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ABSTRACT

Pheochromocytomas, abdominal paragangliomas and neuroblastomas are tumors of the sympathetic nervous
system. Anatomically pheochromocytomas and abdominal paragangliomas arise from sympathoadrenal
paraganglia, within and outside the adrenal medulla, respectively. On the other hand, neuroblastomas may
present both in the adrenal medulla and along the sympathetic trunk. While pheochromocytomas and
abdominal paragangliomas are mostly adult cancers originating from chromaffin cells, neuroblastoma is a
pediatric tumor, deriving from immature sympathetic nerve cells. During cancer development, neoplastic
cells accumulate a perplexing variety of genetic and epigenetic changes, enabling them to escape control
mechanisms of proliferation and cell death.

The overall objective of this thesis is to shed further light on the genetic and epigenetic pathways that
contribute to the molecular pathogenesis of these tumors.

In Paper I promoter specific and genome wide methylation changes were quantitatively assessed in relation
to clinical features in a panel pheochromocytomas / abdominal paragangliomas. Based on methylation levels
in the tumor suppressor genes, pl6™“** CDH1, DCR2, RARB, RASSF1A, NOREIA, TP73, APC, DAPK1,
p14**F and PTEN, a CpG island methylator phenotype (CIMP) was defined as concerted hypermethylation in
three or more genes. A subset of abdominal paragangliomas displayed CIMP phenotype, which was
associated with malignant behavior and young age at presentation. This observation raises a prospective for
potential benefits of epigenetically acting drugs for a subgroup of young abdominal paraganglioma patients
with adverse prognosis. In addition genome wide hypomethylation was seen in tumors as compared to
normal adrenal samples providing further support for the general significance of global hypomethylation in
neuroendocrine cancers.

In Paper II the RIZ1 tumor suppressor in 1p36.2 was assessed as a candidate target for the distal 1p deletions
in these tumors. Intragenic LOH and suppressed mRNA expression was detected in a substantial proportion
of the tumors. This was not associated, however with RIZ1 promoter methylation. The recurrent inactivation
RIZ1 suggests that this event may be a significant contributing factor to tumorigenesis in
pheochromocytomas and abdominal paragangliomas.

NOREIA and RASSF1A are proapoptotic RAS effectors with tumor suppressor functions.

In paper III their role was explored in pheochromocytomas and abdominal paraganliomas. Suppressed
NOREIA and RASSF1A mRNA levels were detected in tumors compared to normal adrenal medulla.
Methylation of the RASSF1A promoter was significantly associated with malignant behavior, while
NORE1A methylation was uncommon. The anti-tumorigenic role of NORE1A was functionally investigated
in Norel A transfected PC12 pheochromocytoma cells. Ectopic expression of Norela resulted in enhanced
apoptosis and impaired colony formation in soft agar suggesting that suppression of NORE1A contributes to
the transformed phenotype in these tumors.

In paper IV the role of NOREIA was investigated in neuroblastoma tumors and cell lines. Supression of
NOREIA mRNA expression was evident in cell lines and tumors, particularly in cases without MYCN
amplification. Methylation of the NORE1A promoter was not a characteristic event contrasting RASSF1A,
which showed frequent hypermethylation. Transient expression of Norela in SK-N-BE(2) cells resulted in
enhanced apoptosis and delayed cell cycle progression, suggesting that suppression of NOREIA may
contribute to tumorigenesis.

In Paper V, to further substantiate the general role of NORE1A and RASSFI1A in cancer, we extended the
analysis of these molecules to follicular thyroid tumors. Substantially reduced NORE1A mRNA expression
was seen in all PAX8-PPARY positive tumors while RAS mutation and PAX8-PPARYy fusions were mutually
exclusive. RASSF1A expression was reduced in the majority of tumors analyzed.

Studies in knock-out models indicate that inactivation of products of the CDKN2A locus, pl and
p14**" | promotes pheochromocytoma development. In Paper VI, the involvement of CDKN2A in human
pheochromocytomas and abdominal paragangliomas was studied, with regard to promoter methylation,
expression and sequence alterations. The pl6™** promoter was heavily methylated in a subset of
paragangliomas, and it was associated with malignant disease. Frequent suppression of p16™** mRNA and
protein expression was seen in tumors. By contrast no significant methylation or reduced mRNA expression
was evident for p14**" . Sequence variations were observed in four tumors including a missense mutation.
These results suggest that p16™***, and not p14**" is a frequent target of inactivating events in human
pheochromocytoma and abdominal paraganglioma.

INK4A
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Key words: pheochromocytoma, abdominal paraganglioma, neuroblastoma, tumor suppressor gene, DNA
methylation, gene expression, RIZ1, NORE1A, RASSF1A, CDKN2A
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INTRODUCTION

GENERAL CANCER GENETICS

Multistep development —accumulation of genetic and epigenetic changes

The emergence and evolution of cancer is a stepwise process, in which each step contributes
to the progressive transformation from normal tissue to a highly malignant rapidly growing
cell mass, with potentially dismal consequences to the patient (1, 2). Along the way of cancer
evolution a number of cellular traits should be acquired for a neoplastic cell to “succeed”.
These can be summed up in the following major prerequisites: self-sufficiency in growth
signals, insensitivity to anti-growth stimuli, disruption of apoptotic (cell death) mechanisms,
unlimited replicative potential, angiogenesis and ability to metastasize and invade other
tissues (2). Acquisition of these properties is a reflection of genetic and epigenetic alterations
sequentially arising during cancer development (Figure 1). A broad variety of structural
genetic alterations may occur such as point mutations, deletions, amplifications as well as
larger chromosomal alterations (e.g. translocations, inversions and whole chromosomal gains
and losses). The term “epigenetic” defines mitotically heritable properties in gene expression
pattern that is mediated by mechanisms other than the nucleotide sequence of a gene (3, 4).
These alterations may involve a number of fundamental phenomena including DNA
methylation, histone modifications, and nucleosome remodelling.

Besides the aforementioned classical genetic and epigenetic alterations yet another “genetic”
regulatory mechanism received considerable attention in the scientific community over the
past few yeas: RNA interference. RNA interference refers to the endogenous regulation of
gene expression by short complementary RNA molecules at the post-transcriptional level. A
plethora of experimental evidence support that dysregulation of this machinery plays a
significant role in cancer development (5).

The applications of genome-wide analyses on the DNA and transcriptional levels have
illustrated the complexity of changes that are associated with cancer development. One goal
in cancer research is to extract the events and mechanisms that can explain etiology and be

applied for diagnostic, prognostic and therapeutic purposes.
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Figure 1.

Multistep development of colorectal cancer as proposed by Vogelstein et al (6). Following inctivation of
the FAP tumor suppressor, global hypomethylation occurs in the early adenoma, and is subsequently
followed by alterations of other suppressors and oncogenes in the later tumor stages. In addition, the
occurrence of promoter-specific hypermethylation is indicated at the top (7).

Oncogenes and Tumor Suppressor Genes

Genes involved in cancer development can be artificially divided into three major categories
depending on their function with regard to cell growth and death: tumor suppressor genes,
oncogenes and DNA repair genes (8-10).

Oncogenes can be described as the “accelerators” of the cell. Under physiological conditions
these genes encode proteins, which enhance proliferation and restrict cell death, such as
growth factors or their receptors, signal transducers, transcription factors or apoptosis
regulators. Activation of these genes by gain of function alterations leads to excessive
proliferative and anti-apoptotic signals that promote cancer development. Examples of
underlying genetic events are activating point mutations, translocations and amplifications.
By contrast, tumor suppressor genes (TSGs) are the “brakes” of the cell (11). Proteins
encoded by TSGs act as negative cell cycle regulators or promote cell death and
differentiation. Their inactivation by loss of function mutations, epigenetic changes, or post-
transcriptional mechanisms leads to increased proliferation and / or reduced elimination via
cell death. According to Kundson’s two hit hypothesis, for inactivation of a TSG, both alleles
need to become inactivated (referred to as “two hits”) (12). The first hit is often a gene

mutation, whereas the second hit commonly involves larger structural changes detectable as
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loss of gene copy number or loss of heterozyosity (LOH). In addition, a variety of inactivating

alterations are revealed in cancer tissues as exemplified in Figure 2.

DNA methylation in Cancer

DNA methylation is a cardinal tool for the cell to epigenetically regulate gene expression. It
occurs at Cytosines that precede a Guanosine commonly referred to as CpG. Overall, CpG
dinucleotides are sparse in the human genome, however approximately 40% of mammalian
genes exhibit CpG dense regions located mostly in the 5’ regions. Methylation of these so-
called CpG islands is commonly associated with transcriptional silencing. The majority of
CpGs in the genome are sparsely scattered (nonclustered CpGs), mostly in repetitive
sequences (e.g., transposons, endogenous retrovirus, repetitive elements). Normally, non-
clustered CpG dinucleotides are heavily methylated, which prevents activation and expansion
of repetitive elements. By contrast the dinucleotides in CpG islands are usually unmethylated
regardless of transcriptional state of the gene (3, 4). Important physiological exceptions exist
however, such as the inactive X chromosome, genomic imprinting and age related
methylation (13).

Cancer is characterized by an abnormal DNA methylation pattern including two antagonistic
features: loss of methylation in non-clustered CpGs and gain of methylation in promoter CpG
islands. (14, 15). The previous is commonly referred to as global hypomethylation and the
latter as promoter specific hypermethylation. Global hypomethylation is associated with
chromosomal instability (16), and activation of retrotransposomal elements (17), which in
turn increases mutation frequency. On the other hand, hypermethylation of promoter regions
leads to transcriptional suppression, thus serving as an alternative mechanism of tumor
suppressor inactivation (4) in addition to classical structural mutations in cancer.

The term CpG island methylator phenotype (CIMP) refers to the presence of concerted
hypermethylation in multiple tumor suppressor promoters. After its initial description in colon
cancer by Toyota et al. in 1999 (18), this molecular phenotype has been recognized in
various other tumor types such as those of the gastrointestinal tract (19-22), nervous (23, 24)
and haematopoetic systems (25, 26). A crucial question from a clinical perspective is, whether
or not a CpG island methylator phenotype affects the natural course of the disease, in other

words whether or not it has the potential utility as
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Figure 2.

Examples of genetic and epigenetic alterations, which may contribute to inactivation of tumor
suppressor genes. In cancer cells one or more of these changes are often present resulting in
classical biallelic inactivation or varying degrees of suppression.

a diagnostic / prognostic or therapeutic marker. Association of CIMP with adverse

characteristics is described in some (19, 23, 26-28) albeit not all (29) tumor types examined.



Genetic characterization of adreno-medullary tumors

Mechanistically it may reflect a selection for CIMP during malignant transformation (30).
However, at present it is unclear whether CIMP is a causative factor or a consequence of the
malignification process. As cytosine methylation in CpG dense promoters constitutes a major
epigenetic mechanism of transcriptional silencing (13), it is plausible that one of the ways by
which CIMP may contribute to the development of neoplastic phenotype is realized through
simultaneous transcriptional suppression of multiple genes governing proliferation, cell death
and invasion. Since the hallmark of CIMP is excessive methylation of multiple tumor
suppressor promoters and DNA methylation is a reversible process, epigenetically acting
drugs, such as inhibitors of DNA methylation, appear as alluring candidates for testing as

adjuvant treatments in patients with CIMP positive tumors.

