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ABSTRACT

From 1p3 to PI3K
Studies of Neuroblastoma

Susanne Fransson

Department of Medical and Clinical Genetics, Institute of Biomedicine,
Sahlgrenska Academy at University of Gothenburg, Sweden

Neuroblastoma (NB) is a tumor of the sympathetic nervous system and is the most common
extra-cranial tumor of childhood, accounting for 7% of all pediatric malignancies. Despite recent
advances in therapeutics, outcome is still fatal for patients with aggressive NB and side-effects of
treatment are severe. These are important reasons to gain further knowledge of the biology
behind NB.

Aims: The objective of this thesis was to explore genes and gene products that might contribute
to initiation and progression of NB and possibly also other malignancies. Main focus has been on
the chromosomal region 1p36.2-3 and participants of the PI3K/Akt signaling pathway.

Results: Real-time expression analysis of 30 genes at 1p36.2-3 showed that TNFRSFY and
PIK3CD were down regulated in 1p-deleted compared to non-deleted NB tumors. Studies of the
same region showed four genes (ERRFI, CASZ7, RBP7 and PIK3CD) possibly regulated by
epigenetically means. Bisulphite sequencing of these four genes in NB cell lines and primary
tumors showed that methylation probably is not involved but that histone deacetylation could be
implicated in their regulation. Some rare sequence variants were also identified in ERRFI and
PIK3CD. PIK3CD encodes a catalytic subunit of the phosphatidylinositol 3-kinase (PI3K) that is
involved in activation of Akt. Analysis of mRNA levels in a set of 88 genes associated to
PI3K/Akt signaling showed that PDGFRA, PIK3R1, PIK3CD, PRKCBI, PRKCZ and EIF4EBP1
were differentially expressed comparing stage 1-2 to stage 4 NB. At the protein level a stage-
dependent expression of the different catalytic isoforms were detected, where levels of p110«
were higher in stage 4 tumors compared to stage 1-2, while the opposite was seen for p1108.
Stage 4 NB also had higher levels of phosphorylated Akt (T308 and S473) compared to low stage
NB. Furthermore, levels of phosphorylated Akt T308 showed inverse correlation to protein
levels of the tumor suppressor Pten.

We have also identified a novel splice variant p373, encoded by PIK3CD. Usage of an alternative
donor site leads to truncation in the RAS-binding domain and loss of the catalytic domain.
Despite the truncation, p373 interact with RAS and there is a strong correlation between protein
levels of p378 and RAS in primary cells. Expression of p378 is increased in human cancers of the
ovaries and colon and ubiquitous expression of the human p378 in Drosgphila increased the body
size of the fly. Furthermore, over-expression of p378 in HEK-293 and mouse embryonic
fibroblasts increased proliferation and invasive properties compared to controls, indicating a role
in tumorgenicity.

Conclusion: Analysis of expression levels of genes and proteins could be used for pinpointing
important genes and pathways. This thesis has added more knowledge about the genes at 1p36.2-
3, a region commonly deleted in NB, as well as the PI3K/Akt signaling in NB. We have also
described a new splice variant of p1108 that is expressed in human cancer and increases
proliferation 7 vitro and in vivo.

Keywords; cancer, tumor, neural crest, mucosa, premalignant, neuroblastoma, tumor suppressor gene, oncogene,
gene expression, epigenetics, splicing, signaling, 1p36, PI3K, Akt, Western blot, TaqMan, PIK3CD, PIK3R1, p1103,
p378, p85, RAS



LIST OF PAPERS

This thesis is based on the following papers that will be referred to in the text by their roman

numerals:

I.

II.

III.

IV.

Fransson S, Martinsson T' & Ejeskir K. Neuroblastoma tumors with Favorable
and Unfavorable outcome: Significant differences in mRNA expression of Genes
Mapped at 1p36.2. Genes, Chromosomes and Cancer (2007) 46:45-52

Carén H, Fransson S, Ejeskir K, Sjéberg R-M, Kogner P & Martinsson T.
Genetic and epigenetic changes in the common 1p36 deletion in neuroblastoma
tumorts. Brj Cancer (2007) 19;97(10):1416-24

Fransson S, Abel, F, Eriksson H, Kogner P, Martinsson T & Ejeskir K. Analysis
of the PI3K/Akt signaling pathway in Neuroblastoma — Stage dependent
expression of PI3K p110 isoforms. (2077) Submitted

Fransson S, Uv A, Eriksson H, Andersson M K, Wettergren Y, Bergé M, &
Ejeskir K. p37delta, a new isoform of PI3K p110delta that increases cell
proliferation, is over expressed in human tumors. (2077) Submitted



OTHER RELEVANT PUBLICATIONS
These papers are relevant but not included in this thesis:

Carén H, Ejeskir K, Fransson S, Sjéberg R-M, Krona C, Hesson L, Latif F & Martinsson T.

A Cluster of 1p36 located genes are down-regulated in neuroblastomas with poor prognosis, but
not due to CpG island methylation.

Molecular Cancer (2005) Mar 1,4(1):10

Ejeskir K, Fransson S, Zaibak F & Ioannou P.

Method for efficient transfection of i vitro-transcribed mRNA into SK-N-AS and 293 cells;
Difference in the toxicity of nuclear EGFP compared to cytoplasmic EGFP.

Int | Mol Med. (2006) Juns17(6):1011-6



CONTENT

Abbreviations

Introduction
DNA and genes
The central dogma
The splicing process
Variations in the genome
Organization of the genome
Epigenetics

Cancer
Cancer genetics
Tumor suppressors and oncogenes

Cell signaling
Activation of PI3K/AKT signaling
Subunits of PI3K
PI3K and RAS crosstalk
The PI3K pathway as therapeutic target

Neuroblastoma
Occurrence

The international neuroblastoma staging systems

Clinical manifestations

Genetic alterations

PI3K signaling in neuroblastoma
Epigenetic deregulation

Objectives
Paper 1
Paper 11
Paper 111
Paper IV

Materials
Tumors, cell lines and control material
Paper 1
Paper 11
Paper 111
Paper IV

Methods

Polymerase Chain Reaction (PCR)

Real-time RT-PCR

Protein detection with antibodies
Western blot
Immunoprecipitation

Cell based assays
Pharmacological treatments

10
10
11
12
13
14
15

16
16
17

19
19
19
21
21

22
22
22
23
24
25
26

27
27
27
27
27

28
28
28
28
28
28

29
29
30
31
31
31
31
32



Transfections

Assays for analyzing tumorigenic capacity
DNA sequencing
Bisulfite modification
Drosgphila Melanogaster and GAL4/UAS
Statistical methods

Two-tailed t-test

One-tailed t-test

Bonferroni correction

Spearman’s rank correlation coefficient

Boxplots

Results and discussion
Analysis of genes located at 1p36.2-3 in neuroblastoma (Paper I-11I)
mRNA expression (Paper I-11I)
Epigenetic regulation and mutation screening (Paper II)
Expression analysis of PI3K/Akt genes (Paper I1I)
Localization and function of p378 (Paper I1/)
General discussion
Sammanfattning pa svenska

Acknowledgements

References

32
33
33
33
34
35
35
35
35
35
35

36
36
36
36
37
39
41
43
45

46



ABBREVIATIONS

5"-aza-dC 5-Aza-2-deoxycytedine

BGS bovine growth serum

bp base pair

cDNA complementary DNA

CNS central nervous system

CNV copy number variants

CpG cytosine-guanine dinucleotide
da daughterless

ddNTP dideoxynucleotides

DNA deoxyribonucleic acid

DOD dead of disease

EGF epidermal growth factor

ERK extracellular receptor-stimulated kinase
GF growth factor

GN ganglioneuroma

GNB ganglioneuroblastoma

GUSB B-glucuronidase

HDAC histone deacetylase

INRG International neuroblastoma risk group
INSS International neuroblastoma staging system
kb kilobases (1000bp)

LOH loss of heterozygogosity
MAPK mitogen-activated protein kinase
MEF mouse embryonal fibroblasts
mRNA messenger RNA

MSp methylation-specific PCR

NB neuroblastoma

NED no evidence of disease

NGF nerve growth factor

NIH national institute of health

ORF open reading frame

PCR polymerase chain reaction
PEST penicillin/Streptomycin

PIBK phosphoinositide 3-kinase

PIP; phosphatidylinositol 3,4,5-triphosphate
RA retinoic acid

RNA ribonucleic acid

RTK receptor tyrosine kinase
RT-PCR reverse transcription PCR

S473 serine 473

siRNA short interfening RNA

SNP single-nucleotide polymorphism
SNS sympathetic nervous system/sympatiska nervsystemet
SRO smallest region of overlap

T308 threonine 308

Trk tropomyosin receptor kinase
TSA trichostatin A

TSG tumor suppressor gene

UAS upstream activator sequence
WB western blot

wt wild type



INTRODUCTION

DNA and genes

The genome is the entire hereditary information of an organism and genetics is the study of it.
The genome is built by DNA (deoxyribonucleic acid) or in the case of some viruses, by RNA
(ribonucleic acid). In eukaryotes, DNA is found in the chromosomes of the nucleus, in the
mitochondria and also in the chloroplasts of plants. The DNA serves as long term storage of
information and is built by four different nucleotides; adenine (A), cytosine (C), guanine (G) and
thymine (T). The usage of different combinations of these bases makes the genetic code. The
chemical composition of RNA is similar to DNA but differ in the usage of ribose instead of
deoxyribose and the usage of the nucleotide uracil (U) instead of thymine. The DNA is formed as
a double helix held together by complementary hydrogen bonds between A-T and C-G base paitrs
and was first described by Watson and Crick in 1953 [1]. The human genome consists of more
than 3 billion base pairs (bp), organized in 23 chromosome pairs (Figure 1).

A gene is a stretch of DNA that codes for a protein or a RNA-chain with biological function in
the organism. In the classical view, the gene is composed of exons and introns where the exons
code for the amino acid sequence and the introns are spliced off during RNA processing of the
transcript. The promoter region constitutes the regulatory region in the 5-region of the gene
where transcription factors binds and directs the transcription. To this adds other regions that
also affect transcription activity, these can be located far away from the gene and binds enhancers
or silencers. However, the presence of non-coding RNA (ncRNA) and conserved regions outside
the genes that perform functions, has challenged the concept of the gene. According to the
official Guidelines for Human Gene Nomenclature a gene is currently defined as “a DNA
segment that contributes to phenotype or function. In the absence of demonstrated function, a
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gene may be characterized by sequence, transcription or homology”.
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Figure 1. A human female karyotype showing 23 chromosome pairs. Image kindly provided by Kirsten Schultz,
Dept. Clinical genetics, SU/ Sablgrenska
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A first calculation of the number of genes in the human genome was presented in 1964 by Vogel
who made an estimation of 6.7 million genes based on the molecular weight of an average gene
and the weight of the chromosomes [2]. This was however before the knowledge that only 1-2 %
of the genome is coding for proteins and the rest encodes non-translated RNA or constitutes
regulatory sequences, introns, repetitive sequences, pseudogenes and DNA with (at the moment)
unknown function. In 1990 National Institute of Health (NIH) presented a preliminary report on
the Human Genome Project giving an estimate of 100 000 genes. Today the exact number of
genes is still not known despite 99% coverage of the gene-coding parts of the genome, but
approximately only a humble 23 000 protein coding genes are dispersed over our chromosomes.
However, increased diversity of the proteome can be established by mechanisms such as post-
translational modification or alternative splicing where one gene is the source for different
transcripts. Another dimension of complexity is added through specific expression of the genes
depending on cell type, tissue and also time of expression.

