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Summary 

Prostate cancer is the most common cancer type among men in the developed countries. 

This is also the case in Norway, were approximately 5000 new cases are reported each 

year. Prostate cancers are often quite indolent and slow growing. Nevertheless, some 

tumors are aggressive and might spread to nearby or distant organs. Although prostate 

cancer is extensively studied, the multifocal nature of the disease is not addressed to the 

same degree. Genetically, prostate cancer is characterized by a low number of alterations 

per tumor and few recurrently mutated genes. The most common genetic aberration is the 

fusion gene TMPRSS2-ERG which is found in over 50 % of samples consisting of parts of 

the androgen regulated gene TMPRSS2 and the ETS-factor ERG. Also, other members of 

the ETS-factor family of transcription factors are known to be part of recurrently found 

fusion genes in prostate cancer. 

In the following study, molecular traits in multifocal prostate cancer have been 

investigated. The starting material have been multiple sets of high throughput sequencing 

(HTS) data from both DNA and RNA. 

Multiple fusion transcripts were nominated from analyses of a publicly available RNA-

sequencing dataset and five of these were chosen for validation in this thesis. Of these, four 

were validated in prostate cancer cell lines (TMEM219-TAOK, two breakpoints within 

FAM83H-FAM83HAS1, and ZNF551-ZNF77). In addition, an interesting expression 

profile was observed for ELK4 which is a partner gene in the known fusion transcript 

SLC45A3-ELK4.  Investigation of expression in different regions of the gene revealed a 

correlation between the expression of exon 2 of ELK4 and the fusion breakpoint, but not 

with exon 1 indicating that the ELK4 expression is mainly regulated by the promoter of 

SLC45A3. 

Novel fusion genes were also nominated from another set of sequencing data. Here, known 

fusion gene partners were targeted to find novel and known partner genes in prostate 

cancer samples and cell lines. 16 nominated fusion genes were nominated for validation in 

this thesis and three was successfully validated (TMPRSS2-ETV1, MRPS10-HPR and 

UBE2L3-KRAS). All validated fusion genes were previously reported in prostate cancer. 
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A few genes are known to be recurrently mutated in prostate cancer, for instance SPOP, 

FOXA1, MED12, and IDH1. These, along with eight other genes with potential mutations 

found with whole exome sequencing analysis (ADAM21, CLEC18B, NBPF1, KRTAP10-4, 

FRG2C, FGD5 and ERF) were investigated in this thesis. Five genes (SPOP, FOXA1, 

MED12, IDH1 and ERF) were validated as true mutations, whereas the rest either was not 

detected with the validation method (PCR and Sanger sequencing) or were shown to be 

false positive results from the sequencing method (whole exome sequencing). 

TMPRSS2-ERG fusion gene detection was performed on all together 159 prostate cancer 

samples form 91 tumor foci and 43 patients. The fusion gene was detected in 43 % of the 

samples, 46 % of the tumors and 68 % of the patients. Heterogeneity among tumor foci 

were observed as 9 % of the patients had tumors both with and without TMPRSS2-ERG. 

As fusion genes often result in overexpression of the downstream fusion partner, real-time 

RT-PCR was used to investigate the expression of four ETS- factors (FLI1, ETV1, ETV4 

and ERG) in the same 159 samples as described above. FLI1, ETV1, ETV4, and ERG were 

found to be overexpressed in 1, 9, 2, and 32 of the 116 tumor samples, respectively. 

Finally, the identified mutations, the presence of TMPRSS2-ERG and the overexpression of 

ETS-factors were all used to subtype all investigated tumor foci based on the classification 

previously published by the Cancer Genome Atlas. Interestingly, 11 of the 91 tumor foci 

could be categorized into more than one subtype, revealing a large degree of heterogeneity 

in multifocal prostate cancer. This elucidates the need for investigation of multiple regions 

of each tumor foci in prostate cancer to get a complete molecular overview of the cancer in 

a given patient.  
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CLEC18B C-type lectin domain family 

18 member B 

CPNE4  Copine 4 

ELK4 ELK4, ETS transcription 
factor 

ERG  ERG, ETS transcription 
factor 

ERF  ETS2 repressor factor 

ERK  EPH receptor B2 

ETV1   ETS variant 1 

ETV4  ETS variant 4 

FAM83H Family with sequence 

similarity 83 member H 

FAM83HAS1 FAM83H antisense RNA 1 

(head to head) 

FGD5 FYVE, RhoGEF and PH 

domain containing 5 

FLI1 Fli-1 proto-oncogene, ETS 

transcription factor 

FOXA1  Forkhead box A1 

FRG2C FSHD region gene 2 family 

member C 

G6PD Glucose-6-phosphate 

dehydrogenase 

HPR  Haptoglobin-related protein 

IDH1 Isocitrate dehydrogenase 

(NADP(+)) 1, cytosolic 

IGH  Immunoglobulin heavy locus 

KRAS  KRAS proto-oncogene, 

GTPase 

KRTAP-10-4  Keratin Associated Protein 

10-4 

MAPK Mitogen-activated protein 

kinase 

MED12  Mediator complex subunit 12 

MRPS10 Mitochondrial ribosomal 
protein S10 

MYC MYC proto-oncogene, bHLH 
transcription factor 

NFBP1 Neuroblastoma Breakpoint 
Family Member 1 
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PI3K Phosphatidylinositol-4,5-
bisphosphate 3-kinase 
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1 Introduction 

1.1 Cancer 

Cancer is the second leading cause of death worldwide, with 14.9 million new cases and 

more than 8.2 million cancer associated deaths in 2013
1
. Life expectancy is gradually 

increasing globally, mainly in the less developed countries, and there is reason to believe 

that cancer incidence also will increase as a result of this. It is in fact estimated that the 

global annual cancer incidence will be 22.2 million in 2030
2
. 

The term cancer itself describes more 200 different diseases. Each one of these diseases 

arise from normal cells and tissue that, over time, evolve certain traits that can make them 

grow beyond their natural boundaries, invade neighboring tissues and metastasize to other 

parts of the body
3
. The individual changes can be summarized as genetic damage either 

caused by alterations in the nucleotide sequence of the DNA; mutations, or non-mutational 

somatic and heritable changes that impact the gene expression in that particular tissue; 

epigenetic alterations
4
. Because of the genetic damage leading up to cancer development, 

cancer is called a disease of the genome
5
. 

It is well documented that malignant neoplasms often arise from a single cell, which 

acquires genetic and epigenetic changes that give selective advantages. Over time, the 

tumor cells might acquire new aberrations that are selected for, giving rise to cells with 

different phenotypes
6,7

. This model of tumor growth is called monoclonal tumor 

development.  However, this model cannot be applied to all tumors and all cancer types. A 

polyclonal tumor development model, were the cancer develops from more than one cell, 

has therefore been proposed in some tumors and cancer types
8-10

. 

1.2 Cancer genetics 

The genetic damages accumulating in a cell with the potential to lead to cancer, affects one 

of three types of genes: tumor suppressor genes (TSGs), proto-oncogenes or DNA-repair 

genes
5
. TSGs are the negative regulators of cell division, functioning as brakes on cell 

growth and division
11

. It follows that when a TSG gets inactivated, the breaks are off and 

the cell is more likely to divide. Proto-oncogenes are genes that code for proteins 

promoting cell growth and suppression of apoptosis. When overexpressed or activated by 
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mutation, these genes increase the cell’s growth advantage over neighboring cells. The 

mutational patterns in these two types of genes, TSGs and proto-oncogenes, are often very 

different. Proto-oncogene activation is rarely induced by a random mutation anywhere 

along the gene, but commonly occurs at so-called mutational hotspots where an alteration 

leads to increased activity. One example is the highly recurrent mutations on specific 

codons in KRAS in colorectal cancers
12

. TSGs, on the other hand, can be inactivated in 

multiple ways, for example by the introduction of an early stop codon. When testing 

multiple cancers, the set of mutations in a particular TSG are therefore often distributed 

along the length of the gene. Usually, mutations in TSGs are recessive, meaning that it is 

necessary with loss of function of both copies for the gene to be sufficiently inactivated. 

Oncogene activation, on the other hand, is dominant, and activation in only one of the 

copies is sufficient for an oncogenic effect
5
. 

As mentioned earlier, changes in DNA repair genes can also contribute to cancer. The 

protein products of these genes are able to repair DNA errors. These errors can for instance 

be caused by the replication machinery or as a result of DNA damage by other mechanisms 

such as mutagenic agents. Inactivation of DNA repair genes will cause DNA damage to 

remain in the genome, increasing the risk of transferring mutations from a cell to its 

daughter cells during cell division
13,14

. This failure of correcting errors in the DNA often 

results in a hyper mutated genotype
15,16

. 

Such acquired mutations and selective advantages in a cell are accumulated over time and 

implies that cancer development is a stepwise process. The effects of these alterations 

which have selectively accumulated in human cancer cells share certain features which in 

the year 2000 were presented as the hallmarks of cancer; six underlying principles of 

cancer which contribute to the malignant growth
17

 . The hallmarks of cancer were updated 

in 2011, when the authors added four additional hallmarks
18

. In this new version, Hanahan 

& Weinberg presented a list of altogether ten different mechanisms or traits thought to 

underlie all human tumors (Figure 1). Although these ten hallmarks are thought to apply to 

all tumors, there are many molecular ways of reaching them, and tumors often display a 

wide range of molecular alterations, even across the same cancer type
19-21

. 
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Figure 1. The hallmarks of cancer. The ten hallmarks of cancer, thought to be part of the complex molecular 

mechanisms in most, if not all, types of human tumors (adapted from
18

). 

This observed molecular difference within one cancer type is called heterogeneity. 

Heterogeneity might in fact be observed on many different levels. The same cancer type 

might be very different from patient to patient, known as interpatient heterogeneity. 

Furthermore, tumor or tumor clones within the same patient might also differ from one 

another. This intrapatient heterogeneity may refer to differences among two or more 

distinct tumor foci or within the same tumor, known as inter- and intrafocal heterogeneity, 

respectively (Figure 2). All this heterogeneity, within and among tumors, might cause 

differences in tumor aggressiveness, progression and response to treatment. 

. 
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Figure 2. Different types of heterogeneity in human cancers. Exemplified by prostate cancer. 

Heterogeneity can occur between patients (interpatient), between different tumor foci in the same organ 

(interfocal) and between the cells in one foci (intrafocal). The different colors represent different molecular 

phenotypes in different patients, foci or cells within a focus. 

1.2.1 Point mutations 

A point mutation is a small alteration in the cell’s DNA sequence. In solid tumors, it is 

reported from 33 to 66 protein product changing mutations on average, most of them small 

insertions or deletions (indels) or substitutions of a single base with another
22

. These 

mutations might be nonsense mutations; creating early stop codons and ultimately a 

truncated protein, missense mutations; where the result is a different amino acid, or silent 

mutations; where the nucleotide change does not have any consequence on the encoded 

amino acid. Some differences in the nucleotide sequence are also seen in normal cells in 

the human population. Naturally occurring nucleotide variants that are shared by more than 

1 % of the population are called single nucleotide polymorphisms (SNPs). 

Cancer researchers commonly try to divide the mutations into so-called drivers and 

passengers. Driver mutations are defined as mutations providing a selective advantage. 

Over time, these driver mutations lead to positive selection of the cells harboring them, 

leading to tumor emergence and progression
3
. It has been estimated that the number of 

driver mutations in cancer critical genes are between two and six
23,24

. Passenger mutations, 
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on the other hand, can arise in all types of genes, but have no direct neoplastic effect in the 

cell they arise. In fact, the majority of mutations in cancer genomes are passengers. 

1.2.2 Chromosomal rearrangements 

In addition to these small nucleotide changes described above, most cancers also harbor 

large aberrations on the chromosome level
25

. These chromosomal aberrations might be 

numerical or structural
26

. Numerical aberrations lead to an abnormal number of 

chromosomes due to errors in separation of sister chromatids during cell division. 

Structural rearrangements, on the other hand, is a result of genomic material moving from 

one chromosome to another. Structural aberrations can take several forms as seen in Figure 

3. 

Prior to all chromosomal rearrangements, are double strand breaks (DSB) with 

inappropriate repair
27

. The normal repair mechanisms of DSBs are one of two pathways; 

non-homologous end joining or homologous recombination. In non-homologous end 

joining, once a DSB is induced, proteins are recruited to the site and the broken ends are 

straightforward joined together without a template for repair. Homologous recombination 

uses the undamaged sister chromatid as a template to make a new sequence in the damaged 

area, and this pathway is therefore considered less error-prone than non-homologous end 

joining. 

Chromosomal translocations (Figure 3A) are genomic aberrations where parts of one 

chromosomes are broken off and exchanged with parts of another chromosome. One well 

known example of a translocation is the so-called Philadelphia chromosome where a part 

of chromosome 22 is exchanged with parts of chromosome 9
28,29

. It has long been 

hypothesized that translocations appear when there is a double stranded break in two 

different chromosomes in close proximity to each other
30,31

. This view is challenged by 

another hypothesis, however, suggesting that rearrangements are preferred on the basis on 

their ability to provide proliferative advantage to the cell
32

. 

Insertions (Figure 3B) are moving of parts of one chromosome to a different chromosome 

or to a different position within the same chromosome. An inversion (Figure 3C) is also an 

insertion, but in this case a chromosomal segment is placed in the opposite direction within 



Introduction 

_________________________________________________________________________ 

15 

 

the same location in the chromosome. A deletion (Figure 3D) is the removal of a 

chromosomal segment. Oppositely, duplications and amplifications (Figure 3E) are 

obtained when one such segment is tandemly repeated two or more times, respectively. 

 

Figure 3. Structural chromosomal rearrangements. (A) Translocation, (B) insertion, (C) inversion, (D) 

deletion, and (E) duplication and amplification. 

