred in the same tumor (one close to 
each of the two hydroxylation sites) were in cis, i.e. on the same chromosome. This might 
suggest that a combined inactivation of both hydroxylation sites could lead to an even higher 
HIF-2α stability than one mutation would cause alone, as previous results have suggested for 
the HIF-1α protein226. When examining previously obtained copy number data, we also 
noticed that one tumor with an EPAS1 mutation had copy number gain of the EPAS1 locus. 
The importance of the event is unknown, but a combination of activating mutations and copy 
number gain has previously been reported for EPAS1120, as well as for other proto-
oncogenes227. The three mutations in exon 12 occur in or adjacent to the primary 
hydroxylation site and are likely to be pathogenic, as mutations in this site have previously 
been reported in pheochromocytomas and paragangliomas and have been shown to affect the 
degradation of HIF-2α80, 84, 228. The pathogenic importance of the three variants in exon 9 is 
more uncertain and will require further studies, as only one of them has previously been 
reported in a patient with paraganglioma and polycythemia83. The mother of that patient 
carried the same variant but did not have any symptoms, although polycythemia could not be 
excluded based on available blood tests. The variant, Phe374Tyr, was demonstrated to have 
functional importance as it decreased VHL protein binding and ubiquitination and increased 
the stability of HIF-2α83. On the other hand, it has been reported as a rare polymorphism 
(rs150797491) and has a total allele frequency of 0.00092 in the populations summarized in 
the Ensembl database. It was also predicted as probably benign by the PolyPhen software229. 
Possibly it predisposes carriers to polycythemia and paragangliomas but with an incomplete 
penetrance, which might also be the case for the other two exon 9 variants.  
 
To further investigate the effect of the identified EPAS1 mutations, we performed genome-
wide microarray gene expression analysis. First, we studied the expression of EPAS1 itself 
and some of its known target genes, and found that both EPAS1 (p=0.0031) and VEGFA 
(p=0.0039) were significantly upregulated in tumors with EPAS1 mutations. The reason for 
the upregulation of EPAS1 is not clear, as the mutations are thought to act on the protein level, 
but a possible explanation could be that cells with a high EPAS1 expression to begin with are 
more vulnerable to tumor formation driven by EPAS1 mutations than other cells. 
Upregulation of EPAS1 in mutated tumors has also been observed by others120. VEGFA 
upregulation is in agreement with increased HIF-2α signaling78. We also studied the PNMT 
gene and found that it had a very low expression in EPAS1-mutated tumors compared to those 
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without EPAS1 mutations (p<0.0001). The low PNMT expression is in agreement with a 
mainly noradrenergic hormone profile in the patients, and is consistent with the low PNMT 
expression and epinephrine production found in VHL- and SDH-related tumors118, 138.   
 
To examine how the EPAS1-mutated tumors would cluster compared to the previously known 
clusters118, we performed hierarchical clustering and found that all the tumors with EPAS1 
mutations clustered close to the VHL- and SDH-related tumors in cluster 1. This strengthens 
the functional importance of the detected mutations, but it cannot be excluded that some of 
the tumors may have cluster 1 properties that are caused by other factors than EPAS1 
alterations. 
 
Next, we performed a genome-wide test for differential expression and found 22 genes that 
were significantly and more than 2-fold differentially expressed between EPAS1-mutated 
tumors and tumors without EPAS1 mutations. Among those that were upregulated in EPAS1 
cases were several genes that are involved in angiogenesis (KDR/VEGFR, ANGPT2) and cell 
metabolism (COX4I2, NOX4, FOLH1, FOLH1B, COX17). COX4I2, which was the most 
significantly upregulated gene, has previously been reported to be strongly upregulated in 
VHL/SDH-related pheochromocytomas140. Another upregulated gene, GNA14, was recently 
observed to be significantly upregulated in EPAS1-mutated tumors120. Among the most 
downregulated genes was PNMT, but also NCAM2 (a neural cell adhesion molecule, 
previously found upregulated in cluster 2 tumors118) and HCN1 (a cation channel contributing 
to neuron currents). The downregulation of PNMT and genes with neural function supports 
the previous observation that cluster 1 tumors have less neuroendocrine differentiation than 
cluster 2 tumors118, 230.  
 