The central dogma

Proteins are the connection between genotype (genetic constitution) and phenotype (observed
trait) in organisms. The route from DNA to protein is mediated by messenger RNA (mRNA)
and has been described as the central dogma (Figure 2) [3]. The DNA serves as blueprint for the
RNA-polymerase that transcribes the gene sequence to pre-mRNA. The pre-mRNA is processed
to a mature mRNA through splicing, addition of a 5’ protective cap and polyadenylation at the 3’
end. Following post-transcriptional processing, the mRNA migrates from the nucleus to the
cytoplasm where it engages ribosomes and other components in the translation of mRNA to a
protein. The protein chain is composed of different amino acids and a group of three
nucleotides, a codon in the RNA, is used to specify individual amino acids or the stop signals
used for termination of translation (Table 1). To become a fully functional protein the amino acid
chain folds up into a unique three-dimensional configuration and also possibly undergoes post-
translational modification (e.g. covalent attatchment of chemical groups, protease cleavage or
building of disulphide bridges).

Table 1. The codons, corresponding amino acids and their one-letter code

<— First base
U C A G
Second base |

uuu . Cuu AUU GUU
Guc | renvialanine FEeRe AUC lsoleucine 1 |GuUC

Leucine L — —— Valine \Y U
UUA . CUA AUA GUA

Leucine L

UuG CUG AUG  Methionine M JGUG
ucu CCU ACU GCU
uce Serine S ccee Proline P &Threonine T %Alanine A C
UCA CCA ACA GCA
UCG CCG ACG GCG
UAY Tyrosine Y Histidine AAU Aspargine N y Aspartic acid
UAC AAC GAC A
UAA Stop X CAA Glutamine AAA Lysine K GAA Glutamic acid
UAG AAG
UGy Cysteine C ceY AGU Serine S Gey
UGC CGC . AGC GGC .

Argenine Glycine G
UGA  Stop X JCGA AGA . GGA

Argenine R

UGG  Tryptophan W JCGG AGG GGG
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Replication  Transcription RNA processing Translation

DNA == P mature

mRNA mRNA protein

Figure 2. A schematic description of the flow from gene to protein in the cell. The DINA is transcribed to pre-
mRINA that undergoes RNA processing in form of splicing, 5’ capping and 3’ polyadenylation in order to
stabilize the mRINA. The mature mRINA is transported ont of the nuclens and translated in to proteins by
ribosomes. The proteins can then undergo further post-transiational modifications in form of building of disulphide
bridges, or addition of functional groups (e.g. phosphorylation, myristoylation or glycosylation).

The splicing process

The RNA transcript of eukaryotic genes undergoes processing that often involves removal of
introns and rejoining of exons, a process called splicing. RNA splicing requires a specific
nucleotide sequence at the exon/intron boundaries and in the vast majotity of cases introns statts
with GT and ends with AG. The splicing is mediated by the spliceosome complex, that consists
of different small nuclear RNA (snRNA) and more than 50 proteins [4].

Alternative splicing is a process where the RNA could be reconnected in multiple ways and result
in different mRNA (Figure 3). These may translate into different isoforms of a protein and thus
could a single gene encode several different proteins. To the complexity of splicing adds the
finding of chimeric transcripts resulting from splicing of adjacent genes [5]. This is however rare
and the common modes of alternative splicing are;

Exon skipping

This is the most common mechanism of alternative splicing in mammalians and in this case the
splicing apparatus uses another legitimate splice site with the consequence that an exon is
discarded. One example is the Fas receptor that has two common isoforms in human. If exon 6
is retained this leads to production of a membrane bound protein with apoptosis promoting
capacity. However, if exon 6 is skipped this will result in a soluble Fas receptor that does not
promote apoptosis [6]. Another variant of exon skipping is the usage of mutually exclusive exons
where one of two possible alternative exons can be included in the mRNA but never both.

Intron retention

In some cases the intron sequence is retained and this is most likely to occur with a small intron
(< 200bp). Retention of introns could affect transportation of mRNA from the nucleus in order
to avoid contact with the translational machinery [7]. If translated, it would presumably have
major impact on the corresponding protein by addition of amino acids, or early truncation of the
protein or a complete new amino acid sequence caused by frameshift in the open reading frame
(ORF). However, retention of an intron could have biological functions as exemplified by one
isoform from the mouse Tgi2 gene [8].

Alternative acceptor or donor sites

Different isoforms could also be created by using either an alternative 5’ donor site or an
alternative 3’ acceptor site. One example is the tight junction protein Claudin-10 that besides two
alternative first exons has an alternative splice donor site, causing a deletion of 57 nucleotides
corresponding to an in-frame deletion of 19 amino acids. In addition, some Claudin-10 isoforms
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lack exon 4. This complex splicing of Claudin-10 results in six different isoforms that exhibit
distinct function, cellular localization and tissue specific expression [9].

Defects in mRNA splicing are important in several diseases as well as cancer and could be caused
by mutation in splicing elements and also by changes in the nuclear environment that regulates
the choice of splice site [10]. There are splice variants that are found solely in cancerous tissues
and absent in normal tissues, such as the spleen tyrosine kinase that frequently is expressed in
breast cancer but not in normal mammary tissues [11]. An example from neuroblastoma is the
hypoxia-induced alternative splicing of the nerve growth factor TrkA. A double splicing change
causes alteration in the extracellular N-terminal of the protein through excision of exon 6, 7 and
9, resulting in a constitutively activated receptor. This splice variant, called TrkAIII, does not
respond to nerve growth factor INGF) and antagonizes the function of the normal TrkA [12].

b—{ )—4 Exon skipping

/N
._{ H )—q | Mutually exclusive exons
V

)—‘ Alternative 5’ donor sites

b—{ Alternative 3’ acceptor sites

Intron retention

Figure 3. Different modes of alternative splicing. The lower lines represent the common form of splicing and the
upper lines alternative splicing. Image shows alternative 5 donor site and 3’ acceptor sites positioned within exons
but alternative splice sites conld also be located within introns, resulting in partial intron retention.

Variations in the genome

The DNA sequence is unique for each individual. Most of these differences occur naturally in the
populations and are not disease causing, so called polymorphisms. Single-nucleotide
polymorphism (SNP) is a common variation in the DNA sequences in which only one nucleotide
differs between individuals at that precise position. Usually a SNP has two alleles although three-
and four-allele SNP exist but are rare. Any change in the DNA is called a mutation and thus
could polymorphisms also be referred to as mutations. However, the term “mutation” is more
commonly used for pathogenic alterations and “polymorphism” for non-pathogenic alteration of
the DNA. Mutations are often found in the coding region of the gene but could also be found in
regulatory elements and other locations that could have implications of the biological function of
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the gene. They could be induced by our environment through chemicals or radiation, by viruses
or transposons or through spontaneous errors from our own DNA repair and replication
machinery.

Mutations can, beside nucleotide substitution, also result from deletions or insertions. A single-
base substitution results in a change of the codon and could cause an insertion of a stop codon
(nonsense mutation), or a change of the usage of amino acid in corresponding protein (missense
mutation). In some cases a single-base substitution has no effect since the genetic code is
somewhat degenerated and there are several triplets encoding the same amino acid (silent
mutation). A deletion or insertion in the DNA will cause a shift in the open reading frame if the
number of involved nucleotides is not a multiple of three, and will most likely result in a
truncated protein. Mutations could also affect splicing by either creating or destroying splice site
signals. Cancer cells often exhibit large-scale chromosomal abnormalities such as translocations
(when a part of a chromosome has joined with a non-homologous chromosome), loss or gain of
whole chromosomes or larger chromosomal regions, or inversions (when a part is cut out and
then inserted at “wrong” direction). There is also a form of large-scale polymorphisms that
involves DNA copy number variants (CNV) caused by deletions or duplication in the genome.
CNVs are variants where a stretch of more than 1 kb diverges from the normal diploid number
of the autosomal chromosomes and could be found in the normal population [13]. The area
displaying CNV could contain a single gene or a contiguous set of genes and thus affect
expression dosage of affected genes. Changes of copy number is implicated to be important in
many types of human diseases (e.g. monogenic disorders, infection, cancer or complex diseases)
and some individual CNVs have been shown to associate with disease [14].
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Epigenetics

Epigenetics is the study of changes in phenotype that is hereditable but does not involve changes
in the underlaying DNA. Epigenetics can regulate gene expression and is behind cellular
processes such as X-chromosome inactivation and chromosome imprinting. Regulation by
epigenetical means could be extorted at different levels, from alternative usage of different
modifications of histones to methylation in CpG-islands or expression of non-coding RNA.
CpGe-islands are areas with high presence of cytosine-guanine dinucleotides, most often located
in repetitive elements and are also commonly present in the promoter and the first exon/exons
of genes. The cytosine in the CpG nucleotide can be modified by methylation, a common
modification of the DNA in the human genome. Methylation of the CpG-islands is associated
with gene silencing and is normally found in repetitive elements, imprinted genes or genes on the
inactivated X-chromosome in females. Cancer is characterized by genome-wide hypo-
methylation of the chromatin together with gene-specific hypo- or hyper methylation and many
tumor suppressor genes are inactivated through hypermethylation of promoter CpG islands.

The histones can also be modified in different ways, for example by acetylation, methylation,
glycosylation or ubiquitination, and the combination of these modifications constitute a “histone
code”. The different modifications alter the interaction between histones, DNA and nuclear
proteins. A transcriptional active gene is characterized by acetylated histones while deacetylation
alters the charge and leads to a stronger interaction between the nucleosome and the negatively
charged DNA with a more closed chromatin as a consequence.

Gene activity could also be affected by small ncRNAs that bind to target RNAs in a sequence-
specific manner as they display complementary sequences. There are different classes; short
interfering RNAs (siRNA), mictoRNA (miRNA) and PIWI-interacting RNA (piRNA) [16]. The
siRNA and miRNA are generated in a Dicer-dependent way from double-stranded precursors.
The siRNA has a double stranded structure and the miRNA a single stranded. miRNA
commonly bind to the 3’ untranslated regions of the mRNA and alters the stability or the
translational efficiency. The piRNA is generated from single-stranded RNA and has a function in
silencing of retrotransposons, particularly in germ cells. A single ncRNA can have hundreds of
target mRNAs [17] and can thereby affect processes such as cell cycle progression, apoptosis or
differentiation [18].
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CANCER

Cancer is, in essence, a genetic disease and represents a heterogeneous group of diseases that
shares certain biological properties such as uncontrolled growth and abnormal phenotype of cells.
Untreated tumors will eventually affect surrounding tissues and organs and can cause
inflammation or pain by adding pressure on nerves. The progression varies between types of
cancer and between individuals and the course of events could be very slow or very rapid.
Sweden has about 50 000 cases each year and approximately 22 000 dies from cancer annually.
The most common types of cancer are prostate (34 % of all cancers in men), breast cancer (29 %
of all cancers in women) and colorectal cancer (12 % of all cancers in men and women). 250
children (0-14 years) are diagnosed with cancer each year and the most common forms of cancer
is leukemia and lymphoma (40 %) and brain tumors (30 %). Neuroblastoma is the most common
cancer in infants and is occasionally even found in fetuses. Cancer in children is generally more
aggressive than in adults, and since the body is growing and developing, they are also more
sensitive to therapy [19].

Cancer genetics

Cancer is caused by series of somatic mutations, with in some cases a hereditary predisposition,
involving both activation of oncogenes and inactivation of tumor supressor genes. The
tumorigenesis can be seen as an evolutionary process where genetic alterations with proliferating
advantages are selected, ultimately disrupting the delicate balance between proliferation and
differentiation (Figure 5). During tumor progression the genomes of tumor cells often become
more and more unstable and thereby increasing the rate at which new mutations are aquired.
However, due to the complexity of tumorigenesis most human cancers require long time to

develop.
O Normal cell

l / Mutagenizing event

@ Cell with mutated gene

Mutation retained in progeny cells

o

@76 C G @v’f@
.\ N,
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Figure 5. Cellular transformation is a multistep process where several mutations that confer growth advantages
are acquired for tumor formation.