1.2.3 Gene fusions 

The chromosomal rearrangements described in section 1.2.2 might give rise to gene 

fusions if breakpoints occur within genes. A fusion gene is defined as a hybrid gene 

consisting of parts of two separate genes and several examples are known where this is an 

early event in tumor development
33,34

. The insights on fusion genes are mostly from 

hematological cancers rather than solid tumors, due to properties of previously used 

laboratory methods. Up until recently, normal practice in analyzing chromosomal 

rearrangements has been karyotyping. Karyotyping is a commonly used method of 

visualizing the complete set of chromosomes as it appears in metaphase or prometaphase 

of a mitotic cell cycle
35

. The culturing of solid tumors is more difficult than hematological 

cancers, and methodological shortcomings lead to only partial karyotyping of the solid 

tumor and further difficulties in analyzing properly. Also, if sufficient karyotyping is 

obtained, these are often very complex for solid tumors, with numerous abnormalities, 

requiring enormous amounts of resources to decipher
36,37

. 
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The number of reported gene fusions in both solid and hematological cancers, has 

increased rapidly in the past decade. Today, 1112 recurrent fusion transcripts in neoplastic 

lesions have been published (in-house database, Department of Molecular Oncology, Oslo 

University Hospital, Norway). The huge increase in reported fusion transcripts is mostly 

due to the emergence of deep sequencing methods, increasing the analysis resolution as 

compared to for instance karyotyping. This methodological improvement has had most 

impact on the number of fusions detected in solid tumors, as hematological cancers have 

been investigated quite thoroughly by karyotyping. 

In general, two variants of fusion transcripts are known (Figure 4).Quantitative fusions 

(Figure 4A) results in a change in expression of one or both fusion partners. The complete 

coding region of the downstream partner is put under control of the regulatory machinery 

of the upstream gene. Often, the upstream partner gene is highly expressed in the particular 

tissue in which the fusion arises, leading to overexpression of the downstream partner. One 

example of such a fusion is the juxtapositioning of the protein-coding part of the MYC 

gene to the regulatory part of the immunoglobulin heavy chain locus (IGH) in Burkitt’s 

lymphoma. Put under the control of the regulatory machinery of the latter gene, MYC 

expression is heavily upregulated as compared with normal
38

. Qualitative fusions (Figure 

4B) on the other hand, might give a new protein product as coding regions from both 

partner genes are joined. For instance, in the aforementioned Philadelphia chromosome, 

coding parts of both BCR and ABL1 are joined, creating an overactive chimeric protein 

tyrosine kinase when it is translated. 
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Figure 4. Two types of fusion transcripts. (A) Quantitative fusion genes where the complete coding region 

of gene 1 is juxtaposed to the 5´ regulatory region of gene 2, resulting in the regulation of gene 1 by the 

promoter of gene 2. (B) Qualitative fusion genes where parts of the coding region of both gene 1 and 2 are 

juxtaposed, giving rise to a chimeric gene. This might give a chimeric protein with altered or new function 

compared to the two original genes. 

1.3 Prostate cancer 

Prostate cancer is the most common cancer type among men in the developed countries
39

. 

This is also the case in Norway with approximately 5000 new cases in 2015
40

. Most men 

diagnosed with prostate cancer are elderly, and half of all new cases are in men over the 

age of 74
41

. Prostate cancers are classified according to the tumor, node and metastasis 

(TNM) staging system for prostate cancer (Figure 5,
42,43

). The TNM stage is based on the 

size and location of the primary tumor (T), if there are metastasis in lymph nodes (N) and 

if there are metastasis in distant organs (M)
44

. In addition to the TNM stage, every tumor is 

given a Gleason grade, based on the histopathological pattern of the tumor
45

. The Gleason 

grade gives information about the aggressiveness of the tumor, i.e. if the tumor has 

potential to spread out of the prostate capsule and into neighboring tissue or to distant 

organs based on the looks of the tissue under the microscope
45

. 
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Figure 5.  Prostate cancer TNM staging. The four different T stages of prostate cancer are shown. Stage I is 

a small lesion only provable with prostate biopsies (A). Stage II is bigger tumors that are palpable or visible but 

still inside the prostate capsule (B). A tumor which has grown beyond the prostate capsule is Stage III (C), and 

a tumor that has spread to  other organs and/or lymph nodes is stage IV (D)
43

. 

In addition to these two before-mentioned ways of staging tumors, the biomarker prostate 

specific antigen (PSA) is widely used as a non-invasive blood-based test to discover 

malignancy in the prostate gland. There is, however, much controversy surrounding this 

particular screening method, as it is very tissue specific, but not cancer specific, often 

leading to false positive results
46,47

. When combining these three staging modalities (TNM 

stage, Gleason grade and PSA), patients are placed in a D’Amico risk classification group, 

either high -, medium- or low risk
48

. 

Generally, prostate cancer is often characterized as a slow growing disease. In addition to 

this, multiple tumors of different aggressiveness are frequently found within the same 

prostate
49

. This multifocal nature of the disease, in addition to an extensive both inter- and 

intrapatient heterogeneity (Figure 2), might also explain why it is so difficult to separate 

the aggressive tumors from the more indolent ones
50,51

.  This difficulty often leads to 

overtreatment of patients not in need of invasive treatment with resulting unnecessary 

morbidity and decrease in life quality. On the other hand, some patients have a more 

aggressive cancer than anticipated which might lead to rapid tumor growth and metastasis 

with a significantly poorer prognosis. 
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1.4 Prostate cancer genetics 

The genetic landscape of prostate cancer is described complex with extensive 

heterogeneity
50,52-54

. The high degree of multifocality in prostate cancer is known, but there 

has been little or no investigation addressing this particular feature except for in small 

sample cohorts
51,55,56

. In general, few recurrent nucleotide-level mutations are found in 

prostate cancer compared to other cancer types; mutation in SPOP is the most aberrant, 

found in about 10 % of tumors
57

. When it comes to rearrangements in prostate cancer, E26 

transforming sequence (ETS) factor rearrangements dominate, found in the majority of 

tumors
58-60

 . 

Fusion transcripts 

In prostate cancer, most reported fusion transcripts involve an ETS transcription factor as 

the downstream gene
58,61

. This transcription factor family is one of the largest families of 

transcription factors in the human genome and the different ETS factors can act as both 

repressors and activators of transcription. Some ETS factors are also downstream targets of 

well know signaling pathways, such as the MAPK-ERK pathway, often found mutated in 

various cancers
62

. 

The most common fusion in prostate cancer consists of the 5´region of the androgen 

regulated gene TMPRSS2 and the 3´region of the ERG, which encodes an ETS 

transcription factor. This fusion has been found in 40 to 80 % of tumors
21,58

 and leads to 

ectopic expression of ERG. The prognostic and predictive values of TMPRSS2-ERG have 

been widely studied; however, no consensus has been reached
63-67

. It seems TMPRSS2-

ERG has an impact on the tumorigenesis, but it has been suggested that this fusion alone is 

not enough to develop a malignancy and that cooperation with the PI3K/AKT pathway and 

loss of PTEN is necessary to promote tumor growth and carcinoma development
68,69

. 

Although ERG is the most common 3’ partner gene of oncogenic fusion transcripts in 

prostate cancer, other ETS transcription factors, such as ETV1 (8 %), ETV4 (4 %), and 

FLI1 (1 %) are often seen overexpressed and/or fused to androgen regulated genes in 

prostate cancers
70-73

. These genes are under the control of the androgen nuclear receptors 

that are proposed to play a key role in the development of aggressive prostate cancer
74

. 
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Molecular subtypes of prostate cancers 

In some cancer types, like for instance breast, molecular subtyping of tumors has become a 

common way of predicting treatment outcome and deciding treatment regime for the 

diagnosed patient
75,76

. Despite the lack of highly recurrent mutations in prostate cancer, 

investigators representing The Cancer Genome Atlas (TCGA) tried, in 2015, to arrange 

and subgroup prostate cancer based on the molecular taxonomy of 333 primary tumors
73

. 

They found that 74 % of the investigated tumors could be placed in one out of seven 

groups based on different and mutually exclusive mutations, overexpression patterns or the 

presence of gene fusions. The seven groups are defined by fusion or overexpression of 

ERG (46 %), ETV1(8 %), ETV4 (4 %), or FLI1 (1 %), and mutations in SPOP (11 %), 

FOXA1 (3 %), or IDH1 (1 %). No clinical data has been reported on subtyped tumors; 

thus, the predictive or prognostic values are not evaluated. 

1.5 Cancer genomics 

The first human genome sequence draft was completed in 2001 with the use of Sanger 

sequencing and positional cloning
77

 or a shot-gun approach
78

. This particular way of 

sequencing the human genome, or any other genome for that matter, was very time 

consuming and expensive. After a massive global effort to make this sequencing cheaper 

and faster, numerous commercial high throughput sequencing (HTS)
79

 platforms were 

developed, and per 2015, the cost of one human genome was reduced to 2000 USD
80

. The 

ultimate sequencing goal has for a long time been to decrease the cost of one genome down 

to 1000 $, and earlier this year, this goal was reached. A new sequencing technology 

(Illumina, 2017) has reduced the cost per genome to 1000 USD. This is much less than the 

Sanger sequenced human genome with an estimated cost of 0,5-1 billion USD
81

. Today, 

because of this decrease in both cost and time in generating great amounts of sequencing 

data, the possibilities of identifying underlying mechanisms for almost any disease are 

endless. HTS provides possibilities to investigate all of the DNA and RNA, but also only 

the parts of interest, like the exome
82

. 

Whole genome sequencing is sequencing of complete genomes and provides information 

on both coding and non-coding regions. The non-coding regions of the genome include 

among others regulatory elements as enhancers and promoters. With whole genome 

sequencing, the juxtapositioning of a coding gene next to a non-coding regulatory 
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sequence can be identified
83

. Mutations in non-coding regulatory sequences as enhancers 

and promoters might have huge implications on the transcription of genes, on the RNA 

stability or the post transcriptional binding of regulatory RNAs and thus the translation of 

mRNA into protein
84

. 

Whole exome sequencing means sequencing the complete set of exons in the genome. 

Whole exome sequencing is an extensively used HTS method in cancer research, giving 

mutational data from protein coding regions, as TSGs or proto oncogenes
82

. Through this 

type of sequencing, valuable information about the driving alterations in cancers has been 

obtained.  The exome constitute 1-2 % of the genome, and sequencing of the exome is 

cheaper than whole genome sequencing. Whole exome sequencing is often the preferred 

HTS platform to use in cancer research, and especially in the hunt for somatic driver 

mutations, as these are often located in the coding region. However, the main limitation of 

exome sequencing compared to whole genome sequencing is that it is not well suited to 

find somatic variants, as most of  DNA sequence variants occur in non-coding region
83

. 

TCGA, containing data from over 150 cancer studies
85

, the International Cancer Genome 

Consortium and the newly established Pan Cancer Analysis of Whole Genomes (PCAWG) 

consortium
86

, provide large databases and access to different omics-data from a wide range 

of cancers. 

As massive amounts of data is generated with HTS technologies both within these big 

consortiums and from individual labs, collaboration between computational staff and 

traditional biologists is greatly needed. HTS methods give computational predictions about 

the drivers of human cancers, but these predictions need to be validated in the lab before it 

can be used further towards the ultimate goal in the clinic. For instance, sequencing 

nominates a huge amount of computationally identified fusion transcripts after sequencing, 

but only a few of them can be validated. 
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2 Aims 

The overall aim of the thesis was to better understand the heterogeneity in multifocal 

prostate cancer by analysis of genomic and transcriptomic traits and the distribution of 

these within separate tumor foci. 

This overall aim was addressed by four subprojects with individual aims: 

1. Identification of known and novel fusion transcripts in published RNA-sequencing 

datasets 

 Validate nominated fusion transcripts in prostate cancer cell lines 

 Understand the expression pattern of one fusion partner, ELK4, in multiple 

tumor foci in prostate cancer patient material 

2. Validation of known and putative fusion transcripts from RACE sequencing 

 Validate nominated fusion genes in multiple prostate cancer foci 

3. Experimentally explore nucleotide level mutations from exome sequencing 

analyses 

 Identify and validate nucleotide level mutations 

4. Molecular subtyping of individual prostate cancer tumor foci 

 Identify the presence of TMPRSS2-ERG and overexpression of ETS 

transcription factors 

 Molecular classification of individual tumor foci 
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3 Materials and methods 

3.1 Materials 

3.1.1 Prostate cancer tissue samples 

All samples used in the laboratory work for this thesis was collected from both tumor and 

benign prostate tissue in altogether 43 prostate cancer patients treated with radical 

prostatectomy at Oslo University Hospital, Radiumhospitalet between 2010 and 2012. For 

each patient, 2 or 3 tumor samples were selected from 1-3 distinct tumors, enabling 

analysis of both intra- and interfocal heterogeneity. In total 116 tumor samples and 43 

benign samples were analyzed from the 43 patients. Total RNA and DNA were isolated 

from all samples using the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Germany). 

Processing and isolation of all samples were done at the Department of Molecular 

oncology prior to this thesis. 

3.1.2 Prostate cancer cell lines 

Altogether 6 prostate cancer cell lines (VCaP, DU145, PC-3, 22Rv1, NCI-H660 and 

LNCaP) were utilized in the thesis. All cell lines were ordered from ATCC (Virginia, 

USA). Culturing, processing and isolation of DNA and RNA from all cell lines were done 

at the Department of Molecular oncology prior to this thesis. DNA and RNA were isolated 

with the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen). 

3.1.3 DNA and RNA-sequencing datasets 

Analysis results based on three DNA and RNA-sequencing datasets made the starting point 

of this thesis. These datasets were all aligned, filtered and analyzed prior to the work with 

this thesis. 

The first dataset was generated by RNA-sequencing of 44 tumor-normal pairs and 50 

additional tumor samples downloaded from TCGA website and used to identify known and 

novel fusion transcripts. In total, 21 fusion transcripts were nominated after analysis of the 
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RNA-sequencing data, and out of these, four novel fusion candidates were chosen to be 

experimentally validated by RT-PCR, gel electrophoresis and Sanger sequencing. 

