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Abstract
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Endocrine tumors may be benign or malignant and may occur in any of the hormone producing
tissues. They share several biological characteristics, including a low mutation-burden, and may
co-occur in several hereditary tumor syndromes. The aim of this thesis was to identify genetic
and epigenetic aberrations in endocrine tumors.

In paper I we performed a comprehensive DNA methylation analysis of 39
pheochromocytomas/paragangliomas as well as 4 normal adrenal medullae on the
HumanMethylation27 BeadChip array. We validated two previously described clusters based
on DNA methylation with distinct genetic associations.

In Paper II we performed a transcriptomic analysis of 15 aldosterone producing adenomas.
CTNNBI-mutated tumors were found to form a distinct subgroup based on gene expression
and to share gene expression similarities with non-aldosterone producing adrenocortical tumors
with CTNNBI mutations, including overexpression of AFF3 and ISM1.

In paper III we used whole genome sequencing to identify germline genetic variants in 14
patients with Multiple Endocrine Neoplasia type 1 previously found to be wildtype for the MEN1
gene on routine clinical testing. Three patients were found to carry previously undetected MEN1
mutations. Two patients were confirmed to have phenocopies caused by variants affecting CASR
or CDC73. In total 9/14 patients were not found to have a disease-causing germline variant,
suggesting that the syndrome may in some cases be due to chance co-occurrence of several
sporadic tumors.

In paper IV RNA-Seq and whole genome sequencing of a cohort of SI-NETs selected on
the basis of unusually short or long survival was performed in order to identify disease causing
genes and potential prognostic factors. We confirmed known genetic aberrations and found rare
variants in known cancer driver genes. Based on gene expression two clusters that differ in
prognosis were detected. Moreover, through integration of copy number variation data and gene
expression, we identied novel potential disease causing genes.
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Introduction

This thesis lies at the intersection of three of the most fascinating fields of
medical science*: endocrinology, tumor biology, and molecular genetics. En-
docrinology is concerned with the study of hormones and the diseases that
relate to them. A common disease mechanism in endocrine disorders is exces-
sive hormone production, which may occur through a variety of mechanisms,
including hormone secreting tumors. Tumor biology studies mechanisms that
allow cells to deviate from their normal trajectory of tightly controlled prolif-
eration and death to form neoplastic tumors. While it is clear that this trans-
formation of healthy tissue to a tumor requires a cascade of events, the last
century has shown that the principal cause is deleterious alterations in the her-
itable material of the cell: DNA. The study of the sequence, structure and
function of DNA is the concern of molecular genetics.

This thesis aims to identify genetic drivers and potential prognostic markers
in endocrine tumors. Each of the four included papers concerns a different
disease. The first two are studies of adrenal tumors, where epigenetic changes
and gene expression have been studied in tumors of the medulla and the cor-
tex, respectively. The third paper reports an investigation of inherited genetic
alterations in the heritable endocrine tumor syndrome MENT1. The final paper
investigates genetic variants and gene expression in neuroendocrine tumors of
the small intestine. While the studied material is consequently diverse, the
studies are united by a common methodological approach: the use of high-
throughput molecular technologies to improve our understanding of endocrine
tumor biology.

* Author’s opinion
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Tumor genetics

The human genome is encoded by deoxyribonucleic acid (DNA): polymers of
adenine, guanine, thymine and adenosine. The DNA molecules are double
stranded, with two reverse complementary strands that pair through Watson-
Crick base pairing'. The full genome spans more than three billion bases” and
is divided over 23 pairs of chromosomes. A total of more than 20000 protein
coding genes have been located in the genome®. Genes are transcribed to RNA
by RNA polymerases, and the RNA may then act as a template for protein
synthesis (translation)*. Proteins, in turn, carry out a vast range of metabolic
and structural functions. Only a fraction (1-2%) of the genome consists of
protein-coding genes’, although a larger fraction is known to have some func-
tion, e.g. gene regulation®.

Each cell in a multicellular organism has a copy of the same genome (disre-
garding somatic mutations and certain specific cell types), yet they belong to
hundreds of unique cell types with different gene expression patterns and
functions. This differentiation is reached chiefly through regulation of gene
expression. Epigenetic modifications, heritable alterations in gene expression
that do not involve modification of the DNA sequence, play an important role
in determining cellular behavior. /n vivo, chromosomal DNA is found in com-
plex with histone proteins, forming chromatin’. Histone proteins may be co-
valently modified to increase or reduce transcription from specific genomic
regions®. Similarly, the DNA molecule itself may be covalently modified. The
most well understood modification is methylation of cytosine residues on the
5-position, which (in vertebrates) occurs in the context of CpG dinucleotides’.
These modifications are mitotically heritable and may be passed on to daugh-
ter cells during cell division. The methylation reaction is catalyzed by DNA
Methyltransferases'’. Mammals have three enzymatically active DNA me-
thyltransferases: DNMT1, DNMT3A and DNMT3B. DNMT]1 has a prefer-
ence for hemimethylated sites and is thought to be a maintenance methyltrans-
ferase that preserves DNA methylation patterns during cell division, while
DNMT3A and DNMT3B appear to be de novo methyltransferases that meth-
ylate unmethylated DNA''. DNA methylation may be reversed either pas-
sively or through the actions of TET enzymes that oxidize 5-methylcytosine'?.
Many promoter regions have clusters of CpG dinucleotides termed CpG-is-
lands. These are usually unmethylated, and methylation of these CGls is as-
sociated with stable silencing of gene expression'?.
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Figure 1: Chromatin. DNA is coiled around histones. Both histone proteins and the
DNA molecule may be covalently modified, affecting chromatin structure and gene
expression.

Tumors, benign and malignant, are caused by acquired mutations'* that per-
turb the tightly controlled processes of cell survival, cell division and cell
death. These mutations occur on the nucleotide level in the form of single nu-
cleotide variants and small insertions/deletions' and on a larger scale as am-
plification, deletion and rearrangement of larger chromosomal segments'®,
Two major classes of cancer genes have been described: proto-oncogenes and
tumor suppressor genes'’. Proto-oncogenes often promote cell survival and
cell division'® and may be aberrantly activated through chromosomal rear-
rangements and amplifications causing increased expression, or through acti-
vating mutations that uncouple them from the physiological controls in place
to regulate their activity. A mutated proto-oncogene becomes an oncogene.
Tumor suppressor genes, on the contrary, physiologically suppress uncon-
trolled cell proliferation'® and may be inactivated through truncating muta-
tions or large-scale deletions. As the human genome is diploid, with two cop-
ies of each gene, two deleterious events are typically required to fully inacti-
vate a tumor suppressor gene.

Mutations occur through several different processes'®. In anticipation of each
cell division, the entire genome is replicated to ensure that both of the resulting
cells have a full genome. Several mechanisms are in place to ensure the fidel-
ity of DNA replication, yet it has been estimated that 2-10 mutations are in-
troduced per cell division'. Mutations also occur due to intrinsic metabolic
processes (e.g. oxidative stress) and due to exposure to mutagens such as ul-
traviolet light and hydrocarbons in tobacco smoke. It is now clear that muta-
tions in canonical cancer driver genes accumulate with age in even morpho-
logically healthy tissue***'.

