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Karakterisering av prostatakreft på molekylært nivå

Prostatakreft er den hyppigste kreftformen blant norske menn, og utgjør en betydelig helse-

byrde. Sykdommen har varierende prognose, fra svært saktevoksende og snill, til aggressiv og

dødelig. En av de største kliniske utfordringene er å skille mellom lav og høy aggressivitet ved

diagnosetidspunktet, og dette fører til overbehandling av pasienter med snille kreftformer. økt

forståelse av de molekylære forskjellene mellom aggressiv og ikke-aggressiv kreft kan bidra til

bedre risikoinndeling og behandlingsstrategier hos pasienter med prostatakreft.

Denne avhandlingen består av tre studier, hvor det overordnede målet var å øke kunnskapen om

molekylære forskjeller innad i prostatakreft, samt identifisere potensielle biologiske markører

for aggressivitet. Studiene inkluderte to pasientkohorter med vevsprøver som var samlet inn

etter prostatektomi (kirurgisk behandling) fra samtykkende prostatakreftpasienter. For å få et

mer helhetlig inntrykk av de molekylære prosessene ble hver vevsprøve undersøkt på flere måter.

Histologisk undersøkelse med lysmikroskop ble gjort for å påvise kreft og gradere den etter det

kliniske Gleason score systemet. Kreft med høy Gleason score avviker mest fra normalt vev

og betraktes som mer aggressiv. Magnetisk resonans (MR) spektroskopi ble brukt til å studere

metabolismen (stoffskiftet) i alle vevsprøvene. I prostatavev kan denne metoden måle nivået

til ca. 25 metabolitter (mellomstadier eller produkter i metabolismen). En slik undersøkelse er

relevant fordi endringer i metabolismen er et av kjennetegnene til kreft, og dette skjer fordi kreft-

celler har økt behov for energi og byggeklosser sammenliknet med normale celler. Genuttrykket

representerer oppskriften til hvilke proteiner som kan produseres i cellene, og gir en indikasjon

på hvilke molekylære prosesser som foregår i celler og vev. I denne avhandlingen ble det brukt

genuttrykk-analyse i én kohort for å måle aktiviteten til de ulike genene. I den andre kohorten

ble det gjort spesifikke analyser for å støtte funnene fra genuttrykk-analysen. Dette inkluderte

undersøkelse av endringer på kromosomnivå med fluorescensmikroskopi (studie I), og analyse av

spesifikke proteiner med en metode kalt immunohistokjemi (studie II og III). Pasientene ble fulgt

opp i minst fem år, og biokjemisk tilbakefall av kreftsykdommen (stigning av prostataspesifikt

antigen (PSA) i blodprøve) ble brukt som et mål på aggressivitet. For å validere funnene og øke

styrken av funnene, ble det i studie II og III inkludert flere allment tilgjengelige kohorter med
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genuttrykk og oppfølgningsdata fra prostatakreftpasienter. En oversikt over kohortene, metodene,

og de tre studiene er vist i figur 1.

Figur 1 A. Oversikt over kohortene og metodene som ble brukt i avhandlingen. B. Oversikt

over hva som ble undersøkt i de tre studiene.

I den første studien var målet å undersøke endringer i metabolismen ved tilstedeværelsen av en

kjent genfusjon som finnes i ca. halvparten av prostatakreftsvulster. Denne genfusjonen heter

TMPRSS2-ERG og fører til endringer i genuttrykket, men det er usikkert om dette gir en mer

aggressiv krefttype. Ved hjelp av en etablert genuttrykkssignatur og fluorescensmikroskopi ble

det funnet at vevsprøver med genfusjonen hadde endret metabolisme, hvor redusert konsen-

trasjon av metabolittene citrat og spermin var spesielt fremtredende. Prostatakjertelen produserer

sædvæske som inneholder høye nivåer av både citrat og spermin. Lav konsentrasjon av nettopp

disse metabolittene kan derfor tyde på at kreftcellene har mistet deler av normalfunksjonen

til prostataceller, og har også tidligere blitt funnet i prostatakreft med høy Gleason score. Til

sammen tyder dette på at prostatakreft med TMPRSS2-ERG genfusjon har en metabolisme som

samsvarer med metabolismen til aggressiv prostatakreft.

Kreft kan oppnå aggressive egenskaper ved å aktivere ulike signalveier i cellene. I studie

II ble genuttrykket til komponentene i en slik gruppe signalveier, kalt Wnt, studert. Generelt

fører aktivering av Wnt til aggressive egenskaper som økt invadering av nabovev og metastasering

(spredning) til andre organer i kreftceller. Signalveiene i Wnt blir ofte delt i to grupper: kanonisk

og ikke-kanonisk Wnt. Begge undergruppene har vist relevans for kreft, men kanonisk Wnt er

mest studert. I studie II ble det ikke funnet aktivering av kanonisk Wnt i prostatakreft, men det

ble funnet økt genuttrykk av ikke-kanoniske Wnt komponenter i en undergruppe av vevsprøvene.

En ny genuttrykkssignatur bestående av femten gener ble laget for å måle aktiveringen av

denne signalveien. Signaturen var assosiert med høyere Gleason score, biokjemisk tilbakefall

ii



av kreftsykdommen etter kirurgi og redusert konsentrasjon av metabolittene citrat og spermin.

Disse funnene tyder på at prostatakreft med økt aktivering av ikke-kanonisk Wnt er mer aggressiv.

Et av genene i genuttrykkssignaturen fra studie II var SFRP4. For kreft generelt har SFRP4

en hemmende effekt på Wnt signalveier, og undertrykker vekst og utvikling av kreftsvulster.

Resultatene fra studie II tydet imidlertid på at dette ikke er tilfellet for prostatakreft. Målet i

studie III var derfor å undersøke assosiasjonen mellom genuttrykket av SFRP4 og aggressivitet

av prostatakreft. For å øke styrken på studien ble vevsprøver fra åtte unike pasientkohorter, med

totalt 1884 pasienter, undersøkt. Resultatene viste at økt genuttrykk av SFRP4 var assosiert med

mer aggressiv kreft med lavere nivåer av citrat og spermin, høyere Gleason score og biokjemisk

tilbakefall og metastaser etter kirurgisk behandling. SFRP4 er derfor en potensiell klinisk markør

for aggressivitet av prostatakreft og bør studeres videre.

Oppsummert viser funnene i denne avhandlingen at TMPRSS2-ERG genfusjon, signaturen

for ikke-kanonisk Wnt signalvei og genuttrykk av SFRP4 er assosiert med endringer i metabolis-

men til prostatakreft, med redusert konsentrasjon av metabolittene citrat og spermin. Dette er

metabolitter som også kan måles i pasienter med en vanlig MR-skanner, og har dermed potensiale

som ikke-invasive biologiske markører. Videre var signaturen for ikke-kanonisk Wnt signalvei

og genuttrykket av SFRP4 assosiert med aggressiv prostatakreft med hyppigere tilbakefall etter

behandling. Signaturen og SFRP4 kan derfor være mulige markører for å skille mellom aggressiv

og ikke-aggressiv prostatakreft på diagnosetidspunktet, og dette potensialet bør undersøkes i

fremtidige studier.
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Summary

Prostate cancer is the most common malignancy in Norwegian men, and represents a substantial

health burden. The disease is heterogeneous, ranging from slow growing and indolent, to very

aggressive and lethal. One of the major unsolved clinical challenges is to accurately separate

indolent from harmful disease at an early time point. This causes substantial overtreatment of

patients with harmless cancers, as well as undertreatment of patients with aggressive cancers. To

enable improved treatment selection, an increased understanding of the molecular characteristics

of prostate cancer progression is needed. In this thesis, multi-level molecular analyses of gene

expression and metabolism were performed in an integrated fashion on prostate tissue samples.

The aim was to obtain more comprehensive knowledge of prostate cancer aggressiveness, and to

identify candidate biomarkers for improved risk stratification of prostate cancer patients.

Gene expression analysis is a method that detects active genes; it can indicate which molecular

processes occur in cells and tissue. The expression of genes is the instruction for which proteins

are produced in the cells. Proteins are components of cellular signalling pathways, where the

pathway activity can be altered to favour cancer survival. Activation of the Wnt signalling

pathway may increase the cells’ motility, and can therefore be exploited by cancer cells to gain

invasive and metastatic properties. The work in this thesis showed increased activation of a

subgroup of the Wnt pathway, called the non-canonical Wnt pathway. By using a set of genes

representing the non-canonical Wnt pathway (NCWP), combined with markers of increased cell

mobility (epithelial-mesenchymal transition (EMT)), a gene signature coined NCWP-EMT was

developed. An increased signature score suggests increased activation of this pathway. High

signature score, representing increased activation of the pathway, was associated with aggressive

cancer, where more patients experienced recurrent and metastatic disease after surgery. The

signature may therefore have clinical potential to improve the discrimination of aggressive from

indolent prostate cancer at an early time point.

One of the signature members, secreted frizzled-related protein 4 (SFRP4), was further in-

vestigated on its own. The expression level of SFRP4 was shown to be a predictor for aggressive,
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recurrent and metastatic disease, and this was validated in several independent patient cohorts,

and in a total of 1884 patients. SFRP4 alone, may therefore have potential as a biomarker for

prediction of prostate cancer outcome.

Changes in the genome can alter gene expression, and an example of this is a fusion of two

genes, called TMPRSS2-ERG. This gene fusion is found in approximately half of malignant

prostate tumours, however, little is known about its relation to other molecular processes, such

as cancer cell metabolism. In this thesis, a distinctive metabolic profile was seen in cancer tissue

possessing TMPRSS2-ERG, and this profile was similar to metabolic alterations previously

observed in aggressive prostate cancer.

Metabolism in tissues and cells can be studied by magnetic resonance (MR) spectroscopy.

Cancer cell metabolism differ from healthy cells, as cancer often prioritise growth which re-

quire increased energy production and synthesis of new building blocks. Reprogramming of

metabolism is therefore regarded as one of the hallmarks of cancer cells. The normal prostate

cells produce and excrete high levels of the metabolite citrate for the prostatic fluid. Previously, a

reduced levels of citrate have been detected in prostate cancer compared with healthy tissue, and

this is likely due to citrate being used for energy and fatty acid production, rather than production

and excretion. Furthermore, alterations to polyamine metabolism, and in particular to spermine,

are important in prostate cancer, where decreased spermine concentration has been associated

with the disease. In this thesis, reduced concentrations of both citrate and spermine were detected

in cancer tissue samples containing the TMPRSS2-ERG gene fusion, samples with a high score

of the non-canonical Wnt pathway signature, and samples with a high expression level of SFRP4.

This suggests that citrate and spermine have great potential as tissue biomarkers of prostate

cancer. Importantly, these metabolic alterations were also detected by non-invasive patient MR

examination, which is therefore a candidate as a prognostic tool in prostate cancer diagnosis.

To summarise, the work presented in this thesis shows that the TMPRSS2-ERG gene fusion,

the non-canonical Wnt pathway, and SFRP4 expression are all associated with reprogramming

of prostate cancer metabolism. Additionally, activation of the non-canonical Wnt pathway

and the expression level of SFRP4 were associated with recurrent and metastatic disease after

surgery. Further investigation of these aggressive molecular characteristics may lead to clinical

biomarkers for improved early risk stratification in prostate cancer patients.
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1. Introduction

Prostate cancer is a heterogeneous disease, ranging from slow growing and indolent, to very

aggressive. One of the major unsolved clinical challenges is to accurately separate indolent

from harmful cancer at an early time point. This causes substantial overtreatment of patients

with harmless cancers, as well as undertreatment of patients with aggressive disease. Increased

understanding of the molecular mechanisms of prostate cancer progression is therefore needed

in order to develop of new prognostic biomarkers for improved risk stratification of patients.

1.1 Prostate Cancer Characteristics

Normal Anatomy and Function

The prostate is a walnut sized exocrine gland of the male reproductive system. It surrounds the

uppermost part of the urethra, and is located between the bladder neck and the pelvic floor, close

to the ventral wall of the rectum (Figure 1.1). The prostate is divided into four histological regions:

the peripheral zone, central zone, transition zone, and anterior fibromuscular stroma, where

the peripheral zone compromises approximately 70% of the gland in young men (Figure 1.1)

[1]. The main function of the prostate is to produce and secrete prostatic fluid, one of the

components of semen along with spermatozoa and seminal vesicle fluid. The prostatic fluid has

high concentrations of the metabolites citrate and polyamines, which are essential for energy

supply and motility of the spermatocytes [2–4].

Epidemiology

Prostate cancer is the second most common malignancy, and the fifth leading cause of cancer

related death among men, worldwide [5]. In 2015, 29% of all cancer diagnosed among men

in Norway were prostate cancers, making it the most frequent cancer in men [6]. In Norway,

approximately one in seven men will develop prostate cancer by the age of 75 (cumulative

risk of 13.6%). The incidence in Norway has increased 4-fold in the past 60 years, however,
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Figure 1.1 Anatomical location and zones of the prostate gland.
Figure A shows the anatomically location of the prostate, below the bladder and above the pelvic floor in

men. Figure B shows the four zones of the prostate, namely the peripheral zone, transition zone, central

zone, and anterior fibro-muscular stroma. Figure A and B are both sagittal views of the prostate. The
figure is an illustration.

an incidence plateau has been reached over the last 10 years (Figure 1.2). Similar trends are

seen in the Western world. In addition to longer life expectancy, this can mainly be attributed

the increased use of PSA testing from the late 1980s, resulting in earlier detection as well as

increased diagnosis of asymptomatic and indolent disease [5, 7].

Norway has one of the highest prostate cancer mortality rates in Europe [7, 8] with 1 093

deaths in 2014, and in the same year prostate cancer was for the first time surpassing lung

cancer in age-standardised mortality rates [6]. The mortality rate has, however, slowly declined

from the mid 1990s as shown in Figure 1.2. This decline can be explained by earlier detection

and improvements in curative treatment [6, 8]. The combination of increased incidence rate,

detection of indolent cancer, and reduced mortality rate is reflected in the five-year survival rate,

which has increased from 53.4% in 1976, to 92.9% in 2015 (Figure 1.2).

Risk Factors

Age, ethnicity, and family history are established risk factors for prostate cancer. Considering all

malignancies, prostate cancer has one of the strongest relationships with age, and the median

age at diagnosis in Norway is sixty-nine [9, 10]. Men of African descent have a higher risk of

developing prostate cancer compared with white men across the world [9, 11, 12]. Although

the reason behind this disparity is poorly understood, the global extent implicates genetic

susceptibility [12]. Asian countries have the lowest incidence in the world [13], and this is likely

caused by differences in diagnostic practise, genetic susceptibility, as well as environmental

and lifestyle factors [14]. Family history is an important risk factor for prostate cancer; men
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Figure 1.2 Trends in incidence, mortality, and survival of prostate cancer.
Incidence, mortality, and 5-year relative survival rate of prostate cancer for the last 50 years in Norway.

From the 1990s, the incidence and survival have increased, whereas the mortality has declined. Adapted
from "Cancer in Norway 2015" [6], with permission from the Cancer Registry of Norway.

with one affected first degree relative have a twofold increased risk, and the risk increases

further with additional affected relatives [15]. While this evidence suggests a strong genetic

component in prostate cancer, identification of specific gene mutations and alterations has proven

challenging. Mutations of BRCA1 or BRCA2, breast and ovarian cancer susceptibility genes,

and the homeobox 13 (HOXB13 gene), have been associated with an increased risk of prostate

cancer [16–19]. However, these genetic mutations can only explain a small proportion of the

family clustering. Although other loci have also been identified, there has been limited success

in identifying high-risk susceptibility genes, reflecting the complexity of the disease.

Clinical Presentation and Diagnostic Tools

Cancers of the prostate are frequently asymptomatic at the time of diagnosis. Local progression

of cancer may give symptoms such as lower urinary tract obstruction and haematuria, although

other causes are more likely. Bone pain may be the presenting symptom in men with metastatic

disease, however, initial presentation of metastatic prostate cancer is rare today, and reported to

be ~7% of prostate cancer patients in Norway [6]. Similar numbers are seen in the United States,

where 90% of new incidents have been reported as localised or regional cancers [20].

The main diagnostic tools for detection of prostate cancer are blood serum PSA and digital rectal

examination. The PSA blood test was originally introduced as a biomarker to monitor prostate

cancer recurrence and progression following treatment [21]. In the mid-1980s, PSA was adapted
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as a test for initial detection of prostate cancer. This resulted in drastically improved diagnostics,

and reduced the number of men with metastatic disease at initial presentation [22–24]. Normal

glandular prostate cells produce and excrete PSA into their luminal space for the prostatic fluid.

In cancer, tissue barriers may be disrupted, causing PSA to leak into the circulating blood, thus

increasing serum PSA levels. However, indolent cancers, as well as non-cancerous conditions

such as benign prostate hyperplasia (BPH), urinary retention, and prostatitis can also elevate

PSA levels. The PSA blood test is therefore not a specific marker of prostate cancer [25], and

screening for early detection is thus controversial. Many comprehensive studies have investigated

the benefits and disadvantages of PSA screening, including the 2013 Cochrane review, which

showed no significant decrease in prostate cancer-specific and overall mortality rates as a result

of PSA screening [26]. Furthermore, the benefits of screening are shown to be outweighed by the

risk of overdiagnosis, overtreatment and the associated morbidity [27, 28]; mathematical models

have estimated that 23-42% of all PSA screening detected cancers are overdiagnosed [29]. The

Norwegian and European Guidelines, as well as the United States Preventive Services Task

Force, all recommend against population based PSA screening [30–32]. PSA screening after

informed decision by patients is still widely practised, and, in Norway, an increasing number

of prostate cancer patients are initially referred to secondary care (urologists) due to elevated

PSA levels alone [10]. Additionally, the preoperative PSA level is not a satisfactory indicator of

aggressiveness, and only shows a poor correlation with postoperative histopathological grade

[33]. In fact, the poorly differentiated, thus aggressive, cancer cells may lose their PSA producing

properties, and lower levels of PSA have been detected in very aggressive prostate cancer [34].

The other main diagnostic tool for detection of prostate cancer is digital rectal examination, which

can detect tumours in the posterior and lateral part of the gland. However, this technique has

several shortcomings; approximately 25% of cancers arise in non-palpable zones of the prostate,

localised cancers are usually non-palpable, and digital rectal examination is highly subjective

with poor inter-examiner reliability [35]. Digital rectal examination is still of importance as

some clinically aggressive cancer are detectable by this method, without having elevated PSA

levels [36].

Histopathological confirmation of the diagnosis is performed on trans-rectal ultrasound (TRUS)

guided biopsies. Negative biopsies do not exclude prostate cancer; the false negative rate of a

12-core biopsy procedure was reported to be above 30% [37]. As a result of this, many patients

undergo repeated biopsy sessions. Another weakness of TRUS biopsies is that they do not

necessarily represent the most aggressive part of the tumour, and a meta-analysis showed that

30% of cancers were histopathologically upgraded after surgery [38]. To improve the accuracy
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of diagnostic biopsies, it has become more common to perform a magnetic resonance imaging

(MRI) examination before the biopsy procedure. The MRI can then guide the biopsy procedure

either by cognitive fusion, software based MRI-ultrasound fusion, or directly in the MRI scanner

[39].

Histopathological Evaluation

Most cancers of the prostate are adenocarcinomas arising from the glandular prostate components.

In 1966, Donald F. Gleason described a grading system based on the tissue architecture [40],

and this system was revised in 2005 by consensus of the International society of urological

pathologist [41]. The Gleason grading system consists of histopathological patterns graded from

well-differentiated grade 1 to poorly-differentiated grade 5 (Figure 1.3), where grade 1 and 2

are not considered to be cancer and are rarely used. Prostate cancer is often heterogeneous; and

a scoring system of the first and the second most dominant Gleason grades are used to obtain

a Gleason score. A less common, but higher grade pattern, is reported as the secondary grade

in needle biopsies, and as tertiary grade in prostatectomy specimens, as these have additional

prognostic value [42]. Gleason score is one of the strongest predictors of prostate cancer

progression [43–45], where cancers with Gleason score 8-10 have high metastatic potential

[46]. Risk prediction for Gleason score 7, representing the major proportion of cancers, is more

challenging. Although a division into Gleason score 3+4 and 4+3 have shown some prognostic

differences [47, 48], this challenge still remains. Gleason score 6 (3+3) has low metastatic

potential [49, 50], and there is debate as to whether Gleason score 6 should be defined as cancer

[51–55]. However, for patients, a Gleason score of 6 out of 10 may appear as a high number,

and this is a flaw of the Gleason grading system. A new system using the terminology Grade

Group was proposed by the International society of urological pathologist in 2016 [56]. In this

new system, the Grade Groups 1-5 will correspond to the old Gleason scores 6, 3+4, 4+3, 8, and

9-10, respectively. Thus, Gleason score 6 will be Grade Group 1, potentially lowering fear and

overtreatment. Gleason score 7 (3+4 and 4+3) will also be distinguished into Grade Group 2 and

3, respectively, acknowledging their prognostic differences.

Staging, Risk Stratification, and Treatment

As prostate cancer ranges from indolent to lethal, correct classification and risk stratification are

highly important to provide the appropriate treatment for each patient. Prostate cancer is staged

according to the primary tumour (T), regional lymph node (N), and distant metastasis (M) –

TNM classification system (Table 1.1). The clinical T stage is based on digital rectal examination,

number and sites of positive TRUS biopsies, and, when available, MRI of the prostate. To further
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Figure 1.3 Gleason grading system as modified in 2005.
Pattern 1-2 consist of well to moderate differentiated medium-sized glands, and are rarely reported in

biopsies. Pattern 3 has moderately differentiated, still recognisable glands, typically smaller than pattern

1 and 2, but varies in size and shape, and infiltrates in and amongst benign acini. Pattern 4 has poorly

differentiated, ill-defined, and often fused glands, with poorly formed lumina. Pattern 5 has no glandular

differentiation. Reprinted from Epstein et al. [41], with permission from The American Journal of Surgical
Pathology (Wolters Kluver Health).

Table 1.1 Tumour Node Metastasis (TNM) classification of prostate cancer.

Primary tumour (T)

T0 No evidence of primary tumour

T1 Clinically inapparent tumour not palpable or visible by imaging

T2 Tumour confined within prostate

T2a Tumour involves one-half of one lobe or less

T2b Tumour involves more than one-half of one lobe, but not both lobes

T2c Tumour involves both lobes

T3 Tumour extends through the prostatic capsule

T4 Tumour fixed or invades adjacent structures other than seminal vesicles

Regional lymph nodes (N)

N0 No regional lymph node metastasis

N1 Metastasis in regional lymph node(s)

Distant metastasis (M)

M0 No distant metastasis

M1 Distant metastasis

The table is adapted and simplified from the AJCC Cancer Staging manual [57].
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Table 1.2 Risk stratification of prostate cancer.

Risk cT stage PSA Gleason score

Low risk ≤ T2a AND <10 ng/mL AND ≤ 6

Intermediate risk T2b-c OR 10−20 ng/mL OR =7

High risk ≥T3a OR ≥20 OR 8-10

cT stage – Clinical tumour stage. PSA – prostate specific antigen.

The table is adapted from the Norwegian prostate cancer guidelines [30].

assist treatment decision, tables combining clinical T stage with Gleason score and PSA value are

used to stratify cancers as low, intermediate, and high risk (Table 1.2). For treatment selection,

the risk, age, and general health condition of the patient, as well as the patient’s own preferences

are taken into account. Treatment options generally include radical treatment for curable patients

(surgical radical prostatectomy or radiation therapy), active surveillance for a selected group of

patients with very low risk, and palliative treatment for patient with advanced and disseminated

disease [30, 31].

Potential errors in risk classification arise due to shortcomings of the methods. Briefly sum-

marised, important limitations include underestimation of T stage by digital rectal examination,

under sampling for TRUS biopsies affecting both T stage and Gleason score, and low interob-

server reproducibility for Gleason score assessment. In a recent study of almost 26 000 prostate

cancer patients, Caster et al., highlighted some of these challenges [58]. They detected, among

others, that 43% of patients with low risk cancer (biopsy Gleason score of 6, and pre-treatment

PSA of <10 ng/mL), were pathologically upgraded after surgery [58]. Although today’s risk

stratification system improves treatment selection, the shortcomings imply a need for more

accurate variables for optimal treatment selection for prostate cancer patients.

Recurrence after Surgical Treatment

If all prostate tissue is removed by radical prostatectomy, the PSA serum level is expected to be

undetectable within six weeks after surgery, an absence of this or a detection of increased PSA

levels, may indicate the presence of remaining prostate tissue, or loco-regional and systemic

cancer recurrence [59]. Regular PSA measurements are therefore an important part of patient

follow-up after surgical treatment. Biochemical recurrence is defined as serum PSA≥ 0.02 ng/mL

in two independent measurements [30, 31]. Approximately 90% of biochemical recurrences

occur within the first five years following surgery, where 20-30% of all patients experience

biochemical recurrence [31, 60]. Due to the low mortality and long survival times of prostate
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cancer patients, biochemical recurrence is a frequently used surrogate endpoint in statistical

survival analyses. For interpretation of such analyses, it is important to recognise that only

a minority of patients with biochemical recurrence will develop clinical recurrence or die of

prostate cancer [31, 61].

1.2 Molecular Alterations in Prostate Cancer

Epithelial-Mesenchymal Transition (EMT)

In the prostate, it is the glandular epithelial cells that may give rise to prostate cancer (adenocar-

cinoma). Epithelial cells are well structured due to cell-to-cell adhesion, among others formed by

the adhesion protein E-cadherin (epithelial), whereas mesenchymal cells are loosely organised.