The second dataset was generated by RACE sequencing. Rapid amplification of 

cDNA ends (RACE)
68

 is a PCR based method utilized to amplify unknown upstream parts 

of transcripts, for instance due to a novel fusion event. RACE was in this case performed 

with primers annealing to the complete set of known/recurrent 3' fusion gene partners in 

prostate cancer and combined with HTS to identify known and novel 5’ fusion gene 

partners.  The same RACE sequencing method as Hoff et al. published in 2015
87

 was 

applied on prostate samples from 13 patients. A list of selected fusion candidates was used 

as background material for the fusion transcript analysis in this thesis 

The third dataset was whole exome sequencing of 159 both tumor and benign samples 

from 43 prostate cancer patients. Analysis of the exome sequencing data gave rise to a list 

of altogether 4084 putative single nucleotide variants and small indels. After excluding one 

sample due to a hypermutated phenotype, 2706 mutations remained. Further, two different 

algorithms were applied to rank the mutated genes; OncodriveFM and MutSig. The 

OncodriveFM algorithm
88

 ranks the mutations and their respective genes based on whether 

the mutation is likely to be a driver mutation. The MutSig algorithm
89

 identifies genes in 

which the mutations occur at a higher frequency than what is expected based on their 

lengths. A list of significantly mutated genes in prostate cancer was generated based on 

merged results from these two algorithms. This formed the basis of genes and mutations to 

be experimentally validated in the present thesis project (Appendix 2). 

3.2 Methods 

3.2.1 cDNA synthesis 

To synthesize the single-stranded cDNA needed as template in the RT-PCR, High 

Capacity cDNA Reverse Transcription Kit, (Applied Biosystems, CA, USA) was used. 

The reaction mix consisted of 10 x RT buffer, 25 x dNTP mix, 10 x RT random primers, 1 

μl MultiScribe reverse transcriptase, 4.2 μl nuclease free water and 2 μg total RNA input 

per reaction. The volume was adjusted to 20 μl with Milli-Q water. The mix was incubated 

on an MJ2 Gradient thermal cycler (BIO-RAD, CA, USA). First, incubation was set to 



Materials and methods 

_______________________________________________________________________ 

25 

 

25
o
C for 10 minutes. This was for the annealing of the random primers in the reaction mix. 

Then, the temperature was raised to 37
o
C for 120 minutes for synthesis of cDNA by the 

reverse transcriptase followed by termination of the reaction by raising the temperature to 

85
o
C for 5 minutes. During the incubation, all the RNA (2 μg) was reverse transcribed and 

the yield should therefore be 2 μg single-stranded cDNA. 

3.2.2 Polymerase chain reactions 

The polymerase chain reaction (PCR) is a highly effective and frequently used method in 

molecular biology studies to amplify short stretches of either DNA (PCR) or RNA (RT-

PCR). The method was first proposed in 1971 by Kleppe et al.
79

, but PCR as it is known 

today was defined by Mullis
90

, which was awarded the Nobel prize in Chemistry in 1993 

for his work on improving Kleppe’s method. Mullis applied thermal heat cycles, making it 

possible to amplify stretches of DNA not only one or two times, as Kleppe had done, but to 

obtain large amounts of the desired PCR product
91

. 

There are many variants of PCR, but in general, three separate steps – denaturing, 

annealing and extension, make up the reaction. In the first step, high temperature denatures 

the DNA double helix and thereby separating the two strands. For the primers to anneal to 

the DNA, the temperature is lowered. Primers anneal specifically to the template and these 

are used as a starting point for the polymerase. In the following final step, temperature is 

raised according to the optimal temperature for the enzyme, and the polymerase will 

elongate the primer sequence and create two complementary strands.  This procedure is 

repeated for many cycles and during each cycle of the PCR, the amount of product is 

increased exponentially until a threshold is reached (Figure 6). 

The online software Primer3plus
92

 was used to design all primers used in this work (see 

Appendix 1 for sequences and details) and purchased from Bionordika Bergman (Oslo, 

Norway). 

PCR and Reverse transcription PCR (RT-PCR) 

The HotStar Taq DNA polymerase Kit (Qiagen) was used for the PCR and RT-PCR. In the 

reaction mix was 1 x PCR buffer, 1.5 mM MgCl2, 0.2 mM of each of the dNTPs, 4.0 pmol 

of each of the two primers (specific primer pair for each investigated fragment), 1 unit of 
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the HotStar TAQ polymerase, 50 ng cDNA template and Milli-Q water to a total of 25 μl 

in each tube. The PCR was performed using an incubator with cycling conditions as 

follows: denaturing at 95°C for 15 minutes, then 30-35 cycles of denaturing at 95°C for 30 

seconds, annealing at specific temperatures for 1 minute and elongation at 72°C for 1 

minute. The procedure was ended with an extension period of 6 minutes at 72°C to allow 

final completion of any product that is only partially made and removal of any parts of the 

replication machinery left on newly synthesized cDNA. 

 

 

Figure 6. PCR AND RT-PCR. The initial step differs between PCR and RT-PCR. Whereas PCR starts with 

DNA as the initial template, RT-PCR starts with RNA and has to be reversely transcribed into cDNA before 

proceeding as a regular PCR. The last three steps are the same for both types of PCR, and when repeated 

multiple times, the endpoint, or PCR product, is amplified DNA. 

Real-time RT- PCR 

Real-time RT-PCR is used to quantify cDNA by monitoring the accumulation of PCR 

product cycle by cycle. In this thesis, sequence specific probes were used to report the 
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amount of PCR products, as described by Gibson in 1996
93

. In the TaqMan gene 

expression assays that were utilized, primers are designed as for a regular PCR and RT-

PCR, but with a probe in addition to detect product as it is made during the reaction cycles. 

The custom- or predesigned probes have a reporter dye attached to the 5' end and a non-

fluorescent quencher dye attached to the 3’ end. The quencher is so close to the reporter 

dye that it keeps it from detaching and thereby suppresses reporter fluorescence. A minor 

groove binder (MGB) is attached to the probe to raise the melting temperature to 

approximately ten degrees Celsius higher than the primers. This ensures annealing of the 

probe prior to the primer pair. The hydrolyzing probe is designed to anneal between the 

forward and reverse primers (Figure 7). 

The primer pair anneals to the template after the probe and the polymerase start the 

elongation. Eventually, during primer extension, the polymerase reaches the probe and its 

5’-3’ exonuclease activity degrades the probe. This releases the reporter dye, and separated 

from the quencher, the reporter dye can fluoresce. The fluorescence intensity therefore 

increases with the amount of PCR product. The first reaction cycle during which the 

fluorescence intensity passes a set threshold (a value set before the analysis) is denoted the 

Cycle threshold (Ct). The expression of a given gene, in a given sample, can therefore be 

represented by the Ct value. I.e., a low Ct indicates more starting material than higher 

values, and thus higher gene expression (Figure 7). 

All genes chosen as candidates for real-time RT-PCR in the subprojects presented in this 

thesis had available pre-designed TaqMan Gene Expression Assays (Thermo Fisher, CA, 

USA), except one assay which was designed to measure the expression of the exact 

chimeric boundary of the SLC45A3-ELK4 fusion transcript. To design primers for this 

particular assay, the Primer 3 software was used with default settings to fit the decided 

area. The probe was placed between the primers using default parameters given by the 

Primer express software (Applied Biosystems). 
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Figure 7. CHEMISTRY OF REAL-TIME RT-PCR 

(A) The primers anneal and elongation by the polymerase (P) starts after the MGB probe with attached 

Reporter fluorescent dye (R), non fluorescent quencher (NFQ) and minor groove binder (MGB) has annealed 

to the template. When the polymerase reaches the probe (B), the reporter dye is released by the 5’-3’ 

exonuclease activity in the polymerase. This leads to increase in fluorescence from the reporter dye, which 

increase exponentially with the accumulation of PCR product. 

Experimental assay 

RACE ready cDNA or regular cDNA synthesized from tissue samples and cell lines were 

used in the real time RT-PCR procedures. All reactions were carried out in 384-well 

optical reaction plates from Applied Biosystems. The TaqMan Universal Master Mix II, 

with Uracil-N-glycosylase (UNG) (2X; Thermo Fisher) was utilized along with the assays. 

UNG is an enzyme found in E.coli
94

, and is commonly used in PCR to eliminate amplicon 

carryover contamination. Pre-designed assays from Thermo Fisher contained both primers 

and probes and were added with a concentration of 1X. The total reaction volume in each 

well was set to 10 μl. The amount cDNA was set to 10 ng, and because cDNA obtained has 

a total concentration of 9 ng/µl or 50 ng/µl for RACEready cDNA and cDNA respectively, 

they were both diluted to 3.33 ng/µl. 3 μl of cDNA was added to reach a total amount of 10 

ng in each well. RNase free water (Sigma-Aldrich, USA) was added to the master mix to a 

total volume of 10 μl. 

Template was added to the 384-well plate by the use of the pipetting robot EpMotion 5075 

(Eppendorf, Hamburg, Germany). The master mix was distributed manually with a multi-

channel pipette. 
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Plates were sealed and, during incubation, fluorescence was measured on an ABI 7900HT 

Fast Real-time PCR System (Applied Biosystems). The first step was activation of UNG at 

50°C for 2 minutes followed by Polymerase activation at 95°C for 10 minutes. The 

denaturation of cDNA was performed at 95°C for 15 seconds in each cycle. This was also 

the case for annealing and extension, were the temperature was lowered to 60°C for 1 

minute. 

Analysis of gene expression assay results 

To check the effectiveness of the custom designed assay, a standard curve was produced 

by serially diluting PCR products. Two RACEready cDNA samples were run with the 

same amount per reaction of reagents as described for the RT-PCR. After completion of 

the PCR, 1 μl PCR product was diluted to 1:20 with RNAse free water. This was treated as 

a “non-diluted” sample in the series. Further, 2 μl was taken out of this “non-diluted“ 

sample and mixed with 18 μl H2O to a 1:10 dilution. This series continued until six 10x 

dilutions were obtained. Using the qPCR effectiveness calculator from Thermo Fisher
95

, 

the efficiency of the custom designed ELK4 assay was found to be 86 %. All samples were 

run in triplicates for both projects involving real time RT-PCR and analysis of two 

endogenous control gene assays, ABL1 and G6PD 
95

 were included in both studies. 

In analysis of TaqMan gene expression of the ETS factors, two parameters were applied to 

define the threshold for whether a given gene was overexpressed in a given sample: Firstly, 

the Ct value of a tumor sample had to be at least 1 unit below the Ct of the corresponding 

normal sample. Secondly, the Ct value of the tumor sample had to be lower than all of the 

included normal samples. 

3.2.3 Electrophoresis and Sanger sequencing 

Visualization and validation of the resulting PCR products was facilitated by separation by 

agarose gel electrophoresis and Sanger sequencing. 

Gel electrophoresis 

A 2% agarose gel was made by heating 8 g of agarose and 400 ml 1 X TAE buffer. After 

cooling, 4 drops of ethidium bromide was added to ensure visualization of the products 

under exposure to UV-light after running the gel. 10 μl of each of the different PCR 
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products were mixed with 3μl of xylene cyanol (loading buffer) and loaded into separate 

wells on a gel. Electrophoresis was performed for 30 minutes at 200 V. Pictures of the 

PCR products in the agarose gel were produced under UV light and captured using the 

Image Lab software (BIO-RAD). 

DNA sequencing 

The Sanger method was used to determine the nucleotide sequence of the PCR-products. 

This method uses fluorescently labeled dideoxynucleosides (ddNTPs) incorporated by the 

polymerase instead of the regular deoxynucleosides (dNTPs). Dideoxynucleosides has no 

3’-hydroxy group, and can therefore not make a bond to a new nucleoside in the growing 

chain. When incorporated, the dideoxynucleoside thereby terminates the sequence 

elongation. This will create numerous fragments with different lengths that can be run 

through an analyzer separating fragments differing in size by only one nucleotide.  

Fluorescence are attached to the ddNTPs and makes it possible for a sequencer machine 

with a laser to recognize which of the four different bases are at the end of each fragment 

length, and thereby determine the sequence of the whole fragment in question
96

. These 

fluorescent labels emit light at different wavelengths making it possible to visualize and 

separate the different bases from each other. The dNTPs and ddNTPs are part of the Big 

Dye Terminator premix (Qiagen) used in this thesis. The premix contains the dNTPs and 

ddNTPs. 

Sequencing reactions were performed in 96-well plates on a MJ tetrad (BIO-RAD). A mix 

of template (PCR-product), specific primer (forward or reverse), 5 X BDT (Big Dye 

Terminator) sequencing buffer, Big Dye Terminator v1.1 premix (HotStar Taq kit, Qiagen) 

and Milli-Q dH2O to a total volume of 10 μl was added to each well. The following 

sequencing program was applied: denaturing for 2 minutes at 96°C followed by 25 cycles 

of denaturing at 96°C for 15 seconds, annealing at 50°C for 5 seconds and elongation at 

60°C for 4 minutes. 

After the sequencing reaction, the products were purified, removing any unincorporated 

terminators, salts or other molecules left in the wells. To perform the purification, a Big 

Dye XTerminator Purification kit (Applied Biosystems) was used. 45 μl of SAM solution 

and 10 μl of Xterminator solution were added to each well and the plate was then vortexed 

for 30 minutes before a short centrifugation. The 96-well plate was sealed with septa and 
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inserted into the AB 3730 fully automated analyzer (Applied Biosystems). Here, a POP7-

polymer is filled into a 48-capillary array. The sequencing samples are loaded and 

separated according to size when they migrate through the capillaries. A laser beam inside 

the analyzer excites the dye molecules attached to each nucleotide fragment as the labeled 

fragments reach a detection window. This causes the labels to fluorescence in a certain 

color corresponding to the base on which the label is attached. Results obtained from the 

analysis are presented as electropherograms after being interpreted by the software 

Sequencing analysis v5.3.1 (Applied Biosystems). 