PHEOCHROMOCYTOMA AND ABDOMINAL PARAGANGLIOMA

Clinical overview

Pheochromocytomas and abdominal paragangliomas are cathecolamine producing tumors that
originate from neural crest derived chromaftin cells of the sympathetic nervous system (31,
32). As outlined in Figure 3 these tumors present in the adrenal medulla (i.e.
pheochromocytoma) or paravertebral and paraaortic sympathetic paraganglia (i.e. abdominal
paraganglioma). Head and neck paraganglioma is a related entity which, in contrast to
abdominal paragangliomas, are mainly of parasympathetic origin and do not secrete
catecholamines.

The adrenal medulla and the sympathetic paraganglia are part of the sympathetic nervous
system (Figure 4). Their chief physiological function is secretion of catecholamines, which
are major stress hormones preparing the organism for stress response. Pheochromocytomas
and abdominal paragangliomas may both secret dopamine and noradrenaline. However,
adrenaline is produced by pheochromocytomas but not abdominal paragangliomas, since the
required enzyme: phenylethanolamine-N-methyltransferase is only present in the adrenal
medulla.

The yearly incidence of pheochromocytomas and abdominal paragangliomas is estimated to
be 1-2 per million. The real incidence, however, is probably higher as a significant proportion

of tumors are found only post-mortem at autopsy (33, 34).
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Figure 3.

Schematic illustration of the anatomical locations for pheochromocytoma and abdominal
paraganglioma development. Pheochromocytomas occur in the adrenal medulla, which is indicated on
the horizontal section of the adrenal, shown to the left. Abdominal paraganglioma develop in
sympathetic ganglion, as shown to the right.

The tumors may occur at any age with a peak incidence in the 4™ and 5™ decades of life.
Approximately one out of ten cases present in the paediatric population.

The typical symptoms associated with pheochromocytomas and abdominal paragangliomas
are related to excessive catecholamine secretion with resulting hypertension, i.e. paroxysmal
headache, palpitations, pallor, sweating and anxiety. However, up to a third of patients may
be normotensive. These patients are often not diagnosed, or discovered incidentally when

imaging investigations for other reasons are carried out (32, 35).
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a. Adrenal medulla d. Normal sympathetic paraganglia

b. Pheochromocytoma e. Paraganglioma

f. Malignant Paraganglioma

Figure 4.

Photomicrographs of hematoxylin & eosin stained normal adrenal medulla, sympathetic paraganglia,
pheochromocytoma and abdominal paraganglioma.

(@) Normal adrenal medulla showing chromaffin cells embedded in fibrovascular stroma. (b and c)
Pheochromocytomas exhibiting large pleomorphic nuclei and abundant cytoplasm with chromaffin
granules (arrow). The tumors are well vascularised. (d) Sympathetic paraganglia with chief cells (main
cell type) surrounded by sustentacular cells. (e and f) Paraganglioma cells are more uniform in
appearance and are characteristically arranged in cell nests. A mitotic figure can be seen in (f) (arrow).
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Malignant forms of these tumors are relatively sparse. Approximately 10% of
pheochromocytomas and 15-35% of abdominal paragangliomas show signs of malignant
behaviour. Histopathological distinction between benign and malignant cases is highly
challenging as features typically associated with malignancy such as nuclear pleomorphism,
mitotic figures, vascular and capsular invasion are commonly seen both in benign and
malignant pheochromocytomas and abdominal paragangliomas (36). At

present the only absolute proof of malignancy is the presence of distant metastasis (most often
in lymph nodes, lungs, liver or bones), which may be seen at the time of initial surgery or be
found years after primary tumor removal. Another widely used definition of malignancy is
that recommended by the Armed Forces Institute of Pathology (37). This classification, which
includes extensive local invasion as an additional criterion for malignancy, was applied in this
thesis.

Keeping in mind the difficulty of distinguishing truly benign cases from those presenting only
initially as benign and later recurring with metastases, at present, lifelong follow up is
recommended for all pheochromocytoma and abdominal paragangliomas patients. With the
advent of modern high-throughput molecular techniques an increasing number of novel
diagnostic / prognostic and therapeutic biomarkers are discovered. Therefore it is anticipated
that in the future, new molecular markers will aid the clinician / pathologist to fine-tune risk
stratification of patients, with regard to potential malignant behaviour of these tumors (38,
39). In a number of recent reports several prospective markers have been proposed, such as
the proliferation marker Ki-67, the catalytic subunit of the telomerase complex (hTERT),
Heat Shock Protein 90 (HSP 90) and Vascular Endothelial Growth Factor (VEGF) (40-43).

Heritable mutations in pheochromocytoma and abdominal paraganglioma

Heritable forms of pheochromocytoma and abdominal paraganglioma have been long
recognized, and historically the incidence has been estimated to 10%. In these cases tumors
usually present as components of hereditary cancer syndromes such as multiple endocrine
neoplasia type 2A (MEN 2A) or type 2B (MEN 2B), von Hippel-Lindau disease (VHL),
Neurofibromatosis type 1 (NF1) and familiar paragangliomas (SDHB, SDHD) (Table 1).
These patients harbour constitutional mutations in one of the following genes RET, VHL,
NF1, SDHB, SDHC and SDHD (44). The Rearranged during transfection (RET)
protooncogene is a thyrosine kinase receptor with important functions during neural
development (45). The von Hippel-Lindau (VHL) tumor suppressor has versatile functions

that include oxygen-sensing, extracellular matrix assembly, microtubule stabilization and cell-

12
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cycle control (46). The Neurofibromatosis type 1 (NF1) tumor suppressor gene encodes for a
protein called neurofibromin. Neurofimbromin is an important negative regulator of the Ras
protein (47). The Succinate dehydrogenase proteins B, C and D are components of the
mitochondrial complex II, which plays an important role both in the tricarboxylic cycle and in
the respiratory chain (48).

Contrasting the traditionally indicated proportion of hereditable disease (around 10 %),
concise analyses of susceptibility genes indicate a significantly higher frequency in germ-line
alterations in patients with these tumors (44). Mutations in VHL, RET, SDHD and SDHB,
may be detected in approximately one quarter of apparently sporadic pheochromocytoma and
abdominal paraganglioma patients (44) (Table 1). In resemblance to other familial cancers,
younger age at diagnosis, multifocal and extra-adrenal presentation is more prevalent in
patients with constitutional predisposing mutation. Presently, genetic testing is recommended
for those patients whose clinical presentation is suggestive of hereditary disease, such as a
positive family history or an age at presentation younger than 50 years (49). The potential
benefit of testing is the implementation of stringent clinical surveillance with regard to
recurrences, multifocality and other associated neoplasias, both for patients and family

members with proven germ-line mutations.

Somatic mutations in pheochromocytoma and abdominal paraganglioma

Identification of disease genes in familial cancer syndromes often provides substantial insight
into the molecular pathogenesis of the sporadic forms of the disease. Thus, somatic
inactivation of the VHL tumor suppressor gene is present in the majority of sporadic clear cell
renal cell carcinomas. Similarly, somatic RET mutations are commonly detected in medullary
thyroid carcinomas (50-55). However, analyses of familial pheochromocytoma cancer genes

VHL, (52, 56) RET (56), SDHD, and SDHB (57-62) gave

Table 1. Constitutional mutations associated with pheochromocytoma and paraganglioma

Mutated gene  Location Associated Syndrome

RET 10q11.2 Multiple endocrine neoplasia type 2A/B  MEN 2A/B
VHL 3p26-25 von Hippel-Lindau disease VHL

NF1 17q11.2 Neurofibromatosis type 1 NF1
SDHD 11923 Familial paraganglioma 1 PGL1
SDHC 1921 Familial paraganglioma 3 PGL3
SDHB 1p36.1-35  Familial paraganglioma 4 PGLA4

Information according to Elder et al. J Surg Oncology. 89(3):193-201, 2005

13



Genetic characterization of adreno-medullary tumors

no indication of frequent involvement of these molecules in sporadic pheochromocytomas or
abdominal paragangliomas.

Mutations in widely characterized oncogenes such as H-, K- and N-Ras (63-65), c-mos (66,
67), NMYC (67), CMYC (67), Gs alpha (65), ENRB (66), and tumor suppressor genes like
pl6 (68) and TP53 (65, 69, 70) are not common in these tumor types. On the other hand, at
the protein level, loss of Rb (71), and over-expression of mdm?2 (71), and Bcl-2 (72, 73) have
been reported.

Thus, despite major advance in unravelling the genetic background of familial cases the
molecular pathogenesis of sporadic pheochromocytoma and abdominal paragangliomas

remains largely unknown.

Chromosomal alterations in pheochromocytomas and abdominal paragangliomas
Several recent studies attempted to characterize somatic copy number changes in
pheochromocytomas and abdominal paragangliomas using comparative genomic
hybridisation (CGH) (74-78) or array CGH (79, 80). Deletions in 1p, 3p, 3q, 11p, 11q and
22q as well as gains at 17q and chromosome 19 are common alterations. 1p appears as the
earliest and most frequent site for gross losses (Figure 5). Both array CGH and LOH studies
suggest that this region harbors several tumor suppressor genes (79-86). Our group has
reported three target regions in 1p: one telomeric of D1S1612 in 1p36.2-pter, one centromeric
of D1S429 in 1cen-p13 and one in the 18cM interval defined by D1S2134 and D1S1669 in
1p32 (82). Furthermore, the pattern of copy number changes was highly similar between
pheochromocytomas and abdominal paragangliomas, suggesting a common genetic origin
(76).

Alterations of chromosome 11 (75, 76) and 17q (74), and in some studies the frequency of
overall copy number alterations (74) were higher in malignant samples. The pattern of gross
genetic changes in pheochromocytomas from neurofibromatosis knockout mice suggests that

the genesis of this neoplasia may be similar across species (78).

Studies of global gene and protein expression

Microarray studies characterizing the transcriptome and proteome in pheochromocytomas and
abdominal paragangliomas are scarce (87-92). Comparisons of adrenalin vs. noradrenalin
producing tumors suggested distinct molecular pathogenesis characterized by activation of
hypoxia driven angiogenic pathways in the latter (87, 89). Distinction between these

biochemical subtypes was also confirmed on the proteome level (93). Two recent studies by
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Brouwers et al. examined molecular differences between malignant and benign
pheochromocytomas on transcriptome and protein levels (87, 88). A larger set of genes with
various biological functions was identified that could differentiate between benign and
malignant cases. This database constitutes the first major resource for mapping the pathways
leading to malignancy in these tumors, thus raising the prospect of novel diagnostic /
prognostic markers and therapeutic targets. In addition, evaluation of low molecular weight
(LMW) protein profiles, generated from serum samples of pheochromocytoma patients,
allowed for the identification of a subset of proteins that could discriminate malignant cases
from the benign ones (88). Further confirmatory studies exploring the transcriptome and

proteome on independent series are awaited.
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Figure 5.

