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Abstract
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Endocrine tumors arise from endocrine glands. Most endocrine tumors are benign but malignant
variants exist. Several endocrine neoplasms display loss of parts of chromosome 11 or 18,
produce hormones and responds poorly to conventional chemotherapeutics. The multiple
endocrine neoplasia syndromes are mainly confined to endocrine tumors. This opens the
question if there exists a single or several endocrine tumor genes.

The aim of the study was to describe genetic derangements in endocrine tumors.
Paper I: Investigation of mutational status of SDHAF2 in parathyroid tumors. SDHAF2 is

located in the proximity of 11q13, a region that frequently displays loss in parathyroid tumors.
We established that mutations in SDHAF2 are infrequent in parathyroid tumors.

Paper II: Study of SDHAF2 gene expression in a cohort of benign pheochromocytomas
(PCC) (n=40) and malignant PCC (n=10). We discovered a subset of  benign PCC (28/40) and
all malignant PCC (10/10) with significantly lower SDHAF2 expression. Benign PCC with low
SDHAF2 expression and malignant tumors consistently expressing low levels of SDHAF2 were
methylated in the promoter region. SDHAF2 expression was restored in vitro after treatment
with 5- aza-2-deoxycytidine.

Paper III: HumanMethylation27 array (Illumina) covering 27578 CpG sites spanning over
14495 genes were analyzed in a discovery cohort of 10 primary small neuroendocrine tumors
(SI-NETs) with matched metastases. 2697 genes showed different methylation pattern between
the primary tumor and its metastasis. We identified several hypermethylated genes in key
regions. Unsupervised clustering of the tumors identified three distinct clusters, one with a
highly malignant behavior.

Paper IV: Loss of chromosome 18 is the most frequent genetic aberration in SI-NETs. DNA
from SI-NETs were subjected to whole exome capture sequencing and high resolution SNP
array. Genomic profiling revealed loss of chromosome 18 in 5 out of 7 SI-NETs. No tumor-
specific somatic mutation on chromosome 18 was identified which suggests involvement of
other mechanisms than point mutations in SI-NET tumorigenesis.

Paper V: The cost for diagnostic genetic screening of common susceptibility genes in PCC
is expensive and labor intensive. Three PCC from three patients with no known family history
were chosen for exome capture sequencing. We identified three variants in known candidate
genes. We suggest that exome-capture sequencing is a quick and cost-effective tool.
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“To the question of whether sharing 96 % of our genetic make-up with 

chimps makes us 96 percent chimp; we also share about 50 % of our DNA 
with bananas - that does not make us half bananas!”  
― Steve Jones 
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SDH Succinate dehydrogenase 
SFRP1 Secreted frizzled-related protein 1 
SI-NET Small intestinal neuroendocrine 
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Introduction 

Endocrinology is commonly perceived as a rather complicated topic among 
medical students, and of course others studying the human body. Endocri-
nology is the teaching of the endocrine system i.e. the organs that produce 
endocrine hormones, the hormones and their effects on the biological sys-
tem. Secretion and inhibition of hormones are tightly regulated. By knowing 
the hormone actions in the body, you can understand what symptoms the 
patient will have when the hormones are deregulated. Endocrine diseases can 
be categorized into two groups namely high levels of hormone or low levels 
of hormone. The treatments of endocrine disorders follow basic principles.  
Treatment for hormone overproduction is simply by blocking the hormone 
medically or with surgery removing the affected organ. Adding the specific 
hormone that the patient lacks is the treatment for low hormone production. 

Endocrine tumors arise from endocrine glands. Most of the endocrine tu-
mors are benign but malignant variants exist. Endocrine tumors commonly 
secret hormones yielding secondary symptoms, however non-functioning 
variants, with no secondary effects also exists. This thesis focuses on eluci-
dating the genetic mechanism behind endocrine tumors.  

Uppsala University has a long tradition of endocrine oncology research. 
The parathyroid gland in humans was discovered by Ivar Sandström in Upp-
sala, 1880 [1]. Uppsala has since the late 70s been one of the few centers 
specialized on endocrine tumors and is today one of the world leading cen-
ters for treatment of neuroendocrine tumors.  

My first encounter with the Human Genome Project (HUGO) was during 
the late 90s and early 2000s when I went to high school. The HUGO project 
was an international consortium to map the entire human genome. I was told 
and taught that the HUGO project would explain the human biology and its 
diseases. The project was finished in 2003 (www.genome.gov), leaving 
many of these questions unanswered. The last 10 years have truly been the 
genetic golden years. I started my PhD in the genetic gold rush. This thesis is 
about the genetic journey I have travelled; from the past to the future.   
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Genetics 
The human genome contains the genetic information in the form of DNA. 
DNA is built up by the nucleotide bases: adenine A, cytosine C, guanine G, 
and thymidine T. The four nucleotide bases are assembled as complimentary 
strands in a double helix [2]. The human genome is organized in 23 chromo-
some pairs, one inherited maternal and one paternal allele. The human ge-
nome sequences consist of approximately 2.85 billion nucleotides, which 
contain approximately 20,000 protein-coding genes [3]. Genetic information 
in the form of DNA is mainly transcribed into messenger RNA and then 
translated into proteins. 

Alterations in the genetic sequence, DNA mutations, can lead to defect 
proteins and distort function. Genetic sequences can be changed in a number 
of ways: point mutations, insertions, deletions, and large structural aberra-
tions affecting chromosome structure such as amplifications, deletions, 
translocations and loss of heterozygosity (loss of one allele). 

Tumor suppressor genes are genes that protect from cancer, often by in-
hibiting cell proliferation. According to Knudson´s classical “two hit hy-
pothesis” two independent genetic events, one in each allele are required in 
order to inhibit the function of a tumor suppressor gene, and thereby contrib-
uting to tumorigenesis [4]. 

Proto-oncogenes are a group of genes commonly regulating cell prolifera-
tion or differentiation. An activating mutation in a proto-oncogen can lead to 
tumorigenesis [5]. Mutations in proto-oncogenes leading to over-activity are 
often dominant, in contrast to tumor suppressor gene mutations, which 
commonly are recessive. A mutated proto-oncogene is called an oncogene. 

Epigenetics 
Epigenetics is most easily defined as changes in gene expression that is not 
caused by changes in the actual DNA sequence. The best understood epige-
netic modification is DNA methylation. DNA methylation occurs at cytosine 
residues at the 5´end of CpG nucleotides. Repetitive CpG regions are denot-
ed CpG islands. DNA methylation controls imprinting and is tissue and age 
specific [6]. CpG island methylation in the promoter region of a gene is usu-
ally a repressive mark, inhibiting transcription [7]. DNA methylation is con-
trolled by three DNA methyltransferases DNMT1, DNMT2 and DNMT3. 
DNMT1 is responsible for maintaining methylation, transferring methyl 
groups to cytosine in CpG sites. Null mutant dnmt1 embryos cause a lethal 
phenotype [8, 9]. The function of DNMT2 is unknown and is not essential 
for maintaining methylation nor de novo methylation [10], while DNMT3 is 
the enzyme responsible for de novo methylation [11].  
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Histones are proteins that pack DNA into nucleosomes. DNA is physical-
ly wrapped around the histones [12, 13]. Histone modifications such as 
methylation, acetylation and phosphorylation control repressive marks and 
thereby keep the DNA in a closed chromatin structure, while the opposite 
allows a permissive and active structure enabling transcription. Epigenetic 
histone modifications are controlled by different catalytic enzymes; histone 
methyltransferases, acetyltransferases and deacetylases [14]. 

There is a growing evidence for how epigenetic alterations are involved in 
tumor development. Epigenetic aberrations in malignancies leading to tran-
scriptional silencing are well characterized, especially CpG methylation [7]. 
Global hypomethylation is a common phenomena in cancer and increases 
mutation rates [15] and chromosomal instability [16]. 
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Parathyroid gland 

The parathyroid glands were first discovered and described in the rhinoceros 
in 1852 by Sir Richard Owen [17]. The parathyroid glands were found in 
humans as stated above in 1879–80, by at that time, the medical student Ivar 
Sandström [1]. The four parathyroid glands are normally located behind the 
thyroid gland or in the immediate surrounding tissues. Approximately 2–13 
% carry five or more parathyroid glands [18]. The parathyroid glands are 
derived from the pharyngeal pouches during embryogenesis [19]. The para-
thyroid glands receive their blood supply from the superior and inferior thy-
roid arteries. 

The parathyroid glands regulate the calcium level in the body by secreting 
parathyroid hormone (PTH) [20-22]. Calcium homeostasis is tightly regulat-
ed. Extracellular calcium is sensed through the Calcium Sensing receptor 
(CaSr), which is expressed on the chief cells of the parathyroid glands [23, 
24]. PTH secretion is inversely regulated by extracellular calcium levels 
[25]. PTH mobilizes serum calcium in response to hypocalcaemia.  PTH 
binds to a G-protein coupled receptor that stimulates adenylate cyclase [26]. 
PTH has three main modes of action in mobilizing serum calcium in re-
sponse to hypocalcemia and in order to raise calcium-levels namely: in-
creased bone resorption, re-absorption of calcium in renal tubuli and the 
activation of vitamin D which stimulates the absorption of calcium in the 
intestine [27, 28]. Active vitamin D exerts negative feedback on the parathy-
roid cells by inhibiting the transcription of PTH [29].   