Translation of sequences 

To analyze and indicate potential functional implications of mutations, the Translate Tool 

(SIB Bioinformatics research portal)
97

 was used to translate the genomic nucleotide 

sequences into protein sequences. 
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4 Results 

4.1 Investigation of fusion transcripts in TCGA RNA-

sequencing data 

4.1.1 Validation of nominated fusion transcripts in cell lines 

A fusion gene discovery pipeline was utilized on prostate cancer RNA-sequencing data 

prior to this thesis. Altogether 21 fusions transcripts were nominated from the publicly 

available TCGA data
98

. Of these 21 fusion transcripts, five were investigated with RT-PCR 

and Sanger sequencing in six in-house cell lines. TMEM219-TAOK and FAM83H-

FAM83HAS1 with alternative breakpoint 1 were both positively validated in five out of six 

cell lines (Table 1). FAM83H-FAM83HAS1 with alternative break point 2 and ZNF551-

ZNF776 were both validated in all six cell lines. RT-PCR of SSBP2-CPNE4 gave no 

visible bands on a 2 % agarose gel in either of the six cell lines and a readable sequence 

could not be produced (Figure 8). 

Table 1. Expression of five novel fusion transcripts in six prostate cancer cell lines. Detectable 

expression - v; expression not detected - x. Abbreviation: BP; breakpoint. 

 

 

 

 

 VCaP DU145 PC3 22Rv1 NCI-H660 LNCaP 

TMEM219-TAOK 

 

 

v v v v x v 

FAM83H-FAM83HAS1 (BP1) v v v v x v 

FAM83H-FAM83HAS1 (BP 2) v v v v v v 

ZNF551-ZNF776 v v v v v v 

SSBP2-CPNE4 x x x x x x 
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Figure 8. Fusion transcripts in cell lines. (A) The results from PCR amplification of five fusion transcripts in 

six cell lines separated on a 2 % agarose gel. (B) Sequencing of the RT-PCR products seen in (A) are shown 

with ten base pairs upstream and downstream of the breakpoint. Abbreviation: BP; breakpoint 
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4.1.2 Real time RT-PCR expression analysis of ELK4 

Three different TaqMan gene expression assays were utilized to investigate whether the 

observed elevated expression of ELK4 exons 2 - 6
98

 was associated with the expression of 

the fusion transcript SLC45A3-ELK4. The three different assays measured expression in 

different parts of ELK4; assay 1 measured the expression of exon 1, assay 2 measured the 

expression of exon 2, and assay 3 measured the expression of the breakpoint between 

ELK4 and SLC45A3. As the breakpoint between the two genes most commonly is located 

in intron 4 of SLC45A3 and intron 1 of ELK4, expression of ELK4 exon 1 will solely come 

from the ELK4 promoter, whereas promoters of both SLC45A3 and ELK4 can regulate 

expression of exon 2. 

Both endogenous controls used in the real-time RT-PCR gene expression analysis were 

evaluated. They both showed an even expression pattern throughout the entire cohort, 

indicating little variation in the cDNA input from the different samples. As a result, 

differences in Ct values between samples will be a good indication of differences in 

expression. 

Expression of ELK4 exon 2 across all prostate tumor samples did not seem to correlate 

with the expression of exon 1 of ELK4 (p=0.43, Spearmans correlation test) (Figure 9A). 

Expression of ELK4 exon 2 was, however, significantly correlated (p=5.6e-11, Spearmans 

correlation test) with expression of the breakpoint region of SLC45A3-ELK4 (Figure 9B). 

Expression of ELK4 exon 1 compared to the expression of the breakpoint region of 

SLC45A3- ELK4 (Figure 9C) showed a significant difference. Expression of fusion 

transcript associated ELK4 was significantly higher than the expression of ELK4 exon 

1(Figure 9D). 
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Figure 9. Expression of ELK4 in tumor samples from 13 prostate cancer patients. (A) Correlation 

between expression of ELK4 exon 2 (y-axis) and ELK4 exon 1 expression (x-axis). (B) Correlation between 

expression of ELK4 exon 2 (y-axis) and expression of the SLC45A3-ELK4 fusion. (C) Comparison of 

expression of ELK4 exon 2 (part of both SLC45A3-ELK4 and ELK4) and ELK4 exon 1 (part of ELK4). (D) 

Comparison of expression of SLC45A3-ELK4 fusion and ELK4 exon 1. 

The expression analysis revealed no significant difference in expression between tumor 

and benign samples for any of the three investigated locations (Figure 10). Even though the 

expression was not significantly different, tumor samples seem to have a larger expression 

range than benign samples in all assays. 
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Figure 10. Comparison of average expression of ELK4 in tumor and benign prostate samples. 

Expression of (A) ELK4 exon 1, (B) ELK4 exon 2, and (C) SLC54A3-ELK4 breakpoint in both tumor and 

benign samples. In all three plots, expression is given with Ct values on the y-axis and the different groups on 

the x-axis. 

To investigate the heterogeneity in ELK4-expression between patients and different tumor 

foci, all samples were plotted patient-wise and colored differently according to foci and 

tumor/benign sample (Figure 11). None of the assays showed differential expression 

between tumor foci (Paired t-test, p=0.67, p=0.83, and p=0.47 for the assays in exon 1, 

exon 2 and breakpoint, respectively). 
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Figure 11. Expression of ELK4 in both tumor and benign prostate samples. Gene expression is given in 

Ct values (y-axis) for 13 different patients (x-axis). (A) Expression of ELK4 exon 1. (B) Expression of ELK4 

exon 2. (C) Expression of breakpoint region of SLC45A3-ELK4.  The different colors on the bars indicate 

whether the sample is from tumor focus 1, 2 or 3, or if it is a benign prostate sample (figure legend). 
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4.2 Validation of putative fusion transcripts from RACE 

sequencing 

The fusion transcripts investigated in this part of the thesis were nominated from RACE 

sequencing analysis. In all assays, the forward primer was designed to anneal to the 5’ 

upstream fusion gene partner and the reverse primer to the 3’ downstream fusion gene 

partner. To investigate a fusion transcript nominated in one sample, all available samples 

from the same patient were included in the validation. After gel electrophoresis separation 

and visualization of all PCR products, three out of the 16 nominated fusion transcripts 

were validated (Figure 12), all of these known from before. TMPRSS2-ETV1 was validated 

in two out of the four samples investigated for that fusion. MRPS10-HPR was validated in 

the prostate cancer cell line LNCaP, and UBE2L3-KRAS was validated in cell line DU145. 

 

Figure 12. Analysis on RACE-nominated fusion transcripts. The results after PCR amplification of 16 

different fusion transcripts separated on a 2% agarose gel. All fusions were tested in all tumor and benign 

samples from either one or two patients. Names of putative fusion transcripts investigated in each well are 

indicated below every row. Abbreviations: L; 100 bp sizes ladders and N; negative PCR control. 
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For two of the nominated fusion transcripts that could not be validated, primers were tested 

to ensure functionality. This was performed by running a RT-PCR where each fusion 

primer was used in combination with a control primer annealing within the same gene as 

the corresponding fusion primer (Figure 13). 

 

Figure 13. Positioning of primers for fusion transcript validation and for assay control. 5’ and 3’ fusion 

primers were used on each side of the breakpoint to detect fusion transcripts between gene A and B. When no 

PCR products were produced, the primers were controlled by testing together with control primers (3’ and 5’ 

control primers, respectively) to see if the fusion primer produces a visible band in its original gene. 

The controls were run in two patient samples (one tumor and one benign sample) in 

addition to one cell line; DU145. All primer pairs were found to be working, as all control 

assays yielded positive results for at least one sample (Figure 14). In addition to this primer 

control runs, a different input amount of cDNA was tested and, ultimately, a temperature 

gradient RT-PCR. 

 

Figure 14. Primer control gel electrophoresis results. Assays with control primers targeting SPIDR, FLI1, 

RPRD1 and ELK4 were included in addition to assays with the fusion transcript primer pair in two patient 

samples and one cell line (DU145). The first RT-PCR, from SPIDR-FLI1 shows that no RT-PCR product  were 

produced. The same result is found in the second RT-PCR (RPRD1-ELK4). The four last RT-PCRs show 

control assays for each of the four fusion primers targeting SPIDR-FLI1 and RPRD1-ELK4. Abbreviations: L, 

100 base pairs sized marker; T, tumor; B, benign; CL, cell line; N, negative PCR control. 
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4.3 Mutation analysis from exome sequencing 

In total, 11 genes were chosen to be investigated with PCR and Sanger sequencing based 

on the exome-sequencing results. These were chosen either because they were known from 

the literature to be commonly mutated in prostate cancer (FOXA1, MED12, SPOP and 

IDH1), because they seemed to be recurrently mutated after our in-house exome-

sequencing analysis (ADAM21, CLEC18B, NBPF1, KRTAP10-4, FRG2C and FGD5) or 

because of an interesting function (ERF – an ETS transcription factor). All samples from 

one patient in which a mutation was nominated were investigated. 

In total, mutations were positively validated in five out of the 11 investigated genes 

(FOXA1, MED12, SPOP, IDH1 and ERF). 

For the gene FOXA1, mutations were nominated in nine different samples at seven 

different locations, and validated in eight samples from seven foci in total (example in 

Figure 15, the rest is shown in Appendix 4 – Mutation analysis results). 

 

Figure 15. Electropherogram from Sanger sequencing of PCR products from gene FOXA1. (A) 

Sequence without mutations. (B) Substitution of cytosine with a thymine in mutated sample gives a clear 

double peak where the mutation occurs. The mutation is marked with a black frame in the lower sequence. 
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After exome sequencing, six different mutations in 12 samples were nominated in MED12. 

Out of these, eight were validated in their proposed sample from six foci (examples in 

Figure 16, the rest are shown in Appendix 4 – Mutation analysis results ). 

 

Figure 16. Electropherogram from Sanger sequencing of PCR products from gene MED12.  Both (A)(B) 

are examples of substitutions. Mutation is marked with a black frame in the lower sequence. Upper 

electropherogram shows normal sequence, lower electropherogram shows the mutated sequence. 
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The gene SPOP had five different nominated point mutations in six different exome 

sequenced samples. Mutations were validated in all samples nominated (example in Figure 

17B, the rest are shown in Appendix 4 – Mutation analysis results). 

 

Figure 17. Electropherogram from Sanger sequencing of PCR products from gene SPOP. (A) Sequence 

without mutations. (B) Substitution of thymine with an adenine.  Mutation is marked with a black frame in (B). 
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IDH1mutations were nominated in two samples from the same patient and validated with 

PCR and Sanger sequencing in both of them (Figure 18). 

 

Figure 18. Electropherogram from Sanger sequencing of PCR products from gene IDH1. (A) Sequence 

without mutations. (B) Substitution of cytosine with a guanine in mutated sample gives a clear double peak 

where the mutation occurs. The mutation is marked with a black frame in (B). 
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Mutations in the ETS transcription factor gene ERF were validated in five out of five 

nominated samples from three patients. The validated mutations were of three different 

types. Either, the mutation was an insertion of an extra G (chr. 19, position 42,249,232; 

Figure 19A), the mutation was the substitution T G (chr. 19, position 42,254,976; Figure 

19B) or lastly, a GA mutation (chr. 19, position 42250398; Appendix 4 – Mutation 

analysis results). 

 

Figure 19. Electropherogram from Sanger sequencing of PCR products from ERF. Upper 

electropherogram shows normal sequence, lower electropherogram shows the mutated sequence. (A) 

Example of insertion of a guanine. (B) Example of substitution. The mutation is marked with a black frame in 

the lower sequence. 

Two genes, ADAM21 and CLEC18B, had 7 and 6 samples with nominated mutations, 

respectively. In both of these genes, all nominated samples showed a double peak on the 

electropherogram, but at the same time, so did all other samples investigated from the 

patients with nominated samples (Figure 20 and Figure 21). 
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Figure 20. Electropherogram from Sanger sequencing of PCR products from ADAM21. (A) Sample 

without nominated mutation, but apparently mutated. (B) Sample with nominated mutation. Apparent 

mutations are marked with a black frame. 

 

Figure 21. Electropherogram from Sanger sequencing of PCR products from CLEC18B. (A) Sample 

without nominated mutation, but apparently mutated. (B) Sample with nominated mutation. Apparent 

mutations are marked with a black frame. 
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For four genes (FRG2C, FGD5, NBPF1 and KRTAP10-4) with nominated recurrent 

mutations in several samples, no mutations could be validated (exemplified with NBPF1 in 

Figure 22).  FRG2C, FGD5 and KRTAP-10-4 examples are shown in Appendix 4 – 

Mutation analysis results. 

 

Figure 22. Example of electropherogram from Sanger sequencing of PCR products from NBPF1. (A) 

Sanger sequencing result of sample without nominated mutation. (B) Sanger sequencing result of sample with 

nominated mutation. Both samples are from the same patient and putative mutation sites are marked with a 

black frame around the base where the mutation was nominated. 
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4.4 Identification of ETS factor aberrations in prostate cancer 

4.4.1 TMPRSS2-ERG fusion transcript analysis 

By RACE sequencing of samples from 13 different patients, expression of TMPRSS2-ERG 

fusion transcripts were nominated in a total of 18 samples from ten of the patients. RT-

PCR of this particular fusion, followed by detection on agarose gel electrophoresis, was 

performed on cDNA (either RACEready or regular cDNA) from all 159 prostate cancer 

samples in duplicates. Primers were chosen so that these spanned all nominated 

breakpoints. 

After gel electrophoresis of the PCR products mentioned in chapter 3.2.4, 68 out of 159 

samples, both benign and tumor (43 %) produced a visible band on a 2 % agarose gel after 

PCR (Examples in Figure 23 and complete overview in Appendix 5 – TMPRSS2-ERG 

detection results).  In total, 54/116 (47 %) tumor samples in 46/91 foci (40 %) and 30/43 

patients (68 %) harbored the fusion. Interestingly, divergence were found in four foci (9 

%), in which one sample had TMPRSS2-ERG and one sample did not. 