Overview of 1p loss detected in pheochromocytoma and abdominal paraganglioma using array-
CGH, conventional CGH and LOH analyses. Common regions of loss are grossly indicated by
vertical bars next to an ideogram of 1p. Examples of a deletion detected by array-CGH and LOH
are shown below. Data from (76, 79-82).
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NEUROBLASTOMA

Clinical overview

Neuroblastoma is the most common extracranial solid tumor in childhood accounting for
about 6% of all pediatric caners (94) (Figure 6). The prevalence is about 1 in 7000 live births,
with about 15-20 new cases annually in Sweden (95). Approximately half of the patients are
diagnosed by 1 year of age and nearly all by the age of 10 (96).

The tumor probably arises from precursor cells of the peripheral sympathetic nervous system
(31, 97, 98) in the adrenal glands or the paravertebral and paraaortic sympathetic tissue
situated in the chest, abdomen and pelvis.

Neuroblastoma represents a tumor type with a puzzling disparateness with regard to clinical
behaviour. In some cases, especially in infants, the tumors may regress spontaneously or
differentiate into more mature entities referred to as ganglioneuroma. On the other hand, most
children over the age of 1 year present with extensive or metastatic disease at diagnosis,
which entails an overall poor prognosis. Furthermore, within this group, subsets with better or
worse outcome can be furtherd stratified. The variable clinical behaviour is strongly
associated with the genetic and molecular characteristics of the tumor cells. This has allowed
integration of molecular biological features of the tumors into the present risk stratification
systems upon which the choice of therapy is based (Table 2). Taken together this has rendered

neuroblastoma an exemplary model for successful translation of basic science results into

daily clinical practice.

Figure 6.

Photomicrograph of
hematoxylin & eosin stained
human neuroblastoma.
Characteristic “small round
blue” cells (arrow).
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Major prognostic factors

The stage, which is based on the location, extent of the primary lesion and presence or
absence of distant metastases, is the most important prognostic factor in neuroblastoma (99).
Age at diagnosis is also an important determinant: children less than 1 year generally have
better outcome compared to older patients with equivalent stages (99, 100). Another major
predictive factor is the histological appearance of the tumor. The currently used system
devised by Shimada et al classifies tumors as favourable or unfavourable, depending on the
degree of neuroblast differentiation, Schwannian stroma content, mitotic figures, degeneration
of nuclei and age at diagnosis (101). According to the classification proposed by the
Children’s Oncology Group, treatment risk stratification should be based on tumor stage,
patients age, and histology, and in addition changes in DNA content and presence or absence

of MYCN amplification are incorporated (102) (Table 2).

Germ line genetic alterations in neuroblastoma

Although neuroblastoma occurs in early childhood, it is generally encountered in sporadic
cases. Familial cases are rare and appear as a genetically heterogeneous group (103-105).
Recently, loss of function germline mutations in PHOX2B, a neurogenesis regulator, have
been found in some neuroblastoma patients (106, 107). By contrast, specific somatic genetic
and molecular alterations are recurrently recognized in tumor cells and the most important

ones are described below and reviewed in (102, 108).

Loss or allelic imbalance of the short arm of chromosome 1

Deletions in 1p are found in approximately one third of neuroblastomas (109-112), and are
strongly associated with advanced stage and MYCN amplification. It thus seems likely that
one or more tumor suppressor genes are harboured in lp, which when inactivated in
neuroblasts contribute to tumorigenesis. Smallest regions of overlap (SRO) have been mapped
by several groups (109-119) and the overall evidence suggests that a prospective
neuroblastoma tumor suppressor is located in 1p36. So far, however, no specific gene has
been identified as “the wrongdoer”. SROs are typically

dozens of megabases large and there is not much support for biallelic inactivation of regional
candidate genes. Whole genome array CGH studies have furtherd enlightened the complexity
of chromosomal rearrangements (120), identified distinct genetic subgroups (121, 122) and

proposed models for progression (123).
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Table 2. Proposed Children's Oncology Group risk srtratification schema

Amplification DNA

Stage  Risk group Age of MYCN  Ploidy Histology Other
1 Low
2A /2B Low No < 50% resection
Intermediate No < 50% resection
Intermediate No Biopsy only
High MYCN
3 Intermediate < 1.5 years No
Intermediate >= 1.5 years No Favourable
High MYCN
High >= 1.5 years No Unfavourable
4 High <1 year MYCN
Intermediate <1 year No
High 1-1.5 years MYCN
High 1-1.5 years DI=1
High 1-1.5 years Unfavourable
Intermediate 1-1.5 years No DI>1 Favourable
High >= 1.5 years
4S5 Low <1 year No DI>1 Favourable = Asymptomatic
Intermediate < 1 year No DI=1
Intermediate < 1 year Missing Missing ~ Missing
Intermediate <1 year No Symptomatic
Intermediate <1 year No Unfavourable
High <1 year MYCN

Modified from Maris M Lancet (2007;369: 2106-2120)

Amplification of the MYCN oncogene

From a clinical perspective, most important genetic alteration in neuroblastoma is
amplification of the MYCN gene locus at chromosomal region 2p24 (124, 125).
Approximately 20 % of neuroblastomas carry MYCN amplification (124, 125), which is
commonly detected by molecular cytogenetic analyses such as FISH (fluorescence in situ
hybridization). The alteration has strong prognostic implications. Even in the presence of
other favourable factors such as low stage, MYCN amplification strongly predicts aggressive
disease and poor outcome. Based on these observations, it can be anticipated that MYCN
amplification is of great biological significance. On the molecular level, MYCN forms a
heterodimer with MAX which functions as a transcriptional activator, while in the absence of

MYCN MAX forms transcriptionally repressive homodimers. Target genes of the MYCN-
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MAX complex such as ODC, MCM7 and MRP1 (126, 127) are known to promote cell cycle
progression through the G1 phase. Most cases with MYCN amplification also exhibit loss in
1p, however not all tumors with 1p loss have MYCN amplification. This suggests that 1p loss

preceeds MYCN amplification in genetic and clinical progression of these tumors (128).

Gain of the long arm of chromosome 17

Gain of chromosome arm 17q is probably the most prevalent gross genetic aberration in
neuroblastoma (129-131). It may occur as an unbalanced gain of 17q or more frequently as
unbalanced translocation between chromosomes 1 and 17 (132). Since the breakpoints largely
vary, it is believed that the important result of 17q alteration is a dosage effect rather than
disruption or rearrangement of particular gene(s) (133, 134). The putative gene providing
selective growth advantage has not been identified yet, but the apoptosis inhibitor: survivin
appears as an attractive candidate (135). As gain of 17q is usually associated with other poor
prognostic markers such as MYCN amplification, 1p loss and high stage, its significance as

an independent prognostic factor should be furthered delineated.

Alterations in other loci
Other sites with frequent deletions include 11q, 14q, 18q and 3p (136-139). Cancer genes that
appear frequently aberrant in carcinomas such as TP53, Ras and CDKN2A are rarely altered

in neuroblastoma (102, 108).

Expression of Trk family members

The Trk family of tyrosine kinases function as membrane receptors of neurotrophic factors
relaying developmental signals governing differentiation and cell death during normal neural
development (140). Neuroblastomas with favourable prognosis express high levels of TrkA
(141, 142). Similarly, TrkC is associated with favourable prognosis (143) whereas high

expression of TrkB correlates with aggressive behaviour (144).

Genetic model for neuroblastoma development and progression

Based on the extensive data concerning the genetic alterations observed in neuroblastomas,
Brodeur at al proposed a genetic model for disease initiation and progression. According to
this model (Figure 7), all neuroblastomas develop from a common precursor, which can
essentially follow two paths. One path is characterized by a near triploid karyotype (3N)

without structural rearrangements, and with a high TrkA expression ensuring differentiation
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or apoptosis, following the presence or absence of its ligand neurotrophic growth factor
(NGF). These patients are usually infants with low stage disease and excellent prognosis.
Cells following the second path have a near diploid (2N) or near tetraploid (4N) karyotype
and are essentially characterized by gross chromosomal rearrangements with gain of 17q
being one of the most common. Within this type, two subsets can be distinguished. One
subset is characterized by 11q and / or 14q deletion. Patients with these tumors are generally
older, with slowly progressive, often fatal disease. The second subset’s main feature is loss of
Ip with or without MYCN amplification. These tumors frequently express TrkB and its
ligand, thereby triggering an autocrine survival loop. Patients with this molecular phenotype

present with advance stage, rapidly progressive and usually fatal disease (108).

CANDIDATE GENES STUDIED IN THIS THESIS

The Ras effecors RASSF1A and NORE1A

Ras-GTPases (H-, K- and N-Ras) regulate cell fate decisions via GTP-dependent interaction
with a versatile repertoire of downstream effectors. The most extensively studied
physiological function of Ras is the relay of proliferative and anti-apoptotic stimuli from cell
surface receptors to effector molecules such as Raf and Phosphatidyl-inositol 3 kinase (PI3K)
(145). A number of recent studies brought into spotlight yet another Ras effector pathway
controlling cell survival (146). By contrast to the previously mentioned cascades, these
molecules promote apoptosis and may thus suppress Ras-induced oncogenesis by hampering
the cells ability to survive. The Ras association domain family (RalGDS/AF-6) of proteins
include 8 genes (RASSF1-8) from which several RASSF isoforms are transcribed (Table 3).
An accumulating body of experimental and observational evidence indicates the widespread
involvement of the RASSF family in neoplasia (146-149).

Two prominent members of this Ras mediated tumor suppressor pathway are RASSF1A and
NORE1A (RASSF5). The RASSF1 gene is located in 3p21.3 (147-149). Loss in 3p is a

frequent observation in neuroblastomas and pheochromocytomas
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Figure 7.

Genetic model proposed for neuroblastoma development by Brodeur et al. (108).

(76, 136, 150). Several isoforms are transcribed from the RASSF1 (Table 3) locus of which
RASSF1A has been most extensively characterized. RASSF1A is a bona fide tumor
suppressor (147-149). Mice deficient of RASSF1A show enhanced susceptibility to tumor
development including breast lung and lymphoid neoplasias (151). Moreover RASSFI1A
inactivation is frequently observed in various human cancers and the most common
mechanism of inactivation is promoter hypermethylation (147-149). Point mutations in
RASSF1A are rare in human tumors (147-149). RASSF1A is one of the most commonly
methylated tumor suppressors in neuroblastomas (150, 152-156). On the other hand studies of
RASSF1A in the context of pheochromocyotomas and abdominal paragangliomas are sparse.