Epithelial-mesenchymal transition (EMT) is a process where epithelial cells become more motile

and acquire mesenchymal properties and markers such as N-cadherin (neural) (Figure 1.4). EMT

is essential during embryogenic development of different types of cells [62]. However, cancer

cells of epithelial origin may later take advantage of the same transition for tumour invasion and

metastasis [62]. In prostate cancer, there is increasing evidence associating EMT with cancer

aggressiveness [63]. In particular, a switch from E-cadherin to the N-cadherin has been linked

to poor prognosis in prostate cancer patients when investigated by immunohistochemistry in

prostatectomy specimens [64].

Figure 1.4 Epithelial-mesenchymal transition (EMT) in cancer cells.
Glandular epithelial cells in the normal prostate are systematically arranged with the basal surface towards

the basal lamina, and the apical surface towards the lumen; forming well structured glands. The cells

are connected by adherens and tight junctions. E-cadherin is a crucial part of the adherens junction.

During EMT, the cell-to-cell cohesion is lost, E-cadherin is downregulated, and the cells start to express

mesenchymal markers (such as N-cadherin), and can invade the basal lamina.
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The Wnt Signalling Pathway

In addition to being a regulator of EMT, the Wnt signalling pathway is critical in embryogenesis

and tissue homeostasis [65, 66]. Malfunction of the Wnt pathway has been established in numer-

ous diseases, including cancer development, progression, and metastasis [67]. The discovery of

Wnt signalling started with two independent identifications of the Wnt pathway ligand, Wnt1;

first in embryogenesis in 1980 [68], then as a proto-oncogene in 1982 [69], which in 1987 were

proven to be identical genes [70]. Today, a total of 19 Wnt ligands that can activate the pathway

have been identified in humans [71].

Wnt signalling can be divided into canonical and non-canonical pathways. The canonical

pathway is frequently called β-catenin dependent, due to β-catenin’s crucial role in canonical

signalling. Activation of the canonical pathway inhibits the destruction complex in labelling

β-catenin for proteasomal degradation, and as a result β-catenin is stabilised and translocated to

the nucleus. Nuclear expression of β-catenin is therefore a hallmark of canonical Wnt activa-

tion. The nuclear β-catenin activates specific transcription factors promoting EMT, as well as

cell proliferation, differentiation and survival (Figure 1.5A). The importance of the canonical

pathway in carcinogenesis was first discovered in colorectal cancer, where somatic and inherited

mutations of the adenomatous polyposis coli (APC) gene are common [72] and cause structural

changes of the APC protein. APC is one of the main components of the β-catenin destruction

complex, and such changes can make the complex defective, hence activate the downstream

pathway [73, 74]. APC mutations are rare in human prostate cancer [75], however, dysregulation

and activation of the canonical pathway have still been detected in prostate cancer cell lines,

where canonical signalling has been associated with advanced, metastatic and androgen resistant

features [76–78]. Studies of human prostate cancer tissue samples have been less consistent.

Chen et al. detected increased cytoplasmic and nuclear β-catenin immunohistochemistry staining,

indicating activation of the pathway, in 36 % of the prostate cancers [79], whereas Bismar et

al. observed no nuclear staining of β-catenin [80]. Further investigations of the canonical Wnt

pathway in human prostate cancer is therefore needed.

The non-canonical Wnt pathway is commonly divided into two sub-pathways, the planar cell

polarity and the Wnt/Calcium pathway (Figure 1.5B-C). The non-canonical signalling pathways

have been less thoroughly studied in prostate cancer, however, a study by Wang et al. detected

increased activity in the Wnt/Calcium pathway to be associated with cytoskeleton remodelling

and cell motility in prostate cancer cell lines [81]. In addition, the non-canonical Wnt ligand,

WNT5A, has been suggested as a prostate cancer biomarker, and was reported to be upregulated
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in several studies of human prostate cancer tissue [82–84]. There are, however, inconsistent

results of the prognostic association of WNT5A expression; one study found a correlation

between WNT5A expression and poor prognosis [82], whereas other studies have detected an

association with good prognosis [83–85].

An additional non-canonical pathway, Wnt/Fzd2, was discovered by Gujral et al. in 2014

(Figure 1.5D) [66]. Activation of this pathway, by WNT5 binding to the frizzled2 (FZD2)

receptor, was reported to induce tumour progression and epithelial-mesenchymal transition in

breast, colon, lung, and hepatocellular cancers [66]. Gujral et al. also identified that knockdown

of Fzd2 in mice models resulted in reduced tumour growth, and that a signature of central

Wnt5/Fzd2 genes could accurately predict metastasis and survival of hepatocellular carcinoma

patients. The Wnt/Fzd2 pathway has not previously been investigated in prostate cancer.

Figure 1.5 Schematics of the Wnt signalling pathways
(A) Activation of the canonical Wnt pathway causes nuclear translocation of β-catenin, promotes epithelial-

mesenchymal transition and proliferation, and regulates cell survival. (B) The non-canonical planar cell

polarity pathway regulates cell polarity, movement and survival. (C) Signalling from the non-canonical

Wnt/Calcium pathway affects cell adhesion. (D) Activation of the non-canonical Wnt5/Fzd2 pathway

induces epithelial-mesenchymal transition. The figure is simplified, for full figure with all protein/gene

symbols, see paper II in this thesis. The figure is modified from Paper II with permission/Creative
Commons Attribution License [86].
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Secreted Frizzled-Related Protein 4 (SFRP4)

The family of secreted frizzled-related proteins (SFRP) are extracellular modulators of Wnt

signalling (Figure 1.5A). Following their discovery in 1996 [87], five different members of the

SFRP family have been identified in humans (SFRP1–5). The SFRPs can bind to Wnt ligands

and frizzled receptors, both of which may inhibit Wnt signalling. This Wnt antagonist role

of the SFRPs, combined with frequent silencing of their genes in cancer, have made SFRPs

putative tumour suppressors. The SFRPs have, however, also been found to interact in other

cell signalling pathways where they may have more aggressive properties [88]. Additionally, it

has been suggested that some SFRPs may even activate Frizzled receptors, thus triggering Wnt

signalling [88, 89].

SFRP4 is the largest member of the SFRP family, and is structurally the most different from the

other family members [90]. In cancers, SFRP4 is frequently hypermethylated and downregu-

lated, and it is investigated as a possible therapeutic agent for cancers [91]. In prostate cancer,

however, an opposite pattern of SFRP4 is seen, where SFRP4 gene expression has not only

been detected upregulated, but also associated with aggressive and recurrent disease [92–94].

Thus, SFRP4 in prostate cancer does not seem to follow the presumed tumour suppressor role.

Only two prostate cancer study cohorts have been investigated for protein expression of SFRP4

by immunohistochemistry, and the results are conflicting. Horvath et al. reported increased

membranous expression to be associated with good prognosis [95, 96], whereas Mortensen et al.

reported cytoplasmic expression to be associated with worse prognosis [94]. There is a need for

clarifying the role of SFRP4 in prostate cancer.

TMPRSS2-ERG Gene Fusion

In 2005, Tomlins et al. identified a recurrent gene fusion in prostate cancer [97]. This fusion

was between the promotor of the transmembrane protease serine 2 (TMPRSS2), and the coding

region of the erythroblast transformation-specific (ETS) transcription factor ETS-related gene

ERG, combined termed TMPRSS2-ERG. Normal prostate express TMPRSS2, and the promoter

of the gene is positively regulated by androgens [98]. ERG is essential during embryogenesis,

and continues to regulate systems such as angiogenesis in adults, however, ERG is not normally

expressed in prostate epithelial cells [99–101]. The TMPRSS2-ERG gene fusion results in the

TMPRSS2 promotor activating transcription of ERG (Figure 1.6). Overexpression of ERG is

a frequent finding in prostate cancer, and the prevalence of TMPRSS2-ERG fusion has been

reported in 30-80% of cancers [102]. The overexpression of ERG has been shown to induce

EMT through the canonical Wnt pathway, in fusion positive prostate cancer cell lines [103]. A
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gene expression signature for TMPRSS2-ERG has been established, and has shown potential for

subtyping of prostate cancers [104, 105].

Although the discovery of TMPRSS2-ERG generated much enthusiasm and hope as a marker of

aggressiveness in prostate cancer, studies on prognostic outcome related to the gene fusion have

been inconsistent. Several studies have identified an association between the gene fusion and

markers of poor prognosis in prostate cancer [106, 107]; a study of 445 conservatively treated

prostate cancer patients reported a cause-specific 8-year survival of only 25% in fusion positive

patients, contrasting to 90% 8-year survival of fusion negative patients [108]. However, a large

meta-analysis of more than 5 000 patients, did not find TMPRSS2-ERG fusion to be associated

with recurrent disease or cancer-specific death [109].

Another branch of TMRPSS2-ERG studies, focuses on understanding the mechanisms of prostate

cancer heterogeneity by looking into differences between positive and negative gene fusion

cancers. The TMPRSS2-ERG gene fusion has been linked to fatty acid oxidation, and increased

glucose uptake [110, 111]. However, the metabolic alterations associated with TMPRSS2-ERG

fusion are still largely unknown. Further insight into the molecular processes, such as reprogram-

ming of metabolism, may increase the understanding of the gene fusion.

Figure 1.6 TMPRSS2-ERG gene fusion.
The promotor for TMPRSS2 expression is regulated by androgens, and is normally activated in prostate

cells, while ERG is not normally expressed. A fusion of the TMPRSS2 promotor to the coding ERG
gene, results in active transcription of ERG, which increases the synthesis of the ERG protein. ERG can

then activate transcription of several genes, and thereby induce processes such as EMT. AR – androgen
receptor, DHT – dihydrotestosterone, EMT – epithelial-mesenchymal transition.
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1.3 Prostate Cancer Metabolism

Reprogramming of metabolism is one of the hallmarks of cancer development [112]. Increased

production of energy and building blocks, as well as biochemical homeostasis, are necessary

for cancer cell survival and proliferation [113, 114]. Metabolic alteration in cancer was first

identified in 1924 by Otto Warburg [115], where he described increased glucose utilisation via

aerobic glycolysis in cancer cells (Figure 1.8) [116]. The research field of cancer metabolism is

still growing [114], among others because oncogenes and tumour suppressors have been shown

to induce metabolic changes in cancer [113, 117]. Additionally, there is growing evidence impli-

cating regulatory mechanism between metabolic reprogramming and cancer epigenetics [118].

Increased knowledge about metabolic alterations in cancer can contribute to better understanding

of tumour progression, identification of metabolic biomarkers, as well as provide opportunities

for cancer intervention and targeted therapy.

In prostate cancer, alterations of several metabolites and metabolic pathway have been identified

[119–121]. Metabolic alterations connected to the TMPRSS2-ERG gene fusion, Wnt pathway

and SFRP4 are still largely unexplored. Here, an introduction are given to the metabolism of

choline phospholipids, citrate, and polyamines in prostate cancer. It should be noted that other

metabolic alterations have been identified in prostate cancer, amongst other in the alanine, lactate

and lipid metabolism [121, 122].

Choline Phospholipid Metabolism

Cancer cells need increased synthesis of cell membranes to grow and divide. The phospholipid

phosphatidylcholine is the major component of cell membranes and is synthesised from choline

by the Kennedy pathway (Figure 1.7). The choline phospholipid metabolism is altered in

several cancers [123], including prostate cancer [124, 125]. The need of additional choline

is met by increased expression and synthesis of choline transporters in prostate cancer cells

[125]. An increase in total choline-containing-compounds, as well as individual increase in free

choline, phosphocholine and glycerophosphocholine, are well documented in prostate cancer

[124, 126, 127].

Citrate Metabolism

Citrate production and storage is one of the main functions of the prostate gland, where citrate

in the prostatic fluid is used as energy by the spermatozoa. Prostate cells achieve net citrate

production by truncating the tricarboxylic acid (TCA) cycle. This is facilitated by inhibition
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Figure 1.7 The choline phospholipid metabolism.
The choline phospholipid metabolism is important for synthesis of cell membranes. Choline enters the cell

through choline transporters, and can be converted to phosphocholine, and further to phosphatidylcholine,

i.e. cell membrane. Breakdown of phosphatidylcholine results in glycerophosphocholine. Enzymes are

needed to facilitates the pathway.

of aconitase (ACON), the enzyme that converts citrate to isocitrate. This inhibition is caused

by accumulation of zinc in prostate cells (Figure 1.8A) [119]. Malignant prostate cells lose

their zinc accumulating abilities, resulting in higher ACON activity, and oxidation of citrate

in the TCA cycle (Figure 1.8B) [119]. Adenosine triphosphate (ATP)-citrate lyase (ACLY) is

the enzyme converting citrate to a precursor of the fatty acid synthesis. The gene expression

of ACLY is elevated in prostate cancer [128], and found to be anti-correlated with citrate levels

[124]. This suggests increased use of citrate in fatty acid synthesis in prostate cancer.

Reduced level of citrate in prostate cancer is well recognised, and has been detected by magnetic

resonance spectroscopy both in vivo and ex vivo [129–131]. Further reduction in citrate concen-

tration has been identified in cancer with high Gleason score [126], and a negative correlation

between citrate and PSA level has been detected [132].

Although reprogramming of the citrate metabolism in prostate cancer is well described, it

has also been hypothesised that the detection of reduced citrate in tissue is mainly due to the mor-

phology of prostate cancer, with suppression of the luminal space where citrate is stored [133].

For a comprehensive molecular understanding, separating between metabolic reprogramming

and changes in morphology is important for understanding of mechanisms.

Polyamine Metabolism

The polyamine metabolism is frequently dysregulated in cancer [134]. Prostate tissue has one

of the highest concentrations of polyamines in the body, and their metabolism is therefore

of particular interest in prostate cancer. Putrescine, spermidine and spermine are the three

polyamines synthesised in mammalian cells, where the enzyme ornithine decarboxylase (ODC1)
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Figure 1.8 Glycolysis and citrate metabolism in (A) normal and (B) cancer cell.
In cancer cell reprogramming of the glucose metabolism towards glycolysis can occur even if oxygen is

present. Normal prostate cells produce and secrete citrate, and this is altered in cancer cells where citrate

is used for energy production in the tricarboxylic acid (TCA) cycle, and for fatty acid synthesis.

catalyses the first step, by converting ornithine to putrescine (Figure 1.9). ODC1 can be activated

by androgens [135, 136], and is classified as an oncogene. Furthermore, the expression of ODC1

has been associated with cell transformation and proliferation [137]. In prostate cancer specimens,

an overexpression of ODC1 has been found [138, 139], suggesting increased biosynthesis of

putrescine. On the other hand, the last polyamine, spermine, has been identified to inhibit cell

proliferation [140], and the expression of the enzyme converting spermine back to spermidine,

spermine oxidase (SMOX), has been shown upregulated in prostate cancer compared to benign

tissue [141]. Spermine/spermidine N1-acetyltransferase 1 (SAT1) is, however, the rate limiting

enzyme of both spermine and spermidine catalyse (Figure 1.9). Previous magnetic resonance

spectroscopy studies of prostate tissue have detected reduced levels of spermine in prostate cancer

compared with both benign and BPH prostate tissue [126, 142–144], and a further decrease

has been noted in high Gleason score samples [126]. Putrescine has also been found in lower

concentration in prostate cancer compared with normal prostate tissue [126].

1.4 Omics Sciences

Omics is a collective term for a broad discipline of high throughput research exploring the

characteristics and interactions of biological molecules. This includes studies of genes (genome),
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Figure 1.9 The polyamine metabolism.
The polyamines putrescine, spermidine, and spermine are synthesised in the polyamine metabolism. Note

that the three polyamines can be converted both forward and backward, and they can be precursors for

other metabolic pathways. Different enzymes are needed for catalyse of the different steps. Gene symbols

of the enzymes are in parentheses. SAT1 – Spermine/spermidine N1-acetyltransferase 1.

gene transcripts (transcriptome), proteins (proteome), and small metabolites (metabolome).

Figure 1.10 illustrates the general direction of the omics cascade, however, interactions may

occur between all levels. Integrating different steps in the omics cascade makes it possible to

observe the intricate relationship between them. There is a range of analytical techniques for

each omics level, and an introduction to the technologies most relevant for this thesis follows.

Figure 1.10 Schematics of the omics cascade.
The omics cascade goes from genomics to phenomics, via transcriptomics, proteomics, and metabolomics,

where the latter is closest to the phenotype.

Transcriptomics

Transcriptomics is defined as the study of the complete set of ribonucleic acids (RNA), also

called the transcriptome. In 1997, the first paper was published using whole transcriptome

analysis [145]. This was followed by rapid advancement of the technology, further accelerated

by the successful sequencing of the human genome in 2001 [146, 147]. Today, over 40 000

transcripts can be simultaneously measured using microarray gene chip technology, and RNA

sequencing is emerging as more precise method.

Gene expression can be used to improve the understanding of cancer genesis, classification of

molecular subtypes, and identification of diagnostic and prognostic biomarkers [148]. One of

the most successful stories is found in breast cancer, where five clinically relevant subtypes
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have been identified by gene expression analyses [149, 150]. In prostate cancer, differences

in gene expression with Gleason score and patient outcome have been described [151], where,

among others, the expression disparity of ERG led to the discovery of the TMPRSS2-ERG

gene fusion [97]. Several gene expression signatures have been established, and shown suitable

for molecular subtyping of prostate cancer [104, 105], including three commercial available

signatures for prostate cancer aggressiveness (Prolaris [152], OncotypeDx [153] and Decipher

[154]). However, the clinical applications of these signatures are still unclear. Further insight

and validation of gene expression in prostate cancer are therefore of interest.

DNA Microarray

Deoxyribonucleic acid (DNA) microarray technology evolved from Southern blotting as a high

throughput method for quantification of a large number of expressed genes [148]. The core

principle of the technique is DNA hybridisation, where two complementary single DNA strands

(and DNA/RNA) will anneal together. There exist several variations of the procedure, but the

main principles are the same and are shown in Figure 1.11. Before analysis, the RNA is extracted

from the tissue samples, and the quality of the RNA is measured, and reported as RNA integrity

number (RIN), ranging from 1 (low quality) to 10 (perfect quality) [155]. DNA microarray is

relatively inexpensive, however, one of the main drawback is lack of absolute quantification.

RNA-Sequencing

Next-generation DNA sequencing (NGS), is much quicker compared with conventional sequenc-

ing, and is expected to transform genomic and transcriptomic research [156, 157]. In general,

DNA sequencing is an approach where the order on the DNA nucleotides (thymine, adenine,

cytosine and guanine) are determined. RNA-sequencing (RNA-seq) is based on the principles for

NGS, where RNA is converted to complementary DNA (cDNA) before the sequencing process.

Although more expensive, RNA-seq has several advantages compared with microarray analysis

for gene expression, including the possibility for absolute quantification, low background noise,

higher sensitivity, and the possibility for detection of new transcripts [157–159].

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) is a powerful tool for analysis of previously defined

microarray gene sets [160]. By looking at the collective expression of several genes, more

precise information can be obtained on biological processes involving multiple genes such as

activation of pathways. GSEA are frequently used for analyses between samples of two classes,

however, an extension of the method allows for single samples GSEA (ssGSEA) [161]. In
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Figure 1.11 Schematic illustration of the steps involved in DNA microarray.
1) Total RNA is extracted from tissue sample. 2) RNA is copied to complementary DNA (cDNA)

by reverse transcription 3) and back to cRNA labelled with biotin through in vitro transcription. 4)

Fragmentation of cRNA before 5) it is added to the microarray gene chip, containing several thousand

specific DNA sequences (probes), where the cRNA will hybridise with the matching DNA sequences. 6)

The non-bonding cRNA is washed away before 7) the chip is stained with fluorescent molecules sticking

to biotin. 8) The signal intensity is dependent on the amount of cRNA attached to each individual probe,

and can be measured by a laser scanner.
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ssGSEA, the score of each sample represents the coordinated up- or downregulation of the

assigned gene set within one sample, and the score can be compared across the samples.

Immunohistochemistry

The mRNA can be translated into proteins in the cells, and analyses of tissue protein expression

can therefore be used investigate and validate if the gene expression is reflected in protein

abundance. Immunohistochemistry (IHC) is a common method for visualising proteins in

tissue sections, and is frequently used in the clinic as a complement technique to morphologic

histopathology [162]. The possibility of immunological staining of antigens in tissue sections

was discovered in 1941 [163], and has since been used for characterisation of a wide range

of diseases, including in cancer diagnosis, prognosis, and therapeutic decision making [162].

The principle of antigen to antibody interaction is exploited in IHC, where defined antigens of

proteins in the tissue sections can be visualised by adding specific antibodies that are marked

with a staining agent [164]. Tissue sections stained by IHC can be evaluated in a normal light

microscope, and protein abundance can be reflected in staining intensity. The staining can also

be identified to cell types, as well as location within the cells, which is an advantage when such

distinctions are important, as for example for nuclear translocation of β-catenin during canonical

Wnt pathway activation [165]. For prostate cancer, IHC staining is not used in the clinical routine.

However, several markers, including the EMT markers E-cadherin and N-cadherin, have shown

potential for additional prognostic information for prostate cancer patients [64].

Fluorescence In Situ Hybridisation (FISH)

Altered gene expression may be induced by changes in the genome, such as gene fusions. To

detect such translocation of specific DNA sequences, fluorescence in situ hybridisation (FISH), a

cytogenetic technique, can be used. The method was developed in the early 1980s, and, as for

DNA microarray, the principle of DNA hybridisation is utilised [166]. FISH can be performed

on fixed cells or in tissue, where the DNA in the chromosomes is denatured into single strands

before adding fluorescence labelled DNA probes. The probes will hybridise with matching DNA

sequences in the tissue, while excess probes are washed away. A fluorescence microscope is used

to analyse the existence and the physical location of the sequences of interest [167]. Although

gene expression signatures for TMPRSS2-ERG gene fusion have been developed, FISH analysis

is considered to be the gold standard for detection [97].
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Metabolomics

Metabolites are products or intermediates of the metabolism, and are essential for the cells and

tissue as energy, building blocks, and signalling molecules. The production of metabolites is

dynamic, and interacts with genetic transcription, proteins, and the environment. Alterations in

the concentration of metabolites or in the metabolic fingerprint can be indicative of abnormal

processes, such as cancer development and progression [168]. The term metabolomics refers

to the study of metabolites in an organism, cell, or tissue. Different analytical technologies for

studying metabolomics exist, including magnetic resonance spectroscopy, a reproducible method

to gain information about the metabolic situation in tissue samples [169].

The Principles of Magnetic Resonance Spectroscopy (MRS)

The fundaments of nuclear magnetic resonance spectroscopy (MRS) were discovered in the

1940s as a way to determine chemical structures of materials [170–172]. In MRS, the physical

properties of nuclei and electrons are exploited to obtain information about chemical composition

of the material in question. All nuclei have spin and are precessing around their own axis. Nuclei

with an odd number of protons, such as 1H, are accessible for MRS as the movement of their

positive proton charge produces a small magnetic field. When placed in an external magnetic

field (B0), the nuclei will align and precess parallel (low energy) or anti-parallel (high energy) to

B0. Most of the nuclei will be in the low energy state, thus there will be formed a net longitudinal

magnetisation parallel to B0. The precession of the nuclei are random and cancel each other out.

Thus there is no transversal magnetisation in this state (Figure 1.12A). A radio frequency (RF)-

pulse with the same frequency as the precession of the nuclei, will supply the nuclei with energy.

This will facilitate a low energy state nuclei to enter the high energy state, decreasing the longitu-

dinal net magnetisation. The energy from the RF-pulse will also synchronise the precession of

the nuclei, creating a new precessing transversal magnetisation vector (Figure 1.12B). When the

RF pulse stops, the nuclei will relax back to their normal state. The longitudinal magnetisation

will then start to increase, and the precessing transversal magnetisation vector decrease. This

produce a sum magnetisation vector with a spiralling motion. The moving magnetic field is the

free induction decay (FID) signal, and can be registered by a receiver coil (Figure 1.12C). The

relaxation times of the longitudinal and transversal magnetisation is dependent on the tissue

properties, thus different components (water, lipids etc.) will produce FID signals with slightly

different signal intensity (longitudinal) and signal broadening (transversal).

In addition to protons, the electrons will also move in response to the B0 magnetic field. This

creates a local and much smaller magnetic field, which affects the nuclei (electron shielding).
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Because of this effect, nuclei in different chemical structures will send out FID signals with

slightly different frequencies (chemical shifts).

The FID signal can be Fourier transformed from the time domain to the frequency domain.

However, the frequencies are dependent on the B0 field strength, and the frequency domain is

therefore usually converted to the absolute scale of parts per million (ppm). This provides the

MR spectrum with peaks along the ppm axis, making it possible to identify and quantify different

metabolites (Figure 1.13).

Figure 1.12 Principles of magnetic resonance.
(A) Charged nuclei will align with an external magnetic field, resulting in a net longitudinal magnetisation

(B) A radio frequency (RF)-pulse that resonates with the nuclei, results in reduced longitudinal magneti-

sation and a spinning transversal magnetisation. (C) When the RF-pulse is turned off, relaxation of the

nuclei cause a spiralling net magnetisation, detectable as a free induction decay (FID) signal.

High-Resolution Magic Angle Spinning Magnetic Resonance Spectroscopy (HR-MAS MRS)

Detection of metabolites in tissue can be achieved ex vivo by high-resolution magic angle spinning

MRS (HR-MAS MRS). Tissue is considered a semisolid material with reduced molecular

mobility. This induces large dipole-dipole interactions and chemical shift anisotropy, causing

line broadening of the spectra, thus hiding metabolic information. The line broadening can be
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reduced by rapidly spinning the samples at 54.7 degrees to the static magnetic field (Figure 1.13).