A classical review article by Hanahan and Weinberg [20] suggests six essential alterations as a part
of the process that transforms normal cells to metastazing cancer;

Self-sufficiency in growth signals

Normal cells are dependent on growth-promoting signals in order to actively proliferate, but
tumor cells have reduced their dependence on the normal microenvironment by generating their
own growth signals. This can be done by autocrine signaling, deregulation of cell surface
receptors or alterations of intracellular signaling pathways.

Insensitivity to anti-growth signals
Normal tissue homeostasis is also maintained by anti-growth signals that induce quiescence or
differentiation, and tumor cells have rendered themselves insensitive to these types of signals.

Evasion of apoptosis

Programmed cell death, apoptosis, is a highly regulated process of attrition of unwanted cells.
Apoptosis allows a normal cell to die in a controlled manner upon extra- or intracellular signals,
however, tumor cells have gained resistance toward such signals.

Limitless replicative potential

Most mammalian cells have a limited potential of replication that cancer cells must overcome
before a tumor can progress. The number of cell divisions for a normal cell is limited by telomere
length since erosion of the telomeres leads to unprotected chromosomal ends, resulting in crisis
and eventual cell death. Cancer cells avoids the problem of telomere shortening mainly by
activating the telomerase enzyme and thereby get limitless replicative potential [21].

Sustained angiogenesis

All cells, including cancer cells, require nutrition and oxygen as well as waste disposal for proper
function and survival. These functions are provided by the vasculature. Growth of new blood
vessels, angiogenesis, is tightly regulated in normal cells and in order to develop macroscopically
detectable tumors, cancer cells must obtain angiogenic ability.

Tissue invasion and metastasis

In order to transform solid tumors from benign to malignant tumors, acquisition of migration
and invasion capacity is crucial. The process of metastasis is complex and cancer cells must
achieve the ability to enter (and leave) blood and lymph vessels in order to establish metastases at
distant sites.

Tumor suppressors and oncogenes

Two major groups of genes are involved in tumorigenesis; oncogenes and tumor suppressor
genes (TSG). Proto-oncogenes are a heterogeneous group of genes with a positive effect on cell
growth and the oncogene represent the mutated form. Activation of oncogenes is normally
dominant and involves either an increase in the levels of the unaltered gene or a modified
product resulting from a mutation or chimeric rearrangement. Oncogenes can act at different
levels in the cell and function as growth factors, growth factor receptors (e.g. ERBB), signal
transduction molecules (e.g. RAS), DNA-binding molecules (e.g. MYCN) or cell cycle regulators
(e.g. MDM?2).

While oncogenes drive proliferation, TSGs constrain cell growth and inactivation of TSGs is just

as important as oncogene activation in cancer pathogenesis. TSGs normally inhibit events that
lead to tumor formation and can be divided into gatekeepers and caretakers [22]. The gatekeepers
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are involved in cellular processes that inhibit proliferation (e.g. pRB) or initiate cell cycle arrest or
apoptosis of malfunctioning cells (e.g. p53). Caretakers are important in control of DNA integrity
and while mutations in caretakers may not initiate cancer by itself, the resulting genomic
instability would make the cell more likely to sustain other mutations.

Important insights of TSG function in tumor development came from the childhood eye tumor
retinoblastoma. The observation that familiar retinoblastoma displayed earlier onset than
sporadic made Alfred Knudsen to postulate the classical two-hit hypothesis [23]. This hypothesis
suggests that TSGs are recessive and inactivation of both the maternal and paternal allele is
required for tumor initiation. In familiar retinoblastoma one mutation of the RB7 gene is
inherited and found in all cells of the individual since they are descendants from germline.
Subsequently, only one additional hit adressing the second allele is required for inactivation of the
RB7 gene in a cell. The second hit could be achieved by deletion, promoter hypermethylation or
more rarely, through mutation (Figure 6). Children with sporadic retinoblastoma require two
successive genetic alterations in a single retinal cell in order to inactivate both alleles of the RB7
gene. Consequently, the risk of developing tumors is much higher when a TSG mutation is
inherited and there is also higher risk of developing multiple tumors.

The two-hit hypothesis is however not universal and there is evidence that haploinsufficiency,
inactivation of one allele, can contribute to the tumorigenic process. There are different potential
mechanisms explaining the impact of loss-of-function in only one allele of a gene. It can be
constitutionally hemizygous genes (located at the X- or Y-chromosome in males), genes that are
monogenically expressed such as imprinted genes or genes at the inactivated X-chromosome in
females. Other mechanisms can be that the single mutation acts dominant negative and blocks
the function of the wild-type allele, as the case of some p53 mutants [24], or that the reduction in
gene dosage is enough to facilitate tumor progression. There are also emerging evidence of post-
transcriptional regulation of tumor suppressor genes by non-coding RNA, that binds to
complementary sequences on target mRNA, resulting in translational repression and gene
silencing [25].

— —

— —

—X — X — —(X —
B OR OR  met >—

— X — — . —

Figure 6. According to Knudsen’s two-hit model inactivation of both alleles of a tumor suppressor gene is
required for tumor growth. The first bit can be a de novo mutation as in sporadic cancers or germiine as in familiar
cancer syndromes. The second hit can constitute of a second mutation, but more often a deletion of the second allele
or promoter hypermethylation which silences this allele in this case.
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CELL SIGNALING

Normal tissue architechture and function depend on cooperation and communication among
large groups of cells. Cell communication is based on production of signal molecules and their
recognition by receptors that allow the cells to react to different stimuli. Activation of a receptor
most often involve an enzyme cascade or generation of second messengers, however can also act
through a single-step signal transduction such as steroid or thyroid hormones. Steroid and
thyroid hormones, as well as retinoic acid, can diffuse through the membrane, bind intracellular
receptors and directly act as transcription factors, modulating the expression of target genes.
However, most common is signaling through transmembrane receptors where binding of a ligand
causes conformational changes with consequent activation of intracellular signal transduction and
ultimately, altered gene expression. Different types of cells use different combinations of
signaling pathways to regulate growth and change of phenotype is the result of multiple
converging signaling pathways. Activation and de-activation of different pathways is crucial in the
transformation of normal cells to malignant counterparts and signaling through the
phosphoinositide 3-kinase (PI3K)/Akt pathway has a key role in cancer development.

Activation of PI3K/Akt signaling

The PI3K signaling cascade is initiated by receptors with intrinsic tyrosine kinase activity that
activates PI3K upon stimulation. The most extensively studied PI3K (Type IA) generates the
second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP;) that recruits downstream
effectors such as Pl-dependent kinase (PDKI1), integrin-linked kinase (ILK-1) or Akt to the
plasma membrane through their pleckstrin homology domain. After recruitment to the
membrane Akt is activated through phosphorylation on two key residues: threonine 308 (T308)
and serine 473 (S473), mediated by PDK1 and the rector/mTOR complex respectively. Several
studies show that phosphorylation of T308 is sufficient to activate Akt, although phosphorylation
at both T308 and S473 is required for full activation of Akt [26, 27]. Levels of phosphorylated
Akt is affected by both levels of PIP; which depends on PI3K-activity, and the activity by
phosphatases such as PTEN [28], SHIP [29] or PHLPP [30]. Activation of Akt is a key event in
many important biological processes such as proliferation, apoptosis, differentiation, metabolism
and migration (Figure 7) [31]. Deregulation of the PI3K/Akt pathway and increased levels of
phosphorylated Akt has been reported in numerous human malignancies and is associated with
aggressive phenotype and poor prognosis. Deregulation could be caused by loss of the tumor
suppressor gene PTEN [32, 33] oncogenic activation of PIK3CA [34, 35] or increased stimulation
by various growth factor receptors and its ligands (e.g. IGF-1, VEGF and EGF) [36-38].

Subunits of PI3K

PI3K is a heterodimer composed of a p85 regulatory subunit and a p110 catalytic subunit. There
are five identified isoforms of p85 in mammals (p85«, p85B, p55y, p55x or p50a) encoded by
three different genes and three isoforms of catalytical subunits of the Type IA PI3K; p110«,
p1108 or p1108, encoded by PIK3CA, PIK3CB and PIK3CD respectively. The regulatory subunit
protects the catalytic subunit from degradation, inhibits its enzymatic activity in quiescent cells
and mediates translocation to the plasma membrane and the PI3K substrates upon activation [39,
40]. The exact role of the distinct p85 isoforms are unknown but there are evidence of
differential binding of p85 to receptors [41, 42]. The regulatory subunit p85, encoded by PIK3R7,
have tumor suppressing capacity [43, 44|, partly caused by its regulation of the p110 catalytic
subunit but also by its association to Pten and its modulation of the phosphatase activity of Pten
[45-47].
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The distinct roles of the catalytic a-, B- and $-isoforms are not fully understood, but differences
in tissue distribution as well as the fact that knock-out in mice generates different phenotypes
indicates isoform specific functions, reviewed by Vanhaesebroeck et al. 2005 [48]. p110a and
p1108 displays a broad tissue distribution in embryonic and adult tissue [49, 50], whereas p1108,
encoded by PIK3CD, is mainly expressed in leucocytes [50, 51] and also highly expressed in
neurons [52]. However, any of the different Type IA isoforms can sustain cell proliferation and
survival [53] and both the 8- and 8-isoform induces oncogenic tranformation in chicken embryo
fibroblasts [54]. The main focus in cancer research has primarily been on the catalytic activities of
the a- and B-isoforms of p110 [55], but it has recently been shown that p1108 also has distinct
non-catalytic functions in cell proliferation and trafficking [56].
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Figure 7. Signaling through the PI3K/ Akt pathway is complex. Activation through different tyrosine receptor
kinases leads to a signaling cascade where phosphorylation of the effector Akt is central. Pathway diagram
reproduced conrtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).
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PI3K and RAS crosstalk

The RAS signaling pathway is also frequently deregulated in cancer and RAS can be activated by
the same receptor tyrosine kinases (RTKs) and growth factors as PI3K. The RAS subfamily
consists of four proteins (H-RAS, N-RAS and two species of K-RAS) which are small GTPases
that were discovered for their oncogenic capacity [57]. Upon stimulation of a RTK, RAS initiates
a kinase cascade where phosphorylation of MEK and subsequent activation of ERK, a mitogen-
activated protein kinase (MAPK), is central. Besides canonical signaling through MAPK/ERK,
there is also crosstalk between RAS and the PI3K signaling pathway. Studies in Drosophila shows
that RAS increases PI3Ks signaling response [58], possibly by enhancing the PI3K affinity for the
receptors [59-61]. Activated RAS can directly bind to the RAS-binding domain of the different
PI3K catalytic subunits [62] but interestingly, the greatest diversity in primary structure of the
p110 isoforms is found within the RAS-binding domain, suggesting that RAS might affect PI3K
in an isoform specific manner [63, 64].

PI3Ks ate also implicated in activation ot regulation of the RAS/ERK signaling pathways since
pharmacological inhibitors of PI3K also affects ERK activation [65]. Furthermore, a
constitutively activated mutant of the catalytical PI3K subunit caused activation of the RAS
effector Raf-1 when expressed in Xenopus laevis oocytes [66]. This indicates a complex nature of
the cross talk between the RAS and PI3K pathways.

