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EL CÀNCER DE PRÒSTATA; MÉS VAL PREVENIR QUE CURAR 

Premi de Comunicació Científica JOAN LLUÍS VIVES, Edició 2009 

Modalitat de Ciències Bàsiques, Ciències de la Salut, enginyeries i arquitectures 

 

Fa 4 dies el món sencer estava alertat per una nova variant de la grip porcina, la Grip A, 

causada pel virus H1N1.  L’11 de juny del 2009 l’Organització Mundial de la Salut (OMS) va 

classificar aquesta nova grip com a pandèmia. Les autoritats sanitàries de tot el planeta 

vàren posar en marxa protocols d’emergència per por que aquesta nova soca viral provoqués 

més baixes de les esperades. La Directora general de l’OMS, Margaret Chan, advertia el 

següent; "pot ser que en un mes aquest virus desapareix-hi, pot ser que quedi com està o pot 

ser que s’agreugi la situació actual".  

La taxa de mortalitat de la malaltia, que en un principi va ser elevada, va passar a ser molt 

baixa després d’iniciar els tractaments amb antivirals. Gairebé 100 anys abans, la “Grip 

Espanyola”, també coneguda com "L’epidèmia de grip de 1918" va causar la mort de 25 a 40 

milions de persones a tot el món. Va ser vehiculada per un virus de la mateixa soca que la 

Grip del 2009, un virus gripal del tipus H1N1.  

Una malaltia infecciosa és una manifestació clínica conseqüència d’una infecció provocada 

per un microorganisme o per prions. Si coneixem quin és el microorganisme que causa la 

malaltia, en la majoria dels casos, som capaços de combatre'l i, com hem viscut aquest darrer 

any, pot passar d’ocupar primeres planes dels diaris a desaparèixer de les nostres ments en 

qüestió de poc temps.  

Tots nosaltres coneixem, però, algun amic, amic dels nostres pares o fins i tot hem patit la 

proximitat d’un familiar afectat per una malaltia, que ha passat a formar part de la nostre 

societat i que malauradament encara avui en dia no es pot curar, el càncer. Què és el 

càncer? Perquè sembla que tothom deixa aquest món per causa del càncer? Perquè, en un 

món on la tecnologia i els avenços científics estan a l’ordre del dia, no som capaços de trobar 

què és allò que fa que la gent mori, a vegades sense adonar-se’n. 

El càncer és la segona causa de mort a Catalunya. Segons l’OMS, el nombre de morts per 

càncer no para d’augmentar, a nivell mundial. D’aquí al 2030 es calcula que el nombre de 

morts anualment s’haurà pràcticament doblat, passant de quasi 8 milions de persones el 2007 

a 11 milions i mig el 2030.  

El càncer és un tipus de malaltia en què, un grup de cèl·lules adquireixen un fenotip que els 

permet créixer de forma descontrolada i dividir-se més enllà del normal, donant lloc al que 
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anomenem tumors malignes. Alhora aquestes cèl·lules són capaces d’envair cèl·lules veïnes o 

teixits adjacents i fins i tot d’arribar a altres punts de l’organisme mitjançant el sistema 

limfàtic o la circulació sanguínia, creant així nous nuclis tumorals, que anomenem metàstasis.   

La majoria dels càncers són provocats per anomalies en el material genètic de les cèl·lules 

canceroses. Les anomalies genètiques poden ser causades per carcinògens externs, els quals 

es poden adquirir de forma aleatòria, per errors en els sistemes de reparació del material 

genètic, o bé poden heretar-se, i per tant, estan presents a totes les cèl·lules des del 

naixement de l’individu.  

El diagnòstic definitiu d’aquesta malaltia acostuma a realitzar-se mitjançant l’anàlisi 

histològica del teixit afectat, el qual s’obté mitjançant una biòpsia. Alhora, existeixen un 

seguit de marcadors de cribatge (screening), en sèrum, que ajuden al metge en la decisió de 

realitzar o no aquesta biòpsia. La majoria de càncers quan són detectats en estadis inicials, 

és a dir, quan aquest està localitzat dintre de l’òrgan i encara no ha envaït teixits adjacents, 

es poden tractar eliminant el focus tumoral. Però, si el tumor es detecta en estadis ja 

avançats, en la majoria dels casos no es coneix encara cap teràpia curativa. En la majoria 

dels casos, el tractament es basa en una combinació de cirurgia, quimioteràpia 

(administració de tòxics químics) i radioteràpia (radiacions ionitzants), tots ells ataquen d’una 

forma més o menys directe les cèl·lules canceroses. 

EL CÀNCER DE PRÒSTATA, EL DILEMA DIAGNÒSTIC 

El càncer de pròstata, és la segona causa de mort per malaltia oncològica en els homes del 

món occidental. S’estima que un de cada sis homes desenvoluparà un càncer d’aquest tipus 

al llarg de la seva vida. A Catalunya les dades recollides en un estudi realitzat des del 1998 fins 

al 2002, a càrrec de l’ IRAC (International Agency for Cancer Research), demostren que, el 

càncer de pròstata és el tipus de càncer més freqüent que afecta a la població masculina.  

El càncer de pròstata afecta com el seu nom indica, a la pròstata. La pròstata, és un òrgan 

glandular de l’aparell genital-urinari masculí. Té la mida d’una nou i es localitza sota de la 

bufeta, envoltant la uretra i davant del recte. La seva funció és secretar productes que 

s’afegiran al líquid seminal amb la finalitat de nodrir i protegir els espermatozous. 

El diagnòstic actual del càncer de pròstata es basa en una triada diagnòstica que consta de; 

l’anàlisi dels nivells de PSA (Prostate Specific Antigen) en sèrum, el tacte rectal (TR) i 

finalment la biòpsia prostàtica. El PSA és una proteïna secretada exclusivament per les 

glàndules prostàtiques, que participa en la liquació del semen ejaculat. Avui en dia, encara no 

es coneix si aquesta proteïna juga un paper important en el desenvolupament del càncer de 

pròstata, però si més no, el seu ús com a marcador d’screening, és conegut i utilitzat 
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mundialment. Des de la seva introducció a finals dels anys 80, el diagnòstic del càncer de 

pròstata ha millorat significativament i, tot i que la mortalitat deguda a aquest tipus de 

càncer ha disminuït, segueix sent una de les formes canceroses més mortíferes que ataquen 

a la nostre societat. Quan els nivells de PSA en sèrum es situen per sobre de 4 ng/mL, l’uròleg 

pot estimar quina és la probabilitat que el pacient estigui afectat per un càncer. A més a més, 

juntament amb la palpació de la pròstata a través del tacte rectal, es decideix la necessitat de 

practicar o no una biòpsia prostàtica, que permetrà establir el diagnòstic definitiu. 

El principal problema del PSA com a marcador d’screening és que aquest presenta un nivell 

d’especificitat baix, un 33%, i alhora, un valor predictiu negatiu baix. L’especificitat d’una 

prova es defineix com la probabilitat que un individu sa tingui un resultat negatiu i, el valor 

predictiu negatiu, com la probabilitat que la malaltia no estigui present quan la prova resulta 

negativa. Exemplificat de forma numèrica, això implicaria que, de cada 100 pacients que es 

sotmetin a un test de PSA i tinguin valors superiors a 4 ng/mL, mitjançant la biòpsia es 

diagnosticaran aproximadament, 66 pacients negatius i només 33 pacients positius per 

càncer de pròstata. 

Per tal de detectar aquesta malaltia de forma precoç, s’aconsella que els homes a partir dels 

50 anys es facin regularment una anàlisi dels nivells de PSA en sèrum i, quan els nivells del 

marcador superin els 4 ng/mL o bé quan el pacient tingui antecedents de la malaltia, es 

realitzarà un tacte rectal per tal de determinar la necessitat de realitzar una biòpsia. El 

problema és que, així com la societat femenina es sotmet regularment a exàmens 

ginecològics exploratoris, en la societat masculina existeix un rebuig cap a aquest tipus 

d’exploracions.  

És per tot això, que el càncer de pròstata, es beneficiaria de l’existència de nous marcadors 

d’screening més específics i alhora d’un diagnòstic menys invasiu. Per altra banda, una 

millora en el diagnòstic evitaria un gran nombre de biòpsies innecessàries i conseqüentment 

un important estalvi econòmic en el cost sanitari actual. 

La recerca de nous marcadors en el càncer de pròstata suposa un camp de treball important 

en la detecció precoç d’aquest tipus de càncer. Donada la situació de la pròstata a 

l’organisme, sota la bufeta i envoltant la uretra, les secrecions i inclús les mateixes cèl·lules 

prostàtiques, ja siguin normals o malignes, poden trobar-se presents en l’orina. És per això 

que considerem l’orina com una font important d’informació, a través de la qual es podria 

arribar a determinar quina situació s’està donant a l’òrgan en qüestió.  

Altres estudis evidencien l’existència de potencials biomarcadors en l’orina que podrien 

ajudar en la millora del diagnòstic del càncer de pròstata. A nosaltres ens ocupa l’estudi 
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d’aquelles molècules proteiques que es troben a l’orina, ja siguin secretades per les cèl·lules 

prostàtiques o bé de les mateixes cèl·lules que, per descamació, van a parar a l’orina.  

Suposem doncs, que un massatge prostàtic enriqueix la mostra d’orina de tot tipus de 

molècules proteiques. Així doncs, la nostra hipòtesi de treball recolza que, l’orina després d’un 

massatge prostàtic pot ser el fluid ideal per a la recerca de nous biomarcadors capaços de 

discriminar entre pacients amb o sense càncer de pròstata.  

ANÀLISI PROTEÒMICA COMPARATIVA 

Al segle XXI ens trobem en plena era de les “òmiques”. El terme òmic es refereix a la anàlisis 

global dels sistemes biològics. Dins un sistema biològic el “tot” guanya importància sobre les 

“parts”. El proteoma és la imatge dinàmica de totes les proteïnes expressades per un 

organisme, en un moment donat i sota determinades condicions de temps i ambient. La 

proteòmica es defineix com l’anàlisi del proteoma.  

Les proteïnes són compostos orgànics formats d’aminoàcids arranjats en una cadena lineal i 

units per enllaços pèptids. La seqüència d’aminoàcids que forma una proteïna ve definida per 

l'ADN, seqüència de nucleòtids del gen que la codifica. Poc després o fins i tot durant la 

síntesi, els residus d’una proteïna, sovint són modificats químicament per modificacions post 

traduccionals, que alteren les propietats físiques i químiques, el plegament, l’estabilitat, 

l’activitat i la funció de la proteïna.  

El dogma general de la biologia, fins fa poc temps, establia que un gen (DNA) es transcriu a un 

RNA missatger (mRNA) i posteriorment es tradueix per donar lloc a una proteïna. Avui en dia 

es sap que degut al processament alternatiu (splicing), un mateix gen pot donar lloc a 

diferents proteïnes. Per tant, si el genoma humà consta d’uns 30.000 gens el nombre de 

proteïnes és exponencialment major. És per això, que avui en dia l’estudi del proteoma, i per 

tant l’anàlisi proteòmica d’elevat rendiment (High Throughput Analysis), estigui adquirint 

molts importància en el camp de la recerca.  

Els estudis proteòmics es basen principalment amb la tècnica de l’espectrometria de masses 

amb combinació de mètodes de fraccionament i separació de proteïnes i pèptids (fragments 

proteics), com l’electroforesi bidimensional (2D-PAGE) o la cromatografia líquida d’elevada 

resolució (HPLC). L’espectrometria de masses es una tècnica experimental que permet la 

mesura de ions derivats de molècules (proteïnes i pèptids). Mitjançant aquesta metodologia 

es poden realitzar anàlisis qualitatives/comparatives però també quantitatives de tot tipus de 

mostres proteiques. 
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DISSENY EXPERIMENTAL I RESULTATS PRELIMINARS 

Engeguem el nostre projecte a l’Hospital de la Vall Hebron que ens abasteix de totes les 

mostres que necessitem, clínics dedicats i gent amb moltes ganes de treballar.  

L’objectiu principal és arribar a determinar un perfil proteòmic a l’orina capaç de diferenciar 

entre pacients amb càncer de pròstata i controls sans.  

En primer lloc l’estudi requereix d’una recerca exhaustiva d’un grup de pacients, tots ells ben 

caracteritzats; homes d’edat avançada, que es sotmeten a un diagnòstic ràpid de càncer de 

pròstata, amb nivells de PSA per sobre de 4 ng/mL i per tant amb una certa probabilitat 

d’amagar un càncer de pròstata. Classifiquem els pacients en dos grups: els problemes, o dit 

d’una altra manera aquells que pateixen la malaltia (ja sigui en estadis inicials o avançats) i no 

menys importants, els controls, aquells qui no presenten cap anomalia considerable 

(inflamació aguda o crònica, atròfia proliferativa o lesió preneoplàsica d’alt grau “HG-PIN”), en 

resum, controls sans. De tots ells s’obté una mostra d’orina després de la realització d’un 

massatge prostàtic. La mostra d’orina es processa d’acord amb el protocol estandarditzat per 

tal d’extreure la fracció proteica que en forma part. Tots els pacients seleccionats per l’estudi 

es sotmetran posteriorment a una biòpsia prostàtica, de manera que coneixerem amb 

certesa quin és el seu diagnòstic definitiu. 

La metodologia escollida per dur a terme l’anàlisi comparativa s’anomena Differential in Gel 

Electrophoresis (DIGE). Aquesta tècnica permet, mitjançant electroforesi bidimensional, 

separar les proteïnes pel seu pes molecular i per la seva càrrega (punt isoelèctric), situant-les 

en un espai de 2D (gel bidimensional). Alhora, permet marcar les mostres control i problema 

amb diferents fluorocroms, els quals ens permetran visualitzar les diferents mostres en un 

mateix gel, i per tant, compara-les entre si. Comparem un total de 9 mostres control amb 9 

mostres problema. De l’anàlisi comparativa n’extraiem la informació necessària per tal 

d’establir quines són les proteïnes (punts situats a l’espai de 2D) que més difereixen entre 

ambdós tipus de mostres. Determinats els punts més rellevants, els retallem del gel i 

n’identifiquem el seu contingut, mitjançant espectometria de masses, és a dir quina proteïna 

correspon.  

Un llistat, vint-i-quatre proteïnes a destacar, però quina és la més important? No som capaços 

de senyalar-la amb el dit ja que podríem errar, potser no és una, potser en són varies plegades 

o potser ninguna.  

Arribats a aquest punt, l’estudi s’endinsa en un experiment de validació. Validar; fer vàlid, 

verificar, donar validesa... Una validació experimental implica l’obtenció del mateix resultat 

mitjançant un altre mètode experimental. En aquest cas és important que el mètode 
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seleccionat ens permeti avaluar els nivells de les proteïnes identificades en un gran nombre 

de pacients. Ha de ser doncs un mètode altament reproduïble i molt sensible, capaç de 

detectar les proteïnes a baixa concentració. Partirem d’un nombre elevat de mostres d’orina, 

per tal de donar certesa als resultats. Les mostres s’obtenen i es processen de la mateixa 

manera que anteriorment, però en aquest cas la població no es selecciona sinó que s’agafa a 

l’atzar, d’aquesta manera podem saber quin és el comportament d’aquestes proteïnes a la 

població real. 

Els resultats que s’obtinguin d’aquest experiment poden ser doncs, concloents, no concloents, 

i per tant requerir d’una anàlisi encara més minuciosa, o fins i tot no satisfactoris, de moment 

no ho sabem. Resultats preliminars senyalen que no només serà una proteïna sola sinó un 

conjunt de proteïnes que a través de l’orina potser podran, algun dia, a ajudar al facultatiu a 

prendre una decisió, això sí, creiem que sense deixar de banda l’actual marcador diagnòstic, 

el PSA.  

 

"Pot ser que ajudi en el diagnòstic, pot ser que finalment no en traiem res i per tant que quedi 

com està, però en aquest cas la situació no s’agreujarà, ja que som molts els qui estem lluitant 

contra aquesta malaltia, ja sigui patint-la o combatin-la".  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



       

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Al meu avi Lluís i a la meva àvia Isabel  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



         

    

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INDEX 

 

 

 



 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



  INDEX        

   15  

INDEX....................................................................................................................................... 13 

ABREVIATIONS........................................................................................................................ 19 

INTRODUCTION....................................................................................................................... 25 

1. THE PROSTATE................................................................................................................ 27 

1.1 ANATOMY, MORPHOLOGY AND FUNCTION............................................................ 27 

1.2 PROSTATE DISORDERS............................................................................................. 30 

 1.2.1 PROSTATITIS OR CHRONIC INFLAMMATION …………………………….……...30 

 1.2.2 BENIGN PROSTATIC HYPERPLASIA ……………………………………………... 30 

 1.2.3 PROLIFERATIVE INFLAMMATORY ARTOPHY …………………………………… 31 

 1.2.4 ATYPICAL SMALL ACINAR PROLIFERATION ……………………………………..32 

 1.2.5 HIGH GRADE INTRAEPITHELIAL NEOPLASIA ……………………………………32 

2. PROSTATE CANCER........................................................................................................ 36 

2.1. EPIDEMIOLOGY OF PROSTATE CANCER................................................................ 36 

2.2 RISK FACTORS OF PROSTATE CANCER .................................................................. 37 

 2.2.1 AGE ……………………………………………………………………………………..37 

 2.2.2 HEREDITY …………………………………………………………………………….. 38 

 2.2.3 ETHNICAL ORIGIN …………………………………………………………………... 38 

 2.2.4 DIET ……………………………………………………………………………………. 39 

2.3 CHARACTERISTIC FEATURES OF PROSTATE CANCER .......................................... 39 

2.4 PROSTATE CANCER INITIATION AND PROGRESSION............................................ 41 

 2.4.1 PROSTATE STEM CELLS OR TUMOR INITIATING CELLS ……………………....42 

 2.4.2 PROCESS THAT PROMOTE PROSTATE CARCINOGENESIS …………………...43 

 2.4.3 MOLECULAR GENETICS FOR PROSTATE CANCER …………………………….45 

 2.4.4 CASTRATION RESISTANT PROSTATE CANCER …………………………………47 

 2.4.5 PROSTATE CANCER METASTASIS …………………………………………………48 

2.5 CLASSIFICATION OF PROSTATE CANCER............................................................... 49 

 2.5.1 GLEASON GRADING …………………………………………………………………49 

 2.5.2 TUMOR NODE METASTASIS CLASSICIFATION ………………………………… 50 

2.6. PROSTATE CANCER TREATMENT............................................................................ 50 

3. PROSTATE CANCER DIAGNOSIS ................................................................................... 52 

3.1 PROSTATE CANCER SCREENING AND DIAGNOSIS................................................ 52 



INDEX 

 16 

 3.1.1 PROSTATE SERUM ANTIGEN ……………………………………………………….52 

 3.1.2 DIGITAL RECTAL EXAMINATION ………………………………………………….. 56 

 3.1.3 PROSTATE BIOPSY ………………………………………………………………….. 57 

3.2 PROSTATE CANCER AND THE DIAGNOSTIC DILEMMA..........................................58 

4. BIOMARKERS FOR PROSTATE CANCER........................................................................61 

4.1 BIOMARKER DEFINITION...........................................................................................61 

4.2 URINE AS A SOURCE OF BIOMARKERS...................................................................64 

4.3 PROSTATE CANCER “URINE” BIOMARKERS............................................................68 

 4.3.1 RNA-BASED BIOMARKERS FOR PROSTATE CANCER ………………………….71 

4.3.1.1 Prostate Cancer Gene 3 (PCA3) ...........................................................................72 

4.3.1.2 Prostate Specific G-coupled Receptor (PSGR): ...................................................75 

4.3.1.3 Prostate Specific Membrane Antigen (PSMA): .....................................................77 

4.3.1.4 Pannels of urine RNA-based biomarkers..............................................................78 

4.3.1 PROTEIN-BASED BIOMARKERS FOR PROSTATE CANCER ……...…………….79 

4.3.2.1 Prostate Cancer Secretome ..................................................................................80 

5. CLINICAL PROTEOMICS..................................................................................................82 