Astuti et al observed frequent allelic loss at
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Table 3. Members of the Ras-association domain family (RASSF)

Effect Alterna Characteriz Predicted
tive ed domains for
Name Location incancer transcri isoforms DAG- Ras- SARA
pts binding  assoc. H
RASSF  3p21.3 Suppresso 7 RASSFIA  DAG- Ras- SARA
1 r binding  assoc. H
RASSF1B - Ras- SARA
assoc. H
RASSF1C - Ras- SARA
assoc. H
RASSF  20pl3 Suppresso 3 RASSF2A - Ras- SARA
2 r assoc. H
RASSF 12ql4.1 Not 3 RASSF3A - Ras- SARA
3 known assoc. H
RASSF 10ql11.2  Suppresso 6 RASSF4A - Ras- SARA
4 1 r assoc. H
RASSF 1qg32.1 Suppresso 4 NORETA DAG- Ras- SARA
5 r binding  assoc. H
NOREI1B - Ras- SARA
assoc. H
RASSF 4ql3.3 Suppresso 3 RASSF6A - Ras- SARA
6 r assoc. H
RASSF6B - Ras- SARA
assoc. H
RASSF 11pl5 Not 3 RASSF7A - Ras- -
7 known assoc.
RASSF 12pll Not 6 RASSF8A - Ras- -
8 known assoc.
RASSF8B - Ras- -
assoc.

Information according to van der Weyden and Adams Biochem Biophys Acta

2007

DAG = diacylglycerol; SARAH = Salvador / RASSF / HIPPO

interaction

3p.21 as well as methylation of the RASSFIA promoter in 22 % of sporadic
pheochromocytomas (150). In a recent report Dammann et al. reported almost 50 %
RASSF1A methylation in a small series of familial and sporadic pheochromocytomas (157).
In both reports, however, promoter methylation was qualitatively characterized entailing a
risk of classifying a sample as methylated on the basis of a minor proportion of methylated
target, which may not reflect the overall scenario within the tumor sample studied. This is of

particular importance when data are analysed in relation to clinico-pathological features such
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as malignancy. Therefore we chose to quantitatively assess RASSF1A promoter methylation
in a panel of pheochromocytomas / abdominal paragangliomas (paper I1I) and neuroblastomas
(paper 1V).

NOREIA is closely related to RASSF1A and the two proteins share nearly 60% similarity.
The NOREI1 gene locus in chromosomal region 1q32.1 encodes two main isoforms by
alternate promoter usage i.e. NORE1A and NOREIB (158) (Figure 8 and Table 3). Data from
experimental model systems suggest that loss of NORE1A expression is associated with
tumorigenic effects, such as diminished apoptosis and enhanced cell cycle progression (159-
161). NOREIA is able to selectively bind to active Ras (162). Furthermore upon interaction
with Ras the NORE1A / RASSF1A heterodimer mediates pro-apoptotic signals via recruiting
the mammalian Ste20-like pro-apoptotic kinase (MST1) (160, 163, 164) suggesting that
NOREIA and RASSF1A are involved in the same Ras dependent pro-apoptotic pathway
(Figure 9).

NOREI1A expression is frequently suppressed in cancer cell lines as well as primary tumors
and the inactivation commonly results from promoter hypermethylation (158, 161, 165-167).
On the other hand point mutations in the NORE1A locus or deletions in 1q are rare in human
neoplasia (158, 161, 165-167). Observational and experimental data on NOREIA in the
context of neural crest derived tumors are scarce. Methylation of NOREIA was rarely
detected in a series of neuroblastic tumors (154) yet no study has investigated NORE1A in
pheochromocytomas and abdominal paragangliomas. In light of the frequent involvement of
the close functional and structural homologue RASSFIA in these tumors we chose to evaluate
its “sister” molecule NOREIA in a series of pheochromocytomas / abdominal
paragangliomas (paper III) and neuroblastomas (paper IV). Analogously, given the frequent
epigenetic inactivation of RASSFIA in thyroid cancer (168, 169) we present the first
evidence of the implication of NOREIA in these tumors (paper V).
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Schematic illustration of the NORE1 / RASSF5 gene locus in chromosomal region 1g32.1. Four known
transcripts are generated by two different promoters and translated into different protein isoforms. The two
main characterized isoforms are NORE1A and NORE1B.
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Ras relays signals from various cell surface receptors to downstream effectors. The effect on cell
growth may be versatile depending on the downstream effector pathways activated. Growth
enhancing signals may be conveyed via interaction with Raf, PI3K or RALGDS. On the other hand
activation of the NORE1A / RASSF1A pathway results in growth inhibitory effect (146).
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The RIZ1 tumor suppressor

The Retinoblastoma-interacting zinc finger gene (RIZ), is mapped to 1p36.2 a chromosomal
region commonly deleted in various human neuroendocrine tumors (170-172). Two products
are encoded by the RIZ gene by means of alternative promoter usage: RIZ1 and RIZ2 (Figure
10). RIZ1 and RIZ2 are identical except for the 5’-end region, corresponding to the PR
domain that is present only in RIZ1 (173, 174). RIZ1 belongs to the PR/SET domain family,
the members of which are significant players in chromatin-mediated gene expression
regulation, both during embryonic development, and in human cancer (173-175). RIZ1
catalyses methylation of the lysine 9 residue in histone H3, which is a modification generally
associated with heterochromatin formation and gene silencing (176). In addition RIZ1 can
also function as co-activator / co-repressor of nuclear hormone receptors (173, 177). Both
RIZ1 and RIZ2 are highly expressed in normal neuroendocrine tissues including the adrenal
medulla (170). However, only RIZ1 but not RIZ2, is known to exert tumor suppressive
actions (178). Underexpression of RIZ1, but not RIZ2, has been observed in various cancers
including colon, breast, pancreas, hepatocellular carcinoma and neuroblastoma (171, 179-
182). Epigenetic inactivation by promoter methylation appears to be a common mechanism
for RIZ1 silencing (183, 184). In several instances RIZ mutations have been found in cancer
(179, 182, 185) albeit not in pheochromocytoma (186). RIZ1 has been implicated in cell cycle
arrest and apoptosis induction, as well as suppression of tumor xenograft growth (179, 180).
RIZ1 knock-out mice with normal RIZ2 expression develop a broad spectrum of tumors. The
most common tumor type is diffuse large B cell lymphoma (185). Given the widespread
experimental and observational evidence assigning a tumor suppressive role to RIZ1, as well
as its genetic location in distal 1p, commonly implicated in pheochromocytomas and
abdominal paragangliomas, we evaluated in paper II RIZ1 as candidate tumor suppressor in

these tumors.

The p16 tumor suppressor
The CDKN2A locus at 9p21 is commonly altered in human cancer by point mutations,
deletions and promoter methylation (187). The two unrelated proteins p16 and p14 encoded

INK4A
6 and

by the gene are both bona fide tumor suppressors (188-190). The transcripts pl
p14** have distinct exon 1 (1o and 1P respectively) that are spliced onto the shared exon 2 in

differential reading frames resulting in entirely different proteins.
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Figure 10.

The RIZ gene locus in 1p36.21 with its encoded products RIZ1 and RIZ2. The RIZ1 tumor suppressor
is derived from the P1 promoter and has effects on histone H-3 methylation, estrogen receptor alpha
and the retinoblastoma protein as illustrated at the top. RIZ2 is generated from promoter P2 and is
suggested to have oncogenic effects.

Transcriptions of exons la and 1B are under the control of separate promoters (191, 192)
(Figure 11). The proteins pl6 and pl4 participate in two main cell-cycle control pathways,
pl6 -Rb and p14 -p53 (193, 194) and generally function as negative regulators of cell growth
(195). The pl6 protein inhibits phosphorylation of Rb by binding to Cyclin D-cdk4/6
complexes (195). On the other hand pl4 inhibits MDM2 mediated degradation of the
“genome guardian” p53 (196-198).

Mice hemizygously deficient for the tumor suppressor gene Pten are particularly prone to
develop unilateral pheochromocytomas, rendering it an applicable model for exploration of
this tumor type (199). Furthermore, in Pten-Ink4a/Arf knockout mouse bilateral
pheochromocytomas developed with shorter latency after hemizygous Ink4a/Arf inactivation,

and in the homozygous form metastasis developement occured
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ARF
The CDKN2A locus, its alternative transcripts p16™**and p14 , and their encoded proteins p16 and
pl4. pl6 exerts its growth inhibitory action via the RB pathway by blocking cyclin-dependent kinases
CDK4 and CDK6. Normally CDK4 and CDK6 promote cell cycle progression via phosphorylation of
the RB protein resulting in the release of the E2F transcription factor.

(199). These findings implicate that loss of p16 and / or p14 contribute to the development of
this neoplasia. In human pheochromocytomas loss of heterozygosity at the CDKN2A gene
locus in 9p21 has not been observed (68). However p16™** promoter methylation was seen
in a subset of pheochromocytomas (157).

Alteration of the CDKN2A gene is rare in neuroblastoma (200-204). In neuroblastomas, up-
regulation of p16 expression appears to correlate with unfavourable outcome. However, this is
not paralleled by alterations in levels of phosphorylated RB, suggesting that p16 may not be
functioning properly to regulate the pathway (205). Attenuation of the p14 - MDM2 pathway
is frequently found in neuroblastoma cell lines established at relapse and the occurrence pl4

methylation has been confirmed in some neuroblastoma tumors (206-208).
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AIMS OF THE PRESENT INVESTIGATION

To explore the occurrence of concerted promoter hypermethylation for multiple tumor
suppressor genes in pheochromocytomas and abdominal paragangliomas and its
relation to clinical behaviour (paper I).

To illuminate alterations in global methylation levels in abdominal -paragangliomas
and pheochromocytomas and its possible influence on clinico-pathological features
(paper I).

To determine the potential involvement of the RIZ1 tumor suppressor in
pheochromocytomas and abdominal paragangliomas tumorigenesis (paper II).

To shed light on the involvement of the Ras effectors RASSF1A and NORE1A in
pheochromocytomas and abdominal paragangliomas (paper III).

To examine the role of NORE1A in neuroblastoma cell lines and primary tumors
(paper IV).

To explore the involvement of Ras signalling in follicular thyroid cancer with special
regards to NORE1A and RASSF1A, and to investigate the possible link between Ras
pathway and PAX8-PPRy rearrangement (paper V).

To determine alterations in the CDKN2A locus, its transcripts: pl6™~** and p14°*"
as well changes in p16 protein expression in order to explore their significance in the

pathogenesis pheochromocytomas and abdominal paragangliomas (paper VI).
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MATERIALS AND METHODS

Pheochromocytoma and abdominal paraganglioma samples (papers I, II, IIT and VI)

The patients in this study were operated at the Department of Surgery of the Karolinska
University Hospital, Stockholm, Sweden, and subsequently followed up in a polyclinical setting.
Most patients are part of a previously published characterization of pheochromocytoma and
abdominal paraganglioma patients treated at this hospital (35).

All tissues had been dissected by a pathologist directly after surgery, snapfrozen in liquid
nitrogen and stored at -70 °C. Each sample used in the studies was verified to contain high
representation (>70%) of tumor cells by histopathological examination carried out by an
experienced endocrine pathologist. Tumor classification followed the criteria of the US Armed
Forces Institute of Pathology, according to which malignant cases should exhibit extensive local
invasion and/or distant metastasis (37, 38). From a subset of cases, peripheral blood samples were
also used for comparative studies. Informed consent was obtained from each patient and the study

of the tissue material was approved by the institutional ethical review board.