Previous findings of EPAS1 mutations in different tumors from the same patient, but not in 
germline DNA, indicate that somatic EPAS1 mutations may occur in a cell during 
embryogenesis and predispose the affected tissues to tumor formation80. Possibly the time 
point of the mutation (early in embryogenesis or later in life) may explain the variety of 
observed phenotypes which include polycythemia without tumors231, polycythemia in 
combination with single or multiple pheochromocytomas/paragangliomas and sometimes 
multiple somatostatinomas80, 85, 228, 232, as well as single or multiple pheochromocytomas/ 
paragangliomas without polycythemia84, 120. In addition to somatic mutations, one case with 
an inherited mutation has been described before83. The mutation was identical to one mutation 
discovered in this study, but unlike the previous case, our case did not have polycythemia. 
The penetrance of pheochromocytoma/paraganglioma for germline EPAS1 mutations is still 
unknown and will require further family studies.   
 
In conclusion, this study showed that both germline and somatic EPAS1 mutations, in both 
exon 9 and exon 12, occur in sporadic pheochromocytomas. The pathogenic significance of 
the germline exon 9 mutations remains unclear, but all the tumors with EPAS1 mutations 
clustered together with VHL- and SDH-related tumors based on gene expression data. The 
EPAS1-mutated tumors also had a high gene expression of EPAS1 and its target gene VEGFA, 
whereas they had very low expression of PNMT, which is in agreement with their cluster 1 
identity. A summary of detected EPAS1 mutations together with those detected in Paper III is 
given in Figure 7. 

34 
 



6.3. Rare germline mutations identified by targeted next-generation 
sequencing of susceptibility genes in pheochromocytoma and 
paraganglioma (Paper III) 
In the third study135, we designed a next-generation sequencing approach in order to 
comprehensively study all the known susceptibility genes in a large cohort of 
pheochromocytomas and paragangliomas, and also to evaluate the usefulness of the method 
for genetic testing. The assay was used for mutation analysis in 86 unselected 
pheochromocytoma and paraganglioma tumor samples without overlap to the cohort used in 
Paper I and Paper II. 
 
As traditional Sanger sequencing of multiple genes is both expensive and time-consuming, we 
designed a targeted gene panel for next-generation sequencing of the genes so far known to be 
associated with pheochromocytoma or paraganglioma: EGLN1, KIF1Bβ, MAX, MEN1, NF1, 
RET, SDHA, SDHB, SDHC, SDHD, SDHAF2, TMEM127 and VHL. For the genes EGLN1 
and KIF1Bβ, mutations have so far only been described in a few isolated cases, and their 
importance in pheochromocytoma and paraganglioma is still unknown90, 91, 93, 94. Regarding 
the MEN1 gene, pheochromocytoma has been reported in a few patients with multiple 
endocrine neoplasia type 1 (MEN1)31, 105, and a MEN1 patient with PGL was recently 
reported for the first time233, but MEN1 mutations have so far not been identified in sporadic 
tumors234. Comprehensive investigations of all the genes in the same cohort are lacking, so 
the incidence of mutations in more than one of the genes in the same tumor it is also 
unknown. The EPAS1 gene was not yet known to be involved when we finalized the design of 
the panel, and it was therefore instead sequenced with Sanger sequencing in the included 
samples. 
 
The cohort consisted of unselected cases (both sporadic and familial) of pheochromocytoma 
and paraganglioma surgically removed in Stockholm. When using the new sequencing 
approach on 18 cases with previously known syndromes and/or germline mutations, we found 
a mutation in the expected gene in all cases, indicating a high sensitivity of the method. In 
addition, one NF1 case also had a somatic mutation in KIF1Bβ which was predicted to be 
pathogenic by two bioinformatic algorithms229, 235. Among 68 apparently sporadic tumors we 
found 32 protein-altering mutations. All mutations could be verified with Sanger sequencing, 
indicating a high specificity of the method. The mutation status was also checked in normal 
DNA in all cases where it was possible.  
 
The most frequently altered gene in the cohort was NF1, which, in agreement with our results 
in Paper I and those of another study220, harbored somatic mutations in 22.4% of the sporadic 
pheochromocytomas. Another frequently altered gene was EPAS1, in which mutations were 
identified in a similar total frequency as in Paper II (7.4% of all sporadic tumors). In the 
present cohort, EPAS1 mutations were however ten times more prevalent in the 
paragangliomas (3/10 tumors, 30%) than in the pheochromocytomas (2/58 tumors, 3.4%). In 
agreement with previous findings80, 84, 120, 232, two of the patients with EPAS1 mutations had 
polycythemia. Interestingly, one paraganglioma had two somatic EPAS1 mutations in cis. Just 
like the case in Paper II, one mutation occurred in exon 9, only two residues from the 
hydroxylation site Pro405, and the other in exon 12, one residue from the hydroxylation site 
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Pro531. However, in this case both mutations were somatic as opposed to the previous case 
where the exon 9 mutation was germline. A summary of the EPAS1 mutations from both 
Paper II and Paper III is given in Figure 7.