Tumor development occurs in a Darwinian fashion. The constant accumula-
tion of somatic mutations provides the necessary genetic diversity, while the
limitations of available space and resources, as well as the pressures of im-
mune surveillance and medical treatment act as selective forces®. Cells with
mutations that confer a survival advantage become more numerous, while
those with mutations that have a negative effect on cell survival are weeded
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out. Many mutations are neither advantageous nor deleterious and may be-
come embedded in the tumor genome as passengers, hitch-hiking on the suc-
cess of other mutations. Fully developed cancers contain a variety of clones,
which may vary over time, and give rise to metastases at distant sites in the
body*.

Not all mutations that contribute to tumor development occur somatically.
Certain common genetic variants cause a small but robust increase in the risk
of developing a tumor****. Other rare variants, often deleterious mutations in
one allele of a tumor suppressor gene, cause a complete or near complete pen-
etrance of a specific tumor syndrome. In most cases additional somatic muta-
tions are required for tumor development, which is nevertheless accelerated.
A notable example is retinoblastoma, a childhood tumor of the eye, which
occurs in a sporadic and a familial form. The sporadic form is most commonly
unilateral, and is diagnosed at a somewhat higher age, while the familial form
is often bilateral and is diagnosed at a younger age*®. Both forms are due to
mutations in the tumor suppressor gene RB/: in the sporadic form two inacti-
vating mutations in the gene must occur in the same cell, while in the familial
form a faulty copy of the gene is inherited and only one somatic mutation is
required — leading to earlier tumor development and a higher risk of multiple
tumors. Early studies of retinoblastoma led to the formulation of the Knudson
hypothesis which states that two independent ‘hits’ are required to inactivate
a tumor suppressor gene’’.

While most tumors are thought to be driven by changes in the coding sequence
of DNA, it has become clear that aberrant epigenetic modifications also play
a significant role. Large scale genome sequencing studies have revealed fre-
quent mutations in key epigenetic regulators in both hematological®®** and
solid malignancies®**'. Moreover, aberrant epigenetic marks are frequently
detected in cancers. Genome-wide hypomethylation and hypermethylation of
specific promoter-near CpG-islands is common®?. For several cancers, DNA
methylation patterns have been used to identify subgroups with strong prog-
nostic value®*-*, further highlighting the biological importance of epigenetic
aberrations. Finally, epigenetic aberrations that silence expression of key
genes have been suggested as possible drivers of tumor development in lieu
of recurrently mutated protein-coding genes™.

A key issue in cancer research is the identification of the mutations that drive
tumor development. Modern genome sequencing technologies have revolu-
tionized this hunt: in 2004, 61 genes were known to be somatically altered in
human cancers®® while at the time of writing, the Cancer Gene Census®’ in-
cludes 576 Tier 1 cancer genes. Identifying the mutations that matter among
a plethora of passengers is usually a matter of identifying recurrently mutated
genes and pathways, sometimes using complex statistical models to correct
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for confounding factors®®. Elucidation of the genes that drive cancer has led to
a shift in our understanding of cancer biology, and in a number of cases, to the
development of novel therapies.
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Pheochromocytoma and paraganglioma

The adrenal glands are located in the retroperitoneal space, cranial to the kid-
neys. The outer cortical layer produces steroid hormones, while the inner me-
dulla consists of chromaffin cells which secretes catecholamines (primarily
epinephrine) and is an extension of the sympathetic nervous system. Similar
cells are found in the thoracic and lumbar paraganglia®®. Epinephrine (and
norepinephrine) bind and activate adrenergic receptors (al, a2, B1-3) which
are present in a range of tissues, leading to (among other effects) increased
heart rate and contractility, bronchodilation, and redistribution of blood per-
fusion through both vasodilation and vasoconstriction*’ — in short physiologi-
cal preparation for a ‘fight or flight’ situation.

Cortex
Zona glomerulosa

B~ Zona fasciculata
Zona reticularis

Medulla

Figure 2: The adrenal glands are located cranial to the kidneys. They consist of an
outer cortex which secretes steroid hormones and an inner medulla which secretes
catecholamines. The cortex consists of three histological layers; zona glomerulosa,
fasciculata and reticularis which produce aldosterone, cortisol and androgens, re-
spectively.

Pheochromocytomas and paragangliomas are tumors of the adrenal medullae
and the sympathetic or parasympathetic paraganglia, respectively. They are a
rare entity with a reported incidence ranging from 2 to 8 cases per million
inhabitants per year*'*2, with a recent nationwide study from the Netherlands
showing an increasing incidence of PCC and sympathetic PGL of
5.7/1000000/year®. The tumors are usually benign, with only 10-17% causing
distant metastases**. Nevertheless, untreated PPGL, due to their frequent se-
cretion of vasoactive catecholamines (epinephrine, norepinephrine, and occa-
sionally dopamine) into the bloodstream, may have life threatening complica-
tions®. The symptoms are caused by catecholamine excess and include head-
aches, palpitations, sweating, nausea, pallor, anxiety and hypertension. The
symptoms are often paroxysmal®.
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The diagnostic work-up is based on biochemical tests and imaging. The rec-
ommended biochemical test is measurement of free metanephrines (catechol-
amine metabolites) in plasma, or fractionated metanephrines in urine. Imaging
studies (using e.g. computed tomography) enable localization of biochemi-
cally active tumors and is the only means of identifying biochemically non-
functioning tumors*’.

The treatment is predominantly surgical. In order to avoid intra- and periop-
erative hemodynamic instability which may occur due to an extreme release
of catecholamines when the surgeon handles the tumor, or due to hypovolemia
and vasodilation after removal of the tumor, the patient needs to be pretreated
with alpha-blockade for a period leading up to the surgery®’.

Malignancy is established by demonstration of metastasis. Predicting meta-
static behavior has proven difficult, although two scoring systems (PASS*
and GAPP*) have been proposed. A recent meta-analysis concluded that these
scoring systems are largely successful in ruling out malignancy in cases with
a benign course but perform less well in identifying cases with high risk of
metastasis®. Several clinical and molecular parameters have traditionally
been considered to confer an elevated risk of metastatic disease. However, in
a recent meta-analysis of 21 studies only the presence of an SDHB mutation,
secretion of norepinephrine, and secretion of dopamine were associated with
an elevated risk of metastasis’'. Metastatic disease is associated with a five-
year survival range around 60%>2, with a highly variable disease course®. Ow-
ing to the rarity of the disease randomized trials on treatment are lacking. Nev-
ertheless, chemotherapy (cyclophosphamide, vincristine and dacarbazine®),
as well as radiotherapy with *'I-MIBG™ and '""Lu-DOTATATE have been
used with some success.

Genetics

A substantial fraction of PPGL cases have an underlying hereditary compo-
nent. Pheochromocytomas are a key component in the Multiple endocrine ne-
oplasia syndrome type 2, and may also occur in von Hippel-Lindau syn-
drome®’. In the past two decades a number of additional PPGL genes have
been identified and it is now estimated that up to 40% of cases have an under-
lying germline mutation®®. Due to the high frequency of heritable causes ge-
netic testing should be offered to all patients®’.