This is called the magic angle, and was discovered by Andrew et al. [173] and Lowe [174]

in the late 1950s. HR-MAS MRS was first used to study tissue specimens in 1996 [175], and

has since been widely used in metabolomics studies of cancer [176], including prostate cancer

[122, 126, 127, 131]. The method is non-destructive, enabling integration of the metabolic

information with results from subsequent analyses, such as gene expression, histopathology,

and immunohistochemistry. Other advantages include simple and highly standardised sample

preparation, as well as the possibility for absolute quantification of the metabolites [177–179].

The main drawback compared to other methods for metabolomics, such as mass spectroscopy,

is the relatively low sensitivity of HR-MAS MRS, where metabolites needs to be in millimolar

concentrations for detection, compared to picomolar for mass spectroscopy.

Figure 1.13 HR-MAS MRS of prostate tissue.
(A) For HR-MAS MRS, the tissue samples are tilted to the magic angle and are spun around their own

axis. These techniques reduce the line broadening and increase the resolution of the spectrum. (B)

Chemical shift spectrum of prostate tissue. The main metabolites are assigned to their peaks as an

overview. ppm – parts per million, GPC – Glycerophosphocholine, PCho – Phosphocholine.
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Magnetic Resonance Spectroscopic Imaging (MRSI)

Prostate metabolism can also be investigated using traditional MRI scanner by in vivo MRS

imaging (MRSI). Brown et al. introduced MRSI in 1982 [180], which led to a rapid development

in both equipment and acquisition methods [181]. Today, MRSI of the prostate can detect

the metabolites citrate, choline, creatine and polyamines/spermine on a standard 3 tesla MRI

scanner, and has shown potential for detection, localisation, and assessment of prostate cancer

aggressiveness [182]. However, prostate MRSI is not frequently used in the clinic today, which

may be due to the additional technical aspects as well as time required for the examination (∼10

minutes), and the lack of a good system for interpretation combined with unclear clinical benefits.

Quantification - Linear Combination of Model Spectra (LCModel)

The area under the peaks of the MR spectra is proportional to the number of nuclei in the

metabolites creating the peaks. Several methods for MRS quantification has been developed

[176], including Linear Combination of Model spectra (LCModel) [183]. For this method,

the frequency-domain data is fitted to model spectra from individual metabolites, and a semi-

parametric algorithm is used to calculate the metabolite concentrations [183, 184]. The LCModel

method was originally designed for in vivo MRSI, but has been successfully adapted for ex vivo

MR spectra [126, 185].

1.5 Statistical Analyses

Data Transformation

Continuous biomedical variables often do not fulfil the normality assumption of many statistical

tests. Although several non-parametric analyses exist for skewed, non-normal distributed data,

more statistical power can be achieved by transforming the data to be closer to normal distribution.

Logarithmic and square-root transformation are common methods for positive variables [186]. A

small constant is frequently added to the logarithmic function to avoid the problem of values

close or equal to zero.

Linear Mixed Model

Linear mixed model is a statistical analysis particularly useful for repetitive measurements,

missing data, or datasets with several measurements per subject. The model is an extension of
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the linear regression model, but uses both fixed and random effects (mixed effects) [187, 188].

Linear mixed models can describe the relationship between a dependent variable, e.g. metabolite

concentration or gene expression, and explanatory variable(s), e.g. sample classes such as normal

and cancer samples (fixed-effects). Random effects are not of primary interest, but may be

important to account for, such as multiple samples per patient.

Multivariate Analyses

Large number of variables as observed in MR spectra and gene expression, combined with a

relatively low number of samples, is challenging with traditional statistical analysis. Multivariate

analysis is a specialised approach to investigate such data, and can be used for data reduction,

identification of biomarkers, and for discrimination between groups.

Principal Component Analysis (PCA)

Principal component analysis (PCA) is an unsupervised (no added knowledge) multivariate

analysis, where the dimensionality of the variance in the data is reduced by linear transition

into principal components [189]. The first principal component explains most of the variance in

the data set, whereas the second maximise the remaining variance, and so on. These principal

components are uncorrelated to each other. PCA can reveal hidden structures of the data, and is

frequently visualised by score plots, where the principal components form the axis.

Partial Least Squares Discriminant Analysis (PLS-DA)

Partial least squares discriminant analysis (PLS-DA) is a similar method to PCA, but additionally

exploits known information in the response variable(s) (supervised). In this way, the relationship

between a response variable (such as sample class or patient information) and the experimental

data (such as MRS spectra) can be investigated. PLS-DA analysis results in uncorrelated latent

variables [190, 191], and similar to PCA, PLS-DA is often visualised by score plots, where the

latent variables form the axis.

Survival Analyses

Time to an event, such as cancer-specific death or surrogate endpoints including biochemical

recurrence and distant metastasis for prostate cancer, can be studied by survival analyses.

Censoring in survival analyses makes it possible to deal with variation in patient follow-up time

[192].
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Kaplan-Meier Estimator and Log-Rank Test

In 1958, Kaplan and Meier described a non-parametric method to estimate the survival dis-

tribution of time-to-event data, the Kaplan-Meier Estimator [193]. The survival distribution

is frequently presented as a Kaplan-Meier plot, where the survival curves can be visualised

and compared between groups. The log-rank test is commonly used to test the hypothesis of

differences in survival distribution between groups of patients [194], however, the log-rank test

does not give information about the effect size between survival of the groups.

Cox Proportional Hazard Model

Cox Proportional Hazard (PH) model is a regression based analysis of time-to-event data [195].

The method bears similarities to logistic regression model, but with the added time variable and

censoring. Cox PH model estimates the hazard ratio (HR) as an effect size. If HR is above or

below 1, the hazard is increased or decreased, respectively. As an example, in a Cox analysis

comparing two groups, a HR of 2 would indicate twice the rate of an event per unit of time in the

reference group. Instead of groups, the covariate in a Cox PH model may be continuous, such as

gene expression and metabolite concentration, the HR will then reflect each unit increase of the

covariate, and is thus scaled to the range of the covariate.

One covariate can be investigated on its own by univariable Cox PH model. However, more

accurate evaluation of the usefulness of each prognostic factor can be made when other known

or likely prognostic factors are controlled for. This can be done by multivariable Cox PH models,

where more covariates are modelled together.

Meta-Analysis

Meta-analysis is a statistical method integrating the results from several studies, to obtain a

pooled result with higher statistical power [192, 196]. The method can also be used to combine

results from several cohorts within a study, where the raw data cannot be directly combined into

one analysis. This is the case for microarray based gene expression data, where normalisation

is performed within each cohort, and absolute quantification of the gene expression cannot be

obtained.

The effect size in a statistical analysis, for instance the mean difference in two groups, is

dependent on the underlying population of the study. To combine studies in a meta-analysis, the

effect size in each study needs to be standardised. Cohen’s d is a commonly used standardised
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effect size, and is obtained by presenting the group mean difference (effect size) in units of

standard deviation [197]. Cohen’s d effect size can be classified as very small (0.01), small

(0.20), medium (0.50), large (0.80), very large (1.20), and huge (2.0) [197, 198]. Hazard ratios

for gene expression can also be converted to a standardised effect size by multiplying the natural

logarithm of the hazard ratio (β) with its standard deviation [199]. The standardised hazard ratio

can be interpreted as the unstandardised hazard ratio, with increased and decreased hazard when

values are above and below 1.0, respectively.

To estimate the overall effect in meta-analysis, precise studies (narrow confidence intervals) are

weighted more than less precise studies (wide confidence intervals). The study weight can be

calculated by two different models, fixed effects and random effects. The fixed effects model

assumes that the effect size should be equal in all studies. This is often unreasonable, as the

underlying populations of the studies frequently differ. Thus, the random effects model, taking

additional variation into account, is usually more appropriate. However, using a random effects

model will give larger confidence intervals of the overall effect. Test of heterogeneity or the

dissimilarity in the effect size of all included studies, can guide selection between fixed effects

and random effects model, where the latter is advocated if the heterogeneity test is significant.

The results of a meta-analysis are commonly graphically displayed as a forest plot (Figure 1.14)

[192, 196].

Figure 1.14 Example of a meta-analysis forest plot.
A forest plot visualises the results for a meta-analysis. For each study, the standardised effect with 95%

confidence intervals are plotted, as well as the combined effect. Notice that the box sizes in the forest plot

reflect the weight of each study in the meta-analysis.
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Correction for Multiple Testing

One of the challenges with high throughput technologies, is the vast number of measured

variables (i.e. expressed genes or spectral points), and many hypotheses can be investigated in

explorative studies. Multiple hypothesis testing with relative small sample sizes increases the

probability of false discoveries. To identify the true relationships and reject false discoveries,

several methods for correction of the p-values have been developed, including the Benjamini-

Hochberg procedure [200]. In this method, an adjusted p-value is calculated for each test,

dependent on the total number of tests. The adjusted p-values are obtained by ranking the

unadjusted p-values from 1 to n (number of tests). Each p-value is multiplied by n and divided

by its assigned rank. The false discovery rate is often set to 0.05, where the adjusted p-values

below this limit are recognised as true discoveries.
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2. Objectives

Overall Aim
The overall aim of this thesis was to obtain high resolution multi-level molecular information

to identify candidate biomarkers and signatures for improved risk stratification of prostate

cancer patients.

Specific Aims
To integrate omics technology (transcriptomics and metabolomics) with histopathology and

immunohistochemistry to study molecular prostate cancer pathways in human tissue biobank

material.

To validate specific and promising biomarkers and signatures in publicly available human

prostate cancer cohorts and investigate their association with aggressiveness and recurrent

disease.

To validate the possible metabolic biomarkers in a small in vivo MRSI patient cohort, to

verify ex vivo metabolomics results.

Specific objectives for each paper

Paper I
Identify metabolic alterations associated with the presence of TMPRSS2-ERG gene fusion

in prostate cancer tissue, and investigate its association with aggressiveness and recurrent

disease.

Paper II
Identify and validate Wnt signalling and epithelial-mesenchymal transition (EMT) in prostate

cancer tissue, and investigate its association with metabolic reprogramming, aggressive and

recurrent disease.

Paper III
Identify and validate the association between SFRP4 gene expression and aggressive and

recurrent prostate cancer.
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3. Materials and Methods

In this thesis, tissue samples from prostate cancer patients have been analysed by several methods,

and patient follow-up data have been collected. An overview of cohorts, methods, and analyses

performed for each paper is given in Table 3.1.

Table 3.1 Overview of cohorts and methods used in the papers included in this thesis.

Paper I Paper II Paper III

C
oh

or
ts

Main cohort

(N=41, n=129)

IHC cohort

(N=40, n=40)

Validation cohorts –
5 cohorts

(n=1519)

8 cohorts

(n=2001)

M
et

ho
ds

Transcriptomics Microarray Microarray Microarray

Metabolomics
HR-MAS MRS

MRSI

HR-MAS MRS

MRSI
HR-MAS MRS

Other
Histopathology

FISH

Histopathology

Immunohistochemistry

Histopathology

Immunohistochemistry

D
at

a
an

d
st

at
is

tic
al

an
al

ys
es

Metabolite
LCModel

Multivariate analyses
LCModel LCModel

Gene expression
ssGSEA

INMEX

Differential expression

ssGSEA

Differential expression

Log-fold change

General statistics

T-test

Pearson correlation

LMM

T-test

Spearmans rho

LMM

Chi-squared

T-test

Pearsons correlation

Fisher exact test

Multivariate
PCA/ PLS-DA

(metabolomics)

PCA

(transcriptomics)
–

Survival analyses
Kaplan-Meier plot

Log rank test

Kaplan-Meier plot

Log-rank test

Cox PH model
Cox PH model

Correction for

multiple testing

Benjamini-Hochberg

false discovery rate

Benjamini-Hochberg

false discovery rate
–

Meta-analysis – –
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Materials and Methods

3.1 Ethics Statement

The studies included in this thesis were approved by the Regional Committee of Medical and

Health Research Ethics (REC), Central Norway (case numbers: 010-04, 2009/1161 (4.2007.1654),

and 4.2007.1890). All included patients gave an informed written consent.

3.2 Materials

Patients

The three papers included in this thesis used tissue samples from patients diagnosed with prostate

cancer and treated by radical prostatectomy at St. Olav’s Hospital, Trondheim, between March

2007 and February 2010. The patients made up two separate cohorts, the main cohort and the

immunohistochemistry (IHC) cohort (termed "validation cohort" in paper I). The inclusion of

patient and samples is presented in Figure 3.1, and characteristics of the patients are given in

Table 3.2.

Figure 3.1 Patient and sample inclusion diagram.
Tissue samples from prostate cancer patients were included in two independent cohorts, the main cohort
and the IHC cohort. Patients were excluded due to low tissue or RNA quality in the main cohort, this

cohort also included multiple samples per patients. In the IHC cohort benign samples were excluded, as

well as one sample with lipid contaminated HR-MAS MRS spectra. The IHC cohort only included one

sample per patient.
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3.2 Materials

Table 3.2 Characteristics of the included patients.

Main cohort IHC cohort
Patients (n=41) (n=40)

Age at diagnosis (median, range) Years 64 (48-69) 62 (48-73)

PreOp PSA (median, range) (ng/mL) 9.1 (4.0-45.8) 8.9 (5.2-18.0)

Pathological T stage (patients) T2 28 27

T3 13 12

Unknown – 1

PreOp PSA – Preoperative measurement of serum PSA.

Follow-up

At least five-year follow-up data were collected in both cohorts, including date of last negative

serum PSA measurement, date of biochemical recurrence (serum PSA of at least 0.2 ng/mL),

prostate specific death, as well as information about prostate cancer specific treatment. In paper I,

II, and III follow-up data were successfully obtained for 33 of the 41 patients in the main cohort.

Whereas follow-up data were available for 37 of the 40 patients in the IHC cohort for paper III.

Validation Cohorts

For validation of the results in paper II and III, additional cohorts were downloaded from open,

online databases. These validation cohorts included gene expression data, histopathology, and

patient follow-up information. All samples were from radical prostatectomy specimens, except

for the Sboner et al. cohort, which was from incidental discovered prostate cancer by transurethral

resection of the prostate (TURP). More information about the validation cohorts is given in

Table 3.3.

Tissue Sample Harvesting

The tissue samples from the prostatectomy specimens in the main and IHC cohort included in

this thesis, were harvested by two different approaches.

Fresh Frozen Slices (main cohort)

The tissue samples of the main cohort were initially harvested for a study by Bertilsson et

al. [124]. Whole mount clinical histopathological sections above and below a fresh frozen

prostatectomy specimen tissue slice, were used to identify locations for sample collection.

Normal, non-cancer, samples were harvested as far away from the cancerous area as possible

(Figure 3.2A). Only tissue slices with more than 5% cancer, and cancer in both the adjacent

whole mount histopathological sections were included. Multiple samples were collected from
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Materials and Methods
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3.3 Histopathology

each slice (median 3, range 1-6 samples per slice).

The fresh frozen prostate slices that were used for tissue samples collection in the main cohort

are routinely collected from consenting prostatectomy patients at St. Olavs Hospital, Trondheim

University Hospital, by the regional biobank of Central Norway, BioBank1. The method is

highly standardised, and, as described by Bertilsson et al., a 2 mm thick slice is obtained from

the middle of the gland using a double bladed knife, while the prostate is stabilised in a plastic

holder (Figure 3.2B) [177]. The slice is snap frozen between two pre-cooled aluminium plates

embedded in liquid nitrogen, and further stored in a mechanical freezer at -80 °C (Figure 3.2B).

The average freezing time from surgical removal by this method is previously reported to be

15±4 minutes [177]. Bertilsson et al. also described a method for collecting smaller tissue

samples (tissue cores) from the slices. The technique is design to reduce thawing of the tissue,

where the tissue slice is placed on a cooled aluminium plate in direct contact with liquid nitrogen,

and samples are harvested by a modified drilling device (Figure 3.2C) [177]. This method was

used for harvesting the tissue samples in the main cohort.

Fresh Frozen Needle Biopsies (IHC cohort)

The IHC cohort consisted of needle biopsies collected within ~2 minutes after surgical removal

of the prostate gland, from consenting patients. Two biopsies were taken from each prostate

specimen, and were immediately frozen in liquid nitrogen (-196°C), and further stored in

cryotanks (-196°C) in a local biobank administered by the MR Cancer Group, NTNU. Although

two samples were collected for each patient, only one sample per patient was included in this

thesis. To increase the likelihood of cancer tissue, the samples were chosen according to the

following inclusion criteria: The needle biopsy was taken from the area of previously positive

TRUS biopsies, where the histopathological reported cancer area in the TRUS biopsy was at

least 1 mm.

3.3 Histopathology

Preparation, Sectioning, and Staining

In both cohorts, the tissue composition of the samples was evaluated by histopathology. Cryosec-

tioning (-20°C) was used for the tissue cores in the main cohort, and was performed prior to

HR-MAS MRS analysis. To prevent contamination, the samples were attached to the microtome
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Materials and Methods

Figure 3.2 Tissue harvesting for the main cohort.
(A) Cancer regions from whole mount histopathology section directly below (Ai) and above (Aii) the slice,

are transferred to a digitised photo of the slice taken before freezing (Aiii), and used for selection of area

for smaller sample collection. (Aiv) The frozen tissue slice after extraction of samples. (Bi) For harvesting

of the fresh tissue slice, the prostate gland is stabilised in a plastic holder, and the slice is obtained using a

double bladed knife. (Bii) The slice is immediately frozen in liquid nitrogen, while it is placed between

two pre-cooled aluminium plates. (Ci) The workstation for harvesting smaller tissue samples from the

slices, (Cii) equipped with liquid nitrogen cooled aluminium plates, (Biii) and a modified drill with a 3 mm

bore. Figure A is reproduced from Bertilsson [209] with permission. Figure B and C are adapted from
Bertilsson et al. [177], with permission from John Wiley and Sons.
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3.3 Histopathology

by saline water only, and a 4 μm slice was sectioned from each sample. The sections were stained

with Haematoxylin and Eosin (HE) (Figure 3.3A).

The tissue samples of the IHC cohort were formalin fixed and paraffin embedded after HR-MAS

MRS analysis. Due to the rapid spinning of the samples during the MRS acquisition (see section

3.4), the samples will naturally curl up in formalin, making it hard to get representative sections

for histopathology. This issue was avoided by uncurling and stretching out the biopsies, before

attaching them to lab sheets and cork plates by staples before formalin fixation. A total of ten

~4 μm paraffin sections were initially cut from each biopsy, and the first and the last sections

were stained with Haematoxylin Eosin Saffron (HES) (Figure 3.3B). The other tissue sections

were used for FISH and immunohistochemistry staining in paper I and paper II, respectively

(Section 3.6). Additional tissue sections were later obtained from the same paraffin blocks to

accommodate immunohistochemistry staining for paper III.

Evaluation and Scoring

The histopathological sections of both cohorts were evaluated by the same uropathologist (St.

Olav’s Hospital, Trondheim University Hospital). Percentages of benign epithelium, stroma, and

cancer were reported for each sample, and cancer samples were scored according to the clinical

Gleason system (see Section 1.1) [41]. The distribution of Gleason score of the samples is given

in Table 3.4. The samples were further divided into two groups, low Gleason and high Gleason,

where the low Gleason samples had a Gleason score ≤ 3+4, and the high Gleason samples had

a Gleason score ≥ 4+3. For the IHC cohort, the cancer regions of each biopsy were outlined

on digitised photos of the sections (Figure 3.3B), and this was later used for assisting FISH and

immunohistochemistry evaluation (Section 3.6).

Figure 3.3 Sections for histopathological evaluation.
(A) Cryosection from the main cohort stained with HE. (B) Paraffin section from the IHC cohort stained

with HES. The cancer area in each biopsy samples was outlined by a pathologist.
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Materials and Methods

Table 3.4 Characteristics of the samples in the cohorts.

Main cohort IHC cohort
Tissue samples (n=129) (n=40)

Samples weight (mean, range) mg 12.7 (3.0–21.9) 12.6 (7.6–21.0)

Cancer samples n 95 40

Normal samples n 34 –*

Gleason score n
3+3 24 (25%) 5 (12.5%)

Low Gleason ↑ 3+4 21 (22%) 16 (40%)

High Gleason ↓ 4+3 20 (21%) 9 (23%)

4+4 15 (15%) 5 (13%)

4+5/5+4 15 (15%) 4 (10%)

5+5 – 1 (2%)

Luminal spacea (median, range) percent 6.2 (0.0–31.6) 3.4(0.0–14.3)

*Benign samples of the IHC cohort were not used in this thesis.
aLuminal space were only measured in cancer samples.

Reproducibility

The reproducibility of the histopathological evaluation was assessed in the main cohort. All

the tissue sections were independently evaluated by an additional experienced uropathologist

(University Hospital of North Norway). The pathologist was blinded of the results from the

previous histopathological evaluation. For the two pathologists, the overall kappa coefficient

for interobserver agreement between normal, low Gleason (≤3+4) and high Gleason (≥4+3)

tissue sections was 0.66, indicating substantial agreement. The first reading was used for the

studies, so that the scoring of the main cohort and IHC cohort were performed by the same

pathologist. In addition, there were signs of degradation of the cryosection staining before the

second evaluation, making this reading more uncertain.

Luminal Space Measurement

To measure the proportion of luminal space, the HE and HES stained sections were first digitised

with 40x magnification, using a camera equipped microscope (Olympus BX41 and DP26, Japan).

The proportion of luminal space in each sample was identified by the positive pixel count

algorithm (ImageScope v8.0, Aperio Technologies), a colour-based segmentation method [210].

Tissue pixels were identified based on colour, using a hue setting of 0.7 and window setting

of 0.39. Not identified pixels were considered to be luminal space, and the percentage was

calculated as the proportion of total pixels (tissue and luminal space). The fraction of luminal

space in the cohorts is given in Table 3.4.
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3.4 Magnetic Resonance Spectroscopy (MRS)

3.4 Magnetic Resonance Spectroscopy (MRS)

High Resolution Magic Angle Spinning (HR-MAS) MRS

Sample preparation

Sample preparation was performed on an in-house designed workstation, cooled by liquid

nitrogen to minimise tissue thawing and degradation. A deuterium oxide (D2O) based solution

(3 μl) was added to leak-proof, disposable HR-MAS inserts (30 μl, Bruker Biospin, Germany),

and pipetting errors were checked by weight measurements. For the main cohort, the added

solution was phosphate-buffered saline, containing trimethylsilyl 3-propionic acid sodium salt

(5mM) and sodium formate (25mM). Due to changes and standardisation of the lab protocols,

the solution used for the IHC cohort only contained sodium formate (25mM). To fit into the

inserts, the samples in the main cohort were sectioned using a sterile 2 mm biopsy punch, and

to remove remnants of blood or lipids in the IHC cohort, the edges of the biopsy samples were

excised by a sterile scalpel. The tissue samples were placed in the inserts, and the sample weight

was registered (Table 3.4). Finally, the inserts were placed into 4 mm zirconium rotors with

spinning caps (Bruker Biospin, Germany). This standardised method of sample preparation has

previously been described in further details by Giskeødegård et al. [179].

Spectral acquisition

Spectral acquisition was performed using a Bruker Avance DRX600 (14.1 T) spectrometer

(Bruker BioSpin, Germany), equipped with a 1H/13C MAS probe. To minimise tissue degradation,

the probe temperature was fixed at ~5°C. Proton (1H) spectra were acquired as described in

(Table 3.5). The spectra were Fourier transformed with 0.30 Hz line broadening, chemical

shifts were referenced to the left peak of the lactate doublet at 1.336 ppm, and a linear baseline

correction was applied (Topspin 3.1, Bruker Biospin, Germany). After acquisition, the tissue

samples were immediately refrozen and later prepared for gene expression or histopathology

analysis in the main and IHC cohort, respectively.

Magnetic Resonance Spectroscopic Imaging (MRSI)

Acquisition

As a part of a different study [211], nine of the patients in the main cohort had a MRSI acquisition

included in their pre-surgical MRI examination, and this data were included in paper I and II.

The MRSI was performed on a 3 T system (MAGNETOM Trio, Siemens Medical Solutions,

Germany), with a 6-channel phased array body coil (Body Matrix coil, Siemens). Saturation
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Table 3.5 HR-MAS MRS parameters.

Main cohort IHC cohort
Pulse sequence Single pulse CPMG Spin-echo 1D NOESY CPMG Spin-echo

Bruker ID ereticpr.drx cpmgpr noesygppr cpmgpr

Temperature 4 °C 4 °C 5°C 5°C

Spin rate 5kHz 5kHz 5kHz 5kHz

Acquisition time 3.28 s 3.28 s 2.74 s 3.07 s

Number of scans 128 128 128 256

Paper I, II & III I I , II& III I

NOESY - Nuclear Overhauser effect spectroscopy, CPMG - Carr-Purcell-Meiboom-Gill.

slabs were positioned around the prostate to saturate periprostatic lipid signals, and manual

shimming was performed. A 1H MRSI point-resolved spatially localised spectroscopy (PRESS)

sequence optimised for the prostate was used [212], with a nominal voxel size of 7.1x7.1x7.5

mm3.

Matching of HR-MAS MRS and MRSI

To analyse the MRSI and gene expression data together, the MRSI voxels were matched with the

equivalent tissue samples. To identify the best corresponding MRSI slice, anatomical landmarks

of the MRI images were compared with the whole mount HE stained sections below and above

the fresh frozen tissue slice. The location of the small tissue cores harvested for HR-MAS

MRS and gene expression, were transferred to a digitised photo of the fresh tissue slice, and

matching MRSI voxels were identified by transparent overlay of the images in Photoshop (Adobe

Photoshop Elements 4.0). The matching of tissue samples used in this thesis was initially

performed to compare MRSI and HR-MAS MRS in a study by Selnæs et al. [211].