 

Figure 23. Gel electrophoresis visualization after RT-PCR of TMPRSS2-ERG fusion. This figure shows 

examples of two agarose gel rows after gel electrophoresis of TMPRSS2-ERG RT-PCR products. In this 

figure, 48 samples (both benign and tumor samples) with 16 wells harboring visible bands of three different 

lengths are shown. Abbreviation:   L; 100 base pairs sized marker. 

After visualization on agarose gels, bands representing fragments of three different lengths 

were seen; the longest one of about 400 base pairs is seen in wells 7-10 and 20 in Figure 
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23, upper gel), an intermediate band of about 250 base pairs (wells 15-17 and 19, Figure 

23, upper gel) and a small fragment at about 100 base pairs (well 18, Figure 23, lower gel).  

All three fragment lengths were analyzed and breakpoints were validated with Sanger 

sequencing (Figure 24). 

 

Figure 24. Sanger sequencing of three different TMPRSS2-ERG fragments. Validation of the three 

different fragment lengths where TMPRSS2 exon 1 is fused to  ERG exon 2 (ENST00000398910, A),  exon 4 

(ENST00000398910, B), and exon 2 (ENST00000485493, C). Breakpoints are marked with a vertical black 

line. 

4.4.2 Expression analysis of ETS factors 

The expression of four ETS factors (FLI1, ETV1, ETV4 and ERG) was analyzed with real-

time RT-PCR in 159 samples. Two cut-off parameters were applied to decide whether a 

gene was overexpressed in a tumor sample or not. First; Ct values had to be at least 1 Ct 

value below the corresponding benign sample for the investigated sample, and second; Ct 

value had to be lower than the highest expressed benign sample. However, if the highest 

expressed benign sample had a Ct value of less than 28, this was considered as an outlier, 

and the second lowest Ct value among the benign samples was utilized as a cut-off. 
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The ETS transcription factor FLI1 was found to be overexpressed in one out of 116 tumor 

samples. No overexpression was detected in any of the prostate cancer cell lines or in 

benign samples (Figure 25). 

For ETV1, overexpression was found in nine tumor samples for six tumor foci in six 

different patients in addition to three cell lines and one benign sample (Figure 26). 

ETV4 overexpression was found in two tumor samples in addition to two cell lines (Figure 

27) For ETV4, both of the tumor samples were from the same focus in one patient. 

ERG overexpression was found in 32 tumor samples, one cell line and one benign sample. 

The tumor samples overexpressing ERG were from 20 different patients and a total of 27 

tumor foci (Figure 28). 

 

 

Figure 25. FLI1 real-time RT-PCR data in a series of clinical prostate cancer samples with matching 

benign samples and six different prostate cancer cell lines. In total, only one sample was found to 

overexpress FLI1 after applying the two cut-off parameters (above black line). 
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Figure 26. ETV1 real-time RT-PCR data in a series of clinical prostate cancer samples with matching 

benign samples and six different prostate cancer cell lines. In total, nine samples was found to 

overexpress ETV1 after applying the two cut-off parameters (above black line). 

 

 

Figure 27. ETV4 real-time RT-PCR data in a series of clinical prostate cancer samples with matching 

benign samples and six different prostate cancer cell lines. In total, two samples was found to 

overexpress ETV4 after applying the two cut-off parameters (above black line). 
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Figure 28. ERG real-time RT-PCR data in a series of clinical prostate cancer samples with matching 

benign samples and six different prostate cancer cell lines. In total, 32 samples was found to overexpress 

ERG after applying the two cut-off parameters (above black line). 
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4.4.3 Subtyping of multifocal prostate cancer 

After obtaining results of mutational status, TMPRSS2-ERG fusion and ETS factor 

overexpression in all samples from 43 patients, this information was concatenated to 

subtype prostate tumors according to the TCGA-molecular subtyping (explained in Section 

1.4, Figure 29). 

 

Figure 29. Molecular traits in prostate cancer tumor samples. Sample wise overview of investigated 

molecular traits in prostate cancer tumor samples, arranged by frequency. 

Briefly, the seven subtypes are based on the fusion or overexpression of four different ETS 

factors (FLI1, ETV1, ETV4 and ERG) or mutation in one of three genes (FOXA1, SPOP 

and IDH1). 41 tumor samples had no molecular trait defined by the TCGA as a unique 

subtype, introduced in chapter 1.4. In total, 32 (35 %) foci did not have any of the 

molecular traits that define a subtype. 48 foci (53 %) fit into only one out of the seven 

groups. Eleven foci (12 %) had conflicting traits because one out of two samples had 

different molecular traits or no molecular traits at all while the other one had. For patients, 

eight patients (19 %) did not have any of the molecular traits that define a subtype. 15 

patients belong to only one group (35 %). 20 patients (46.5 %) had molecular alterations 

fitting into two or more of the subtypes proposed by the TCGA (Figure 30). 



Results 

_______________________________________________________________________ 

53 

 

The percentage of tumors falling into only one group are as follows: ERG – 77 %, ETV1 – 

4.2 %, ETV4 - 0 %, FLI1 – 0 %, SPOP – 6.3 %, FOXA1 – 10.4 % and IDH1 – 2.1 %.  Note 

that these numbers are percentage of the tumors falling into only one category (n=48). 
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Figure 30. Overview of mutations, expression of TMPRSS2-ERG and ETS overexpression in all 

investigated patients. Each row represents one tumor sample, grey and black color indicate different tumor 

foci. Fill colors and patterns represent mutations, TMPRSS2-ERG, and ETS overexpressions investigated in 

this thesis. Green sample name means that the focus can be fitted into one group only based on the molecular 

traits of the sample. Yellow sample name means that the focus fits into more than one group based on the 

molecular traits of the sample and red colored sample name means that the sample has no subgroup defining 

trait. Note that ERF and MED12 alterations are not part of the TCGA subtyping.  Abbreviations: P; patient, F; 

focus, Fus; fusion, Overexp; overexpression, Mut; mutation
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5 Discussion 

The aim of this thesis was to better understand the heterogeneity in multifocal prostate 

cancer by analyses of genomic and transcriptomic traits and the heterogeneity of these 

within separate tumor foci. The investigation of different genomic abnormalities on a 

multifocal level, gives thorough insights into what is driving the cancerous process within 

a patient, which might be valuable on the road towards developing new diagnostic tools 

and personalized treatment. 

5.1 Exploration of fusion transcripts from RNA sequencing 

5.1.1 Novel fusion transcripts in prostate cancer cell lines 

A TCGA RNA sequencing dataset was analyzed and five novel fusions were investigated 

with RT-PCR and Sanger sequencing (TMEM-TAOK2, FAM83H-FAM83HAS with two 

different break points and ZNF551-ZNF776). All of the nominated fusion transcripts were 

intrachromosomal, except SSBP2-CPNE4, which is interchromosomal (chromosomes 5 

and 3 respectively). The novel intrachromosomal fusion transcripts were all thought to be 

the result of polymerase read-through mechanisms
98

. Normally, in transcription of genes, 

the polymerase starts at a transcription start site in one gene and finishes at a termination 

site at the 3’ end of that same gene. In a read-through event, however, the polymerase skips 

the termination site in the upstream gene and continues the transcription all the way down 

to the termination site in the adjacent downstream gene. Further on, the splicing machinery 

splices out the intergenic region, just like an intron, and the result is the fusion of two 

genes
99

. 

The validated TMEM-TAOK2 fusion consists of two genes, both known to have impact on 

apoptosis
100,101

. Apoptotic avoidance is one of the previously mentioned hallmarks of 

cancer
18

, and rearrangement of genes involved in apoptosis might have cancerous 

consequences for the cell. The present transcript variant was found to include the 

transmembrane domain of TMEM219 and threonine/serine kinase domain of TAOK. 

One of the fusion partners in the FAM83H-FAM83HAS fusion, FAM83H, was recently 

found to be upregulated in colorectal cancers, thought to have an impact on invasion of 
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colorectal cancer cells
102

. The fusion transcripts detected in this thesis had two different 

breakpoints (Figure 8). Although Breakpoint 1 showed no clear bands on the agarose gel, a 

nice sequence was obtained in the Sanger sequencing of the RT-PCR products. One 

outcome of such fusions, could be acquired invading properties, which in turn might lead 

to metastasis in an aggressive tumor. 

The validated fusion transcript ZNF551-ZNF776 involves two Zinc finger proteins, both 

involved in transcriptional regulation. Fusion of such transcription factors might lead to 

dysregulated transcription and possibly altered expression of cancer related genes
103

. 

The interchromosomal putative fusion transcript SSBP2-CPNE4 was the only fusion that 

was not validated in either of the cell lines. The 5’ fusion partner SSBP2 is known from 

before as a tumor suppressor gene, associated with better survival in glioblastomas
104

. One 

possible reason for not detecting this fusion transcript could be the diverging sensitivity 

between RNA sequencing and Sanger sequencing. A low allele frequency of the fusion 

transcript might be picked up by the RNA sequencing analysis, but not by the methods 

used in the laboratory work in this thesis. 

5.1.2 Expression of SLC45A3-ELK4 and ELK4 

SLC45A3-ELK4 is a fusion transcript consisting of two genes, both located on 

chromosome 1, found to be expressed in both prostate cancer and benign prostate tissue
105

. 

The fusion transcript is thought to be the result of a read-trough event, as described in the 

previous chapter of this thesis, and its presence in prostate cancer samples has been 

associated with cell growth and proliferation, as knock down of the chimeric transcript 

revealed reduced growth
106

. 

Real time RT-PCR expression analysis of ELK4 showed that the elevated expression of 

exon 2 in fusion positive tumor samples correlates strongly with the expression of the 

known fusion transcript SLC45A3-ELK4 (Figure 9A and B).  ELK4 expression is known to 

be upregulated in prostate cancer
107,108

 and correlation between the detected fusion 

transcript and expression of ELK4 exon 2 indicates a possible mechanism for the reported 

upregulation as gene fusions often result in increased expression of the 3’ downstream 

partner
38

. The significant difference in expression of ELK4 exon 1 and ELK4 exon 2 and 
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furthermore between ELK4 exon 1 and ELK4-SLC45A3 underscores the correlation (Figure 

9C and D). 

Despite the detection of SLC45A3-ELK4 expression in both benign and cancerous prostate 

tissue, differences in expression between benign and tumor samples are reported in the 

literature. It has, in fact, been suggested that SLC45A3-ELK4 might be a potential 

biomarker for prostate cancer
105,108

, both due to this reported difference, but also because 

expression of SLC45A3 is highly prostate specific
72

. In this thesis, however, no such 

significant difference in expression of SLC45A3-ELK4 between benign and tumor prostate 

samples were found, which might contradict the proposed prostate cancer biomarker 

potential of the fusion transcript. To some extent, contradicting results has also been 

reported in the literature, where fusion transcript expression is not restricted to tumor 

samples
109

. Albeit no significant difference was found, the range between the highest and 

lowest expression value of ELK4 for all three assays were much larger in tumor samples 

than in benign prostate tissue. This is probably due to the difference in sample numbers (13 

benign samples and 39 tumor samples). Investigation of ELK4 expression between prostate 

cancer foci in the same patient in this thesis, showed no significant difference. This 

indicates that there is no substantial intra- or interfocal heterogeneity in ELK4 expression. 

5.2 Putative fusion transcripts in prostate samples and cell lines 

Out of the 16 nominated fusions from 13 different patients, three were known from before 

(TMPRSS2-ETV1, MRPS10-HPR and UBE2L3-KRAS 
58,110,111

) and the rest were novel. 

TMPRSS2-ETV1 fusions in prostate cancer have been reported with prevalence from 1 - 7 

% 
59,71,112

 and were detected with a comparable frequency in this study with two samples in 

one focus (1%) from the same patient expressing it (Figure 12). Both of these samples 

were found to overexpress ETV1 in the real-time gene expression investigation of 

ETV1.This is further elucidated in the discussion of ETV1 overexpression. 

The fusion gene MRPS10-HPR has previously been reported in one cell line, detected and 

validated with transcriptome sequencing, real-time RT-PCR and FISH respectively
110

. In 

this thesis, MRPS10-HPR is detected in only one cell line, the same cell line in which it 

was reported (LNCaP). However, it has not been detected in any tumor samples, neither in 



Discussion 

_________________________________________________________________________ 

58 

 

the work for this thesis or by any other study. This could indicate that the fusion gene 

MRPS10-HPR is the result of private rearrangement found only in this particular cell line. 

The third validated fusion transcript in this subproject was UBE2L3-KRAS (Figure 12), 

reported in the literature as the first oncogenic KRAS fusion. As in this thesis, the fusion 

was also reported in the prostate cancer cell line DU145
111

. Interestingly, this particular 

fusion has also been found metastatic prostate cancer, and it follows that investigation of 

this fusion in prostate cancer samples might give information about tumor aggressiveness. 

However, this can only be applied to a few prostate tumors, due to the rare incidence of 

this particular fusion, detected in only 2/62 metastatic prostate cancers in addition to one 

cell line from the previous mentioned study. 

The majority of the nominated fusion transcripts from RACE sequencing analysis remain 

to be validated, as they could not be detected during the work with this thesis. The reason 

for this was initially thought to be primer related. In fusion transcript detection, there will 

always be some uncertainty tied to the functionality of the primers. Unless the fusion is 

known to be present in one sample, one cannot check whether the primers work together 

before the RT-PCR. Applying primer control PCRs, like it was done in this study, provides 

certainty only to some extent. In this present work, the primer control runs showed that the 

primers used in two fusion transcripts were working separately (Figure 14). Thus, non-

functioning primers can most likely be ruled out as a source of error at least for these two 

fusions. 

Another primer trait that could have been the source to not detecting fusions is the melting 

temperature. The melting temperature is defined as the temperature where 50 % of the 

DNA duplex will be single stranded and can therefore be thought of as a measure of the 

stability of the DNA. In a double helix, there will be tighter bonding between C and G in 

the genetic code – three hydrogen bonds instead of two, which is the case for A and T. 