Mutations in the succinate dehydrogenase subunit genes SDHA-D*° and the
succinate dehydrogenase assembly factor 2 gene SDHAF2%, as well as muta-
tions in FH* cause hereditary paraganglioma. These genes all encode key en-
zymes in the tricarboxylic acid cycle. Rare mutations in the related genes,
MDH?2% and SLC25A11° have also been proposed as rare causes of hereditary
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paraganglioma. Mutations in MAX "% and TMEM127 ® cause hereditary
pheochromocytoma. Sporadic cases often carry somatic driver mutations in
any of a set of genes, including VHL and RET 0 HRAS™, NFI'*"*, EPASI™,
ATRX" and KMT2D'®.

Comprehensive, integrative studies incorporating somatic mutations, copy
number aberrations, gene expression and DNA methylation patterns have
identified several distinct subgroups’”’”’®. The most comprehensive analysis
to date, carried out by the TCGA consortium’’, identified four subgroups:
Wht-altered, Kinase-signaling, Pseudohypoxia and cortical admixture. The
Wht-altered tumors often have gene fusion events involving MAML3 or mu-
tations in CSDE1, and are characterized by expression of Wnt targets includ-
ing B-catenin. The most common alterations in the kinase signaling group are
mutations in NFI, HRAS and RET, leading to activation of the MAPK signal-
ing pathway. The pseudohypoxia subgroup commonly carries mutations in the
SDHx-genes, VHL or EPAS1. Mutations that inactivate the succinate dehydro-
genase complex lead to intracellular accumulation of succinate which appar-
ently inactivates a-ketoglutarate-dependent enzymes, including the prolyl hy-
droxylases” that regulate the levels of Hypoxia Inducible Factors which are
key mediators of hypoxia signaling. Similarly, inactivating mutations in VHL
prevent the VHL protein from carrying out its role in the degradation of
HIFs*. EPASI encodes HIF2a, and the mutations found in PPGLs cause a
gain of function associated with expression of key hypoxia response genes’.
Finally, the cortical admixture subgroup has a more unclear genesis and have
lower tumor purity, suggestive of contamination in the sampling process.

DNA methylation

Several early studies reported analyses of DNA methylation of specific gene
promoters in pheochromocytoma and paraganglioma. One of these reported a
CIMP phenotype associated with extra-adrenal location, malignant behavior
and young age at diagnosis®'. Following technological advances making ge-
nome-wide DNA methylation analysis feasible, these findings were corrobo-
rated, and an association with SDHx mutations was established®’. Addition-
ally, three distinct clusters of DNA methylation were identified: A hypermeth-
ylated cluster of tumors with SDHx-mutations, an intermediate cluster of tu-
mors with VHL-mutations, and a hypomethylated cluster of tumors with
mutations in NFI or RET, as well as tumors which had no known mutations
at the time. These results were largely validated in the TCGA study’’. Further
studies have identified potential prognostic markers based on DNA methyla-
tion, and have found hypermethylation of the RDBP promoter to be an inde-
pendent prognostic marker for metastatic spread™.
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Aldosterone producing adenomas

Primary aldosteronism is a common cause of secondary hypertension and is
characterized by inappropriate secretion of aldosterone from the adrenal
glands. Aldosterone is a mineralocorticoid steroid hormone physiologically
produced in the Zona glomerulosa of the adrenal cortex, which activates the
mineralocorticoid receptor. The mineralocorticoid receptor is expressed in a
range of tissues®, although the effects of aldosterone are best characterized in
the distal nephrons of the kidneys where aldosterone through regulation of
gene expression increases the activity of apical ENaC and Na'/K™-ATPase at
the basolateral membrane, leading to increased resorption of sodium from the
primary urine® . The resorption of sodium leads to a simultaneous secretion of
potassium and to resorption of water through osmosis. Physiologically, aldos-
terone secretion is regulated through the Renin-Angiotensin-Aldosterone
(RAAS) system and serum potassium levels. In PA, aldosterone is instead se-
creted autonomously - leading to hypertension and occasionally hypokalemia.

In a majority of cases the inappropriate aldosterone secretion is due to bilateral
idiopathic hyperplasia of the adrenal glands, while approximately a third of
cases are due to a unilateral benign adrenal tumor. Unilateral hyperplasia and
aldosterone secreting adrenocortical carcinoma underlie the syndrome in rare
cases. Finally, a small fraction of cases can also be attributed to inherited
monogenic syndromes, often presenting with severe disease early in life®”.

Primary aldosteronism was initially considered a rare entity®®. Since the intro-
duction of modern screening methods it has been shown that PA is a highly
prevalent cause of hypertension. In a study of 1225 newly diagnosed patients
referred to hypertension clinics, 10.8% of patients could be conclusively di-
agnosed with PA¥. Similarly, in a primary care setting, PA was diagnosed in
5.9% of patients with hypertension, with proportions up to 11.8% in the most
severely hypertensive patients”.

Correct differentiation between primary aldosteronism and essential hyperten-
sion is important for two main reasons. Firstly, primary aldosteronism may be
curable through surgical removal of a diseased adrenal gland, or in the case of
bilateral disease, guide the choice of medications. Secondly, primary aldoste-
ronism is associated with an increased prevalence of end organ damage’'. The
recommended screening method for hypertensive patients at risk of PA is
measurement of the Aldosterone/Renin ratio. Most patients with a positive
ARR need to undergo confirmatory testing. Once the diagnosis has been es-
tablished it is necessary to differentiate between unilateral and bilateral dis-
ease, which is accomplished through adrenal CT and/or adrenal venous sam-
pling®*.
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Unilateral cases, i.e. APAs and unilateral or asymmetrical adrenal hyperplasia
should be treated surgically with unilateral adrenalectomy, if feasible. If the
disease is symmetrically bilateral, or the patient is inoperable for other rea-
sons, mineralocorticoid receptor antagonists are the recommended treat-
ment’?. Although biochemical success (i.e. decreased/normalized aldosterone
secretion and correction of hypokalemia) is seen in 83-100% of surgically
treated patients, remission of hypertension occurs only in 17-62%, although
some benefit is seen in 84% of patients which translates to a strong rationale
for treatment as a reduction in blood pressure, even in the absence of complete
normalization is thought to lower the risk of adverse events.

Genetics

The advent of next generation sequencing has led to a rapid characterization
of the genetics of APAs. In 2011, an exome sequencing study identified
hotspot mutations in KCN.J5%*. Further studies published in 2013 detected re-
current mutations in ATPIAI”? (encoding a Na'/K'-ATPase subunit),
ATP2B3% (encoding a Ca?'-ATPase subunit) and CACNA1D’**” (encoding a
calcium channel). The KCNJ5-mutations altered specific residues near the se-
lectivity filter of the encoded potassium channel, causing increased sodium
conductance®. The increased sodium conductance leads to membrane depo-
larization, influx of calcium, and likely aldosterone synthesis. Mutations in
ATP1A41 and ATP2B3 have both been shown to lead to disturbed intracellular
ion composition and increased cytoplasmic concentrations of calcium, simi-
larly contributing to aldosterone synthesis’. Mutations in CACNAID have
also been shown to result in altered electrochemical properties of the resulting
protein, with activation at lower membrane voltages, likely leading to in-
creased intracellular calcium concentrations’™’.