The PI3K pathway as therapeutic target

Inhibition of PI3K has become an attractive target in cancer therapeutics and significant efforts
have been made during the recent yeats to develop agents that inhibit the PI3K/Akt pathway.
The first generation of PI3K inhibitors includes Wortmannin and 1.Y294002, a detivative of
Quercetin, the first compound discovered with inhibitory effect on PI3K [67]. Both have been
widely used as pharmacological tools to study involvement of PI3K in various biological systems
but have the drawback of also inhibiting kinases unrelated to PI3K [68, 69]. Based on these
compounds, a new generation of drugs has been developed that are more stable and with better
pharmacokinetic properties (e.g. SF1126 and PX-866). However, the compounds above are all
global PI3K inhibitors and since PI3K-signaling is central in many cellular functions, global
inhibition of PI3Ks is most likely to be deleterious. Consequently, development of drugs
targeting specific PI3K isoforms is crucial. Despite the overall similarity of the ATP binding sites
of the p110 isoforms, it has been possible to exploit minor differences in the binding pockets to
produce selective kinase inhibitors. A range of new inhibiting compound with isoform specificity
is being developed, one example is the 3-specific inhibitor CAL-101 that is in early clinical trial
for hematological malignancies [70].
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NEUROBLASTOMA

Occurrence

Neuroblastoma (NB) is the most common solid extra cranial tumor of childhood, accounting for
7% of all pediatric malignancies. NB is commonly diagnosed in the first years of life and is rarely
seen after the age of 5. The prevalence is about 1 in 7 000 live births with approximately 15-20
new cases annually in Sweden and with no major differences in prevalence between genders.
There have not been any epidemiological reports of difference in incidence rates depending on
country and no environmental risk factors are known to contribute to development of NB.

NB is believed to arise from postganglionic sympathetic neuroblasts derived from the neural
crest. Cells committed to the sympathetic nervous system (SNS) are characterized by synthesis of
the neurotransmitter noradrenalin and controls autonomic functions such as regulation of heart
rate and contraction of blood vessels. NB tumors are found in any site along the sympathetic
nervous system chain, about 50% arise in the adrenal medulla and the rest in thoracic or
abdominal paraspinal sympathetic ganglia or pelvic ganglia. Metastases can develop in lymph
nodes, bone, bone marrow, liver and skin. Most NBs are undifferentiated tumors consisting of
small round neuroblasts. Tumors characterized by partial histological differentiation are called
ganglioneuroblastoma (GNB) while the most differentiated tumor type is called ganglioneuroma
(GN).

The International Neuroblastoma Staging System

The International Neuroblastoma Staging System (INSS) is used for classification of NB based
on clinical, radiographic and surgical evaluation of the children with the disease, (Table 2) [71,
72]. NB is classified in stages ranging from stage 1, the group with most favorable outcome
consisting of well localized tumors to stage 4 NB with highly aggressive and fatal tumors. There
is also a special form called stage 4S, limited to infants less than 1 year of age with localized
primary tumors with dissemination to skin, liver and/or bone marrow involvement. This form of
NB has the remarkable feature of cases with spontaneous regression, indicating the ability to
respond to differentiation and/or apoptotic signals.

Table 2. The International Neuroblastoma Staging system
Stage  Description
1 Localized tumor with complete gross excision, with or without microscopic residual disease,

representative ipsilateral lymph nodes negative for tumor microscopically (nodes attached to and
removed with the primary tumor may be positive)

2A Localized tumor with incomplete gross excision; representative ipsilateral non-adherent lymph
nodes negative for tumor microscopically

2B Localized tumor with or without incomplete gross excision, with ipsilateral non-adherent lymph
nodes positive for tumor. Enlarged contralateral lymph nodes must be negative microscopically

3 Unresectable unilateral tumor infiltrating across the midline (vertebral column), with or without
regional lymph node involvment; or localized unilateral tumor with contralateral regional lymph
node involvment; or midline tumor with bilateral extension by infiltration (unresectable) or by lymph
node involvment

4 Any primary tumor with dissemination to distant lymph nodes, bone, bone marrow, liver, skin
and/or organs (except as defined by stage 4S)

4S Localized primary tumor (as defined for stage 1, 2A or 2B), with dissemination limited to skin, liver,
and/or bone marrow (only minimal involvment of the bone marrow). Limited to infants < 1 year of
age
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Recently the International Neuroblastoma Risk Group Staging System (INRGSS) was established
in order to develop a uniform pretreatment risk stratification [73, 74]. This approach uses tumor
imaging rather than surgical resection and it includes age, histology, grade of tumor
differentiation, MYCN status, presence/absence of 11q deletion and tumor cell ploidy (Table 3).

Clinical manifestations

One feature of neuroblastoma is wide clinical variability, ranging from highly unfavorable tumors
with adverse outcome to the patient to tumors displaying spontaneous regression. Although the
percentage of surviving patients has increased during the last decades there is still a subset of
tumors that are highly aggressive and resistant to all treatments. Consequently, NB is still fatal in
more than 70% of high-risk cases [75]. The symptoms of NB vary depending on localization of
tumot/tumors and their size. The most common symptoms of NB are caused by the tumor
adding pressure on nearby tissues as it grows or by cancer spreading to the bone. Different
symptoms include lumps in abdomen, neck or chest, bone pain, swollen stomach, diarrhea, fever,
high blood pressure and fatigue. However, there are also patients with no symptoms at all. A
large majority of NB patients has elevated levels catecholamines (adrenaline or noradrenalin) or
its metabolites (e.g. dopamine). The tyrosine hydroxylase (TH) is the first enzyme in the synthesis
of catecholamine and can be used for detection of NB cells in blood and bone marrow [76, 77].
NB is treated with surgery, chemotherapy, radiotherapy and biotherapy depending on stage of
disease. In some cases of localized disease the tumor is only observed without further treatment.

Table 3. INRG consensus pretreatment classification schema

INRG INRGSS Age Histological Grade of tumor 1 Pretreatment
stage description (months) category differentiation MYCN de? Ploidy risk group
GN maturing,
L1/L2 GNB A Very low
intermixed
Localized tumor not involving vital NA B Very low
structures as defined by a list of
L1 image-defined risk factors* and
confined to one body amp K High
compartment
Any, except No D low
GN maturing or
<18 GNB NA
Locoregional tumor with presence intermixed Yes G Intermediate
L2 of one or more image-defined risk - —
factors ONB nod Differentiating NA E Low
nodular;
>18 > Poorly NA H Intermediate
neuroblastoma.gjtterentiated or
undifferentiated Amp N High
<18 NA Hyperdiploid F Low
<12 NA Diploid | Intermediate
Distant metastatic disease (except . -
M stage MS) 12-18 NA Diploid J Intermediate
<18 Amp Q High
>18 P High
Metastatic disease in children NA No C Very low
younger than 18 months with -
MS  Metastases confined to skin, liver, Yes Q High
and/or bonemarrow Amp R High

GN, ganglioneuroma; GNB, ganglioneuroblastoma; Amp, amplified; NA, not amplified
* For image-defined risk factors see Monclair et al (2009)
Adapted from Cohn et al (2009) [74] and Monclair et al (2009) [73]
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Genetical alterations

The genetics behind NB is fairly well studied, however the exact process of the tumorigenesis is
not fully understood. There are several cytogenetic abnormalities and other alterations with
clinical relevance in NB.

1p-deletions

Deletion of 1p is reported in approximately 35% of all NB and with even higher frequency
considering only advanced tumors [78-80]. Deletion of 1p is not restricted to NB but is also
found in other neoplasms of the nervous system or of embryonic origin such as meningioma
[81], phaechromocytomas [82] and germ cell tumors [83] as well as different carcinomas [84]. The
recurrent deletions of this region in NB together with the finding that transfer of 1p
chromosomal material reduced tumorigenicity in a NB cell line [85], indicates that this region
harbors one or several tumor suppressor genes. A number of chromosomal changes involving 1p
has been reported but does not describe a single region [86] indicating that there might be several
distinct regions at chromosome 1 contributing to progression of NB. Studies of our Scandinavian
material at 1p36 have revealed a shortest region of overlapping deletions (SRO) of 25 cM,
defined by markers D15244 and D1S80 [87]. By including germ cell tumors that share embryonic
origin with NB and also displays frequent deletions of 1p, this region was delimitated to a more
foreseeable 5 cM [78].

Chromosome arm 2p: MYCN and ALK

The oncogene MYCN is located at 2p24 and encodes a transcription factor that activates targets
such as ODC and MCM7, leading to cell cycle progression [88, 89]. MYCN is amplified in a
subset of neuroblastomas and highly associated with advanced stage of disease and poor
prognosis. The amplicons of MYCN can be arranged sequential in homogenously stained regions
(HSR) or in double minutes (Figure 8 A-B).

A small subset of NB is hereditary and differs from the sporadic NB in that they are diagnosed at
earlier age and that patients are more prone to develop multiple tumors. There is gentic linkage of
hereditary NB predisposition to chromosomes 16p12-13 [90], 4p16 [91] and 2p23-24 [92].
Located in the latter region is the oncogene ALK, which now is believed to be the major familiar
predisposition gene. ALK is also frequently co-occurring in the MYCN amplicon at 2p in
sporadic NB and has activating mutations in 8.4% of high risk tumors [92]. Mutations and
amplification of ALK are mainly found in large primary tumors or metastatic tumors [93].

C 17 paint
¥ derl11t(1:17)

Figure 8. Genetic alterations in nenroblastoma. Amplification of the oncogene MY CN in NB visnalized nsing
FISH showing A) sequential amplification of MY CN in HSR and B) in donble minutes. F1SH-images kindly
provided by the department of clinical genetics, SU/ Sablgrenska. C) Translocation of 17g to 1p cansing gain of
17q and loss of 1p chromosomal material. Image reprinted by permission of Massachusetts Medical Society; New
England Journal of Medicine (Nick Bown et al.) © 1999 [94]
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17q gain

Gain of 17q is probably the most prevalent cytogenetic alteration in NB, detected in about 50%
of tumors and correlated to adverse outcome [94-97]. Gains of 17q always include the terminal
part and it has been postulated that genes in this region gives selective advantages. There are also
frequent cases of unbalanced translocation between chromosome 1 and chromosome 17, leading
to loss of 1p and gain of 17q (Figure 8C) [94]. However, the translocation breakpoints varies,
making it difficult to identify important genes [98, 99].

11g-deletions

Deletion of 11q is found in 20-40% of all NB [96, 100]. It is associated with deletion of 14q but
shows inverse correlation to MYCN amplification and 1p-deletion. It is also a marker of
unfavorable tumors with features distinct from MYCN amplified tumors, such as the number of
segmental rearrangement and lower expression levels of the DNA damage response histone
H2AFX [101].

Ploidy

Besides chromosomal rearrangements, tumor cell ploidy is also predictive of patient outcome in
infants. A hyper-diploid or near triploid karyotype is mostly found in low stage NB, while diploid
tumots associates with poor prognosis. However , the prognostic significance of ploidy is lost for
patients older than 1-2 years [102].

Neurotrophin receptors

Signals from neurotrophic factors are mediated by the Ttk family of tyrosine kinases and have an
important role in normal neural development as reviewed by Barbacid [103]. The expression of
the different neurotrophin receptors (Trk A, B and C) is correlated to biological and clinical
features of NB [104]. Expression of the high-affinity nerve growth factor receptor TrkA is high
in NB with favorable prognosis [105]. Upon activation through NGF, TrkA signals survival or
differentiation while inhibition of TrkA can lead to apoptosis [106, 107]. Just as TrkA, TrkC is
highly expressed in NB with good prognosis [108, 109]. The opposite is seen for the brain-
derived neurotrophic factor receptor TrkB where high expression is associated with poor
prognosis [110]

PI3K/Akt signaling in neuroblastoma

As in many other malignancies, signaling through the PI3K/Akt pathway is alleged to be
important in NB, however the contribution of PI3K/Akt deregulation in NB is not fully
understood. High levels of phosphorylated Akt is detected in all primary NB tumors compared to
non-malignant adrenal medulla [111] and the levels of phosphorylated Akt is higher in aggressive
neuroblastomas compared to neuroblastomas with favorable biology [111-113]. Elevated levels of
phosphorylated Akt can be caused by either increased PI3K activity or decreased phosphatase
activity. However, mutations in the key components of the PI3K signaling cascade (e.g. PIK3CA
and PTEN) are rare in NB [114, 115]. RNA-expression of PTEN is possibly epigenetically
regulated in primary NB tumors [116, 117]. A few mutations have been reported in PIK3CD
[118] and it is also shown that PIK3CD is expressed at lower levels in aggressive NB compared to
NB with more favorable biology [119-121]. PIK3R7, encoding the regulatory PI3K subunit p85«,
is also lower expressed in aggressive neuroblastoma compared to the favorable ones [113, 119].
There is also cooperation between MYCN and PI3K/Akt signaling in NB since inhibition of
PI3K destabilized N-myc at the protein level and prevented tumor progression in a murine
model of NB [122].
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Even though signaling through PI3K is associated with proliferation, PI3K is also important in
neural differentiation. Differentiation of NB cell lines by different means (e.g. retinoic acid)
results in phosphorylation of Akt and inhibition of PI3K diminishes differentiation and neurite
outgrowth [97, 123-125].