Hyperparathyroidism 
Hyperparathyroidism results from excessive PTH secretion from the para-
thyroid glands leading to hypercalcemia. Hyperparathyroidism exists mainly 
in two forms; primary hyperparathyroidism (pHPT) and secondary hy-
perparathyroidism. Primary hyperparathyroidism develops from the parathy-
roid glands as an adenoma (80 %), multiglandular hyperplasia (15–20 %) or 
more seldom as a malignancy (< 1 %), all resulting in hypercalcemia [30]. 
Secondary hyperparathyroidism develops from hypocalcaemia due to vita-
min D deficiency or chronic renal failure. 
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Primary hyperparathyroidism  
pHPT from parathyroid tumors has a prevalence of approximately 2.1–5.1 %  
[31, 32]. pHPT is nowadays when identified; often clinically silent and a 
sporadic disease if any symptoms at all, pHPT is classically associated with 
nephrolithiasis and osteoporosis, but more commonly presents with non-
specific symptoms such as fatigue, myalgia, cognitive impairment and neph-
rolithiasis. Five to ten percent of pHPT occurs in tumor syndromes such as 
multiple endocrine neoplasia syndrome type 1 (MEN1), Multiple endocrine 
neoplasia syndrome type 2 (MEN2) and Hyperparathyroidism-jaw tumor 
syndrome (HPT-JT). Familial forms accounts for approximately 10 % of all 
cases [33]. 

The PTH gene is located at 11p15 and displays structural homology 
among species and is highly conserved. Approximately 8 % of all sporadic 
parathyroid adenomas has a pericentromeric inversion placing the PTH pro-
moter in front of the proto-oncogene CCND1, leading to over-expression of 
cyclin D1 [34-36]. CCDN1 phosphorylates the tumor suppressor protein Rb 
(retinoblastoma) that stimulates cell proliferation [37].  

Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant  
hereditary tumor syndrome associated with neoplasms in the parathyroid 
glands, enteropancreatic endocrine tissue and pituitary gland. MEN1 was 
mapped to 11q13 in 1988 [38]. MEN1 was discovered in 1997, coding for 
the menin protein and is associated with MEN1 syndrome [39]. Menin inter-
acts with a large number of proteins.  It is believed that MEN1 acts as a tu-
mor suppressor. Transgenic mice using a Cre Lox system with deletions in 
MEN1, develops parathyroid neoplasia similar to human disease [40].  

Sporadic adenomas have loss of heterzygosity at 11q13 in 25–30 % of the 
cases [41, 42], but of those only 50 % display somatic mutations in MEN1 
[43, 44]. In 2012, two studies that performed exome sequencing on apparent-
ly sporadic parathyroid adenomas revealed MEN1 mutations in 35 % of all 
cases [45, 46].  

HPRT2/CDC73 codes for the protein parafibromin and is located at 1p25. 
Mutations in HPRT2 cause the hereditary form of Hyperparathyroidism jaw 
tumor syndrome (HPT-JW), which includes parathyroid adenomas or carci-
noma and eventually also with fibro-osseous tumors of the mandibula or 
maxilla [47]. Parafibromin interacts with PAF1 (polymerase-associated fac-
tor 1), RNA polymerase II regulating transcription and RNA processing 
[48]. Mutations in HPRT2 are closely associated with parathyroid malignan-
cies but seldom with sporadic parathyroid adenomas [49, 50]. 

Pathologic accumulation of the proto-oncogene β-catenin has been re-
ported in parathyroid tumors [51]. β-catenin is part of the Wnt pathway regu-
lating cell proliferation and differentiation. The prevalence of stabilizing β-
catenin mutations in parathyroid tumors leading to accumulation of β-
catenin by evading ubiquination, have been reported in a varying frequency 
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ranging 0–7.3 % [52-56]. An aberrantly spliced internally truncated WNT 
co-receptor LRP5, resulting in accumulation of β-catenin has been reported 
in parathyroid tumors [57]. The expression of internally truncated LRP5 and 
stabilizing β-catenin mutations are mutually exclusive. 

Considering that a large percentage of all sporadic adenomas have loss of 
heterozygosity at 11q13, but roughly 20–35 % of the tumors have a mutation 
in MEN1, it is likely that yet other unidentified mutations are harbored in 
this locus.   
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Small intestinal NETs 

Neuroendocrine tumors are derived from the neuroendocrine cell system 
including the neural crest, neuroectoderm and endoderm [58]. Neuroendo-
crine tumors of the small intestine (SI-NETs) are the most common neuro-
endocrine tumors, and malignancy in the small intestine [59]. SI-NET, also 
known as midgut carcinoid was first described by Oberndorfer in the early 
20th century [60, 61]. Oberndorfer discovered that the tumors were morpho-
logically similar, but yet different from adenocarcinomas and therefore they 
were named carcinoid meaning carcinoma-like. SI-NETs are slow growing 
neoplasms but malignant and lethal. The historical classification of car-
cinoids were based on their embryological origin; foregut, midgut and hind-
gut was introduced in 1963 [61].  

In 2007 a new terminology was introduced for midgut carcinoids by the 
World Health Organization (WHO) that aims to harmonize the terminology 
with the TNM (tumor-node-metastasis) staging system [62], and the term 
small intestinal neuroendocrine tumours (SI-NET) was introduced. SI-NETs 
develop from the enterochromaffin (Kulchitsky) cells in the embryonic mid-
gut, the part of intestines that include the duodenum down to the proximal 
transverse colon. SI-NETs produce serotonin and tachykinins which cause 
the carcinoid syndrome, charactererized by diarrhea, episodic flushing and 
carcinoid heart disease, mainly due to right-sided valvular fibrosis [63].  
Tumors that secrete serotonin exhibit positive silver staining (Grimelius and 
Masson) [64]. 

In the last decades there has been an increased annual incidence of SI-
NETs is noted to 5.25 per 100,000. However a large post-mortem study (n = 
16,294) revealed a considerably higher prevalence of 8.4 % [65-68]. SI-
NETs are commonly diagnosed at a late stage with metastases, rarely only 
with primary tumor [69]. SI-NETs are insensitive to conventional chemo-
therapy [70-72]. SI-NETs and are primarily treated with somatostatine ana-
logues that improve the tumor free survival [73, 74]. Treatment with alpha-
interferons also improves symptoms and yield biochemical response [75, 
76]. The only curative treatment is if possible, resection of the primary tu-
mor and metastatic lesions. Debulking procedures, which decrease the tumor 
burden, is justified to relieve symptoms [77]. Liver metastases can be treated 
with local ablative techniques such as transarterial embolization, radiofre-
quency or microwave ablation and targeted radionucleotide therapy [78-80].  
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SI-NET is not part of any known tumor syndrome, although hereditary 
familial forms have been described [81, 82]. 

Genetics of SI-NETs 
The gene MEN1 is frequently mutated in endocrine neoplasms, but is not 
involved in the tumorigenesis of SI-NETs [83]. Large structural and numeri-
cal chromosomal imbalances are common in SI-NETs. The mutational land-
scape of SI-NETs have until recently been entirely absent and to date known 
mutations in SI-NETs are confined to only one gene (CDKN1B) in approxi-
mately eight percent of all cases [84]. 

Copy number alterations and losses of chromosome 18 are the most fre-
quent genetic alterations in SI-NETs [85-88]. A genomic hybridization study 
revealed loss in the regions 18q22-qter, 11q22-q23 and 16q21-qter and gain 
of 4p14-qter [89]. More recent studies frequently found loss of entire chro-
mosome 18, 11q22.1-22.2, 11.22-23.1,9p, 16q and gain of chromosome 4, 5, 
14 and 20 [81, 90, 91], however no overlapping region has been reported. 
Considering the high prevalence of loss of chromosome 18 and 18q-ter it is 
tempting to believe that a driver mutation is located in this region. 

The first study that applied massively parallel DNA sequencing technolo-
gy in SI-NETs analyzing 48 SI-NETs with matched constitutional DNA was 
published in the beginning of 2013. SI-NETs were found to have a low mu-
tation rate compared to other malignancies and 197 protein-altering variants 
affecting protein-coding areas and 14 mutations in splice sites were identi-
fied. Integrative analysis of the data including single nucleotide variants and 
structural variants, discovered alterations in known cancer pathways in ap-
proximately 70 % of the tumors, but no recurrent mutations. However epige-
netic alterations were not covered in this study [92]. During the end of 2013 
a historical landmark was published in the field. 55 tumors from 50 patients 
underwent genomic profiling using an exome capture and whole genome 
DNA sequencing. In total 1,230 mutations were found, 90 % (1113/1230) of 
those were mutated only in a single individual. The only gene that were sig-
nificantly mutated given gene size, nucleotide composition and mutation 
frequency in relation to expected number of variants, was CDKN1B (p27), 
which was found mutated in 5/50. CDKN1B mutation was confirmed with 
deep sequencing to 800-fold coverage, in a larger validation cohort and the 
mutational incidence was 8 % [84]. 78 % (43/55) had a hemizygous deletion 
of chromosome 18, which was associated with a slight increase in mutation 
rate, while no somatic mutation was found on this chromosome. 