Mutations in CTNNBI in APAs were initially reported in 2015, and were re-
ported to be associated with sensitivity of the tumor cells to circulating LH
resulting in presentation of the disease during periods of high LH concentra-
tions in the blood: pregnancy and menopause’®. A further study found
CTNNBI mutations in 5.1% of tumors, without any association to pregnancy
or menopausegg. Unlike KCNJ5, ATP1A1, ATP2B3 and CACNAID, CTNNB1
is not a regulator of membrane electrophysiology. The encoded protein, -
catenin, is a proto-oncogene in the canonical Wnt signaling pathway'®. Phys-
iologically, in the absence of Wnt signaling, B-catenin is phosphorylated by a
degradation complex which leads to its ubiquitination and degradation'®'. Mu-
tations affecting specific residues in exon 3 of CTNNBI render B-catenin in-
sensitive to destruction, leading to its accumulation in the cytoplasm and con-
stitutive activity'*2. Cytoplasmic p-catenin is translocated to the nucleus where
it mediates its activity through activation of TCF/LEF family transcription

factors'?",
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The different genes are mutated in a mutually exclusive manner and APAs
carrying different mutations have been found to have distinct characteristics.
Histologically, the cells of KCNJ5-mutated APAs have been reported to re-
semble the cortisol-producing cells of the zona fasciculata while the cells of
APAs with mutations in other genes have been reported to resemble of the
aldosterone producing cells of the zona glomerulosa’®!®. However, not all
studies have replicated this finding'®. KCNJ5-mutated adenomas are larger,
more common in females, and curiously more prevalent in Asian cohorts than
in cohorts of Australian, European or North American origin'®. Moreover,
studies of gene expression have shown that KCNJ5-mutated APAs form a sub-
group based on gene expression’®!%.
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Multiple endocrine neoplasia type 1

Multiple endocrine neoplasia type 1 (MENT1) is a multi-organ tumor disorder
principally presenting with tumors in the pituitary gland, parathyroid glands
and the endocrine pancreas'”’. In addition to these organs, patients may de-
velop other tumors including foregut neuroendocrine tumors, adrenal gland
tumors and meningioma. While the co-occurrence of multiple endocrine tu-
mors in single patients had been observed as a pathological rarity since the
early 20th century, it was not until New York physician Paul Wermer in 1954
published a report'® on a family with several afflicted members, that the syn-
drome was recognized as genetic and heritable.

In 1988, a genetic linkage study identified a region on chromosome 11 as un-
derlying the syndrome'®”. In 1997, the MEN1 gene was cloned''’, enabling
genetic testing. MEN] is a tumor-suppressor gene whose function is incom-
pletely characterized. Mutations occur throughout the gene and most studies
do not report a genotype-phenotype relationship''"''2. The encoded protein,
Menin, consists of 610 amino acids and is a nuclear protein''®. While its func-
tions are incompletely characterized, it is known to interact with several pro-
teins, including transcription factor JunD''* and histone methyltransferases of
the MLL family''"®, regulating the expression of genes including cyclin de-

pendent kinase inhibitors''®.

Clinical presentation

The most common presentation is hyperparathyroidism, which occurs in 95%
of the patients and is the most frequent initial presentation. The parathyroid
glands are usually four in number, located posterior to the thyroid gland and
regulate calcium metabolism''”. Parathyroid hormone, which is inappropri-
ately elevated in pHPT, increases serum calcium concentrations through bone
resorption and increased urinary calcium re-uptake''®. Untreated hyperpara-
thyroidism may lead to osteoporosis, nephrolithiasis, pancreatitis, cognitive
symptoms and is a risk-factor for cardiovascular disease''®. In contrast to spo-
radic primary hyperparathyroidism, HPT in MENI1 is often due to variable
levels of enlargement of several glands rather than a solitary adenoma'".

The pituitary gland is located intracranially in the sella turcica, and comprises
two parts of different embryological origin: the adenohypophysis (anterior pi-
tuitary) and the neurohypophysis (posterior pituitary)'?’. The posterior pitui-
tary secretes vasopressin, while the anterior pituitary secretes FSH, LH, TSH,
ACTH, prolactin and growth hormone. Pituitary adenomas are reported to oc-
cur in 38-42% of MEN1 patients'*"'**, most commonly in the form of prolac-
tinomas (42-63%) or non-secreting tumors (15-42%). While normally benign,
pituitary tumors are associated with significant morbidity related to hormone
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secretion and compression of the optic chiasm leading to visual field defects.
MEN] associated adenomas have been reported to be larger than sporadic le-
sions and to respond less well to treatment'?', although a more recent study
(including cases detected through screening) report a high fraction of micro-
adenomas (<10mm) that rarely progress and good response to treatment'**.

MENI patients have a lifetime risk in excess of 80% of developing pancreatic
neuroendocrine tumors (PanNETs)'*. PanNETs are thought to develop from
the hormone producing islets of Langerhans and may be non-functioning or
produce any of a range of hormones'**. Unlike parathyroid and pituitary le-
sions these tumors may metastasize and are the leading cause of MENI1-re-
lated mortality'*. The most common PanNETs in MEN1 are non-function tu-
mors which are often small and multiple. The most common functioning Pan-
NETs in MENI are gastrinomas, often located in the duodenal mucosa and
frequently multiple. Gastrinomas are followed by insulinomas which are typ-
ically singular lesions and cause hypoglycemia. More rarely occurring hor-

mone secreting PanNETs include VIPomas and glucagonomas'®’.

According to contemporary guidelines, a clinical diagnosis of MEN1 can be
made if two of these lesions occur (either simultaneously or subsequently) in
an individual, if one lesion occurs in a first degree relative of a patient, or if a
deleterious mutation in the MEN1 gene is found'"’.

Clinical management

Given the propensity for developing new lesions throughout life'*®, patients

afflicted with MEN1 are recommended to undergo regular biochemical, clin-
ical and radiological screening for tumors'®’. Moreover, all patients should be
offered genetic testing as the detection of a mutation corroborates the diagno-
sis. If a mutation is detected, this could be screened for in asymptomatic rela-
tives who then can be enrolled in surveillance programs for early detection of
lesions if they have the mutation present. Genetic testing and clinical surveil-
lance are thought to improve outcomes through the early detection of primar-

ily the pancreatic tumors'?’,

Regarding HPT, it is recommended that patients undergo annual biochemical
screening with calcium and PTH measurement. As multiple glands are often
affected, minimally invasive parathyroidectomy is not recommended. Instead,
subtotal parathyroidectomy or total parathyroidectomy (with autotransplanta-
tion) is advised'"’. Removal of less than three glands is associated with a high

rate of recurrence'®,
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For PanNET, current guidelines recommend annual imaging and biochemical
screening'”’. The preferred treatment depends on several factors, including tu-
mor size and number, growth rate, and hormone production. Small gastrino-
mas are usually treated medically, as proton-pump inhibitors effectively ame-
liorate the symptoms caused by gastrin'?’, and the frequent multiplicity of the
tumors necessitates extensive interventions to achieve surgical cure. A major-
ity of small (<2 cm) non-functioning tumors are stable in size during follow-
up'?, and can be managed with watchful waiting'*, although the exact timing
and criteria for surgery remain a matter of controversy'*’. Other symptomatic
hormone producing tumors, e.g. insulinomas, as well as larger or rapidly
growing non-functioning tumors and gastrinomas are often surgically re-
moved'”’. Medical treatments include somatostatin analogues, the mTOR in-
hibitor everolimus, chemotherapy and peptide receptor radiotherapy'*’-'%.