Metabolite Quantification

LCModel was used to quantify both the HR-MAS MRS and MRSI spectra [183]. For the main

cohort, a 23 metabolites basis set was simulated NMRSIM (Bruker BioSpin, Germany), and used

to quantify the pulse-acquired HR-MAS MRS, as previously described by Giskeødegård [126].

The spectra in the IHC cohort were quantified by a similar procedure, using the NOESY spectra,

and a further optimised basis set of 24 metabolites. In both cohorts, the known concentration of

the added formate was used to achieve absolute quantification of the metabolites, which were

reported in mmol/kg wet weight.

For the MRSI spectra, a basis set of four metabolites, citrate, choline, creatine, and spermine, was
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3.5 Gene Expression

simulated by NMRSIM. As there are no metabolites of known concentration in the MRSI spectra,

only relative concentration could be quantified by LCModel. Creatine was considered stable,

and metabolites to creatine ratios were used for the analyses in this thesis. The quantification of

the MRSI spectra is previously described by Selnæs et al. [211].

3.5 Gene Expression

Gene Expression Measurement

In the main cohort, gene expression analysis was performed on the exact same tissue samples

after HR-MAS MRS. The tissue was homogenised with tissue lysis buffer for 10-20 seconds, be-

fore manual extraction of RNA by using the mirVana™miRNA Isolation Kit (Ambion Inc.). The

concentration and purity of RNA were measured by a spectrophotometer (NanoDrop Technolo-

gies, USA), and the integrity of the RNA (RIN score) was analysed with the 2100 Bioanalyzer

(Agilent Technologies, USA). Illumina TotalPrep RNA Amplification Kit (Ambion Inc.) was

used for RNA amplification before the microarray analysis.

Gene expression DNA microarray analysis was performed using an Illumina Human HT-12v4

Expression Bead Chip (Illumina), which provides a genome-wide expression analysis, containing

more than 47,000 probes. To adjust for technical artefacts, the transcript values were filtered, log2

transformed and quantile normalised. The microarray service was provided by the Genomics

Core facility – NTNU, and the Norwegian Genomics Consortium, and was originally obtained

for a study by Bertilsson et al., where they investigated gene expression alterations associated

metabolic reprogramming of citrate and choline in prostate cancer [124]. The microarray data

has been published in an open database, Array Expression, with access number: E-MTAB-1041.

Gene Set Enrichment Analysis (GSEA)

The expression of specific sets of genes, called gene signatures, were analysed in paper I and II.

To give each sample a score reflecting the enrichment of genes in the signatures, single samples

gene set enrichment analysis (ssGSEA) were used. Briefly, all gene expression values were

ranked in descending order and normalised within each sample. An enrichment score was then

calculated based on the difference between the rank of the genes in the signature and the rank

of the remaining genes. A high GSEA score reflects a collectively high expression level of the

genes in the signature in the sample. Full calculation procedures and equations for ssGSEA have

previously been described by Barbie et al. [161] and Rye et al. [105].
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Balancing for Tissue Composition

The stroma content is usually lower in cancer tissue compared with normal prostate tissue, and

as stroma has a different gene expression profile than epithelial cells, this is a source of error in

differential expression analysis [213, 214]. In paper II of this thesis, a method to reduce such

confounding signals was applied when analysing differential gene expression between normal

and cancer tissue samples. In this method, the samples were dived into a balanced sample-set

where cancer (n=47) and normal (n=17) samples had approximately the same average stroma

content (37% and 45%, respectively), and an unbalanced sample-set, where the cancer samples

(n=48) had low stroma content (14%), and the normal samples (n=17) had high stroma content

(72%). In the two sample-sets (balanced and unbalanced), the differentially expressed genes

were investigated between the cancer and normal samples. Simplified, the results of the balanced

sample-set give information about changes in gene expression due to cancer development,

whereas the unbalanced results give information on alterations caused by different fractions of

stroma in normal and cancer samples. This method for balancing tissue composition in gene

expression analysis has recently been published by Tessem et al. [213].

TMPRSS2-ERG fusion – Paper I

In paper I, an already established gene expression signature, termed ERG, was used to investigate

the TMPRSS2-ERG fusion status of the samples in the main cohort. This signature consists of 27

genes (Table 3.6A), and was optimised by Markert et al. [104] from three previously proposed

gene sets [215–217]. An ERG score for each sample was calculated by ssGSEA, and based

on this score the cancer samples were classified as high probability of having the gene fusion,

ERGhigh (n=34), if the score was increased two-fold compared to the mean. The remaining

samples were divided according to their ERG score, into two equally sized groups, ERGlow

(n=30) and ERGintermediate (n=31).

Wnt Pathway and Epithelial-Mesenchymal Transition (EMT) – Paper II

In paper II, the activation of the Wnt pathway was investigated, and, unlike the TMPRSS2-ERG

gene fusion, no gene signature has been established for this activation in prostate cancer. A

total of 196 relevant genes for the Wnt pathway and EMT were chosen from publicly available

pathway maps (KEGG per March 2015), and literature [66, 218–220]. Differential expression

of the genes was analysed between normal and cancer samples using the tissue composition

balancing method as described above. Additionally, the gene expression between high and low

Gleason samples was investigated. After the differential gene expression analysis, the 48 most
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3.6 Analyses of the IHC cohort

Table 3.6 Genes included in the (A) ERG and (B) NCWP-EMT signatures.

A. ERG – TMPRSS2-ERG gene fusion

AMPD3 ARHGDIB CACNA1D CADPS COL2A1 COL9A2
EIF5 ERG F5 GHR HDAC1 HLA-DMB
ITPR3 KCNN2 KCNS3 KHDRBS3 LAMC2 MYO6
OCLN PDE3B PEX10 PLA1A PLA2G7 RGS10
TLE1 UBE2E3 ZNF3

B. NCWP-EMT

CDH2 CDH3 CDH11 FYN FZD2 LEF1
MMP9 NKD2 PLCB2 SFRP1 SFRP2 SFRP4
VIM TCF4 WNT5A

central and/or significant genes were selected for further multivariate analysis. A PCA score plot

of the principal component 1 and 2 was used to reveal a set of 15 genes applicable for a gene

expression signature (NCWP-EMT) (Table 3.6B). The clustering of the NCWP-EMT genes was

validated by PCA analyses of the validation cohorts. Similar as for the ERG signature, ssGSEA

was performed to score the cancer samples according to their enrichments of the NCWP-EMT

genes. The cancer samples of the main cohort were divided into three equally sized groups

depending on this score: high (n=32), intermediate (n=31), and low (n=32) NCWP-EMT score.

SFRP4 – paper III

In paper III, the continuous gene expression values of SFRP4 was investigated, and differential

expression analyses were performed between normal and cancer samples, as well as between

low and high Gleason samples, in the main and in the validation cohorts. Meta-analyses were

performed to obtain combined results of all cohorts. Due to the lack of detailed tissue composition

of the validation cohorts, no balancing for tissue heterogeneity was performed in this paper.

3.6 Analyses of the IHC cohort

To validate the findings of the main cohort, the samples of the IHC cohort were prepared for

FISH and immunohistochemistry analysis after HR-MAS MRS. The sample preparation and

staining were performed by the Cellular and Molecular Imaging Core Facility, NTNU.

Fluorescence in situ Hybridisation (FISH)

The TMPRSS2-ERG gene fusion status of the samples was assessed by FISH analyses on 4 μm

thick formalin fixed and paraffin embedded tissue sections, which were deparaffinised before
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staining. A triple-labelled colour FISH break-apart assay was performed using a commercial

probe, designed to detect deletion between TMPRSS2 and ERG at 21q22 (Kreatech Diagnostics,

The Netherlands). By this assay, ERG is stained with a blue signal, TMPRSS2 with a red signal,

and the proximal part of TMPRSS2 (2R1G2B) with a green signal, and the loss of green signal

indicates TMPRSS2-ERG gene fusion (Figure 3.4). The sections were counterstained with DAPI

(4’,6-diamidino-2-phenylindole), which is a fluorescent staining binding to AT rich regions

of the DNA. The results were visualised using a 100X oil immersion objective on a Nikon

Eclipse 90i fluorescent microscope (Nikon Corp., Japan). For each sample, 25 well preserved,

non-overlapping nuclei were evaluated in previously identified cancer regions (assessed by HES

staining, see section 3.3). The samples were identified as fusion-positive if the deletion was

detected in at least 80% of the evaluated nuclei.

Figure 3.4 FISH break-apart assay for detection of TMPRSS2-ERG.
Triple-labelled colour FISH assay, where the loss of green signal indicates TMPRSS2-ERG gene fusion.

(A) Normal nucleus without the gene fusion – two copies of each of the three colours. (B) Deletion of the

green signal in one chromosome indicates fusion of TMPRSS2 and ERG. Blue signal – ERG, red signal –
TMPRSS2, and green signal – proximal part of TMPRSS2 (2R1G2B)

Immunohistochemistry

For immunohistochemistry staining, the 4 μm thick formalin fixed paraffin embedded tissue

sections were deparaffinised, and embedded with a solution of TRS (Target Retrieval Solu-

tion, high pH, Dako) for 20 minutes at 97 °C. The sections were incubated for 60 minutes

at room temperature with primary mouse monoclonal antibodies against E-cadherin (Dako,

clone NCH-38, dilution 1:100), N-Cadherin (Dako, clone 6G11, dilution 1:30), and Wnt5a

(Sigma-Aldrich, clone 3A4, dilution 1:50), and polyclonal rabbit antibodies against β-catenin

(PRESTIGE antibodies Sigma, dilution 1:300), and SFRP4 (Protein Tech catalogue: 15328-1-AP,

dilution 1:200). Immunoreactive proteins were visualised using an EnVision Peroxidase/DAB+

Rabbit/Mouse (Dako), with 30 minutes incubation time. After washing, all the sections were

counterstained with haematoxylin for 30 seconds. Positive and negative controls were processed
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Table 3.7 Immunohistochemistry scoring for staining index (SI).

Score 0 1 2 3

Staining intensity No detectable staining Weak staining Moderate staining Strong staining

Percentage of positive cells 0% 1-10% 11-50% >50%

Staining index 0 1,2 3,4,6 9

Staining classification Negative Weak Moderate Strong

The staining index (SI) was obtained by multiplying the score of staining intensity and the score of

percentage of positive cells.

for each antibody.

Assessment of the immunohistochemistry sections was performed manually, and cancer re-

gions were identified form the HES-stained sections (Section 3.3). The average staining signal

intensity in cancer cells (0-3) multiplied by the percentage of positive cancer cells (0-3), was

used to obtaining a total staining index (SI) (0-9) (Table 3.7). Examples of different staining

intensities of the antibodies used in this thesis are shown in Figure 3.5. For the evaluation of

β-catenin, membrane, cytoplasmic, and nuclear localisation of the staining was noted. In paper

II, the scoring was validated by a pathologist experienced in immunohistochemistry, whereas in

paper III, the SFRP4 scoring was performed by two independent readers, which of one was an

experienced pathologist, and consensus was reached when scoring differed.

3.7 Integrated Statistical Analyses

Linear mixed models were used to investigate alterations in metabolite concentrations between

the groups of ERG and NCWP-EMT scores in paper I and II, respectively. The models were

built with adjustment for multiple samples per patients, and additional models were developed

with correction for tissue heterogeneity (fraction of luminal space, stroma, cancer and benign

glandular tissue), and Gleason grade. In paper I, metabolic alterations between the ERG score

groups were also tested by multivariate analyses, using PCA and PLS-DA. For paper III, the

correlation between SFRP4 gene expression values and the concentration of the metabolite citrate

and spermine were investigated by Pearson correlation coefficient, and the other members of the

NCWP-EMT gene signature were investigated in the same way for comparison.

In paper I and II, the relationships between gene expression and biochemical recurrence were

assessed by selecting the highest signature score of each patient. In paper III, one sample was

selected by random for each patient in the cohorts with multiple samples per patient. For the
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Figure 3.5 Immunohistochemistry staining examples.
Examples of immunohistochemistry staining intensities of β-catenin, Wnt5a. N-cadherin, E-cadherin, and

SFRP4. The figure is modified from Paper II with permission/Creative Commons Attribution License [86],
and paper III of this thesis (unpublished).
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categorised ERG and NCWP-EMT scores in paper I and II, Kaplan-Meier plots and log-rank test

were performed to investigate the differences in biochemical recurrence between the signature

groups. In paper II and III, Cox PH models were used for further investigation of the relationship

between gene expression and biochemical recurrence, as well as other follow-up endpoints. The

continuous values of the ssGSEA score of the gene signature and the continuous expression level

of SFRP4 were used in these Cox PH models.
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4. Summary of Papers

Paper I

Presence of TMPRSS2-ERG is associated with alterations of the metabolic profile in human
prostate cancer
Ailin F. Hansen, Elise Sandsmark, Morten B. Rye, Alan J. Wright, Helena Bertilsson, Elin

Richardsen, Trond Viset, Anna M. Bofin, Anders Angelsen, Kirsten M. Selnæs, Tone F. Bathen,

May-Britt Tessem

Oncotarget. 2016 Jul 5;7(27):42071-42085. doi: 10.18632/oncotarget.9817

The aim of paper I was to identify metabolic alterations associated with the presence of

TMPRSS2-ERG gene fusion in prostate cancer tissue, and investigate its association with

aggressiveness and recurrent disease.

Integrated ex vivo metabolomics, gene expression, and histopathological data were obtained from

prostate tissue samples (n=129) in a cohort of 41 patients. Scores representing the likelihood

of gene fusion in each sample for TMPRSS2-ERG (ERG) gene fusion was calculated based

on a previously published gene expressions signature [104]. Based on this score samples were

categorised into three groups: ERGlow, ERGintermediate, and ERGhigh. Differences between the

metabolite levels, gene expression levels of metabolic enzymes, and frequency of biochemical

recurrence were compared between the groups. Validation was performed in an independent

prostate cancer cohort (n=40) using fluorescence in situ hybridisation (FISH) analysis to cate-

gorise the samples as TMPRSS2-ERG gene fusion positive or negative.

The study detected significant alterations across the ERG groups for the metabolites citrate, sper-

mine, ethanolamine, glucose, glycine, phosphocholine, phosphoethanolamine, and putrescine.

In addition, significant lower concentrations of citrate and spermine were detected in ERGhigh

compared with ERGlow samples (Figure 4.1A-B), and these alterations were more pronounced

in low Gleason (≤3+4) samples. The reduced concentrations of citrate and spermine were also
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confirmed in the independent validation cohort (Figure 4.1C-D). A similar trend of reduced

citrate and spermine levels was detected by in vivo magnetic resonance spectroscopic imaging

(MRSI), indicating potential for clinical translation of the metabolic biomarkers. Furthermore,

the gene expression of several key enzymes connected to citrate and spermine metabolism

were significantly different between ERGhigh and ERGlow samples. Decreased levels of citrate

and spermine have previously been associated with more aggressive disease, and the findings

therefore suggest TMPRSS2-ERG gene fusion to be an aggressive feature. However, no signifi-

cant difference in the frequency of biochemical recurrence was detected between the ERG groups.

In conclusion, the TMPRSS2-ERG gene fusion in prostate cancer was associated with a distinct

metabolic profile previously associated with aggressive disease, and this was supported by alter-

ations in gene expression of key metabolic enzymes. The TMPRSS2-ERG gene fusion, as well

as citrate and spermine, may therefore be potential candidates for improved risk stratification

of prostate cancer patients, particularly in the clinical challenging group of patients with low

Gleason score.

Figure 4.1 TMPRSS2-ERG status and citrate and spermine concentrations.
(A-B) Box-plots for citrate (A) and spermine (B) comparing ERGlow and ERGhigh samples in the main
cohort, where both metabolites were detected in significant lower concentrations in the ERGhigh samples.

(C-D) Box-plots for citrate (C) and spermine (D) comparing TMPRSS2-ERG fusion in negative and

positive samples in the validation cohort, where both metabolites were detected in significant lower

concentration the fusion positive samples. Abbreviations: pos – positive, neg – negative, * p < 0.05,
** p < 0.001. The figure is adapted from Paper II [221] under the Creative Commons Attribution License
(CC BY).

50



Paper II

A novel non-canonical Wnt signature for prostate cancer aggressiveness
Elise Sandsmark, Ailin F. Hansen, Kirsten M. Selnæs, Helena Bertilsson, Anna M. Bofin, Alan J.

Wright, Trond Viset, Elin Richardsen, Finn Drabløs, Tone F. Bathen, May-Britt Tessem, Morten

B. Rye

Oncotarget. 2017 Feb 7;8(6):9572-9586. doi: 10.18632/oncotarget.14161.

The aim of paper II was to identify and validate Wnt signalling and epithelial-mesenchymal

transition (EMT) in prostate cancer tissue, and investigate its association with metabolic repro-

gramming, aggressive and recurrent disease.

Analyses were performed using integrated transcriptomic, ex vivo and in vivo metabolomics,

and histopathology of a cohort of radical prostatectomy tissue samples (n=129/N=41). At least

five-year follow-up data were collected for the patients (n=33). For validation, five publicly

available prostate cancer gene expression cohorts were investigated (total n=1519). Additionally,

an independent tissue cohort (n=40) was analysed by integrated histopathology, immunohisto-

chemistry, and ex vivo metabolomics. Clinical translation of metabolic markers was investigated

by in vivo MRSI in a small cohort (n=22/N=9).

The study detected no alterations in gene expression and immunohistochemistry indicating

activation of the canonical Wnt pathway in prostate cancer. However, an increased expression

of the non-canonical Wnt pathway and EMT markers were detected in high Gleason score

(≤3+4) cancer samples. This suggests non-canonical signalling to be the most common mode

of Wnt activation in prostate cancer. The transcriptional association between the non-canonical

Wnt pathway and EMT markers was confirmed in the five validation cohorts, and a novel gene

expression signature for this concordant expression was developed (NCWP-EMT) (Figure 4.2A).

The NCWP-EMT signature was significantly associated with metastatic events and shown to

be a significant predictor of biochemical recurrence after prostatectomy (Figure 4.2B). The

prediction of biochemical recurrence was strongest in patients with low Gleason score (≤7)

cancer, suggesting the signature to be a candidate for risk stratification in this clinical challenging

patient group. The signature was also associated with decreased concentrations of the metabolites

citrate and spermine, which have previously been linked to aggressive prostate cancer. Reduced

citrate and spermine levels were further validated by in vivo MRSI, indicating a potential for

clinical translation.
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In conclusion, this paper demonstrates the importance of non-canonical Wnt signalling and EMT

in prostate cancer aggressiveness, and the novel NCWP-EMT gene expression signature may

improve risk stratification and molecular subtyping of prostate cancer patients.

Figure 4.2 NCWP-EMT gene expression signature and its association with biochemical recurrence.
(A) Principal component analysis revealed a group of 15 of 48 genes, consisting of components of the non-

canonical Wnt pathway, epithelial-mesenchymal transition (EMT), and inhibitors of the canonical Wnt

pathway, collectively termed NCWP-EMT (CDH2, CDH3, CDH11, FYN, FZD2, LEF1, MMP9, NKD2,
PLCB2, SFRP1, SFRP2, SFRP4, VIM, TCF4 WNT5A). (B) Kaplan-Meier plot and log-rank statistic

showed significant separation in biochemical recurrence free survival between the low, intermediate
and high NCWP-EMT signature groups. The signature score was also shown to be an independent

predictor of biochemical recurrence in multivariable Cox proportional hazard analysis. Abbreviations:
BCR – biochemical recurrence, RP – radical prostatectomy. The figure is adapted from Paper II [86]
under the Creative Commons Attribution License (CC BY).

52



Paper III

SFRP4 gene expression is increased in aggressive prostate cancer
Elise Sandsmark, Maria K. Andersen, Anna M. Bofin, Helena Bertilsson, Finn Drabløs, Tone F.

Bathen, Morten B. Rye, May-Britt Tessem

Manuscript

Secreted frizzled-related protein 4 (SFRP4) is a modulator of the cancer associated Wnt pathway,

and has previously been suggested as a potential marker for prostate cancer aggressiveness. In

paper III, the aim was to identify and validate the association between SFRP4 gene expression

and aggressive and recurrent prostate cancer.

The study was performed by analysing SFRP4 gene expression, concentrations of citrate and

spermine, histopathology and patient follow-up data from a cohort of prostate cancer patients.

The results were validated in eight independent publicly available gene expression cohorts

of prostate cancer patients, which all included follow-up information (total n=2197 samples,

N=1884 patients). Meta-analyses were used to get combined results for all the cohorts. Addi-

tionally, immunohistochemistry protein expression of SFRP4 was evaluated in an independent

cohort with metabolomics and follow-up data (N=40).

By differential expressions and meta-analyses of all the cohorts, a significantly higher SFRP4

gene expression was detected in cancer compared with normal samples (Figure 4.3A), and in high

(≥4+3) compared with low (≤3+4) Gleason score samples (Figure 4.3B). The continuous SFRP4

gene expression was a significant predictor of biochemical recurrence after prostatectomy in six

of seven cohorts, and in the overall meta-analysis. Expression of SFRP4 was also a significant

predictor of metastatic events after surgery. Additionally, a significant negative correlation was

seen between SFRP4 expression values and concentrations of the metabolites citrate and sper-

mine, two previously suggested aggressive markers in prostate cancer. Immunohistochemistry of

SFRP4 was not associated with any markers for prostate cancer aggressiveness.

In conclusion, SFRP4 gene expression was shown to be associated with aggressive prostate

cancer and recurrent disease after prostatectomy. The results show SFRP4 to be a potential

biomarker candidate for prostate cancer aggressiveness, and SFRP4 deserves further attention in

prostate cancer studies.
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Figure 4.3 SFRP4 gene expression in prostate cancer.
(A) Log2 fold change of SFRP4 gene expression in the cohorts. (B) Log2 fold change of SFRP4 gene

expression in high Gleason score (≥4+3) compared with low Gleason score (≤3+4) samples in the cohorts.

Abbreviations: GS – Gleason score, CI – confidence interval. aIn the Erho et al. cohort low Gleason
score was defined as ≤7 and high Gleason score as ≥8. The figure is adapted from Paper III [Sandsmark
et al. unpublished].
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5. Discussion

5.1 Methodological Considerations

For scientific work, the study design is important for the validity and the interpretation of the

results. Patient inclusion, sample collection, choice of experimental methods, data analyses, and

statistics are all factors that may influence the outcome of a study. The strengths and limitations

of the methods used, as well as their potential impact on the results and conclusions of the work

in this thesis are discussed in this section.

Patient Inclusion

The work in this thesis is based on tissue from prostate cancer patients treated with radical

prostatectomy at St.Olav’s Hospital. In Norway, 46% of all patients diagnosed with prostate

cancer (<75 years) undergo surgical treatment [10]. The treatment selection is based on risk

stratification as described in Section 1.1, in combination with patient factors such as age, life

expectancy and overall medical condition. Patients selected for other types of prostate cancer

management, such as active surveillance, radiotherapy, and palliative care, were not investigated

in the papers of this thesis. In Norway, 79% of patients undergoing radical prostatectomy

treatment were preoperatively categorised to have intermediate risk prostate cancer, and this

number was 90% for surgeries performed at St.Olav’s Hospital [10]. However, of all patients

diagnosed with prostate cancer in Norway, only 68% were categorised as intermediate risk, and

the same number was 73% for patients in the Central Norway health region, for whom surgical

treatment is offered at St.Olav’s Hospital [10]. The cohorts in this thesis therefore have a bias

towards inclusion of intermediate risk prostate cancer patients, and this is important to consider

when interpreting the results of the studies. However, this study design was considered the most

ethically acceptable, as the harvesting of tissue samples after prostatectomy gave no additional

procedures or side-effects for the included patients. In addition, the radical prostatectomy patient

group was considered highly suitable for investigation of the research questions in paper I-III,
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where the overall goal was to identify molecular markers or signatures which can help in risk

stratification and treatment selection for prostate cancer patients.

Validation Cohorts

To validate and strengthen the results of the studies in this thesis, sample sizes were increased by

the use of validation cohorts. Five and eight independent cohorts were downloaded from publicly

available databases in paper II and III, respectively (Section 3.2). All cohorts were based on

prostatectomy samples, apart from Sboner et al. [206], used in paper III, which were prostate

tissue from trans-urethral resection of the prostate (TURP). The patient selection, information,

and methods used were out of our control. Although most of the necessary information could

be gathered from the databases and from previously published papers, this lack of complete

overview and control is still a limitation that should be kept in mind. However, as the validation

cohorts were harvested and analysed by different methods, the universality and robustness of the

findings were increased.

Patient Follow-up

Patient follow-up data were included for the main cohort in all papers, for the IHC cohort in

paper III, for two of the validation cohorts in paper II, and all eight validation cohorts in paper

III. This allowed for statistical analyses of the relationship between the molecular findings and

patient outcome. However, the relative low number of patients in the main cohort, as well as the

IHC cohort, limited the conclusions that could be drawn from the patient follow-up analyses.

This was especially true for paper I, which did not include any validation cohorts, partly for paper

II, and for the IHC cohort in paper III. Whereas the meta-analysis of biochemical recurrence

data from several independent cohorts made it possible to make a stronger conclusion in paper III.