5.1. DIFFERENTIAL PROTEOMICS FOR BIOMARKER DISCOVERY ...............................84 

 5.1.1 GEL ELECTROPHORESIS …………………………………………………………....84 

 5.1.2 LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY ………..85 

 5.1.3 PROTEIN IDENTIFICATION USING MASS SPECTROMETRY ………………….. 86 

5.2 QUANTITATIVE PROTEOMICS FOR BIOMARKER VERIFICATION AND VALIDATION
..........................................................................................................................................87 

 5.2.1 SELECTED REACTION MONITORING ……………………………………………..89 

5.3. URINE IN CLINICAL PROTEOMICS...........................................................................93 

5.4. PROSTATE CANCER URINE PROTEOMICS .............................................................95 

HIPOTHESIS & OBJECTIVES ...................................................................................................97 

GLOBAL SUMMARY ..............................................................................................................101 

1. TRANSCRIPTOMIC APPROACH ....................................................................................103 

1a. Characterization of New Urine Diagnostic Biomarker for PCa; “PSGR and PCA3 as 
biomarkers for the detection of Prostate Cancer in urine” ..............................................103 



  INDEX        

   17  

1b. Improving the Specificity of PSA for the Detection of PCa using a Urine Multiplex 
Biomarker Model; “A three-gene panel on urine increases PSA specificity for the 
detection of Prostate Cancer” ......................................................................................... 104 

1c. Characterization of the Behavior of PCA3 in HGPIN; “Behavior of PCA3 gene in the 
urine of men with high grade prostatic intraepithelial neoplasia” ................................... 105 

2. PROTEOMIC APPROACH .............................................................................................. 106 

2a. Discovery of New Urine Biomarkers for Prostate Cancer;  “The Discovery and 
Qualification of a Panel of Urine Biomarkers for Prostate Cancer Diagnosis” ................ 107 

2b. Qualification and Verification of Urine Prostate Cancer Candidate Biomarkers; 
“Qualification and Verification of Prostate Cancer candidate biomarkers in urine using 
Selected Reaction Monitoring approach” ....................................................................... 107 

DISCUSSION.......................................................................................................................... 109 

CONCLUSIONS...................................................................................................................... 123 

BIBLIOGRAPHY ..................................................................................................................... 127 

PUBLICATIONS...................................................................................................................... 149 

ANNEX ................................................................................................................................... 169 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



     

    

 

 

 

ABREVIATIONS 

 

 

 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  ABREVIATIONS     

   21 

Active surveillance (AS) 

Alpha-methylacyl-CoA racemase (AMACR)  

Androgen deprivation therapy (ADT) 

Androgen receptor (AR) 

Anterior fibromuscular zone (AFZ)  

Area Under the Curve (AUC) 

Area Under the MultiROC curve (AUCm) 

Atypical Small Acinar Proliferation (ASAP)  

B-cell lymphoma 2 (Bcl-2) 

Benign pathology (BP) 

Benign prostatic hyperplasia (BPH) 

Calgranulin B (MRP-14) 

Capillary electrophoresis coupled to mass 

spectometry (CE-MS) 

Center for Medicaid and Medicare service 

(CMS)  

Central zone (CZ) 

Circulating tumor cells (CTCs) 

Clusterine (CLU)  

Coefficient of variancy (CV)  

Culture media (CM) 

Differential In-Gel Electrophoresis (DIGE) 

Digital rectal exam (DRE)  

Immunoglobulin (IgG)  

Internal standard peptides (ILP) 

Enzyme-Linked ImmunoSorbent Assay 

(ELISA) 

Epithelial to mesenchymal transition (EMT)  

European Medicines Agency (EMA) 

European Randomized Study of Screening 

for PCa (ERSPC)  

Expressed-prostatic secretion (EPS)  

External beam radiation (EBRT) 

Extracted ion current (XIC) 

Food and Drug Administration (FDA)  

Free PSA (fPSA) 

Glutathione S-transferase P1 (GSTP1)  

GTP-binding proteins (GPCRs)  

High Grade Prostatic Intraepithelial 

Neoplasia (HGPIN) 

Human Genome Project (HGP)  

Human Proteome Project (HPP) 

Human serum albumin (HAS)  

Immunohistochemistry (IHC) 

Insulin-like growth factor (IGF)  

Interleukine-6 (IL-6) 

International Agency for Research on 

Cancer (IARC)  

Intraepithelial Neoplasia (PIN)  

Kallikrein-related peptidase 3 (KLK3)  

Limit of Detection (LOD)  

Limit of Quantification (LOQ) 

Liquid chromatography (LC)  

Loss of heterozygosis (LOH)  

Lower urinary tract symptoms (LUTS)  

Low grade PIN (LGPIN)  



ABREVIATIONS 

 22 

Mass spectrometry (MS)  

Mass-to-charge ratio (m/z)  

Matrix Assisted Laser Desorption 

Ionization (MALDI) 

Messenger RNA (mRNA) 

MicroRNAs (miRNAs) 

Multiple Reaction Monitoring (MRM)  

Multivariate ROC (MultiROC) 

Negative predictive value (NPV) 

Non-conding RNA (ncRNA)  

Odorant receptor (OR) 

Peptide mass fingerprint (PMF) 

Peripheral zone (PZ)  

Positive predictive value (PPV) 

Post-translational modifications (PTMs) 

Proliferative inflammatory atrophy (PIA)  

Prostate acid phosphatase (PAP) 

Prostate biopsy (PB) 

Prostate cancer (PCa)  

Prostate cancer antigen 3 (PCA3)  

Prostate Lung Colorectal and Ovarian 

Cancer (PLCO)  

Prostate massage (PM)   

Prostate specific antigen (PSA)  

Prostate specific G-protein coupled 

receptor (PSGR) 

Prostate specific membrane antigen 

(PSMA)  

Proteotypic peptides (PTP) 

PSA density (PSAD) 

PSA doubling time (PSADT) 

PSA velocity (PSAV)  

Quality Assessment (QA) 

Quality Control (QC)  

Reactive oxygen species (ROS) 

Real Time Polymerase Chain Reaction 

(RTqPCR) 

Radical Prostatectomy (RP) 

Receiver Operating Characteristics (ROC) 

Reduction by DUtasteride of Prostate 

Cancer Events (REDUCE)  

Selected Reaction Monitoring (SRM)  

Single nucleotide polymorphisms (SNPs) 

Small interfering RNAs (siRNAs)  

Surface-enhanced Laser Desorption 

Ionization-Time-of-Flight (SELDI-TOF) 

Time-of-Flight Mass Spectrometry (TOF-

MS) 

Transcription-mediated amplification 

(TMA) 

Transforming growth factor ß3 (TGFB3) 

Transition zone (TZ)  

Transrectal ultrasound guided prostate 

biopsies (TRUS) 

Triple quadrupole mass spectometers 

(QQQ-MS) 

Tumoral node metastasis (TNM)  



  ABREVIATIONS     

   23 

Tumor initiating cells (TICs) 

Two-dimensional (2D)  

Two-dimensional polyacrylamide gel 

electrophoresis (2DE)  

Watchful waiting (WW) 

5-alpha-dihydrotestosterone (DHT) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



     

    

 

 
 

 

 

 

INTRODUCTION 

 

 

 



 

 

 

 

 

 

 
 
 

 

 

 

 

 

 



  INTRODUCTION: THE PROSTATE     

   27  

1. THE PROSTATE 

1.1 ANATOMY, MORPHOLOGY AND FUNCTION  

The human prostate (from the Greek word, prostates, meaning "one who stands before," 

"protector," or  "guardian") is a walnut-sized tissue. In a young adult, the prostate weighs 

approximately 20gr and measures 3cm in length. Its main function is to store and secrete a 

slightly alkaline fluid and proteins that are supposed to provide nutritional support to the 

seminal fluid. Prostate compounds constitute approximately 25% of the volume of semen, 

together with spermatozoa and seminal vesicle fluid. The alkalinity of semen helps to 

neutralize the acidity of the vaginal tract, prolonging the lifespan of sperm. Prostatic fluid is 

expelled in the first ejaculate fraction together with spermatozoa and the fluid of the seminal 

vesicle. In addition, prostatic fluid improves the motility of spermatozoa, promotes their 

longer survival and provides better protection to the DNA. The prostate is located in the 

pelvis, under the urinary bladder and in front of the rectum. The prostate surrounds part of the 

urethra, the tube that carries urine from the bladder during urination and semen during 

ejaculation (Figure 1a). Because of its location, prostate diseases mainly affect the processes 

of urination and ejaculation, though rarely defecation.  

The prostate can be divided into two different classifications: zone and lobe.  

The zone classification is used more often in pathology and was first proposed by McNeal in 

1968 1. According to this classification, the prostate can be divided into 4 zones: the 

peripheral zone (PZ) and the central zone (CZ), which together comprise <95% of the prostate 

mass in the prostate of a normal man, the periurethral transition zone (TZ), and finally, the 

anterior fibromuscular zone (AFZ) or stroma and the periurethral glandular zone 2 (Figure 1b). 

The PZ zone constitutes the bulk of the apical, posterior, and lateral prostatic tissue and 

accounts for most of the glandular tissue (70%). It is the zone in which 70% of prostate 

cancers (PCa) emerge. The TZ accounts for 5-10% of the glandular tissue of the prostate. 

Cellular proliferation in the TZ results in benign prostatic hyperplasia (BPH). In addition, 20% 

of the cases of PCa arise in this zone. The CZ surrounds the ejaculatory ducts. Only 2.5% of 

the reported cases of PCa appear in this zone, but these cancers tends to be more aggressive 

and more likely to invade the seminal vesicles 3.  

The lobes classification is used more often in anatomy. According to this classification, the 

prostate can be divided into several lobes: the anterior lobe, or the anterior portion of the 

gland lying in front of the urethra, the median lobe that is situated between the two 

ejaculatory ducts and the urethra, the lateral lobes (right and left) that are separated by the 
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prostatic urethra constituting the main mass of the gland, and finally, the posterior lobe, 

which is used to describe the posteromedial part of the lateral lobes and which can be 

palpated through the rectum during the digital rectal exam (DRE) (Figure 1c). 

 

Figure 1. The human prostate. (A) Localization of the prostate in humans, adapted from http://en.wikipedia.org/. 
(B) Prostate zones: a, central zone (CZ); b, fibromuscular zone (AFZ); c, transitional zone (TZ); d, peripheral zone 
(PZ); e, periurethral region, adapted De Marzo et al, 2007 2 (C) Prostate lobes; lateral lobes, anterior lobes, 
median lobe and posterior lobe, adapted from http://en.wikipedia.org/. 

At the histological level, the human prostate contains a pseudostratified epithelium that 

consists of tubuloalveolar glands, which are embedded in the fibromuscular stroma. The 

prostate glands are assembled by a well-defined basement membrane covered by low cuboid, 

basal epithelial and mucous-secreting columnar cells that rest on top of basal cells (Figure 2). 

The mature prostate contains five inter-related cell types organized to form prostatic glands:  

1. The predominant epithelial cell type is the secretory luminal cell. Luminal epithelial cells 

form a continuous layer of polarized columnar cells. These cells are differentiated androgen-

dependent cells that produce protein secretions and express characteristic markers, such as 

cytokeratin 8 and 18, the cell surface marker CD57 as well as Androgen Receptor (AR) 4. 
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These cells also secrete Prostate Specific Antigen (PSA) and Prostate Acid Phosphatase (PAP) 

into the glandular lumen.  

2. The second major epithelial cell type corresponds to the basal cells. Basal cells form a single 

layer on the basement membrane underlying the normal prostate epithelium of each prostatic 

gland. These cells are relatively undifferentiated and conform to the proliferative 

compartment. They express p63 and high-molecular cytokeratin 5 and 14 as well as CD44. 

However, they express low levels of AR and they lack secretory activity 4. 

3. The third epithelial cell type is the neuroendocrine cell. These cells comprise only a small 

percentage of the normal prostatic epithelium of uncertain embryological origin. The 

neuroendocrine peptides secreted by these cells support the growth or differentiation of the 

surrounding epithelial cells. Neuroendocrine cells express endocrine markers, such as 

chromogranin A and serotonin 4. However, these cells do not express AR. 

4. Transit-amplifying or intermediate cells express features of the basal and secretory and/or 

neuroendocrine cells. They express cytokeratin 5 and 8/18 and they are negative in p 63. It 

has been proposed that these proliferative cells are stem-like cells, or progenitor cells, that 

are in a process of transition to a differentiated secretory phenotype 5.  

5. Stem cells are believed to reside in the basal epithelial layer of the gland. The presence of 

stem cells in the prostate was first proposed to explain the capacity of the organ to 

regenerate during androgen cycling experiments 6.  

 
Figure 2. Prostate gland. (A) Schematic representation of the prostate gland. Cell types within a human prostatic 
duct are shown. Note that rare neuroendocrine cells are morphologically indistinguishable from basal cells 4. (B) 
Hematoxilina-eosin staining of normal prostatic tissue adapted from Epstein, JI and Netto GJ 7. 

The prostate also contains several types of stromal cells, including fibroblasts, myofibroblasts, 

and smooth muscle cells that guide the growth and differentiation of the epithelium. Nerves 

and blood cell elements, as well as vascular and stromal endothelial cells, are also present in 

the gland. 
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1.2 PROSTATE DISORDERS  

1.2.1. PROSTATITIS OR CHRONIC INFLAMMATION 

The term, prostatitis, or chronic inflammation refers to the histological inflammation of the 

tissue of the prostate gland that may be associated with a large, indefinite number of lower 

urinary tract symptoms (LUTS) and sexual discomfort and dysfunction (Figure 3a). This 

condition affects 5-10% of the male population and is the most common urologic diagnosis in 

men younger than 50 years of age. It can be associated with an appropriate response of the 

body to an infection, but it can also occur in the absence of infection. Prostatitis is classified 

into four categories, including acute and chronic bacterial forms, a chronic a-bacterial form, 

and an asymptomatic form.  

Emerging evidence suggests that among the many risk factors for developing PCa and its 

progression to metastasis, inflammation represents a major risk 2. Chronic inflammation of 

longstanding duration has been linked to the development of carcinoma in several organ 

systems. The proposed mechanism of carcinogenesis involves repeated tissue damage and 

regeneration in the presence of highly reactive oxygen and nitrogen species. These reactive 

molecules are released from the inflammatory cells and can interact with DNA in the 

proliferating epithelium to produce permanent genomic alterations such as point mutations, 

deletions, and rearrangements 8.  

1.2.2. BENIGN PROSTATIC HYPERPLASIA 

BPH is one of the most common age-related disorders affeting men, representing the most 

frequent proliferative abnormality of the human prostate. The development of BPH takes 

place in the TZ 9. BPH produces a progressive obstruction of the urethra that leads to urinary 

retention, bladder function impairment and eventually renal failure 10, and it affects 80% of 

BOX I: FORMATION AND MORPHOGENESIS OF THE PROSTATE 

The development of the prostate gland is largely controlled by sex hormones and is initiated in the 
uterus at week 12 of fetal development. Prostate formation occurs thorugh epithelial budding from 
urogenital sinus (endodermal origin). During midgestation, the primitive urogenital sinus is 

separated from the terminal region of the hindgut through the division of the cloaca by the urorectal 
septum. The most frontal region of the urogenital sinus forms the urinary bladders, whereas the 

most caudal region forms the urethra. The prostate gland originates from the intermediate region 
(pelvic part or urogenital sinus) 4. 

 



  INTRODUCTION: THE PROSTATE     

   31  

men by age 80. This implies that one in three of these patients will require treatment to 

alleviate the obstructive symptoms caused by the disease. Regardless of the obvious 

importance of BPH as a major health issue, which significantly affects the quality of life in 

aging men, its etiology and pathogenesis remain unclear 11. The architectural development of 

BPH is well characterized by multifocal expansive nodules originating from a budding and 

branching of the epithelial glandular ducts and acini, as well as a proliferation of the prostatic 

stromal elements 12 (Figure 3b).  

The cellular and molecular events that contribute to BPH are not well characterized, though 

recent data from various studies support a shift in the balance between cellular growth and 

apoptosis and senescence 13, 14. A higher proliferative-to-apoptotic ratio has been observed in 

BPH than in normal tissue and an increased expression of the anti-apoptotic factors has also 

been noted in BPH epithelial cells.  Recently, our group have demonstrated the accuracy of 

the beagle dog animal model, similar to the human clinics, for developing a transcriptome 

analysis that characterizes a gene expression pattern associated with the onset of BPH 14. 

Our results pointed to a number of pathways altered during the initial steps of BPH. These 

pathways could be involved in both the promotion and the tissue response to the hyperplastic 

growth. In addition to the  genes involved in calcification, matrix remodeling, detoxification, 

cell movement, and mucosal protection, the up-regulation of transforming growth factor ß3 

(TGFB3) and Clusterine (CLU) indicated a complete adjustment of the transdifferentiation, 

senescence and apoptosis programs. In addition to contributing new clues towards an 

understanding of hyperplastic growth, this study characterizes a number of genes that could 

represent new potential therapeutic targets, such as CLU. Considering that BPH is a major 

health problem that significantly affects the quality of life in aging men, the development of 

new therapeutic strategies for improving the outcome of BPH is imperative. 

Although PSA levels may be elevated in these patients, due to increased organ volume and 

inflammation attributable to urinary tract infections, BPH is not considered to be a 

premalignant lesion. An estimated 42% of men from 51 to 60 years of age and up to 80% of 

men between the ages 70-80 have presented histological evidence of this prostate disorder. 

1.2.3. PROLIFERATIVE INFLAMMATORY ATROPHY  

Tissue inflammation is normally associated with an appropriate response of the body to an 

infection. On the other hand, prostate atrophy is identified as a reduction in the volume of 

preexisting glands and stroma and can be divided into two major patterns: diffuse and focal 15. 

Proliferative inflammatory atrophy (PIA) lesions are characterized by discrete foci of 

proliferative glandular epithelium with the morphological appearance of simple atrophy, or 
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post-atrophic hyperplasia, and they occur in association with inflammation (Figure 3c). The 

key features of this type of lesion are the presence of two distinct cell layers: mononuclear 

and/or polymorphonuclear inflammatory cells in both the epithelial and stromal compartments 

and stromal atrophy with variable amounts of fibrosis. The morphology of PIA is consistent 

with the description of post-inflammatory atrophy, with that of chronic prostatitis, and with 

the lesion referred as “lymphocytic prostatitis.” As well as showing an increased staining for 

cell proliferation markers, the key immunophenotypic features of PIA that have been 

described are an increased staining for glutathione S-transferase P1 (GSTP1) and B-cell 

lymphoma 2 (Bcl-2) and a decreased staining for the cyclin-dependent kinase inhibitor 

p27Kip1 16. PIA is proposed to be a common proliferative response to environmental damage, 

such as inflammation and oxidative stress in aging men, which can be caused by repeated 

infections, dietary factors and/or the onset of autoimmunity.  

Regions of PIA are often located in proximity to High Grade Prostatic Intraepithelial Neoplasia 

(HGPIN) and PCa. About 20% of all human cancers are caused by chronic infection or chronic 

inflammatory states. It has been proposed that exposure to environmental factors such as 

infectious agents and dietary carcinogens, and hormonal imbalances lead to injury of the 

prostate and to the development of chronic inflammation and regenerative ‘risk factor’ 

lesions, referred to as PIA 2. Recent expression array profiling studies have suggested that 

PIA may only be a very early precursor, or even unrelated to the development of PCa 17.  

1.2.4 ATYPICAL SMALL ACINAR PROLIFERATION 

Atypical Small Acinar Proliferation (ASAP) is a collection of small prostatic glands found 

through prostate biopsy (PB), whose significance is uncertain and that have not been 

determined to be either benign or malignant. These glands often show distorted features 

including partial atrophic-like appearances, a lack of nuclear enlargement, a lack of cells 

showing prominent nucleoli, and associated inflammations 18, 19. Foci of ASAP are often < 

1mm in size. The incidence of ASAP in PB is approximately 2-3%. Most authors consider 

ASAP to be a diagnostic risk category and not a valid pathologic entity. However, several 

studies have demonstrated that in 34% to 60% of the specimens taken from cases subjected 

to a subsequent biopsy, this diagnosis is predictive of malignancy20. Consequently, a repeat 

biopsy is recommended in cases where an initial diagnosis of ASAP has been proffered.  