Neuroblastoma and ganglioneuroma specimens (paper IV)

All patients were diagnosed and treated at the Karolinska University Hospital, Stockholm,
Sweden. In each case diagnosis was histopathologically confirmed by a paediatric pathologist,
and in addition the routine characterization of tumors included analyses of MYCN amplification,
Ip loss and DNA-ploidy as reported (111, 117, 209). Tumors were staged according to the
International Neuroblastoma Staging System (INSS) (99), and the treatment followed risk-based
national and international protocols. Surviving patients were followed at the Department of
Paediatric Oncology at the Karolinska University Hospital for a median of 119 months. The
samples used for the study had been frozen in connection to surgery and stored at -70 °C. All
samples were obtained with informed consent from the patients or their parents, and the study

was approved by the ethics committee at the Karolinska University Hospital.

Reference adrenal samples (papers L, II, III and VI)
Extracts from normal adrenal medulla were commercially available. In addition, samples of non-
tumor adrenal were obtained with informed consent and ethical approval from patients treated at

the Karolinska University Hospital, Stockholm, Sweden.
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Thyroid tumor samples (paper V)

The patients with follicular thyroid tumors included in paper V underwent thyroidectomy at the
Department of Surgery of the Karolinska University Hospital Stockholm Sweden and were
subsequently followed up polyclinically. For histopathological diagnosis the criteria of the WHO
classification were applied (210). The tissue samples were collected in direct connection to
surgery and verified using the same routine as for pheochromocytoma and abdominal
paraganglioma. Using this procedure the tissues were appropriately handled to allow extraction of

good quality DNA, RNA and protein.

Established Cell lines (papers II-VI)

HepG2 and Hep3B liver cancer cells served as positive and negative controls, respectively, for
determining RIZ1 promoter methylation in paper II. PC12 rat pheochromocyotma cells were used
in paper III for functional studies after Norela transfection. MCF7 breast cancer cells served as
positive control for NORE1A methylation (papers III, IV and V). Seven neuroblastoma cell lines
were used for characterization of NORE1A and RASSF1A: SK-N-DZ, SK-N-SH, SK-N-BE(2),
SK-N-FI, SK-N-AS, IMR-32, and SH-SY-5Y (paper 1V). In paper V cervical carcinoma HeLa
cells were used to study the impact of PAX8- PPRy on NORE1A promoter activity. In paper VI
SAOS-2 osteosarcoma cells was applied as positive control and MCF7 cells as negative control

for p16 protein expression.

Quantitative Real Time PCR (qRT-PCR) (papers I1I-VI)

Quantitative real time PCR (qRT-PCR) is and established technique to measure RNA
transcript abundance (211). The concept is based on the quantitative detection of PCR
products as they accumulate, by means of fluorescent emission using fluorescent probes. The
two most commonly utilized chemistries for quantification is SYBR Green and Tagman
detection systems of which the latter was used in this study (Figure 12). The experimental
procedure starts by isolation of RNA which is converted to cDNA using reverse transcriptase.
During the PCR reaction the amount of accumulating PCR products is proportional to the
starting amount of target according to the following formula: X=Xy x (1+E,)" , where X is
initial target abundance, X, is the amount of PCR product after n cycles, n is the number of
PCR cycles and Ey is PCR efficiency.As the fluorescent signal generated during synthesis is
proportional to the amount of PCR product it also renders an accurate reflection of the initial
target abundance. In practice a parameter called threshold cycle Ct is used which is the

number of PCR cycles required to reach a predefined level of fluorescent signal intensity. Ct
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Figure 12.

Quantification of gene expression using qRT-PCR analysis. PCR primers and an oligonucleotide
probe (Tagman probe) ensure specificity of the reaction. The Tagman probe carries a fluorescent
reporter dye and a quencher dye attached to its 5’ and 3’ ends, respectively. When the probe is intact,
given the steric proximity of the two dyes, the quencher suppresses fluorescence emitted by the
reporter. However, once amplification occurs, the probe is degraded by the 5'-3' exonuclease activity
of the Taq polymerase, thus the reporter and quencher will no longer be in close proximity. The
fluorescent signal is detected by means of a laser integrated in the detector.
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Figure 13.
Standard curve of a qRT-PCR reaction for p16™**. The slope of the curve indicates the efficiency of

the reaction, while the unknown samples (red dots) are quantified in relation to the quantities of the
standard curve (black dots).

shows inverse correlation to the starting amount of genetic material. The difference of Ct
between different samples provides a direct indication about their relative quantities. An
alternative to direct comparison of Ct values is the use of standard curve generated by serial
dilutions of a reference sample (Figure 13). This approach carries the advantage of indicating

PCR amplification efficiency, which should be constant in the Ct range of the sample panel.
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Amplification of an endogenous reference is used to compensate for variations in quantity and
quality of RNA used for cDNA synthesis as well as for other experimental biases (such as
pipetting errors). The target gene levels are subsequently normalized relative to those of
internal reference genes, to allow comparisons between the samples analyzed. However, to
achieve proper normalization it is of paramount importance, that the chosen reference gene
shows consistent expression across the samples. To achieve this, optimal reference gene(s) are
selected from a panel of house-keeping genes and in the analysis the geometrical mean of
those with the most stable expression levels is used (212).

In this study, Tagman qRT-PCR was used to assess mRNA expression levels of RIZ-PR and
RIZ-CR (paper II), NOREIA and RASSFI1A (papers III, IV, V), and pl6™<** as well as
p14*% (paper VI).

Sodium bisulfite modification of DNA (papers I-VI)

In higher order eukaryotes, DNA is methylated only at cytosines located 5’ to guanosine
commonly referred to as CpG. This nucleotide modification has significant regulatory
functions particularly when it involves CpG-rich areas known as CpG islands, located in gene
promoters. Normally promoter CpG islands are protected from methylation while when
methylated it is associated with transcriptional suppression.

Bisulfite treatment is a chemical DNA modification resulting in the conversion of
unmethylated cytosine to uracil while methylated cytosines remain intact (Figure 14). This
process essentially converts differential methylation patterns into differential sequences which
can be accurately detected by further downstream applications such as methylation specific

PCR (MSP), combined bisulfite restriction assay (COBRA) and bisulfite Pyrosequencing.

Combined Bisulfite Restriction Assay (COBRA) (papers IIL, IV and V)

In the COBRA assay restriction enzyme digestion is used to detect methylation dependent
sequence differences in PCR products of sodium bisulfite treated DNA. The sequence
conversion by bisulfite can lead to the methylation dependent creation of new restriction
enzyme sites, alternatively to methylation-dependent retention of pre-existing sites. PCR
primers are designed to amplify the interrogated segment regardless of methylation status.
Therefore the PCR product contains a mixed population where the fraction that has a newly
created or retained restriction site containing a CpG(s) is a direct indication of the proportion
of methylation at that site in the original genomic DNA (213) (Figure 14). COBRA analysis

was used for the assessment of NORE1A methylation in pheochromocytomas and abdominal
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Figure 14.

Schematic illustration of bisulfite DNA modification and COBRA analyses. Bisulfite treated DNA is
amplified by PCR using primers that do not distinguish between methylated and unmethylated
sequences. The restriction site in the PCR product contains one or more CpGs, which had undergone
methylation dependent sequence alteration upon bisulfite treatment. In the example shown,
unmethylated alleles have no Tagql site and remain uncleaved, while methylated alleles posess Taq|l
site resulting in restriction cleavage. The result is visualized by agarose gel electrophoresis. The
methylated control (M) and one of the tumor samples show partial methylation, while unmethylated (U)
and blank (L, H,O) controls as well as three of the tumors are unmethylated.

paragangliomas (paper III), neuroblastomas (paper 1V), and follicular thyroid carcinomas and

adenomas (paper V).

Methylation Specific PCR (MSP) (papers II and VI)

MSP is an allele specific PCR assay for the differential detection of methylated and
unmethylated variants of a given sequence (Figure 15). The assay exploits methylation
dependent sequence differences resulting from bisulfite conversion of DNA. Two different

primer sets are used: one specific for the methylated allele and one for the unmethylated.

35



Genetic characterization of adreno-medullary tumors

Controls Tumors

M U L HO.- A ~

Primers for
methylated

status «— 169 bp

Primers for
unmethylated

status <«— 169 bp

Figure 15.

MSP analyses of the RASSF1A promoter in tumors and controls. After PCR using primers specific for
the methylated or unmethylated status the products are visualized in agarose gel. In the example
shown, two of the four tumors show partial methylation giving products using both primersets, while
the other two tumors are unmethylated. Sssl in vitro methylated DNA was used as control for
methylation (M). Normal bisulfite treated DNA without Sssl treatment (U) constitutes the negative
controls, while regular DNA (L) and H,0 are blanks.

Optimal primer design is a crucial component of the assay. Primers should be designed such
that a CpG is contained at the 3’ end. Furthermore, to avoid false positive results
(amplification of non-converted DNA with methylation specific primers) the primer should
also contain non-CpG Cs.

MSP is one of the most widely used techniques for detection of DNA methylation. It carries
the advantage of high sensitivity enabling the methylation detection of miniscule amounts of
biological material (214, 215)) rendering it particularly useful for prospective diagnostic
applications where target amount is a serious limiting factor (such as detection of tumor cells
from bodily fluids). On the other hand it is essentially an end point assay i.e. it cannot

accurately quantify the proportion of methylated and unmethylated alleles.

Bisulfite Pyrosequencing (papers I, 111, IV and VI)

Pyrosequencing is a DNA sequencing method based on sequencing by synthesis. The heart of
the technique is the accurate quantitative detection of released pyrophosphate (PPi) after
incorporation of each nucleotide. This is achieved by a series of enzymatic reactions using
PPi as initial substrate and resulting finally in the generation of light proportional to that of
released amount of PPi, thus the number of nucleotides incorporated. Light is detected by a
charge coupled device (CCD) and is seen as a peak in the resulting Pyrogram (Figure 16).

Single stranded primed DNA is used as template for the nucleic acid synthesis reaction. The
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a. Bisulfite Pyrosequencing of RASSF1A
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Figure 16.

(@) Schematic illustration of the principles of bisulfite Pyrosequencing. Bisulfite treatment of DNA
results in differential conversion of Cytosines (C) to Thymidines (T) depending on the methylation
status. During the Pyrosequencing reaction a C is incorporated if the template CpG is methylated
while a T is incorporated if the template CpG is unmethylated. For each CpG analysed the ratio of C:T
incorporation reflects the proportion of methylated to unmethylated alleles i.e. methylation density.

(b) Pyrogram from quantification of methylation by Pyrosequencing of the RASSF1A promoter. A non-
CpG C is used as internal control for efficiency of the bisulfite conversion

addition of nucleotides is performed in a controlled manner one at a time enabling the precise
distinction between incorporation of different nucleotides at each template base position.