Pituitary adenomas may be identified through biochemical assays or radiolog-
ical screening at intervals. The treatment is similar to that of sporadic pituitary
adenomas and is predominantly medical, using somatostatin analogues or do-
pamine antagonists'”’.

Mutation negative MEN1

In previous studies between 5 and 25% of patients with a clinical presentation
of MEN1 are not found to carry a mutation upon sequencing'’’. Among pa-
tients referred for MENI mutation screening in Sweden, factors predictive for
detection of a mutation were family history, multiple pancreatic tumors or par-

athyroid hyperplasia, and young age at diagnosis''".

The finding of a syndrome without the mutation may be due to a patient de-
veloping multiple incidental tumors leading to fulfillment of diagnostic crite-
ria in the absence of a heritable genetic cause, mutations in genes other than
MENI, mosaicism"' or epigenetic mutations, e.g. DNA methylation silencing
a gene in the absence of sequence-level variants. It has been demonstrated that
patients without a mutation are less likely to develop additional disease man-
ifestations, are diagnosed at an older age, and have a longer life expectancy

which is comparable to that of the general population'*?,

Several genes other than MENI, when mutated, cause syndromes with features
overlapping those of MEN1. CDKNIB-mutations have been reported in a
small number of patients with multiple endocrine tumors'*®>, most commonly
primary hyperparathyroidism and pituitary adenomas. This syndrome has
been referred to as MEN4, and appears to be very rare. Mutations in A/P cause
the Familial Isolated Pituitary Adenoma (FIPA) syndrome'*. Mutations in
CDC?73, encoding parafibromin, underlie the Hyperparathyroidism-Jaw Tu-
mor syndrome (HPT-JT) which is characterized by familial HPT and multiple
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ossifying jaw fibromas'*>. Mutations in the calcium sensing receptor gene

CASR may cause any of several calcium metabolism disorders, including Fa-
milial Hypocalciuric Hypercalcemia (FHH), Familial isolated hyperparathy-
roidism'*® and Familial hypoparathyroidism'?”. FHH, similarly to pHPT pre-
sents with increased plasma calcium levels, although in FHH hypercalcemia
is typically asymptomatic and due to an abnormal homeostatic set point.
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Small intestine neuroendocrine tumors

Neuroendocrine tumors of the small intestine are thought to arise from the
enterochromaffin cells that are dispersed in the intestinal mucosa'*®. Entero-
chromaffin cells appear to be involved in the regulation of gut motility through
secretion of serotonin'®. SI-NETs are typically slow growing and are associ-
ated with a comparatively long survival even in the context of metastatic dis-
ease' .

The primary tumors are usually small and may be multifocal (although studies
of X-chromosome inactivation patterns suggest a common origin'*"). How-
ever, a majority of patients present with metastases, most commonly to the
mesenteric lymph nodes and the liver'®’. Like their precursor cells, the tumors
often secrete serotonin, tachykinins and other hormones. These secreted prod-
ucts may cause the carcinoid syndrome; diarrhea, flush, wheezing and occa-
sionally right-sided heart disease'*>. The carcinoid syndrome is usually asso-
ciated with metastases, as the blood flow from the primary tumor in the intes-
tine will pass the liver where the culprit molecules are metabolized prior to
reaching the systemic circulation. In addition to systemic hormonal symp-
toms, locoregional symptoms caused by obstruction of intestinal passage or

mesenteric blood supply is common'®.

The most common symptoms leading to the diagnosis are pain, diarrhea and
weight loss'®. The serotonin metabolite 5-HIAA is elevated in serum'** and
urine'*® of patients with SI-NET and is used for diagnostic testing. The tumor
cells express the neuroendocrine marker Chromogranin A, which is used to
establish the histopathological diagnosis'*®. Additionally, as Chromogranin A
is secreted and is frequently elevated in plasma from patients with the disease,

it represents an additional biochemical marker'?’.

Tumors are graded based on immunohistochemistry or mitotic count in ac-
cordance with the 2019 WHO classifications'*. Grade 1 tumors have a Ki67
index less than 3%, G2 tumors 3-20%, and G3 tumors higher than 20%. Ad-
ditionally, poorly differentiated grade 3 tumors are recognized as a separate
entity. Staging is based on the TNM system according to a model proposed by
Rindi et al.'* Stage I corresponds to a small (<1 cm) tumor that does not in-
vade the muscularis propria, without metastases. Stage II corresponds to a
larger or more invasive primary tumor, which does not penetrate serosa or
invade other organs, still without metastases. Stage III disease requires pene-
tration of the serosa, invasion of other organs, or regional lymph node metas-
tases. Distant metastases are present in stage [V. Both tumor grade and stage

have been demonstrated to be of prognostic value'*’.
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Historically surgical removal of the primary tumor has been recommended
regardless of disease stage. While randomized trials are lacking, a recent pro-
pensity score matched trial has challenged this approach'*’, showing no sur-
vival benefit and a higher rate of reoperations in the group treated with locore-
gional surgery. The medical treatment arsenal includes interferon'®!, somato-
statin analogues '**'>* peptide receptor radiotherapy'®, the tryptophan hy-
droxylase inhibitor telotristat which reduces endocrine symptoms'>, as well

as mTOR inhibitor everolimus'°.

SI-NETs are relatively rare, although the reported incidence has been increas-
ing over the last decade and is reported to be 1.05/100000/year in the latest
comprehensive study of SEER data'”’. Moreover, autopsy studies reveal a
high prevalence of undiagnosed SI-NETs. Including both clinically known SI-
NETs and those diagnosed only at autopsy, the incidence rate has been esti-
mated to 5.3/100000/year and the prevalence to 0.58%'®.

Genetics

Early CGH array studies revealed frequent hemizygous loss of chromosome
18'3%16% Subsequent studies have identified additional recurrent SCNAs in-
cluding loss of chromosome 1, 11, and amplification of chromosomes 4, 5, 16
and 20. Exome sequencing studies have identified truncating mutations in
CDKNIB, a tumor suppressor gene encoding p27%P! in approximately 8.5%
of cases'®'. These mutations do not show correlation with clinical characteris-
tic, and may be heterogeneously detected'®?, suggesting that they are likely
not the tumor initiating event, but occur later. No further recurrently mutated
genes are known to date.
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Figure 3: Hemizygous loss of chromosome 18 in a SI-NET

An integrative study combining DNA methylation, copy number, and
CDKNIB mutation analysis found three clusters characterized by specific
DNA methylation patterns and copy number aberrations**. These groups had
prognostic impact: tumors with only loss of chromosome 18 were associated
with long survival (median PFS not reached at follow-up) while those with
multiple SCNAs had a median PFS of 21 months. Further evidence of epige-
netic dysregulation in SI-NETs is provided by the finding that TET1 expres-
sion is abolished, and the TET2 protein excluded from the nucleus and thus
presumably functionally inactivated'®.

The mechanism through which loss of chromosome 18 contributes to tumor
development is not clear, although several mechanisms have been proposed.
PTPRM, located on chromosome 18p11.2 has a growth regulatory role in SI-
NETs, and may be epigenetically silenced'®*. The region also contains an im-
printed gene, TCEB3C, which has low expression in SI-NETs. Its expression
may be induced through treatment with the 5-aza-2’-deoxycytidine, and in-
duction of TCEB3C expression reduces the survival of the SI-NET derived
CNDT?2.5 cell line'®.
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Several additional molecular prognostic biomarkers have been proposed. A
study of tumors from 43 patients using CGH array identified gain of chromo-
some 14 as a predictor of short survival'®®. Another study identified downreg-
ulation of miR-375 to be similarly associated with shorter survival'®’. Other
than immunohistochemical staining for Ki67 for the purpose of grading, no
molecular prognostic biomarker has reached clinical use.