A

B

Figure 7. EPAS1 (HIF-2α) mutations in pheochromocytomas and paragangliomas. 
A) Summary of the location of EPAS1 mutations detected in Paper II and Paper III. In total, 
12 mutations were detected in ten out of 110 investigated sporadic tumors. Four of the 
mutations occurred in exon 9, whereas the remaining mutations affected residues 530, 531 or 
532 in exon 12. A multiple sequence alignment of the UniProt protein sequence from different 
species was performed with the ClustalΩ tool236 to investigate evolutionary conservation of 
the mutated residues. The human HIF1A sequence (encoding HIF-1α) was also included for 
comparison. Prolyl hydroxylation occurs at Pro405 and Pro531 in human HIF-2α, indicated 
with blue color. Symbols: [*], identical residues; [:], conserved substitutions; [.], semi-
conserved substitutions. B) Sanger sequencing data for cases with double EPAS1 mutations.
The sequences from tumor and normal DNA show that one case had one germline and one 
somatic mutation, whereas the other case had two somatic mutations. In both cases, the two 
mutations were shown by cloning to occur in cis, i.e. on the same chromosome.

Mutations in MAX, TMEM127, RET, VHL and SDHB were found in expected frequencies31, 67,

76, 118, but no mutations were detected in SDHC, SDHD or SDHAF2. Germline SDHA
mutations have so far only been reported in a few studies. They have mainly been associated 
with paragangliomas53, 58 and have only rarely been reported in pheochromocytomas58, but 
here we report two mutations in pheochromocytoma patients. One pheochromocytoma patient 
had a germline EGLN1 variant of unknown significance, as two different prediction 
algorithms gave inconclusive results regarding its pathogenicity. No mutations were found in 
the MEN1 gene, suggesting that it is of no or minor importance in sporadic pheochromo-

36 
 



cytoma and paraganglioma. On the other hand, a very recent study reported germline MEN1 
mutations in two patients with the combination of non-familial pheochromocytoma and 
pituitary adenoma237. In this study, both pheochromocytomas showed LOH in the MEN1 
gene, and the role of MEN1 in pheochromocytoma thus still warrants further studies. 
 
One germline KIF1Bβ mutation was identified in a patient with apparently sporadic 
pheochromocytoma. The mutation was predicted as pathogenic and affects a highly conserved 
region of the protein close to the site of a mutation previously identified in neuroblastoma72, 
which has been shown to be of functional importance238. Even though it was only detected in 
one case, the frequency in apparently sporadic pheochromocytomas (1.7%) is similar to the 
previously reported frequencies of germline MAX and TMEM127 mutations67, 76. Thus, 
KIF1Bβ may be an equally important tumor suppressor gene that warrants further studies. The 
somatic KIF1Bβ mutation that was identified in a case of NF1-related pheochromocytoma 
may further support the importance of the gene, but could also be a passenger event. For both 
KIF1Bβ and the other genes that are infrequently involved, further investigations in additional 
patient cohorts will be required to determine the penetrance of the disease and the association 
with other clinically relevant parameters. 
 
In total, 26.7% of all cases in the cohort carried germline mutations. Among the sporadic 
cases, 7% carried germline mutations even though no family history or other signs of 
hereditary disease were known based on the medical records of the patients. The results also 
showed that the familial susceptibility genes are involved, either by germline or somatic 
mutation, in 41% of the sporadic tumors. It could be noted that a fraction of the cases had 
mutations in more than one associated gene. For example, one tumor had a splice-site 
mutation in NF1 in combination with a nonsense mutation in MAX. A summary of all 
mutations detected in sporadic pheochromocytomas and paragangliomas from Paper I, Paper 
II and Paper III is given in Figure 8. 
 