Bisulfite Pyrosequencing uses PCR products of bisulfite treated DNA as template (Figure 16).
Prior to Pyrosequencing the PCR primers amplify the target sequence without discriminating
between templates according to original methylation status (i.e. no CpG is located 3’ in the
primer). Thus the PCR products contain a mixture of methylated and unmethylated alleles. As
bisulfite treatment results in methylation dependent conversion of cytosines to tymidines, the
ratio of C/T (or A:G if sequenced from the reverse strand) accurately reflects the proportion of

methylated to unmethylated alleles at the CpG site analysed. Generally, a single assay can
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cover between 4-20 CpG sites and determine methylation density at each of them. Given the
quantitative nature of bisulfite Pyrosequencing it offers the possibility of stratifying biological
samples according to their level of methylation of a particular CpG site.

Bisulfite Pyrosequencing was used for assessing methylation density of the following tumor
suppressor gene promoters: CDH1, DCR2, RARB, TP73, APC, DAPKI1 and PTEN (paper I)
RASSF1A (paper III and IV), NOREIA (paper IV), pl6™ ** and pl14**" (paper VI).
Furthermore, bisulfite Pyrosequencing was used for assessing methylation at LINE-1

repetitive elements as a surrogate measure of global methylation (paper I).

Luminometric Methylation Assay (LUMA) (paper I)

LUMA is a novel method for quantitative assessment of genome-wide methylation. It
quantifies methylation density at CCGG restriction sites across the genome and uses it as a
surrogate indicator of global methylation (Figure 17). The technique incorporates cleavage by
methylation-sensitive restriction enzymes and the quantitative detection of generated
“overhangs” by Pyrosequencing. Genomic DNA is separately cleaved with two combinations
of restriction enzymes Hpall + ECORI and Mspl + EcoRI. Hpall and Mspl are isoschizomers
i.e. they recognize the same restriction site CCGG, but whereas Hpall cuts only if the
restriction sequence is unmethylated, Mspl is able to cleave regardless of methylation status.
Thus the extent of Hpall / Mspl digestion gives a direct indication of the degree of
methylation at the CCGG sites across the genome. The degree of cleavage is quantified by
Pyrosequencig. Since digestions by the two isoschizomers are run in separate reactions
digestion by ECORI is used as internal control. LUMA analysis was used for the assessment of

global methylation in pheochromocyotmas and abdominal paragangliomas (paper I).

Mutation detection by sequencing (papers I, V and VI)

Sanger sequencing is based on template and primer dependent DNA synthesis reaction aimed
to reveal the nucleotide order in a given DNA stretch. As opposed to PCR only one primer is
used. In addition to the four deoxynucleotide bases fluorescently labelled dideoxynucleotides
are added to the reaction mix. These nucleotides have the capacity to incorporate into the new
DNA strand but block further elongation. Subsequently the sequence reaction mix is size
separated in gel or capillary based systems. The four different labelling reveal the base and

the size of the fragment reflects the base position. The sequence is then presented as peaks in
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Figure 17.

The principles of LUminometric Methylation Assay (LUMA) for quantification of genome-wide
methylation at CCGG sites. After restriction cleavage with methylation sensitive isoschizomer
enzymes and quantification of cleavage by Pyrosequencing, Hpall/Mspl ratios are calculated and used

as relative indicators of methylation levels.

the resulting chromatogram (Figure 18). To firmly identify a mutation, different controls are
recommended such as reverse and forward sequencing, confirmatory restriction cleave and

exclusion of the alteration in the normal population. Sequencing was used in papers I, V and
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VI for the assessment of BRAF, RAS and p16™<** genes respectively.
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Sequencing chromatogram obtained from capillary analysis illustrating a hypothetical
sequence alteration involving a heterozygous base shift from G to T with a predicted missense
aminoacid alteration.

Loss of Heterozygosity (LOH) (paper II)

Loss of heterozygosity (LOH) analysis is used to detect allelic imbalance (AI), a DNA dosage
disparity between the maternal and paternal alleles of a given target region when comparing
tumor and constitutional DNA. It may occur as a result of various genetic alterations, such as
unbalanced translocation, deletion, or whole chromosomal loss. Commonly, single nucleotide
polymorphisms or highly polymorphic microsatelite markers are used for the detection of
LOH/AIL It is essential that the maternal and paternal alleles of a given polymorphic
microsatellite marker are of different lengths enabling distinction between them by size. If the
two alleles are of the same size the marker is called non-informative. Constitutional and
tumor DNA is used for the amplification of markers by fluorescently (or radioactively)
labelled primers annealing to flanking regions. Today the PCR products are size separated in
an automated sequencer and quantified by means of fluorescent emission using Gene Scan
software. As exemplified in Figure 5, alleles of different lengths appear as separate peaks in
the program. LOH/AI is detected by visual inspection and by calculation of ratios between
peaks in the constitutional vs. the tumor DNA. This technique was used in paper II for the
detection of LOH in the RIZ locus at 1p36 in pheochromocytomas and abdominal

paragangliomas.
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Figure 19.
Results from Western blot analyses of the pl6 protein in pheochromocytomas and abdominal
paragangliomas. Beta-actin was used as loading control.

Western blot analysis (papers III, V and VI)

Western blotting is a method for specific protein detection in tissue lysates. As a first step the
mixed protein population from tissue extracts are electrophoretically size separated on SDS
polyacrylamid gel and subsequently transferred onto a membrane (typically nitrocellulose).
The target protein is then detected by means of a specific antibody and subsequent
colorimetric or radiographic detection of antibody binding. The assay reveals information
about the proteins size and amount (Figure 19).

Western blot analyses were used for detecting NORE1A (papers III and V) and for evaluating
p16 protein expression (paper VI).

Fluorochrome inhibition of Casepases (FLICA) (papers I1I and IV)

Caspases play a pivotal role as executioners in apoptotic cell death. FLICA is a fuorescently
labelled, cell permeable small molecule that covalently binds to the catalytic site of activated
caspases. Because FLICA is covalently coupled to the enzyme, it is retained in the cell while
any unbound reagent is washed out. As FLICA is a pan-caspase inhibitor it does not give
further indication of which apoptotic pathway is activated. Sulforhodamine-FLICA assay was
used to determine the fraction of apoptotic cells after transfection with Norela in PC-12
pheochromocytoma cells (paper III) and SK-N-BE(2) neuroblastoma cells (paper IV).
Analyses were done by flowcytometry. The green fluorescent cell population (transfected
cells, Figure 20) was assessed for red fluorescence (FLICA) representing the apoptotic

subpopulation of transfected cells.
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Figure 20.
Fluorescent live cell imaging showing successful transfection of SK-N-BE(2) cells with the

GFP~Norela construct.

Bromodeoxyuridine (BrdU) incorporation assay (paper IV)

BrdU is a thymidine analogue, which can be incorporated into the newly synthesizing DNA
strand during S phase. Incorporated BrdU is then stained with fluorescently labelled anti-
BrdU antibodies and quantified with flow cytometry. The proportion of cells showing BrdU
incorporation after short term “pulse” labelling reflects thus the population fraction entering
and progressing through S phase. BrdU incorporation assay was utilized in paper IV to assess
the effect of ectopic Norela expression on cell cycle progression from G1 to S phase in SK-

N-BE(2) neuroblastoma cells.

Soft agar assay (paper III)

Neoplastic transformation of cells is associated with a number of phenotypic changes such as
loss of contact inhibition and anchorage independence. Normal cells fail to grow when
suspended in a viscous matrix. However, when transformed they acquire the ability to grow
without attachment to a solid phase i.e. in an anchorage independent fashion. In general there
is a reasonably good correlation between the level of anchorage independent growth of tumor

cells (number and size of colonies formed in soft agar) and their in vivo tumorigenic potential.
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Soft agar assay was used in paper III to study the effect of Norela transfection on anchorage

independent growth in PC-12 cells.

Luciferase reporter assay (paper V)

The Luciferase reporter system assesses the effect of regulatory signals on transcirptional
activity of the target gene. The target gene promoter (in this case NORE1A) is cloned into a
plasmid upstream of the luciferase gene. Luciferase is an enzyme that catalyses a luminescent
reaction in the presence of luciferin and ATP. An increased promoter activity leads to
increased transcription of luciferase, resulting finally in increased light emission, which can
be quantified by a luminometer. In paper V, the effect of PAX8, PPARy and PAX8-PPARYy
on NORETA promoter activity was studied.

Definition of CIMP and Z score (paper I)

For each sample and promoter an average methylation density was calculated based on the
methylation densities at the individual CpG-s as measured by bisulfite Pyrosequencing.
Tumors demonstrating mean methylation density above the range observed in normal tissue in
3 or more promoters were classified as CIMP. To enable accurate assessment of concerted
methylation at multiple promoters as a continuous variable, Z score analysis was used (216)
including promoters whereby significant hypermethylation was detected relative to normal
tissue in DCR2, RASSF1A, NOREIA, pl6™*** RARB, CDHI, and APC. As a first step
promoter specific Z score was computed using the given formula: (mean CpG methylation
density of the assessed promoter for each sample - mean methylation density of the promoter
for the tumor panel)/SD of methylation density of the promoter. Then for each case a mean Z-
score was calculated based on promoter specific Z-scores, and used subsequently as a single
measure characterizing methylation density. Thus a mean Z-score > 0 reflects an overall

promoter methylation density higher than the population average.

43



Genetic characterization of adreno-medullary tumors

RESULTS AND DISCUSSION

ALTERATIONS IN GLOBAL AND PROMOTER SPECIFIC
METHYLATION LEVELS IN PHEOCHROMOCYTOMAS AND
ABDOMINAL PARAGANGLIOMAS (PAPER I)

CpG island methylator phenotype in abdominal paragangliomas

CpG island methylator phenotype (CIMP) refers to the concordant occurrence of consistently
increased methylation in multiple genes. It is a molecular phenotype described in a number of
neoplasias and often associated with distinct clinical and pathological features (30). This study
sought to explore the occurrence and relevance of CIMP in pheochromocytomas and abdominal
paragangliomas. To this aim promoter methylation of a set of tumors suppressor genes was
quantitatively determined and evaluated in relation to clinical characteristics with focus on

malignant behaviour.

Fourteen primary tumors (6 malignant, 8 benign) and two distant metastases showed
hypermethylation at one or more of the following promoters: RASSF1A, NOREIA, p16™ 4,
RARB, DCR2, CDHI, APC. Cut-off value for hypermethylated status was set above
methylation levels observed in normal adreno-medullary controls. Thus methylation above
10% was chosen as a cut-off value for hypermethylated status of all genes, with the exception
of DCR2, for which 30% was used as a cut-off. Analyses of the TP73, DAPK1, PTEN and
p14** genes only revealed background levels of methylation comparable to that observed in
non-neoplastic tissue.