1.2.5. HIGH GRADE INTRAEPITHELIAL NEOPLASIA 

Prostate Intraepithelial Neoplasia (PIN) is defined histologically by the presence of nuclear and 

cytoplasmic features, which are similar to those of PCa in glands with normal architecture 21. 
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However, unlike cancer, PIN retains the cell layer 22. As this process is confined to the 

epithelium, it is, therefore, termed intraepithelial 22. In addition, PIN lesions generally display a 

marked elevation of cellular proliferation markers 23 within the pre-existing secretory 

epithelium, ducts and acini. Notable cytological changes include prominent nucleoli in at least 

5% of the cells, nuclear enlargement, nuclear crowding, an increased density of the cytoplasm 

and a variation in nuclear size 24. 

The incidence and extension of PIN increase with age 25, although findings from a study on 

the autopsies of a few young men revealed that microscopic PIN was detected in the 

prostate of those men 26. This prostate disorder is classified into a two-tier classification, 

based on the cytological characteristics of the secretory cells: low grade PIN (LGPIN) and 

high-grade PIN (HGPIN) 27 (Table 1). 

Table 1. Characteristics of the to types of PIN lesions 22 

 

HGPIN is considered most likely to represent a forerunner to PCa, based on several lines of 

evidence: (1) the incidence and extent of HGPIN in the prostate increase with advancing age 
29, 30; (2) HGPIN lesions are found in the PZ, where most prostate tumors occur 50; (3) the 

frequency, severity and extent of HGPIN increase in the presence of PCa; (4) the appearance 

of HGPIN lesions generally precedes the appearance of carcinoma by at least 10 years, which 

is consistent with the idea of cancer progression; (5) rates of cell proliferation and deaths are 

elevated in HGPIN and PCa when compared to the rates for normal prostates; (6) 

chromosomal abnormalities and allelic imbalance analyses have shown that HGPIN lesions are 

multifocal, as is the case with carcinomas 31; (7) the architectural and cytological features of 

HGPIN closely resemble those of invasive carcinoma, including a disruption of the basal layer 

and the presence of prominent nucleoli (Figure 3d); (8) differentiation markers that are 

commonly altered in early invasive carcinoma are also altered in HGPIN lesions 24; and,  (9) 

the rate of neovascularization is raised in HGPIN and in PCa when compared to the rate  

found in normal prostates. 

Nevertheless, recent studies suggest that the majority of alterations that occur in the 

progression to PCa take place in the transition from benign epithelium to HGPIN, rather than 

PIN Nucleoli of the cells Staining for AMACR Basal cell-layer 

LGPIN 

Enlarged, vary in size, have a normal or little increase in 
the chromatin content and possess small or 
inconspicuous nucleoli Negative Intact 

HGPIN 

Large nucleoli rather uniform size, an increased 
chromatin content and prominent nucleoli that are similar 
to those of PCa cells  

Postivie in the 
citoplasma 28 Highly disrupted 
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from HGPIN to PCa 17. On the other hand, HGPIN differs from invasive carcinoma in that it 

normally retains the basal cellular membrane and does not invade the stroma. In addition, 

HGPIN lesions do not produce high levels of PSA, and consequently, HGPIN can only be 

detected by biopsy and not through serum PSA testing. Alpha-methylacyl-CoA racemase 

(AMACR) expression has been found to be negative to weakly positive in biopsy specimens 

containing HGPIN without carcinoma and weakly positive in radical prostatectomy 

specimens, while its expression was highly positive in HGPIN lesions adjacent to 

adenocarcinoma 32. Similar results were obtained with the immunohistochemical study of 

GSTP1 expression 33. Finally, present studies are currently assessing the role of PTOV1 as it 

may be linked to PCa in detecting the risk of carcinoma in repeated biopsies following a 

diagnosis of HGPIN 34. 

The magnitude of the risk for PCa in men with HGPIN and the optimal follow-up strategies 

remain controversial. Prostate needle biopsies have provided a reported 1.5% to 31% 

incidence of HGPIN 35. Finding an HGPIN through biopsy is a frequent indication for repetition 

of the biopsy 36. In addition, after repeated PBs with LGPIN, a 16% incidence of PCa was 

reported 29, whereas the reported incidence with HGPIN was 24% 37. In early studies, using 

limited biopsy schemes, HGPIN was associated with high rates of PCa. It was suggested that 

its presence indicated an immediate repetition of the biopsy 38. However, when a more 

extensive early biopsy scheme was initially used, the cancer detection rate was considerably 

lower. This was due to the fact that the number of cores sampled during the initial biopsy 

affected the likelihood of detecting PCa in the subsequent biopsies 39. For this reason, some 

investigators believe that repeat biopsies may be unnecessary in the current era and that 

follow-up for these men can be accomplished using serial DREs and PSA measurements 40. In 

fact, HGPIN does not contribute to the serum concentration of PSA or modify the percentage 

of free PSA (fPSA) 36; however, PSA velocity (PSAV) helps to identify those men who possess a 

high likelihood of suffering from PCa and who have a real need for repeating the biopsy 41. 

HGPIN either can be detected by DRE alone. 

Bostwik and Brawer 42 described a progression model of PIN to carcinoma in which the 

transition from benign to LGPIN, to HGPIN, and then to PCa is continuous. Nevertheless, Putzi 

and De Marzo 43 found that LGPIN often coexists with HGPIN, suggesting that both forms 

arise concomitantly. However, due to the fact that LGPIN is not documented in pathology 

reports, this data remains controversial. 

In summary, HGPIN seems to be a precursor lesion to many peripheral, intermediate to high-

grade cases of PCa. However, this lesion is not necessarily a precursor, since many early 

cancers do not possess adjacent HGPINs. Also, low-grade carcinomas, especially those found 
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within the TZ, are not closely related to HGPIN 44. Nevertheless, the recognition of this 

prostatic disorder is clinically important because of its association with PCa. Although the 

relationship between PIN and PCa has not yet been demonstrated conclusively, HGPIN has 

been widely accepted as a precursor lesion to PCa. For this reason, biomarkers for the 

detection of premalignant prostatic disease can help to identify those patients who will need 

further monitoring. 

 
Figure 3. Architecture of the main disorders afectin prostate. (A) Prostatitis, (B) BPH, from human tissue 
microarray, from Arrieta et al, 12  (C) PIA (outlined area) occurring adjacent to benign normal appearing glands 
(lower right). Arrows indicate collections of chronic inflammatory cells (predominantly lymphocytes). This lesion 
was classified as having marked chronic inflammation. H&E, 40X 16 and (D) HGPIN. A and D are images of 
hematoxylin-eosin staining of normal prostatic tissue addapted from Epstein, JI and Netto GJ 7. 
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2. PROSTATE CANCER 

2.1. EPIDEMIOLOGY OF PROSTATE CANCER 

Cancer is one of the most important health problems in our society, both in terms of morbidity 

and social impact. It affects the economy and quality of life of one in every three people 

throughout their lifetimes 45. PCa is the most commonly diagnosed cancer among European 

and American men (24.1% of all cases) 46, and it is the second most common cause of cancer 

death among men 47 (Figure 4). In 2010, an estimated 217,730 (28%) new cases of PCa were 

diagnosed in the US, and 32,050 (11%) died as a result of this disease 48. Even though the 

introduction of the PSA test in the late 1980s of the past century has led to a dramatic 

increase its detection 46, the risk of developing this type of cancer during a lifetime is 

estimated at 1 in 6 men in the US, and the risk of death due to this disease is 1 in 36 49.  

 

Figure 4. Cancer Statistics by Jemal et al. 2010 48. (A) Annual Age-Adjusted Cancer Incidence Rates* for 
Selected Cancers, United States, 1975 to 2006. Source: Surveillance, Epidemiology, and End Results (SEER) 
(www.seer.cancer.gov). (B) Annual Age-Adjusted Cancer Death Rates* Among Males for Selected Cancers, 
United States, 1930 to 2006. Source: US Mortality Data, 1960 to 2006, US Mortality Vol. 1930 to 1959. National 
Center for Health Statistics Centers for Disease Control and Prevention. *Rates are age adjusted to the 2000 US 
standard population and adjusted for delays in reporting. 

In Catalonia, PCa is the most frequent cancer ahead of lung and colorectal cancer, and it is 

the third most common cause of death due to cancer in males (International Agency for 

Research on Cancer (IARC) in 2007). PCa is the type of cancer that is most frequently 

reported and it presents a higher incidence in the first period analyzed (1985-1994) than in 

the last (1995-2002) (Figure 5a). This effect may be associated with a more widespread use of 
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PSA testing and an overall aging population. It is estimated that, as has occurred in other 

countries, this increased incidence is stable and is largely attributable to the diagnostic 

advancements related to the use of PSA testing, which would explain the fall in the last 

reported mortality period (Figure 5b). 

 

Figure 5. PCa in Catalonia. (A) Evolution of PCa in Catalonia, Spain and Europe from 1985 to 2002. 50 51 52. (B) 
Evolution of the mortality for PCa in Catalonia, Spain and Europe from 1985 to 2004 53.  

PCa is a disease that affects aging men. It is, therefore, a greater concern for developed 

countries, which possess a larger proportion of elderly men in their populations. For this 

reason, in developed countries about 15% of the reported cancers in males are PCas, while in 

undeveloped countries, the percentage is only 4% 54.  

2.2 RISK FACTORS OF PROSTATE CANCER 

Like many other adult cancers, PCa likely represents the accumulation of various genetic 

insults that have developed over the course of decades. Even though the factors that 

determine the risk of developing PCa are not well known, a few have been identified. There 

are three well-established PCa risk factors: increasing age, heredity and ethnic origin. 

Moreover, dietary and lifestyle factors have been found to be major contributors to population 

differences in the occurrence of clinical PCa 55. Dietary (eg. fat in the diet) and lifestyle 

differences may specifically account for the considerable differences in incidence of clinical 

PCa between Asian and American populations, reflecting a shift in the 10-year rate of cancer 

detection 56. 

2.2.1 AGE 

The most important risk factor for PCa is age. The probability of developing PCa varies greatly 

by age (Figure 6a). PCa incidence rates increase in men until about age 70 and decline 

thereafter, 70% of PCa are developed in men > 65 years. Moreover, death rates for PCa 

increase with age 49 (Figure 6a). 
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2.2.2. HEREDITY 

Compared to men without a family history, men with one first-degree relative with the 

disease are 2 to 3 times more likely to develop PCa, while men with more than one affected 

first-degree relative are 3 to 5 times more likely to be diagnosed with PCa 57. However, only 

9% of the men with PCa have true hereditary PCa. This is defined as 3 or more affected 

relatives or at least 2 relatives who have developed early-onset disease (before age 55) 58. 

Patients with hereditary PCa usually have an earlier onset of 6 to 7 years prior to those 

patients with spontaneous disease, but they do not differ in other ways 59. Therefore, patients 

with a familiar PCa should be screened earier for this disease. An example of a described 

genetic factor that may play a role in PCa includes BRCA-1 and BRCA-2 mutations. Men with 

these mutations possess an increased risk of developing a more aggressive form of PCa that 

develops at a younger age 60-62. Consistent evidence from genetic studies has also identified 

locations on chromosome 8 (in a region called 8q24) that are associated with an increased 

risk of developing PCa and with its more aggressive forms 63, 64. 

2.2.3 ETHNICAL ORIGIN 

Clinical PCa incidence and mortality may, in part, reflect genetic factors that vary in 

populations originating in different geographical areas.  Incidence rates vary by more than 

50-fold worldwide, with the majority of cases diagnosed in economically developed countries. 

The highest incidence rates are observed in North America (where there is a significant 

difference between African and white American men), Australia, and Northern and Central 

Europe. The lowest incidence rates are observed in South Eastern and South Central Asia 

and Northern Africa 49 (Figure 6b). However, if Asian men move from Asia to the USA, their 

risk of PCa increases. All of these findings indicate that exogenous factors affect the risk of 

progression from so-called latent PCa to clinical or symptomatic PCa. Factors, such as food 

and alcohol consumption, sexual behavior patterns, exposure to ultraviolet radiation and 

occupational exposure have all been discussed as having etiological importance 65.  

Figure 6. Age, race and ethnicity as risk 
factors for PCa. (A) Probability of 
developing PCa in US from 2004 to 2006 
66. (B) Incidence and Mortality of PCa in 

US from 2002 to 2006 67.  
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2.2.4 DIET 

In large prospective cohort studies, dietary and nutritional factors have been suggested as 

ways of altering the risk of PCa, though the results have been inconsistent among the studies 
49. At present, the best dietary advice for reducing the risk of PCa is to eat a wide variety of 

fruits and vegetables each day, limit the intake of red meats, avoid the excessive 

consumption of dairy products (e.g. > 3 servings/day), maintain an active lifestyle, and 

consume foods that help maintain a healthy weight 68. Moreover, since the development of 

the prostate gland is largely controlled by sex hormones and is initiated at week 12 of fetal 

development (see Box I), when the secretion of testosterone from the embryonic testis 

stimulates prostate morphogenesis, sex steroids, insulin-like growth factor (IGF) and vitamin 

D axes appear to influence the occurrence and progression of PCa. It also has been suggested 

that antioxidant carotenoid lycopene, resulting from a high intacke of tomatoes, have been 

associated with a reduced risk of PCa 69. Other antioxidants, such as vitamin E and selenium, 

may also reduce risk for PCa 70. 

2.3 CHARACTERISTIC FEATURES OF PROSTATE CANCER  

The term, carcinogenesis, describes a concept whereby clinically hidden, multifocal pre-

neoplastic foci emerge within the epithelium of an anatomic region exposed to the same 

carcinogen. Normal cells can progressively evolve to a neoplastic state. In order to do that, 

those cells need to acquire a succession of capabilities. These capabilities are known as the 

hallmarks of cancer and include the ability to sustain proliferative signaling, to evade growth 

suppressors, to resist cell death, to enable replicative immortality (including angiogenesis), 

and to activate invasion and metastasis 71. This multistep process towards human tumor 

pathogenesis may be understood by examining the necessity for incipient cancer cells to 

acquire those qualities that enable them to become tumorigenic and finally malignant 72. 

Tumors are more than masses of proliferating cells. Rather, they are complex tissues 

composed of multiple, distinct cell types that participate in heterotypic interactions with one 

another. The biology of tumors can no longer be understood by simply characterizing the 

traits of cancer cells; their descriptions must encompass the contributions of the tumor 

microenvironment to the process of tumorigenesis 72. This is the reason that, recently, two 

new hallmarks have been included in the biology of cancer: the constitution and the signaling 

interactions of the tumor microenvironment 72. 

PCa is generally regarded as multifocal, since its primary tumors often contain multiple, 

independent histological foci cancers that are often described as genetically distinct, even to 

those in close proximity 23. Notably, about 80% of all radical prostatectomy specimens show 
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more than one neoplastic focus, as well as 70% of all HGPIN cases 24. These findings suggest 

that multiple neoplastic foci may emerge and evolve independently, which has significant 

implications for the molecular mechanisms of disease progression.   

The heterogeneity of PCa is potentially relevant to understanding the distinction between 

latent and clinical disease, as well as the strong correlation between PCa progression and 

aging 73. Although PCa is a disease of older men, studies on healthy specimens obtained from 

healthy men in their 20s to 40s show the frequent presence of the histological foci of PCa 26, 

suggesting that cancer initiation has already taken place at a relatively early age. Combined 

with the evidence that PCa is multifocal, it appears that this organ may be the site of multiple, 

neoplastic transformation events, many of which give rise only to latent PCa, which does not 

progress to clinically detectable disease. It is thought that clinical PCa follows a different 

pathogenic program than that of latent PCa. Alternatively, most latent PCa foci may not 

undergo the critical activating events that lead to clinical disease, or it is possible that many 

may remain under active suppression 73. These lesions may not be apparent at histological 

examination, though molecular techniques have found evidence of such changes in a variety 

of epithelial neoplasms, which are suggestive of carcinogenic changes (e.g., p53 loss, loss of 

heterozygosis (LOH) and microsatellite instability). In contrast, despite the phenotypic 

heterogeneity of metastatic PCa 74, molecular and cytogenetic analyses show that multiple 

metastases in the same patient are clonally related, which would indicate that advanced PCa 

is monoclonal 75.  

Most prostate tumors are adenocarcinomas (Figure 7), which present a typical luminal 

phenotype 73 that shares numerous common features with other prevalent epithelial cancers, 

such as breast and colon cancers. In biopsy specimens, prostate adenocarcinomas present a 

typical disruption of the basal cell layer and can be confirmed by the absence of p63 and 

cytokeratin 5/14 immunostaining, both of which are basal cell markers 76, 77. Additionally, its 

diagnosis is supported by AMACR immunostaining, a luminal marker overexpressed in 

prostate adenocarcinomas 76, 78. While evident PCa subtypes are lacking at the 

histopathological level (see Box II for PCa subtypes), recent genomic analyses have provided 

increasing evidence for molecularly defined subtypes. Oncogenomic pathway analyses that 

integrate gene expression analysis, copy number alterations, and exon resequencing may 

provide a unified approach for distinguishing PCa subtypes and stratifying patient outcomes 
79.   
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Figure 7. Prostate Cancer features. (A) Low grade adenocarcinoma where where the majority of the glands are 
relatively uniform in size. (B) Medium grade adenocarcinoma shows abundant amphophilic cytoplasm, enlarged 
nuclei with prominent nucleoli. (C) High grade adenocarcinoma shows fused glands, no intervening stroma and 
disruption of the basal cell layer. All images are have been obtained from web page; http://webpathology.com.  

 

2.4 PROSTATE CANCER INITIATION AND PROGRESSION 

The molecular pathways that contribute to the genesis of subclinical, microscopic PCa 

precursor lesions, their progression to invasive cancer, and their androgen-independence 

remain largely unknown, although certain molecular candidates have been implicated in the 

overall process of disease progression. For instance, in some prostate carcinomas aberrations 

in specific signaling molecules have been indicated, such as extracellular growth factors, 

protein tyrosine kinase cell surface receptors, intracellular anti-apoptotic or transcription 

factors, nuclear receptors and their ligands, growth suppressors, cell cycle regulators and 

others 81.  

PCa lesions can develop in the complete disarrangement of both luminal and basal cells with 

concomitant loss of basal cell lamina. In its initial stages, when confined to the prostatic 

capsule, PCa is essentially curable by surgical intervention and/or radiation therapy. In fact, 

most cases of prostate carcinoma are relatively indolent, and the majority of men diagnosed 

with PCa will die of other causes instead. However, if not detected early or in the more 

aggressive forms of the disease, PCa can advance to stages that are characterized by a local 

BOX II: PROSTATE CANCER SUBTYPES 

Histopathological subtypes: The vast majority of PCa corresponds to acinar adenocarcinomas that 
express AR, while other types of PCa, such as ductal adenocarcinoma, mucinous carcinoma, and 

signet ring carcinoma, are extremely rare. Perhaps the most significant variant is neuroendocrine 
PCa, which is generally classified as either small cell carcinoma or carcinoid tumor and represents 

<2% of all PCa cases 80. Neuroendocrine carcinoma has differentiation prevalence after recurrence, 
due to the lack of AR expression by neuroendocrine cells, which are inherently castration resistant. 

Other types are squamous cell, urothelial and sarcomatoid carcinomas, which commonly occur in 
association with acinar adenocarcinoma.  
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invasion of the seminal vesicles, followed by metastasis, primarily to the bone, which is 

usually lethal 4 (Figure 8). Consequently, a major clinical challenge is posed by the current 

inability to readily distinguish between indolent and aggressive tumors in PCa. The absence 

of this prognostic information may be addressed by a better understanding of the molecular 

basis of PCa 82. 

As a starting point for the PCa progression pathway, it is important to consider chromosomal 

abnormalities as indicators for the first stages of PCa (Figure 8). Presumably, patterns of 

consistent allelic loss reflect the reduction or loss-of-function of putative tumor suppressor 

genes in PCa. Despite the significance of allelic loss to prostate carcinogenesis, no single 

candidate tumor suppressor gene has been definitively assigned a role in PCa progression 73. 