The targeted next-generation sequencing approach used in this study proved to be 
considerably faster and less expensive than Sanger sequencing for comprehensive mutation 
analysis in pheochromocytoma and paraganglioma. The usefulness in clinical care was 
confirmed when the method was used for genetic testing in a young patient with a large 
paraganglioma, who was revealed to carry a germline truncating SDHA mutation239. Such 
patients may be important to identify to allow early tumor detection, correct management and 
also to identify relatives that may be at risk23, 240, but further research is still required to 
determine the risks associated with these rarely involved susceptibility genes. The list of 
associated genes has been growing fast during the recent years and targeted panels such as the 
one used here will probably need frequent updating. In addition, custom-designed probes 
generally need to be ordered in large quantities (for 96 samples with the assay in this study), 
and whole-exome sequencing may thus be a better alternative if only a few samples are to be 
analyzed. On the other hand, exome sequencing may give rise to more ethical concerns 
regarding patient integrity and incidental findings. In clinical genetic testing there is always a 
risk of finding variants of uncertain significance, i.e. variants for which the pathogenic 
importance is unknown and cannot easily be tested241. Although traditional Sanger sequencing 
of one gene at a time, based on a decision algorithm for the order of testing137, can also suffer 
from such problems, the risk becomes higher with next-generation sequencing methods 
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because of the large amounts of genetic data that are generated. Erroneous interpretation of 
variants may lead to an incorrect genetic diagnosis which could have serious consequences for 
the patients and their relatives242. Thus, although next-generation sequencing methods offer 
fast and cost-efficient screening of susceptibility genes, the results, especially missense 
variants, will require careful interpretation by experienced geneticists before they are 
considered in the management of the disease.

Figure 8. Summary of mutations detected in 110 cases of sporadic pheochromocytoma and 
paraganglioma from Scandinavia, with total mutation frequencies in all analyzed cases. The 
data was collected in Paper I, Paper II and Paper III, except for the data from the HRAS 
gene, which was analyzed in the Paper I/Paper II cohort after publication. Cases in which no 
mutations were detected (61 cases) are not shown. SDHA, KIF1Bβ and EGLN1 were only 
analyzed in the larger cohort of Paper III where next-generation sequencing was used. The 
star (*) indicates a sample with two EPAS1 mutations, one somatic and one germline. The 
cross (†) indicates a sample with two somatic EPAS1 mutations. Further details about the 
samples and analyses are given in the respective papers.

In conclusion, the results of the study indicate that a large proportion of sporadic pheo-
chromocytomas and paragangliomas carry mutations in the known susceptibility genes, 
including more rarely investigated genes like KIF1Bβ. However, further studies will be 
required to examine the functional and clinical relevance of some of these mutations. The
targeted next-generation sequencing technique proved to be useful for the genetic testing and 
might be considered for clinical use.
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6.4. Activating FGFR1 mutations in sporadic pheochromocytoma        
(Paper IV) 
After the first three papers of the thesis, together with the parallel studies by others, it could 
be concluded that around 50% of sporadic pheochromocytomas are still lacking a known 
causative genetic event. In the fourth study, we attempted to search for some of these 
unknown alterations by next-generation sequencing of the whole exome in tumors and 
corresponding blood samples from 16 patients with sporadic pheochromocytoma from 
Linköping, Sweden. Six of these were cases from the Paper I and Paper II cohort that had 
tested negative for mutations in all the so far investigated genes (including HRAS, which was 
now investigated (Figure 8), and KRAS, NRAS, BRAF and the TERT promoter, in which no 
mutations were detected). The remaining ten cases for exome analysis were recently 
surgically removed and had unknown mutation status, but did not have any family history or 
syndromic features.  
 
The analysis of somatic mutations resulted in the detection of a median of 33 non-silent 
somatic mutations (point mutations or indels) per tumor. In comparison, a large exome 
sequencing study across 27 different cancer types previously revealed a median of 44 non-
silent somatic mutations per tumor sample, ranging from about one event per sample in 
paediatric cancers to thousands in melanomas and lung tumors from patients with extensive 
exposure to known carcinogens243. Most of the affected genes in the pheochromocytomas 
were unique to one sample, suggesting that there is a large heterogeneity of somatic events in 
these tumors. Many of these are likely to be passenger events, and more studies in larger 
cohorts will be required to find which alterations are true but infrequent drivers in the 
tumorigenesis. Nevertheless, some genes were found to be recurrently altered. For example, 
the NF1 gene harbored somatic mutations in three of the ten samples where it had not 
previously been tested, in agreement with our previous reports.  
 