Thus, a high percentage of the two first bases will give a higher melting temperature. As a 

consequence of this, the annealing temperature of the primers will be different according to 

the nucleotide composition. An annealing temperature which is too low will probably lead 

to a lot of mismatch and unspecific binding of primers on the template, and oppositely, a 

too high annealing temperature could lead to insufficient primer-template hybridization. 

The temperature gradient PCR mentioned in chapter 4.2 was applied after the primer 
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control run to investigate whether some annealing temperatures gave a PCR product 

detectable on an agarose gel. 

As a third possible solution to the lack of fusion transcript detection, the amount of cDNA 

put into the PCR was increased. 

5.3 Mutations in prostate cancer samples 

All of the mutations put up for investigation were nominated from the 20 top hits after 

filtering with 2 different bioinformatical algorithms (chapter 3.1.3 and Appendix 3 – Table 

of identified mutations). 

ERF mutations were validated at three different locations and in five samples and three 

foci (3 %)(Figure 18 and Appendix 4 – Mutation analysis results). This particular gene was 

chosen because of its function, an ETS transcription factor, strongly associated with 

transcriptional repression. It is suggested that obstruction of ERF might underlie 

tumorigenesis
113

, and recently, loss of function mutations in ERF was reported in 5 % of 

localized prostate cancer cases in African-American patients and 3-5 % of lethal castration 

resistant  prostate tumors 
114

. The insertion of an extra nucleotide in ERF seen in Figure 

19A creates a frameshift in two different samples, which in turn might lead to an early stop 

codon and a truncated protein. A substitution in a splice site (Appendix 4 – Mutation 

analysis results) is altering the specific sequence recognized by the splicing machinery in 

the cell, which might cause a miss-splicing event in the gene and possibly inclusion of a 

whole intron in the transcript. Lastly, a missense mutation (Figure 19B) changing an amino 

acid might lead to altered protein function if located in certain protein domains altering 

binding specficity etc. In ERF, the observed missense mutation alters the amino acid in 

position 64 (A64T), which is inside the DNA binding domain of ERF (position 27-107 – 

UniProt entry P50548). The results obtained in the work wth this thesis are comparable 

with what is reported in the literature (3 % and 5 % respectivly). 

The forkhead box family of transcription factors, which FOXA1 is part of, is known to be 

transcriptional activators and chromatin binding proteins. Amplification of this particular 

gene is reported in several cancers, and suppression of its function has been related to cell 

cycle arrest and inhibition of cell growth
115-117

. Mutations are reported with 4 % frequency 

in prostate cancer
73,118

. In the investigations for this thesis, four different types of FOXA1 
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mutations were nominated in nine different samples. Mutations in eight of these samples 

were validated (7 %)(Appendix 3 – Table of identified mutations). Four of the validated 

mutations were missense mutations, all except one altering amino acids in the DNA 

binding domain of FOXA1 (position 157-264 – UniProt entry P55317; Figure 15 and 

Appendix 4 – Mutation analysis results). As FOXA1 binds to chromatin, changing of 

amino acids in the DNA binding domain of the protein might lead to transcriptional 

alterations. Two different deletions were nominated in FOXA1 – one in-frame deletion of 

nine nucleotides and one frame shift deletion (Figure 15 and Appendix 4 – Mutation 

analysis results). The frame shift deletion might have similar consequences as the missense 

mutations mentioned above, as alteration of amino acids could modify protein function or 

create an early stop codon. The in-frame deletion, however, only removes three amino 

acids, truncating the protein, but not in the same way as a nonsense mutation. In-frame 

deletions might impact both the function of the protein or the three dimensional structure 

after protein folding. The last mutation nominated was a silent mutation, but this was not 

detected in the nominated sample, and would not have had any functional implications as it 

would not change any amino acid codon. 

MED12 has previously been reported to perturb CDK8 modulation of transcriptional 

programs linked to, among others, p53 and androgen signaling and found to be upregulated 

in 70 % of uterine benign tumors; leiomyomas
119,120

. The previously reported frequencies 

of MED12 mutations in prostate cancer are between 2 - 5 %
57,73

. In the sample material 

used in the work with this thesis, MED12 was nominated with six different mutations in 12 

tumors samples, one of them a reported recurrent CT mutation leading to a L1224F 

variant
57

. However, only eight out of these nominated mutations was validated (7 % of 

tumor samples). All of the validated mutations were missense mutations with amino acid 

alterations, and the before mentioned L1224F mutation was found in four different samples 

from three tumor foci. 

SPOP mutations are reported in between 6 and 15% of prostate cancers
57,73

. It is a putative 

oncogene, able to modulate repression of transcription through ubiquitination of target 

molecules
121,122

. The substrate recognizing MATH locus (position 31-161, UniProt entry 

O43791) of SPOP seem to be especially prone to mutations
123

. Quite recently, SPOP was 

also identified as a modulator of DNA DSB –repair; thus causing genomic instability upon 

mutation and responsive to DNA damaging therapeutics such as PARP-inhibitors
124

. 



Discussion 

_________________________________________________________________________ 

61 

 

Mutation in SPOP is thought to provide an oncogenic effect by promoting the error prone 

non homologous end joining DSB repair pathway (introduced in chapter 1.2.2). In our 

sample material, five different SPOP mutations were found in six tumor samples (5 %). All 

of the five different SPOP point mutations identified in the present thesis were inside the 

MATH locus of the gene (affected amino acids are shown in Appendix 3 – Table of 

identified mutations) and might therefore have functional implications. 

Finally, IDH1 mutations are reported in about 1 % of prostate tumors
73,125

. Mutations in 

specific codons (R132 in prostate cancer) are associated with loss of wildtype function of 

the protein Isocitrate dehydrogenase encoded by IDH1, leading to DNA hypermethylation 

and increased angiogenesis. Both these features are known to be part of tumorigenesis and 

malignant growth
18

. IDH1 point mutation is also associated with early onset and DNA 

hypermethylation in other cancers like gliomas and acute myeloid leukemia, possibly 

treatable by IDH1 inhibitors
126

. Our finding is in concordance with what is known from 

before, with detection of mutation in two samples from the same patient (1 % of tumor 

foci) in codon R132. 

For four putative mutated genes (FRG2C, FGD5, NBPF1 and KRTAP10-4), no mutations 

were detected in any of the investigated samples, although nominated as recurrent. The 

reason for this might be the difference in sensitivity between HTS and PCR analysis. For 

most of the nominated recurrent mutations that was not validated, allele frequencies were 

low and possibly outside the range likely to be identified with traditional Sanger 

sequencing
127

. 

Two investigated genes, ADAM21 and CLEC18B, appeared to be mutated in all 

investigated samples, both benign and tumor samples as well as nominated and non-

nominated samples (Figure 20 and Figure 21). 

ADAM21 is reported as a testis specific membrane metalloprotease
128

 and some ADAM-

proteins are reported overexpressed in cancer with functional implications on cell 

proliferation and progression
129

. All seven samples with nominated ADAM21mutations 

harbored the nominated point mutation at the exact same position in addition to all other 

samples from the same patients. 
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For CLEC18B the same mutational pattern as seen in ADAM21 was observed and much 

homology both intra- and interchromosomal homology, might be an explanation for this. 

Using BLAT
130

 and entering the sequence 100 base pairs upstream and downstream of the 

putative mutation gave nine almost identical sequence hits in hg19 (between 97 and 100 % 

sequence match). 

Both of these two nominated genes had no real positive mutations, but were picked up by 

the exome sequencing analysis pipeline prior to the wet-lab validation nevertheless. 

Because of these detected false positives, the bioinformatical pipeline was altered so that it 

no longer picks up false positives as observed in ADAM21 and CLEC18. These findings 

clearly show the importance of wet-lab validations as solely sequencing analysis would 

have included false positives in this case. 

5.4 Known aberrations and molecular subtyping 

5.4.1 ETS factor gene expression analysis 

ETS transcription factors are frequent downstream fusion partners in prostate cancer and 

often found overexpressed as a result of this
58,60,131

. In analysis of the TaqMan gene 

expression real time RT-PCR results, two different cut-off parameters were set (described 

in chapter 4.4). For a gene to be reckoned as overexpressed, the expression of the 

investigated gene had to be one Ct value below (i.e. twice as much starting material) its 

own benign sample. In addition, the Ct value had to be lower than the lowest benign 

sample except for benign samples thought of as outliers. Based on the expression plots, 

such outliers could easily be spotted and benign samples with a clear outlier profile, as 

seen for FLI1, ETV1 and ERG was decided to not be part of the cut-off.  

Fused to EWSR1 in 85 % of tumor samples in Ewing’s sarcoma, FLI1 is the most frequent 

ETS factor involved in fusions in that cancer type
132

. Although FLI1 in prostate cancer has 

not yet been extensively studied, it has been reported as a transcription factor involved in 

gene fusions with upstream partner SLC45A3 possibly causing overexpression
71

. TaqMan 

gene expression analysis of FLI1with the chosen cut off parameters in 116 tumor samples 

and matching benign samples showed overexpression of FLI1 in one tumor sample (1 

%)(Figure 25).The TCGA reports overexpression of FLI1 in 1 % of samples, which is 
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consistent with the  findings in this thesis. The overexpressed sample shows an almost 5 

times increase of FLI1 compared to the average expression in benign samples. However, 

this sample is not RACE sequenced, and thus no potential fusion has been nominated as a 

possible underlying mechanism for the overexpression.  

Tumors with fusion involving ETV1 or overexpression of ETV1 are defined by the TCGA 

as a distinct molecular subtype of prostate cancer
73

 (Chapter 5.2). ETV1 overexpression has 

previously been reported in 8 % of tumor samples
71

 and TaqMan gene expression analysis 

on the sample cohort investigated in this study, showed ETV1overexpression in 9/116 

tumor samples (8 %). Furthermore, fusion with the androgen regulated gene TMPRSS2 was 

detected in two tumor samples from the same patient (Figure 12). These two samples were 

among the samples showing the highest expression values of ETV1. 

ETV4 overexpression has previously been reported in prostate cancer
70

 and the TCGA has 

defined ETV4 overexpression and fusions in prostate cancer as an own subgroup, with 

overexpression or fusion in 4 % of tumors. In addition to this, ETV4 is identified with a 

role in advanced metastatic progression of prostate cancer, and furthermore as a possible 

target to avoid cancer metastasis
133,134

. In our study, two samples from one focus (1 % of 

foci) were found to overexpress ETV4. Compared to their corresponding benign sample, 

expression was 420 and 120 times higher, respectively. Neither of the two samples has 

been RACE sequenced; thus no fusion is nominated in these samples. Other studies have 

reported ETV4 outlier expression in 1.5 % localized prostate tumors
71

, which is quite 

consistent with our own results. The fact that ETV4 is proposed as a prominent part of 

advanced and aggressive tumor progression might indicate that the overexpressing foci 

will be more aggressive. 

In this thesis, both TMPRSS2-ERG fusion and overexpression of the downstream were 

investigated in the same sample cohort (116 tumor samples with corresponding benign 

samples). Comparison between the two and investigation of overlapping results might be 

interesting since we know from before that overexpression and fusion are strongly 

correlated
135

. According to the results in this thesis, ERG was overexpressed in 32/116 

tumor samples (28%), and 27/91 foci (30 %), but expression was also detected in normal 

samples. Out of the 32 overexpressed tumor samples, 31 (97 %) were found express 

TMPRSS2-ERG. This is in concordance with what is known from the literature, that a 
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prominent mechanism for ERG overexpression is fusion
58

. The one sample with 

overexpressed ERG, but without TMPRSS2-ERG fusion did not have any other fusion 

candidates nominated from RACE sequencing analysis. There probably is another 

underlying overexpressing mechanism of ERG in this sample, e.g. an alternative promoter 

or a copy number alteration. 

5.4.2 TMPRSS2-ERG detection in prostate cancer samples 

TMPRSS2-ERG fusions are known to be the most common genetic aberrations found in 

prostate cancer, with fusion transcripts in 40-80 % of tumors
21,58

.  In this thesis, TMPRSS2-

ERG fusion transcripts were identified in 47 % of tumor samples, and are in agreement 

with what has been reported in the literature. All tumor samples with overexpression of 

ERG in real-time RT-PCR gene expression analysis had TMPRSS2-ERG fusion, except for 

one sample (Figure 31). This one sample, in addition to not being validated with a fusion 

transcript involving ERG, had no nominated fusion from RACE sequencing analysis.  
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Figure 31. Concatenated results from TMPRSS2-ERG detection and ERG expression analysis. In total, 

68 samples (14 benign and 54 tumor samples) had an identified fusion transcript of TMPRSS2-ERG. As sees 

here, only one sample overexpressing ERG (purple bar) did not have a detected TMPRSS2-ERG. 

It is reported that benign tissue from cancerous prostates or benign prostate hyperplasia 

tissue also has molecular alterations like TMPRSS2-ERG
136-138

. In our sample material, 

TMPRSS2-ERG was detected in 14 benign prostate samples (Figure 31). This finding of 

fusion transcripts in benign tissue is in agreement with what has previously been proposed, 

that this fusion in itself is not enough to gain complete tumor growth and malignancy, and 

thus present in tissue not histologically identified as cancerous
68

. 

In analysis of the different lengths of bands on the agarose gels, three different transcript 

variants of TMPRSS2-ERG were identified (Figure 23). The longest band was identified in 

25 samples, both benign and tumor samples, and represents the fusion of TMPRSS2 exon 1 

to ERG exon 2 (T1/E2). Tomlins et al. described this fusion transcript variant in 2005
58

. 
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The intermediate band was identified in 48 samples, both benign and tumor samples, and 

represents fusion of TMPRSS2 exon 1 and ERG exon 4 (T1/E4). This fusion transcript 

variant has been reported as the most recurrent one and was described in the same study as 

the longer variant
58,138

. The last transcript variant identified in this study consists of 

TMPRSS2 exon 1, as the previous two, but now fused to ERG exon 4 from 

ENST00000485493. This particular transcript was the least recurrent in our study, found 

only in four samples. 