 

Figure 8. Pathway for human PCa progression adapted from Abate-Shen et al, 2010. Stages of progression 
are correlated with loss of specific chromosomal regions and candidate tumor suppressor genes 73. 

2.4.1 PROSTATE STEM CELLS OR TUMOR INITIATING CELLS 

Stem cells are defined by three important properties: the ability to self-renew, the ability to 

differentiate into a number of different cell types, and the ability to be easily grown from 

clonal populations 6. A tissue stem cell can be defined as a progenitor that is multipotent, 

capable of giving rise to distinct cell types from the tissue of interest, and also able to self-

renew by maintaining the stem cell phenotype in the progeny following cell division 83. In the 

adult prostate, the existence of epithelial stem cells is suggested by this tissue’s ability to 

undergo repeated cycles of extensive regression in response to androgen deprivation, 

followed by full regeneration after androgen restoration. In consequence, the prostate 

epithelium should contain a long-term resistant pool of stem cells that are castration resistant 
84. It is known that most luminal cells are androgen-dependent and undergo apoptosis 
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following castration, while most basal and neuroendocrine cells survive and are castration 

resistant 85, 86. In theory, cancer could result from the transformation of a rare stem cell and/or 

the transformation of a more restricted cell type and its “dedifferentiation” in acquiring the 

self-renewal properties characteristic of stem cells. Given the luminal phenotype of human 

PCa, the cell origin should correspond to either a luminal cell or basal progenitor that can 

rapidly differentiate into luminal progeny after oncogenic transformation 73. Several studies 

have been trying to find TICs from PCa. Despite promising findings in this area, it still remains 

unclear whether normal stem cells and cancer stem cells display conserved marker 

expression or whether the markers themselves display specificity for cancer stem cells. 

Nowadays, it seems that the authentic PCa stem cells have not yet been definitively 

identified 73. 

2.4.2 PROCESS THAT PROMOTE PROSTATE CARCINOGENEIS 

The hallmarks of cancer comprise eight biological capabilities acquired during the multistep 

development of human tumors. They include sustaining proliferative signaling, evading 

growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, activating invasion and metastasis, reprogramming of energy metabolism and 

evading immune destruction 71, 72. Underlying these hallmarks are genome instability, which 

generates the genetic diversity that expedites their acquisition, and inflammation, which 

fosters multiple hallmark functions.  

PCa as well as other types of cancer, occurs when the rate of cell division is higher than the 

rate of cell death, leading to uncontrolled tumor growth.  The causes of these events are still 

unknown, although some processes, which promote this carcinogenesis, are known. 

Androgens are regarded as major contributors to prostatic carcinogenesis (see Role of 

Androgens in PCa); nevertheless, only scant direct evidence demonstrates that androgens 

actually cause PCa. 

As explained earlier, the single most significant risk factor for PCa is advanced age. However, 

PCa is not simply a product of aging, since the incidence among different populations varies 

considerably. In other words, the relationship of PCa to advanced age reflects the idea that 

the environment, as well as physiological and molecular influences play a role in PCa 

carcinogenesis and that, along with the normal consequences of aging, the effects of these 

influences accelerate the development and progression of this disease73. Moreover, various 

studies have described gene expression changes associated with aging and, in particular, 

changes involving the prostatic stroma, including genes involved in inflammation, oxidative 

stress and cellular senescence 87-89. 
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Chronic inflammation has been linked to PCa at the epidemiological, pathological and 

molecular levels 73. The susceptibility of the prostate gland to infection is known from 

reported incidences of chronic bacterial prostatitis; thus, a potential role for bacterial 

infection has been suggested through the identification of multiple bacterial species in most 

prostatectomy specimens 90. Moreover, some regions of inflammation present high 

proliferation. As we mentioned before, PIA has been proposed as a precursor to PCa 16, 91. 

Regions that present PIA can be identified in men with advanced age and are frequently 

associated with inflammatory response; moreover, these regions are normally located in the 

proximity of HGPIN and adenocarcinoma lesions. 

Oxidative stress results from the imbalance of reactive oxygen species (ROS) and leads to 

cumulative lipid, protein, and DNA damage. The prostate appears to be exceptionally 

vulnerable to oxidative stress, perhaps as a consequence of inflammation, hormonal 

deregulation, diet, and/or epigenetic modifications 73. On the other hand, telomerase 

shortening, which is generally associated with DNA damage and may lead to chromosomal 

instability, has been implicated in PCa initiation 92. Furthermore, cellular senescence, which 

corresponds to a form of cell cycle arrest where cells remains viable but are non-proliferative, 

has been identified as a potent mechanism of tumor suppression that prevents manifestation 

of the malignant phenotype after oncogenic insults 93. Thus, oncogene-induced senescence 

may play an important role in preventing the progression of preneoplastic lesions to a fully 

malignant state. In the prostate, cellular senescence has been shown to occur during aging-

related prostate enlargement and has been implicated as a tumor suppressor mechanism for 

prostate carcinogenesis. One possible interpretation of the temporal difference between the 

occurrence of latent PCa and the appearance of clinical state PCa is that cellular senescence 

may be involved in suppressing the progression to aggressive disease. It is possible that 

additional oncogenic events may be required to bypass the senescence mechanism in order 

to promote disease progression 73. 

Recent analyses studies using massively parallel sequencing on tumoral and matched, normal 

genomic DNA have shown that genomic rearrangements could comprise a major mechanism 

that drives PCa carcinogenesis 94. Moreover, prostate tumors display global changes in 

chromatin modifications coincident with cancer progression 95. In addition, there are many 

somatic alterations, such as gains or losses in chromosomal regions. Importantly, several of 

these genetic alterations have also been identified in HGPIN, as well as in PIA lesions, 

supporting the idea of a precursor relationship between these two lesions and PCa. 

Epigenetic alterations are also believed to represent important contributing factors in 

prostate carcinogenesis and may provide useful biomarkers for disease progression 96, 97. 
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2.4.3 MOLECULAR GENETICS FOR PROSTATE CANCER 

Subsequent to the initial transformation event, the further mutation of a multitude of genes, 

including p53 and retinoblastoma, can result in tumor progression and metastasis. The most 

commonly altered genes involved in PCa initiation, progression, and arrival to an advanced 

stage are shown in Table 2. 

Table 2. Altered genes in the initiation, progression and advanced Prostate Cancer 

GENE DESCRIPTION FUNCTION EXPRESSION REFERENCES 
PROMOTING PROSTATE CARCINOGENESIS 

GSTP1 
Glutation s-
transferase 

Responsible for 
detoxification of reactive 
species 

Epigenetically silenced in a majority of PCa 
by DNA methylation. Associated with 
inflammatory response in PIA lesions. Nakayama et al, 98 

H3 Histone 3 
Compact DNA into 
chromatin  

Associated with prostate carcinogenesis. 
Epigenetically silenced by methylation.  Varambally et al, 99 

NKX3 

Homeodomine 
transcription 
factor 

Transcription factor and 
Tumor suppressor 
controlling PCa 

Early stages of PCa, where its inactivation 
may contribute to the vulnerability of 
oxidative stress.  

Markowski et al, 100;  
Abate-Shen et al, 
101; Chen et al, 102 

RNASEL 
Endoribonuclease 
for ssRNA 

Might play a central role 
in the regulation of mRNA 

Muation - decreased activity. Associated 
with increased risk of sporadic cancer. Casey et al, 103 

APE/Ref1 
Multifunctional 
enzyme 

Involved in redox control 
of key enzyme and base 
excision repair 

Up-regulated in PCa. APE polymorfisms are 
associated with increased PCa risk. Kelley et al, 104 

PTEN 
Lipid 
phosphatase Tumor supressor gene 

Copy number loss as an early event in PCa 
and is correlated with preogression to 
agressive, castration-resistant disease. 

Z Chen et al, 105; 
Berger et al, 94; 
Abate-Shen et al, 4  

INITIATION AND PROGRESSION 

MXI1 
Max-interacting 
protein 1 Transcription repressor Infrequently mutated. Abate-Shen et al, 4  

Rb Retinoblastoma 

Key regulator of entry into 
cell division that acts as a 
tumor suppressor 

Functional studies suggest critical role in 
PCa development. Abate-Shen et al, 4  

p27 

Cyclin-dependent 
kinase inhibitor 
1B 

Important regulator of cell 
cycle progression 

Loss expression in tumours correlated with 
tumour grade. Abate-Shen et al, 4  

p16 

Cyclin-dependent 
kinase inhibitor 
2A 

Important regulator of cell 
cycle progression Protein expression up-regulated in PCa. Abate-Shen et al, 4  

Telomerase 

Telomerase 
reverse 
transcriptase 

Ribonucleoprotein 
enzyme; replication of 
chromosome termini 

Reduced telomer length and increased 
telomerase activity found in HGPIN and 
PCa. 

Sommerfeld et al, 
106; Zhang et al, 107 

Myc 
Myc proto-
oncogene protein Transcription factor 

Overexpression in PCa initiation (HGPIN) 
and abscence of amplification in the 
majority of advanced carcinomas.  Gurel et al, 108 

FGFs 
Fibroblast Growth 
Factors Stimulate growth of cells 

Up-regulation of FGF; mechanism for 
activation of Erk MAPK pathway activity 
during cancer progression. 

Foster et al, 109; 
Djakiew et al, 110 

E-cadherin E-cadherin Cell adhesion 
Reduced expression in HGPIN and PCa; 
loss may be associated with poor prognosis 

Umbas et al, 111; 
Morton et al, 112 

c-CAM 

Carcinoembryonic 
- Cell adhesion 
molecule Cell adhesion 

Expression is reduced in HGPIN and lost in 
PCas Kleinerman et al, 113 

c-MET 
Met proto-
oncogene  Tyrosine-kinase receptor 

Overexpressed in HGPIN, PCa and 
metastasis Pisters et al, 114 

Integrins  Cell interaction 
Reduced expression of specific family 
members during cancer progression Cress et al, 115 
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FOXP3 
Forkhead box 
protein P3 

Transcription factor; Role 
in the control of immune 
response Mutated in PCa. May repress Myc in PCa. L Wang et al, 116 

TMPRSS2-
ERG Fussion gene 

Chromosomal 
rearrangements linked 
with ETS family of 
transcriptor factors 

Present in 15% of HGPIN and 50% of PCa. 
These rearrangement may occur after 
cancer initiation, or alternatively 
corresponds to an early event thar 
predisposes to clinical progression. 

Abate-Shen et al, 73 
and Berger et al, 94 

MAGI2 
Membrane 
guanylate kinase PTEN-interacting protein Rearrangement, loss of function. Berger et al, 94 

Her2/Neu 

Receptor 
tyrosine-protein 
kinase erbB-2 

Essential component of a 
neuregulin-receptor 
complex. 

Activation through stimulation of AR 
signaling. Implicated in aggessive disease, 
progression to metastasis, and castration 
resistance. Mellinghoff et al, 117 

EZH2 
Histone lysisne 
methyltransferase 

Polycomb group (PcG) 
protein 

Gene amplification. Up-regulated in 
advanced PCa and associated with 
aggressive tumors 

Varambally et al, 99; 
Saramaki et al, 118; 
Bachmann et al, 119 

CHD1, 
CHD5, 
HDAC9  Chromatin modifiers 

Regulation of embryonic stem cell 
plurypotency, gene regulation and tumor 
supression 

Berger et al, 94. 
Gaspar-Maia A et 
al, 120 

PRKC1 and 
DICER  Micro RNA regulaors Prostate tumorogenesis Berger et al, 94 

MAP2K4 

Dual specificity 
mitogen-activated 
protein kinase 
kinase 4 

Kinase that activates the 
JUN kinases MAPK8 and 
MAPK9 as well as 
MAPK14 

Break-points rearrangement. Shown that 
induce anchorage-independent growth via 
muations Berger et al, 94 

ADVANCED CARCINOMA AND METASTASIS 

Androgen 
Receptor 

Nuclear hormone 
receptor 

Supress proliferation of 
basal cells, supports 
survival of luminal cells, 
and promotes metastasis 

Expression maintained even in androgen-
independent tumours, by gene 
amplification, gain-of-function mutations, 
alternative splice isoforms and finally 
enodgenous expression of androgen 
synthetic enzymes by tumor tissue.  

Bentel and Tilley 
121; Niu et al, 122 

p53 
cellular tumor 
antigen 53 

Cell survival and 
proliferation, genome 
stability. 
Transcription/apoptotic 
regulator 

Low mutation rate in primary cancer; 
frequently mutated in metastasis; p53 over-
expression is correlated with poor 
prognosis. Frequently mutated in 
metastasis 

Bookstein et al, 123; 
Abate-Shen et al, 4 
and Berger et al, 94 

IGF1 
Insulin-like growth 
factor I Growth-promoting activity 

Promotes growth of prostate epithelium; 
elevated serum levels is associated with 
cancer risk Chan et al, 124 

TGFb1 

Transforming 
growth factor 
beta1 

Multifunctional protein 
that controls proliferation, 
differentiation and other 
functions in many cell 
types. 

Negative regulator of prostate growth; shift 
to autocrine regulation associated with 
metastasis Djakiew et al, 110 

EGF/TGFa 

Epithellial growtrh 
factor 
/Transforming 
growth factor Growth factors 

Stimulates prostatic epithelial cell growth 
and invasiveness; may provude a 
mechanism for overcoming androgen-
dependence Djakiew et al, 110 

Ka1 
Putative integral 
membrane protein  

Shown to supress metastases, protein 
expression is down-regulated but is not 
mutated Dong et al, 125  

Bcl2 

Apoptosis 
regulator Bcl-2 
 

Cell survival.Suppresses 
apoptosis in a variety of 
cell systems  

Over-expression confers resistance to 
apoptosis in androgen-independent 
disease; key target for clinical intervention Colombel et al, 126 
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2.4.4 CASTRATION-RESISTANT PROSTATE CANCER 

Androgens regulate the prostate gland as the major stimulus for cell division in the prostate 

epithelium. Circulating androgens are essential to normal prostate development, as well as to 

the onset of PCa through their interactions with the AR (see Box III).   

In the 1940’s, Huggins et al, demonstrated that the removal of testicular androgens by 

surgical or chemical castration led to a reduction of the prostate tumor 127. While the initial 

growth of a prostate tumor is dependent on androgens, the transition to metastatic disease is 

generally followed by androgen-independence, which is often evoked by androgen 

deprivation therapy (ADT). Following ADT, the androgen-dependence of prostate tissue is 

manifested by rapid cellular apoptosis and an involution to the regressed state. However, 

ADT is usually associated with PCa recurrence, thereby making continued ADT ineffective 
128. This recurrent disease has been called, castration-resistant. Unfortunately, castration-

resistant PCa has remained essentially untreatable. Even when PCa progresses to castration-

resistant PCa, AR activation and signaling remains sustained though a variety of 

mechanisms. Notably, castration-resistant tumors express AR, as well as AR target gens, 

such as PSA, indicating that the pathway activity has remained intact 129. Nowadays, it is 

unclear when castration-resistant PCa normally appears within prostate tumors. The 

conventional adaptation model proposes that castration-resistant cells arise through the 

genetic/epigenetic conversion of previously androgen-dependent cells under conditions of 

androgen deprivation. The alternative, clonal selection model suggests that the emergence of 

castration resistance reflects the proliferation of a previously quiescent population of rare 

castration-resistant cells within an otherwise androgen-dependent tumor 130. 

BOX III: THE ROLE OF ANDROGENS IN PROSTATE GROWTH 

Growth of the prostate gland depends, like any cellular biology, on the balance between cell 
proliferation and cell death (apoptosis). If these two components are equivalent, as usually happens 
in normal prostate tissue, there is no increase in prostate growth. However, when the index of cell 

proliferation is greater than that of apoptosis, there is continuous growth of the prostate gland, and 
the number of cells increases. In the prostate, this balance between cell proliferation and apoptosis 

is regulated by androgens.  

Testosterone, which is the major circulating androgen in peripheral blood, is produced mainly at the 
testicular level. At the prostate level, testosterone is converted into 5-alpha-dihydrotestosterone 
(DHT) through the action of 5-alpha-reductasa isoenzymes. Although both androgens are able to 

join the AR, DHT has a much higher affinity to the AR than testosterone 131-133. The direct effect of 
testosterone on prostate epithelial cells is that it induces differentiation, while the indirect effect, 

proliferation, is mediated by the production of growth factors by the prostatic stroma. Androgens 
also directly stimulate the production of vascular endothelial growth factor (thus, inducing 

angiogenesis) in both normal prostate tissue and in neoplastic prostate tissue.  
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2.4.5 PROSTATE CANCER METASTASIS 

Although common sites for secondary PCa metastasis are the lung, liver, and pleura, when 

PCa metastasizes, it goes first into the bone marrow stroma of the axial skeleton. This is the 

principal cause of PCa morbidity and mortality. Furthermore, PCa displays characteristic 

osteoblastic, rather than osteolytic, lesions 134.  Local invasion is a fundamental, initial step in 

the metastatic process, as without it, tumor spread could not occur. To develop invasive 

potential, malignant cells must down-regulate their cell–cell and cell–matrix adhesive 

characteristics, become motile and acquire the ability to break down extracellular matrices 
135.  Once the malignant cells have escaped the tumor capsule, they must enter vascular or 

lymphatic circulation.  Then, these cells must migrate via the circulation system to find a new 

place, where they can attach and proliferate and/or coalesce with other metastasized cells to 

form micro-metastases 136. This can only happen when the environment at the secondary site 

is favorable. The epithelial to mesenchymal transition (EMT) process plays an important role 

in this progression (see Box IV).  

A recent study showed that circulating tumor cells (CTCs) were able to be detected in the 

bone marrow of a significant number of patients with localized disease, suggesting that the 

disseminated tumor cells had not attained their full metastatic capability. This theory proves 

that CTCs from patients with metastatic disease show multiple chromosomal rearrangements 

typical of advanced PCa and consistent with the genomic instability acquired during cancer 

progression 137. Generally, increased levels of CTCs predict a worse outcome in patients with 

metastatic, castration-resistant and clinically localized PCa 138, 139.  

BOX IV: EPITHELIAL TO MESENCHYMAL TRANSITION IN PCA 

The formation of the prostate requires reciprocal interactions between the urogenital sinus 
mesenchyme and the epithelium and is dependent on testicular androgen synthesis 140. It is known 
that an AR-dependent signal from the urogenital mesenchyme is required for prostate formation. 

While AR is not initially required in the urogenital epithelium for prostate organogenesis, it is 
subsequently necessary for epithelial differentiation and secretory protein expression. EMT is a 

transient, but biologically significant phenomenon that occurs during cancer progression and 
increases the innate invasive and metastatic capabilities of cancer cells. EMT is associated with 

histological, molecular and transcriptional changes. An interplay of several extracellular signals, 
growth factors, their effectors and transcription factors induce EMT and have the propensity of 

serving as EMT markers, consistent with tumor aggressiveness 141. Recently, EMT has been 
mechanistically linked to stem cell signatures in PCa cells 141. The acquisition of stem cell 

properties can lead to increased resistance to apoptosis, diminished senescence and escape from 
immune surveillance. 

 



  INTRODUCTION: PROSTATE CANCER     

   49  

2.5 CLASSIFICATION OF PROSTATE CANCER 

2.5.1. GLEASON GRADING 

The Gleason grade was first described in 1966 by Donald F. Gleason 142. More than 40 years 

after its introduction, the Gleason grading system still remains one of the most powerful 

prognostic predictors in PCa. However, the original descriptions of each pattern have 

undergone significant revisions over the years, first by Gleason et al, 143 and, most recently, 

at the 2005 International Society of Urological Pathology Consensus Conference 144. To 

account for this heterogeneity, Gleason proposed a grading system that is now predominantly 

used by pathologists, since it is an excellent prognostic indicator. The Gleason score can be 

assessed using biopsy material or prostatectomies. It is the sum of the two most common 

patterns (grades 1 to 5) of tumor growth found in a sample. The Gleason score ranges 

between 2 and 10, with 2 being the least aggressive and 10 the most. In 2005, Amin et al 

recommended that the worst grade should be included, even if it is present in less than 5% of 

all cases 145 (Figure 9). 