Another recurrently altered gene was FGFR1, encoding fibroblast growth factor receptor 1, 
which harbored somatic mutations in two different samples. The two mutations, Asn546Lys 
and Lys656Glu, affect the same two hotspot positions in which recurrent oncogenic mutations 
were most recently discovered in the paediatric brain tumor form pilocytic astrocytoma182. 
The same residues have also occasionally been observed mutated in glioblastomas181, and can 
be confirmed to be the most frequently mutated FGFR1 sites in the Catalogue of Somatic 
Mutations in Cancer database244. The two mutations affect the kinase domain (Figure 9) and 
have been shown to promote cell proliferation245. Asn546Lys has also been shown to alter the 
autophosphorylation of FGFR1246. Our findings are in agreement with evidence showing that 
overexpression of FGFR1 results in MAPK and AKT activation in the rat pheochromocytoma 
cell line PC12247.  
 
Next, we sequenced the FGFR1 gene in 64 additional sporadic tumors (the rest of the cohort 
from Linköping and Bergen plus a new cohort from France). This revealed a single additional 
Asn546Lys mutation, suggesting a total mutation frequency of 3.8% in sporadic pheo-
chromocytomas.  
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To further study the biological consequences of FGFR1 mutations, we performed microarray 
gene expression analysis and could conclude that FGFR1-mutated tumors clustered in “cluster 
2” together with tumors that had mutations in RET, NF1 and HRAS. This was not surprising 
as activation of FGFRs is known to activate the RAS/RAF/MAPK and the PI3K/AKT 
pathways175. There were no specific genes that differed significantly in expression between 
tumors with and without FGFR1 mutations after correction for multiple testing. A possible 
explanation could be that FGFR1-mutated tumors have gene expression profiles that are very 
similar to profiles of other tumors in cluster 2, and that the number of FGFR1-related tumors 
was too small to detect minor differences in the expression patterns. Copy number data, which 
was available for two of the mutated samples, showed that one of the tumors also had a gain 
(three copies) of the FGFR1 locus. No gains were observed for 19 pheochromocytomas 
without FGFR1 mutations.

Figure 9. Schematic overview of the domain structure of the FGFR1 protein and the position
of mutations identified in pheochromocytomas. FGFR1 consists of three extracellular 
immunoglobulin domains (Ig), one transmembrane helix (TM) and one intracellular split 
tyrosine kinase domain (TK)175, 182. The second and third immunoglobulin domains form the 
ligand-binding pocket. The identified activating mutations (Asn546Lys and Lys656Glu) affect 
the tyrosine kinase domain and are proposed to lead to constitutive FGFR1 activation.

We also used the exome data to screen for germline and somatic mutations in all the genes 
known to be associated with pheochromocytoma or paraganglioma. The analysis revealed one 
truncating germline SDHB mutation. Except for the recurrent somatic NF1 mutations, we 
detected one somatic mutation each in VHL, RET, MAX and HRAS, in agreement with 
previous reports76, 118, 121, 123, 135. The MAX mutation was truncating and occurred in one of the 
tumors that also had a somatic FGFR1 mutation, suggesting that a combination of the two 
events may confer a selective advantage to the tumor cells. The other two tumors with FGFR1
mutations did not have any mutations in any of the known pheochromocytoma or 
paraganglioma associated genes.

In conclusion, we report the FGFR1 proto-oncogene as a novel target of somatic activating 
mutations in sporadic pheochromocytomas. FGFR1 mutations are likely to be driver events in 
a small subset of cluster 2 tumors, which are characterized by RAS/RAF/MAPK and 
PI3K/AKT activation. They may also be present in combination with other driver events, as 
one of the FGFR1-mutated tumors analyzed here also harbored a somatic MAX mutation. 
Future studies in larger cohorts will be valuable in order to accurately estimate the frequency 
of FGFR1 alterations in pheochromocytomas and paragangliomas. 
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7. CONCLUDING REMARKS 
 
This thesis work has aimed to further characterize the genetic and genomic background of 
sporadic pheochromocytomas and paragangliomas. Several of the genes known from familial 
pheochromocytoma and paraganglioma were shown to be affected by somatic alterations, 
which were in turn associated with changes in gene expression. Notably, somatic mutations in 
the NF1 gene were discovered in 22-24% of sporadic pheochromocytomas, the majority of 
which were truncating and associated with loss of the normal allele as well as a reduced NF1 
expression. The high frequency was somewhat surprising as the other known susceptibility 
genes only harbor somatic mutations in a few percent of the cases29, 115-118, and patients with 
NF1 syndrome only rarely develop pheochromocytoma218. We also built on the findings by 
others and showed frequent EPAS1 mutations in sporadic pheochromocytomas and 
paragangliomas that were associated with a hypoxia-related gene expression pattern. For the 
first time we also reported double EPAS1 mutations, which affected one each of the two HIF-
2α hydroxylation sites, in two different cases.  
 