Co-existence of two or more different transcript variants of TMPRSS2-ERG is reported as 

seldom events, especially with T1/E2 and T1/E4, which are reported as mutually 

exclusive
112,138

. In our results, two or three different transcript variants were often detected 

together in one sample (Example in Figure 23, lower gel, well 21). This was, in fact, the 

case in 12 samples, most often with both T1/E4 and T1/E2 (n = 9). One reason for this 

disagreement could be splicing events. Although a DNA rearrangement creates a break 

point between T1 and E2, splicing of T1 and E4 might occur and cause the observed co-

occurrence of two different variants from the same transcript. 

5.4.3 Molecular subtyping of prostate tumors 

As mentioned in the introduction, molecular subtyping of various cancer types, like breast 

cancer and, more recently, colorectal cancer
139

, is considered as the bottleneck in 

development of personalized treatment. It has been outlined that there is further need for an 

accurate classification of prostate cancer patients to gain information about treatment 

response prior to escalation of treatment
140

. The stratification of patients into different 

groups based on the molecular alterations in their tumors might give clinicopathological 

and prognostic insights both useful for the patient, but also for clinicians deciding on a 

treatment regime. 

One of the addressed challenges in treating prostate cancer patients has been to separate the 

indolent tumors from the more aggressive ones
50

. Established molecular signatures for 

doing so would possibly reduce unnecessary treatment of many patients and in addition, 

identify the most aggressive tumors and secure rapid treatment of the patients with the 

most urgent need for intervention. 
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Concerning molecular subtyping of prostate cancer, the proposed subtypes from TCGA 

were applicable to 74 % of tumors in their study. The same molecular traits was 

investigated across four patients with multiple foci
141

. In that particular study, the majority 

of foci could not be classified, and intrapatient heterogeneity was observed for one patient. 

In addition, the sample material from four previous studies was reviewed and put into the 

classification system proposed by the TCGA. Out of 60 prostate cancer patients, 17 had 

foci that fell into one subgroup, and 24 patients had foci that did not fit into any of the 

classes, underscoring the heterogeneity of prostate cancer. 

In investigation of the sample material included in this thesis, only 53 % of the investigated 

foci could be placed into one group based on molecular traits. This was mainly due to 

intrafocal heterogeneity of ETS-factors. Albeit ETS factor rearrangements are thought to 

be early and mutually exclusive events in prostate cancer development
142,143

, mutual 

exclusiveness of ETS factor alterations has been challenged by several studies, including 

the results of this thesis
21,59

. 

Disagreement between the samples from one focus and between foci was observed to a 

greater extent than the TCGA. In the TCGA publication, overlap between the seven groups 

was reported between the ETS factor fusion/overexpression groups in three tumors (1 %). 

In this thesis, 6/91 (7 %) tumor foci show overexpression of ETV1/ETV4 and ERG 

simultaneously. 2/91 foci had two samples where only one harbored ERG fusion or 

overexpression and the other samples had either another overexpressed ETS factor or no 

detected molecular alterations at all. This elucidates the inter- and intrafocal heterogeneity 

described for ETS factor expression reported over the past decade
144,145

. 

Two tumor foci (three samples) could be sorted into the ETV1 subgroup (4 %), making this 

a smaller group than what has been outlined by the TCGA (8 %). Note that ETV1 

overexpression was detected in altogether nine samples, but in two cases, the ETV1 

overexpressing samples were from the same foci as a sample also harboring a TMPRSS2-

ERG fusion, and the remaining four were detected together with an ERG fusion in the same 

sample. Again, the analysis of several samples per tumor reveals the high degree of 

heterogeneity within these tumors. 

ETV4 overexpression was, as previously mentioned, only detected in two samples from the 

same focus, but have been suggested to occur as a later event and possibly promote 
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metastasis (discussed in Chapter 5.4.1). This tumor focus also expressed TMPRSS2-ERG 

which is known to be an early event in prostate cancer malignancy. The presence of both 

of these alterations might indicate a progression of this tumor focus towards a more 

aggressive phenotype. 

FOXA1 mutation was detected in two other samples than the five samples subtyped as 

FOXA1 tumors, both of which were in foci that fell into other categories. FOXA1 mutation 

was observed together with TMPRSS2-ERG fusion in both cases. 

SPOP mutations are classified as the largest mutated group, with 11 % of tumors reported 

to fall into that subtype
73

. As discussed in chapter 5.3, SPOP mutations are proposed to 

promote genomic instability, and it might not have been that surprising to detect overlap 

between this group and other subtypes. However, the results in this thesis are not consistent 

with what has been reported; that SPOP mutations are mutually exclusive with TMPRSS2-

ERG fusion
57

, as one sample had overlapping molecular aberrations with TMPRSS2-ERG 

fusion detected. 

In the investigations in this study, IDH1 mutation was found in one focus (1 %). IDH1 

represents a rare subtype of prostate cancer, with only 1 % of tumors
73

, consistent with the 

results in this thesis. As discussed in chapter 5.3, IDH1 mutations are associated with 

hypermethylation, but implications on prostate cancer need further studies. 

In addition to the molecular traits outlining the seven subgroups appointed by the TCGA, 

two other recurrent molecular traits were detected in this study. Mutations in the ETS 

factor ERF was observed in five samples in three foci (3.3 % of foci). Although it is not 

mutually exclusive in any of the samples or foci, it would be interesting to further 

investigate this particular gene in relation to prostate cancer, as it encodes an ETS 

repression factor (discussed in chapter 5.3). Recurrent mutated genes as ERF could 

possibly be helpful in the future to classify even more tumors than what we are able to 

today. 

MED12 mutations were detected in eight samples from six foci (7 %). In three foci, 

MED12 was the only aberration and in the respective three either found together with an 

overexpressed ETS factor or mutation in ERF or FOXA1. MED12 is reported as recurrent 

in the TCGA publication, but not included as an own subtype
73

. 
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Although it is necessary and possibly the key to personalized treatment for prostate cancer 

patients, molecular subtyping of multifocal cancers has proven to be complicated. 

Compared to the previously published data, the percentages of tumors we are able to 

subtype in our study are much smaller (74 % vs. 53 %), and there is room for improvement 

to accurately determine the diagnostic and prognostic value of the molecular traits in each 

group. The proposed classification system is, however, very promising. Improvements 

could be adding more mutations as ERF or include epigenetic alterations to increase the 

percentage of subtyped tumors. 
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6 Conclusion 

In this thesis, the molecular traits of multifocal prostate cancer have been explored in a 

wide range of tumor foci from prostate cancer patients. Through several different 

investigations, a deeper understanding has been obtained on the molecular alterations and 

heterogeneity in multifocal prostate cancer. 

Novel and known fusion transcripts have been detected in prostate cancer cell lines and 

tumor samples after nomination from two different types of high throughput sequencing 

data. The mechanism behind an interesting expression pattern of ELK4 was elucidated, and 

shown to be correlated with the expression of the fusion transcript SLC45A3-ELK4. 

Furthermore, recurrent mutations on the nucleotide level (FOXA1, MED12, SPOP, ERF 

and IDH1) were identified and their frequencies elucidated in a large cohort of multifocal 

prostate cancers. The common TMPRSS2-ERG fusion was detected in 43 % of the 

investigated samples and overexpression of FLI1, ETV4, ETV1, and ERG found in 1, 1, 8 

and 30 % of tumor samples, respectively. 

Finally, for each sample, tumor and patient the identified mutations, TMPRSS2-ERG, and 

overexpression of ETS factors were concatenated to subtype multifocal prostate cancers 

into the seven previously published molecular subtypes. 53 % of the tumors could be 

subtyped into one distinct subtype. However, the complexity multiple foci and 

heterogeneity within tumors add to prostate cancer creates difficulties in subtyping a 

substantial number of tumors. Despite of this added complexity, the investigation of 

several foci per prostate is necessary to identifying the diversity of molecular alterations 

within each patient.
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7 Future perspectives 

From the RACE sequencing analyses there are still promising fusion transcript candidates 

that were not successfully validated during the work with this thesis. More validation 

experiments will be performed to understand the reason for this low success rate. These 

efforts will predominantly focus on selection of candidate fusion transcripts, RT-PCR and 

primer design. 

As overexpression of an ETS factor in prostate cancer samples almost always are caused 

by a fusion gene/transcript, RACE-PCR will be performed on all samples with such 

overexpression. This to address the underlying mechanism of the observed overexpression 

and potentially identify novel fusion partners. 

Also, the expression level of TMPRSS2-ERG will be investigated with real-time RT-PCR 

to quantify the expression levels of this fusion, and it´s different transcripts, and further 

investigate the correlation between ERG overexpression and TMPRSS2-ERG fusion. 

Finally, clinical data for all patients included in this thesis are continuously collected and 

will in the future be investigated with regards to correlation with identified mutations 

and/or fusion transcripts detected. Blood samples are available from many of the included 

patients and investigation of circulating tumor DNA in liquid biopsies is in planning. Such 

analyses will make it possible to better understand how the distinct tumor foci metastasize 

in the body and significant findings from such investigations can further be explored as 

prognostic or diagnostic tools. 
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Appendix 1 – Primer information 

Table 2. Information about primers used in the present thesis. Abbreviations: T; type of primer, L; length, 

Tm; Melting temperature in degrees celsius, GC; CG content of primer in %. 

TCGA-fusions 

Gene Name T L Sequence Tm GC 

TMEM219 TMEM219_F Fwd 20 ACTGGCCTAGTTCCCGACTT 60.13 55 

TAOK2 TAOK2_R Rev 20 GGCAAAGTATACGGCTCCAA 60.1 50 

FAM83H FAM83H_F Fwd 20 TCTTCAGGGCACAGGAAGTC 60.39 55 

FAM83H FAMH83H_ALT2_F Fwd 19 TGTAGTGAGGCGGCAGGTA 60.42 57.89 

FAM83HAS1 FAM83HAS1_ALT2_R Rev 20 CAGGGTCAGACCTGATGTGG 61.57 60 

FAM83HAS1 FAM83HAS1_2R Rev 19 GAAGCACTGCAGACCCAAG 59.56 57.89 

SSBP2 SSBP2_2F Fwd 21 TCAGAATCTTGCTCTGTCAC 58.01 47.62 

SSBP2 SSBP2_F Fwd 20 AGTGCAATGGTGTGATCTCG 59.71 50 

SSBP2 SSBP2_nestF Fwd 20 GCTCACTGCAACCTTCACCT 60.45 55 

CPNE4 CPNE4_2R Rev 23 ATTTCCAAGCTTATGGAGAAAAA 58.39 30.43 

CPNE4 CPNE4_R Rev 21 GCCTTCCTCTGGTAACTTTGG 60.12 52.38 

CPNE4 CPNE4_nestR Rev 20 TGGAGACCCTCAGAGCTTTT 59.01 50 

ZNF551 ZNF551_F Fwd 20 TCCACCTTCTGGGTTCAGTC 60.09 55 

ZNF551 ZNF551_nestedF Fwd 21 TTCTACACGACCCAACACTCC 60.02 52.38 

ZNF776 ZNF776_R Rev 20 GGACAGAGAAGTCGCGAAAG 60.13 55 

ZNF776 ZNF776_nestedR Rev 20 GAAAGTGGGCCAGAGGTTCT 60.63 55 

Mutation analysis - genomic DNA 

Gene Name T L Sequence Tm GC 

ERF ERF_EX6_F Fwd 18 GGTCCTGGATCCCTGCTG 61.65 66.67 

ERF ERF_EX6_R Rev 19 CCCAGGGTAGTGCAGGAAG 60.65 63.16 

ERF ERF_EX1_F Fwd 18 GGAGGGGAGAGGCTCTGA 60.44 66.67 

ERF ERF_EX1_R Rev 20 GCAACAGGTCTCCAGTGCTT 60.45 55 

ERF ERF_EX5_F Fwd 19 CCTACAAGCCAGAGTCGTC 60.02 60 

ERF ERF_EX5_R Rev 19 CTTGTTCCCACAGGCAAGG 61.64 57.89 

FOXA1 FOXA1_EX4EARLY_F Fwd 21 CAACAACCTCATGTCCTCCTC 59.56 52.38 
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FOXA1 FOXA1_EX4EARLY_R Rev 20 ATGGCTATGCCAGACAAACC 59.56 50 