 

Figure 9. Gleason grade. This illustration shows Dr. Gleason's own simplified drawing of the five Gleason grades 
of prostate cancer. Grade 1 appears on the top and grade 5 on the bottom of the drawing (Adapted from Gleason 
et al, 142). Color image adapted from Lotan et al, 146; Comparison of the original Gleason and International Society 
of Urological Pathology (ISUP) 2005 modified systems for pattern 3 and pattern 4 carcinoma. (A) Gleason’s 
original grading system and (B) ISUP 2005 modified system. 
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2.5.2 TUMOR NODE METASTASIS CLASSIFICATION  

The tumoral node metastasis (TNM) classification is based on the status of the primary tumor, 

ranging from organ-confined to fully invasive (T1 to T4), with or without lymph node 

involvement (N0 or 1) and the presence and degree of distant metastasis (M0 and 1a-c) 147. 

The TNM staging system provides a basis for survival prediction, initial treatment selection, 

patient stratification in clinical trials, accurate communication among healthcare providers, 

and a uniform method for reporting the end result of cancer management 148. The 2009 TNM 

classification for PCa 149 is shown in Figure 10.   

 
Figure 10. Tumor Node Metastasis (TNM) classification of PCa. Adapted from EAU guidelines 2010 edition 150. 
(1) Tumor found in one or both lobes by needle biopsy, but not palpable or visible by imaging, is classified as T1c. 
(2) Invasion into the prostatic apex, or into (but not beyond) the prostate capsule, is not classified as pT3, but as 
pT2. (3) Metastasis no larger than 0.2 cm can be designated pN1. (4) When more than one site of metastasis is 
present; the most advanced category should be used. 

 

2.6. PROSTATE CANCER TREATMENT 

The therapeutic management of PCa has become increasingly complex, due to the various 

therapeutic options available, even in cases of clinically localized disease, which have equal 

oncological efficacy but with different, treatment-related side effects. Treatment 

recommendations vary by disease severity and life expectancy, since the side effects of 

treatment may outweigh the potential benefits for men whose cancers are unlikely to 

progress in their lifetime (Table 3). Additionally, a multidisciplinary approach may be advisable 

from the beginning in patients with high risk PCa, because it is very likely that adjuvant 
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treatment will be necessary for locally advanced disease. The main treatments for PCa from 

the Clinical Practice Guidelines in Oncology 2009 151 are summarized below: 

-Watchful waiting (WW): This term, which was coined in the pre-PSA screening era, refers to 

the conservative management of PCa until the development of local or systemic progression, 

at which point the patient is afforded palliative treatment. The rationale behind WW is the 

observation that PCa often progresses slowly and is often diagnosed in older men for whom 

there is a high incidence of death from other disease. 

-Active surveillance (AS): AS is now an accepted management strategy for men with low-risk 

PCa who previously faced radical whole gland treatment (surgery, external beam radiotheraoy 

or brachytherapy (EBRT) 152. AS involve monitoring the course of the disease with the 

expectation of intervening if and when the cancer progresses. It is often offered to men who 

have a limited life expectancy. Monitoring under AS involves PSA testing every 3 to 6 

months, DREs every 6 to 12 months and possible, additional PBs. 

-Radical Prostatectomy (RP): This treatment involves the removal of the entire prostate gland 

between the urethra and the bladder and the resection of both seminal vesicles, along with 

sufficient surrounding tissue to obtain a negative margin. Regional lymph nodes may also be 

removed for examination to determine whether lymph node metastases are present. 

-Radiation therapy: Radiation therapy normally consists of EBRT or brachytherapy for 

localized PCa. In EBRT the patient receives radiation treatment from an external source over 

an 8 to 9 week period. Brachytherapy involves placing small radioactive pellets, sometimes 

referred to as seeds, into the prostate tissue. 

-Hormonal therapy: ADT alters the effects of male hormones on the prostate through medical 

or surgical castration (the elimination of the testicular function) and/or the administration of 

anti-androgen medications.   

Table 3. PCa treatment recommendations, by disease characteristics and life expectancy 

Risk of progression 
and recurrence 

Clinical characteristics 
of PCa 

Life 
expectancy Recommended initial treatment options 

Low < 10 years Active surveillance 

  

T1-T2a and Gleason 
score 2-6, serum PSA 
levels <10 ng/mL > 10 years 

Active surveillance or radical prostatectomy or 
radiation therapy 

Intermediate < 10 years 

Active surveillance or radical prostatectomy or 
radiation therapy (EBRT+/brachytherapy-) +/-
ADT 

  

T2b-T2c, or Gleason 
score 7 or serum PSA 
level 10-20 ng/mL 

> 10 years 
Radical prostatectomy or radiation therapy 
(EBRT+/brachytherapy-) +/-ADT 

High 

T3a, or Gleason score 
8-10 or serum PSA level 
>20 ng/mL All 

Radical prostatectomy (selected patients) or 
radiation therapy (EBRT) + long-term ADT 

Adapted from Prostate cancer NCCN Clinical Practice guidelines in Oncology 2009 151. 
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3. PROSTATE CANCER DIAGNOSIS 

3.1 PROSTATE CANCER SCREENING AND DIAGNOSIS 

In order to cure patients with PCa successfully, it is important to detect the disease at an 

early stage, as well as monitor its progress accurately. PCa is typically a slow growing tumor 

that affects older men. Despite its slow growth, PCa is still a lethal disease. Early PCa usually 

has no symptoms. With more advanced disease, patients may present symptoms related to 

urethral obstruction (urinary frequency, hematuria, difficulty in initiating urination, or 

dysuria). Nevertheless, these symptoms can occur as the result of non-cancerous conditions, 

such as BPH. Normally, most cases of PCa are diagnosed before these symptoms develop. Due 

to the long latency period of this cancer and its potential curability, this disease is an 

excellent candidate for screening strategies that attempt to identify the disease in its early, 

curative state 153. The diagnostic tools for detecting PCa can be separated into those that 

screen for the disease, such as PSA and DRE, and the decisive diagnosis set of transrectal 

ultrasound guided prostate biopsies (TRUS) 154.  

PCa screening is widely utilized and considered to be an effective detection method for PCa. 

One of the limitations of serum PSA as a tumor marker is its lack of specificity (around 30%), 

which results in a high rate of negative biopsies. Elevated PSA levels can also be attributed to 

other factors such as BPH, prostatitis, prostate irritation, and recent ejaculation 155, 156. As a 

consequence of the current screening parameters, around 2/3 of the approximately 1,300,000 

biopsies made yearly in the United States and 390,000 in Europe are unnecessary 157, 158. In 

contrast, the false positive rate of a biopsy is about zero, although the false negative rate in 

the first biopsy may oscillate between 12% and 32% 159. As a result of their persistently 

elevated PSA levels, but negative biopsy results, these men undergo repeated biopsies to rule 

out PCa. This situation is called the “PSA dilemma” 155, 156 (See section 3.2).   

3.1.1 PROSTATE SERUM ANTIGEN 

Human kallikrein-related peptidase 3 (KLK3) is commonly referred to as PSA. The first report 

on the detection of PSA in serum was made by Papsidero et al, 160. PSA is used as a serum 

biomarker to monitor and screen for PCa since 1986 and 1994, respectively 161. Use of PSA-

based screening has become widespread as a cancer marker. PSA has led to increased PCa 

detection and has served as an alert to stage migration with a decreased number of 

metastatic or locally advanced cases of cancer at diagnosis 162 (Figure 4a). The elevation of 

serum PSA signals an abnormality in the prostate, whether it is a benign enlargement, an 

inflammation or a PCa. This ability to find early-stage cases of PCa has made PSA an 
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interesting biomarker for use in PCa screening. However, as many men die with, but not as a 

result of PCa, a controversy exists regarding the ability of PSA to save lives 153.  

There is continuing disagreement over the threshold levels of PSA, which would indicate the 

need for PB. A recommendation for biopsy has been set at an arbitrary serum PSA level of 4 

ng/mL. At this threshold, PSA displays 93% sensitivity and a poor specificity of 24% for the 

detection of PCa 163. In addition to PCa, PSA is expressed in normal prostate tissue, 

prostatitis, and BPH 164. Furthermore, 27% of the men with borderline serum PSA levels (3.1-

4ng/mL) have detectable PCa by biopsy 165. The PSA levels are continuous parameters: the 

higher the value, the more likely the existence of PCa (Table 4). PSA testing cannot be 

expected to resolve all ambiguity with respect to PCa; instead, it may be best considered as 

an indicator of risk to be weighed in combination with other factors. Normally, annual PSA 

screening is recommended for all men over 50 years old, however, in patients with familiar 

PCa a screening should start at age of 40. 

 

PSA strongly discriminates between the different cancer stages. It is higher in men with 

localized disease than in cancer-free controls, is associated with stage and grade in localized 

disease and is higher in patients with metastatic compared to localized disease (Figure 11). 

Moreover, men with high PSA levels at the initial time of therapy have an increased risk of 

recurrence. PSA is a sensitive indicator of recurrence after RP, but it is far less sensitive as 

an indicator of recurrence after radiation therapy 161.  

 

BOX V: THE ROLE OF PSA IN THE PROSTATE 

PSA (or KLK3) is a glycoprotein belonging to the family of kallikrein-related serine proteases that are 
produced in normal prostate secretion. Its physiological role is believed to be the liquefaction of 

seminal fluid. The transcription of PSA is governed by androgens, which restrict its high-level 
production to the prostate epithelium. PSA is synthesized in healthy prostate tissue, in BPH and in 

PCa at all grades and stages 166. For this reason, PSA is defined as being organ-specific, but not 
cancer-specific. The normal prostate architecture keeps PSA confined to the organ, so that only a 

minimal amount leaks into the circulatory system. Increased blood levels of PSA in men with cancer 
or with other prostate disease conditions cannot be explained by increased PSA expression. In fact, 

during the development and progression of PCa, PSA expression may actually decrease slightly 167. 
So, the increased blood PSA levels must be caused, instead, by an increased release of PSA into 

the blood. Even so, there are no experimental data or mechanisms of increased release that are 
believed to result from the disruption of the prostate architecture seen in prostate tumors, such as 

the disordering of the basement membrane and a loss of the basal cell layer, ductal lumen 
architecture and epithelial cell polarity 161 (Figure 11).  
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Table 4: Risk of PCa in relation with PSA values 150 

PSA level (ng/mL) Risk of PCa 
0 – 0.5 6.6 % 
0.6 – 1 10.1 % 
1.1 – 2 17.0 % 
2.1 – 3 23.9 % 
3.1 – 4 26.9 % 
4 – 10 20 – 35 % 
> 10 50 – 80 % 
> 20 95% 

 

 

Figure 11. PSA isoforms and PSA behaviour. (A) PSA subforms and interaction, adapted from Lilja et al 2008 
161. (B) Adapted from Kulasingam V and Diamandis EP 2008 168; Destruction of prostate tissue architecture as a 
measure of PSA elevation. (i) Healthy men (serum PSA 0.5-2 ng/mL) low levels of PSA enter the circulation via 
diffusion. (ii) Early-stage PCa (serum PSA 4-10 ng/mL) result of destruction of tissue architecture. (iii) Late-stage 
PCa (serum PSA 10 to 1,000 ng/mL), invasion of tumor cells, considerable amounts of PSA leak into the 
bloodstream. 

Various attempts have been made to overcome the limitations of PSA screening, including 

the use of PSA variants such as, ratio PSA, age-adjusted PSA, fPSA, PSA density (PSAD), 

PSAV, PSA- doubling time (PSADT) and PSA isoforms (proPSA, cPSA, BPSA and intact PSA). 

All have been proposed as a means of improving serum PSA specificity in the detection of 

PCa. Nevertheless, there has been no evidence to suggest that any of these testing strategies 

improves health outcomes 169. 

PSAD is the ratio of serum PSA to prostate volume (measured by TURS). PCa causes the 

release of more PSA into circulation per unit than does BPH 170. Hence, PSAD might help to 

distinguish between BPH and PCa. In addition, a low PSAD has also been associated with 

tumor aggressiveness and unfavorable pathological features. Therefore, PSAD requires a 
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transrectal ultrasound, which is expensive, time-consuming and causes significant patient 

discomfort.  

FPSA is the measure of non-complex PSA in serum, which is unreactive with plasma protease 

inhibitors. In proportion to total PSA, fPSA is lower in men with PCa than in men with BPH 171. 

The free/total PSA ratio (expressed as the percentage of fPSA, %fPSA) is the concept most 

extensively investigated and most widely used in clinical practice to discriminate between 

BPH and PCa. This ratio is used to stratify the risk of PCa for men who have total PSA levels 

between 4 and 10ng/mL and negative DREs 150. 

In general, PSA dynamics, such as PSAV and PSADT, add little to the predictive power of total 

PSA alone. PSAV is defined as the change in PSA levels over a specific period of time 

(ng/mL/year). PSAV is strongly associated with the diagnosis of PCa 172 and with a risk of 

recurrence and/or cancer-specific death after treatment 173 174. Finally, PSADT, which 

measures the exponential increases of serum PSA over time, reflects a relative change 175. 

PSADT is mostly used to monitor disease progression for patients after surgery and 

radiotherapy and for patients who choose surveillance rather than definitive treatment 176. 

However, prospective studies have shown that these measurements do not provide 

additional information compared to PSA alone 177-180. 

The following is a list of PSA isoforms: ProPSA, intact PSA, nicked PSA and BPSA. PSA is 

initially produced as a 261 amino-acid (aa) prepotein. The cotranslational removal of an aa-

terminal leader generates a non-catalytic zymogen (ProPSA). The subsequent removal of the 

7-residue propeptide generates the catalytically active mature form (237-residue single-chain 

enzyme containing 5 intra-chain disulphide bonds). FPSA in the blood is a mixture of mature 

PSA and proPSA. Several studies have suggested that proPSA could help in discriminating 

PCa from benign disease 181. FPSA in serum can be divided into intact forms (mature and 

proPSA) and nicked forms. The level of intact PSA and the ratio of nicked PSA to total PSA 

have shown potential for improving the ability to discriminate between PCa and BPH 182. A 

second, distinct, cleaved form BPSA has been associated with prostate volume and, 

therefore, could also be helpful in distinguishing PCa from BPH 183. See Figure 11. 

Apart from screening, PSA is also used as an indicator of disease recurrence. Monitoring PSA 

after definitive local therapy for PCa provides a means of detecting recurrent PCa long before 

the tumor is detectable by any other means. Increasing PSA levels after treatment generally 

indicate the presence of tumor cells. However, PCa can also recur in the absence of a PSA 

increase or detectable PSA levels 161. In contrast, detectable PSA levels after prostatectomy 

provide evidence of treatment failure, though its presence mostly defines the biochemical 

recurrence with PSA levels > 0.5ng/mL. Even so, some patients develop detectable PSA levels 
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after RP, but have no further increases in PSA 184. PSA levels are also useful after radiation 

therapy, even though those levels slowly decrease. The time it takes to reach PSA nadir can 

range from months to years after treatment. Moreover, this time has been associated with 

radiation dosage 185, size of the prostate and pretreatment PSA levels 186. Finally, PSA has 

been used to help control the standard ADT-based treatment for PCa. After initiation of ADT, 

PSA in the blood almost always decreases and then stabilizes for varying intervals 187. ADT 

causes an initial decrease in PSA, not only because of tumor regression, but also because 

ADT suppresses the transcription of the PSA gene, which is androgen-dependent 188. The 

progression to androgen-independent disease is generally defined by two consecutive 

increases of PSA after the post-ADT PSA nadir 189. These increases predict tumor 

progression. The androgen-independent PSA increase not only indicates renewed tumor 

growth, but also the reactivation of androgen despite the castrated levels of testosterone. 

This reactivation (by mutation, gene duplication, etc.) is a common feature of androgen-

independent PCa 190. 

PSA can also help in monitoring advanced-stage cancer. In general, PSA is only modestly 

associated with survival in men with such advanced stages of disease. In addition, post-

treatment changes in PSA may not accurately indicate the presence or absence of a 

response to treatment. The value of PSA as a surrogate measure in clinical trials has been 

questioned. For this reason, there is a great need to discover more accurate markers of 

response 161. 

3.1.2 DIGITAL RECTAL EXAMINATION 

The DRE, Latin palpatio per anum or PPA, is a relatively simple procedure. DRE is performed 

on all patients in whom PCa is suspected (by elevated levels of serum PSA). The patient is 

placed in a position where the anus is accessible. The physician usually examines the 

external area (anus and perineum) for any abnormalities, such as hemorrhoids, lumps, or 

rashes. Then, as the patient strains down, the physician slips a gloved and lubricated finger 

into the rectum through the anus and palpates the inside for approximately sixty seconds. 

Most cases of PCa are located in the peripheral zone of the prostate and may be detected by 

DRE when the volume of this cancer is ≤ 0.2mL. A suspicious DRE is an absolute indicator for 

PB. However, the probability that an abnormal DRE is highly suggestive of PCa depends 

significantly on the PSA values 191. Often, a palpable cancer is already advanced in both grade 

and stage and is potentially no longer organ confined. In experienced hands, DRE has a 

specificity of 83.6% and a sensitivity of 53.2% and an abnormality in either PSA or DRE alone 

confers a 20-25% chance of PCa 192. The overall positive predicitive value (PPV) for cancer 
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detection increases to 50% when DRE and PSA are used in combination 193. In approximately 

18% of the patients that presented PCa, the disease was detected thanks to DRE alone, 

irrespective of the PSA levels 194.   

3.1.3 PROSTATE BIOPSY  

The need for PBs should be determined on the basis of the PSA levels and/or a suspicious 

DRE. TRUS is currently considered the normal standard of care. Although a transrectal 

approach is used for most PBs, some urologists prefer to use a perianal approach. Sextant 

biopsy is no longer considered adequate, as different studies have shown that increasing the 

number of biopsied cores increases PCa detection rates 195. The Vienna nomogram offers an 

easy tool for selecting the optimal number of biopsy cores, based on age and total prostate 

volume in the PSA range of 2-10ng/mL. This system improved the cancer detection rate 

66.4% compared to the old, systematic sextant biopsies 196. Indications for repeat biopsy are 

rising and/or persistent PSA levels, a suspicious DRE and ASAP 150. HGPIN, as an isolated 

finding, is no longer considered an indication for repeat biopsy. However, in the event of 

extensive HGPIN (multiple biopsy sites), repeat biopsy could be prescribed, since the risk of 

subsequent PCa is slightly increased 197. 

Thanks to PBs, clinicians are able to obtain a representation of the prostate tissue. Following 

this procedure, the histopathological grading of PCa can be performed using the Gleason 

scoring guidelines (Figure 9). TRUS-guided biopsy have an overall sensitivity and specificity 

for PCa detection of 32% and 51 198. The histopathology of prostate tissue can be definitively 

identified in most cases of PCa. This method is the most commonly used prognostic indicator 

for PCa and results in a Gleason score. The lower the Gleason grade, the better the prognostic 

outcome 144.  

However, there are limitations to this diagnostic method. First of all, a biopsy must be 

performed in order to obtain the cancer tissue for testing, and this procedure is considered to 

be invasive procedure that usually requires sedation of the patient. Second, needle biopsies 

only provide a small amount of tissue that is later available for histological examination, and 

problems arise because these biopsies often identify only a few malignant glands among many 

benign glands 44. Finally, there is also disagreement regarding the thresholds of scoring 

afforded by different pathologists, since the Gleason grading scale that is used by them is 

semi-quantitative 199. For these reasons, the Gleason scores themselves have limited 

quantitative value. The use of biomarkers will overcome the problem of quantification, and 

thus, they can provide a more accurate method for early diagnosis 200.  
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3.2 PROSTATE CANCER AND THE DIAGNOSTIC DILEMMA 

As explained above, current screening techniques are based on the measurement of serum 

PSA levels and the DRE. However, the use of serum PSA as a cancer-specific diagnostic test 

has well-recognized limitations. It not only has a low PPV, which results in aprox. 60% 

negative biopsies, it also often leads to repeat PSA measurements and biopsies (the “over-

diagnosis” problem). It also can lead to “over-treatment” by detecting non-life-threatening 

tumors 201, especially in the so-called gray zone (serum PSA between 4-10ng/mL), which 

represents a dilemma for discriminating between patients with PCa and BPH patients, or 

discriminating between prostatitis and urethral manipulations, which can also increase PSA 

levels 202. Conversely, a significant number of diagnosed carcinomas present PSA levels below 

the threshold of 4ng/mL, resulting in undiagnosed cases of the disease203. See figure 12. 