Epigenetic deregulation

There are several genes that are deregulated by epigenetical means in NB and include CASPS,
RASSF1.A and ZMYND170. CASPS encodes a key enzyme in the apoptotic cascade and is one of
the first genes to be reported methylated in NB [126]. Methylation of CASPS§ correlates with
amplification of MYCN and also with poor event-free survival [116]. The chromosomal region
3p21 is also a subject of deletion in NB [127] and both RASSF7.A4 and ZMYND70 (BLU) is
located in this region. Promoter methylation of RASSF7.A is reported in nearly 100% of all NB
[116, 128, 129] while ZMYND10 is methylated in 15-41% of all NB [116, 130].
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OBJECTIVES

The objective of this thesis was to explore genes and gene products that might contribute to
initiation and progression of neuroblastoma and possibly also of other malignancies.

Specific aims

Paper I
¢ To explore mRNA expression of genes located within our specific region of interest at
1p36.2-3 using primary NB tumors.
¢ To investigate differences at the mRNA level between favorable and unfavorable NB
tumors or between tumors with or without 1p-deletion.

Paper 11
¢ To perform an epigenetic screening of 30 genes at 1p36.2-3 in NB cell lines
¢ To further analyze genes with possible epigenetical regulation in NB cell lines in detail in
primary NB tumors by bisulfite sequencing, expression analysis and mutation screening.

Paper 11T
¢ To explore the expression of genes that participates in PI3K/Akt signaling in NB.

¢ To investigate protein levels of the different catalytic isoforms of Type IA PI3K as well
as the levels of phosphorylated Akt in cotrelation to protein levels of Pten.

Paper IV
¢ To explore the presence of a novel splice variant of PIK3CD at mRNA and protein levels
in normal tissues and human tumors (i.e. colorectal and ovarian cancer)
¢ To analyze the function of pl1105 and the splice variant p378 and their possible
involvement in tumorigenesis.
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MATERIALS

Tumors, cell lines and control material

In this thesis have we used primary tumors mainly from Sweden. We have also used several cell
lines derived from neuroblastoma and other cancers, as well as a transformed kidney cell line and
mouse embryonal fibroblasts (MEF). In addition, we used protein and mRNA from various
normal tissues including adrenal gland, murine spleen and lung.

The majority of NBs were diagnostic pre-treatment samples, biopsies or surgically removed
tumor samples. Genomic DNA was extracted from fresh ot fresh frozen (-70°C) tumors with
DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to suppliers protocol, or
phenol extracted using phase lock gel (Eppendorf AG, Hamburg, Germany) according standard
procedure. Total RNA was extracted using RNeasy RNA extraction kit (Qiagen) or using Totally
RNA (Ambion, Austin, Texas) and treated with DNA-free (Ambion). Purity and integrity of the
RNA were assessed by spectrophotometer and RNA 6000 Nano Bioanalyzer (Agilent, Palo Alto,
CA) before reverse transcription to cDNA using superscript I (Amersham, Buckinghamshire,
UK) according standard procedure. Proteins were extracted from tumors and cell lines using
RIPA buffer (Pierce, Rockford, IL) supplemented with HALT™ phosphatase inhibitor cocktail
(Pierce) and a protease inhibitor cocktail (Roche, Basel, Switzerland) according standard protocol.

Paper I
¢ Tumor cDNA from 55 NB patients

Paper I1
¢ A total of 66 NB tumors were used:
o Tumor DNA from 46 NB patients
o cDNA from 35 NB patients (15 tumors overlapping)
¢ Cultures of nine NB cell lines (IMR32, SKNAS, SKNBE(2), SKNDZ, SKNFI, SKNSH,
Kelly, NB69 and SH-SY5Y)
¢ Blood lymphocytes from 120 healthy individuals

Paper III

¢ A total of 64 NB tumors were used:
o ¢DNA from 16 NB patients for cDNA micro array analysis
o cDNA from 52 NB patients for TagMan
o protein from 24 NB patients for western blot

¢ Normal adrenal gland; cDNA (40 pooled donors) and protein (20 pooled donors)

¢ Protein from cell lines derived from NB (SKNAS, SKNBE(2), SKNDZ, SHSY5Y, Kelly

and NBG9), medulloblastoma (DAYO) and cervix (HeLa)

Paper IV
¢ 27 cDNA and 24 protein from colorectal tumors and corresponding adjacent mucosa
from a total of 27 patients
Eight cDNA and two protein from a total of eight ovarian cancer patients
cDNA pooled from a minimum of three donors for 34 normal human tissues
Protein for 10 normal human tissues and two normal mouse tissues
Cell lines; HEK-293 and mouse embryonal fibroblasts (MEF)

* & o o
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METHODS

Polymerase Chain Reaction (PCR)

This is nowadays a fundamental technique in most genetic analyses and has revolutionized
molecular genetics since its introduction in the mid-1980s [131]. PCR is used for multiplying
shorter stretches of a specific DNA sequence within a heterogeneous collection of DNA
sequences (e.g. total genomic DNA). It is a chemical process that uses a thermo stable DNA
polymerase developed from the archea bacteria Thermus aquaticus. Short complementary
oligonucleotides (primers) specify which sequence that will be amplified and also serves as a
starting point in the replication process for the Tag DNA-polymerase. The principle is based on
consecutive rounds of (I) denaturation of the double-stranded molecules, (II) annealing of the
ptimers to single-stranded template and (III) extension/DNA synthesis (Figure 9). The newly
synthesized DNA strands will serve as template in following cycles and the PCR products are
doubled every cycle, until the reaction components is consumed.

The PCR-products are often evaluated on agarose gel after staining with ethidium bromide to
estimate size, specificity and concentration. In this thesis, we have used the PCR technique for
different applications; i.e. gene expression (Paper I-I17), molecular cloning (Paper I17), DNA
sequencing (Paper IT) and bisulfite sequencing (Paper II).

l Denaturation

l Annealing
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St Figure 9. PCR amplification. The double-stranded
DNA molecules are denatured under bigh temperature
l (95°C). The temperature is then decreased (50-60°C)
allowing adberents of the primers to the single-stranded
TITTTITTIT T TIT I, template under the annealing phase. This is _followed by
e —— DNA  replication under slightly higher temperatures
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R representative of a standard PCR.
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Real-time reverse transcriptase PCR (real-time RT-PCR)

The real-time RT-PCR is a sensible and reproducible method for determine mRNA levels in cells
and tissues [132]. In contrast to conventional PCR, that is measured at end-point, real-time RT-
PCR is monitored as the amplification process proceeds (i.e. in real-time). Detection of PCR-
products is possible either by usage of fluorescent probes (e.g. TagMan) or by DNA-binding dyes
(e.g. SYBR Green), whereof TagMan technology (Applied Biosystems, Foster City, CA) was used
for analysis of mRNA expression in this thesis. The detection has highest precision in the
exponential phase of the amplification curve where a threshold is set and from the cycle number
(Cy) is read. A low C;-value indicates high number of transcripts while high C -values correspond
to low number of transcripts.

The TagMan system uses the 5-3” exonuclease activity [133] of Tag DNA polymerase and dual-
labeled probes with a 5 fluorescent reporter and 3’ quencher dye. The TagMan probe is
complementary and anneals to the target sequence between forward and reverse primer. When
the TaqgMan-probe is intact, fluorescent emission of the reporter dye will be absorbed by the
quencher dye while degradation induces a fluorescent signal (Figure 10). During the elongation
step the probe will be cleaved by the exonuclease activity of the Tag DNA polymerase, and thus
increase in reporter fluorescence emission. The fluorescence generated is directly proportional to
the amount of generated PCR product.

Annealing R = Reporter dye
Q = Quencher
Forward
primer Probe
: ® @,.
3 5
5 3
<— . 5
Reverse
\ 4 primer
O
-8~ N
Elongation @
5 43
3 5

\ 4
%i
Polymerization = |
completed /A . ¢\ ] 14 1 \ Y 4
5 5
3

Figure 10. Principle of TagMan. Primers and probe anneals to the target gene and under the elongation process
the probe is cleaved by the 5°-3 exonunclease activity of the Taq polymerase, allowing fluorescence emission.
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Quantification of results from real-time RT-PCR can be obtained using different methods; most
common is the standard curve method (used in this thesis) and the comparative C;-method. The
standard curve method is based on interpolation of the sample against a standard curve generated
by amplification of serial dilutions of a standard sample. In the comparative C;-method there is
no need to construct a standard, however the PCR efficiencies of target and internal control must
be identical. Correction for experimental variations such as differences in starting amount of
RNA or differences in cDNA conversion efficiency is normally done by normalization to a house
keeping gene (e.g. GAPDH, p-ACTIN or GUSB). In this thesis GUSB (encoding B-
glucoronidase) was used for normalization since it previously was shown to have constant
expression in neuroblastoma tumors of various stages [134].

Primers and probes were ordered from Applied Biosystems and reactions were carried out in
duplicate or triplicate in 385-well plates using an ABI PRISM® 7900HT sequence Detection
System (Applied Biosystems). Replicates were considered to be reliably reproduced if AC; was
less then 1, which corresponds to a two-fold change in expression at maximum PCR efficiency.
Two non-template controls were included in each assay in order to detect contamination.

Protein detection with antibodies

Analysis of proteins commonly includes antibodies with high specificity to a specific antigen on
the protein. There are several different techniques that utilizes protein-antibody interaction;
Western blot (WB), immunoprecipitation (IP), flow cytometry or immunohistochemistry, where
of WB (Paper I1I and IV") and IP (Paper I1”) was used in this thesis.

Western blot

WB (immunoblotting) is a semi-quantitative method introduced by Towbin et al in 1979 [135].
Proteins are separated in a gel based on length (denatured proteins) or 3D-structure (native
proteins) using gel electrophoresis before transferring of proteins to a membrane. Primary
antibodies against the protein of interest are added to the membrane after incubation with a
blocking buffer (e.g. skimmed milk) that decreases non-specific binding of the antibody.
Detection of the proteins is made by using a labeled secondary antibody that binds to the primary
antibody. There are different detection systems, allowing usage of either fluorescence-labeled
secondary antibodies or the more commonly used horseradich-peroxidase conjugated secondary
antibodies. Horseradish peroxidase cleaves a chemiluminiscent substrate leading to emission of
light that can be detected. As with real-time RT-PCR endogenous controls (e.g. Gapdh and 8-
actin) are used to normalize samples and estimate relative protein levels.