Cyclin dependent kinase (CDK) regulates cell cycle progression [93]. 
CDKN1B (p27) is part of the kinase inhibitor protein (KIP) group and acts 
as a CDK inhibitor [94]. CDKN1B is highly conserved, interacts and inhibits 
CDK2 and CDK4 [95, 96]. Mutations in CDKN1B have previously been 
described in prostate cancer [97]. Loss of p27 protein is associated with a 
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poor prognosis in cancer [98]. CDKN1B mutations are found in patients and 
rats with the MEN syndrome phenotype, but who lack mutation in menin, 
sometime denoted the MEN4 syndrome. However they do not develop SI-
NETs [99]. The protein menin interacts with p27, thereby bridging menin 
and p27 mutations [100].  The p27 protein expression has earlier been stud-
ied in SI-NETs, however as presented in the study, where 16/17 had a high 
expression, but this was only shown using one antibody [100]. No present 
any immunohistochemical or functional studies describing a pathogenic role 
for p27 as a driver mutation in SI-NETs has yet been presented.     

Epigenetics in SI-NETs  
Few studies in SI-NETs have focused on epigenetic alterations. Hypermeth-
ylation of RASSF1A and CTNNB1 (encoding β-catenin) and global hypo-
methylation have been reported in spread disease [101, 102]. Accumulation 
of β-catenin that is part of the Wnt/β-catenin pathway is described in SI-
NETs, due to stabilizing mutation in CTNNB1 or APC or methylation of the 
counteracting SFRP1 [103]. Global hypomethylation in SI-NETs in long 
interspersed elements (LINE1) and ALU repetitive elements correlates to loss 
of chromosome 18 and lymph node metastases [102]. 
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Adrenal gland 

The adrenal glands are located in the retroperitoneum superior to the kid-
neys. The adrenal glands are endocrine organs and consist of two parts: cor-
tex and medulla. The cortex contains three distinct layers – the zona glomer-
ulosa, zona fasciculata and zona reticularis. The outermost layer, zona glo-
merulosa is responsible for the production of aldosterone, which regulates 
blood pressure through the renin-angiotensin system. Zona fasciculata pro-
duces glucocorticoids that regulate the immune system and the metabolism. 
The enzyme encoded by CYP11B, mostly expressed in zona fasciculata is 
mastered by the pituitary gland by release of adrenocorticotropic hormone 
(ACTH). The inner most layer, zona reticularis produces androgens. The 
adrenal medulla contains chromaffin cells that produce catecholamine; epi-
nephrine and norepinephrine. Preganglionic nerve fibers from the sympathet-
ic nervous system innervate the medulla. The adrenal medulla is responsible 
for the body’s fight or flight system. The glands are highly vascularized and 
receive blood supply from several arteries. 

Pheochromocytoma and Paragangliomas 
Pheochromocytoma (PCC) and paragangliomas (PGL) are rare catechola-
mine-producing tumors, where paragangliomas is the term for extra-adrenal 
tumors with chromaffin cells [104]. Most (90 %) are benign. and exceeding-
ly few are malignant. PCC/PGL are derived from the chromaffin cells in the 
adrenal medulla or the sympathetic trunk. Malignancy is defined as metasta-
ses in non-chromaffin tissue or local in growth outside the tumor or adrenal 
capsule. Patients predominantly present with symptoms secondary to high 
levels of catecholamine such as headache, palpitations and sweating [105]. 

Genetics in Pheochromocytomas and Paragangliomas 
The genetic understanding in PCC and PGL has dramatically evolved during 
the last years. To date, there are 16 known susceptibility genes. Approxi-
mately one third of all PCC/PGL patient carry a germline mutation and 80 % 
of the sporadic tumors a somatic mutation in one of the hitherto known sus-
ceptibility genes [106-119].  
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The von Hippel Lindau Syndrome is a rare autosomal dominant syndrome 
with tumors in the central nervous system, clear cell renal cancer, pancreatic 
endocrine tumors and PCC. As early as 1993 a large germ-line deletion was 
mapped to 3p25-3p26 in the Von Hippel Lindau (VHL) gene [119]. Hypoxia 
inducible factor (HIF) is stabilized under normoxic conditions and thereby 
promoting a hypoxic state of the cell, normoxic conditions leads to degrada-
tion of HIF. Defect VHL protein encompassing a deletion stabilizes HIF 
under normoxic conditions and promotes pathological angiogenesis [120]. 

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder.  NF1 
is a tumor syndrome with musculoskeletal abnormalities, cutaneous lesions, 
cognitive impairment, central nervous system tumors and PCC. NF1 is lo-
cated at 17q11.2, which encodes neurofibromin [121, 122]. Neurofibromin 
contains a GTPase activating protein that catalyzes the conversion of Ras-
GTP to Ras-GDP and by this mean of action inhibits Ras activity. A NF1 
mutation carrier fails to inhibit the Ras-GTPase and by this NF1 acts as a 
classical tumor suppressor [123]. Somatic NF1 mutations are found in 20–40 
% of apparently sporadic PCCs [124, 125]. 

Multiple endocrine neoplasia type 2 (MEN2) most commonly presents as 
familial medullary cancer and occasionally PCC and rarely (MEN type 2A) 
hyperparathyroidism. MEN2 syndrome is an autosomal dominant disorder, 
which is caused by a mutation in RET located at 10q11.2 [112, 126, 127]. 
The RET protein is a transmembrane tyrosine kinase receptor that regulates 
cell proliferation, which due to a mutation is constitutively activated The 
RET gene acts as protoonco-gene by activating RAS and PI3K/Akt pathways 
[128-130]. 

Succinate dehydrogenase/Complex II is part of the mitochondrial electron 
transport chain and Krebs cycle. Complex II is made up by the four subunits 
SDHA, SDHB, SDHC and SDHD. Mutations in any of these components 
lead to accumulation of succinate due to dysfunctional enzyme activity 
[131]. Prolyl hydroxylase (PHD) hydroxylates the prolyl residue of HIF-α 
and thereby promotes degradation under normoxic conditions, but not under 
hypoxia [120, 132]. PHD requires α-ketoglutarate for full function, however 
increased amounts of succinate competively inhibits the function of PHD. 
An increased succinate level inhibits PHD and thereby stabilizes HIF-α and 
promoting pro-angiogenetic pathways [133]. Dysfunctional SDH leads to a 
defect electron transfer chain resulting in reactive oxygen species and oxida-
tive stress. 

Mutations in the different subunits of the succinate dehydrogenase com-
plex leads to paraganglioma or pheochromocytoma. Hereditary paragangli-
omas are named after each mutated subunit. 

  Familial paraganglioma type 1 (PGL1) is caused by a mutation in 
SDHD. Genetic aberrations in SDHD (located at 11q23), encoding for the 
small subunit of cytochrome b in mitochondrial complex II, cause head and 
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neck paragangliomas [134, 135]. SDHD mutation has a high penetrance and 
tumors are often multifocal. 

Paraganglioma type 2 (PGL2) is caused by mutations in SDHAF2. A mu-
tation was discovered in SDHAF2 (11q12.2) in a Dutch kindred with heredi-
tary paraganglioma. SDHAF2 interacts with SDHA and is required for the 
flavination of SDHA, which is part of the electron chain transport and Krebs 
cycle [114]. Mutations in SDHAF2 have only been found in a Dutch and 
Spanish family with early onset of disease and exclusively head and neck 
paragangliomas [114, 136, 137]. Loss of SDHAF2 expression has been de-
scribed in VHL-associated pheochromocytomas [138]. 

Paraganglioma type 3 (PGL3) is caused by SDHC mutation. SDHC codes 
for one of the two membrane proteins that anchor the other subunits in com-
plex II. Mutations in SDHC lead to paragangliomas [116]. PGL3 is rare and 
manifests mainly as head and neck paragangliomas [139-141]. 

Familial paragangliomas type 4 (PGL4) carrying a mutation in SDHB has 
a less strong penetrance, but a higher ratio of malignant disease. 

SDHA mutations are associated with pheochromocytoma development 
[113].  SDHA is responsible for oxidizing succinate to fumarate. There are a 
few case reports of mutations in SDHA, SDHA mutations lead to pseudohy-
poxia and angiogenesis [113, 142, 143].  

HIF2A mutations have been described in two patients with paragangli-
omas. The mutation in HIF2A inhibits prolyl hydroxylation and degradation 
of HIF2A prolonged half-life and can act on its down-stream targets [107]. 
In addition, somatic variants in HIF2a have been reported in sporadic pheo-
chromocytomas and paragangliomas cases. A mutation in HIF2a leads to 
HIF2a stabilization and evades VHL-degradation. Nude mice receiving in-
jections with HIF2a mutant construct develop chromaffin tumors [144, 145]. 

The gene coding for MAX (Myc-associated factor-X) is mutated at most 
in 1 % of all pheochromocytomas [110, 146, 147]. MAX makes up a hetero-
dimer with Myc or Mad, and the complex MAX-Myc/MAX-Mad binds to its 
E-box target [148]. Mutant MAX is incapable of making a homodimer or 
heterodimer and are therefore unable to repress the transcription of the E-box 
element. Re-inserting wild type-MAX protein inhibits the cell growth in the 
PCC cell line PC12 [149]. 