A previous study has compared gene expression between primary tumors from
patients with aggressive and indolent disease. No genes were found differen-
tially expressed between the two groups, however a number of genes were
found differentially expressed between primary tumors and lymph node me-
tastases and may be involved in disease progression'®®. A subsequent study
identified three clusters of tumors based on gene expression, which are asso-
ciated with outcome'®’.
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Next generation sequencing

Three of the included studies rely heavily on next generation sequencing
(NGS). Therefore, a brief overview of the technology is given. By this time,
NGS might be considered a misnomer as the core technologies have been in
use for more than a decade; however, the term remains in widespread use.
What distinguishes NGS from traditional DNA sequencing is the sequencing
of a large number of DNA fragments in parallel, leading to a radically in-
creased throughput.

In the present studies, Illumina sequencing technology has been used. The
technology is extensively described in a 2008 publication'’® and briefly re-
viewed here. First, the DNA sample to be sequenced is fragmented, and li-
gated to adapter sequences. The sequencing takes place on a flow-cell which
is covered with oligonucleotides that are complementary to the adapters. The
adapter-ligated DNA fragments are hybridized to these oligonucleotides and
amplified in a process known as bridge-amplification, resulting in spatially
concentrated clusters of identical oligonucleotides. Following cluster genera-
tion, the DNA is sequenced using sequential single-base extension with fluor-
ophoretically labeled nucleotide bases. In each sequencing round, each cluster
emits a fluorescent signal corresponding to the base added to the growing se-
quence. Paired-end sequencing is often performed, whereby the sequencing
product is removed, a strand complementary to the sequenced strand gener-
ated, and the originally sequenced strand removed followed by sequencing
from the other direction.

The generated sequencing reads are often short (50-250 bases), but numerous.
The extraction of meaningful biological information requires extensive pro-
cessing of the data. For a typical use case, genotyping of germline variants,
the reads must first be aligned to a reference genome, followed by marking of
duplicate reads which risk biasing variant calling, recalibration of base call

confidences, and finally variant calling'”".

Contingent on the origin of the input DNA sample, NGS can be used for a
variety of purposes. In RNA-Sequencing, cDNA is sequenced, allowing tran-
scriptome-wide measurement of gene expression levels'’?. In exome sequenc-
ing, the coding DNA sequence has been enriched, allowing targeted sequenc-
ing of the protein coding fraction of the genome'”. Targeted sequencing
where only selected parts of the genome are sequenced allow cheap sequenc-
ing of e.g. known disease-causing genes'’*. In whole genome sequencing the
entire DNA sequence can be determined.

The development of NGS technology has led to a drastic reduction in sequenc-
ing cost, paralleled by a radical increase in generated sequencing data, and has
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led to the identification of a wide range of heritable and somatic disease caus-
ing genetic variants'”.
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A1ims

Paper I:

To investigate DNA methylation patterns in PPGL, and their relation to mu-
tational status, and to evaluate the proposed malignancy marker RDBP pro-
moter hypermethylation in our cohort.

Paper II:

To investigate the relationship between genotype and gene expression patterns
in APAs.

Paper II1:

To identify novel disease causing genes and phenocopies in MENI-mutation
negative MEN1.

Paper IV:
To identify genetic drivers and potential prognostic markers in SI-NETs.
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Materials and methods

Ethics (Paper I-1V)

Ethical approval for the included studies was obtained from the regional ethi-
cal vetting board (Regionala Etikprovningsndmnden i Uppsala). All included
patients provided written informed consent. Pathogenic germline mutations
detected in Paper III were communicated to the treating physicians and the
patients offered genetic counseling in keeping with the ethical approval for
this study.

Selection of patients (Paper I1I-IV)

For Paper I1I, patients with a diagnosis of MEN1 according to standard clinical
criteria treated at Uppsala University Hospital between 1984 and 2012, who
had undergone routine clinical sequencing of the MENI gene with negative
results were identified. Patients from whom blood samples were available in
local biobanks were included and all living patients provided written informed
consent.

Biomaterials (Paper I-IV)

Tumor tissue was obtained from patients undergoing surgery at the Endocrine
surgery unit at Uppsala University hospital as a part of routine clinical care.
The tissue was snap-frozen in liquid nitrogen and stored at -70 °C.

A small number of samples studied in Papers I and II were obtained from
collaborators at other centers.

Blood (Paper III) was obtained from patients undergoing treatment at either

the Endocrine surgery or Endocrine Oncology units at Uppsala university hos-
pital and stored at -20 °C.
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Clinical information (Paper I-1V)

Clinical information was extracted from electronic patient records.

Nucleic acid extraction (Paper I-IV)

Extraction of DNA and RNA was performed using DNEasy Blood&Tissue,
RNEasy and AllPrep extraction kits (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. For solid tissues, a 6 um tissue section was
cut using a cryostat, stained with Hematoxylin and Eosin, and scrutinized us-
ing light microscopy to ensure sufficient tumor cell content. If necessary and
deemed possible, non-neoplastic regions were macroscopically removed us-
ing a scalpel. Subsequently, several 10 pm sections were cut and nucleic acid
extracted. Concentration measurement and quality control was performed us-
ing a NanoDrop spectrophotometer (ThermoFisher Scientific, Waltham, MA).

Polymerase Chain Reaction (Paper II)

The NCBI Primer Blast tool (https:/www.ncbi.nlm.nih.gov/tools/primer-
blast/) was used for primer design. PCR reactions were run on a Bio-Rad T100
thermal cycler (Bio-Rad, Hercules, CA), using Platinum Taq DNA polymer-
ase (ThermoFisher Scientific, Waltham, MA). Reaction conditions were opti-
mized specifically for each individual primer pair. The reaction products were
analyzed using gel electrophoresis to ensure that a single product of the ex-
pected length was obtained.

DNA methylation array analysis (Paper I)

Extracted DNA was treated using the EpiTect Bisulfite kit (Qiagen, Hilden,
Germany) and fragmented. The bisulfite-treated DNA was analyzed using the
[Mlumina Infinium HumanMethylation27 (Illumina Inc. San Diego) microar-
ray at the Bioinformatics and Expression Analysis Core Facility at the Ka-
rolinska Institute.

Generated microarray images were imported into the Illumina GenomeStudio
software where -values were calculated. Hierachical clustering analyses were
performed in R. Differential methylation analyses were performed using the
GenomeStudio software with the Illumina Custom Error Model.
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Quantitative Polymerase Chain Reaction (Paper I-1I)

Extracted RNA was converted to cDNA using the First-Strand cDNA Synthe-
sis kit (Thermo Fisher Scientific, Waltham, USA) according to the manufac-
turer’s instructions. RT-qPCR reactions were run on a Bio-Rad CFX96 Real
Time PCR Detection System using Bio-Rad SsoAdvanced Universal Sybr
Green Supermix (Bio-Rad, Hercules, CA). All reactions were run in triplicate.
ACTB was used as a house-keeping gene for normalization. The data was an-
alyzed using the 2"**“‘method.