 

Figure 12. Current squeme of diagnostic for PCa. 

Recent recommendations now suggest later and less frequent PSA screenings. These 

changes present a major clinical challenge for PCa diagnosis and treatment 204. These new 

recommendations were proposed, because the widespread use of PSA testing has led to a 

vast increase in the diagnosis of patients having clinically localized, low Gleason grade 

carcinomas that may not require treatment, since their tumors are relatively indolent. 

Patients with a score of Gleason 3 or less almost never relapse after local therapy and can 



  INTRODUCTION: PROSTATE CANCER DIAGNOSIS     

   59  

very likely be managed conservatively with WW. Nonetheless, a small fraction of these 

tumors will progress rapidly and require immediate treatment 205. This problem was first 

defined by Telesca et al. as the “over-diagnosis” problem. They defined over-diagnosed cases 

as those that would not have been detected by clinical means within the man’s lifetime 206. 

The over-diagnosis of clinically insignificant cases of PCa is considered one of the major 

potential drawbacks of PSA screening, especially in older patients. Approximately 70% of the 

men who died from unrelated causes also had demonstrated cases of PCa 30. Currently, there 

is no existing method that allows clinicians to distinguish between insignificant cases and 

potentially lethal cancers, and, therefore, to effectively determine which men require 

treatment and which require WW. This problem could be addressed by the identification of 

new biomarkers able to distinguish between PCa and other prostate pathologies. In an 

attempt to predict the presence of these types of non-significant PCa cases before definitive 

treatment and to try to solve this “over-diagnosis” problem, the Epstein Criteria were 

developed 207 (Table 5).  

Subsequently, another clinical challenge is posed by our current inability to readily distinguish 

between indolent and aggressive tumors in PCa patients, who present with low Gleason 

grade tumors upon biopsy 208. The absence of this prognostic information has led to a 

significant “over-treatment” of patients, who would otherwise require only conservative 

management. D’Amico and coll. describe the D’Amico Criteria, which combine the 

examination of tissue from the prostate after radical prostatectomy, in combination with 

serum PSA values, in order to group patients into different risk groups of low, intermediate 

and high risk. The reasoning for this grouping is that only cases of clinical PCa require 

immediate treatment. Active surveillance can be an alternative option for men with low risk 

PCa 209 (Table 5). This prognostic challenge could effectively be addressed by a better 

understanding of the molecular basis of cancer initiation, which would ultimately lead to the 

identification of biomarkers that can distinguish between indolent and aggressive forms of 

PCa.  

Table 5: DʼAmico and Epstein stratification critarias 

Criteria Groups Description 
Low Risk cT1-2a and Gleason score 2-6 and PSA < 10 ng / mL 
Intermidiate Risk Intermediate risk-co cT2b Gleason score 7 or PSA 10-20 ng / mL D'AMICO 
High Risk cT3a or more, or Gleason score 8-10 or  PSA > 20 ng / mL 

Insignificant PCa 

0.5cm3 or less and confined to the prostate, Gleason pattern 4 to 5, PSAD: 
0.1 to 0.15, low-grade cancer or intermidiate and core involvement  of only 
1 needle core biospy < 3mm. EPSTEIN 

Unfavorable PCa  Gleason sum. 7-10 and/or non-organ-confined disease 
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Recently, two large, randomized trials of PCa screening with PSA testing have been 

completed. The US-based Prostate, Lung, Colorectal and Ovarian Cancer (PLCO) screening 

Trial did not observe a mortality benefit from screening 210, while the European Randomized 

Study of Screening for PCa (ERSPC) concluded that PSA-based screening reduced the rate of 

death from PCa by 20%. However, this type of screening was also associated with a high risk 

of over-diagnosis 211. Moreover, the ERSPC study reported that after two rounds of screening, 

43% of the men who underwent RP had cancers that were considered minimal 211. The major 

Urological Societies have concluded that, at present, widespread mass screening for PCa is 

not appropriate. Rather, early diagnosis should be offered to the well-informed man. 

Nevertheless, two key questions remain open and empirical: at what age should early 

detection start, and what is the interval for PSA and DRE? A baseline PSA determination at 

age 40 has been suggested, upon which subsequent screenings may then be based. A 

screening interval of 8 years might be enough in men with PSA levels ≤ 1ng/mL. Further PSA 

testing is not necessary in men older than 75 years of age with a baseline PSA ≤ 3ng/mL, 

because of their very low risk of dying from PCa 150. 

As mentioned earlier, PCa screening is not the only diagnostic technique to show several 

limitations; the PB, which is currently the preferred diagnostic technique, also has its 

limitations. In summary, in order to cure patients with PCa successfully, it is important to 

detect the disease at an early stage, as well as monitor its progression accurately. In order to 

successfully accomplish this, it is necessary to find new biomarkers that can distinguish 

between patients with malignant prostate pathologies and those with benign conditions 

(early diagnostic markers). Moreover, it would also be very helpful to find new biomarkers 

that can distinguish between cases of low Gleason grade PCa and those of high Gleason 

grade (progression markers). 

For all of the reasons listed above, the search for new biomarkers, which can help to improve 

PCa screening, represents a major step in successfully curing patients suffering from this 

disease. Moreover, it is not only important to find new diagnostic markers, but also to look for 

prognostic markers that can help stratify patients and to treat them effectively. 
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4. BIOMARKERS FOR PROSTATE CANCER 

4.1 BIOMARKER DEFINITION 

The National Cancer Institute defines a biomarker as “a biological molecule found in blood, or 

other body fluids, or tissues that is a sign of normal or abnormal process or of a condition or 

disease.” A biomarker should be objectively measured and evaluated as an indicator of a 

stage or process, disease progression or pharmacological responses to a particular 

therapeutic intervention 212.  

The discovery of biomarkers is based on the following research principle: the comparison of 

physiological states, phenotypes or changes across control and case (disease) patient groups 
213. A key approach to biomarker discovery research is to compare cases versus control 

samples in order to detect statistical differences, which could lead to the identification and 

prioritization of potential biomarkers. Theoretically, every disease may be detected and 

characterized by its unique biomarker. However, viewing this biomarker as a single molecule 

is just one option. A more complete view of a biomarker is a panel of up- and down- regulated 

molecules and/or proteins with altered post-translational modifications (PTMs) that differ in 

their diseased and normal states 214, 215. Biomarker classification can be accomplished using a 

different set of parameters; however, for our study we needed to focus our biomarker 

classification system on the basis of their potential applications for screening, diagnosis, or 

prognosis (see Box VI). 

 

One of the key issues in biomarker research is the type and accessibility of a high quality 

biological matrix. Blood is most commonly used, though other biofluids, such urine, may 

provide valuable information. However, these biofluids are not routinely used, and the 

BOX VI: TYPES OF BIOMARKERS ON THE BASIS OF THEIR APPLICATIONS 

Screening biomarkers are used to predict the potential occurrence of a disease in asymptomatic 
patients.  

Diagnostic biomarkers are used to make predictions on patients suspected of having a disease. An 
ideal diagnostic biomarker should enable unbiased determination, particularly in patients without 
specific symptoms. It should fulfill several criteria: (1) high specificity for a given disease (low rate of 

false positives), (2) high sensitivity (low rate of false negatives), (3) ease of use (rapid procedure), 
(4) standardization (consistent reproducibility), (5) clearly readable results for clinicians 215, (6) 

economical, and (7) quantifiable in an accessible biological fluid or sample. 

Prognostic biomarkers are applied to predict the outcome of a patient suffering from a disease. 
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availability of samples is often restricted. Preanalytical factors such as biospecimen 

collection, processing, storage and distribution also play important roles in biomarker 

research. 

The identification of a new candidate biomarker is followed by a thorough operational 

evaluation, in order to validate its applications within clinical setting (see Box VII). The 

conventional biomarker development pipeline involves a discovery stage, followed by a 

validation stage on a larger cohort of samples prior to clinical implementation. Despite the 

intensified interest and investment, only a few novel biomarkers have been successfully 

introduced into clinical practice 216. The reasons for this failure are the long and difficult path 

from candidate discovery to clinical assay and the lack of coherent and comprehensive 

pipelines for biomarker development 217.  

The new biomarker development pipeline, which is an improvement over the previous one in 

terms of its success, is defined by different essential process components 217 (Figure 13). It 

starts with the discovery stage, which is the initial step for semi-quantitatively analyzing the 

molecular content in common biospecimens and selecting and prioritizing disease-related 

biomarkers 214. Discovery can employ different model systems or a variety of human samples, 

such as body fluids, and usually comprises a binary comparison between the diseased and 

controlled states, avoiding contamination by other disease conditions 217. The product of the 

discovery phase is a list of candidate biomarkers with a high false discovery rate of 

differentially expressed proteins, at least for lower abundant proteins 217. This “candidate 

biomarker list” can be supplemented by candidates drawn from the literature, from alternative 

discovery approaches, or from domain knowledge. The next step, “qualification,” is used to 

confirm that the differential candidate can be seen using an alternative target method and to 

confirm differential expression in simplified comparisons between the diseases and normal 

states 217. In the verification stage, the analysis is extended to a larger number of samples. 

Verification is defined as the bridge between discovery and quantification and is the process 

of credentialing prioritized biomarker candidates using analytically robust, reproducible and 

quantitative assays on -a statistically- powered number of samples having clinical relevance. 

Credentialed biomarkers that successfully pass this stage are considered verified biomarkers, 

which are of high value for translation into large-scale, clinical validation studies 214 (see Box 

VII).  
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Figure 13. New Biomarker Pipeline and Steps involved in the validation of a biomarker. Adapted from Rifai et 
al, 217  and Madu CO et al, 2010 220.  

 

 

 

BOX VII: VALIDATION OF BIOMARKERS 

Biomarkers that have been scientifically scrutinized must pass through several proposed practical 
tests prior to being accepted into clinical practice. Several phases for biomarker development have 
been suggested 218 219: (1) preclinical exploratory, (2) clinical assay and validation, (3) retrospective 

longitudinal, (4) prospective screening, and (5) cancer control. 

The first phase involves identifying the biomarker and evaluating it for a specific clinical indication. 
Ideally, biomarkers should be validated analogously in prospective, well-controlled clinical studies 
on diverse patients across multiple institutions with well-established standards for all of the steps in 

the process 148. However, those ideal conditions are rarely applied. 

Prior to submitting a biomarker to the US Food and Drug Administration (FDA) or EU European 
Medicines Agency (EMA) for approval, analytical and clinical confirmation needs to be performed. 
After approval by the FDA, the Center for Medicaid and Medicare service (CMS) have to conclude 

that this biomarker is essential for the patient care (Figure 13). 
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4.2 URINE AS A SOURCE OF BIOMARKERS 

Human urine plays an important role in clinical diagnostics. For centuries, physicians have 

attempted to use urine for the non-invasive assessment of disease. The philosopher 

Hermogenes (5th century before the common era) long ago described the color and other 

attributes of urine as indicators of certain diseases 221.  

Urine is produced by the kidneys and allows the human body to eliminate waste products 

from blood. The kidneys also maintain homeostasis and produce hormones 222. The human 

kidney is composed of 1 million functional units, called nephrons, which filter the plasma and 

yield what is termed, “primitive” urine. Also found in the kidney is the renal tubule, which 

reabsorbs most of the primitive urine (Figure 14). In 24h, about 900 liters of plasma flow 

through the kidneys, where 150-180 liters are filtered. Low molecular weight proteins (< 40 

kDa) readily pass through the glomerular filtration barrier and are reabsorbed (more than 99% 

of this primitive urine is reabsorbed). Because of their low plasma concentrations, only small 

amounts are seen in the urine. Normal urine contains up to 150 mg / 24h of protein 223. The 

remainder, or “final” urine, exits the kidney via the ureter into the bladder. Therefore, urine 

may contain information not only from the kidney and the urinary tract, but also from distant 

organs via the plasma and obtained through glomerular filtration (See Table 6). In healthy 

individuals, 70% of the soluble urinary proteome originates from the kidney and the urinary 

tract, whereas the remaining 30% originates from the ultrafiltration of plasma by the 

glomerulus 224. Diseases, which adversely affect kidney function, also cause the excessive 

loss of proteins in the urine (see Box VIII). The analysis of the urinary proteome and genome 

could, therefore, allow the identification of biomarkers for both urogenital and systemic 

diseases. To define the disease-specific urinary biomarker(s) it is crucial to include 

appropriate and sufficient controls 225. Urine samples obtained from patients with other 

diseases or disorders possessing clinical, biochemical and metabolic profiles similar to those 

of the disease of interest, must be included as controls 226. This inclusion should also consider 

variations that may occur throughout the differential stages of the disease. 

Until now, most of the studies looking for specific disease biomarkers have been performed 

using tissues obtained directly from the affected organs. Although using tissue samples has 

the main advantage of providing information, which can only be obtained directly from the 

affected organs, the translation of this technique to clinical practice is much more 

complicated 225. In general, working with body fluids, such as urine, has several advantages 

compared to working with tissue samples. 
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Figure 14. Urinary System squeme. Adapted from Human Anatomy book 227. 

Table 6. Urinary protein composition. Adapted from Barratt J et al., 2007 228 

* Urinary sediments can be separated by moderate centrifugation speeds. 
# Urinary casts are cylindrical structures produced by the kidney and present in the urine in certain disease 
states. 
 

THE MAIN ADVANTAGES OF USING URINE:  

(1) Urine can be obtained in large quantities using non-invasive procedures. This allows 

repeated sampling of the same individual for disease surveillance. The availability of urine also 

allows an easy assessment of reproducibility and/or the improvement in sample preparation 

protocols. (2) Urinary peptides (fragments of proteins) and lower molecular mass proteins are 

in generally soluble. Therefore, solubilization of these low molecular weight proteins and 

peptides is generally not an issue. Further analysis of these lower molecular mass compounds 

(< 40 kDa) can be performed easily without additional manipulation. (3) The urinary protein 

Protein 
type 

%  
Proteins 
excreted Source Abnormalities 

Soluble 
proteins 49 

(1) Glomerular filtration of plasma proteins 
(free passage of proteins < 40 kDa).  
(2) Some soluble proteins are excreted into 
urine by epithelial cells. 

(1) Defects in glomerular filtration; 
increase excretion of high-molecular 
weight proteins.  
(2) Defects in reabsortion of glomerual 
filtrate; increase excretion of low-
molecular weight proteins.  

Urinary 
sediments* 48 

(1) Mainly sloughed epithelial cells (from 
podocytes to urethral epithelial) and casts#. 
(2) Shedding of microvilli or paopotosis of 
epithelial cells may generate small 
fragments of cell membranas. 

Numbers of whole cells and casts 
increased in many renal diseases. 

Urinary 
exosomes 3 

All epithelia lining the urianry tract (from 
podocytes to urtehral epithelia). 

Currently unclear whether excretion of 
urinary exosomes is altere in diseases 
of the kidney and urinary tract. 
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content is relatively stable, probably due to the fact that urine “stagnates” for hours in the 

bladder; hence, proteolytic degradation by endogenous proteases may essentially be 

completed at the time of voiding 229 230. In addition, urine can be stored for several years at -

80ºC without significant alterations of its proteome. (4) Since urine contains serum proteins 

and peptides that pass through the ultrafiltration (< 40 KDa) process in the kidneys (including 

prostatic proteins), changes in the kidney and genitourinary tract are reflected in the urinary 

proteome, as well as changes from more distant sites. Urine can be used to detect exfoliated 

normal cells and cancer cells or their secreted protein products, such as prostate secretions. 

(5) As urine contains sediments, including exfoliated normal or cancer epithelial cells and 

urinary casts, we can encounter entire cells in urine samples that contain a wealth of genetic 

material, such as DNA, RNA and microRNA. 

THE MAIN DISADVANTAGES OF USING URINE:  

(1) Urine widely varies in cell, protein and peptide concentrations, mostly due to differences in 

a patient’s daily intake of fluid or diet. However, this shortcoming can be countered by 

standardization, based on creatinine levels or the total amount of protein content. (2) The 

definition of disease-specific biomarker(s) in urine, and most likely in other compartments, is 

also complicated by significant changes that are likely caused by variations in the diet, 

metabolic and/or catabolic processes, circadian rhythms, and exercise, as well as the 

circulatory levels of various hormones 231. (3) The reproducibility of any analysis is reduced by 

physiological changes, even if the analytical method shows high reproducibility. (4) The high 

complexity of the sample may present a problem. (5) High levels of salts and/or other 

interfering compounds may hinder the method of analysis. (6) Urine samples possess a high 

degree of variation (intra-individual and inter-individual). (7) These samples also possess a 

high dynamic range (Figure 15). The dynamic range is defined as the ratio between the 

largest and smallest possible values of a changeable quantity, in this case, protein quantity. 

Plasma samples exhibit tremendous variations in individual protein abundances, typically of 

the order of 1010 or more, with the result that in any two-dimensional (2D) map, only the high-

abundance proteins are displayed 232. In the case of urine, the problem is further aggravated 

by its very low protein content, requiring a concentration step of 100- to 1000- fold 233. 

Exploring the hidden or low abundance urine proteome through the equalization of the most 

abundant proteins allows us to reveal the “deep proteome.” It is believed that, within this 

deep proteome, a few, potential novel biomarkers for the disease may be represented 234. (8) 

Urine contains active enzymes, such as proteases, DNAses and RNAses that can degrade 

both DNA, RNA, and proteins. The addition of Proteases Inhibitors is recommended, in order 

to avoid protein degradation 235. The protection of RNA in a urine sample is more 
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complicated, as the addition of compounds usually involves cell lysis. This process could 

produce a loss of RNA material during subsequent sample preparation steps. To avoid RNA 

degradation, urine sediments have to be kept on ice (4ºC). (9) Screening for biomarkers in 

urine may have limitations when the protein biomarkers derived from the affected organs, 

tissues, or cells are present at very low levels. Moreover, the protein components in each 

biofluid can be affected by several organ systems and various cell types 225. 

 
Figure 15. Dynamic range representation squeme; Iceberg. (Adapted from www.hispalive.es) 

4.2.1 URINE AS A SOURCE OF BIOMARKERS FOR PROSTATE CANCER 

Body fluids are liquids originating from inside the body of living people. They include fluids 

that are excreted or secreted from the body. A proximal fluid is a body fluid closer to, or in 

direct contact with, the site of disease. Those fluids may have several properties that make 

them attractive for biomarker discovery, since they normally contain secreted proteins, 

which are shed or leaked, as well as cells or cell fragments from diseased tissue 217.   

Given the location of the prostate and its involvement with the urethra, the possibility of 

prostate epithelial cells being released into the urine is a verified fact. The main function of 

the prostate gland is the secretion of proteins into the prostatic fluid, which is then combined 

with seminal vesicle derived fluid that is released into the prostatic urethra, in order to 

promote sperm activation and function 236. Malignant cells may also secrete specific products 

that will end up in the same place. Expressed-prostatic secretion (EPS) fluid is the fluid 

BOX VIII: ABNORMAL CLINICAL AND 
LABORATORY FINDINGS FOR URINE 

(1) Hematuria is the presence of red blood 
cells (erythrocytes) in the urine.  (2) 

Eosinophiluria is the abnormal presence of 
white blood cells (eosinophils) in the urine. 

(3) Proteinuria is defined as an excessive 
rate of plasma protein excretion in the 

urine. (4) Glycosuria, Ketonuria, 
Bilirubinuria, Hyperuricosuria / 

Hypouricosuria, and Aminoaciduria are 
different urination disorders that all include 

the abnormal presence of small molecules 
in the urine. (5) Bacteriuria denotes the 

presence of bacteria in urine that is not the 
result of sample contamination during 

collection. 
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secreted by the prostate gland after a prostate massage (PM). The gentle massage of each 

side of the prostate gland during PM stimulates the release and movement of prostatic fluids 

and detached epithelial cells into the urethra 236. EPS can be collected in the first voided urine 

after the DRE examination. Although in 1958 Papanicolaou described the presence of PCa 

cells in voided urine 237, the frequency of those cells was low 238. There is much evidence 

supporting the idea of prostate manipulation by PM, in order to increase the presence of PCa 

cells in voided urine. All of these studies have generally reported that the cells are low in 

number and are also fragile; therefore, urine requires careful collection, manipulation and 

storage. Koss et al, hypothesized that PCa cells in voided urine without DRE manipulation 

could represent a sign of advanced cancer, compared to patients presenting cancer cells in 

their urine after PM 239. This could be explained by the premise that larger, more invasive 

tumors are more likely to shed cells into the prostatic urethra. 