Immunoprecipitation

Immunoprecipitation of proteins is performed to separate and enrich the protein of interest or to
study protein-protein interactions (Co-IP). The method used in Paper IT”is based on conjugation
of primary antibodies to magnetic beads and subsequent binding of proteins to the antibodies.
The bound protein is eluted and depending on the stringency of the washing steps, possible also
other interacting proteins. The collected protein sample can then be analyzed by immunoblotting,
with antibodies against known proteins or proteins thought to interact with the
immunoprecipitated protein.

Cell based assays

Primary cell cultures established from fresh tissues normally has a limited number of replications
before entering senescence (the Hayflick limit) [136], in contrast to immortalized cells with
unlimited replicative capacity. One example of an immortalized cell line is Hel.a, established in
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1951, that still is widely used in scientific research. Transformation can occur spontaneously or be
induced by viral infections [137, 138]. Cell lines are used as model systems for study of biological
issues and are relatively easy to manipulate through pharmacological or physiological treatments.
The effect of a manipulation can be assessed in numerous ways by studying effect on mRNA-
and/or protein levels, morphology, proliferation, apoptosis, cell cycle arrest, migtation, colony
forming capacity etc.

Cells derived from mammals are commonly cultured on solid surfaces in culturing media
supplemented with nutrients and antibiotics. Cell lines used in this thesis was cultured under
standard conditions (5% CO,, 37°C) in DMEM supplemented with 10% bovine growth serum
(BGS) and 1% penicillin/streptomycin (PEST) [117]. MEFs were cultured in DMEM with 1uM
B-Mercaptoethanol supplemented with 10% BGS, 1% PEST, 1% non-essential amino acids and
1% glutamine.

Pharmacological treatments

Treatment with 5°-Aza-2-deoxycytidine (5°-Aza-dC) and Trichostatin A (TSA) is commonly used
for epigenetical studies (Figure 11). 5-Aza-dC is a modified cytosine analogue that is
incorporated during DNA synthesis and binds all available DNA-methyltransferases in the cell,
which prevents methylation of CpG-sites and leads to increased gene transcription. TSA inhibits
histone deacetylases (HDAC) and enables removal of acetyl groups from the histone tails and
thereby increases transcription. Up-regulation in mRNA expression after treatment with 5’-Aza-
dC or TSA indicates possible epigenetical regulation of the target genes or their effectors. These
agents were used in Paper II and outcome was analyzed by quantitative RT-PCR.
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Figure 11. Functions of TSA and 5-Aza-dC. TSA inhibits HDAC that removes acetyl groups from the
bistone tails. This leads to decreased interaction between the nuleosome and the DINA and hence, an active
chromatin. Treatment with 5°-Aza-dC leads to a demethylated DNA, associated with transcriptionally active
chromatin. HLAT = histone acetyltransferase

Transfections

Cells can be manipulated in order to add or change mRNA expression of a specific transcript and
corresponding protein levels. This can be achieved by transfection of expression vectors, 7 vitro-
transcribed mRNA [139] or RNA that interferes with transcripts in the cell. In this thesis we have
performed both stable and transient transfections of HEK-293 cells in order to explore the
localization and function of ectotopically expressed p375 as well transfections of siRNA targeting
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transcripts derived from PIK3CD (Paper I1). Fluorescent fusion-constructs were generated using
human ¢cDNA or MGC image clones cloned into pDsRed-Monomer-N1 or pAc-GFP1-N2
vectors (Clontech, Mountain View, CA), creating constructs both with and without
dsRed/GFP1-fusion tags. All constructs were verified by BigDye Cycle Sequencing (Applied
Biosystems).

Assays for analyzing tumorigenic capacity

Transfection of a gene with oncogenic potential into a cell is expected to increase properties
associated with malignant cells such as increased proliferation, invasive capacity or colony
forming capacity. The viability assay CellTiter96 Aqueous One Solution (Promega, Madison, WI),
used in Paper I/, is a colormetric method based on an enzymatic reaction in metabolic active
cells, resulting in measurable shift in absorbance where high absorbance indicates high number of
living cells. The viability assay measures the absolute number of cells and can not distinguish if
increase in viability is caused by increased proliferation or augmented cell death.

In Paper I1” we also used BD BioCoat™ Matrigel™ Invasion Chamber (BD Bioscience, Bedford
MA) in order to analyze the invasive capacity of cells. This assay evaluates metastatic potential
based on the cells capacity to migrate towards a chemoattractant (i.e. from serumfree media to
complete media) through a membrane coated with a layer of matrigel matrix. This layer
reconstitutes an 7 vitro basement membrane and blocks non-invasive cells while invasive cells can
migrate through the matrix and the pores of the membrane.

A common method to study transformation is in soft agar assays (colony formation assay) where
cells are seeded in semi-solid media. This reduces the cells movement and allows individual cells
to grow into colonies. A majority of normal cells need to attach to a solid surface to grow, and
fail to divide in viscous media. However, when cells are transformed they become anchorage-
independent and are able to grow in semi-solid media. This change in phenotype is assumed to
be related to the process of i vivo carcinogenesis.

DNA sequencing

DNA sequencing is used to determine the exact sequence of nucleotides in a region of interest.
The method commonly used was originally developed by Sanger ez /. 1997 [140] and is based on
fluorescent labeled nucleotides lacking the hydroxyl-group at the 3’ carbon atom,
dideoxynucleotides (ddNTP). The ddNTPs are added to the sequence reaction together with
normal nucleotides, DNA polymerase and one primer. The ddNTPs will be incorporated
randomly and because of the lacking hydroxyl-group at the 3’ carbon atom, further elongation is
not possible. The sequence reaction will result in nucleotide chains of different lengths, from
chains ending directly after the forward primer to chains covering the whole amplicon. The
nucleotide chains are then separated and analyzed with laser excitation of terminal fluorescent
dye and the DNA sequence is evaluated. Big Dye Terminator ddN'TP (Applied biosystems) was
used to sequence genomic DNA, bisulfit treated genomic DNA (Paper II) and cloned constructs

(Paper I1).

Bisulfite modification

Conventional sequencing can not be used to detect methylated cytosines unless the DNA is
treated with bisulfite [141]. Treatment with bisulfite leads to deamination of cytosines into uracil
unless they are methylated. The modified template is amplified by PCR where methylated
cytosines remains as cytosines while deaminated cytosines are converted to uracil, and recognized
as thymines in the sequencing reaction.
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Methylation status can be analyzed by methylation-specific PCR (MSP) where two set of primers
with preference for either methylated or unmethylated template are used. PCR-products are then
assessed on agarose gel. However, the golden standard in methylation analysis is bisulfite
sequencing, used in Paper II.  With this method, amplifications are performed with primers
without preference for methylated or unmethylated DNA and followed by sequencing. Bisulfite
sequencing has the advantage of analyzing a large number of CpG-sites and could also provide
information on the efficiency of the bisulfite conversion.

Drosophila Melanogaster and GAL4/UAS

Drosophila Melanogaster is commonly known as the fruit fly and has been used as model organism
for studies in genetics and developmental biology since 1906 [142]. The fruit fly has the
advantage of a short generation time, being easily reared in laboratory and production of high
number of offspring. Another advantage is that transgenic flies are easily made using transposons
(P elements) for insertion of a gene or construct. A method to study gene expression in Drosophila
was developed in 1993 by Brand and Perrimon based on the GAL4 gene and an Upstream
Activator Sequence (UAS) [143]. In this system GAL4, encoding Gal4, is controlled by a native
promoter. Gal4 binds to the UAS region and drive the expression of genes located downstream
of the UAS element. Thousands of different Drosophila lines have been developed where GAL4
are set under control of different promoters with various transcriptional patterns, thus allowing
study of gene expression in specific tissues and developmental time. In Paper I17 we used a
construct of p373 in a line of Drosophila where GAL4 was placed under control of the Daughterless
(da) promoter (Figure 12). Da is normally found in the embryonic fly with maximum levels during
stage 9-11 and is present in ectodermal cells as well as in neuronal precursors, which shows
slightly higher levels of Da, whereas dz mainly is expressed in the ovary under egg chamber
morphogenesis in the adult fly.
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Figure 12. The GALA/UAS system in drosophila. Transgenic flies expressing Gald under the da promoter
were crossed with transgenic strains expressing different constructs under control of UAS. Progeny carrying both the
GALA-element and the UAS transgene are selected for further studies. Gald binds to the UAS element, enabling
transcription of the target gene only when and where Da is expressed.
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Statistical methods

Two-tailed t-test

Two-tailed t-test is used to compare two populations and was used in all papers. In Paper I-III to
compare mRNA- and protein levels between two groups of NB; 1p-deleted vs. non-deleted and
unfavorable vs. favorable; no evidence of disease (NED) vs. dead of disease (DOD); stage 1-2 vs.
stage 4 and MYCN-amplified vs. non-amplified respectively. Two-tailed t-test was also used to
assess protein levels (Paper III and I17), proliferation and migration (Paper I1”). The relative gene
expression and protein levels were first log transformed to achieve a more normal distribution.

One-tailed t-test

One-tailed t-test can be used if assuming only one direction of the difference between two
groups. One-tailed t-test was used in Paper III comparing stage 1-2 vs. stage 4 NB in the TagMan
validation of cDNA microarray data and in analyze of mRNA expression with other clinical
markers of aggressive disease besides stage.

Bonferroni correction

Conducting a large number of tests on the same data-set increases the risk of getting false
positive results (Type I error). The Bonferroni correction deals with this problem by adjusting the
p-values by multiplying the achieved p-value by the total number of tests that have been
conducted. Bonferroni correction is reasonable for a small number of comparisons but for a large
number of comparisons there is a high risk of getting false negative results (Type II error).
Stepdown Bonferroni is a less conservative method with smaller risk of Type II errors compared
to regular Bonferroni [144] and was used in Paper I and II to correct for multiple testing because
of the large number of compared genes.

Spearman’s rank correlation coefficient

Spearman’s rank correlation coefficient is a non-parametric test of relationship between two
variables. This test was used to analyze correlation in mRNA expression (Paper III) and protein
levels (Paper I1).

Boxplots

Boxplots have been used to graphically describe statistics of groups (Paper I-1II). Explanation of
boxplots; upper hinge of the box, 75" percentile; lower hinge of the box, 25" percentile; thick
horizontal line within box, median. The whiskers are indicating range, open circles represent
outliers while asterisks represent extremes.
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RESULTS AND DISCUSSION

Analysis of genes located at 1p36.2-3 in NB (Paper I-I1])

The distal part of chromosome one is frequently deleted in aggressive neuroblastomas and it is
believed that one or several putative tumor suppressor genes are located within this region.
Several attempts have been made to narrow the critical region and previously a shortest region of
overlap (SRO) of deletions between markers D1S80 and D1S244 was defined [87, 145]. This
region of 25 cM was further delimited by including germ line tumors, another embryonic cancer
with frequent deletions of 1p [146], to a combined SRO of deletion of 5 cM defined by markers
D1S508 and D15244 [78]. Since only a few rare mutations have been found in the genes located
within this region [147-154], we wanted to explore their mRNA expression and possible
epigenetical regulation.

mRINA expression (Paper I-I11)

Expression of 30 known and putative genes located between markers D1S508 and D15244 were
analyzed by real-time RT-PCR (TagMan) in order to gain further insight of the biological
differences between subgroups of neuroblastoma. A decrease of expression levels in stage 4
compared to favorable tumors (i.e. stage 1-2 and stage 4S) was seen for RERE, PIK3CD, LZIC,
PGD and PEXT74 while the opposite was seen for SI.C2A5 that showed lower expression in
favorable tumors. Comparing 1p-deleted with NB tumors with intact 1p, TNFRSF9, RERE,
PIK3CD, CLSTN1, CTNNBIPT and CASZ7 showed lower mRNA expression in 1p-deleted
tumors. However, after correction for multiple testing by step-down Bonferroni only PIK3CD
and TINFRSF9 was found to be significantly lower expressed in 1p-deleted NB compared to non-
deleted. In Paper II we found that CASZ7 and PIK3CD had lower expression in unfavorable NB
tumors (i.e. dead of disease) compared to favorable (i.e. no evidence of disease). The expression
pattern of PIK3CD was also confirmed in Paper III using both cDNA micro arrays and real-time
RT-PCR. Besides lower expression in stage 4, expression also correlated to other markers of
aggressive disease such as INRG-staging and MY CN-amplification.