There are several confounding factors affecting biochemical recurrence and clinical failure

after prostatectomy, including pre-surgical PSA level, tumour stage, capsular invasion, surgical

margins, and adjuvant treatment [222, 223]. Furthermore, for interpretation of the results, it is

important to recognise that only a minority of patients with biochemical recurrence will develop

clinical recurrence or die of prostate cancer [31, 61]. Other follow-up measurements, such as

quality of life, may be of high importance. Collection of this type of follow-up data should be

considered in future studies.
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Tissue Harvesting

Harvesting of tissue cores of the main cohort were directly guided by adjacent histopathological

sections, whereas the needle biopsies of the IHC cohort were more blindly aimed at the location

of pre-surgical positive TRUS biopsies (section 3.2). After applying a selection criteria to

increase the number of cancer samples in the IHC cohort, only 45% of the samples contained

cancer tissue. Furthermore, the cancer percentage within the samples of this cohort was relatively

low, with an average of 38% (range 5–80%). A low cancer fraction could be a confounding

factor for the analysis of metabolites by HR-MAS MRS, as an average of the metabolites in the

whole tissue sample is measured. The low proportion of cancer in some of the samples was also

a challenge for the immunohistochemistry evaluation where some stained tissue sections had to

be excluded due to insufficient or lack of tumour cells. A stricter selection criteria of a larger

cancer area in the TRUS biopsies could be an alternative, but this will increase the bias towards

collection of patients with larger tumours. The method in the main cohort was more successful

in harvesting samples with high cancer content (63%) where the histopathological evaluation

of cryosections was performed prior to other analyses. This can be regarded as a favourable

approach because unsuitable samples can be discarded from further analyses. However, the

simplicity of the tissue harvesting method used in the IHC cohort was also an advantage, where

no special equipment or particular skills were required, making it highly reproducible. These

needle biopsies could also be harvested and snap frozen at the surgical department, and the

short freezing time is ideal to prevent tissue degradation. In the main cohort, the prostatectomy

specimens had to be transferred to the pathology department for tissue slice harvesting, but the

use of a pneumatic tube system made the freezing time relative short, and has previously been

reported to average at 15 minutes [177]. Alterations in metabolites associated with glycolysis

(alanine, glucose and lactate) have been detected in rat brain tissue after 30 minutes of storage in

room temperature (20°C) [224], and no changes of individual metabolites were detected for 30

minutes of freezing time in a study of breast cancer xenografts [225]. These results are likely

translational to prostate tissue, where the freezing time of both cohorts was less than 30 minutes,

and thus unlikely to affect the metabolomics analysis. The quality of RNA has been reported to

handle several hours before degrading [226], and the freezing time of the samples in the main

cohort was therefore not considered to affect the gene expression.

A field effect of altered gene expression has been detected in benign prostate tissue adjacent to

cancer tissue [227, 228]. The harvesting method of the main cohort allowed for normal samples

to be extracted as far away as possible from the cancer areas (Figure 3.2A). This method was

expected to make the cancer field effect less extensive, and the histopathological confirmed
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non-cancer samples were therefore used for as normal prostate tissue for comparison of gene

expression. One advantage of using adjacent samples, is that the tissue harvesting was performed

under the exact same conditions for both cancer and non-cancer samples. Some studies have

tried to avoid the field effect by using autopsy biopsies as normal control samples [203, 204], but

different tissue handling is a limitation for this method. Another possible study design is to use

normal prostate tissue samples from surgical specimens of radical cystectomy treated bladder

cancer patients. This approach was used in one of the validation cohorts included in paper III,

Mortensen et al [94]. However, both bladder cancer itself and radical surgical treatment of this

patient group are less frequent than prostate cancer [6], and patient inclusion may therefore

be more time consuming. Although cancer samples were compared to normal samples in all

three papers of this thesis, the main focus was on the differences within cancer samples, and the

harvesting method used for non-cancer tissue samples was therefore considered satisfactory.

Quality of Gene Expression Analysis

The gene expression profiling in the main cohort of paper I-III was obtained by microarray

technology. Gene expression analysis is highly dependent on the quality of the RNA transcripts,

where degradation or fragmentation of mRNA will affect the measurement. RIN (RNA integrity

number) from 1-10 is used to measure the RNA quality [155]. A RIN above 7 is often considered

acceptable for transcriptomics studies, but there is no consensus and RIN thresholds as low as

3.95 [229] and as high as 8 [230] have been proposed. The average RIN of the samples in the

main cohort was 9.1, with a standard deviation 1.2 [124], and the RNA quality was therefore

considered to be very good. For the validation cohorts included in paper II and III, the quality

of the RNA was reported as median RIN value of 5.9 (range 3.9–9.7) in the Mortensen et al.

cohort [94], and samples with a RIN above seven were included in the Taylor et al. cohort [207].

Information on RNA quality were not available for the other cohorts. The relatively low RIN

in the Mortensen et al. and possibly other cohorts could be a limitation for the results in the

validation cohorts.

The microarray technique for measuring gene expression is dependent on the accuracy of

the DNA probes. The specific binding of the targeted transcript is essential, because the cross-

hybridisation of similar transcripts can be a source of error [231]. The signal intensity of low

abundance transcripts could be indistinguishable from non-specific bindings (background noise),

and both are therefore commonly filtered out before further analyses. Filtering was performed

on gene expression data in the main cohort of this thesis, reducing the number of transcripts

from ~47 000 to ~23 500. This resulted in genes without any measurements, and missing data
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was observed for 30 of the selected 196 relevant genes in paper II, representing a limitation of

the study. Microarray platforms frequently includes several probes for each gene, which may

represent different slice variants of the gene. In paper III, some cohorts had two probes for the

SFRP4 gene. Several strategies for selection of probes have been proposed [232]. In general,

summarisation of the probes is not recommended, as alternative transcripts or slice forms of the

gene may not correlate. In paper III, the probe with the highest variance of gene expression values

was selected for further analysis. The use validation cohorts with gene expression measured by

different microarray platforms, reduced the likelihood of poorly produced probes to affect the

overall results.

The gene expression in microarray analysis cannot be absolutely quantified [233], and can

therefore not be directly compared between cohorts. This is not a problem for studies exploring

the enrichment of gene sets or differential gene expression. However, for clinical translation,

absolute quantification may be necessary for analysis and interpretation in individual samples.

An alternative to microarray, RNA-sequencing (RNA-seq), a newer technology, allows for more

accurate, quantitative and higher resolution measurement of the transcripts [157]. RNA-seq

was not available at out facility at the time of analysis of the main cohort. However, one of

the validation cohorts included in paper II and III, was based on RNA-seq technology (TCGA

PRAD [201]). The agreement of the results between this cohort and the microarray based cohorts

is a sign of accuracy. RNA-seq is currently more expensive, and requires extensive skills for

processing and analysis compared to microarray [234]. Although several advantages of RNA-seq

for gene expression exists, microarray was considered a reasonable approach for the research

questions of the papers included in this thesis.

Tissue Heterogeneity in Gene Expression

Differences in the transcriptome of stroma and epithelial prostate cells are well acknowledged

[235], and tissue type heterogeneity is an important challenge for differential gene expression in

prostate tissue [213, 214]. In the main cohort, a difference in stroma content of the normal (mean

57%) and cancer (mean 28%) samples was observed (t-test p<0.001), which may introduce a

systematic bias. To approach this issue, a method for balancing tissue composition as described

in Section 3.5, was performed in paper II for detection of differentially expressed genes between

normal and cancer samples. By this strategy, stroma confounding could largely be identified, and

eliminated. However, a limitation is the subdivision of the samples into datasets, which reduces

the sample size for the statistical analysis. Furthermore, detailed histopathology is required of
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the exact same samples as used for gene expression, and this is rarely available. In paper III, the

main focus was on changes within cancer samples, and this, combined with the lack of detailed

histopathology of the validation cohorts, were the reasons why tissue composition balancing was

not performed in this paper. However, the same finding in several cohorts and different types of

samples proves SFRP4 to be a robust marker in cancer.

Another method to overcome the challenges caused by tissue heterogeneity is laser microdissec-

tion of the tissue before gene expression profiling [236]. By this method, molecular profiles from

different cell types such as stroma, epithelium and cancer can be identified. In paper III, laser

microdissection was performed in the Mortensen et al. cohort [94]. This may explain why this

cohort had the highest log fold change of SFRP4 gene expression between cancer and normal

samples (Figure 4.3A). However, the normal samples of this cohort were from bladder cancer

patient without prostate cancer, which may also explain the high log fold change. Methods for

spatial gene expression are starting to emerge, showing possibilities for localisation, visualisation,

and quantification of gene expression in tissue sections, and this is a promising prospective

potential for transcriptomics for both research and clinical applications [237, 238].

Transcriptome vs. Proteome

The protein expression is the product of gene expression, where the genetic information in the

transcripts (mRNA) are decoded into amino acids sequences, forming proteins. The transcriptome

is, however, not directly proportional to the proteome (protein expression), and the observed

Spearman’s rank correlation between mRNA and protein expression has been reported between

0.45 and 0.76 [239]. Although gene transcription is important in the regulation of protein

expression, additional complex and diverse mechanisms regulates the abundance of proteins.

One of the main regulatory steps in protein synthesis is the ribosomal translation of mRNA, and

one single transcript can be translated multiple times, or not at all [240]. The half-lives and

intracellular degradation of proteins will further affect the protein expression [241]. Furthermore,

post-translation modifications, such a phosphorylation, can regulate the functions of proteins

without increasing the transcription or translation [242]. Gene expression is still highly valuable

for understanding molecular mechanism of cancer, however, the mentioned differences in

transcriptome and proteome are important to remember when interpreting gene expression data.

Combining gene expression with high-throughput techniques for analysing the protein expression,

such as gel electrophoresis [243] or mass spectrometry [244], can give a more comprehensive

understanding of cancer progression. Such proteomics analysis was not performed for the work
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in this thesis, however, protein expression of the most important genes in paper II and III were

investigated by immunohistochemistry.

Immunohistochemistry (IHC)

In paper II and III, protein expression of the most relevant genes was validated by immunohis-

tochemistry (IHC) in an independent cohort, the IHC cohort. Using two different cohorts only

allowed for a general comparison of the gene and protein expression in prostatectomy tissue

samples. Further development of the tissue harvesting method used in the main cohort, with

additional tissue sections for IHC (and FISH) analyses of the exact same sample, can allow for

direct comparison of expressions of genes, proteins, and metabolites.

IHC is a relatively effective and simple method for visual 2D evaluation of protein expres-

sion. The different cells and tissue types can be evaluated separately, which made it possible to

specifically study the expression in tumour cells in this thesis. In addition, the protein staining

can be localised within the cells (membranous, cytoplasmic, and nuclear staining), which may

give important additional information on the function of the proteins. This advantage of IHC

was particularly valuable for β-catenin expression in paper II, where translocation to the nuclei is

a hallmark of canonical Wnt pathway activation [245]. However, there are limitations associated

with the IHC method, including poor reproducibility with a lack of standardisation in antibodies

and staining protocols, as well as high reader subjectivity [246, 247]. To reduce some of these

limitations, positive and negative controls were processed for all antibodies, and the evaluation

were performed under guidance from an experienced pathologist in paper II, and by two readers

in paper III.

Tissue microarray (TMA) cores are frequently used in IHC research studies, and can be as

small as 0.6 mm in diameter [248]. The IHC staining of the tissue in a TMA section is relatively

homogeneous due to its small size. However, the tissue sections of the IHC cohort were from 16

Gauge needle biopsies (1.7 mm diameter) with length up to ~30 mm. Staining heterogeneity

within the samples were therefore a challenge for the IHC evaluation in both paper II and III.

However, the size of the tissue sections in the IHC cohort was more similar to a clinical sample,

and the challenges of staining heterogeneity are therefore highly important to acknowledge when

evaluating possible clinical translations of IHC staining. Another important limitation of non-

targeted biopsies in IHC analysis of cancer, is that the samples are not necessarily representative

of the most aggressive part of the tumours. This may especially be a source of error for statistical

analyses comparing the IHC staining with clinical parameters and follow-up status of the patients,
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as performed in paper III.

A method currently emerging in the field of tissue section pathology is multicolour multi-

plex immunohistochemistry [249]. This method has the potential to reduce some of the presented

limitations of IHC, such as poor reproducibility and reader subjectivity, by, among others,

standardised and quantitative image analysis [249].

Metabolomics – HR-MAS MRS

In this thesis, HR-MAS MRS was used for detection and quantification of the metabolites

in the tissue samples. The advantages of this technique include simple sample preparation,

semi-automatic and high through-put acquisition [250], as well as established protocols for

tissue harvesting, sample preparation, and acquisition [177–179]. Together, this ensures a high

reproducibility of the method. In paper I-III, the use of HR-MAS MRS allowed for absolute

quantification of metabolites by LCModel [183, 184], which permitted advanced statistical

analyses of the metabolite concentrations, as well as opening for possible comparison with other

studies and cohorts. In addition, multivariate analyses, a commonly used method for statistical

analyses of HR-MAS MRS spectra [176], were performed in paper I, and the agreement of the

results by quantification and multivariate analyses, gives extra confidence.

The clinical translation of HR-MAS MRS to in vivo patient MRSI, as demonstrated in pa-

per I and II of this thesis, and previously shown by Selnæs et al [211], makes HR-MAS MRS

highly relevant for identification of clinically useful biomarkers. The ongoing introduction of

ultra-high-field (7 Tesla) clinical MRI scanners, will offer increased spectral resolution and higher

signal-to-noise ratio of MRSI [251], and this may further increase the translational potential of

ex vivo MRS findings.

Another main advantage is the non-destructiveness of HR-MAS MRS, where the exact same

tissue samples can be further analysed after acquisition. This was demonstrated in this thesis by

gene expression, histopathology, immunohistochemistry, and FISH analyses. The conservation

of the tissue was an important advantage, especially in paper I where the main aim was to identify

metabolic associations with the TMRPSS2-ERG gene fusion in prostate cancer. This could be

assessed with a higher degree of certainty when both analyses were performed on the exact

same tissue sample, avoiding the problem of cancer heterogeneity seen when using adjacent

samples. The integrated analyses also allowed for the incorporation of metabolomics, hence

gave a broader molecular understanding, in paper II and III.
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Tissue degradation can be regarded as a possible limitation of the HR-MAS MRS technique,

where the high spin rate and acquisition time may be important factors. This has been investigated

in prostate tissue by Taylor et al. whom detected distortion of the ductal structures of prostate

tissue after using a spin rate of 3 kHz [252]. However, in the same study, the tissue degradation

did not affect the histopathological evaluation of the samples [252]. In this thesis, a 5 kHz spin

rate was applied during HR-MAS MRS acquisition. The spinning was not observed to hinder the

detailed histopathological, immunohistochemistry, or FISH evaluation, nor affect the RNA [177].

Tissue degradation caused by HR-MAS MRS acquisition was therefore not regarded as an issue

in the work of this thesis.

One of the drawbacks of HR-MAS MRS is that only metabolites of relatively high abun-

dance can be detected (milimolar concentrations), whereas the most commonly used alternative

metabolomics technology, mass spectrometry (MS), has a higher sensitivity (picomolar concen-

trations) [253–255]. MS offers quantitative analyses and good separation of metabolites, however,

MS requires more intricate and destructive sample preparations, and subsequent analyses of the

same tissue sample can no be performed. In addition, the sample preparation can cause loss

and discrimination of metabolites, as well affecting the repeatability and reproducibility of the

measurements [256]. In the work included in this thesis, the non-destructiveness combined with

clinical translation potential were considered to be of high importance, and HR-MAS MRS was

considered the most suitable technology for metabolomics analysis. However, when interpreting

the findings, it is important to recognise that the relatively low sensitivity of the technique does

not offer a full overview of the metabolic status in the tissue.

For future studies, matrix-assisted laser desorption ionisation (MALDI) MS imaging could

be an interesting and relevant technique for investigating the metabolism in prostate cancer.

MALDI MS is commonly used in proteomics studies and is currently emerging as an analytic

tool for metabolomics [257, 258]. This technique gives high sensitivity, but only requires a

thin tissue section, and directly adjacent sections can be used for other tissue analyses such as

histopathology and gene expression. The main advantage of the MALDI MS imaging technique

is the possibility to localise the analysis to specific tissue types, such as normal epithelium,

cancer, and stroma tissue.
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Sample Classification

Based on histopathological grading, the cancer samples were divided into two subgroups of low

Gleason score (≤3+4) and high Gleason score (≥4-3) in all included cohorts in this thesis. The

reasons for choosing this cut-off were the previously detected prognostic differences Gleason

score 3+4 and 4+3 [47, 48], as well as getting relatively equal sized groups for statistical analysis.

Furthermore, the new Grade Group system for prostate cancer samples separates Gleason score

3+4 and 4+3 into the Grade Group 2 and 3, respectively [56]. The low and high Gleason score

groups used in the papers of this thesis, is therefore in accordance with the new Grade Groups.

The samples in the main cohort were also divided according to ssGSEA score of the gene

expression signatures. In paper I, the samples were divided into three groups depending on the

ssGSEA score of the established ERG-fusion gene signature. As the gene fusion have been

reported in a range from 30-80% of cancers, the use of three groups increased the probability

of the samples in the ERGhigh group to be true positive, and the ERGlow to be true negative. In

paper II, the samples were divided into equally sized groups depending on the ssGSEA score of

the developed NCWP-EMT gene signature. The frequency of the non-canonical Wnt pathway

activation in prostate cancer was not previously known, however the immunohistochemistry

results indicated activation in less than 50 percent of the samples. To increase the likelihood of

activation in the high score group, and at the same time maintaining large enough sample size

statistical analysis, three groups were therefore found the most appropriate for the NCWP-EMT

signature.

5.2 Biological Interpretation

Understanding the molecular alterations in prostate cancer can enable identification of biomarker

candidates and signatures for improved risk stratification for patients, as well as help the selection

of more personalised treatment strategies. In this thesis, the TMPRSS2-ERG gene fusion,

Wnt pathway, and SFRP4, as well as their association with aggressive disease and metabolic

alterations, were investigated in human prostate cancer tissue samples. In this section, the

biological interpretation and the possible clinical impact of the findings are discussed.

TMPRSS2-ERG Gene Fusion

In paper I of this thesis, the TMPRSS2-ERG gene fusion and its associations with metabolism

was the focus, and the study design was optimised for this. Further the relationship between

TMPRSS2-ERG and biochemical recurrence was also investigated. Previously there has been
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inconsistent results regarding the association of TMPRSS2-ERG gene fusion and prostate cancer

aggressiveness. A large meta-analysis of 48 different studies concluded the gene fusion not to be

a strong predictor of recurrence or mortality in prostatectomy treated patients [109]. This is in

agreement with the findings of paper I, where no significant difference in biochemical recurrence

between patients with ERGhigh and ERGlow score was detected. When restricting the analyses

to low Gleason score (≤3+4) samples, none of the patients in the ERGlow group experienced

biochemical recurrence during time of follow-up. However, the statistical comparison of the

biochemical recurrence in between patients with ERGhigh and ERGlow was not significant. Due

to the relatively low number of patients, especially when restricting the analysis to low Gleason

score samples, the study did not have the statistical power to make any conclusions. Further

investigation of the association between TMPRSS2-ERG and clinical outcome in prostate cancer

patients with low Gleason score may be of interest, as improved risk stratification is needed in

this patient group for selection of patients for active surveillance.

Several metabolic differences in ERGhigh and ERGlow tissue samples were detected in pa-

per I. Of particular interest, the metabolites citrate and spermine were significantly lower in

ERGhigh samples. These metabolic alterations have previously been associated with high Gleason

score [126], and, recently, biochemical recurrence [259]. This may suggest ERG fusion to be

associated with a more aggressive metabolic pattern. Interestingly, the alterations of citrate and

spermine were more profound when separately investigating low Gleason samples. This may

suggest low Gleason ERG-fusion positive prostate cancer to have a more similar metabolism

to high Gleason prostate cancer, however, further validation in larger cohorts are needed. The

metabolic alterations where further supported by changes in key metabolic enzymes of the

citrate and polyamine metabolism, suggesting these metabolic pathways to possibly be regulated

differently in prostate cancer possessing the TMPRSS2-ERG gene fusion. The alterations in

metabolites and enzymes for each metabolic pathway observed for the TMPRSS2-ERG gene

fusion are further discussed in the separate metabolomics part of the discussion (Section 5.3).

Wnt Signalling Pathway

The Canonical Wnt pathway

Increased activation of the canonical Wnt pathway has previously been linked to aggressive fea-

tures in prostate cancer [260], and drugs targeted to inhibit Wnt signalling have shown promising

results in prostate cancer cell lines [261, 262]. When investigating the Wnt pathway in paper II,

the expected finding was therefore signs of increased activation of the canonical Wnt pathway,

by upregulation of relevant genes and immunohistochemical detection of nuclear translocation
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of β-catenin. However, the findings of paper II did not confirm this, neither in cancer compared

with normal samples, nor in high Gleason compared with low Gleason samples. Some suggested

reasons for the discrepancy between the result of paper II and previous findings are therefore

discussed below.

First, the samples used in paper II were from prostatectomy patients diagnosed with local

or locally advanced prostate cancer, whereas the canonical Wnt pathway has mostly been asso-

ciated with advanced disease, such as androgen resistant prostate cancer [78], and metastatic

disease [79]. The canonical Wnt pathway may therefore still be important in advanced and

metastatic prostate cancer. The findings in paper II suggest the canonical Wnt pathway to be

inappropriate for early risk stratification or early targeted treatment in prostate cancer patient.

Secondly, most of the previous studies of the canonical Wnt pathway in prostate cancer have

been performed on cell lines [77, 78]. In cancer research, cell lines are powerful model systems

to obtain understanding of the mechanisms of pathway activity. Nonetheless, the cells are

frequently derived from advanced types of cancer, and may be genetically modified to obtain

features such as immortality, and the primary cancer properties might have been changed [263].

The discrepancy between cell lines studies and the findings in paper II regarding the canonical

Wnt pathway, may therefore reflect the differences between cell lines and human prostate can-

cer tissue. This highlights the importance of validation of cell lines findings, in primary cells,

but also in human tissue as the tumour cell environment cannot be completely reproduced in vitro.

Finally, balancing the tissue samples for stroma fraction in paper II, revealed substantial stroma

confounding in several of the central canonical Wnt pathway genes. Previous studies of differen-

tial expression between prostate cancer and benign prostate tissue may therefore be affected by

the natural differences in stroma content, further explaining discrepancies from previous studies

of the canonical Wnt pathway in prostate cancer tissue.

Non-Canonical Wnt Pathway

Increased expression of several of the components in the non-canonical Wnt pathway, particularly

matching the newly discovered Wnt5/Fzd2 pathway, was detected in a subset of prostate cancer

samples in paper II. Furthermore, concordant increased expression of epithelial-mesenchymal

transition (EMT) markers was identified. This concordant expression was validated in five

independent validation cohorts, and a gene expression signature for non-canonical Wnt pathway

EMT (NCWP-EMT) was developed. This signature represents the central components in the
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non-canonical Wnt pathway, and increased expression of the signature suggests activation of the

pathway, but this should be further validated by functional studies in cell cultures.

The continuous NCWP-EMT signature score was shown to be a predictor of biochemical recur-

rence by Cox Proportional Hazard analysis. This was further demonstrated by Kaplan-Meier

analysis, where patients with samples classified as high NCWP-EMT score, had significantly

higher rates of biochemical recurrence compared to both intermediate and low NCWP-EMT

score. In fact, none of the patients with low NCWP-EMT score experienced biochemical re-

currence during follow-up. This could, however, not be validated in an independent validation

cohort (n=131, Taylor et al. [207]), although a non-significant similar pattern, separating low,

intermediate and high NCWP-EMT in the Kaplan-Meier plot was shown. However, some

shortcomings of this validation cohort may have affected the result. This cohort had only one

sample per patient, samples were not necessarily extracted from the most aggressive cancer foci,

and many patients were lost early during follow-up. In a larger validation cohort (n=545, Erho et

al. [154]), samples with high NCWP-EMT score was significantly associated with metastatic

progression after surgery, and this further supported the NCWP-EMT signature to be associated

with worse prognosis. In the main cohort, there was also a non-significant, but visual separation

of biochemical recurrence in low, intermediate and high NCWP-EMT in patients with a Gleason

score ≤7. This patients group also had a higher hazard ratio for biochemical recurrence in Cox

PH analysis of the continuous NCWP-EMT score compared with patients having a Gleason

score ≥8. This may indicate a potential for clinical risk stratification in the challenging group of

patients with low Gleason score. However, as for TMPRSS2-ERG, the low number of patients

reduced the statistical power, and studies in larger patient cohorts are necessary.

The NCWP-EMT signature was significantly associated with the concentration of the metabo-

lites citrate and spermine. Reduced concentrations of these metabolites have previously been

associated with aggressive prostate cancer [126, 142, 259], and these findings further supports

the NCWP-EMT to be associated with worse prognosis. However, possible mechanisms between

citrate and spermine concentrations and non-canonical Wnt pathway were not investigated in

this study.

In general, the results of paper II points towards non-canonical Wnt5/Fzd2 Wnt pathway activa-

tion, combined with EMT, to be associated with aggressive prostate cancer. This is in agreement

with the findings by Gujral et al. where the Wnt5/Fzd2 pathway was detected to be a predictor of

metastasis and survival in hepatocellular carcinoma patients [66]. However, larger cohorts are
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needed for validation and refinements of the NCWP-EMT signature, as well as for evaluation of

the causal relation and mechanisms of pathway activation in prostate cancer.

The role of WNT5A

WNT5A is a ligand which may activate the non-canonical Wnt pathway, and this ligand was

a part of the NCWP-EMT gene expression signature developed in paper II. The reported role

of WNT5A in prostate cancer has been inconsistent, where it has been associated with both

good [83–85] and worse prognosis [82]. In paper II, WNT5A gene expression seemed to be

an aggressive marker, as it was increased in high compared with low Gleason score cancer

samples. However, WNT5A gene expression was actually higher in normal samples compared

to low Gleason cancer samples. Previously, WNT5A has been detected as a tumour promoter

in colon and thyroid cancer [264, 265]. However, it has also been shown to antagonise and

inhibit canonical Wnt signalling [266, 267], and a tumour suppressor role of WNT5A has been

observed in several cancers including melanoma, pancreatic and gastric cancer [264, 265]. A

hypothesis could therefore be that in normal prostate cells, WNT5A has a tumour suppressing

role, perhaps by inhibiting the canonical Wnt pathway. Therefore, WNT5A expression in cancer

may be associated with good prognosis. On the other hand, if WNT5A expression increases

during tumour progression, this may suggest activation of the non-canonical Wnt pathway and

worse prognosis. This hypothesis of shifting roles of WNT5A, could explain the disagreement

in the previous studies of prognostic outcome associated with its expression in prostate cancer.