In summary, post-PM urine can easily serve as a mirror of what is happening within the 

prostate. Furthermore, urine collection can be accomplished without disruption of clinical 

standard practice. It can also be repeated several times throughout the course of the 

prostatic disease. For all of these reasons, post-PM urine can serve as a potential source of 

prostate disease biomarkers. Nevertheless, using urine for biomarker discovery represents an 

important technical challenge, both in genomic and proteomic approaches. Although there 

are many studies that focus on genomic approaches and biomarker discovery and 

identification, there still exists some controversy regarding the standardization of collection 

procedures, sample processing, storage and normalization. In addition, with regards to 

proteomics, there is still quite a lot of work to do (see section 5; Clinical Proteomics). 

4.3 PROSTATE CANCER “URINE” BIOMARKERS 

The existing clinical biomarkers for PCa are not ideal, since they cannot specifically 

differentiate between those patients who should be treated for aggressive forms of the 

disease and those who should avoid over-treatment of the indolent form 220. For PCa 

diagnosis, PSA is the only conventional biomarker accepted by the FDA. Even if it is not an 

ideal biomarker, it has been employed worldwide to diagnose and monitor men with PCa. As 

explained earlier, PSA is notoriously weak on specificity. Therefore, there is a need for PCa 

biomarkers possessing better specificity, especially within the serum PSA “gray zone,” for use 

in the clinics.   

The ideal biomarkers for use in the early detection of PCa should be prostate-specific and able 

to differentiate between normal, BPH, HGPIN and PCa 220. It is for this reason that the 

selection of the study population should be included at all steps of the research: from 
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biomarker discovery to biomarker verification, every stage needs to adhere to strict, 

thorough protocols. However, diagnostic markers are not the only biomarkers needed; there 

is also a lack of prognostic markers, which can identify those patients with early, localized 

PCa, who would benefit from curative therapy, and those patients, who present advanced 

disease needing specific treatment to prevent large, metastatic lesions. Most of the currently 

used biomarkers were discovered unexpectedly, while others, such as PSA, are often used 

without knowing their specific molecular functions within the given pathologic condition. 

Many pilot and discovery research has been published, but large validation studies using body 

fluids have failed to replicate promising results. However, in the last 5 years biomarker 

discovery programs using urine samples have emerged for detecting and predicting the 

aggressiveness of PCa, and some of these programs have reported promising results 240. 

Molecular biomarkers can take different forms, and as a consequence of this fact, a variety of 

strategies have been adopted for their discovery. The search for effective biomarkers has 

principally included transcriptional profiling, DNA methylation, metabolomics, fluxonomics, 

and more recently, proteomics 217. These emerging biomarkers will be beneficial and critical 

in the development of new and clinically reliable indicators, which will have a high specificity 

for the diagnosis and prognosis of PCa. Ideally, acquisition of these biomarkers will be less 

invasive, will be useful for screening PCa patients (especially older patients), and will be able 

to guide patient management, in order to provide maximum benefit while minimizing 

treatment-related side-effects and risks 200. 

On the basis of their description, biomarkers can be divided into three groups: (i) DNA-based, 

(ii) RNA-based, and (iii) Protein-based. DNA-based biomarkers include single nucleotide 

polymorphisms (SNPs), chromosomal aberrations, changes in DNA copy number, 

microsatellite instability, and differential promoter-region methylation 148. In urine, CpG 

hypermethylation of GSTP1 98, 241, 242 is detected using methylation-specific PCR on urinary 

cells. GSTP1 is the main urine DNA-based biomarker investigated that, alone or in 

combination with other methylation markers, has shown promising results for PCa detection. 

In this project, we first focused on urine RNA-based biomarkers that have already been 

described in the literature, and then, we tried to define new, urine protein-based biomarkers 

for PCa. RNA-based and protein-based biomarkers are further explained below. Recently, 

another novel approach to finding biomarkers for PCa was described. This approach analyzed 

urine exosomes or proteasomes, which are secreted vesicles that contain proteins and 

functional RNA molecules. In fact, several studies have found a more elevated rate of 

exosome secretion in men with PCa than in those with other diseases 243. The most studied 

PCa biomarkers, which have been found in urine, are summarized in Table 7. 
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Table 7. Summary of most relevant PCa biomarkers in the literature 

GENE 
DESCRIP-
TION PROTEIN EXPRESSION 

TYPE OF 
BIOMARKER SAMPLE REFERENCE 

PCA3 

Prostate 
Cancer Gene 
3 

Non conding mRNA 
(unknown function) 

Prostate specific and 
highly up-regulated in 
PCa. 

Diagnostic (in 
gray zone) 

Tissue 
and urine 

Hessels et al, 244; 
Grok 
Skopf et al, 245 

PSGR 

Prostate 
Specific G-
coupled 
Receptor 

Receptors coupled to 
heterotrimeric GTP-
binding proteins  Over-expressed in PCa. Diagnostic 

Tissue 
and urine 

Xu LL et al, 246, 

247; Rigau M et al,  
248 

PSMA 

Prostate 
Specific 
Membrane 
Antigen 

type II membrane 
protein  

Over-expressed in Pca 
compared to BPH and 
normal. Diagnostic 

Tissue, 
blood and 
urine 

Horoszewicz JS 
et al,  249;  Beckett 
ML et al, 250 

AMACR 
(P504) 

Aplha-
Methylacyl-
CoA 
Racemase 

Enzyme involved in 
branched chain fatty 
acid oxidation 

Over-expressed in PCa, 
in HGPIN and in some 
other carcinomas, both at 
RNA and protein level. 

Diagnostic (in 
grey zone) and 
Prognostic 

Tissue, 
blood and 
urine 

Sreekumar A et 
al,  251; Zehentner 
BK et al, 252 

TMPRSS
2: ERG Gene fussion 

Androgen drives the 
expression of ETS 
and causes tumor 
proliferation 

The most common gene 
fusion in PCa. Over-
expressed PCa and 
related to PCa 
aggressiveness. 

Prognostic 
biomarker for 
aggressive PCa 
and detection of 
PCa 

Tissue 
and urine 

Tomlins, SA et al, 
253; Hessels, D et 
al,  254 

GSTP1 

Glutathione 
S-transferase 
P1 

Enzyme involved in 
protecting DNA from 
free radicals 

Loss of GSTP1 
expression due to the 
promoter 
hypermethylation (< 90% 
of PCa). 

Diagnostic (for 
predicting 
repeating PB) 

Tissue 
and urine 

Nakayama M et 
al,  97; Hoque MO 
et al, 244  

ANXA3 Annexin A3 

Calcium and 
phospholipid binding 
proteína; Implicated 
in cell differenciation 
and migration 

Presence in urinary 
exosomes and 
proteasomes. Lower 
production in PCa than in 
BPH, HGPIN and benign. 

Under-
expressed in 
PCa. Prognosis 

Tissue 
and urine 

Wozny W et al, 
255 Gerke V et al, 
256; Pisitkun T et 
al,  257; Schostal 
M et al, 258 

TERT 

Telomerase 
reverse 
transcriptase 

Mantains the 
telomeric ends of 
chromosomes 

Over-activity in 90% PCa 
(association with Gleason 
score). Prognosis Urine 

Meid FH et al, 259; 
Vicentini C et al, 
260 

Sarcosine Sarcosine 

N-methyl derivative of 
the amino-acid 
glycine 

Differentially exressed 
metabolite elevated 
during PCa progression 
to metastasis. Prognosis Urine 

Sreekumar A et 
al,  261 

GOLM1 

Golgi 
membrane 
protein 1  

cis-Golgi membrane 
protein (unknown 
function) Overexpressed in PCa. Diagnostic Urine 

Laxman B et al, 
262; Varambally S 
et al, 263 

KLK2 
Human 
Kallikrein 2 Serine protease Over-expressed in PCa. 

Diagnostic and 
Prognostic 

Tissue 
and blood 

Darson MF et al, 
264; Haese A et al, 
265 

PAP or 
ACPP 

Human 
Prostatic acid 
phosphatase Enzyme phosphatase 

Over-expressed in PCa 
and in bone metastasis. 

Diagnostic and 
Prognostic of 
PCa bone 
metastasis Blood 

Gutman AB et al, 
266 

PSCA 

Prostate 
Stem Cell 
Antigen 

Membrane 
glycoprotein 

Specific production in the 
prostate and possible 
target for therapy. Prognostic   

Tissue 
and blood 

Gu Z et al, 267; Gu 
Z et al, 268 

IL-6 Interleukin-6 

Secreted cytokine are 
involved in the 
immune and acute-
phase response 

Increased concentrations 
of IL-6 and IL-6R  in 
metastatic and androgen-
independent PCa. 

Diagnosis and 
Prognosis Blood 

Shariat SF et al, 
269; Nakashima J 
et al, 270; Shariat 
SF et al, 271 

uPA and 
UPAR 

Urokinase 
Plasminogen 
Activator and 
Receptor 

Urokinase 
plasminogen-
activation cascade 

Over-expressed in BPH 
and PCa vs benign. 

Prognostic 
(associated 
with bone 
metastasis) 

Tissue 
and blood 

McCabe NP et al, 
272; Shariat SF et 
al, 273 

EPCA / 
EPCA-2 

Early 
Prostate 
Cancer 
Antigen / 2 

Nuclear matrix 
protein Over-expressed in PCa. 

Diagnostic and 
Prognostic  

Tissue 
and blood 

Paul B et al, 274; 
Leman ES et al, 
275 
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4.3.1 RNA-BASED BIOMARKERS FOR PROSTATE CANCER 

The term “omics” informally refers to a field of study in biology ending in -omics, such as 

genomics or proteomics. The related suffix -ome, as used in molecular biology, refers to a 

totality of some sort; it is used to address the objects of study by field, such as the genome or 

proteome, respectively. The genome is the entirety of an organism's hereditary information. 

In humans it is encoded in DNA. The genome includes both the genes and the non-coding 

sequences of the DNA. The transcriptome is the set of all RNA molecules in one or a 

population of cells. Messenger RNA (mRNA) is the molecule that belongs to the DNA 

sequence, which is transcribed to RNA, in order to finally be translated into a protein. As the 

transcriptome includes the study of mRNA transcripts, it somehow reflects the genes that are 

actively expressed at any given time and that are somehow related to the proteins to be 

translated. The RNA-based biomarkers mainly include over- or under-expressed transcripts 

and regulatory RNAs, such as microRNAs 148. 

Improvements in RNA microarray platforms, quantitative Real Time Polymerase Chain 

Reaction (RTqPCR), and the development of new high throughput technologies, such as Next-

generation Sequencing, allow us to better understand the expression profile of these single 

cells, populations of cells, specific tissues, while also allowing comparison between different 

pathological conditions. RTqPCR is generally considered the “gold standard” against which 

other methods are validated. It can now be performed at relatively high-throughput 148. 

However, there are considerable limitations to those technologies, mainly due to the lack of 

standardization protocols. The absence of standardized methods makes it difficult to 

integrate findings, as well as treat the RNA from clinical samples, since it is often very 

unstable 276.  

In recent years, within the field of PCa, there have been several studies that focused on the 

study of expression profiles in different types of samples, such as tissue, blood, and urine. For 

our purposes, we were interested in those studies that focused on the use of body fluids, such 

as urine, as a non-invasive technique for sample acquisition. A wide range of promising PCa 

biomarkers, which are not only prostate-specific, but are also differentially expressed in 

prostate tumors, have been identified, such as the TMPRSS2:ERG gene fusions 254, 277-280 and 

prostate cancer antigen 3 (PCA3) 278, 281-283. Although urine RNA-based testing for PCA3 

expression has already been documented in large screening programs, there are only a few 

studies that take into account the heterogeneity of cancer development based on a 

diagnostic profile. A combination of various biomarkers would clearly improve performance 

over the use of a single biomarker 284, since a single marker may not necessarily reflect the 

multifactorial nature of PCa. Using multi-gene panels or “fingerprints” can normally overcome 
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single biomarkers in the ability to differentiate between the diseased and benign states. 

Nevertheless, choosing which genes to include in the pattern adds an additional layer of 

statistical complexity and also prompts new developments in biostatistics and bioinformatics 
148. 

4.3.1.1 Prostate Cancer Gene 3 (PCA3)  

PCA3 (PCA3DD3 or DD3PCA3) is located on chromosome 9q21-22 and was originally described 

as consisting of 4 exons with alternative polyadenylation at 3 different positions on exon 4. 

Exon 2 was found to be absent in 60% of the cDNA clones analyzed 285. Recently, Clarker and 

coll. described additional complexities of the PCA3 gene with 4 new transcription start sites, 

2 new differentially spliced exons and 4 new polyadenylation sites; however, both of these 

new forms only represented a minority of the PCA3 transcripts 286. One important observation 

within the PCA3 cDNA sequence was the presence of a large number of stop codons.  The 

nuclear localization of transcripts, together with the high frequency of stop codons, suggested 

that PCA3 was a noncoding RNA (ncRNA) 285 (see Box VIII for ncRNA).  

 

PCA3 was first identified in 1999 using a differential display analysis that compared mRNA 

expression in normal and tumor-bearing prostate tissues in RP specimens 285. In 95% of the 56 

human prostatectomy specimens examined, PCA3 was highly over-expressed in primary PCa 

tumors compared to adjacent non-cancerous tissue 285. By Northern blot analysis, the normal 

prostate and BPH tissue, taken from the same subjects, expressed low levels to no PCA3 at all 
285. By RTqPCR analysis, PCA3 was demonstrated to present low levels of expression in 

BOX VIII: NON-CODING RNA 

The “central dogma” of molecular biology is that genetic information flows in one direction with 
proteins as the end product. However, growing evidence has emerged to describe the role of the 
RNAs that are not translated into proteins. NcRNAs comprise microRNAs, anti-sense transcripts 

and other Transcriptional Units containing a high density of stop codons and lacking any extensive 
"Open Reading Frame" 288. Several types of ncRNAs have been implicated in gene regulation via 

modification of the chromatin structure, alterations to DNA methylation, RNA silencing, RNA editing, 
transcriptional gene silencing, post-transcriptional gene silencing, and enhancement of gene 

expression 289-291. It is becoming clear that these novel RNAs perform critical functions during 
development and cell differentiation 288. Small ncRNAs, such as microRNAs (miRNAs) and small 

interfering RNAs (siRNAs), are well-studied in the roles they play in gene silencing and are reported 
to be aberrantly expressed in many cancers 289. Together, all this information indicates that ncRNAs 

are emerging as a new class of functional transcripts in eukaryotes, formally described as junk 
DNA. 
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normal prostate and BPH tissue, whereas the median up-regulation of PCA3 in PCa cells, 

relative to non-malignant tissue, was about 60-fold 244, 287. In addition, no PCA3 was detected 

in other tissues or tumors 285, 287.  

The measurement of PCA3 mRNA versus PSA mRNA in urine was first proposed as a marker 

for PCa by Hessels et al, 244. Using time-resolved fluorescence RTqPCR, they detected PCA3 in 

post-DRE urine sediments. The levels of PSA mRNA were used to normalize the expression of 

PCA3 mRNA. PSA mRNA was expressed in benign cells and PCa cells, as well, at 

approximately the same levels with a modest (1.5-fold) decrease in PSA expression in PCa 

cells 292. They reported an Area Under the Curve (AUC) value of 0.72 and a diagnostic 

accuracy of 67% and 83% (values of sensitivity and specificity, respectively) 244. Later on, this 

study was verified in a large, European multi-center study, which concluded that PCA3 

possessed potential as an aid in PCa diagnosis 293.  

Currently, there exists a commercially available, highly sensitive novel transcription-mediated 

amplification based test (TMA) method (PCA3, Gen-Probe Incorporated) for urinary assay, 

which is already in use in the clinics 245. This method measures PCA3 mRNA and PSA mRNA 

in the first urine catch collected after DRE. Instead of using urine sediments, this assay has 

been optimized to measure PCA3 in whole urine samples mixed with a detergent stabilization 

buffer. The PCA3 score is the ratio of PCA3/PSA mRNAs multiplied by 1,000. The assay 

demonstrated a sensitivity of 69%, a specificity of 79% and an AUC of 0.75 245. Several 

studies have confirmed that PCA3 performance was independent of serum PSA levels and, 

moreover, that PCA3 was unaffected by prostate size 294-296. Furthermore, the PCA3 score 

correlated with the results of a subsequent PB, as a high score increased the likelihood of a 

PCa positive result. It had been demonstrated that men with a PCA3 score < 5 had a PCa 

positive biopsy rate of 14%, while 69% of the men with a PCA3 score > 100 had PCa upon 

biopsy 297. A cutoff PCA3 score of 35 was adopted, and this score combined the greatest 

cancer sensitivity and specificity (54% and 74%, respectively) 295. In 2006, the Gen-Probe 

PCA3 assay was accepted for use in Europe, under the name, PROGENSA ® PCA3. 

A larger, follow-up validation study in North American men and two European studies were 

then developed. The largest international, multicentric, double-blind study reported to date 

was published by Aubin and coll. for the evaluation of the clinical performance of PCA3 in men 

with elevated PSA levels and previous negative biopsy 298. The Reduction by DUtasteride of 

Prostate Cancer Events (REDUCE) trial was designed to evaluate the use of a drug for the 

chemoprevention of PCa 299. This trial was a prostate cancer risk reduction study that 

evaluated men with moderately increased serum PSA and negative biopsies at baseline 298. 
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Urine PCA3 scores were determined for patients in the placebo arm of the REDUCE trial 

before their year 2 and year 4 biopsies. The informative rate of this study was 94%, 

corresponding to the total number of subjects analyzed (1072 patients). The PCA3 score was 

associated with PCa (p<0.0001) and also correlated with Gleason grade 6 or less than 6 

versus Gleason more than 6 (p=0.0017). The performance of PCA3 was better than that of 

serum PSA (AUC = 0.69 vs. AUC = 0.61, respectively). A multivariate model using PCA3, 

serum PSA, %fPSA, prostate volume, age and family history (AUC = 0.75) outperformed the 

PCA3 and serum PSA as single markers. PCA3 at year 2 was a significant predictor of the 4 

years biopsy outcome (AUC 0.63, p=0.0002), whereas serum PSA and % fPSA were not 

predictive. These results confirmed that PCA3 correlated with the probability of biopsy results 

and also displayed an associative significance for biopsy results. Finally, PCA3 was 

demonstrated to be insensitive to prostate volume. In conclusion, increased PCA3 scores 

indicated an increased risk of PCa and predicted future biopsy outcomes 298.  

In addition some authors have correlated PCA3 scores with tumor aggressiveness at different 

levels. PCA3 scores have also been positively correlated with tumor volume 300, 301. Moreover, 

PCA3 scores were found to be significantly associated with prostatectomy Gleason scores (6 

versus ≥ 7) and “significant” cancers 300. Finally, PCA3 scores were found to be independent 

predictors for the extracapsular extensions of tumors 301. These data, while requiring further 

confirmation, suggest that PCA3 can be useful in the identification of aggressive PCa, which 

requires more aggressive treatments 302. 

Some studies have also correlated the urine PCA3 score with the presence of HGPIN at 

biopsy, yielding conflicting results. Dereas et al, reported no difference between the PCA3 

scores for HGPIN and for normal samples 295, whereas Haese et al, found increased PCA3 

scores in men with HGPIN 294. 