Concerted hypermethylation of 3 or more promoters defined as CIMP was confined to a
group of 5 primary paragangliomas, 4 of which were malignant, while none of the
pheochromocytomas displayed this molecular phenotype. Three primary paragangliomas with
CIMP phenotype gave rise to distant metastases and one showed tumor recurrence on the
contralateral side after primary surgery. Thus CIMP was significantly associated with
malignant disease (p=0.005). This finding was accurately mirrored by Z score analyses where
a preponderance of malignant cases was observed among tumors with a mean Z-score >0

(p=0.02).
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Association of CIMP with adverse clinical features, a finding also described in other types of
neoplasias (19, 23, 26-28) may reflect a selection for this phenotype in the malignification
process. It is yet to be unravelled whether CIMP is a causative factor or a consequence of
malignant transformation. Given that promoter hypermethylation is generally associated with
transcriptional silencing it is possible that one of the mechanisms by which CIMP contributes

to tumorigenesis is realized through simultaneous suppression of multiple tumor suppressors
governing cellular growth and death. Alternatively CIMP may be associated with other
underlying genetic alterations driving oncogenesis and /or controlling the methylation
machinery.

The two paraganglioma distant metastases included in the study displayed a similar pattern of
promoter hypermethylation as their primary counterparts suggesting that promoter
hypermethylation is a relatively early event occurring prior to metastasis development. This
concept requires confirmation on larger sets of matched primary tumors and metastases.
Significantly younger age of presentation was detected in CIMP cases compared to those without
CIMP (p<0.007, mean: 29 vs. 52 years), while overall no difference in age at presentation was
shown between malignant and benign cases. Interestingly the single CIMP positive benign case
presented with paraganglioma at a young age of 14 years. Younger age of presentation is a typical
feature of familial cancers. In addition, several reports described an increased cancer prevalence
amongst first-degree relatives of patients with CIMP colon lesions (217, 218). Although based on
a limited number of observations, it can be speculated that a CIMP phenotype is characteristic of
patients with malignant abdominal paraganglioma occurring at young age. This could in turn
follow from a constitutional mutation in a predisposing gene. Therefore detailed assessment of
cancer incidence in the pedigrees of CIMP paragangliomas should be addressed, together with
sequencing of known predisposing genes (Table 1).

Finally given that by definition CIMP is characterized by hypermethylation of multiple tumor
suppressor gene promoters, epigenetically acting drugs such as DNA methyl transferase
inhibitors, may be highly pertinent candidates for assessment as adjuvant therapy in CIMP

malignant paragangliomas.

Global methylation in pheochromocytomas and abdominal paragangliomas

Global hypomethlation is another form of epigenetic alteration commonly but not unanimously
observed in human cancers (14, 219). Here we have explored global methylation alterations and
their relevance in pheochromocytomas and abdominal paragangliomas. Bisulfite Pyrosequencing

of LINE-1 elements, used as a surrogate marker for global methylation, revealed genome-wide
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hypomethylation in tumors compared to normal adrenal samples (p<0.02 0.632 vs. 0.674). This
observation is in agreement with findings in other neuroendocrine tumors (220). However, when
applying a different methodology, which essentially assesses methylation density at CCGG
restriction sites across the genome (LUMA), no such difference could be demonstrated. This
further underlines that interrogation of different sequences as surrogate markers for global
methylation explore distinct components of genome-wide methylation, which may result in
slightly divergent findings. However, there was an overall correlation between global methylation
values obtained by LUMA (expressed as Hpall / Mspl ratios) and LINE-1. No differences were
revealed in genome wide methylation in relation to clinio-pathological tumor features or presence
or absence of CIMP, suggesting that alterations in global methylation levels are more of a general

feature of chromaffin cell tumor development.

INVOLVMENT OF THE RIZI TUMOR SUPPRESSOR IN
PHEOCHROMOCYTOMAS AND ABDOMINAL PARAGANGLIOMAS
(PAPER II)

Somatic losses involving the short arm of chromosome 1 are one of the common gross genetic
alterations observed in pheochromocytomas and abdominal paragangliomas (76, 79-81, 86).
Although no target gene has been defined, it is believed that inactivation of one or more
tumor suppressor genes in lp significantly contributes to the tumorigenic process in these
neoplasias. Further exploration of the regions in 1p using LOH identified 1p36.2-pter as one
of the minimally deleted regions (82). The RIZ1 tumor suppressor is a product of the RIZ
gene in 1p36.21 and represents an appealing candidate target for the distal 1p deletions in
these tumors.

In paper II, a set of 11 abdominal paragangliomas (4 benign, 7 malignant) and 18
pheochromocytomas (14 benign, 4 malignant) was assessed for somatic deletions of the RIZ
gene using LOH analysis. mRNA expression levels of RIZ1 were quantified by Tagman
qRT-PCR. Furthermore, RIZ1 promoter methylation status was evaluated utilizing MSP.
Frequent LOH of the RIZ locus were observed in the tumors. More specifically: 10 of the 16
informative cases (62%) displayed intragenic LOH including 8 out of 12 pheochromocytomas
(67%) and 2 out of 4 paragangliomas (50%). RIZ1 showed frequent suppression at the mRNA
level as compared to that observed in a pool of normal adrenals (mean 0.6 vs. 1.0 p<0.001).

This was true both for tumors with and without LOH in the RIZ locus. On the other hand, no

46



Genetic characterization of adreno-medullary tumors

significant decrease has been observed when quantifying total RIZ (RIZ1 and RIZ2) mRNA
expression using primers and probes specific for the CR domain common to the two
transcipts. These findings may indirectly imply that a decrease in RIZ1 is paralelled by an
increase in RIZ2 levels —a phenomenon already observed in leukaemic cells (221).

Promoter methylation of RIZ1 is a common mechanism leading to transcriptional suppression
(183, 184) therefore we tested whether it also was the case in pheochromocytomas and
abdominal paragangliomas. However, no promoter methylation was detected indicating that
promoter hypermethylation is unlikely to be the underlying cause of the frequent expressional
silencing. RIZ structural mutations are not common in pheochromocytomas (186). Therefore
other mechanisms such as histone modification or regulatory mechanisms at the
transcriptional or posttranscriptional levels may be responsible for the RIZ1 underexpression
observed.

Given that the RIZ gene maps to a minimal region of deletion observed in
pheochromocytomas and abdominal paragangliomas and considering the frequent
transcriptional suppression of RIZ1, we propose that RIZ1 is one target tumor suppressor
gene in 1p36.2 involved in the development in these neoplasias. Further substantiation of this

concept is needed by functional studies in pheochromocytoma cells.

EVALUATION OF NORE1A AND RASSF1A IN
PHEOCHROMOCYTOMAS AND ABDOMINAL PARAGANGLIOMAS
(PAPER III)

Pheochromocytomas frequently show RASSFIA inactivation by promoter methylation or
deletion (150, 157). NORE1A, a functional collaborator and structural homologue to RASSFIA ,
is frequently suppressed in various neoplasias (158, 159, 161, 165, 167). However its role has not
been invetigated in the context of pheochromocytomas and abdominal paragangliomas. This

study aimed to explore the potential involvement of RASSF1A and NORE1A in these tumors.

Frequent transcriptional suppression of NORE1A and RASSF1A in pheochromocytomas
and abdominal paragangliomas

Suppressed NORE1A and RASSF1A mRNA levels were observed in tumors compared to normal
adreno-medullary samples (p<0.001). No significant correlations were detected between mRNA

levels and the various clinico-pathological characteristics. Suppression of the tumor suppressive
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Ras effectors NORE1A and RASSFIA in pheochromocytomas and abdominal paragangliomas
suggests their involvement in the neoplastic process. Lack of correlation between
NOREIA/RASSFIA mRNA expression levels and the various clinico-pathological features
connote a more general role for these molecules in tumorigenesis that is not confined to a particular

subgroup of patients.

Recurrent promoter hypermethylation of RASSF1A but not NORE1A

RASSF1A promoter was frequently hypermethylated in tumors and higher methylation levels were
observed in malignant samples compared to benign ones (p<0.05). Both matched pairs of
metastasis and primary tumor showed high RASSFIA methylation density. These findings are in
accordance with recent reports showing common occurrence of RASSF1A methylation in these
tumors (150, 157). On the other hand NORE1A promoter methylation is an uncommon event in

these tumors. Only one sample showed weak partial methylation detected by COBRA.

Tumor suppressor function of Norela in pheochromocytoma cells

Ectopic expression of NOREIA in cell lines with lost endogenous expression is associated with
reduced proliferation, enhanced apoptosis, and impaired anchorage independent growth (158, 159,
161, 165, 167). To inquire whether suppression of NORE1A expression affects the propensity of
pheochromocytoma cells to undergo apoptosis we have assessed apoptotic rate in Norela
transfected PC12 cells using FLICA. Increased apoptotic rate was detected amongst transfected
cells, indicating that loss of NOREIA expression in pheochromocytomas may impair the cells
ability to undergo apoptosis, an observation that was also suggested by Vos et al. (161).
Furthermore we examined the effect of ectopic Norela expression in PC12 cells, on the ability to
proliferate in soft agar. Substantial reduction in the number of colonies was detected after Norela
transfection, implying that Norela under-expression may be a significant contributing factor to the
neoplastic growth of pheochromocytoma cells. Similar observation was reported by Vos et al. 2003

in A549 lung cancer cells (161).

ASSESSMENT OF NORE1A IN NEUROBLASTOMAS (PAPER 1V)

Altered NORE1A mRNA expression in neuroblastoma cell lines and tumors.
Previous observations by others indicated the involvement of RASSF1A in neuroblastomas (23,

150, 152-156). Therefore, we proceeded to assess the role of NORE1A the “sister” molecule to
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RASSF1A. In agreement with data obtained in other cancer cell lines, miniscule or absent
NOREITA mRNA levels were observed in the 7 neuroblastoma cells lines studied (SK-N-DZ, SK-
N-SH, SK-N-BE(2), SK-N-FI, SK-N-AS, IMR-32, and SH-SY-5Y). Primary tumors showed
considerable variation in this respect, ranging from absent expression to expression levels
comparable to that found in normal adult adrenal tissue. Tumors with different prognostic
characteristics were compared with regard to NOREIA mRNA expression. Neuroblastomas
displayed significantly lower expression compared to ganglioneuromas (p<0.02 Mann-Whitney U
Test). Amongst neuroblastomas, reduced NOREIA mRNA expression was observed in tumors
with normal MYCN copy numbers compared to samples with MYCN amplification (p<0.005), in
tumors without 1p loss compared to those with 1p loss (p<0.005), and in tumors from non-high risk
patients compared to those from high-risk-patients (p<0.005). Furthermore tumors classified
according to INSS as stage 1, 2, 3 or 4S expressed lower levels of NORE1A compared to stage 4
neuroblastomas (p<0.02). Whether MYCN or other genes in 1p have a direct or indirect regulatory
link to NORE1A remains to be further defined.

NOREI1A promoter methylation is rare while RASSF1A methylation is common in
neuroblastomas

In light of the frequent methylation of the NORE1A promoter in other tumor types (158, 161, 165,
167) we assessed whether it is a common mechanism of NORE1A suppression in neuroblastomas.
No NOREI1A promoter methylation was detected in neuroblastoma cells with the exception of SK-
N-BE(2) which showed weak partial methylation. Neither was NORE1A methylation seen in
primary tumors by COBRA. These results were in agreement with data obtained by bisulfite
Pyrosequencing whereby only background levels of methylation were detected at the 13 CpG sites
analysed.