A truncating mutation in the transmembrane protein 127 (TMEM127) has 
been found in pheochromocytomas. Mutated TMEM127 activates the pro-
mitogenic mTOR-pathway by increasing the phosphorylation of mTORC1 
[118]. In two large screening cohorts with negative findings in other suscep-
tibility genes, the mutation frequency was approximately 2 % [150, 151]. 

One somatic mutation has been found in the gene coding for isosocitrate 
dehydrogenase (IDH) in a patient with sporadic PGL. IDH is part of Krebs 
cycle and catalyzes isocitrate to α-ketoglutarate. Mutant IDH inhibits 
prolylhydroxylase, leading to accumulation of HIF-α and inducing the hy-
poxia angiogenesis pathway [152, 153]. 
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Fumarate hydratase (FH) catalyzes fumarate to malate in the tricarboxylic 
acid cycle. Five germline mutations in FH was found in a large cohort 
PGL/PCC negative for the susceptibility genes, three of these cases were 
metastatic tumors, also displaying a similar epigenetic staining pattern to 
SDHB deficient tumor suggesting a cost-effective tool to assess metastatic 
risk [154]. 

PHD (prolyl hydroxylase, EGLN) determines the lifetime of HIF-α by 
hydroxylation and then steering HIF- α for proteosomal degradation, under 
hypoxic conditions this process is inhibited. A mutation in PHD2 has been 
found in a patient with erythroycytosis and PGL, and this mutation is proba-
bly rare [133, 155]. 

Kinesin family member 1B (KIF1B) encodes for a motor protein impli-
cated in mitochondria transport and synaptic vesicle precursors, the gene is 
located at 1p36 and mutations have been reported mutated in PCCs [108, 
156]. 

Recently, our group identified yet another susceptibility gene, H-Ras in 
PCC. Truncated H-Ras leads to activation in the RAS/RAF/ERK signaling 
pathway [109]. 

Approximately 80 % of all PCCs and PGLs carry a somatic or germ-line 
mutation in one of the known susceptibility genes, and the most commonly 
carried variants are VHL, NF1, SDHB and RET [125]. In total, today there 
are 16 susceptibility genes. The cost for screening the common genes VHL, 
RET, SDHB, SDHC and SDHD is approximately 3400 US dollars, and for all 
susceptibility genes more than 10000 US dollars and this process is also 
highly labor intensive [157]. Thus, there is a need for a more effective and 
cheaper alternative for genetic screening than the ones used in clinical rou-
tine today. 

 

Epigenetics in PCC/PGL 
 
Genome-wide DNA analysis in PGL in a cohort with known mutations re-
vealed three distinct methylation clusters. SDHx related cluster displays a 
specific phenotype with high methylation level, whereas tumors with SDHB 
mutations had significantly higher methylation and were associated with 
worse prognosis [158]. Abdominal PGLs display a hypermethylation pheno-
type as well as hypermethylation of p16, which is associated with SDHB 
mutations. Both these epigenetic findings are associated with malignancy 
[159, 160]. Aberrant methylation in genes implicated in tumorigenesis were 
also described in the promoter region of PCC/PGL [161-163]. Hypermethyl-
ation of the VHL promoter is observed in PCC/PGL, and malignant tumors 
had a higher methylation level compared to benign tumors, however this 
difference was not observed on gene expression level [164]. 
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Aims of the study 

The general aim of the study was to describe molecular derangements in 
endocrine tumors in general, with the aim to identify overall, general endo-
crine-specific mechanisms. Thus, the specific aims were set according to the 
knowledge and research status at the time concerning the different endocrine 
tumors. Specifically, the specific aims of the current study were to investi-
gate and use traditional and modern molecular genetic tools to study differ-
ent aspects of endocrine tumorigenesis. 

 
1. Investigate the role of SDHAF2 in parathyroid tumorigenesis. 
2. The aim with this study is to establish the methylation status in SDHAF2 

in a cohort of benign and malignant PCC and perform an integrative 
analysis of the findings.  

3. Characterize the methylome of primary and metastatic SI-NETs. 
4. Set up a platform and pipeline for next-generation sequencing. 
5. Identify recurrent somatic mutations in Chromosome 18 in SI-NETs 

with high density SNP-array and exome sequencing. 
6. Use next generation sequencing to screen for susceptibility genes in 

PCC.  
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Materials and methods 

Summary of materials and methods 

Tissue specimens 
(Paper I) 

 
Biopsies of normal human parathyroid glands were obtained from 
normocalcemic patients operated for atoxic goiter, because of macroscopic 
ambiguity of the eventual concomitant diagnosis of parathyroid adenoma. 
Eighty. Eighty patients with operatively verified sporadic pHPT due to a 
single adenoma were included in the study. All tumors were carefully evalu-
ated by an experienced endocrine pathologist, prior to inclusion in the study. 
Tumors were dissected prior to processing to minimize contamination by 
normal cells. Tissues were snap frozen in liquid nitrogen and stored at -80 
°C. None of the patients demonstrated signs suggesting any hereditary dis-
ease or syndrome. Blood was collected after an overnight fast and serum (s-) 
calcium (reference range 2.20–2.60 mmol/l) and intact s-PTH (reference 
range 10–65 ng/l) were determined preoperatively. All the patients became 
normocalcemic during follow-up for at least 6 months. Informed consent 
was obtained prior to inclusion in the study. The institutional review board 
approved the study. 

 
(Paper II) 
40 patients with benign PCC and 10 patients with malignant PCC were oper-
ated during clinical routine. Four samples with normal adrenal medulla were 
retrieved when operated for benign adrenal cortical tumor. All tumors and 
normal tissue was carefully dissected, snap frozen and stored in -70 °C. The 
diagnose was verified by an experienced endocrine pathologist and classified 
according to current WHO classification. Informed written consent and ap-
proval of the local ethical committee was obtained prior to the study. 

 
(Paper III) 
Ten patients diagnosed with metastatic SI-NETs were operated during clini-
cal routine. To the methylation array, 10 primary tumors and 10 matched 
lymph node/mesenteric metastases were carefully dissected by an experi-
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enced endocrine surgeon. The tumor tissue was snap frozen and stored in -70 
°C. The diagnose was verified by an experienced endocrine pathologist and 
classified according to the WHO classification. All tissues were stained be-
fore and after cryo-sectioning to ensure a tumor content of at least 80 %. To 
correlate DNA methylation with gene expression RNA from 47 tumors in 
total, primary tumors (n = 9) were matched with corresponding mesenter-
ic/lymph node metastasis (n = 9) and liver metastasis (n = 9) and 9 matched 
primary tumors (n = 9) with mesenteric/lymph node metastasis (n = 9) and in 
addition 2 primary tumors. Informed written consent and approval of local 
ethical committee was obtained prior to this study. 
  
(Paper IV) 
Seven patients diagnosed with metastatic SI-NETs were operated during 
clinical routine. An experienced endocrine surgeon carefully dissected the 
hepatic metastases that were used for sequencing. The tumor tissues were 
snap frozen and stored in -70 °C. The diagnose was verified by experienced 
endocrine pathologist and classified tumors according to WHO classifica-
tion. Tumors were all well differentiated and graded as grade 1 and had a 
homogenous clinical appearance with carcinoid syndrome and distant metas-
tasis at diagnosis. All tissues were stained before and after cryo-sectioning to 
assure a neoplastic cellularity of at least 80 %. 96 SI-NETs were chosen as a 
validation cohort. Informed written consent and approval of local ethical 
committee was obtained prior to this study. 
 
(Paper V) 
Tumor tissues from three patients with PCC were selected for whole exome 
sequencing. The patients had a secretory unilateral PCC and no apparent 
signs/symptoms/history suggesting pathogenic germline variants in known 
susceptibility genes. The local ethics committee approved the study and writ-
ten informed consent was obtained from all patients prior to the study. All 
issues were stained before and after cryo-sectioning to a assure tumor con-
tent of at least 80 %. 

DNA, RNA and cDNA preparation 
(Paper I) 
High-molecular-weight genomic DNA from whole blood, and tumor tissue 
was isolated by standard methods as previously described [165]. Total RNA 
from snap-frozen tumor and normal tissue was isolated using the Nucleo-
bond AX RNA Isolation Protocol (Machney-Nagel, Bethlehem, PA, USA) 
[166]. RNA was not treated with DNAase during the extraction process. 
cDNA synthesis was performed using the iScript cDNA synthesis kit (Bio-
rad, Hercules, CA, USA). 
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(Paper II+III+IV) 
Genomic DNA was extracted from frozen tissue with DNA minikit (Qiagen) 
according to the manufacturer’s instruction. The DNA integrity was verified 
by loading the samples on a 1,2 % Agarose gel for 45 min. Nanodrop ND-
1000 Spectrophotometer (NanoDrop technologies, Wilmington, DE, USA) 
was used to measure the concentration and purity of the samples. 
 
(Paper IV+ V) 
The samples for next-generation sequencing were macrodissected to achieve 
neoplastic cellularity of at least 80 %. DNA was prepared from cryo-sections 
using Genomic-tip 20/G (cat. no. 10223, Qiagen). DNA for susceptibility 
screening was prepared from peripheral blood and tumor cryosections using 
DNeasy Blood and Tissue Kit (Qiagen). 