Computational analyses

Computationally intensive analyses were performed on the Bianca compute
cluster at Uppsala Multidisciplinary Center for Advanced Computational Sci-
ence (UPPMAX).

Whole Genome Sequencing (Paper II-IV)

Extracted DNA was subjected to whole genome sequencing on an Illumina
HiSeq2500 at the SNP&Seq Platform at SciLifeLab (Uppsala branch). The
target mean read depth varied between 30X and 60X. Generated reads were

mapped to the reference genome (human_glk 37) using bwa-mem'”®. Dupli-
cate reads were marked using Picard.
In Paper II, variants were called using either MuTect 1.15'77 or HaploType-

Caller and annotated using snpEff'’®.

In Paper III, germline variants were called using HaploTypeCaller, and so-
matic variants using FreeBayes'”. Mutations were annotated for effect using
snpEff. Somatic copy number aberrations were called using ascatNgs'®.
Germline variants were annotated using vefanno'®! with allele counts from the
SweFreq'®” dataset and filtering allele frequencies'® form the gnomAD da-
taset'. Initially, known MEN genes were scrutinized for mutations. Subse-
quently, a two-hit model was constructed in which genes affected by both a
germline variant with a filtering allele frequency of less than 3.6*107, as well

as a somatic mutation were identified.

In Paper IV variants were called using FreeBayes v. 1.1.0, annotated for effect
using snpEff and VEP'®*, and annotated with allele frequency data from Swe-
Freq'®* and gnomAD using vcfanno. Variants present in these databases were
considered likely germline variants and were excluded from further analysis.
Copy number aberrations were predicted using Control-FREEC'®.
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RNA Sequencing (Papers Il and IV)

Extracted RNA was subjected to DNAse treatment using Turbo-Free DNAse
kit (Invitrogen, Carlsbad, CA). Libraries were generated using the RiboZero
gold and TruSeq total RNA kits (Illumina). Sequencing was performed on a
HiSeq2500 system using v4 chemistry in high-throughput mode. Library
preparation and sequencing was performed at the SNP&Seq platform at Scil.-
ifeLab.

The generated FASTQ files were analyzed using kallisto'®’ version 0.43.0 (Pa-
per II) or 0.53.1 (Paper IV). Differential expression analysis was performed
using the Wald test in sleuth'®® (v 0.29 in Paper II and 0.30 in paper IV).

For Paper II, variant calling was performed on the generated reads. Briefly,
read mapping was performed using the STAR'® 2-pass method, followed by
marking of duplicates and sorting of the reads using Picard. The GATK
Split’N’Trim and ReassignMappingQuality tools were run, followed by Base-
QualityScoreRecalibration and variant calling using HaploTypeCaller with
the default settings. Generated variants were annotated using snpEff. Variants
in the genes of interest were manually extracted.
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Summary of the included papers

Paper I

Pheochromocytomas and paragangliomas are caused by somatic or germline
mutations in any of more than a dozen genes. Previous studies of DNA meth-
ylation have identified three clusters with hypermethylation, hypomethylation
and intermediate methylation levels, respectively. These clusters correlate to
mutation status, and in particular, SDHx-mutations have been shown to cause
a hypermethylator phenotype®. Additionally, hypermethylation of the RDBP
promoter has been suggested as a prognostic marker®,

In the present study we studied 38 pheochromocytomas, 1 paraganglioma and
4 normal adrenal medullae using HumanMethylation27 DNA methylation ar-
rays. Hierarchical clustering and principal components analysis revealed two
distinct clusters. Cluster A (n=28) contained all the malignant tumors and
showed hypomethylation compared to Cluster B and normal medullae. Cluster
A had more SCNAs than cluster B, consistent with previous studies indicating
that DNA hypomethylation causes chromosomal instability. The previously
proposed biomarker of malignancy, RDBP promoter hypermethylation, was
evaluated in this cohort. Two probes for the region were available, and neither
differed significantly between the benign and the malignant tumors, although
the studied cohort was comparatively small and these results should be inter-
preted with care.

In summary we validate previous findings regarding methylation clusters in
PPGL, although the absence of SDHx-mutated tumors did not allow us to
identify the CIMP cluster. We found no association between RDBP promoter
methylation and malignancy.

Paper 11

Aldosterone producing adenomas are known to carry mutations in KCNJ3,
ATP2B3, ATP1A41, CACNAID, and CTNNB1 which occur in a mutually ex-
clusive fashion and combined account for a majority of APAs. Previous tran-
scriptomic studies have primarily identified differences between KCNJ5-mu-
tated and KCNJ5-wildtype tumors.
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In this paper, fifteen APAs (with known mutation n=13, without known mu-
tation n=2) were subjected to RNA-Sequencing (n=15) and whole genome se-
quencing (n=2). The tumors without known mutations were upon resequenc-
ing found to carry mutations in two of the previously established disease
genes: CACNAID (p.S410L) and ATP2B3 (p.G123R). Unsupervised hierar-
chical clustering separated the CTNNBI-mutated tumors from the rest of the
cohort. Comparison of CTNNBI-mutated tumors with the rest of the cohort
revealed 1360 differentially expressed genes, while only 106 and 75 genes
were found differentially expressed in KCNJ5- and ATP1A1/ATP2B3-mutated
tumors, respectively.

Several genes previously found overexpressed'**'"! in other (non-APA) types
of CTNNBI1-mutated adrenal tumors were overexpressed. also in CTNNBI-
mutated APAs: AFF3, ISM1, NKDI, ENCI and RALBPI. AFF3 and ISM1
were selected for validation by RT-qPCR, and their overexpression con-
firmed.

Previous studies have reported that CTNNBI-mutated APAs may express ec-
topic hormone receptors (i.e. LHCGR) and present during periods of high
plasma LH levels, such as puberty, pregnancy, or menopause’. Of the three
CTNNBI-mutated tumors in the present cohort, only one had significant ex-
pression of LHCGR, although the patient did not report any association be-
tween onset of hypertension and pregnancy of puberty.

Looking at expression of hormone synthesis genes, KCNJ5-mutated tumors
exhibited a trend towards higher expression of CYPIIBI than
ATPase/ CACNAID-mutated tumors while the opposite trend was seen for
CYP11B2, and the CTNNBI-mutated tumors had greatly variable expression
of these genes.