A comprehensive next-generation sequencing mutation analysis of known pheochromo-
cytoma and paraganglioma genes showed that germline mutations were present in about 27% 
of all tumors and in 7% of the apparently sporadic tumors. Knowledge of the genetic 
background can be of importance in order to facilitate early detection and correct treatment of 
pheochromocytomas, paragangliomas and potential co-occurring cancers, and also to identify 
relatives that might be at risk. However, further research will be required to determine the 
risks associated with the more rarely involved susceptibility genes. For example, we identified 
a germline mutation in KIF1Bβ. Mutations in this gene have previously only been reported in 
a few cases of pheochromocytoma and neuroblastoma93, 94 and have not been investigated in 
any large cohorts until now. We could conclude that the targeted next-generation sequencing 
approach was a fast and cost-efficient method for genetic testing of pheochromocytomas and 
paragangliomas, but if it should be implemented in clinical practice, great care must be taken 
before reporting variants of unknown significance.  
 
We also noted that some cases had germline and/or somatic alterations in more than one 
susceptibility gene, which is in agreement with some previously reported cases220. This 
suggests that a combination of driver events in these genes may confer a survival advantage to 
the tumor cells. However, knowledge of any causative genetic event is still unknown for 
about half of the sporadic tumors, suggesting that additional genes are involved. In an attempt 
to uncover additional driver alterations in sporadic pheochromocytomas, we performed whole 
exome sequencing and found recurrent activating mutations in the gene FGFR1, which have 
previously only been reported in small subsets of brain tumors181, 182. FGFR1-mutated tumors 
clustered together with tumors with RET, NF1 and HRAS mutations in our cohort, in 
agreement with an activation of the RAS/RAF/MAPK and PI3K/AKT signaling cascades.  
 
Together with the excellent studies of others80, 118, 121, 220, our results have shown that somatic 
mutations most likely have a major role in the development of sporadic pheochromocytomas 
and paragangliomas. During the finishing of this thesis, a new exome-sequencing study of 21 
pheochromocytomas was published, which revealed recurrent somatic mutations in the gene 
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ATRX248. ATRX is thought to be involved in the establishment of transcriptionally silent 
chromatin and in maintaining telomeres, and mutations have previously been discovered in 
other cancers, including neuroblastomas, gliomas and pancreatic neuroendocrine tumors249. 
We did not detect any ATRX mutations in the 16 exome-sequenced samples of our study. Two 
additional new studies reported whole-exome sequencing of 40 and 31 additional 
pheochromocytomas and paragangliomas, respectively250, 251. These studies confirmed the 
involvement of ATRX, but also reported other potential novel driver alterations including 
recurrent mutations in FMR1, TP53, MET and CDKN2A, though neither of the studies 
identified the FGFR1 gene. However, for many cases a driver mutation could still not be 
resolved. Many of the drivers that remain to be discovered are likely to be infrequent and 
difficult to distinguish from passenger events when detected in only one sample. In order to 
find additional recurrent events, whole-exome sequencing of considerably more cases will 
probably be required, and RNA sequencing may be valuable to detect potential fusion genes. 
The next step may be to investigate the non-coding regions of the genome, as was done when 
mutations in the TERT gene promoter were recently discovered in several tumor forms130-132, 
and later identified in rare cases of pheochromocytoma and paraganglioma129. Much work 
also remains in order to determine the clinical and biological effects of rare germline and 
somatic alterations and potentially use this information in the development and selection of 
targeted and personalized treatments. Some antiangiogenic therapies and mTOR inhibitors are 
already under testing in pheochromocytomas and paragangliomas27, and drugs that target 
FGFRs are being evaluated in other cancers175. Further characterization of the genome, 
transcriptome, epigenome and proteome of pheochromocytomas and paragangliomas may 
also help to identify novel markers for predicting malignancy, as the currently available 
indicators, SDHB and potentially FH mutations, occur in less than half of the malignant 
cases25, 87, 240.  
 
Molecular research on pheochromocytoma and paraganglioma has revealed new links 
between hypoxia regulation, cell metabolism, epigenetic remodelling and tumorigenesis that 
has increased our overall understanding of tumor biology and cancer23. Hopefully, the 
characterization of many different tumor forms, from the most benign to the most aggressive, 
can continue to give us insight into the complexity of human cancers including their 
development and potential cure. It is hoped that the work presented in this thesis can add a 
piece to the puzzle of neural crest-derived tumor development, and possibly, together with 
other scientific studies, contribute to the development of future treatment options. 
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