Decreased expression of genes located at 1p in aggressive NB could partly be due to higher
frequency of 1p-deletions in these tumors. Albeit lower expression was seen for some of the
genes located at 1p36.2-3, no single gene showed complete loss of expression in advanced
neuroblastoma tumors. It is possible that haploinsufficiency of one or several genes located
within this deleted region can contribute to tumor development or that decreased expression of a
specific combination of genes at 1p36 is required.

Epigenetic regulation and mutation screening (Paper I1)

In this study we treated NB cell lines with the demethylation agent 5°-Aza-dC or the histone
deacetylase inhibitor TSA in order to explore epigenetic mechanisms in regulation of the genes in
the 1p36 chromosomal region. The treatment was optimized by analyzing a panel of known
methylated genes in NB and a panel of reference genes not affected by the treatment. Three of
the 30 genes analyzed (RBP7, CASZ7 and PIK3CD) was found to be up regulated more than
two-fold after treatment with TSA or 5°-Aza-dC, and ERRFI7 after treatment with TSA,
indicating possible epigenetical inactivation. A few sequence variants were found in ERRFI7 and
PIK3CD in NB tumors and bisulfite sequencing revealed methylation in the promoters of
PIK3CD and CASZ1.

ERRFI7 (also known as MIG-6 or RALT) negatively regulates signaling through the epidermal
growth factor (EGF) receptor by inhibiting its catalytic function and stimulate degradation [155]
and thus has tumor suppressive activity [156]. We did not detect any difference in expression
when comparing favorable with unfavorable neuroblastomas, and treatment with 5-Aza-dC did
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not affect expression levels. Also, ERRFI7 does not harbor a CpG-island, consequently we
concluded that this gene is not regulated by DNA methylation. However, expression of ERRFI7
was up-regulated after treatment with TSA, indicating that histone deacteylation can have a role
in regulation of ERRFIT or its effectors. Sequencing revealed two different mutations in two
tumors, whereof one resulted in an amino-acid change in a conserved region.

RBP7 is a retinol-binding protein found to be epigenetically silenced in high frequency by DNA-
methylation in nasopharyngeal carcinomas [157]. No difference in mRNA expression was seen
comparing favorable and unfavorable NB but RBP7 was up-regulated after treatment with either
TSA or 5-Aza-dC. However, DNA methylation was not detected around the transcription start,
indicating that up-regulation of RBP7 after treatment with TSA or 5-Aza-dC could be due to
increased levels of its effectors or by an unspecific drug effect.

The gene CASZT encodes a homolog to the transcription factor Castor. Castor is involved in
neuronal cell linage specification, required for CNS neuronal development in Drosophila
Melanogaster [158, 159]. Expression of CASZT was up-regulated after treatment with either TSA
or 5-Aza-dC and DNA methylation was seen in cell lines and primary NB tumors. Four
fragments covering three CpG-islands were analyzed; one in the CpG-island 1 at the transcription
start, two fragments covering the CpG-island 2 at the start of translation and one fragment in
CpG-island 3 located at the second translated exon of CASZ7. CpG-island 1, as well as the
second fragment in CpG-island 2, was unmethylated while the first fragment of CpG-island 2
were heavily methylated in NB cell lines and partially methylated in primary NB tumors and
blood from healthy donors. CpG-island 3 was methylated in cell lines and healthy blood controls
but not in neuroblastoma tumors. CASZ7 is almost completely methylated in testes, although the
pattern of methylation in other tissues is highly variable [160, 161], indicating that methylation
could be important in regulating tissue specific expression. Since it is involved in neuronal
development and shows decreased expression in fatal NB, one might speculate that aberrant
methylation of CAS5Z7 could have implications in the development of neuroblastoma.

Signaling through PI3K/Akt is central in numerous biological functions and detegulation of this
pathway has also been implicated in neuroblastoma. PIK3CD encodes one of the catalytical
subunits of the Type IA PI3K. PIK3CD is mainly expressed in leukocytes and is also found in
neurons. Resequencing of PIK3CD showed two patients harboring missense mutations leading to
changes of five amino-acids, all located within evolutionary conserved regions. The tumors with
mutations also had low gene expression levels. Expression of PIK3CD was lower in unfavorable
neuroblastoma compared to favorable and treatment with either TSA or 5-Aza-dC led to
increased mRNA expression in NB cell lines, indicating involvement of epigenetic regulation. As
for CASZ1, PIK3CD has a tissue specific pattern of methylation [161]. In this study we found
partial methylation of CpG-island 1, located at the transcription start of PIK3CD, in NB cell lines
and also methylation within CpG-island 3 in cell lines and leukocytes from healthy donors.
However, no methylation was detected in primary NB tumors, indicating that low expression of
PIK3CD in unfavorable neuroblastoma probably is due to the frequent deletions of 1p in
aggressive NB.

Expression analysis of PI3K/Akt genes (Paper I11)

In previous studies we found PIK3CD, encoding one isoform of the catalytic subunit of PI3K, to
be lower expressed in NBs with 1p-deletion compared to non-deleted tumors or in tumors with
fatal outcome compared to tumors with favorable outcome. PI3K plays an important role in
many human cancers with much attention paid on two central players; PIK3CA and PTEN.
Constitutively activating mutations in PIK3CA are frequently seen in common cancers of the
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breast, prostate, colon and endometrium while the tumor suppressor gene PTEN is mutated or
deregulated in several other advanced cancers [105]. In neuroblastoma mutations in these two
genes are rare [114, 115] and expression of PIK3CD is lower in aggressive NB compared to NB
with more favorable biology. Despite this, levels of phosphorylated Akt is high in NB primary
tumors compared to adrenal gland and predicts outcome [112]. Increased levels of
phosphorylated Akt can be achieved in different ways, by increased RTK stimulation, enhanced
PI3K activity or decreased phosphatase activity. Given the importance of PI3K in cancer, we
investigated genes in this pathway at mRNA and/or protein level to gain further insight of this
pathway in neuroblastoma.

The gene PDGFRA, encoding a RTK of the platelet-derived growth factor receptor-family
(Prkcar), showed higher expression in stage 4 neuroblastomas compared to stage 1-2. This gene is
important in the development of neural crest-derived cells [162], and differentiation of SHSY5Y
by TPA leads to down-regulation of Prkca [163]. Favorable NB tumors express more markers of
neural differentiation [164] and consequently should lower levels of PRKCA be anticipated in low
stage NB. However, the PDGF-recptors can also become powerful oncogenes when over
expressed [165, 166] and it is possible that PDGFRA is generally over-expressed in
neuroblastoma tumors but to higher extent in stage 1-2.

The genes PRKCZ, PRKCBT, EIF4EBP1, PIK3RI and PIK3CD showed lower expression in stage
4 compared to stage 1-2 tumors. PIK3CD and PRKCZ are both located in the chromosomal
region 1p36 and decreased expression in stage 4 tumors can partly be due to higher frequency of
1p-deletions in this subgroup. However, expression of PRKCZ, PRKCB7, PIK3CD and PIK3RI
also associated with MYCN-amplification, 1p-deletion, outcome and staging according to INRG,
indicating that lower expression of these genes is a general marker of aggressive disease.

Two members of the PKC family (PRKCZ and PRKCB7) were expressed at higher levels in stage
1-2 NB tumors compared to stage 4. The different members of this family has unique and even
opposite effects in the cell and although a degree of redundancy has been suggested, increasing
evidence supports individual, non-redundant, albeit subtle roles for members of the PKC family
[167]. Silencing of PKCZ, encoded by PRKCZ, leads to impaired migration in glioblastoma,
indicating a role in metastasis [168] that stands in contrast to a report of pro-apoptotic function
in ovarian cancer [169]. PKCBI, encoded by PRKCBI, stimulated growth and proliferation in
neuroblastoma [170] but activation of PKC@ induced apoptosis in HILG60-cells [171]. This
suggests different roles of the PKC isoforms depending on stimuli and that further effort is
needed to elucidate the function of the various members of the PKC family in neuroblastoma.

On mRNA level, the only catalytical subunit of type IA PI3K showing differential expression
between stage 1-2 and stage 4 was PIK3CD, which was confirmed at the protein level by western
blot. Albeit no difference at the mRNA level, protein levels of p110a were significantly higher in
stage 4 NB compared to stage 1-2 NB. It is possible that there is a redundancy between the
different catalytic subunits of PI3K where p1108 is more important in favorable neuroblastomas
and p110x in aggressive NB. Since PI3K also is required in neural differentiation one could
hypothesize that the expression pattern of the different catalytic subunits reflects the degree of
differentiation and that p1103 is required for axonal growth and regeneration of neurons [52].
However, the contribution of the different catalytic isoforms in neural differentiation needs
further attention.

PIK3R7 encoding p85«, a regulatory subunit of PI3K, showed lower mRNA expression in stage 4

tumors compared to stagel-2 NB. It has been suggested that p85 functions as a tumor
suppressor gene through its regulation of PI3K activity, and decreased expression is indeed seen
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in cancer (e.g. ovarian, prostate and liver). p85 has dual function in the negative regulation of
PI3K-signaling, partly by regulation of PI3K, but also by stabilizing Pten and enhancing its
phosphatase activity. Mutations and silencing of Pten are reported in several malignancies but we
could not detect any significant difference in mRNA and protein levels of Pten comparing stage
1-2 and stage 4 NB. However, levels of Pten correlated negatively with levels of phosphorylated
Akt T308 and S473, which were found in higher levels in stage 4 NB compared to stage 1-2,
concordant with other studies [111, 112].

Localization and function of p378, a novel splice variant of PIK3CD (PaperI1/)

PIK3CD was found to be differentially expressed in our previous studies (Paper I-III) where a
lower mRNA level was associated to different markers of aggressive disease. During screening of
PIK3CD mRNA, a novel isoform of p1103 was discovered. Alternative splicing by usage of an
alternative donor site leads to a previously unknown protein, p378. This protein lacks the
catalytic domain but retains the p85-binding domain, a part of the RAS-binding domain and has a
unique carboxy-terminal region (Figure 13).

P85 binding Rasbinding H _C2 Catalytic | Pp1103

P85 binding __HRasH C-term. | p370

Figure 13. Domains of p1100 and p376. Alternative splicing leads to an early stop and a truncated protein
corresponding to 37kDa. Besides a partial RAS binding domain and a complete p85 binding domain it also bas
a unique C-terminal region.

Co-immunoprecipitation revealed association between p378 and p85a as well as RAS, despite the
truncation in the RAS-binding domain and independent of RAS” GTP status. Interestingly, in
colorectal mucosa and tumors, protein levels of p378 correlated with RAS which in turn,
correlated to levels of phosphorylated ERK. The stabilizing function of p378 on RAS was
abrogated by transfection of siRNA targeting both full-length and alternatively spliced PIK3CD,
which suppressed p378 and led to decreased levels of RAS and phosphorylated ERK. Transgenic
expression of human p378 in Drosgphila led to flies with 7% increased body weight and increased
levels of phosphorylated ERK.