RT PCR 
(Paper I) 
PCR reactions were performed using the mRNA specific primers 5′-
CAGTGTTCTCGACTTCGTCGC-3′ and 5′-
AGCGTCTGAATGATGTCACAC-3′. The PCR conditions were: one cycle 
of activation at 95 °C followed by 30 cycles of amplifications at 95 °C for 
20 s, 60 °C for 20 s, and 72 °C for 20 s and a final elongation step at 72 °C 
for 7 min using 50 ng of parathyroid cDNA and 15 pmol of each primer. The 
PCR products were analyzed on a 1 % agarose gel to control the quality of 
products and exclude unspecific PCR reactions. PCR products were then 
purified using QIAquick PCR purification kit (Qiagen, Valencia, CA, USA) 
and sequenced by direct sequencing methods. 
  
(Paper III) 
We selected five (AXL, CRMP1, FGF5, CXXC5 and APOBEC3C) genes 
with statically significant different methylation levels in primary tumors and 
metastases. To verify that alterations in methylation levels lead to changes in 
gene expression, we choose to interrogate the expression levels of the above 
selected genes.  Total RNA was extracted with RNAeasy Mini kit (Qiagen) 
according to manufacturer’s protocol. RNA concentration was measured by 
Nanodrop ND-1000 Spectrophotometer  (NanoDrop technologies, Wilming-
ton, DE, USA). Reverse transcription reaction was performed with Re-
vertAid H minus First Strand cDNA synthesis kit (Fermentas, Germany). 
cDNA was stored at -20 °C. The cDNA was used as template for 10 µl RT-
reaction using commercial Taqman exon specific technology using assays 
for 18s (hs99999901_s1), CRMP1 (hs01033664_m1), FGF5 
(hs00170454_m1), AXL (hs01064447_m1), CXXC5 (Hs00212840_m1) and 
APOBEC3C (hs00828074_m1) and was analyzed on StepOne Real time 
PCR system (Applied Biosystems, Foster City, CA, USA) according to 
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manufacturer’s protocol. We used 2-ΔΔCt  to calculate the relative gene ex-
pression between primary tumors and metastases. 

Methylation-Specific PCR 
(Paper II) 
SDHAF2 were analyzed using methylation-specific PCR (MSP) as described 
by Starker et al. [167]. Methylated and unmethylated specific primers were 
designed using the Methyl Primer Express software (Applied Biosystems, 
Foster City, CA, USA), and primer sequences are available upon request. 
Both unmethylated and methylated specific primers displayed an identical 
target amplicon. Semi-quantitative PCR was performed using SYBR-Green 
PCR Master Mix (#4309155) and results were analyzed using StepOne 
Software v 2.1 (Applied Biosystems). Human methylated DNA (Epitect 
Control DNA; Qiagen, Valencia, CA, USA) was used as the reference DNA 
to quantitatively assess the methylation status of the target CpG island, when 
using methylated specific primers. Similarly, human demethylated DNA 
(Epitect Control DNA; Qiagen) was used as reference for the unmethylated 
specific primers. The relative percentage of the values from the methylated 
and unmethylated measurements was calculated. 

DNA sequencing 
(Paper I) 
The coding regions and flanking exon-intron boundaries of the SDHAF2 
gene were amplified using the primers in Table 1. The PCR conditions were 
as follow: one cycle of activation at 95 °C followed by 35 cycles of amplifi-
cations at 95 °C for 20 s, 60 °C for 20 s, and 72°C for 20 s and a final elon-
gation step at 72 °C for 7 min using 2.5 ng genomic DNA and 15 pmol of 
each primer. The PCR products were visualized on agarose gel to control the 
quality of products and exclude unspecific PCR reactions. The PCR products 
were then purified using QIAquick PCR purification kit (Qiagen, Valencia 
CA, USA). Each sample (40 ng of DNA) was prepared for submission in 96-
well Eppendorf twin tec plates (Eppendorf, Westbury, NY, USA) in accord-
ance with the high volume plate submission policies and procedures at the 
Yale Cancer Center/W.M. Keck Foundation Biotechnology Resource Labor-
atory. The sequencing reactions utilized fluorescent-labeled dideoxynucleo-
tides (Big Dye Terminators) and Taq FS DNA polymerase in a thermal cy-
cling protocol. The sequence analysis is carried out on 3,730 capillary in-
struments (Applied Biosystems Foster City, CA, USA). 
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Table 1 Forward and reverse primers for amplification of all exons of the SDHAF2 gene  
Frag-
ment Exon Forward Reverse Size(bp) 

1 1 

5′-
GTCACACGCACCGCCAC-
TTC-3′ 5′-TATCGGGCAGACGAACTC-3′ 243 

2 2 

5′-
CAGCGTTGAC-
CTTCCCAGGCTC-3′ 

5′-
AGTAGGAGTCTTGGTGTCAC-
3′ 786 

3 3 

5′-
GAGGTTCAGCTGCTTTTCT
G-3′ 

5′-
GAAGTAGAGGTTGCAGTGAG-
3′ 338 

4A 4 

5′-
CCCTGG-
TATAGGCTAACATC-3′ 

5′-
TGAGTACACTTGGGCTGAGG-
3′ 633 

4B 4 

5′-
AGCTCTGAGCCTCAAAAGT
G-3′ 

5′-
GAAGACTGTAG-
GAATGAGGGG-3′ 614 

 
(Paper IV) 
To validate the exome sequencing results DNA was prepared from tumor 
cryo-sections from 96 SI-NETs using DNAeasy Blood and Tissue kit (Qi-
agen). Exons and exon-intron boundaries spanning over the variants were 
amplified by PCR and sequenced using automated Sanger sequencing 
(Beckman Coulter, Takeley, UK). 

 
(Paper V) 
DNA was prepared from peripheral blood and tumor cryosections using 
DNeasy Blood and Tissue Kit (Qiagen). In order to be utilized as control and 
for verification of variants discovered by NGS, fragments corresponding to 
all exons and intron-exon junctions of major susceptibility genes; SDHB, 
SDHC, VHL, MAX, RET (exons 10, 11 and 13–16) as well as selected 
fragments in NF1 (exon 9), were amplified by PCR and sequenced using 
automated Sanger sequencing (Beckman Coulter, Takeley, UK).  

Methylation array analysis 
(Paper III) 
The HumanMethylation27 Beadchip (Illumina, San Diego, CA, USA) with 
whole genome coverage covering 27,578 CpG loci located in 14,495 genes 
was used. One µg DNA, per sample was used in each reaction for denaturing 
the DNA and bisulfite conversion and hybridized according to the manufac-
turer’s protocol. C or T was detected by single base extension with a radio-
labelled nucleotide, this was measured by Illumina Beadarray Reader. The 
methylation level is determined by the fluorescence signal C (methylated) 
assigned 1 and T (unmethylated) assigned 0. The β-value is calculated by the 
relative value by the fluorescence signal between C and the total fluores-
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cence signal at a single locus given a value ranging from 0 to and 1, where 1 
reflects a methylated locus.  

Single nucleotide polymorphism array 
(Paper IV) 
DNA was prepared from cryo-sections using Genomic-tip 20/G (cat. no. 
10223, Qiagen). The Illumina Human Omniarray 2.5 (Illumina, Inc) interro-
gates approximately 2.5 million genetic variants, which includes common 
and rare SNPs. DNA is amplified over night. An enzymatic process frag-
ments DNA. The DNA is annealed and hybridized to the specific beads, for 
each SNP locus there are two beads corresponding to each allele. After hy-
bridization, enzymatic base extension re-assuring allele specificity and by 
this mean fluorescently stained. The intensities of the beads' fluorescence are 
detected by the Illumina BeadArray Reader (Illumina, Inc). Genotyping was 
carried out at the SNP&SEQ Technology Platform (Uppsala University, 
Uppsala, Sweden). Analysis of structural variants and LOH in data was done 
with Nexus 6.1 software (BioDiscovery, Hawthorne, CA, USA). 

Exome capture and high-throughput sequencing 
(Paper IV+V) 
Sequencing libraries were prepared from 3µg gDNA using SureSelect target 
enrichment system for Illumina paired-end sequencing libraries v2.2, Octo-
ber 2010 (Agilent Technologies, Santa Clara, CA, USA), according to the 
manufacturer's instructions. Briefly, the DNA was fragmented using the 
Covaris S2 system (Covaris, Woburn, MA, USA). The DNA fragments were 
end-repaired using T4 DNA polymerase, Klenow DNA polymerase and T4 
polynucleotide kinase (PNK), followed by purification using AMPure XP 
beads (Beckman Coulter, Brea, CA, USA). An A-base was ligated to the 
blunt ends of the DNA fragments using the Klenow DNA polymerase and 
the sample was purified using AMPure XP beads. Adapters for sequencing 
were ligated to the DNA fragments, followed by purification using AMPure 
XP beads. The adapter-ligated libraries were amplified for five PCR cycles, 
followed by a second purification using AMPure XP beads. The quality of 
the enriched libraries was evaluated using the 2100 Bioanalyzer and a DNA 
1000 kit (Agilent). Exon capture was performed with 500 ng DNA of each 
sequencing library using the SureSelect Human All Exon 50Mb kit (Ag-
ilent). Briefly, the fragments in the library were hybridized to capture 
probes, unhybridized material was washed away and the captured fragments 
were amplified for ten PCR cycles, followed by purification using AMPure 
XP beads. The quality of the enriched libraries was evaluated using the 2100 
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Bioanalyzer and a High-Sensitivity DNA-kit (Agilent). The adapter-ligated 
fragments were quantified by qPCR using the KAPA SYBR FAST library 
quantification kit for Illumina Genome Analyzer (KAPA Biosystems, Wo-
burn, MA, USA). A 6pM solution of the sequencing libraries was subjected 
to cluster generation on the cBot instrument (Illumina, Inc.). Paired-end se-
quencing was performed for 100 cycles in one lane using a HiSeq2000 in-
strument (Illumina, Inc.), according to the manufacturer's protocols. Base 
calling was done on the same instrument by RTA 1.10.36 and the resulting 
bcl files were converted to Illumina qseq format with tools provided by 
OLB-1.9.0 (Illumina, Inc.). Fastq sequence files were generated using 
CASAVA 1.7.0 (Illumina, Inc.). Additional statistics on sequence quality 
was compiled from the base call files with an in-house script 
(http://molmed.medsci.uu.se/SNP+SEQ+Technology+Platform/). 