When using the NCWP-EMT signature as a biomarker, rather than WNT5A alone, the potential

problem of the hypothetical dual roles of WNT5A may be reduced. This is because the gene

signature relies on overexpression of several genes of the non-canonical Wnt pathway and EMT

markers. Further investigation of the role of WNT5A in prostate cancer is warranted.

Secreted Frizzled-Related Protein 4 (SFRP4)

Of the genes in the NCWP-EMT signature, secreted frizzled-related protein 4 (SFRP4) had

the highest negative correlation with concentrations of the metabolites citrate and spermine.

SFRP4 is classified as a tumour suppressor due to its inhibition of the Wnt pathway [268].

Decreased gene expression of SFRP4 has previously been detected in several types of cancers,

including endometrial, ovarian, bladder and oesophageal cancer [91]. However, some studies

of prostate cancer tissue have implied a possible opposite role of SFRP4, where expression has

been associated with more aggressive disease [92, 94]. Both the metabolic correlation and the

contradictory findings of SFRP4 expression in prostate cancer compared with other cancers,

made further investigation and validation of SFRP4 expression intriguing, and resulted in the
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work presented in paper III of this thesis.

In paper III, significantly higher gene expression of SFRP4 was detected in prostate cancer

compared with normal tissue. This is in agreement with previous findings of SFRP4 in two small

studies of human prostate tissue (n=16 and n=56) [92, 93]. The multiple cohort and large sample

size (n=1237) in paper III, added substantial validation for SFRP4 expression to be increased

in prostate cancer. Additionally, significantly higher SFRP4 expression was detected in high

Gleason score (≥4+3) compared with low Gleason score (≤3+4) cancer samples. The continuous

SFRP4 values were detected to be a predictor of biochemical recurrence and metastasis after

radical prostatectomy. This suggest SFRP4 expression to be associated with more aggressive

prostate cancer, which is in concordance with previous studies of SFRP4 in prostate cancer

[92, 94]. Furthermore, the results of paper III supports the inclusion of SFRP4 as a part of

previously developed signatures for prostate cancer aggressiveness, including two signature

developed by Mortensen et al. [94], the commercially available Oncotype DX prostate signature

[153], and the NCWP-EMT signature from paper II of this thesis [86].

Although SFRP4 expression in prostate cancer tissue seems to be associated with aggressive

disease, a few cell line studies have supported tumour suppressor properties of SFRP4 also

in prostate cancer. This includes association with reduced cellular proliferation [95, 96] and

reduced expression in cancer compared with normal control cells [269]. As discussed for the

canonical Wnt pathway, this disagreement may be attributed to the differences between cancer

tissue and cell lines. However, another cell line study was in accordance with the findings in

tissue, where SFRP4 was detected upregulated in all prostate cancer cell lines (LNCaP, PC3,

DU145 and 22Rv1) compared with control cells [270].

The results of paper III, indicate SFRP4 expression to be a possible tissue biomarker for prostate

cancer aggressiveness, however, direct clinical application of SFRP4 was not assessed in this

thesis. Opportunities may include absolute quantification of SFRP4 expression by real time

PCR in tissue biopsies for risk stratification of patients. A recent conference abstract indicated

increased SFRP4 in urine as a method for detection of prostate cancer [271], and a recently

published patent included SFRP4 gene expression in serum as a marker for predicting prostate

cancer aggressiveness [272]. This suggest potential for SFRP4 to be a biomarker for prostate

cancer also by less invasive methods, and SFRP4 deserves further attention in prostate cancer

studies.
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5.3 Metabolic Reprogramming in Prostate Cancer

Reprogramming of metabolism is one of the hallmarks of cancer [112], and in this thesis,

metabolic alterations were associated with TMPRSS2-ERG gene fusion (paper I), non-canonical

Wnt pathway and EMT (paper II), as well as SFRP4 expression (paper III). In this section, the

metabolic alterations of all papers are interpreted together by each metabolic pathway.

Citrate, Energy, and Fatty Acid Metabolism

Reduced concentration of citrate was detected in prostate cancer tissue samples with high

signature scores (ERG and NCWP-EMT). In addition, a negative correlation between citrate

concentration and SFRP4 gene expression was detected in paper III. This may indicate a loss of

the excessive citrate production of normal prostate cells. Previously, a loss of zinc accumulation

has been shown in prostate cancer, which in turns activate the enzyme ACON (ACO1/2), and as

a result citrate may be transformed to isocitrate in the TCA cycle and used for energy production

(Figure 1.8 and 5.1) [273, 274]. However, opposite of expected, reduced expression values of

both ACON genes (ACO1/2) was detected in ERGhigh compared with ERGlow samples in paper I

(Figure 5.1). This is in agreement with a previous study detecting significant positive covariance

between citrate level and ACON expression, hence suggesting low citrate levels to be associated

with reduced ACON expression [124]. This may imply that low concentration of citrate is not

due to increased utilisation and energy production by the TCA cycle.

Citrate can also be a precursor for fatty acid synthesis, which has been associated with ag-

gressive features of prostate cancer [121]. Increased fatty acid synthesis may therefore be another

hypothesis for the reduced citrate concentration detected in cancer samples with high ERG and

NCWP-EMT signatures scores and increased SFRP4 expression. In paper I, increased gene

expression of key lipogenic enzymes, including acetyl-CoA carboxylase alpha (ACACA) and

fatty acid synthase (FASN) were observed in ERGhigh compared with ERGlow cancer samples

(Figure 5.1). This may indicate increased fatty acid synthesis in cancer possessing the TMPRSS2-

ERG gene fusion.

Furthermore, a significantly increased expression of key enzymes of the pentose phosphate

pathway were detected in ERGhigh compared with ERGlow samples (Figure 5.1). This may

suggest glucose to be used for nucleotide and fatty acid production by the pentose phosphate

pathway, possibly instead of citrate production. Aerobic glycolysis is also a common pathway for

increased glucose utilisation in cancer cells (Figure 1.8B) [116], however, lactate concentration
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was not altered across the signature scores in paper I and II, indicating no differences in aerobic

glycolysis within the cancer samples.

Figure 5.1 TMPRSS2-ERG relation to the citrate, energy and fatty acid metabolism.
Schematic representation of pathways and gene expression levels of associated key enzymes altered due

to presence of the TMPRSS2-ERG gene fusion. Gene/protein names: ACO1/2 – aconitase 1/2, ACACA –
acetyl-CoA carboxylase alpha, FASN – fatty acid synthase, PGLS – 6-phosphogluconolactonase, RBKS –
ribokinase, and TKT – transketolase. Blue = downregulation, red = upregulation in ERGhigh compared
with ERGlow tissue samples.

Polyamine metabolism

In paper I-III of this thesis, reduced spermine concentration was associated with ERGhigh, high

NCWP-EMT, and higher SFRP4 expression in prostate cancer samples. Reduced level of sper-

mine has previously been observed in prostate cancer compared with normal prostate tissue

[142], and a further decrease has been detected in prostate cancer with high Gleason score [126].

The mechanisms of spermine reduction in prostate cancer is not completely understood, however,

the genes of the polyamine pathway were generally observed to be upregulated in ERGhigh

compared with ERGlow cancer samples in paper I (Figure 5.2). This may indicate an upregula-

tion and a high flux through the polyamine pathway. This high flux together with the reduced

spermine concentration in ERGhigh samples might be explained by the strong upregulation of the

SAT1 gene expression in the same samples (Figure 5.2). The SAT1 is the rate-limiting enzyme

of spermine and spermidine catalysis, and has previously been shown to reduce intracellular

concentration of polyamines [275].

Additionally, ERGhigh samples were associated with lower concentration of putrescine, fur-
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ther supporting this high flux theory. In paper II, no alteration in putrescine concentration

were detected between high and low NCWP-EMT score samples, and this may indicate slightly

different mechanism for spermine reduction in prostate cancer with TMPRSS2-ERG and non-

canonical Wnt pathway activation, however, the mechanism was not further investigated in this

thesis. The androgen regulated ODC enzyme controls the rate-limiting step of the polyamine

metabolism; conversion of ornithine to putresine (Figure 5.2). ODC has been described as an

oncogene, and increased gene expression of ODC has been reported in prostate cancer tissue

[138]. In paper I, when comparing ERGhigh with ERGlow samples, the ODC1 expression was

only slightly upregulated in contrast to the strong upregulation of the other enzymes in the

pathway, and this may explain the depletion of putrescine in ERGhigh samples.

Figure 5.2 TMPRSS2-ERG gene fusion and the polyamine metabolism.
Schematic representation of the polyamine pathway and gene expression levels of associated key en-

zymes altered due to presence of TMPRSS2-ERG gene fusion. Gene/protein names: ODC1 – ornithine
decarboxylase 1, SRM – spermidine synthase, SMS – spermine synthase, SAT1 – spermidine/spermine
N1-acetyltransferase 1. Blue – downregulation, red – upregulation in ERGhigh compared with ERGlow

tissue samples.

Choline Phospholipid Metabolism

The choline phospholipid metabolism is crucial for biosynthesis of cell membranes which is

needed by proliferating cells (Figure 1.7) [276]. In paper I, there were significant increasing

concentrations of the metabolites phosphocholine and phosphoetanolamine with increasing ERG

scores. These metabolites have previously been detected to be upregulated in prostate cancer

compared with normal prostate tissue [126, 131, 277]. A hypothesis could therefore be that

TMPRSS2-ERG fusion positive cancer has higher proliferation than fusion negative prostate

cancer. In paper II, no alterations were detected of the metabolites in the choline phospholipid

metabolism when comparing high with low NCWP-EMT score, possibly suggesting proliferation

to be less important for the aggressiveness associated with the non-canonical Wnt pathway.
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Luminal Space

In this thesis, TMPRSS2-ERG gene fusion in paper I, non-canonical Wnt pathway and EMT

activation in paper II, and SFRP4 expression in paper III, were associated or correlated with

reduced concentration of citrate and spermine. However, citrate and spermine are stored in the

luminal space of the prostate glands, and it is debated if such reduced concentrations represent

true alterations of the metabolism in cancer cells, or mainly reflects morphological changes with

fewer and smaller glands. The effect of luminal space on citrate and spermine concentrations

were therefore investigated in paper I and II, where moderate correlations between citrate and

spermine concentrations and the fraction of luminal space were detected (r=0.369 and r=0.415,

respectively). When correcting for luminal space fractions in the statistical analyses of metabolite

concentrations across gene expression signature groups, highly significant reductions of citrate

and spermine were still shown in both paper I and II. These results indicate the observed

alterations of citrate and spermine to be a combination of morphological changes and true

reprogramming of metabolism. This is in agreement with a study by Swanson et al., where citrate

and spermine in luminal space could be investigated separately due to shorter MR relaxation

time in the fluid-like environment [131].

Potential Metabolic Biomarkers

In paper II and III, the NCWP-EMT and SFRP4 expression were associated with aggressive

and recurrent disease, and their association with reduced concentration of citrate and spermine,

further shows potential for these two metabolites to be prognostic biomarkers in prostate cancer.

Furthermore, in paper II, possible in vivo translation was shown using MRSI, although significant,

the cohort was too small to make any absolute conclusions. Further investigation of citrate and

spermine as potential prognostic biomarkers in prostate cancer are therefore needed.

5.4 Clinical Implications

The overarching goal of all cancer research, including the work of this thesis, is to enable a future

benefit for cancer patients. However, clinical implementation of basic research is not necessarily

a straight forward process. The overall aim of this thesis was to identify candidates for molecular

biomarker and signatures for improved risk stratification of prostate cancer patients. In this

thesis, prostate cancer with TMPRSS2-ERG gene fusion was shown to be linked with a more

aggressive metabolic pattern. Furthermore, a new gene expression signature was developed

for non-canonical Wnt pathway and EMT, and this signature along with SFRP4 expression

was shown to be a predictor of biochemical recurrence in prostatectomy treated prostate cancer
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patients. Citrate and spermine were also shown to be potential metabolic prognostic biomarkers.

All these results gave increased molecular understanding of the differences between indolent and

aggressive prostate cancer. However, further validation as well as investigation into how these

findings can be used to improve risk stratification in prostate cancer patients in a clinical setting,

are needed. The molecular understanding of prostate cancer progression might also be useful for

selection of pathways to investigate for targeted drug therapy in prostate cancer. Although no

direct clinical implication can be drawn, basic research, as performed in this thesis, is in general

important for future progression of prostate cancer treatment and management strategies.
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Future Perspectives

The scope of this thesis was to obtain molecular information to identify biomarker candidates

and signatures that may improve risk stratification of prostate cancer patients. Gene expression,

MR-based metabolomics, detailed histopathology, immunohistochemistry, and fluorescence in

situ hybridisation techniques were used on prostate tissue samples in an integrated fashion to

reveal intricate, multi-level molecular relations. Follow-up of the patients allowed for investiga-

tion of the relationship between molecular alterations and cancer recurrence after surgery. The

general aims of the presented work were to investigate two specific molecular alterations, the

prostate cancer specific TMPRSS2-ERG gene fusion, and the cancer relevant Wnt signalling

pathway. This thesis includes both an overview of the Wnt pathway activation, as well as a closer

look into one of its important components, SFRP4.

The presence of TMPRSS2-ERG gene fusion in prostate cancer was associated with a dis-

tinct metabolic profile, where reduced concentrations of the metabolites citrate and spermine

were the most prominent alterations. This was supported by concordant changes in the gene

expression levels of key enzymes of the relevant metabolic pathways. The results indicated that

prostate cancer with TMPRSS2-ERG gene fusion tended to differentiate towards a metabolic

phenotype previously associated with aggressive prostate cancer.

The investigation of the Wnt signalling pathway revealed a gene expression pattern indicat-

ing activation of the non-canonical, rather than the canonical Wnt pathway in prostate cancer

samples. This was combined with increased expression of epithelial-mesenchymal transition

(EMT) markers, and a novel gene expression signature, NCWP-EMT, was developed for this

concordant activation. The signature was shown to be a predictor of biochemical recurrence, and

was associated with metastatic cancer progression after surgery. The NCWP-EMT signature may

therefore be useful for risk stratification of prostate cancer patients. However, further refinement

and validation of the signature in larger cohorts are necessary.
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Although the samples size was too small to make any conclusions, both the TMPRSS2-ERG gene

fusion and the NCWP-EMT signature showed patterns indicating them as possible prognostic

biomarkers in cancers with low Gleason score. For low Gleason, separation between patients in

need of active treatment and patients suitable for active surveillance is a major clinical challenge.

Thus, there is a need for new biomarkers for this patient group to prevent overtreatment of

indolent and undertreament of aggressive cancers. Therefore, further investigation of the possible

connection between cancer progression and both the TMRPSS2-ERG and NCWP-EMT, may be

valuable in larger cohorts of patients with low Gleason score prostate cancers.

Gene expression of SFRP4 was detected as a significant predictor of biochemical recurrence

and metastasis in prostate cancer patients, and may therefore also be a potential biomarker for

early prediction of prostate cancer aggressiveness. In addition to tissue sample measurements,

SFRP4 gene and protein expression may have a promising role for detection and risk stratification

of prostate cancer by less invasive methods, such as serum and urine measurements. Further

evaluation of potential clinical use of SFRP4 is therefore required.

The mechanisms of the non-canonical Wnt pathway and SFRP4 in prostate cancer were not

directly investigated in this thesis. Future studies, including functional studies of cell cultures,

would be of great interest for validation and increased understanding of this activation. Addition-

ally, increased knowledge of the signalling cascade and its function could lead to the discovery

of potential targets for cancer therapy.

Reduced concentrations of the metabolites citrate and spermine were associated with all the

molecular alterations detected in the work of this thesis: TMPRSS2-ERG gene fusion, non-

canonical Wnt pathway activation by the NCWP-EMT signature, and expression level of SFRP4.

Citrate and spermine may therefore be regarded as candidate tissue biomarkers for prostate

cancer aggressiveness. Potential clinical translation of these metabolic biomarkers was shown by

in vivo patient magnetic resonance spectroscopic imaging (MRSI), but the sample size was small,

and further investigation is recommended. Additionally, functional studies investigating possible

direct mechanisms between the gene expression and metabolic alterations are warranted.

Spatial transcriptomics and MALDI metabolomics are emerging techniques that make it possible

to locate gene expression and metabolic alterations to different cells and tissue types. These

methods could be beneficial for future wok following on from this thesis as a means to validate

the existing finding, and to reduce the confounding factor of tissue type heterogeneity. Further-
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more, adding high-throughput proteomics analysis of the same tissue samples may give a more

complete understanding of the detected molecular alterations.

To summarise, the findings presented in this thesis suggest non-canonical Wnt pathway signalling

and SFRP4 expression to be potential candidates for improved risk stratification in prostate cancer

patients. The gene fusion of TMPRSS2-ERG, activation of the non-canonical Wnt pathway, and

increased SFRP4 expression in prostate cancer were all associated with reduced concentrations

of the metabolites citrate and spermine. These metabolites may therefore have potential as

metabolic markers for early detection of prostate cancer, and stratification of phenotypes and

aggressiveness. The TMRPSS2-ERG gene fusion, non-canonical Wnt pathway, SFRP4, as well

as citrate and spermine deserve further attention in prostate cancer research.
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Table S2: Overview of all the selected genes used for analysis of the Wnt Pathway, and the p-values for alterations
in expression between cancer and normal, and high and low Gleason samples. In addition pathway classification and
relevance in prostate cancer based on previous literature is noted, as well as our own classification of the genes in
relation to prostate cancer.

Gene
P-values from t-test

Pathway
Relevance,
prostate
cancerc

ClassificationCancer/normal High/Low
GL gradeAll data Balanceda Unbalancedb

AES 0.0007 dw 0.002dw ns ns C No CA conf.
APC Not found Not found Not found Not found C Maybe Unavailable
APC2 Not found Not found Not found Not found C No Unavailable
AR ns ns ns ns C? Not a marker
AXIN1 9.3e-6 up 0.004 up 0.005 up ns C Maybe CA pos
AXIN2 1.7e-7 dw 0.02 dw 0.0005 dw ns C Maybe Str. pos
BAMBI 4.1e-6 up 0.02 up 0.0002 up ns C No Str. neg
BIRC5 0.01 up ns (0.09 up) ns 0.0001 up C No GL high
BMP2 0.03 dw ns 0.04 dw ns Epithelial Str. pos
BTRC 0.0001 up ns 3.8e-5 up 0.006 dw C Maybe Str. neg, GL Low
CACYBP ns ns ns ns C No Not a marker
CAMK2A 0.001 dw ns 0.0002 dw ns NC: Ca2+ Maybe Str. pos
CAMK2B 4.7e-8 up ns 6.6e-11 up 0.03 dw NC: Ca2+ Maybe Str. neg
CAMK2D ns ns 0.009 dw ns NC: Ca2+ Maybe Str. pos
CAMK2G 2.5e-20 dw 3.4e-5dw 4.4e-18/dw ns NC: Ca2+ Maybe Str. pos
CARM1 ns ns 0.005 dw ns C? AR-B-cat Maybe Str. pos
CCND1 2.4e-7 dw ns 2.4e-8 dw ns C, NC: PCP Maybe Str. pos
CCND2 1.1e-13 dw 0.002 dw 2.7e-12 dw ns C, NC: PCP Highly Str. pos
CCND3 ns ns 0.008 dw 0.02 up C, NC: PCP Maybe Str. pos
CD44 0.004 dw ns 0.0007 dw ns C? AR-B-cat Highly Str. pos
CDH1 2.2e-5 up ns 3.2e-8 up ns (0.07 dw) Cell adhesion Highly Str. neg
CDH11 ns ns 0.02 dw 0.001 up Mesenchymal Highly GL high
CDH2 0.01 dw ns 0.002 dw 0.0003 up Cell adhesion Highly Str. pos, GL high
CDH3 0.05 dw ns 0.008 dw ns Cell adhesion Maybe Str. pos
CDH4 Not found Not found Not found Not found Cell adhesion No Unavailable
CDH5 ns ns ns 0.0003 up Cell adhesion No GL high
CDH6 ns ns ns ns Cell adhesion No Not a marker
CER1 ns ns ns ns C No Not a marker
CHD8 ns ns ns ns C Maybe Not a marker
COX2 Not found Not found Not found Not found C? No Unavailable
CREBBP 0.005 dw ns 0.03 dw ns C No Str. pos
CSNK1A1 ns ns ns ns C No Not a marker
CSNK1A1L ns ns ns ns C No Not a marker
CSNK1E 2.6e-8 up 0.02 up 1.2e-6up 0.02 dw C No Str. neg, GL low
CSNK2A1 0.006up ns 0.01 up 0.05 up C No Str. neg, GL high
CSNK2A2 ns ns ns ns C No Not a marker
CSNK2B 0.05 up ns ns ns C No Not a marker
CTBP1 0.0009 up 0.01 up 0.002up ns C No CA pos
CTBP2 0.0006 up ns 0.006 up 0.05 dw C No Str. neg
CTNNA1 ns ns 0.04 dw ns Cell adhesion Maybe Not a marker
CTNNAL1 0.0002 up ns 4.2e-5 up ns Cell adhesion No Str. neg
CTNNB1 0.0004 dw ns 0.0008 dw ns C Highly Str. pos
CTNNBIP1 ns 0.01 dw ns 0.003 dw C Maybe CA conf., GL low
CTNNBL1 1.4e-6 dw ns (0.09 dw) 5.7e-5 dw ns C No Str. pos
CTNND1 0.007 dw ns 0.002 dw 0.0003 up Cell adhesion Highly Str. pos
CTNND2 1.2e-9 up 0.02 up 3.7e-10 up 0.01 up Cell adhesion Maybe Str. neg, GL high
CUL1 6.0e-7 dw ns 3.6e-7 dw ns C No Str. pos
CXXC4 0.0002 up 0.02 up 0.01 up ns C No CA pos
DAAM1 0.006dw ns 0.03 dw ns NC: PCP No Str. pos
DAAM2 8.3e-9 dw 0.04 dw 3.0e-8 dw ns NC: PCP No Str. pos
DKK1 ns ns ns ns C Highly Not a marker
DKK2 0.03 dw ns 0.04 dw ns C No Str. pos
DKK3 1.9e-11 dw 0.0009 dw 2.4e-9 dw ns C ? Maybe Str. pos
DKK4 Not found Not found Not found Not found C No Unavailable
DVL1 0.0006 up ns (0.06 up) 0.01 up ns C, NC: PCP Highly Str. neg
DVL2 0.002 dw ns (0.06 dw) 0.03 dw ns C, NC: PCP No Str. pos
DVL3 0.03 dw ns 0.0006 dw ns C, NC: PCP No Str. pos
EDN1 ns ns ns ns C? No Not a marker
ELK1 1.6e-10 up 6.8e-5 up 2.0e-5 up ns W5 No CA pos
EP300 ns ns ns ns C No Not a marker
ERG 3.4e-9up 5.4e-5up 0.0002 up ns C? Maybe CA pos
a Balanced for stroma content.b Unbalanced for stroma content. c Based on previous findings: Highly = Alterations found in
prostate cancer, Maybe = alterations found in other cancers etc.. dOur classification of the gene based on the p-values. GL -
Gleason grade, ns - Not significant, Up - Up regulated in cancer/high GL, Dw - Down regulated in cancer/high GL, C - Canonical,
NC - non-canonical, PCP - Planar cell polarity pathway, Ca2+ - Calcium pathway, W5 - Wnt5/Fzd2 pathway, Str - Stroma, CA -
cancer, B - benign epithelium, Conf - Confounded, Red-NCWP-EMT gene signature, Red and Blue - central genes used in paper.
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Gene
P-values from t-test

Pathway
Relevance,
prostate
cancerc

ClassificationCancer/normal High/Low
GL gradeAll data Balanceda Unbalancedb

FBXW11 0.03 dw ns 0.004 dw ns C No Str. pos
FHL2 5.6e-12 dw 0.04 dw 7.2e-17 dw ns C? AR-B-cat Maybe Str. pos
FN1 ns ns ns ns Mesenchymal Maybe Not a marker
FOSL1 ns ns ns 0.02 dw C No GL low
FOXC2 1.9e-7 dw ns 2.8e-8 dw ns Mesenchymal Maybe Str. pos
FRAT1 ns ns ns ns C No Not a marker
FRAT2 1.5e-8 up 0.05 up 1.6e-8 up ns C No Str. neg
FYN ns ns 0.009 dw 0.0002 up W5 Maybe Str. pos, GL high
FZD1 1.7e-11 dw 4.2e-7 dw 0.0003 ns C Maybe CA neg
FZD10 ns ns ns ns C, NC: PCP No Not a marker
FZD2 ns (0.1 dw) ns 0.009 dw 0.003 up C, NC: Ca2+,

W5
Maybe Str. pos, GL high

FZD3 0.009 dw ns 0.03 dw ns C, NC: (PKA?,
Ca2+?)