The levels of alternatively spliced PIK3CD mRNA and p378 were low in most normal tissues
analyzed, besides in lymphocytes, thymus, spleen and lung, whereas levels of p378 were moderate
in colorectal tumors and high in ovarian cancer. In colorectal cancer levels of p373 were higher in
both tumors and adjacent mucosa compared to normal colon, with significantly higher levels of
p378 in the adjacent mucosa compared to the tumors themselves. Genetic alterations in
histologically normal mucosa adjacent to tumors are not uncommon and are important for
prognosis [172-174]. This indicates that expression of p378 could be an eatly event in colorectal
tumorigenesis.
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Over-expression of p378 in HEK-293 cells and MEFs significantly increased proliferation
compared to both control and cells over-expressing p1108. Furthermore, p378 also increased
invasiveness of MEFs. This indicates that p373 has tumor promoting capacity, but not enough
for full transformation since p373-expressing cells had no colony forming capability.
Co-transfected p85a fused with GFP and p378 fused with dsRed aggregated in cytoplasmic foci
consistent with aggregates seen for ectopically and endogenous expressed p85a [175]. This
pattern was not seen when p378 was transfected solely or for co-transfection of p85a and p1108.
One could postulate that p85 function as a tumor suppressor gene through controlling the
catalytic activity of PI3K and increasing stability and phosphatase activity of Pten. Since we
found that over-expression of p378 leads to decreased levels of p85a, is it possible that besides
stabilization of RAS, p373 also contributes to tumorigenesis through binding and inactivation of
p85.



GENERAL DISCUSSION

This thesis has increased the knowledge about the biology of the childhood cancer
neuroblastoma. Comprehensive studies of the chromosomal region 1p36.2-3 have gained insight
of expression, epigenetical regulation and mutations of the genes located within this region.

PIK3CD, located at 1p36, was found to be expressed at lower levels in unfavorable compared to
favorable NB. PIK3CD encodes p1108, a catalytical isoform of PI3K. Deregulation of the
PI3K/Akt pathway is implicated in the pathogenesis of several malignancies. Increased levels of
phosphorylated Akt was detected in stage 4 compared to stage 1-2 NB, indicating that the
PI3K/Akt pathway is deregulated in NB as well. We also found that low stage tumors (stage 1-2)
showed high levels of p1108 while stage 4 tumors showed high levels of p110a. The PI3K-
pathway has become an attractive target in cancer therapeutics, since it is commonly up-regulated
in cancer. PI3K is involved in many cellular processes and probably would a global PI3K-
inhibition have severe side-effects. However, several drugs targeting specific PI3K isoform are
under development and some are in early clinical trials. Because of their specific inhibition they
are believed to be more useful in cancer treatment, as lesser toxicity is expected compared to
general PI3K inhibitors. NB tumors express different pl10-isoforms depending on stage,
indicating that the patients with NB tumors of different stages would benefit from receiving
different PI3K-inhibitors (when available), as part of the treatment.

The different levels of the a- and 8-isoforms in different stages of NB could indicate that there is
redundancy in the usage of p110-isoforms in PI3K/Akt signaling or that they have different roles
depending on NB subtype. It is known that signaling through PI3K is essential for differentiation
of NB cell lines and that p1103 is required for neurite outgrowth. In low stage NB, which usually
express more markers of neural differentiation compared to stage 4 tumors, high levels of p1103
were detected. This indicates that the levels of the different PI3K p110-isoforms reflect different
degree of differentiation of NB tumors, however this hypothesis requires further attention.
Planned studies addressing this question includes analyzes of the impact of PI3K-isoform specific
inhibition, either through siRNA or pharmacological treatment, on differentiation of NB cell
lines.

We also found a novel splice variant, p378, encoded by PIK3CD, that is highly expressed in
ovarian- and colorectal cancer and that also is expressed in neuroblastoma tumors (unpublished
data). p378 confer growth advantages in cell culture and increased body size in Drosophila,
possibly through the interaction between p378 and RAS, and/or between p378 and p85. Current
pl10-isoform specific inhibitors are all targeted against the ATP-binding site within the catalytical
domain. These compounds are promising in inactivation of PI3K-activity but the emerging
kinase-independent functions of these kinases can be more challenging to target. Example of
kinases with kinase-independent function is Aurora A that stabilizes Myc [176], or p1108 that
have a role in cell proliferation and trafficking [56]. If p1103 also have functions not related to its
catalytical activity it is possible that the functions of p378 are related to kinase-independent
functions of p1103. It is also possible that the unique C-terminal portion of p378 have properties
that contribute to the growth promoting effects of p378 in cell lines and Drosophila. Further
studies addressing this question include functional studies of truncated or mutated constructs of
PIK3CD/p1108, in cell lines and Drosophila. As cell lines and fruit flies have limitations in # vivo
mammalian biological relevance, development of a mouse model expressing p378 is crucial in
order to elucidate the function of p378.

Cancer is an enigmatic disease, and despite recent progress in treatment, mortality is still high in
many forms of cancer. This is also true for children with neuroblastoma, where prognosis has
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improved in recent decades, although the outcome for patients with high stage NB is still poor.
Because of this it is essential to learn more about the genes and pathways involved in the
pathogenesis of NB. Better understanding of the underlying mechanisms can lead to better
treatment, either by identifying new therapeutic targets or by patient stratification, thus improving
efficiency of already available treatments. Translational research and constructive dialogues
between biologists and clinicians are also important to increase survival for children with NB.
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SAMMANFATTNING PA SVENSKA

Neuroblastom (NB) ér en allvarlig barncancerform som drabbar 1 av 7000 fédda barn vilket
motsvarar 15-20 nya fall per ar i Sverige. Hilften av alla fall av NB uppticks innan 1 rs alder och
sillan efter 5 drs alder. Tumorer uppkommer frin omogna celler (neuroblaster) i det sympatiska
nervsystemet (SNS) och hittas sdledes pa alla de platser dir SNS ir lokaliserat men vanligen i
binjurarna. NB dr klinisk heterogen, frin tumorer som férsvinner av sig sjilva till tumorer som ar
resistenta mot alla typer av behandling. Aven om &verlevnaden har ¢kat totalt sett under de
senaste dren sa dr Overlevnaden for hégriskpatienterna fortfarande mindre dn 30 %. De som
overlever drabbas tyvirr ocksd av allvarliga sidoeffekter frin kemo- och strilningsterapi (t.ex.
hérselnedsittning eller 6kad risk f6r andra cancerformer). P4 grund av patienternas ldga alder och
den i méinga ginger fatala utgingen dr det viktigt att férstd mer om varfér NB uppkommer och
hur man kan hitta bittre behandlingsmetoder.

Det finns flera genetiska férindringar som ar vanligt férekommande i aggressiva NB, ddribland
amplifiering av onkogenen MYCN eller deletion av den yttersta delen av den korta armen pi
kromosom 1 (1p). Deletion av 1p férekommer i cirka 30 % av all NB och ér associerat till dalig
prognos. Pa grund av detta, samt att dterférsel av 1p till en 1p-deleterad cell linje ledde till
minskade tumoregenskaper, sd tros en eller flera mojliga gener med tumérsuppressande funktion
vara lokaliserade hir. Sedan tidigare har vi i vért svenska material definierat ett intressesant
omrade lokaliserat till den kromosomala regionen 1p36.2-3. Nigra gener i omridet med
intressant funktion (ur cancerperspektiv) har sekvenserats, men bara ndgra fital mutationer har
hittats och ingen klar “neuroblastomgen” idr identifierad. Darfér har vi ocksd analyserat generna i
omradet med avseende pa expression och epigenetisk reglering. I samband med dessa studier
fann vi att genen PIK3CD hade ligre uttryck i elakartade NB jimfért med godartade och
dessutom kunde genuttrycket uppregleras i cell linjer efter farmakologisk behandling. PIK3CD
kodar f6r en katalytisk subenhet av PI3-Kinas (PI3K) som har en central roll i minga celluldra
funktioner sisom programmerad celldéd, celltillvixt eller differentiering. Regleringen av PI3K-
signalering dr ofta felaktig i minga cancerformer och dven i NB sag vi en 6kad aktivering av Akt,
ett protein nedstréms om PI3K. For full aktivering av Akt krivs fosforylering pi tva positioner,
S473 och T308, och vi fann att bdda positioner var fosforylerade i stérre utstrickning i stadium 4
NB jimfért med stadium 1-2. Dessutom fanns det en omvind korrelation med fosforylering pa
T308 och proteinnivier av tumorssuppressorgenen Pten. Expression av PIK3CD och
motsvarande protein p1108 ir ligre i aggressiva tumdrer jamfért med tumdrer med mer gynnsam
biologi. PIK3CA och PIK3CB (p110a respektive p11083) kodar f6r andra katalytiska subenheter av
PI3K och har setts bidra till 6kad Akt-signalering i andra cancerformer. PA mRNA-niva kunde vi
inte se nagon skillnad i uttryck av PIK3CA eller PIK3CB mellan stadium 4 och stadium 1-2 NB
men pa proteinnivd detekterade vi diremot hégre nivaer av p110u i stadium 4 4n i stadium 1-2.
Detta kan tolkas som att det finns en viss redundans i anvindningen av de olika katalytiska
isoformerna, dir p1108 idr vanligare i ligstadietumorer och p110a har stdrre betydelse i aggressiva
tumérer. p1108 och PI3K ir ocksd viktiga i den embryonala utvecklingen av neuron och det ar
dirfor ocksd mojligt att uttrycket av PIK3CD/p1108 speglar tumérernas differentieringsgrad med
hégt uttryck av PIK3CD i stadium 1-2 NB, som ocksd brukar uttrycka fler markérer f6r neural
differentiering dn stadium 4 tumoérer. Den exakta rollen fo6r de olika katalytiska isoformerna i
neural differentiering kriver dock vidare undersékning. Uttrycket av de olika katalytiska
isoformerna i NB 4r ocksd intressant ur terapeutiskt syfte eftersom flera cancermediciner som
riktar sig mot specifika p110-isoformer dr under utveckling

Vi har ocksd sett att det férekommer alternativ splicing av PIK3CD som leder till ett kortare
protein pi 302 aminosyror istillet f6r 1032 som normalt. Den nya splicevarianten, kallad 378,
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saknar den katalytiska dominen och kan dirfér inte fosforylera protein (t.ex. Akt) nedstréms i
signalkedjan. Proteinnivierna av p378 dr liga i de flesta normala vivnader som undersokts
férutom i lymfocyter (vita blodkroppar), lunga och thymus (brissen). Diremot fanns proteinet
uttryckt i hégre nivder i ovarie- och kolorektalcancer jimfért med motsvarande normalvivnad. 1
kolorektal cancer sdg vi ett intressant monster dir p378 var hégre uttryckt i mucosan precis intill
tuméren dn i sjilva tumoren, vilket tyder pa att proteinet kan vara viktigt for sjilva uppkomsten
av cancern. Proteinnivderna av p373 korrelerar starkt med proteinnivderna av RAS och férsék
tyder pd att p373 stabiliserar RAS. Diremot verkar p378 destabilisera p85a, den regulatoriska
subenheten av PI3K, och skulle dirmed ocksa kunna paverka PI3K/Akt signalering, dven om vi
inte har kunnat se att p378 paverkar nivierna av fosforylerat Akt. Overuttryck av p378 i olika
cellinjer leder till 6kad viabilitet och 6kad migration vilket kan tolkas som att denna splicevariant
kan bidra till uppkomst och utveckling av cancer. Vidare s sig vi ocksd att transgena bananflugor
(Drosophila  Melanogaster) som uttryckte humant p378 i hela kroppen blev 7 % stérre in
kontrollflugor.

Eftersom felaktig reglering av PI3K-signalering dr vanligt i manga cancerformer arbetar vi vidare
med detta, dels med fortsatt kartliggning om de olika isoformernas roll i differentiering av
neuron och dels med ytterligare studier av funktion hos p378. Vi vill underséka mer exakt hur
p3738 stabiliserar RAS och om p378 reflekterar funktioner hos p1103, som inte dr beroende av
den katalytiska doménen.
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