 

Bioinformatics 
(Paper III) 
Genome studio Methylation Module was used for data and bioinformatic 
analysis, Genome studio analyses the β-value for each CpG locus, intensity 
for each probe and calculating p-value for each measurement. 

The samples were divided in to two groups: primary tumors (n = 10) and 
mesenteric/ lymph node metastasis (n = 10). In order to find differentially 
methylated genes between the primary tumors and metastatic tumors, differ-
ential methylation analysis was performed, genes with different methylation 
values with a p value less than 0,05 were excluded. 

We defined hypermethylation as a β-value of 0.7 or above [168]. Highly 
hypermethylated was defined as a β-value of 0.9 or above. 

 
(Paper IV) 
Sequencing generated a minimum of 94 × 106 reads in all seven tumors with 
an average read length of 100. Generated sequences were processed using 
commercially available software: CLC Genomics Workbench 4.9 (CLC Bio, 
Aarhus, Denmark). Reads from pair- end fragments were trimmed for low 
quality and duplicate reads. Remaining sequences were mapped to the human 
reference sequence GRCh37.p5. A single nucleotide variant (SNV) and in-
sertion/deletion detection algorithm was used with the following settings: > 8 
reads and a variant allele frequency of > 25 %. Generated results were fil-
tered for non-synonymous variants and/or variants with a probable splice site 
effect located at chromosome 18 (Fig.1). The list was annotated for all gene 
annotations. Variants in genes occurring in all or less than two tumors were 
discarded.   
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(Paper V) 
Sequencing generated a minimum of 125 × 106 reads in all three tumors with 
an average read length of 100 reads. Generated sequences were processed 
using commercially available software: CLC Genomics Workbench 4.9 
(CLC Bio, Aarhus, Denmark). Reads from pair-end fragments were trimmed 
for low-quality and duplicate reads. Remaining sequences were mapped to 
the human reference sequence GRCh37.p5. A single-nucleotide variant 
(SNV) and insertion/deletion detection algorithm was used with low- and 
high-stringency settings: low stringency, coverage of > 8 reads and a variant 
allele frequency of > 25 % and high stringency, coverage of > 30 reads and a 
variant allele frequency of > 35 %. Generated results were filtered for non-
synonymous variants and/or variants with a probable splice site effect. The 
list was annotated for all gene annotations and then filtered for variants in 
one of the 11 currently known PCC susceptibility genes. The remaining var-
iants were annotated for overlapping information in selected genetic data-
bases: the Single Nucleotide Polymorphism Database (dbSNP), Catalogue of 
Somatic Mutations in Cancer (COSMIC), the Human Gene Mutation Data-
base (HGMD) and Leiden Open source Variation Databases (LOVD). Im-
pact of non-synonymous amino acid substitution was assessed in silico, us-
ing Polyphen2 [169] and SIFT [170]. Cross-references were manually gath-
ered when available. Analysis of structural variants in data generated by 
exome sequencing was not adequately supported by the software and was 
excluded from this experiment. 

Data analysis 
 
(Paper I+II+IV) 
Data are analyzed with the use of Sequencing Analysis and AutoAssembler 
software (Applied Biosystems Foster City, CA, USA), and publically availa-
ble web-based resources (NCBI, GenBank). Statistical analysis was per-
formed using SPSS 16 (SPSS Inc, Chicago, IL, USA). 
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Results  

Paper I 
We performed Reverse transcriptase PCR (RT-PCR) on normal mRNA from 
parathyroid cells with adrenal medulla as a positive control to establish the 
SDHAF2 expression in the parathyroid. The product from the RT-PCR was 
run on 1 % agarose gel and the expected size of the product was found. Au-
tomated Sanger sequencing on the PCR product was performed and verified 
the expression of SDHAF2 in parathyroid cells. The expression was then 
verified in a cohort with 14 parathyroid adenomas. 

Eighty patients with biochemically proven pHPT caused by a single ade-
noma were chosen for screening of somatic mutations in SDHAF2. Sequenc-
ing was performed on all four coding exons. Sequencing revealed one in-
tronic known variant, rs879647 in 9/80. This variant was also present in the 
germline. The allele frequency of the found SNP was not statistically signifi-
cant from the one expected in the HapMap population. No tumor specific 
mutation could be found in SDHAF2.   

Paper II 
We decided to study the gene expression of SDHAF2 in a cohort with 40 
benign and 10 malignant PCC, utilizing GAPDH as internal reference. 
SDHAF2 expression is high in normal controls. Within the group of benign 
PCCs, there was one subgroup with high SDHAF expression (12/40) and 
one subgroup with significantly lower SDHAF2 levels (28/40). All malig-
nant tumors (10/10) expressed significantly lower SDHAF2 compared to 
normal adrenal medulla. 

We speculated that the difference in gene expression for SDHAF2 might 
be explained by aberrant DNA methylation. We chose to study four CpG 
islands in the promoter region and regulatory elements in the first intron of 
SDHAF2. The tumors were subdivided into three groups, benign PCCs with 
high SDHAF2 expression, benign lesions with low SDHAF2 expression and 
malignant tumors. Normal adrenal medulla was used as a control. In intron 1 
in the SDHAF2 gene, the fragments positioned at (1,440) and (1441–2030) 
were unmethylated in all groups. The regulatory region in intron 1, position 
(811–1205), is unmethylated in normal adrenal medulla, but methylated in 
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the other groups. The upstream promoter region (-1311,-2) is unmethylated 
in normal control and PCC with high SDHAF2 mRNA expression levels. 
Benign pheochromocytomas with low SDHAF2 expression and malignant 
tumors consistently expressing low levels of SDHAF2 were methylated in 
the promoter region. 

Primary PCC cell cultures from 13 different tumors were treated with 
demethylating agent 5-aza-2-deoxycytidine. Benign tumors with high base-
line levels of SDHAF2 did not show significant increase of SDHAF2 mRNA 
expression. In the group of benign tumors with low SDHAF2 expression, the 
expression was restored after treatment with 5-aza-2-deoxycytidine.  

Paper III 
The methylation array covers 27,578 CpG sites covering 14,495 genes. The 
SI-NETs were divided into two groups; primary tumors and metastases. The 
average methylation index in primary tumors is 0.2608 and metastases 
0.2576. SI-NETs metastases are significantly less methylated compared to 
primary tumors.  

In total 2697 CpG sites are significantly different methylated between 
primary and its corresponding metastases. In order to identify which of the 
genes that are important in the development of a metastatic SI-NET, a list 
with genes that showed the largest differences of methylation was created. 
From the list the genes function where investigated and selected from its 
known biological properties for further investigations. cDNA was prepared 
from primary tumor, corresponding lymph node and liver metastases, in a 
total of 47 samples. Five genes where chosen for quantitative-PCR; AXL, 
FGF5, APOBEC3C, CRMP1, and CXXC5. 

AXL is a receptor tyrosine kinase and regulates cell migration and inva-
sion [171].  AXL is more methylated in metastases and the gene is down-
regulated in metastases. APOBEC3C is a cytidine deaminease, which con-
verts cytosine to uracil/thymidin but has not been implicated in cancer previ-
ously. APOBEC3C is more methylated in metastases compared to primary 
tumors and consequently down-expressed in metastases. FGF5 associated 
with glioblastoma [172] is down-expressed in SI-NETs metastases. CRMP1 
is inversely correlated to lung metastasis [173]. CRMP1 is less methylated in 
metastasis and the gene is over-expressed in metastases. CXXC5 were differ-
entially methylated between the primary and metastatic lesion, this did not 
correlate with gene-expression. 

We have identified seven genes (MAPK4, RUNX3, TP73, CCND1, 
CHFR, AHRR and Rb1) previously reported to be hypermethylated in other 
cancer types. These were amongst the most hypermethylated (β-value ≥ 0.9) 
in our cohort. MAPK4 is part of the MAPK-pathway and activates the 
MAPK-activated protein kinase 5 [174]. RUNX3 is a tumor suppressor and 
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is a downstream target of TGF-β pathway [175]. TP73 is a homologue to 
TP53 and induces apoptosis [176]. Cyclin D1 binds to CDK4/6 and inhibits 
cell cycle G1/S transition [177]. CHFR is a mitotic checkpoint which con-
trols entry to metaphase [178]. AHRR is part of basic-loop-helix/Per-ARNT-
Sim transcription factors and regulated Ah receptor expression [179]. Rb1 is 
a tumor suppressor that regulates cell cycle progression by inhibiting E2F-1 
transcription [180]. MAPK4 and CHFR were hypermethylated in all SI-
NETs. 