By contrast, RASSF1A promoter methylation was commonly found both in vitro and in vivo. All
seven neuroblastoma cell lines showed high RASSF1A promoter methylation density (>90%).
Neuroblastoma tumors exhibited higher RASSF1A methylation density than ganglioneuromas
(p<0.03). Amongst the 27 neuroblastomas high methylation density was observed in tumors with
normal MYCN copy numbers compared to those with MYCN amplification (p<0.04), as well as in
non high-risk neuroblastomas compared to high-risk tumors (p<0.04). Furthermore, higher
RASSF1A methylation was seen in neuroblastomas without 1p loss compared to those with 1p loss
(p<0.04), and in lower stage tumors compared to stage 4 neuroblastomas (p<0.03). Within the
MYCN amplified group of tumors older patients showed a tendency towards higher levels of
RASSF1A promoter methylation (p<0.05 R=0.81 Spearman Rank Order Correlations). These
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observation endorses previous data by others indicating common occurrence of RASSFIA

hypermethylation in neuroblastomas.

5-AzaC or TSA treatment cannot reverse suppression of NORE1A mRNA expression in
neuroblastoma cells

Besides promoter methylation other means of epigenetic silencing such as histone deacetylation
may be considered for NORE1A transcriptional silencing. To this end we determined whether
treatment with the histone deacetylase inhibitor TSA could restore NORE1A mRNA expression in
neuroblastoma cells. However, Trichostatin (TSA) resulted in no significant increase in NORE1A
mRNA expression in neuroblastoma cells. Although we did not detect methylation in the NORE1A
promoter, inhibition of DNA methylation by 5-AzaCytidine (5-AzaC) may theoretically lead to
enhanced NOREI1A transcription by secondary mechanisms. This was experimentally addressed by
assessing NOREIA mRNA expression after treatment of neuroblastoma cell lines with 5-AzaC,

which resulted in no significant induction of NOREIA mRNA expression.

Increased apoptotic rate and delayed cell cycle progression in Norela transfected
neuroblastoma cells

Usig FLICA, a 2-fold increase in the apoptotic population was detected in GFP~Norela transfected
SK-N-BE(2) cells compared to cells merely transfected with GFP (47% vs. 23% apoptotic cells).
Furthermore, GFP~Norela transfected cells showed a 2.5 fold reduction in the proportion of
actively cycling cells compared to cells transfected with GFP alone (24% vs. 9%). These
observations are in harmony with data obtained by others in various cancer cells (161) and suggest
that impairment of NOREIA expression enhance neoplastic growth of neuroblastoma cells via

reduction of apoptosis and disruption of cell cycle control.

ALTERATIONS OF THE RAS PATHWAY IN FOLLICULAR THYROID
TUMORS (PAPER V)

Activation of the RAS oncogenic cascade constitutes and important alternative pathway in thyroid
tumorigenesis. In this study in addition to mutation screening for the H-, K-, and N-RAS genes we
have assessed the involvement of the negative RAS effectors: NOREIA and RASSFIA in
follicular thyroid tumors. The tumors have been characterized concerning the presence or absence

of a rearrangement of the PPARy gene locus. These rearrangements commonly results from a
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translocation between chromosomes 2 and 3 leading to the creation of a PAX8- PPARYy fusion gene

with tumor promoting properties (222).

Frequent and distinct occurrence of RAS mutations and PPARY rearrangements

Direct DNA sequencing of exons 1 and 2 of H-, K-, and N-RAS lead to mutation identification in 5
of 32 follicular tumors analysed. All mutations have been previously characterized for their effect
on RAS activity, and in each case only one allele was affected i.e. mutations were heterozygous.
There was no overlap between tumors with RAS mutation and samples harbouring a PPARYy

rearrangement and this observation is in accordance with data from other groups (223).

Suppressed NORE1A mRNA levels in thyroid tumors with PPARY rearrangements

Tagman qRT-PCR was used to measure NORE1A and RASSF1A mRNA expression in a set of 25
follicular thyroid carcinomas (FTC), seven matched normal thyroid specimens and 8 follicular
thyroid adenomas (FTA). Significantly reduced NORE1A mRNA levels were observed in FTC-s
harbouring PPARYy rearrangements (five PAX8-PPARy + and one CREB3L2- PPARYy + case)
compared to normal thyroid samples (p<0.001 unpaired t test). On the other hand no reduction was
detected in FTC-s without PPARY translocation. Interestingly the only adenoma with PPARYy
rearrangement also displayed NORE1A suppression. Reduced mRNA levels were well reflected by
lower NORE1A protein levels as demonstrated on selected samples by Western blot analysis. To
clarify whether methylation in the NOREIA promoter could account for the mRNA under-

expression demonstrated in here, COBRA analysis was performed, which revealed no methylation.

No dirrect effect of PAX8-PPARY on NORE1A promoter activity

Luciferase transactivation assay in Hela cells did not demonstrate any change in NOREIA
promoter activity upon transfection with PAX8-PPARy. Thus no direct mechanistic link could be
established between PAX8-PPARy and NORE1A. It is plausible that NORE1A suppression by
PAXS8-PPARY is realized indirectly through yet unidentified players. Alternatively tissue specific

co-factors may be required for transactivation.

Reduced RASSF1A mRNA expression in tumors compared to normal tissue

Significantly reduced RASSFIA mRNA levels were revealed in FTC-s and FTA-s compared to
normal thyroid tissue. On the other hand no expressional difference was seen with regard PPARy
rearrangement status or RAS mutations. This supports a more general role for RASSF1A in the

tumorigenic process, not restricted to different subgroups by differential molecular pathway
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activation. RASSF1A suppression in both adenomas and cancers suggests that this process is a

comparatively early during neoplastic transformation.

INVOLVMENT OF THE CDKN2A LOCUS IN PHEOCHROMOCYTOMAS
AND ABDOMINAL PARAGANGLIOMAS (PAPER VI)

Experimental studies in knock out mouse models have shown that inactivation of products of the
CDKN2A gene locus, pl6™ ** and p14**" facilitates the development of pheochromocytoma,
especially the bilateral and malignant forms of the disease. The objective of this study was to assess

the role of CDKN2A in human pheochromocytomas and abdominal paragangliomas with regard to

INK4A ARF
6 4

promoter methylation, expression and sequence alterations. pl and pl were studied in a

panel of 57 tumor samples from 55 patients.

Hypermethylation of p16INK4A but not the p14**" promoter-association with malignant
behaviour

Seven tumor samples from five patients (9%) showed extensive pl6™<**

methylation by
bisulfite Pyrosequencing. MSP analyses confirmed the data whereby p16™** methylation
was only detected in the 7 tumors indicated. Similarly high levels of methylation were
observed in the two pairs of matched primary tumors and metastases. Promoter methylation
was significantly associated with malignant disease (p = 0.0043) with six of the 7 cases
exhibiting p16™*** methylation being malignant tumors and matching metastases. This may
suggest a role of p16™*** methylation in the malignification process. Confirmation on larger
tumor sets and functional studies are awaited to ascertain this concept. Alternatively it is
plausible that a more general dysregulation of the methylation machinery is induced by yet
unidentified somatic structural gene alterations in a subset of malignant cases. Importantly, all

methylated cases were classified as paragangliomas, which further underlines distinctive

molecular features between pheochromocytomas and paragangliomas.

INK4A ARF
6 4

In contrast to pl only very low levels of pl methylation were seen in the tumors,

which was within the range of that measured in normal controls.
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Suppression of p16INK4A but not the p14ARF expression-association with malignant

behaviour

INK4A ARF
6 4

Concerning pl and pl mRNA transcript abundance, no significant difference has
been detected between tumors and normal adrenals as measured by Tagman qRT-PCR.
However, when comparisons were made amongst tumors with different clinical features

significantly lower pl16™

mRNA levels were revealed in malignant samples compared to
benign ones (p<0.05). Generally, transcriptional suppression of a negative cell cycle regulator
such as p16™*** is considered as an event favoring neoplastic growth. On the other hand, no
such relative under-expression was observed for p14**". To evaluate whether altered mRNA
expression also translated to the protein level p16 Western analysis was performed. Overall
16 tumors exhibited lost or reduced p16 protein expression as compared to that measured in
normal adrenals (<50%), which in all cases was reflected by decreased pl6™<** mRNA
levels. In 33 tumors, the level was scored unaltered (50-150%), while in 7 tumors the
expression was increased (>150%).

INK4A
6

pl sequence variants and mutations

Direct sequencing of the coding region and flanking sequences of p16™<**

revealed sequence
alterations in four benign tumors (11%). In one case a missense mutation A57V, was
observed resulting from a substitution GCC > GTC in exon 2. This alteration has been
previously reported as a germ line mutation as well as in a few cases of haematological and
other malignancies (224). Furthermore, three tumors harboured a known SNP, A148T, which
has been reported as a predisposing alteration in to malignant melanoma, breast and lung
cancers (225, 226). No sequence variations were detected in exons 1 and 3, nor their flanking

splice junctions.
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CONCLUSIONS

An epigenetic phenotype, CIMP, was identified in abdominal paragangliomas
showing strong association with malignant behaviour and young age at presentation.
The findings raise a prospective for potential therapeutic benefits of epigenetically
acting drugs for a subgroup of young abdominal paraganglioma patients with adverse
prognosis (paper I).

Global hypomethylation observed in pheochromocytomas / abdominal
paragangliomas bares no correlation to clinical features and appears as a general
neoplastic phenomenon (paper I).

Recurrent inactivation of the tumor suppressor RIZ1 suggests that this event may be an
important contributing factor to the neoplastic process in pheochromocytomas /
abdominal paragangliomas (paper II)

Suppression of the antitumorigenic Ras effectors NORE1A and RASSFIA occurs
frequently in pheochromocytoma / paraganglioma. RASSF1A but not NOREIA
promoter methylation is a common event in these tumors, the previous also showing
good correlation with malignant behaviour. Functional evidence suggests a role for
Norela suppression in these tumors during the neoplastic process (paper III).
NOREIA mRNA levels were associated with prognostic indicators such as MYCN
amplification, Ip loss, and INSS staging. Contrasting the frequent occurrence of
RASSF1A methylation, hypermethylation of the NORE1A promoter is an uncommon
event these tumors. Therefore other mechanisms are likely to account for the frequent
suppression seen at the mRNA level. In addition, functional evidence suggests an
antitumorigenic role of NORE1A in human neuroblastoma (paper IV).

PAX8-PPARy translocations and Ras mutations are non-overlapping events in
follicular thyroid neoplasia. Restriction of NORE1A suppression to PPARy rearranged
tumors suggests a link between Ras and PPRy as major oncogenic pathways in
follicular thyroid tumors (paper V).

pl6™** and not pl14™** is a frequent target of inactivating events in human
pheochromocytoma and abdominal paraganglioma. Notably, hypermethylation of the
p16™5** promoter is significantly associated with malignancy and metastasis in these

tumors (paper VI).
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