FOXA1 FOXA1_EX4LATE_F Fwd 20 CCGCCCTACTCGTACATCTC 59.72 60 

FOXA1 FOXA1_EX4LATE_R Rev 20 GGAGGCTGGAGTCTTCAACT 58.47 55 

ADAM21 ADAM21_EX2_F Fwd 20 TTCATAATGGCAGTGGATGG 59.35 45 

ADAM21 ADAM21_EX2_R Rev 23 GCTTCTTGACCCTCATATGAACA 60.5 43.48 

SPOP SPOP_INTEX11_F Fwd 20 TGTTTTGGACAGGTGTTTGC 59.59 45 

SPOP SPOP_INTEX12_R Rev 21 CTCATCAGATCTGGGAACTGC 59.82 52.38 

MED12 MED12_EX29_F Fwd 22 GATTCAATGTTGCAGGAGATCA 60.08 40.91 

MED12 MED12_EX29_R Rev 18 ACCGCCTCCCTGACACAT 61.56 61.11 

MED12 MED12_EX26_F Fwd 20 TGCCTCCGTGGATTCTACTT 59.69 50 

MED12 MED12_EX26_R Rev 20 CCCAAAGGTCAGAGAGACCA 60.23 55 

MED12 MED12_EX28_F Fwd 20 TTCTGTTTCCAGCCCATGAT 60.46 45 

MED12 MED12_EX28_R Rev 19 GGGTTTTCCCCATCCTCAT 60.9 52.63 

IDH1 IDH1_EX7_F Fwd 22 TGAAACAAATGTGGAAATCACC 59.71 36.36 

IDH1 IDH1_EX7_R Rev 23 TTCATACCTTGCTTAATGGGTGT 59.79 39.13 

FRG2C FRG2C_EX4_F Fwd 20 GCAGCTGACACTGCTCACTC 59.93 60 

FRG2C FRG2C_EX4_R Rev 21 TCCTTGTTCTCATTCCCAGAG 59.27 47.62 

FRG2C FRG2C_EX2_F Fwd 24 TGAAAGACTGATTCTCAAAAATGC 59.78 33.33 

FRG2C FRG2C_EX2_R Rev 21 CCAGCTCTCTTCTGTTCTCCA 59.73 52.38 

FGD5 FGD5_EX1LATE_F Fwd 20 ATTGGCTCCTCTGGGAGTTT 60.07 50 

FGD5 FGD5_EX1LATE_R Rev 20 CGTGGTAGCTGGACTCTGAA 59.03 55 

FGD5 FGD5_EX2_F Fwd 20 CCCTGGTAGGTTCACTTTGC 59.59 55 

FGD5 FGD5_EX2_R Rev 18 ACCCTCACGTCTCCGATG 59.61 61.11 

FGD5 FGD5_EX18_F Fwd 21 TGAGAGGGGTGAGAATCTTCC 60.58 52.38 

FGD5 FGD5_EX18_R Rev 20 TAACTCCCTCCAGGGAAAGC 60.57 55 

FGD5 FGD5_EX1EARLY_F Fwd 18 GACTGCCCCAAACGAGTG 60.25 61.11 

FGD5 FGD5_EX1EARLY_R Rev 20 TCACGCTCCTCTTCCTCTTC 59.68 55 

FGD5 FGD5_EX1LATE_F2 Fwd 20 CTCCCAGAGAAACCACCTTC 58.72 55 

FGD5 FGD5_EX1LATE_R2 Rev 20 CGTTCACATCCACATGCAAT 60.4 45 

NBPF1 NBPF1_1_F Fwd 20 TCCAACATGTGCTGACCTTC 60 50 

NBPF1 NBPF1_1_Rev Rev 20 AACATTGCCGAAAAGACACC 58 45 
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NBPF1 NBPF1_2_F Fwd 24 CATCTCTAAATTTTGGAGGATCAG 47.2 37.5 

NBPF1 NBPF1_2_Rev Rev 24 GCTTAGTTCTTAAGTCTCCCCACT 50.6 45.8 

CLEC18B CLEC18B_F Fwd 20 AGATGTCTGTTTGTGCTGCC 60 50 

CLEC18B CLEC18B_R Rev 22 AGGACAAACTGTAGCCTCTTCT 47.9 45.5 

KRTAP10-4 KRTAP-10-4_F Fwd 20 GGACAACATGCACCAAGGAG 62 55 

KRTAP10-4 KRTAP-10-4_R Rev 20 AGCAAGAGTCACAGGAACCA 60 50 

Fusion analysis -  prostate samples cDNA 

Gene Name T L Sequence Tm GC 

TMPRSS2 TMPRSS2_ex1_F Fwd 18 GGGGAGCGCCGCCTGGAG 

  

ERG ERG_ex4_Rev Rev 21 CCCACCATCTTCCCGCCTTTG 

  

AC009478.1 SCHLAP1_ex2_F Fwd 23 CAATATTCTGAAAATGGCAGTGA 44.8 34.8 

CDC42 CDC42_ex5_F Fwd 20 TGCCAAGAACAAACAGAAGC 58 45 

DENND2A DENND2A_ex8_F Fwd 19 GCCTCGGTACCCATCACTT 60 57.9 

DGKG DGKG_ex23_F Fwd 20 ACCAGCTCCTTGAAGTGGTG 62 55 

EPHA6 EPHA_ex2_F Fwd 25 TGTGTTGCTTGATACAACAACTGTA 47.7 36 

IQCG IQCG_ex2_F Fwd 20 GACAAATCCCAGTGGCTCAT 60 50 

KIAA0146 SPIDR_ex5_F Fwd 20 CGACTGGGAGATTGACAGTG 62 55 

MRPS10 MRPS10_ex6_F Fwd 20 GGGTTGCCATGGAAGTAACA 60 50 

RPRD2 RPRD2_ex1_F Fwd 20 AGCAGTAAGGCCTCCTCCTC 64 60 

TAMM41 TAMM41_ex6_F Fwd 20 AAGCCCAGAAGGACAGTTCA 60 50 

TBXAS1 TBXAS1_ex8_F Fwd 20 ATCTTGGTCGTCGGATGTTT 58 45 

TMPRSS2 TMPRSS2_ex2_F Fwd 23 CCTATCATTACTCGATGCTGTTG 48.4 43.5 

TRA2A TRA2A_ex1_F Fwd 20 AGCGGGTTAATTAGGCCATC 60 50 

TRPC4 TRPC4_ex1_F Fwd 20 TCAGCAGCGACTAAGGGAAT 60 50 

UBE2L3 UBE2L3_ex3_F Fwd 20 TCAAACCACCGAAGATCACA 58 45 

ZNF736 ZNF736_ex3_F Fwd 20 ATCTCCTCCGTTCCTGGAGT 62 55 

AC009478.1 SCHLAP1_ex3_R Rev 20 TGCTCATGTTCCTTGGATGA 58 45 

CDC42 CDC42_ex6_R Rev 20 GGGCTCTGGAGAGATGTTCA 62 55 

DENND2A DENND2A_ex9_R Rev 20 CATCGGGAAAACAGAACTGG 60 50 

DGKG DGKG_ex24_R Rev 19 CATCCAGGGTTCTCCATCC 60 57.9 

EPHA6 EPHA_ex3_R Rev 20 AACCAGCCAATCTCCATCAG 60 50 
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IQCG IQCG_ex3_R Rev 23 TCTTCCATTCTTCTGTAGCTTCG 48.4 43.5 

KIAA0146 SPIDR_ex6_R Rev 20 TTTCTGGAGTCCTGGGAAAC 60 50 

MRPS10 MRPS10_ex7_R Rev 20 TGGAGCAGTTAGGGCAGACT 62 55 

RPRD2 RPRD2_ex2_R Rev 22 CTGCTTCAGGAAGTACATCAGC 49.7 50 

TAMM41 TAMM41_ex7_R Rev 20 CCACCCTTTCCACATTTTGT 58 45 

TBXAS1 TBXAS1_ex9_R Rev 21 CTCGTTCAGCTTTTCAGGACT 47.3 47.6 

TMPRSS2 TMPRSS2_ex3_R Rev 20 GGTAGTACTGAGCCGGATGC 64 60 

TRA2A TRA2A_ex2_R Rev 20 CTGACCTGCTCTCCGATTTT 60 50 

TRPC4 TRPC4_ex2_R Rev 23 TTTTGTGGTTCAATAACAGCTCA 44.8 34.8 

UBE2L3 UBE2L3_ex4_R Rev 20 GGGGTCATTCACCAGTGCTA 62 55 

ZNF736 ZNF736_ex4_R Rev 20 CCCACTCTTCTGGGGAGAAT 62 55 

ETV1 ETV1_ex4_R Rev 23 GAATCATGAGCCAGATCTCTGTT 48.4 43.5 

FLI1 FLI1_ex2_R Rev 20 TCAAAGAGGGACTGGTCGTC 62 55 

ETV5 BRAF_ex4_R Rev 23 TCCTGAATTCTGTAAACAGCACA 46.6 39.1 

BRAF ETV5_ex4_R Rev 21 TCAGCTAACCAAGCCTCTTGA 47.3 47.6 

RAF1 RAF1_ex3_R Rev 20 ACTGCACAGCACTCTGGTTG 62 55 

HPR HPR_ex5_R Rev 20 TGGTGGGAAACCATCTTAGC 60 50 

ELK4 ELK4_ex2_R Rev 20 GCTCGGCTGAGTTTGTCATA 60 50 

BRAF BRAF_ex2_R Rev 23 TCCAGATATATTGATGGTGGATT 44.8 34.8 

ETV1 ETV1_ex7_R Rev 21 GGCACTTTTCTCCATAGCTGA 47.3 47.6 

KRAS KRAS_ex2_R Rev 20 CACCAGCTCCAACTACCACA 62 55 

ETV1 ETV1_ex3_F Fwd 20 AGCTGAGATTTGCGAAGAGC 60 50 

FLI1 FLI1_ex1_F Fwd 20 CTCTTTCGCTCCGCTACAAC 62 55 

ETV5 BRAF_ex3_F Fwd 20 CCCAAGTCACCACAAAAACC 60 50 

BRAF ETV5_ex3_F Fwd 20 TCGATCTGAGGAATGCAGAG 60 50 

RAF1 RAF1_ex2_F Fwd 20 GGATTCAAAGATGCCGTGTT 58 45 

HPR HPR_ex4_F Fwd 23 TGGATAAATAAGGCTGTTGGAGA 46.6 39.1 

ELK4 ELK4_ex1_F Fwd 19 CTCGAGTTTCCAGCGTGAG 60 57.9 

BRAF BRAF_ex1_F Fwd 19 TATAAGATGGCGGCGCTGA 58 52.6 

ETV1 ETV1_ex6_F Fwd 22 GGTACCTGACAATGATGAGCAG 49.7 50 

KRAS KRAS_ex1_F Fwd 18 CGGCTCGGCCAGTACTCC 62 72.2 
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CDC42 CDC42_ex5_F2 Fwd 20 TCTTGCTTGTTGGGACTCAA 58 45 

FLI1 FLI1_ex2_R2 Rev 20 GCTGATTGATCCACTCCTGC 62 55 

CDC42 CDC42_ex5_nestF2 Fwd 20 GGCTGTCAAGTATGTGGAGT 60 50 

FLI1 FLI1_ex2_nestR2 Rev 20 GGGTTGATCTTGTGGGGCTG 64 60 

RPRD2 RPRD_ex2_2F Fwd 20 TCCAGTCGGTAACCAACACC 62 55 

ELK4 ELK4_ex1_2R Rev 20 TGTTAGGCTTGTTCTTGCGA 58 45 

RPRD2 RPRD_ex2_nest2F Fwd 20 AGGCTTGTCGTCTTGGTGTA 60 50 

ELK4 ELK4_ex1_nest2R Rev 20 CTCTTCTGCCTGCAAAAGCT 60 50 

SLC54A3 SLC54A3_ex4_F Fwd 20 CCCTCTACCACCGGGAGAAG 66 65 

ELK4 ELK4_ex2_R Rev 20 AGGAACTGCCACAGGGTGAT 62 55 



 

_________________________________________________________________________ 

86 

 

Appendix 2 – Abstract of published article 
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Appendix 3 – Table of identified mutations 

Table of 27 mutations after filtering of exome sequencing results 

Gene Investigated and validated Type of mutation  

MED12 v R1295C, R1357C, G1218A, L1224F 

FOXA1 v 
R233_D236del, R262C, H220Q, S217F, 
S304R, S443Hfs*112 

SPOP v F133V, W131G, F102V, F125I, D130V 

LOXHD1 x   

KIF25 x   

SMC1B x   

SMARCA1 x   

PCDH15 x   

MTHFD1L x   

MAGI2 x   

ERF v P294Afs*15, X8_splice, A64T 

CACNA1I x   

XKR3 x   

SUCLG2 x   

SI x   

RRAS2 x   

RLIM x   

OR4C12 x   

MUC7 x   

MUC16 x   

LIN54 x   

KLF9 x   

FUCA2 x   

EPHB2 x   

CTNNB1 x   

CNTN5 x   

ABCG4 x   
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Appendix 4 – Mutation analysis results 

 

Figure 32. Overview of different mutation types in ERF. The other nominated mutation type in ERF was a 

splice site substitution (C). 

 

Figure 33. Overview of different mutation types in SPOP. The nominated mutation types in SPOP were all 

missense substitutions (A)(B)(C) and (D). 
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Figure 34. Overview of different mutation types in FOXA1. The nominated mutation types in FOXA1; 

Inframe deletion of nine nucleotides (A), Missense substitutions (B)(C)(D)(E), and one frameshift deletion in 

(E). 



Appendix 4 – Mutation analysis results 

_________________________________________________________________________ 

90 

 

 

Figure 35. Overview of different mutation types in MED12. The nominated mutation types in MED12 were 

all missense substitutions (A)(B) and (C). 
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As mentioned in section 4.3, three genes; FRG2C, FGD5 and  KRTAP-10-4 had no 

validated mutations after Sanger sequencing (Figure 36) 

 

Figure 36. Electropherograms from Sanger sequencing of PCR products from FRG2C in nominated 

mutated samples. (A) Electropherograms from FRG2C mutation analysis. (B) Electropherograms from FGD5 

mutation analysis. C) Electropherograms from KRTAP10-4 mutation analysis. In both (A), (B) and (C), the 

upper electropherogram exemplifies a sample not nominated with mutation and the lower electropherogram 

exemplifies a nominated sample.  
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Appendix 5 – TMPRSS2-ERG detection results 

 

Figure 37. Gel electrophoresis visualization after RT-PCR of TMPRSS2-ERG fusion. This figure shows 

two agarose gel rows after gel electrophoresis of TMPRSS2 RT-PCR products. In this figure, PCR on 52 

RACE-ready cDNA prostate samples (A) is shown and RT-PCR of 59 cDNA prostate samples (B) is shown. 

Abbreviations:  L; 100 base pairs sized marker, P; patient, N; negative cDNA or RT-PCR control (indicated 

under well). 
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Figure 38. Gel electrophoresis visualization after RT-PCR of TMPRSS2-ERG fusion. This figure shows 

two agarose gel rows after gel electrophoresis of TMPRSS2-ERG RT-PCR products. In this figure, RT-PCR 

on 48 cDNA prostate samples (A) is shown. Because of some uncertain results in the three first RT-PCRs, all 

uncertain samples was run again (B) to confirm or rule out fusion in these samples. Abbreviations:  L; 100 

base pairs sized marker, P; patient, N; negative PCR control (indicated under well). 

 

 

 