 Previous loss-of-heterzygosity studies have identified a common loss at 
18q21-qter and 11q22-23. We have therefore identified all genes in the 
above mentioned regions that were hypermethylated (

€ 

β-value > 0.7). At 
chromosome 18.21-qter SETBP1-SET binding protein 1, ELAC1, MBD1, 
MAPK4 and TCEB3C were hypermethylated in all SI-NETs included in our 
cohort. Several members in the Serpin peptidase inhibitor family were also 
hypermethylated e.g. SerpinB3, Serpin B3, SerpinB5 etc. ARVC1, MMP8, 
BTG4, APOA1, FAM89B and HSPB1 at Chr11.22-23 were hypermethylated 
in all tumors, while HTR3B, CD3D and TRIM29 were hypermethylated in 
the majority of the SI-NETs. 

Unsupervised hierarchical clustering of the samples identified three dis-
tinct clusters; A, B and C. The cluster analysis separates the two patients in 
the cohort with most aggressive phenotype, both with disseminated disease. 
The primary SI-NETs and their matched metastasis from the same patient 
grouped closer than primary tumors and metastases as two different groups. 
Cluster C, had a higher methylation index which included the aggressive 
phenotype. The tumors had a higher Ki67 index, patients were older at time 
of diagnosis, and had a higher CgA one year postoperatively than the two 
other clusters.  

Paper IV 
Seven liver metastases from patients with well-differentiated SI-NETs grad-
ed according to the WHO classification of 2010 as G1, were selected for 
whole exome sequencing and high resolution SNP array.  

For genomic profiling of the seven identified SI-NETs patients the Hu-
manOmni 2.5 beadchip array (Illumina) was used, which covers approxi-
mately 2.5 million common and rare SNPs. Several structural aberrancies 
were detected in each of the tumors. The tumors displayed a high degree of 
loss of chromosome 18. In total, five out of seven (71.4 %) of the investigat-
ed SI-NETs displayed loss of entire chromosome 18, which suggested that 
these tumors might harbor a second hit mutation in the remaining allele, 
therefore we decided to perform exome sequencing and selectively target 
chromosome 18.  
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Exome sequencing generated a minimum of 94 x 106 reads and a genome 
wide read coverage of 1X (90–97 %), and 10X (90–94 %) in all seven tu-
mors with an average read length of 100 bases. In total, nineteen genes were 
covered less than 8X in all tumors and therefore discarded from further anal-
ysis. Between 6332–10576 single nucleotide variants were identified in each 
tumor. We discovered 981 non-synonymous variants on chromosome 18 
encompassing 325 unique variations in 135 genes. We filtered the list 
against publicly available SNP-database (www.ncbi.nlm.nih.gov/nih), all 
variants were annotated SNPs. One variation, rs193922639, in Desmoglein 2 
(DSG2) was classified as pathogenic. This variant was reported to be causa-
tive of arrhythmogenic right ventricular dysplasia/cardiomyopathy [181] and 
is not annotated by COSMIC (catalogue of somatic mutations in cancer). We 
decided to validate the finding by re-sequencing a validation cohort of 96 
additional SI-NET. Re-sequencing revealed no recurrent mutations in DSG2, 
and the mutations was classified as a "Genetic incidentaloma" [182]. 

Paper V 
Three pheochromocytomas from three patients with no known family history 
suggesting for hereditary disease were chosen for exome capture. All lesions 
were strictly unilateral and benign – no metastases were detected.  

Exome capture generated in average a sequencing depth at 10 X (94 %). 
Average depth for known PCC susceptibility genes (SDHA, SDHB, SDHD, 
SDHAF2, VHL, HIF2A, RET, NF1, TMEM127 and MAX) varied between 1X 
(98–99 %), 10X (94–96 %) and 100X (35–77 %). In average ten non-
synonymous variants were detected when a low stringency criteria was used, 
and six variants when a high stringency criteria was applied. 

Patient 1 was a 61-year old woman with therapy-resistant hypertension 
and elevated catecholamines who underwent surgery for a unilateral adrenal 
lesion.  The tumor specimen was positive for chromogranin A and had a low 
Ki67 index. Exome sequencing found seven variants of the PCC susceptibil-
ity genes and was classified as benign or unknown. One non-synonymous 
variant was detected in SDHC  (Pro110Ser), the variant was not found in the 
most common databases.  The bioinformatic tools Polyphen and SIFT classi-
fied the variant as benign and tolerated. 

The second patient was 27-year old woman with therapy-resistant hyper-
tension during pregnancy. The patient was operated after delivery and the 
anatomic pathological report described a lesion consistent with PCC. 13 
variants were found after exome sequencing.  One missense variant was 
found in RET (Tyr791Phe), the pathological role of this variant is questioned 
[183-185]. 

The third patient was a 65-year old woman with hypertension where 
work-up revealed an adrenal mass. The patient had elevated catecholamines 



 39 

and underwent surgery. Exome sequencing discovered ten variants. Nine 
were previously unknown. One missense variant was found in NF1 
(Arg304Ter) and was assessed as possibly pathogenic, but the mutation 
could not be verified by Sanger sequencing. 
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Discussion 

Paper I  
Loss of heterozygozity at 11q13 is a common genetic aberration in parathy-
roid adenomas as mentioned previously, however, only half of these can be 
explained by a mutation in MEN1 [41, 43]. The SDHAF2 mutation was 
found in a yeast model and could be found in a Dutch kindred with head and 
neck paraganglioma [114]. SDHAF2 is located at the proximity of 11q13. 
and considering that this gene also is involved in PCC/PGL tumorigenesis, 
we speculated that there might exist yet another common endocrine tumor 
suppressor gene in the locus surrounding 11q13. Given this, we hypothe-
sized that SDHAF2 mutations was also involved in parathyroid adenoma 
development. Therefore, we decided to determine the mutational status of 
SDHAF2 in a large cohort of parathyroid adenomas using Sanger sequenc-
ing.  

We could establish SDHAF2 expression in normal parathyroid tissue. In 
our study eighty patients with HPT were included, however there were no 
mutations in the coding regions of SDHAF2. It is thus unlikely that muta-
tions in the SDHAF2 gene play an important role as a tumor suppressor gene 
in the development of parathyroid adenomas. 

Paper II 
SDH couples oxidative phosphorylation with the Kreb´s cycle. Mutations in 
the different subunits of SDH are associated with hereditary and sporadic 
PCC/PGL. Mutations in SDHAF2 have exclusively been found in a Dutch 
and a Spanish kindred. Loss of chromosome 11 is common in PCC/PGL and 
is more prevalent in malignant PCC [117, 186]. SDHAF2 expression has 
been shown to be decreased in VHL related-PCC but promoter methylation 
has been absent [138]. Since mutations in SDHAF2 are rare, but structural 
aberrations are common in the region we chose to rigorously study the 
methylation in the regions surrounding transcription start site. The aim with 
the study was to investigate if epigenetic inactivation of SDHAF2 could 
serve as a “second hit” in the tumorigenesis of PCC. 

In this work we describe that epigenetic inactivation through hypermeth-
ylation in the promoter region of SDHAF2 leads to low SDHAF2 mRNA 
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expression in a subset of benign and malignant pheochromocytomas. Gene 
expression levels are restored in vitro after treatment with demethylating 
agent. Interestingly, all malignant tumors had low levels of SDHAF2. This is 
to our knowledge, the first report that links epigenetic inactivation of 
SDHAF2 as a frequent event in the tumorigenesis of PCC/PGL or more ag-
gressive behavior. The functional consequences of altered SDHAF2 expres-
sion needs further investigations, and more specific, there is a need to inves-
tigate if SDHAF2 inactivation correlates to a certain clinical phenotype.  

Paper III 
Epigenetic events that take part during carcinogenesis have for many dec-
ades been extensively studied. Promoter CpG island methylation leading to 
transcriptional regulation is best understood. Advances in recent years in 
array and sequencing techniques have made it possible to study global epi-
genetic changes. Still, the pathogenesis behind SI-NETs is largely unknown 
and only a limited number of studies have focused on aberrant methylation. 
Rashid et al. showed hypermethylation of p14 in 4/7 SI-NETs compared to 
normal adjacent mucosa [187]. As mentioned above, hypomethylation of 
ALU elements and LINE-1 was connected to metastases [102] as well as 
hypermethytion of RASSF1A and CTNNB1 [101]. Methylation is tissue-
specific and methylation patterns discriminate between different tissues 
[188]. A major concern with molecular genetic studies of SI-NETs is the 
problem with using the normal enterochromaffin cell as comparison, since 
collection and enrichment is difficult. Therefore we have chosen to only 
compare primary SI-NETs and metastases. We used a commercial available 
genome wide array approach covering 27,578 CpG loci.  