No Str. pos

FZD4 4.5e-7 up 0.01 up 2.7e-5 up ns C Highly Str. neg
FZD5 ns ns ns ns (0.07 dw) C No Not a marker
FZD6 ns ns ns ns NC: Ca2+ Highly Not a marker
FZD7 1.5e-12dw 0.02 dw 1.4e-13 dw ns C NC:l PCP Maybe Str. pos
FZD8 1.6e-5 up 0.03 up 0.0004 up ns C No Str. neg
FZD9 2.2e-11 dw 8.5e-5 dw 5.8e-7 dw ns NC: ERK No CA neg
GPC4 0.02 dw ns 0.002 dw ns NC: PCP No Str. pos
GRIP1 Not found Not found Not found Not found C? AR-B-cat Maybe Unavailable
GSK3B 0.0001 up 0.005 up 0.02 up ns C Maybe CA pos
IGF1 5.2e-5 dw 0.005 dw 0.003 dw ns C? AR-B-cat Maybe CA neg
JUN 0.03 dw ns ns 0.0008 dw C, NC: PCP Highly GL low
JUP 5.2e-10 up 0.006 up 4.2e-9 up ns Cell adhesion Maybe Str. neg
LEF1 2.9e-9 up 2.9e-5 up 0.0002 up 0.02 up C Highly CA pos, GL high
LRP5 5.3e-6 up 0.0003 up 0.01 up 0.05 dw C Maybe CA conf.
LRP6 Not found Not found Not found Not found C No Unavailable
MAP2K1 0.0002 up ns 0.0002 up ns W5 No Str. neg
MAP2K2 ns ns 0.02 up 0.04 dw W5 No Str. neg
MAP3K7 ns ns ns ns C No Not a marker
MAPK10 0.0022 dw 0.04 dw 0.01 dw ns NC: PCP No CA neg
MAPK8 ns ns ns ns NC: PCP No Not a marker
MAPK9 ns ns ns ns NC: PCP No Not a marker
MMP2 ns ns 0.03 dw ns Mesenchymal Highly Str. pos
MMP3 ns 0.02 up ns (0.06 dw) ns Mesenchymal CA conf.
MMP7 ns 0.008 up 0.01 dw ns C Maybe CA conf.
MMP9 0.0005 up 0.0001 up ns ns Mesenchymal CA conf.
MYC 1.9e-5 up 0.01 up 0.0005 up ns C Highly CA pos
NFAT5 ns ns ns ns NC: Ca2+ No Not a marker
NFATC1 ns ns ns ns NC: Ca2+ No Not a marker
NFATC2 Not found Not found Not found Not found NC: Ca2+ No Unavailable
NFATC3 2.7e-5 dw 0.01 dw 4.5e-5 dw ns NC: Ca2+ No Str. pos
NFATC4 2.3e-7 dw ns (0.06 dw) 1.0e-6 dw ns NC: Ca2+ No Str. pos
NKD1 1.5e-5 dw ns 3.0e-8 dw ns C, NC: PCP No Str. pos
NKD2 0.001 dw ns 0.0001 dw ns (0.09 up) C, NC: PCP No Str. pos
NLK ns ns 0.05 up ns C No Str. neg
PCDH11Y Not found Not found Cell adhesion No Unavailable
PLCB1 0.04 dw ns ns ns NC: Ca2+ No Not a marker
PLCB2 ns 0.04 up ns 0.0007 up NC: Ca2+ No GL high
PLCB3 0.02 dw ns 0.03 dw ns NC: Ca2+ No Str. pos
PLCB4 0.02 up ns 0.03 up ns NC: Ca2+ No Str. neg
PORCN ns ns ns ns C No Not a marker
PPARD ns ns ns ns C No Not a marker
PPP3CA 2.0e-10 up 0.002 up 4.0e-8 up ns NC: Ca2+ No Str. neg
PPP3CB 1.1e-16 dw 0.0004 dw 1.0e-14 dw ns NC: Ca2+ No Str. neg
PPP3CC ns ns ns ns NC: Ca2+ No Not a marker
PPP3R1 ns ns 0.005 dw ns NC: Ca2+ No Str. pos
PPP3R2 Not found Not found Not found Not found NC: Ca2+ No Unavailable
PRICKLE1 0.0003 dw ns 1.2e-6 dw ns NC: PCP No Str. pos
PRICKLE2 6.4e-18 dw 0.001 dw 3.8e-18 dw ns NC: PCP No Str. pos
PRKACA Not found Not found Not found Not found C No Unavailable
PRKACB ns ns ns 0.0001 dw C No GL low
PRKACG Not found Not found Not found Not found C No Unavailable
PRKCA 8.2e-14 dw 0.0008 dw 3.2e-11 dw ns NC: Ca2+ No Str. pos
PRKCB 1.6e-9 dw 0.002 dw 2.8e-10 dw ns NC: Ca2+ No Str. pos
PRKCG Not found Not found Not found Not found NC: Ca2+ No Unavailable
PRKX ns ns ns ns C No Not a marker
PSEN1 ns ns ns ns C No Not a marker
a Balanced for stroma content.b Unbalanced for stroma content. c Based on previous findings: Highly = Alterations found in
prostate cancer, Maybe = alterations found in other cancers etc.. dOur classification of the gene based on the p-values. GL -
Gleason grade, ns - Not significant, Up - Up regulated in cancer/high GL, Dw - Down regulated in cancer/high GL, C - Canonical,
NC - non-canonical, PCP - Planar cell polarity pathway, Ca2+ - Calcium pathway, W5 - Wnt5/Fzd2 pathway, Str - Stroma, CA -
cancer, B - benign epithelium, Conf - Confounded, Red-NCWP-EMT gene signature, Red and Blue - central genes used in paper.
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Gene
P-values from t-test

Pathway
Relevance,
prostate
cancerc

ClassificationCancer/normal High/Low
GL gradeAll data Balanceda Unbalancedb

RAC1 ns ns 0.04 dw ns NC: PCP No Str. pos
RAC2 ns ns ns 0.01 up NC: PCP No Not a marker
RAC3 1.5e-14 up 5.4e-5 up 2.4e-10 up ns NC: PCP No CA pos
RBX1 ns ns ns ns C No Not a marker
RHOA 0.005 dw ns 0.004 dw ns NC: PCP Maybe Str. pos
ROCK1 0.01 dw 0.03 dw ns ns NC: PCP No CA conf.
ROCK2 2.7e-9 dw 0.01 dw 1.1e-7 dw ns NC: PCP No Str. pos
RUVBL1 8.4e-6 up 0.02 up 0.0006 up ns C No Str. neg
SENP2 ns ns ns ns C No Not a marker
SFRP1 0.04 dw ns 0.004 dw ns C, NC: PCP Highly Str. pos
SFRP2 ns ns 0.01 dw 0.0001 up C Highly GL high
SFRP4 0.0009 up 0.002 up ns 0.0001 up C Highly B neg, GL high
SFRP5 Not found Not found Not found Not found C No Unavailable
SIAH1 ns ns 0.008 dw ns C No Str. pos
SKP1 0.0002 dw ns 3.4e-5 dw ns C No Str. pos
SMAD2 ns ns ns ns C No Not a marker
SMAD3 6.7e-8 dw ns 2.9e-8 dw ns C No Str. pos
SMAD4 0.007 dw 0.05 dw ns ns C No Not a marker
SNAI1 Not found Not found Not found Not found Mesenchymal Highly Unavailable
SNAI2 6.1e-14 dw 3.7e-5 dw 1.7e-9dw ns Mesenchymal Highly CA neg
SOX10 Not found Not found Not found Not found Mesenchymal No Unavailable
SOX17 0.0003 dw ns 0.004 dw ns C No Str. pos
SRC ns ns ns 0.0003 dw W5 Maybe GL low
STAT3 ns ns ns ns W5 Maybe Not a marker
TBL1X 2.9e-9 dw ns 6.8e-12 dw 0.05 dw C No Str. pos
TBL1XR1 ns ns ns ns C No Not a marker
TBL1Y ns ns ns ns C No Not a marker
TCF3 1.4e-9 up 0.01 up 3.0e-8 up ns C Maybe Str. neg
TCF4 0.01 dw ns 0.003 dw 0.03 up C Highly Str. pos, GL high
TCF7 ns ns ns ns C No Not a marker
TCF7L1 2.6e-9 dw 0.02 dw 3.1e-8 dw ns C No Str. pos
TCF7L2 ns ns ns ns C No Not a marker
TGFB1 Not found Not found Not found Not found Mesenchymal Maybe Unavailable
TGFB2 1.0e-7 dw ns 4.7e-8 dw ns Mesenchymal Maybe Str. pos
TLE1 8.2e-7 up 0.0002 up 0.006 up 0.009 up C No CA pos, GL high
TLE2 7.7e-12 dw 9.8e-5 dw 1.9e-7 dw ns C No CA neg
TLE3 4.3e-6 up ns 1.8e-6 up ns C No Str. neg
TLE4 0.0002 dw ns 0.0002 dw ns C No Str. pos
TLE6 Not found Not found Not found Not found C No Unavailable
TP53 ns ns ns 0.02 dw C Maybe GL low
TWIST1 6.8e-11 up 0.0003 up 3,5e-7 up ns Mesenchymal Highly CA pos
VANGL1 Not found Not found Not found Not found NC: PCP No Unavailable
VANGL2 1.3e-5 dw 0.006 dw 0.003 dw 0.0005 dw NC: PCP No CA neg, GL low
VIM 3.1e-6 dw ns 9.2e-7 dw 0.002 up Mesenchymal Highly Str. pos, GL high
WIF1 1.1e-8 dw 1.3e-5 dw 0.003 dw ns C Highly CA neg
WNT1 Not found Not found Not found Not found C Highly Unavailable
WNT10A Not found Not found Not found Not found No Unavailable
WNT10B Not found Not found Not found Not found No Unavailable
WNT11 0.01 dw ns ns ns NC: PCP Highly Not a marker
WNT13 Not found Not found Not found Not found No Unavailable
WNT16 ns ns ns ns C Maybe Not a marker
WNT2 ns ns ns ns C Highly Not a marker
WNT2B ns ns (0.06 up) 0.02/ns dw ns C No Not a marker
WNT3 Not found Not found Not found Not found Unavailable
WNT3A Not found Not found Not found Not found C Maybe Unavailable
WNT4 ns ns ns ns Not a marker
WNT5A ns ns ns 6.7e.5 up NC: Ca2+,

W5, (PCP?)
Highly GL high

WNT5B 3.7e-5 dw 0.02 dw 0.003 dw 0.02 dw NC: Ca2+, W5 Maybe CA neg, GL low

WNT6 Not found Not found Not found Not found C Highly Unavailable
WNT7A ns ns ns ns No Not a marker
WNT7B ns ns (0.1 up) ns ns C Maybe Not a marker
WNT8A Not found Not found Not found Not found No Unavailable
WNT8B Not found Not found Not found Not found No Unavailable
WNT9A Not found Not found Not found Not found No Unavailable
WNT9B Not found Not found Not found Not found No Unavailable
ZEB1 Not found Not found Not found Not found Mesenchymal Unavailable
ZEB2 3.3e-10 dw ns 3.9e-12 dw ns Mesenchymal Str. pos

a Balanced for stroma content.b Unbalanced for stroma content. c Based on previous findings: Highly = Alterations found in
prostate cancer, Maybe = alterations found in other cancers etc.. dOur classification of the gene based on the p-values. GL -
Gleason grade, ns - Not significant, Up - Up regulated in cancer/high GL, Dw - Down regulated in cancer/high GL, C - Canonical,
NC - non-canonical, PCP - Planar cell polarity pathway, Ca2+ - Calcium pathway, W5 - Wnt5/Fzd2 pathway, Str - Stroma, CA -
cancer, B - benign epithelium, Conf - Confounded, Red-NCWP-EMT gene signature, Red and Blue - central genes used in paper.
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Abstract  

 

Introduction 

Prostate cancer is the second most common cancer 

in men, and the fifth leading cause of cancer related 

death in men worldwide
1
. The lack of accurate 

markers to separate aggressive from non-aggressive 

prostate cancer at an early time point, are causing 

considerable overtreatment of indolent cancers
2
. 

Discovery of new biomarkers of aggressiveness, as 

well as improved understanding of differences 

between indolent and aggressive prostate cancer, are 

therefore highly needed.  

The family of secreted frizzled-related 

proteins (SFRP1-5) are extracellular inhibitors of 

Wnt signalling, a pathway identified for its role in 

carcinogenesis
3
. The SFRPs are in general regarded 

as tumour suppressors. However, the SFRPs may 

also have oncogenic properties, due to implications 

in other signalling pathways, as well as a suggested 

biphasic modulation of Wnt signalling
4,5

. SFRP4 is 

the largest and the most structurally different of the 

family members
6
. In several types of cancer, SFRP4 

follows the tumour suppressor pattern, by epigenetic 

silencing due to promotor hypermethylation, and 

reduced gene expression, as reviewed by Pohl et al.
7
. 

However, for prostate cancer, increased gene 

expression of SFRP4 has been detected
8,9

, and 

shown to be a predictor of recurrent disease
10

. 

Additionally, SFRP4 has been included in different 

gene expression signatures linked to prostate cancer 

aggressiveness and recurrence
10,11

, including our 

previously published signature for non-canonical 

Wnt pathway and epithelial-to-mesenchymal 

transition markers (NCWP-EMT)
12

. Protein levels of 

SFRP4 measured by immunohistochemistry are 

discordant in prostate cancer; Horvath et al. reported 

increased expression of membranous SFRP4 

staining to be associated with good prognosis
13,14

, 

while Mortensen et al. reported cytoplasmic 

expression to be linked to worse prognosis
10

. Overall 

SFRP4 seems to be a potential biomarker candidate 

for prostate cancer aggressiveness, and there is a 

need to validate and clarify the role of SFRP4 in 

prostate cancer. 

Reprogramming of metabolism is one of 

the hallmarks of cancer development
15

, and in 

prostate cancer the metabolites citrate and spermine 

have shown promise as aggressive biomarkers
16,17

. 

Our previously published NCWP-EMT gene 

expression signature was associated with reduced 

concentrations of these metabolites
12

, but the 

correlation between SFRP4 gene and protein 

expression levels, and citrate and spermine has not 

previously been investigated in prostate cancer. Our 

previously published method enabling integration of 

gene expression levels, with metabolic data and 

histopathology of the exact same samples, gives an 

excellent opportunity to investigate this
18

.   

The overall aim of this study was to validate 

SFRP4 expression in prostate cancer, and its relation 

to the aggressiveness of the disease. The results were 

validated in eight independent publically available 

gene expression prostate cancer cohorts with patient 

follow-up information. Furthermore, SFRP4 

Increased knowledge of the molecular differences between indolent and aggressive prostate cancer 

is urgently needed for improved risk stratification and treatment selection for patients. SFRP4 is a 

modulator of the cancer-associated Wnt pathway, and previously suggested as a potential marker for 

prostate cancer aggressiveness. We investigated and validated the association between SFRP4 gene 

expression and aggressiveness in nine independent cohorts with follow-up data (total n=2197). By 

differential expression and combined meta-analysis of all the cohorts, we detected a significantly 

higher SFRP4 expression in cancer compared with normal samples, and in high (≥4+3) compared 

with low (≤3+4) Gleason score samples. SFRP4 expression was a significant predictor of 

biochemical recurrence in six of seven cohorts and in the overall analysis, and was a significant 

predictor of metastatic event in one cohort. In our main cohort, where metabolic information was 

available, SFRP4 expression correlated significantly with the concentration of citrate and spermine, 

two previously suggested biomarkers for aggressive prostate cancer. SFRP4 immunohistochemistry 

in an independent cohort (n=33) was not associated with aggressiveness. High SFRP4 gene 

expression is associated with high Gleason score and recurrent prostate cancer after surgery, and 

future studies investigating the mechanistic as well as assessing the clinical usefulness are warranted. 



immunohistochemistry was investigated in a 

separate cohort. Our approach of including several 

independent patient cohorts gave increased 

statistical power, and improved accuracy and 

generalisation of the results.  

 

Results  

The main cohort consisted of 156 prostate tissue 

samples from 41 patients, of which 116 were cancer 

tissue samples. An additional cohort termed the IHC 

cohort, included 40 cancer samples. Eight 

independent prostate cancer validation cohorts were 

downloaded from gene expression omnibus (GEO) 

and The Cancer Genome Atlas (TCGA), giving a 

total number of 2197 samples from 1830 patients. 

Five of the validation cohorts included normal 

samples as well as cancer samples. Clinical and 

histopathological data for all patients included in the 

study are listed in Table 1.  

 

 

Table 1. Clinical and histopathological variables of the cohorts. 

Clinical variables Main cohort IHC cohort Erho et al. 
TCGA-

PRAD 

CAM 

Ross-Adams et 

al. 

Samples (patients) 156(41) 40 (40) 545 (545) 549 (497) 186 (163) 

Cancer samples (patients) 116 (41) 40 (40) 545 (545) 497 (497) 112 (112) 

   Age at diagnosis, years (median, range) 64 (48-69) 61 (48-73) 65.3±6.4 61 (41-78) 61 (41-73) 

   PSA before surgery, ng/mL (median, range) 
9.1 (4.0-45.8) 

 
8.85 (5.2-18) - 

7.4 (0.7-107) 

 

7.8 (3.2-23.7) 

 

   Gleason score 

      Low (≤3+4) 60 (52%) 19 (47.5%) 334 (61%)
a
 207(42%) 82 (73%) 

      High (≥4+3) 56 (48%) 21 (52.5%) 211 (39%)
a
 289 (58%) 30 (27%) 

Pathological T stage  

   pT1 - - - - - 

   pT2 25 (60%) 27 (68%) 219 (40%) 187 (38%) 33 (29%) 

   pT3 40 (35%) 12 (30%) 
253 (47%) 

293 (59%) 74 (66%) 

   pT4 - - 9 (2%) 1 (1%) 

   No data 6 (5%) 1 (2%) 73 (13%) 8 (1%) 4 (4%) 

Follow-up 

   Event  BCR BCR Metastasis BCR Recurrence 

      Occurred 13 (32%) 16 (40%) 212 (39%)
b
 91 (18%) 19 (17%) 

      Not occurred 21 (51%) 21 (53%) 333 (69%)
b
 399 (80%) 93 (83%) 

      No data 7 (17%) 3 (8%) - 7 (2%) - 

 

Clinical variable 
STK 

Ross-Adams et al. 
Wang et al. Sboner et al. Taylor et al. Mortensen et al. 

Samples (patients) 94 (94) 136 (82) 281 (281) 160 (131) 50 (50) 

   Cancer samples (patients) 94 (94) 65 (56) 281 (281) 131 (131) 36 (36) 

   Age years (median, range)  63 (43-77) 74 (51-91) 58 (37-73) 63 (46-71) 

   PSA before surgery, ng/mL (median, range) 
7.95 (1.5-117) 

 
6.62 (1.0-75)  5.92 (1.0-46) 

16 (5.0-43) 

 

   Gleason score 

      Low (≤3+4) 60 (64%) 50 (77%) 162 (58%) 107 (82%) 32 (89%)
a
 

      High (≥4+3) 34 (36%) 15 (23%) 119 (42%) 24 (18%) 4 (11%)
a
 

Pathological T-stage 

   pT1 - 1 (2%) 281 (100%) - - 

   pT2 48 (51%) 32 (57%) - 85 (65%) 19 (53%) 

   pT3 42 (45%) 20 (35%) - 40 (30%) 17 (47) 

   pT4 - 1 (2%) - 6 (5%) - 

   No data 4 (4%) 2 (2%) - - - 

Follow-up 

   Event Recurrence BCR PCa-death BCR BCR 

      Occurred 45 (48%) 29 (52%) 165 (59%) 27 (21%) 22 (61%) 

      Not occurred 48 (51%) 27 (48%) 116 (41%) 104 (79%) 14(39%) 

      No data 1 (1%) - - - - 

BCR – biochemical recurrence, PCa-death – prostate cancer-specific death. 
a
In Erho et al. and Mortensen et al.: Low Gleason score ≤7, high Gleason 

score ≥8. 
b
In Erho et al. metastatic progression at 10-year patient follow-up.  

 



SFRP4 expression in cancer. In the main cohort, 

there was significantly higher SFRP4 expression 

(log fold change) in cancer samples compared 

with normal samples (p<0.001, Figure 1a). This 

was also true for four of the five independent 

validation cohorts which included expression data 

from both cancer and normal samples (Figure 1a). 

Meta-analysis of all the cohorts gave a significant 

combined Cohen’s d of 0.81, which is considered 

a large effect-size (Figure 1c). Together, this 

clearly describes upregulation of SFRP4 in 

prostate cancer compared with normal prostate 

tissue. 

 

SFRP4 expression in cancer with high Gleason 

score. In the main cohort, there was significantly 

higher SFRP4 expression (log fold change) in high 

Gleason score (≥ 4+3) compared with low Gleason 

score (≤ 3+4) cancer samples (p<0.001, Figure 1b), 

and this was also confirmed in six of the seven 

validation cohorts (Figure 1b). Meta-analysis of all 

the analysed cohorts further strengthened this 

finding, giving a significant combined Cohen’s d of 

0.57 (Figure 1d). The Mortensen et al. cohort was 

excluded from differential expression analysis 

between high and low Gleason score due to the low 

number of high Gleason score samples (n=4). 

 

SFRP4 and patient follow-up. In the main cohort, 

the continuous value of SFRP4 expression was a 

significant predictor of biochemical recurrence after 

radical prostatectomy, by univariate Cox 

proportional hazards analysis (Figure 2). This was 

further confirmed in five of the six validation cohorts 

with biochemical recurrence as endpoints (Figure 2). 

Meta-analysis of the six microarray based cohorts 

gave a significant combined SFRP4 standardised 

hazard ratio of 1.70 for prediction of biochemical 

recurrence (p<0.001, Figure 2). Continuous SFRP4 

expression was not a predictor of prostate cancer-

specific death in the watchful waiting Sboner et al. 

cohort (Figure 2). Furthermore, logistic regression 

showed SFRP4 expression to be a predictor of 

metastases after radical prostatectomy in the Erho et 

al. cohort (Figure 2).  

 

SFRP4 expression and metabolism. In the main 

cohort, the SFRP4 expression level was negatively 

correlated with concentrations of citrate (r=-0.53, 

p<0.001) and the polyamine spermine (r=-0.49, 

p<0.001) (Figure 3). These were the highest 

correlations to citrate and spermine of all the genes 

in our previously published NCWP-EMT gene 

expression signature
12

 (Supplementary Table S1).  

 

SFRP4 immunohistochemistry. In the IHC cohort, 

seven of the 40 samples had to be excluded from 

further immunohistochemistry analysis due to 

insufficient or lack or tumour cells in the stained 

section. We did not detect membranous SFRP4 

staining of prostate cancer cells in any samples. 

However, different staining intensities of 

cytoplasmic SFRP4 staining, as well as different 

proportion of positive cancer cells, were identified 

(Figure 4). Full immunohistochemistry scoring of 

each sample along with clinical, histopathologic and 

metabolic data can be found in Supplementary Table 

S2. 

There was no relationship between Gleason 

score and SFRP4 cytoplasmic staining index 

(Fisher’s exact p=1.0). This was also the case when 

looking at staining intensities and staining 

proportions, separately (Fisher’s exact p=0.80 and 

p=0.82, respectively). Furthermore, neither 

associations between SFRP4 staining and 

biochemical recurrence (Log-rank: staining index 

p=0.87, intensity p=0.82, proportion p=0.95), nor 

any significant correlation between SFRP4 staining 

index and citrate and spermine concentrations 

(r=0.13 p=0.47 and r=0.18 p=0.32, respectively) 

were detected. 

 

Discussion 
In this study, we performed analyses of SFRP4 gene 

expression, and validated the results in eight 

independent prostate cancer cohorts. We showed 

SFRP4 expression to be increased in prostate cancer, 

and further increased in high Gleason score 

compared with low Gleason score cancer. 

Additionally, SFRP4 expression was found to be a 

predictor of worse outcome in prostatectomy treated 

prostate cancer patients, and the expression level was 

negatively correlated with citrate and spermine 

concentrations in the samples. Together, these 

results underpin SFRP4 as a biomarker candidate of 

prostate cancer aggressiveness.  

We showed SFRP4 gene expression to be 

increased in prostate cancer compared with normal 

tissue in five of six cohorts, and in the combined 

meta-analysis of all cohorts. This is in agreement 

with Luo et al. and Wissmann et al., who 

investigated matched tumour and normal tissue,  



Figure 1.  SFRP4 gene expression in prostate cancer. (a) Log2 fold change of SFRP4 expression in cancer compared to 

normal samples (b) Log2 fold change of SFRP4 expression in high Gleason score (≥4+3) compared with low Gleason score 

(≤3+4) samples (c) Forest plot and meta-analysis of SFRP4 expression in prostate cancer compared with normal prostate 

samples. (d) Forest plot and meta-analysis of SFRP4 expression in high Gleason score (≥4+3) compared with low Gleason 

score (≤3+4) prostate cancer samples. Fieller’s method was used to obtain confidence interval (CI) for the fold changes. 
a
In the 

Erho et al. cohort low Gleason score was defined as ≤7, and high Gleason score as ≥8 



samples from 16 and 56 prostate cancer patients, 

respectively
8,9

. García-Tobilla et al. did not find 

significantly different expression levels of SFRP4 

between normal and prostate cancer tissue, however, 

the study suffered from small sample size (normal 

n=4, cancer n=11)
19

. In a previous paper, we also 

showed increased SFRP4 when balancing for stroma 

content in the samples
12

. Interestingly, two studies 

detected an increase in SFRP4 expression in prostate 

cancer tissue compared with benign prostate 

hyperplasia
19,20

, but this approach was not possible 

to pursue in our study. To summarise, previous 

studies have in general reported increased SFRP4 

gene expression prostate cancer compared with 

normal prostate, but have been carried out on small 

cohorts. The result of the present study adds 

substantial validation for SFRP4 expression to be 

increased in prostate cancer.  