Paper 111

Approximately ten percent of patients with a clinical diagnosis of MEN1 are
not found to carry a MENI-mutation on routine sequencing. Previous studies
have shown that on a population level, MEN1 patients without a mutated
MENI gene have a subtly different disease course compared to those found to
have a mutation, while mutations in other genes (including CDKNIB, CASR,
AIP and CDC?73) cause a partially overlapping disease phenotype. To investi-
gate the genetic background of mutation-negative MEN1 patients, 13 patients
fulfilling the MEN1 diagnostic criteria without mutation and one patient with
a clinical suspicion of MEN1 were subjected to whole genome sequencing of
constitutional DNA. Known tumor syndrome genes (MENI, CDKNIB, AIP,
CASR, CDC73) were investigated for mutations.
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Three patients were found to carry mutations in the MEN-gene (splice site/re-
gion mutations c.1186-2A>@G, ¢.669G>C, and missense mutation p.Pro12Leu)
which had not been previously detected on routine sequencing. Of note, all
these patients had developed pancreatic NETs, and one of them was the only
patient in the cohort with all three major MEN1 manifestations. One patient
carried a p.lle555Val missense variant in CASR, suggesting a diagnosis of fa-
milial hypocalciuric hypercalcemia with a coincidental neuroendocrine tumor
unrelated to the patient’s hyperparathyroidism. One final patient was found to
carry a large-scale heterozygous deletion of part of chromosome 1 including
the CDC?73 locus, indicating an alternative diagnosis of Hyperparathyroidism-
Jaw Tumor syndrome. Tumor DNA from six of the patients without detected
germline mutations was extracted and sequenced. Somatic and germline vari-
ants were jointly studied under a two-hit model in order to find potential novel
MEN genes. Under this model, genes with a germline variant with a popula-
tion frequency of less than 3.6 x 10~° and a somatic mutation in the same pa-
tient were identified. No credible novel MEN genes were found in the cohort.

The paucity of underlying genetic lesions in 9/14 included patients, especially
when viewed in an epidemiological context suggests that a fraction of patients
may fulfill the diagnostic criteria for MEN1 by mere chance. Moreover, the
finding of pathogenic variants in CDC73 and CASR highlight the necessity of
considering phenocopies.

Paper IV

Despite considerable efforts, the genetic lesions leading to development of
neuroendocrine tumors of the small intestine are still largely unknown. Muta-
tions of CDKNIB are found in ~9% of cases, while other recurrently mutated
genes have not been found. Large scale chromosomal aberrations have been
well characterized, the most common being heterozygous loss of chromosome
18q which is found in up to 80% of cases.

In the present study 30 patients with SI-NETs were included, sixteen of whom
had a long survival with disease, while the remaining had short survival after
diagnosis, despite similar disease characteristics. All patients were subjected
to whole genome sequencing of tumor DNA, and for ten of the patients two
lesions (primary tumor and metastasis) were sequenced. Additionally, ten pa-
tients from each group were included for RNA-Seq of tumor DNA.

Analysis of mutations revealed that three tumors carried CDKNIB mutations

(frameshift n=1, nonsense n=2). Additionally, one patient carried a mutation
in NF'1 in both the primary tumor and the metastasis, occurring together with
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deletion of the second allele. Single tumors were also found to carry mutations
in established cancer genes MAX, ATRX, and MSH6.

The most common copy number alteration was loss of chromosome 18, which
was found in 20/40 samples. Other previously known recurrent SCNAs were
also detected, including loss of chromosome 11 and gains of chromosomes 4
and 5.

Clustering based gene expression revealed two clusters, which differed in sur-
vival (p=0.004). Differential expression analysis between the two clusters
identified 951 differentially expressed genes, including genes involved in an-
giogenesis, cell differentiation and cell migration. Direct comparison between
the long-survivors and the short-survivors identified 58 differentially ex-
pressed genes which represent possible prognostic biomarkers.

Finally, we investigated the effects of known genetic aberrations on gene ex-
pression. CDKN/B-mutated tumors were found to have decreased expression
of CCND2 which encodes cyclin D. Loss of chromosome 11 was associated
with decreased expression of tumor suppressor gene ATM, implicating it in
SI-NET development. Loss of chromosome 18 was associated with decreased
expression of 15 genes located on chromosome 18q22-qter, including putative
tumor suppressor gene SOCS6.
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Conclusions

We have validated previous findings on DNA methylation patterns in pheo-
chromocytomas and paragangliomas, although a paucity of SDHx-mutated tu-
mors prevented us from validating previous findings of a DNA hypermethyl-
ator phenotype in these tumors. RDBP promoter hypermethylation could not
be validated as a marker of malignancy in our cohort.

We have identified CTNNBI-mutated aldosterone producing adenomas as a
distinct subgroup based on gene expression signatures. These tumors shared
gene expression similarities with non-aldosterone producing adrenocortical
adenomas with CTNNBI mutations. In particular, they had overexpression of
AFF3 and ISM1.

While some patients presenting with a clinical MEN1 phenotype in the ab-
sence of a MENI mutation detected on routine clinical genetic testing are
found to carry a mutation in either MENI or another endocrine tumor gene
upon whole genome sequencing, a majority are not found to carry any clearly
pathogenic mutation underlying the syndrome. This suggests that some of
these patients have developed multiple tumors by chance.

Using RNA-Seq we identify two clusters of SI-NETs with different survival
and potential prognostic markers that differ between them. Moreover, we val-
idate previous genetic aberrations and find rare mutations in known cancer
driver genes. Finally, we identify genes affected by gene dosage through re-
current chromosomal amplification or deletion, including tumor suppressor
gene ATM which is downregulated through loss of one copy of the gene.
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Future directions

Both the genomic and the epigenetic landscapes of PPGL have been thor-
oughly characterized in increasing detail over the last decades. Subgroups de-
fined by driver genes, gene expression and DNA methylation have been iden-
tified. However, much work remains to be done to fully translate the biological
insights into clinical benefit for the patients. The presence of clearly defined
subgroups suggests that a personalized approach to management based on tu-
mor biology may one day be possible. Studies of large cohorts, including de-
tailed clinical and molecular data may elucidate whether ‘omics’ technologies
are able to provide independent prognostic markers and guide treatment.

CTNNBI-mutations occur in APAs, adrenocortical carcinomas, non-function-
ing benign adrenocortical tumors, and benign cortisol-producing adrenocorti-
cal adenomas. Whether hormone production is dependent on the cell in which
the mutation occurs, or on secondary events (such as additional mutations in
other genes) remains to be elucidated. Moreover, while there is a clear mech-
anistic link between mutations in KCNJ5/CACNAID/ATPIA1/ATP2B3 and
aldosterone synthesis through depolarization and calcium signaling, it is not
clear whether these mutations are sufficient for tumor formation. Further func-
tional studies in in model systems such as cell lines and model organisms may
provide further insights on this matter.

In a majority of the apparently mutation-negative MEN1 patients we did not
identify a causal genetic event in the constitutional DNA. Nevertheless, it can-
not be ruled out that an alternative mechanism, e.g. DNA hypermethylation,
underlies the phenotype. Such a mechanism of inactivation has been demon-
strated in a case of SDHC-related paraganglioma', but is likely rare. Never-
theless, the finding that some MENT patients do not carry a mutation in either
MENI or another gene raises questions about how these patients are best man-
aged in the clinic. Frequent follow-up with clinical controls, imaging and bi-
ochemical tests are costly and may place a psychological burden on patients.
Further studies clarifying the clinical course and need for follow-up of these
patients are warranted. Moreover, the risk of relatives developing disease
ought to be clarified.

Our understanding of the molecular drivers of SI-NETs remains limited. In
the present thesis a number of genes of potential interest have been identified,
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however their biological role needs to be further investigated through e.g.
knockout/overexpression studies in cell lines. A key problem for SI-NET re-
search is the lack of available normal tissue for comparative analyses with
tumors. The presumed precursor cells constitute only 1-2% of the mucosa in
healthy small intestine. Recently developed technologies for single cell gene
expression and epigenetic studies may provide answers to several key ques-
tions regarding the genetic pathways that are dysregulated, and the underlying
mechanisms.
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