The SI-NET metastases are less methylated compared to primary tumors, 
which is consistent with earlier findings in metastatic prostate cancer [189] 
and gastric cancer [190]. Global hypomethylation in metastatic disease has 
been described in other cancer types and contributes to malignancy through 
genomic instability [189-191]. 

The genes AXL, FGF5, APOBEC3C, and CRMP1 displayed large differ-
ent methylation between primary tumors and metastases, which correlate to 
gene expression. CXXC5 was differentially methylated in primary tumors 
compared to metastases, however this did not affect gene expression in such 
a direction. The regulation of transcriptional activity is orchestrated by a 
complex network, where methylation plays a role. The failure of showing a 
different gene expression, only supports that methylation is only partially 
understood but under certain circumstances results in a change in mRNA 
levels. The importance of the studied genes contribution to the tumorigenesis 
of SI-NETs are still unclear and needs further investigation. 
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Unsupervised clustering of all tumors both primary and corresponding 
metastases where grouped together more closely within patients, rather than 
primary and metastatic lesions, suggesting that there is a tumor heterogeneity 
between patients and not between primary and metastatic disease. In con-
trast,  miRNA patterns are more different between primary and metastatic 
lesions than between patients (unpublished results). 

Unsupervised clustering categorized the tumors in to three different clus-
ters. Patients with a more malignant course where grouped in to one of these 
clusters.  

Normal enterochromaffin cells were not included in the study, due to the 
technical difficulties to obtain them with high purity. Instead, we reasoned 
that if we use a very high cut-off in the methylation index and then com-
pared genes that were hypermethylated and also hypermethylated in other 
cancer types, it is likely that they may play a role in tumorigenesis in SI-
NETs. The tumor suppressors RUNX3, TP73 and CHFR are highly hyper-
methylated in the majority of the SI-NETs and are epigenetically silenced in 
other cancer types [192-194].   

Given that the most numerical imbalances occurs at 18q21-ter and 11q22 
we speculated that extreme hypermethylation in these regions could identify 
candidate genes that are important in SI-NET development. The gene 
TCEB3C was hypermethylated in all tumors in the methylation array. 
TCEB3C is the only known imprinted gene on chromosome 18 
(www.geneimprint.com). A follow up study based on our findings estab-
lished low expression of TCEB3C,which epigenetically regulated in SI-
NETs, suggesting a tumor suppressor role for TCEB3C [195].    We identi-
fied several genes that are hypermethylated in these regions, and several 
have been associated with cancer previously, but their role in the tumor de-
velopment in SI-NETs needs further investigations.  

We have discovered several hypermethylated genes in regions where mu-
tational analyses failed to give deeper insight in the pathogenesis of SI-
NETs. We could categorize SI-NETs from their epigenetic pattern and corre-
late them to clinical data, but future studies have to confirm this finding in a 
larger cohort.  

Paper IV 
Loss of chromosome 18 is the most common genetic aberrancy in SI-NETs. 
To date, only mutations in p27 have been reported in approximately 8 % of 
all SI-NETs, surprisingly this gene is located on chromosome 12. It is likely 
that a tumor suppressor gene is harbored in the remaining allele on chromo-
some 18. High-density SNP arrays have previously identified several puta-
tive tumor suppressor genes on chromosome 18 which have been sequenced, 
but no recurrent mutation has been identified [81]. Since 85 % of all known 
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disease causing mutations occur in the coding regions of the genome we 
speculated that exome sequencing would most easily identify a candidate 
gene [196]. Therefore, we decided to set up a pipeline for next-generation 
sequencing in our lab. 

 In this study we performed a high resolution SNP array that confirms a 
high degree of loss of chromosome 18. Utilizing exome sequencing, we 
could not identify recurrent mutations on chromosome 18. Only 19 genes 
were covered less than 8X in all tumors, none of them have previously been 
associated with cancer. One of the tumors had a poor coverage (23 %), 
which might lead to false negative results. The sample size is small, possibly 
leading to false negative results, but 5/7 display loss of full chromosome 18 
and intuitively should have a second hit on the remaining allele. Intronic 
events are intrinsically overlooked by exome sequencing, as well as mid-size 
deletions or insertions. Given our results, point mutations on chromosome 18 
seem infrequent. Perhaps, epigenetic alterations besides structural variants 
might be crucial for SI-NET tumorigenesis.  

Paper V 
The genetic understanding in PCC/PGL has grown rapidly the last years. To 
date, there are 16 known susceptibility genes, one discovered by our group 
utilizing next generation sequencing [109].  Approximately one third of all 
patients with PCC/PGL carry a germline mutation and 80 % of all apparently 
sporadic tumors a somatic mutation in one of the hitherto known susceptibil-
ity genes [106-119]. Sanger sequencing is expensive and labor intensive. 
Since several of the tumor mutations are hereditary there is a rationale for 
genetic screening. All candidate genes consist of 20,791–30,078 nucleotides 
in 141–217 exons [197]. We hypothesized that screening for PCC suscepti-
bility genes utilizing next generation sequencing could be a useful tool for 
diagnostic genetic screening. 

Sanger sequencing has for long been the gold standard in sequencing. 
Screening for more than a small number of fragments is time-consuming and 
is associated with high costs. The price for whole exome sequencing is con-
tinuously decreasing, however the technique should be used with caution. 
Next generation sequencing creates large number of false positive variants, 
which can be compensated for by a deep coverage, which also makes the 
technique better to detect alleles in low frequency [196]. Somatic tumor 
DNA is a mixed pool of genetic material and therefore, next generation se-
quencing is a more sensitive method to detect alleles with low frequency 
compared to conventional Sanger sequencing. Incomplete exome-capture or 
uneven sequencing results in false negative results. The results from our 
screening project with next-generation sequencing reveals the problems with 
the technique. We found a pathological variant in NF1, but were unable to 
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verify it with Sanger, false positive or false negative in Sanger due to a low 
allele frequency? The variants SDHC and RET were found with an uncertain 
role of their pathogenicity.  

We suggest that exome-capture is a rapid and cost-effective tool. Still, 
there is a need for a deeper understanding of the genetic variants before they 
can be introduced into clinical routine.   
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Conclusion 

Only a few published papers have had deep scientific impact on my profes-
sional life. The Nobel Prize laureate Barbara McClintock published in 1950 
the classical study “The origin and behavior of mutable loci in maize“ [198]. 
Barbara McClintock concluded that the different corn colors could not be 
explained by mutations and hypothesized that jumping genes-mobile genetic 
elements known today as transposons caused this phenomenon. The main 
learning from Barbara’s work is that science is all around us. Science is not 
confined to lab settings and does not necessarily require expensive equip-
ment. My personal next scientific hallmark is the description of the PCR – 
this simple, yet highly complex technique is the ground for modern molecu-
lar biologic research [199]. The first description of the two cancer genomes, 
which made use of conventional PCR and hard work, made it possible to 
describe the genomes in breast and colon cancer. These studies showed the 
complexity of cancer, that the disease is dysregulated by a large number of 
mutations, and that targeting single pathways in most cancer forms is far 
from enough in the battle against cancer [200, 201]. 

The current thesis is a time travel: from an era where single genes were 
amplified and sequenced, until today, where a whole genome can be se-
quenced in a short period of time and personalized medicine is more than 
just a dream. 

The studied endocrine tumors share a common property in that they dis-
play loss of parts of chromosome 11 or 18 and produce hormones. The MEN 
syndromes are mainly confined to endocrine tumors. This opens the question 
if there exists a single or several endocrine tumor genes. This thesis has fo-
cused on different aspects on revealing the pathogenesis in endocrine tu-
mors. In this thesis we have worked with hypothesis based science and hy-
pothesis generating research by using conventional techniques and modern 
technology. 

Paper I and II address SDHAF2 from different aspects, namely genetics 
and epigenetics in parathyroid tumors and pheochromocytomas. We con-
clude that mutations in PCC/PGL/parathyroid adenomas are rare. We link 
epigenetic inactivation of SDHAF2 as a frequent event in the tumorigenesis 
to PCC/PGL, however its clinical importance warrants further studies. 

 Paper III – the methylation array in SI-NETS is the first description of 
the SI-NETs methylome. This is the first time that SI-NETs are divided in to 
clusters from malignant behavior based on methylation patterns. We identify 
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several putative candidate genes, which need further investigations. In a 
wider perspective, the usage of microarrays have immensely expanded. Pa-
per III is representative for array studies.  

Indeed, arrays often result with a large number of statistically significant 
genes, but the interpretation of the results is more or less arbitrary in order to 
be transposed into a biological context. The interpretation can differ consid-
erably between array studies and conclusions should be drawn with caution. 

In paper IV we introduced the concept of next generation sequencing and 
set up a pipeline for this. Yet, we failed to find any recurrent mutations on 
chromosome 18, as an indication of other possible mechanisms responsible 
for the tumorigenesis in SI-NETs. We believe that further studies interrogat-
ing epigenetic and intronic events might lead us to deeper insight in the 
pathogenesis in SI-NETs . 

In Paper V, we translated our learning from Paper IV and developed a 
more precise study design that showed how the new technique may be used. 
Next generation sequencing makes it possible to sequence all genes in a 
short period of time. Still, ten years after the HUGO project the problem is to 
interpret the generated variants, especially how to deal with genetic inciden-
talomas.  
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