We showed increased expression of SFRP4 

in high Gleason score (≥4+3) compared with low 

Gleason score (≤3+4) samples, and an association 

between SFRP4 expression and risk of biochemical 

recurrence and metastasis after radical 

prostatectomy. SFRP4 gene expression has 

previously been linked to more aggressive prostate 

cancer. Luo et al. showed increased expression of 

SFRP4 in tissue samples from prostate cancer 

patients with pathological stage T3a-b compared 

with pathological stage T2b. Mortensen et al. found 

SFRP4 to be a part of two aggressive gene 

expression clusters, as well as an independent 

predictor of recurrence after prostatectomy in the 

Nakagawa et al. cohort
10

. Our previously published 

NCWP-EMT gene expression signature included 

SFRP4 as one of 15 genes, and was shown to be 

associated with biochemical recurrence and 

metastasis after prostatectomy
12

. Furthermore, 

Oncotype DX
®

 for prostate cancer, a commercially 

available gene expression signature, includes SFRP4 

as one of 17 genes, which has been associated with 

clinical recurrence of prostate cancer after 

prostatectomy
11

. Our analyses of multiple 

independent cohorts in the current study, further 

support high SFRP4 expression to be associated with 

more aggressive prostate cancer. To conclude, 

several studies
8,10-12

, including the current study, 

support SFRP4 gene expression to be upregulated in 

aggressive compared with less aggressive prostate 

cancer. 

 

 

 

 
Figure 2 Univariate cox proportional hazard analysis of SFRP4 expression and follow-up endpoints. SFRP4 gene 

expression was used as a continuous variable in the analyses. Meta-analyses were performed on the cohorts with microarray 

based SFRP4 gene expression data and biochemical recurrence as endpoint. One sample per patient was selected randomly for 

the cohorts with multiple samples per patients (main and Wang et al. cohort). CI – confidence interval. 
a
The Erho et al. cohort 

was analysed by logistic regression, with odds ratio as the effect size. 



 
Figure 3. Correlations with metabolism.  Linear Pearson correlations between SFRP4 gene expression and citrate and 

spermine in the main cohort. All variables were log2 transformed. 

 

 

SFRP4 is classified as an inhibitor of Wnt 

signalling, a pathway implicated in carcinogenesis
3
. 

Consequently, SFRP4 is expected to be a tumour 

suppressor, and to be downregulated in aggressive 

cancer. As reviewed by Pohl et al., DNA 

hypermethylation of the SFRP4 promotor and 

reduced SFRP4 gene expression have been detected 

in many types of cancers, including, but not limited 

to, endometrial, ovarian, bladder, and oesophageal 

cancer
7
. Although SFRP4 expression in prostate 

cancer tissue seems to deviate from this, two prostate 

cell line studies have supported tumour suppressor 

properties of SFRP4 in prostate cancer. In the first 

study, Horvath et al. detected that PC3 and LNCaP 

cell lines modified to overexpress SFRP4 proteins 

had reduced cellular proliferation compared to 

controls
13,14

. García-Tobilla et al. showed reduced 

gene expression of SFRP4 in prostate cancer cell 

lines (LNCaP, PC3, DU145 and 22Rv1) compared 

with control cells (PREC)
19

. However, they did not 

detect DNA hypermethylation at the SFRP4 

promotors in any of the cell lines that could explain 

this downregulation
19

. Absence of SFRP4 gene 

hypermethylation was also shown by Perry et al. in 

both prostate cancer cell lines and tumour tissue
20

. In 

contrast to García-Tobilla et al., and in coherence 

with human prostate cancer tissue studies, Perry et 

al. also detected upregulation of SFRP4 in all 

prostate cancer cell lines (LNCaP, PC3, DU145 and 

22Rv1) compared with controls (PWR-1, 

RWPE1)
20

. Interestingly, in the two latter mentioned 

studies, DNA hypermethylation of SFRP2, SFRP3 

and SFRP5 was detected in both cell lines and 

human prostate cancer
19,20

. This is in agreement with 

findings in colorectal cancer, where Suzuki et al. 

suggested that SFRP4 may not be an important 

inhibitor of the Wnt signalling pathway due to lower 

frequency of DNA hypermethylation and weaker 

Wnt signalling inhibition compared with other SFRP 

family members
21

. This may be translatable to 

prostate cancer, and could explain why SFRP4 is not 

downregulated in prostate cancer. However, more 

mechanistic studies of how SFRP4 regulate the Wnt 

signalling pathway in prostate cancer are necessary 

before a conclusion can be drawn.  

In the current study, we detected an 

association between SFRP4 expression and 

development of metastases after prostatectomy in 

the Erho et al. cohort. Bones are the most frequent 

site for haematogenous metastases for prostate 

cancer
22

. Interestingly, SFRP4 has been suggested to 

have an important role in bone homeostasis
23,24

. 

However, to our knowledge, the function of SFRP4 

in bone metastases has not been specifically 

investigated. A hypothesis to explain the association 

between SFRP4 gene expression and high Gleason 

score, as well as recurrence and metastasis after 

prostatectomy, could therefore be that SFRP4 

increases the cancer cell’s ability to metastasise to 

bone. Future studies investigating the role of SFRP4 

in prostate cancer bone metastases would 

consequently be of interest.  

For patient follow-up in this study, we used 

the surrogate endpoints of biochemical recurrence 

and metastases, in all except one cohort, Sboner et 

al., in which prostate cancer-specific death was used. 

Such surrogate endpoints are commonly used in 

prostate cancer studies, due to a natural long survival 

time of patients. Unexpectedly, we did not see any 

association between SFRP4 gene expression and 

cancer-specific death in the Sboner et al. cohort. This 

cohort did, however, differ substantially from the 

other analysed cohorts. Whereas the cancer samples 

in all other cohorts were from patients undergoing 

radical prostatectomy, Sboner et al. was a watchful 

waiting  cohort   of   patients  classified  with   stage  



 

Figure 4. Immunohistochemistry of SFRP4. The figure shows examples of the staining intensities 0 to 3. 

 

 

T1a-T1b, NX, M0 disease. These patients had 

incidental prostate cancer discovered by trans-

urethral resection of the prostate (TURP) due to 

symptomatic benign prostate hyperplasia. The 

samples used for gene expression were from the 

same TURP procedure. Although most prostate 

cancers arise from the peripheral zone, resection 

performed by TURP represents the transition zone, 

and is likely to detect a higher rate of transition zone 

prostate cancers. Substantial differences in gene 

expression between the Sboner et al. TURP cohort 

and a radical prostatectomy cohort has previously 

been observed
25

, and was related to the different 

zonal origins of the tumours
25

. This may limit the 

future clinical use of SFRP4 expression for risk 

stratification in patients with transitional zone 

prostate cancers, and potentially also in patients with 

very early stage prostate cancer, and this should be 

further investigated. 

Changes in metabolism is regarded as one 

of the hallmarks of cancer
15

. In prostate cancer, the 

concentrations of the metabolites citrate and 

spermine are found to be reduced in cancer 

compared with normal tissue
26,27

, and further 

reduced in aggressive prostate cancer
16

. A recent 

study has also shown citrate and spermine to be 

predictors of prostate cancer biochemical recurrence 

in three independent cohorts
17

. The high negative 

correlation between SFRP4 expression and spermine 

and citrate in the main cohort of the current study 

thus further supports SFRP4 expression to be 

associated with aggressive cancer. One of the normal 

functions of prostate cells is production of citrate and 

the polyamine spermine for the prostatic fluid, and 

reduced concentration of these metabolites may 

signify loss of normal cell function. However, 

whether these metabolic mechanisms are directly 

related to SFRP4 expression was not investigated in 

the current study.  

We did not find any association between 

immunohistochemistry staining of SFRP4 and 

histopathological, metabolic and follow-up data in 

the IHC cohort in this study. Our cohort only 

included tissue samples from 33 patients, as it was 

originally part of a demanding integrated analysis of 

metabolomics, histopathology and patient follow-

up
12,17,28

. The small samples size limits the 

interpretation of our immunohistochemistry results. 

There are only four previous studies including 

immunohistochemistry of SFRP4 in prostate cancer, 

and there are no standardised protocols for staining 

or scoring. Three of these studies were based on the 



same cohort and staining of tissue microarray 

(TMA) samples from 229 radical prostatectomy 

patients
13,14,29

, where membranous SFRP4 staining 

was detected to be associated with good prognosis
13

. 

In the current study, we did not detect any 

membranous staining of SFRP4. The lack of 

membranous staining is in accordance with a 

previous study of Mortensen et al., which included 

TMA sections from 517 radical prostatectomy 

patients
10

. Our IHC cohort was stained by the same 

antibody and dilution as used in the Mortensen et al. 

study
10

, which may explain the similar staining 

pattern. The use of different antibodies compared 

with the Horvath et al. study
13

 may be a possible 

cause of the observed disparity of membranous 

staining. In addition, the relatively weak staining of 

SFRP4 in the current study (Figure 4) could have 

hidden membranous expression. In contrast to the 

TMA sections used in both the Mortensen et al. and 

Horvath et al. studies, our IHC cohort consisted of 

sections from needle biopsy samples. Biopsy 

sections are larger than TMA section, and this 

increases the challenges of intensity scoring due to 

increased heterogeneity within each sample. 

Additionally, the biopsies in the current study were 

not necessarily from the most aggressive part of the 

tumour, and may consequently not be representative 

of the lesion. As mentioned, there are limitations to 

the immunohistochemistry evaluation of SFRP4 in 

the current study, and no certain conclusion can be 

made based on our results. Nevertheless, we have 

demonstrated a few issues that are important to 

address before immunohistochemistry of SFRP4 can 

have a role in prostate cancer risk stratification. 

These include the lack of standardised staining and 

evaluation protocols, and the uncertain impact of 

staining heterogeneity and sampling bias.  

In the current study, we did not look into 

possible clinical application of SFRP4 expression, 

and this should be investigated in future studies. 

Absolute quantification of SFRP4 mRNA by real 

time PCR in biopsies may have a role for risk 

stratification and treatment selection for prostate 

cancer patients, including selection of patients for 

active surveillance, as well as patients in need of 

adjuvant treatment. Another interesting possibility 

for further studies, are investigation of the SFRP4 

gene and protein expression levels in less invasive 

liquid biopsies such as serum, urine, prostatic fluid 

and seminal fluid.  

In this study, we have validated the 

presence of increased SFRP4 gene expression in 

prostate cancer. We detected, and validated, higher 

SFRP4 expression in high Gleason score prostate 

cancer compared with low Gleason score cancer. We 

further showed that SFRP4 expression was as a 

predictor of the patient follow-up endpoints 

recurrence and metastases after prostatectomy. 

Finally, we showed a negative correlation between 

SFRP4 expression and the metabolic markers, citrate 

and spermine. To conclude, SFRP4 expression is 

associated with more aggressive disease, and SFRP4 

deserves further attention in prostate cancer studies 

as a promising marker of aggressiveness.  

 

Methods 
Ethics statement. The study was approved by the 

central regional committee for medical and health 

research ethics, case numbers 010-04, 4.2007.1890, 

and 2009/1161(4.2007.1654). All patients in the 

main cohort and the IHC cohort signed a written 

informed consent.  

 

Patients and samples. Samples in the main and IHC 

cohort are from patients diagnosed with localised or 

locally advanced prostate cancer, treated with radical 

prostatectomy at St. Olav’s Hospital, Trondheim 

University Hospital, between 2007 to 2010. None of 

the patients received prostate cancer treatment prior 

to surgery. Samples in the main cohort were 

harvested from fresh-frozen prostatectomy 

specimens in a highly standardised method 

previously described by Bertilsson et al.
18

. The 

samples in the IHC cohort were collected as needle 

biopsies after prostatectomy, and snap frozen within 

minutes.  

 

Follow-up. At least 5 years’ follow-up data were 

collected for the patients in the main cohort and the 

IHC cohort as previously described by Braadland et 

al.
17

. Biochemical recurrence was defined as serum 

PSA levels of at least 0.2 ng/mL in two independent 

measurements. 

 

Histopathology. For histopathological evaluation, a 

cryosection from each tissue sample in the main 

cohort and two formalin-fixed paraffin-embedded 

sections of each sample in the IHC cohort were used. 

All sections were evaluated by an experienced 

pathologist as previously described
12

. The 

reproducibility of the histopathological evaluation 

has previously been assessed in the main cohort, by 

an independent pathologist, blinded for previous 



evaluation, where high interrater agreement was 

reported
12,28

. Patient post-operative Gleason score 

was obtained from whole-mount prostate sections 

according to the clinical criteria for prostate cancer. 

Samples and patients were divided into two groups 

of low Gleason score ≤ 3+4) and high Gleason 

score ≥ 4+3).  

 

Metabolomics. The samples in the main cohort and 

IHC cohort were analysed by proton high-resolution 

magic angle spinning magnetic resonance 

spectroscopy (HR-MAS MRS) using a Bruker 

Avance DRX600 Spectrometer (Bruker Biopsin, 

Germany). LCModel was used for absolute 

quantification of 23 metabolites from the spectra. 

More details on the HR-MAS MRS acquisition and 

metabolite quantification have been described by 

Giskeødegård et al. for the main cohort
16

 and Hansen 

et al. for the IHC cohort
28

. 

 

Microarray gene expression. Gene expression 

analysis was performed on the tissue samples in the 

main cohort after HR-MAS MRS. Illumina 

TotalPrep RNA amplification Kit (Ambion Inc.) and 

Illumina Human HT-12v4 Expression Bead Chip 

(Illumina) were used to measure relative gene 

expression as previously described by Bertilsson et 

al.
30

.  

 

Immunohistochemistry. In the IHC cohort, 

immunohistochemistry was performed using 4μm 

thick, formalin fixed and paraffin embedded tissue 

sections. Rabbit polyclonal antibody against SFRP4 

(Protein Tech catalogue: 15328-1-AP) was used in a 

1:200 dilution with a pH of 9. The sections were 

counterstained with Haematoxylin. Every section 

was evaluated for SFRP4 staining location 

(membranous or cytoplasmic). Based on the staining 

intensities described by Mortensen et al.
10

, the 

samples were scored from 0-3 in regards to their 

most common cancer staining intensity (Figure 4). 

Additionally, the percentage of positive cancer cells 

was scored from 0-3, and was multiplied by the 

intensity score to obtain a staining index (0-9). For 

statistical analyses, the staining index was divided 

into three groups (0, 1-3 and 4-9). Further details of 

the scoring are given in Supplementary Table S3. 

One pathologist experienced in 

immunohistochemistry in addition to one physician 

scored all sections. When scoring differed, 

consensus was reached.  

 

Validation cohorts. For validation, the following 

seven prostate cancer cohorts with available 

microarray gene expression and follow-up data were 

downloaded from GEO: Erho et al. (GSE46691)
31,32

, 

CAM (Cambridge) Ross-Adams et al. 

(GSE70768)
33

, STK (Stockholm) Ross-Adams et al. 

(GSE70769)
33

, Wang et al. (GSE8218)
34-36

, Sboner 

et al. (GSE16560)
37

, Taylor et al. (GSE21035/32)
38

, 

and Mortensen et al. (GSE46602)
10

. In addition, a 

RNA sequencing cohort of prostate 

adenocarcinomas, TCGA PRAD, was downloaded 

from TCGA
39,40

. Cancer samples for all cohorts were 

from radical prostatectomy specimens, except 

Sboner et al. which was from a watchful waiting 

patient cohort of incidental prostate cancer 

discovered by transurethral resection of the prostate. 

Normal samples in Mortensen et al. were from 

surgical prostate specimens from patients with 

bladder cancer, four of the normal prostate samples 

in Wang et al. were autopsy samples from normal 

subjects, the rest and the other cohorts were adjacent 

normal prostate tissue from prostatectomy 

specimens. Biochemical recurrence was the follow-

up endpoint in Wang et al., Taylor et al., Mortensen 

et al., and TCGA PRAD. In addition to biochemical 

recurrence, CAM and STK Ross-Adams et al. 

included salvage treatment in the criterion for their 

recurrence endpoint. Metastasis was the end point in 

Erho et al., and prostate cancer-specific death was 

the endpoint in Sboner et al. Clinical and 

histopathological data of the cohorts are listed in 

Table 1, and an overview table of the cohorts is 

included as Supplementary Table S4.   

  

Statistical analysis. When more than one probe for 

SFRP4 existed in a cohort, the probe with the highest 

variance was chosen for statistical analyses. For all 

analyses, SFRP4 gene expression data were log2 

transformed if not previously performed. For the 

gene expression cohorts, independent sample t-tests 

(two-tailed) were used for comparisons between two 

groups. Q-Q plots were used to check the normality 

assumption; small deviations were accepted due to 

the robustness of the test. Equal variance assumption 

was tested by Levene’s test, and corrected for when 

applicable. Fieller’s method was used to obtain 

pooled confidence interval for the log2 fold changes. 

To obtain Cohen’s d, a standardised effect size for 

meta-analyses, the difference between two means 

(cancer and normal, and high and low Gleason score) 

were divided by their pooled standard deviation. 



Meta-analyses by random-effect model were 

performed using the metafor package in R
41

.   

 In the two cohorts with multiple samples 

per patients (the main cohort and Wang et al.), one 

sample per patient was randomly selected for 

survival analyses. Univariate Cox proportional 

hazard regression analyses were performed on the 

continuous SFRP4 expression. The proportional 

hazard assumption was tested using the survival 

package in R
42

.  Standardised hazard ratios were 

obtained by multiplying the natural logarithm of the 

hazard ratio (beta) by its standard deviation
43

. 

Cohorts with microarray based gene expression data, 

and biochemical recurrence as endpoint were 

included in a random-effect model meta-analysis, 

which was performed in R using the metafor 

package
41

. Due to unavailable data for time-points of 

event in the Erho et al. cohort, logistical regression 

was used for the follow-up analyses of this cohort. 

 Pearson correlation coefficients (two-

tailed) were used to test the correlations between 

gene expression and log2 transformed concentrations 

of the metabolites citrate and spermine in the main 

and IHC cohort. Fisher exact tests (two-tailed) were 

used to examine the relationship between 

immunohistochemistry staining and Gleason score, 

and log-rank statistics were used to investigate the 

relationship between SFRP4 staining and time to 

biochemical recurrence. 

For all statistical tests the significant level 

was set at p=0.05. When mentioned, analyses were 

performed in R (R foundation for statistical 

computing v3.3.1), all other analyses were 

performed in SPSS (IBM SPSS Statistics v24.0).  
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Supplementary Table S1. Correlations between citrate and spermine concentrations and gene 

expression of the genes in the NCWP-EMT gene expression signature. 

 
Gene Citrate Spermine 

Pearson’s ρ p-value Pearson’s ρ P-value 

SFRP4 -0.533 <0.001 -0.494 <0.001 

FZD2 -0.421 <0.001 -0.350 <0.001 

SFRP2 -0.354 <0.001 -0.31 0.002 

LEF1 -0.35 0.002 -0.296 0.004 

PLCB2 -0.343 <0.001 -0.265 0.01 

CDH11 -0.342 <0.001 -0.258 0.012 

CDH2 -0.339 <0.001 -0.236 0.021 

SFRP1 -0.324 <0.001 -0.343 <0.001 

FYN -0.297 0.003 -0.246 0.008 

VIM -0.281 0.006 -0.222 0.03 

NKD2 -0.270 0.008 -0.235 0.022 

TCF4 -0.265 0.009 -0.225 0.028 

MMP9 -0.185 0.073 -0.118 0.257 

CDH3 -0.071 0.495 -0.155 0.133 

WNT5A 0.051 0.627 0.067 0.521 

 

  



Supplementary Table S2. SFRP4 immunohistochemistry evaluation, Gleason score, follow-

up and metabolite concentrations of the samples/patients in the IHC cohort.  

 Immunohistochemistry SFRP4 Gleason 

score 

 

Biochemical recurrence 
Metabolites  

(mmol/kg wet weight) 

Patient Intensity Percentage 
Staining 

index 
Status 

Time 

(months) 
Citrate Spermine 

1 1.00 2.00 2.00 3+4=7 1 27.57 1.16 0.09 

2 1.00 3.00 3.00 4+3=7 1 14.59 2.51 0.54 

3 2.00 3.00 6.00 3+4=7 1 1.44 5.03 0.52 

4 2.00 2.00 4.00 4+3=7 1 32.43 7.98 0.62 

5 ND ND ND 3+4=7 ND ND 4.04 0.44 

6 1.00 2.00 2.00 3+4=7 ND ND 11.61 0.82 

7 0.00 0.00 0.00 4+3=7 0 28.30 1.95 0.37 

8 0.00 0.00 0.00 3+4=7 0 82.89 8.04 0.78 

9 1.00 3.00 3.00 3+3=6 0 82.95 2.97 0.37 

10 3.00 2.00 6.00 4+5=9 0 81.90 13.17 0.98 

11 1.00 3.00 3.00 3+4=7 0 84.30 7.11 0.57 

12 0.00 0.00 0.00 4+3=7 0 83.18 19.48 1.79 

13 1.00 2.00 2.00 4+5=9 1 16.03 1.25 0.13 

14 ND ND ND 3+4=7 0 82.23 11.17 1.11 

15 0.00 0.00 0.00 3+4=7 0 68.92 6.98 0.60 

16 1.00 3.00 3.00 4+4=8 1 31.31 5.24 0.43 

17 1.00 2.00 2.00 3+3=6 0 63.67 6.05 0.38 

18 ND ND ND 3+3=6 0 80.39 13.89 1.16 

19 1.00 2.00 2.00 4+4=8 1 7.44 4.69 0.30 

20 2.00 3.00 6.00 3+4=7 0 59.25 6.56 0.71 

21 1.00 2.00 2.00 4+4=8 1 3.21 2.22 0.24 

22 ND ND ND 3+4=7 0 72.00 5.33 0.62 

23 1.00 1.00 1.00 3+4=7 1 43.05 3.91 0.52 

24 2.00 2.00 4.00 3+4=7 0 71.21 3.88 0.37 

25 1.00 2.00 2.00 4+3=7 0 71.80 11.67 0.71 

26 1.00 3.00 3.00 4+3=7 0 73.77 6.52 0.65 

27 1.00 2.00 2.00 3+3=6 0 35.74 3.96 0.29 

28 2.00 3.00 6.00 5+5=10 1 1.15 4.15 0.77 

29 ND ND ND 4+3=7 0 71.84 16.26 2.09 

30 1.00 3.00 3.00 3+4=7 ND ND 0.77 0.00 

31 2.00 2.00 4.00 4+4=8 1 53.11 2.22 0.38 

32 1.00 2.00 2.00 5+4=9 1 32.33 4.32 0.71 

33 ND ND ND 3+3=6 0 72.30 8.93 1.31 

34 0.00 0.00 0.00 3+4=7 1 1.61 2.85 0.13 

35 1.00 2.00 2.00 3+4=7 0 72.85 1.91 0.08 

36 0.00 0.00 0.00 4+4=8 1 1.28 1.17 0.12 

37 2.00 3.00 6.00 4+5=9 1 62.03 8.74 1.40 

38 1.00 2.00 2.00 3+4=7 0 70.07 2.06 0.52 

39 ND ND ND 4+3=7 0 64.07 8.25 0.81 

40 1.00 1.00 1.00 4+3=7 1 55.31 3.69 0.39 

ND – no data/excluded. For immunohistochemistry, samples were excluded because of low tumour content. For biochemical recurrence data, some 

patients were excluded due to lack of follow-up data. Gleason score represents the samples, not the patients. Metabolite data were quantified with 

LCModel. 

 



 

Supplementary Table S3. Scoring of SFRP4 immunohistochemistry.  

 

 

 

 

 

 

Supplementary Table S4. Overview of the gene expression cohorts.  

 

SI score = Intensity * Index for percentage positive cells

Staining intensity 

Cytoplasmic 

(highest intensity) 

0  

No detectable 

signal 

1  

(weak signal seen 

only at 

intermediate to 

high power) 

2 

(moderate signal 

seen at low to 

intermediate 

power) 

3 

(strongest signal 

seen at low 

power) 

Percentage of 

positive cancer cells 
0 (<1%) 1 (<10 %) 2 (10-50 %) 3 (>50 %) 

Cohort 
Access 

number 
Gene expression method 

Cancer 

samples 
Normal samples 

Follow-up 

Endpoint 

Main cohort 
E-MTAB-

1021 

Microarray, Illumina HT 

12v4 
RP  Same patients BCR 

TCGA-PRAD 
TCGA 

PRAD 
RNA Sequencing RP  Same patients BCR 

CAM  

Ross-Adams et al. 
GSE70768 

Microarray, Illumina HT 

12v4 

 

RP Matched benign tissue 
BCR or 

salvage treatment 

STK  

Ross-Adams et al. 
GSE70769 

Microarray, Illumina HT 

12v4 
RP - 

BCR or salvage 

treatment 

Wang et al. GSE8218 
Microarray, Affymetrix gene 

chips U133A 
RP 

4 Autopsy, biopsies 

smaller. 

 

BCR 

Sboner et al. GSE16560 
Microarray, Illumina DASL 

Assay 

TURP from 

watchful 

waiting 

cohort 

- 
Prostate cancer specific 

death 

Taylor et al. GSE21034 
Microarray, Affymetrix 

Human Exon 1.0 ST 
RP 

From RP of PCa 

patients  
BCR 

Mortensen et al. GSE46602 
Microarray, Affymetrix 

U133 Plus 2.0 
RP 

Surgical specimens of 

prostate from 

cystectomy of bladder 

cancer patients 

BCR 

Erho et al.  GSE46691 

Microarray, Affymetrix 

Human Exon 1.0 ST 

GeneChips 

RP - Metastatic progression 

RP – Radical prostatectomy, BCR – biochemical recurrence, TURP – Transurethral resection of the prostate 
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