After the development of the PCA3 test assay different studies are published using PCA3 as a 

biomarker for detecting PCa. As these studies used different methodologies as, target capture 

with magnetic particles, TMA and a hybridization protection assay, to detect PCA3 

transcripts in patient urine and used different disease prevalences, directly comparing of the 

results would have been inappropriate however the determination of the cut-off score, PCA3 

transcripts/PSA transcripts in urine, is identical. The main drawbacks of this test are the high 

costs around 250€ per test and the fact that it is a closed system, which not permits the user 

to test in parallel additional biomarkers. 
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In summary, PCA3 testing may be of valuable help in several PSA quandary situations (Table 

8). Some potential applications of the PCA3 assay include testing prior to first biopsy and 

deciding whether or not to repeat a biopsy in men with elevated serum PSA levels and 

previous negative biopsies 302 297. Other potential applications that still need further validation 

include detecting local recurrence following radical prostatectomy or radiation therapy and 

monitoring patients receiving drug therapies that affect serum PSA levels 297. 

Table 8. The possibilities of the PCA3 test in clinical practice. Adapted from Hessels and Shaken, 2009 297 

 

4.3.1.2 Prostate Specific G-coupled Receptor (PSGR): 

Prostate specific G-protein coupled receptor (PSGR), also known as the OR51E2 gene is 

located on chromosome 11p15 and is transcribed into a 1474-bp cDNA sequence 246. The 

PSGR gene has one short non-coding exon 1 and one long coding exon 2 (encodes the full 

protein sequence), separated by a 14.9Kb intron 303. Two distinct promoters have been 

described that control the transcriptional regulation of PSGR in human prostate cells 304. The 

presence of 2 distinct promoters and clusters of transcription factors binding motifs upstream 

of position -311 suggest that the expression of PSGR may have two mRNA transcripts; those 

transcripts have been confirmed by Northern Blot analysis 304. Both promoters show prostate 

cell-specific characteristics and can be activated by Interleukine-6 (IL-6) in human prostate 

cancer cells 304.  Moreover, it has been hypothesized that binding IL-6 to its receptor could 

activate 3 downstream signaling pathways, including PI3-k, Stat3 and MAPK, which could 

potentially normalize the transcriptional regulation of a large number of genes, such as PSGR 
304. Also, steroid hormones, such as androstenone and androstadienone have been identified 

as odorant receptor (OR) ligands. These hormones elicit rapid Ca2+ responses in LNCaP PCa 

cell line and in primary human prostate epithelial cells. The activation of PSGR has been found 

to causes phosphorylation of p38 and SAPK/JNK MAPKs, resulting in reduced proliferation 

rates in PCa 305. 

PSGR expression has been found to be restricted to human prostate tissues in prostatic 

epithelial cells 246, although mRNA from PSGR has also been found to be expressed in the 

olfactory zone and the medula oblongata of human brain 303.  The PGSR protein sequence (320 

PCA3 score + prostate biopsy 
result Course of action to consider Established prognostic factor 
Low + negative Conservative follow-up PSA-kinetics 
High + negative Advanced imaging PSA-kinetics 
Low + positive “Active surveillance” Clinical stage and grade; PSA-

kinetics 

High + positive Intervention Clinical stage and grade 
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aa, 35,4 kDa protein) is based on 7 transmembrane-spanning domains and a conserved DRY 

motif in the second intracellular domain 246. The PSGR protein is homologous to the G-protein-

coupled OR, and it also corresponds to the sub-family Gα12 receptor 246.  

Receptors coupled to heterotrimeric GTP-binding proteins (GPCRs) are integral membrane 

proteins involved in the transmission of signals from the extracellular environment to the 

cytoplasm. GPCRs, which are activated by factors ranging from small amines to hormones 

and chemokines, initiate signaling cascades that result in cell shape changes, formation of a 

migrating front, and altered adhesion 306. Heterotrimeric G-protein family is composed of α, β, 

and γ subunits. The Gα proteins comprise 4 subfamilies (Gs, Gi/o, Gq and G12/13). Gα12 

receptor, which is a member of the subfamily of PSGR,  has been implicated in different 

cellular functions, such as Rho-dependent cytoskeletal shape change, activation of the c-Jun 

N-terminal kinase and stimulation of the Na+/H+ exchange. Rho proteins are central 

regulators of the dynamic reorganization of the actin-based cytoeskeleton and are key 

mediators of several cellular processes, including cell migration and polarity 306.  

PSGR has been described as having a high prostate tissue-specific expression and tumor 

over-expression, which is restricted to prostate epithelial cells 246, 247, 303, 307. Comparing 

HGPIN to PCa, PSGR was found to be over-expressed, especially in early-stage prostate 

tumors, and was considered to be involved in the presumably early stages of prostatic 

carcinogenesis 308, 309. Weng and coll. defined an AUC from Receiver Operating 

Characteristics (ROC) curve of 0.90 for PSGR, indicating an excellent power of discrimination 

for PSGR as a PCa diagnostic marker, especially for distinguishing between benign prostate 

tissue and malignant prostate tissue. However, no significant difference was detected for the 

expression of PSGR between normal prostate and BPH (p > 0.05) 309. Later on, PSGR was 

found to be over-expressed in non-organ confined (pT3) prostate tumors compared to organ-

confined tumors (pT2), suggesting that this marker could be involved in cancer progression 
247. More recently, PSGR was found to be over-expressed in the peripheral blood of PCa 

patients. It was suggested that it could serve as a useful diagnostic or prognostic marker; 

however, the authors stated that these findings were low on specificity and, therefore, 

recommended further analysis 310. Finally, PSGR was investigated as a possible diagnostic 

tool, able to distinguish between normal tissue and PCa in urine samples, since as a single 

marker 248, or in combination with other biomarkers, it outperforms PSA as a diagnostic 

marker 311. 
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4.3.1.3 Prostate Specific Membrane Antigen (PSMA): 

Prostate Specific Membrane Antigen (PSMA) was first described in 1987 by Horoszewicz et 

al, as a glycoprotein expressed in the plasma membranes of prostate epithelial cells 249. PSMA 

was discovered in the LNCaP human prostatic cell line as the target of mAb 7E11 249. The 

PSMA gene consists of 19 exons that span 60 Kb of genomic DNA and encodes a type II 

transmembrane protein of 750AA 312. PSMA is a non-shed integral membrane protein with 

folate hydrolase activity produced by prostatic epithelium. The extracellular domain mediates 

homodimer formation. In the normal prostate, PSMA exists as a splice variant, known as 

PSM’, that lacks the transmembrane domain 313.  

Expression analysis of PSMA has revealed that it is highly restricted to secretory cells within 

the prostatic epithelium 249, although PSMA has also been detected in other tissues, such as 

the kidney, the proximal small intestine, and the salivary glands 314. Furthermore, the 

presence of PSMA has been listed as absent to moderate in most BPH and benign tissues. 

However, PCa tissues have been shown to possess the greatest intensity 249. It has been 

suggested that the expression of this molecule could be linked to the degree of tumor 

differentiation 315. Subsequent studies have confirmed that PSMA expression is highest in 

high-grade tumors, metastatic lesions and androgen-independent disease 316. These findings 

have spurred the development of PSMA-targeted therapies for PCa, including immunotherapy, 

radioimmunotherapy, chemotherapy and gene therapy. They have also initiated clinical trials 

of first-generation products 316. However, the general clinical application of these therapies 

still requires extensive clinical studies, in order to test their clinical safety, stability and 

efficacy. 

Several studies have demonstrated that PSMA is abundantly expressed in the new blood 

vessels that supply most non-prostatic solid tumors, though it is not found within the normal 

vasculature 316. PSMA was first proposed as serum prognostic marker for PCa in 1999; 

however, its use is controversial 250. A Dual-Monoclonal Sandwich Assay for PSMA was 

developed to be used on tissues, seminal fluid and urine 317. Later on, levels of serum PSMA 

were suggested as a marker for distinguishing between BPH and PCa 318, and the same 

results were found in urine samples 319. The transcript levels of the PSMA gene in blood 

samples show a poor prognosis value, especially in those patients who present more 

aggressive, metastatic disease 320. Recent clinical trials have provided significant proof of 

principle for PSMA as a target for PCa and neovascular therapy 316. A commercial imaging 

test for PSMA (ProstaScint) has been developed, that uses a radiolabeled 7E11 antibody to 

PSMA in a radioimmunoscintigraphy assay 321. ProstaScint is a monoclonal antibody scanning 

technique that has implications in the staging of patients with newly diagnosed PCa, as well 
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as use in evaluating patients believed to have recurrent disease. Finally, PSMA has also been 

found to be present in the urinary exosomes of PCa patients after therapy 322. However, the 

use of PSMA has not yet been adopted in clinical practice. 

4.3.1.4 Pannels of urine RNA-based biomarkers 

The introduction of PSA testing has revolutionized how PCa is diagnosed and managed; 

however, controversy still exists regarding both the utility of PSA screening for reducing PCa 

mortality and the risks associated with PCa over diagnosis. For this reason, novel markers are 

required to improve the specificity of PSA testing. Currently, biopsy strategies may miss 

heterogeneous tumor foci, and a urine-based assay would possess a great advantage, since 

the cells of multiple foci from the entire prostate could be released into and collected in the 

urine 280. Moreover, as a single marker may not necessarily reflect the multifactorial, 

multifocal and heterogeneous nature of PCa, a combination of various biomarkers would 

clearly improve performance over a single biomarker 284. The use of multiple markers, in 

combination with clinical and demographic data, will aid in predicting patients who are at 

risk for developing PCa and for assessing their prognoses.  

Nowadays, only a few studies have taken into account the heterogeneity of PCa development 

based on a diagnostic profile. Those studies followed the approach of combining various 

biomarkers for the detection of PCa in urine. The principle that underlies the combined 

biomarker approach is consistent with tests offered for the detection of PCa in tissue 

specimens 323, 324 and takes into consideration the heterogeneity of cancer development 

based on a diagnostic profile. The combined model that resulted from these studies provided 

overall increased sensitivity without decreasing the specificity (Table 9).  

Hessels et al. performed a study on 108 patients using urine sediments, where the authors 

combined PCA3 with the TMPRSS2:ERG fusion status. The combination of both markers 

remarkably increased the sensitivity for the detection of PCa 254. Another important study 

came from Laxman et al. who combined PCA3 with GOLPH2, SPINK1, and TMPRSS2:ERG 

fusion status 262. Ouyang et al. developed a duplex RTqPCR assay for the detection of PCa, 

based on the quantification of AMACR and PCA3 in urine sediments. Finally, Talesa and coll. 

analyzed the mRNA of PSMA, Hepsin, PCA3, GalNAC-T3 and PSA biomarkers using RTqPCR. 

They concluded that the best combination of those biomarkers included urinary PSA and that 

PSMA transcripts were the best predictors of PCa 319.   
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Table 9. Summary of the most important studies combining pannels of urine biomarkers for PCa 

 

4.3.2 PROTEIN-BASED BIOMARKERS FOR PROSTATE CANCER 

Proteomics is regarded as a sister technology to genomics. Even though the pattern of gene 

activity may be abnormal in a tissue with a pathological lesion, there can still be a poor 

correlation between the level of the transcription of different genes and the relative 

abundance within the tissue of the corresponding proteins. Consequently, the information 

regarding a specific pathological process, which can be derived at the level of gene 

transcription, remains incomplete 325. The contribution of proteomics to the understanding of 

the pathogenesis and diagnosis of genitourinary tract diseases has been considerable. 

Proteomic approaches allow the discovery of disease-specific targets and biomarkers, 

providing comprehensive diagnostic and prognostic information (see section 5; Clinical 

Proteomics).  

Protein-based biomarkers include cell-surface receptors, tumor antigens (such as PSA), 

phosphorylation states, carbohydrate determinants, and peptides released by tumors into 

serum, urine, sputum, nipple aspirates or other body fluids 148. Most of the FDA-approved 

cancer biomarkers in clinical use are single proteins, and most of them are serum-derived 

proteins. However, for every article demonstrating one new clinically relevant biomarker, 

there are hundreds of articles containing negative or positive results, which are either non-

reproducible or of no clinical value 326. 

The mapping of the human genome represents a true milestone in medicine and has led to an 

explosion in discoveries and translate research in the life science 327. The expansion of 

biological knowledge through the Human Genome Project (HGP) has also been accompanied 

by the development of new high throughput techniques, which provide extensive capabilities 

for the analysis of a large number of genes or the whole genome. The completion of the 

Study Marker 
PCa / 
Study Sens. Spec. AUC 

Hessels et al. 2007 mRNA (PCA3 and TMPRSS2:ERG) 78 / 108 73% ND ND 

Laxman et al. 2008 
mRNA (PCA3, GOLPH2, SPINK1 and 
TMPRSS2:ERG) 152 / 257 66% 76% 0.76 

Ouyang et al. 2009 mRNA (AMACR and PCA3) 43 / 92 72% 53% ND 

Rigau et al. 2010 mRNA (PCA3 and PSGR) 73 / 215 96% 34% 0.73 

Cao et al. 2010 
mRNA, protein and metabolite (PCA3, TMPRSS2: 
ERG, Annexin A3, Sarcosine, and urine PSA) 86 / 131 95% 50% 0.86 

Rigau et al. 2011 mRNA (PSMA, PSGR, and PCA3)  57 / 154 96% 50% 0.82 
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human genome has presented a new and even more challenging task for scientists; the 

characterization of the human proteome. Unlike the genome project, there are major 

challenges in defining a comprehensive Human Proteome Project (HPP) due to (1) potentially 

very large number of proteins with PTMs; (2) the diversity of technology platforms involved, 

(3) the variety of overlapping biological “units” into which the proteome might be divided for 

organized conquest and (4) sensitivity limitations in detecting proteins present in low 

abundances. The idea is to provide a human proteome map, where at least one protein 

product for each coding gene will be characterized at three different levels: abundance, 

partners in interactions and expression localization 328. Another goal is to characterize the 

human proteome with respect to the main diseases affecting humans. When complete, these 

results will generate a map of the protein-based molecular architecture of the human body, 

and this will become a resource able to help elucidate biological and molecular functions, as 

well as advance the diagnosis and treatment of diseases 328.  

4.3.2.1 Prostate Cancer Secretome 

The term, “secretome,” refers to the rich, complex set of molecules secreted from living cells, 

including proteins that are secreted by the cell via the classical, non-classical or exosomal 

pathways 329, as well as proteins shed from the cell surface. Proteins of “secretomes” play a 

key role in cell signaling, communication and migration 330. Understanging this language could 

largely increase our knowledge regarding the molecular mechanisms of neoplasia. In addition, 

extracellular matrix components and other molecules secreted by tumor cells are a rich 

source of potential markers and drug targets for cancer treatment 331.  Proteins secreted by 

cancer cells are also essential in the processes of differentiation, invasion and metastasis. 

These cancer secreted proteins or their fragments always enter body fluids, such as blood or 

urine, and can be measured via non-invasive assays. For this reason, the cancer secretome 

may reflect a broad variety of pathological conditions and represent a more reliable source of 

biomarkers. To date, only a few studies have analyzed cancer secretomes; however, the 

results regarding biomarker discovery are rather exciting 332. 

The need for developing more effective cancer biomarkers and therapeutic methods has led 

to the study of the cancer cell “secretome” as a means of identifying and characterizing 

diagnostic and prognostic markers and potential drug and therapeutic targets 329. Proteomics 

profiling is a relevant approach to biomarkers discovery and is extensively utilized in 

secretome analysis. Advances in liquid chromatography (LC) and two dimensional 

polyacrylamide gel electrophoresis (2DE), in combination with mass spectrometry (MS), have 

significantly facilitated the challenging detection of these secreted proteins 168. 
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The main challenges in “secretome” proteomic analysis include the fact that these proteins 

are frequently found in low concentrations, due to their high dilution in body fluids or cell 

culture media (CM). Also, their masking and contamination by cytoplasmic or other normally 

non-secreted proteins, which are released following cell lysis and death, can present problems 

in their analysis; and, finally, “secreted” proteins are normally hidden by serum proteins. 

As a result of these technical problems, only some articles have been published on this 

subject. In particular, Sardana et al. analyzed the CM of 3 human PCa cell lines of differing 

origins (PC3, LNCaP and 22vR1) using shotgun proteomics. Well-known PCa biomarkers, such 

as KLK3 and KLK2, were identified, among others. Follistatin, chemokine ligand 16, pentraxin 

3 and spondin 2 serum levels were tested by Enzyme-Linked Immuno Sorbent Assay (ELISA) 

and found to be increased in PCa patients when compared to healthy controls 333. The same 

group also performed a qualitative proteomic analysis on conditioned medium from the PCa 

cell line, PC3(AR)6. 262 proteins were identified from the CM. Mac-2BP and KLK11 levels 

were found to be elevated, whereas KLK5 and KLK6 decreased in the serum samples of PCa 

as compared to controls 334. Martin et al. analyzed the prostatic cell line LNCaP grown under 

androgen stimulation or starvation. 600 proteins were identified, 27% of which were 

classified as secreted or membrane bound. Knitz-type protease inhibitor 1, suppressor of 

tumorigenicity 14, vascular endothelial growth factor, insulin-like factor binding protein 2 

precursor and amyloid-like protein 2 precursor were confirmed by Western blot 335. Finally, 

Goo et al. identified 116 secreted glycoproteins from cultured normal prostate stromal 

mesenchyme cells using the glycopeptide-capture method followed by MS 336. Stromal 

proteins found to be upregulated in the prostate included cathepepsine-L, follistatin-related 

protein, neuroendocrine convertase and tumor necrosis factor. 
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5. CLINICAL PROTEOMICS 

The amino acid sequence of proteins provides a link between proteins and their coding genes 

via the genetic code, and, in principle, a link between cell physiology and genetics 337. 

Proteins and peptides “leaked” from tissues into clinically accessible body fluids, such as blood 

or urine, have led to the possibility of disease diagnosis at earlier stages and the ability to 

monitor responses to therapy simply by testing for the presence of disease-related 

biomarkers in these fluids 338.   

Ever since the field of proteomics demonstrated the ability to characterize a large number of 

proteins and their PTMs, including identification and quantification, it has been applied to 

various areas of science, such as in the discovery of potential diagnostic markers 214. The 

field of clinical proteomics shows great promise in medicine, thanks to the new types of 

proteomic technologies being developed and its combination with advanced bioinformatics, 

which are currently being used to identify the molecular signatures of diseases based on 

protein pathways and signaling cascades 214. However, without proper study design and the 

correct implementation of these robust analytical techniques, efforts and expectations may 

be easily hindered. 

Proteomic biomarker discovery shares a lot of characteristics with genomic or transcriptomic 

profiling, including the analysis of biological samples within a complex matrix, and 

sophisticated statistical analysis, including large sets of variables. However, proteomic 

biomarker discovery is inherently more complex, mainly due to the vast range of analyte 

concentrations that must be detected and identified, as well as the fact that protein products 

cannot be amplified, since an equivalent PCR for proteins does not exist 217. Innovative 

protein-based approaches to identify and quantify proteins in a high throughput manner have 

furthered our understanding of the molecular mechanisms involved in diseases 214. Because of 

the inherent complexity of the proteome, all approaches to its examination are generally 

based on a separation step (gel-based or non-gel based) followed by ionization and a 

subsequent analysis by MS 339 (Table 10). Furthermore, the depletion of high abundance 

proteins by affinity columns, affinity enrichment of targeted protein analytes and/or multi-

dimensional chromatographic fractionation coupled with MS have all expanded the dynamic 

range of detection for low abundance proteins by several orders of magnitude in serum and 

plasma 340, as well as in urine 234. 

As explained in section 4, the new biomarker development pipeline involves a discovery 

stage followed by qualification, verification and, finally, prior to clinical implementation, 

validation on larger cohorts of samples. Traditionally, the discovery stage is performed on an 
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MS-based platform for global, unbiased sampling of the proteome, while biomarker 

qualification and clinical implementation will generally involve the development of antibody-

based protocols, such ELISA. The recent explosion in proteomic technologies centering on 

MS and protein microarrays has provided great opportunities for researchers to use these 

“bridging technologies” for the clinical, proteomic investigation of disease-relevant changes in 

tissues and biofluids 214.  

Common proteomic methodologies are categorized into two classes: those for differential 

proteomics in the discovery phase and those for quantitative proteomics.  

Differential proteomics is defined as the scientific principle that compares normal and 

diseased states for biomarker discovery without providing specific protein concentrations in 

the biological matrix.  

Quantitative proteomics is defined as the absolute quantification of proteins used in targeted 

biomarker verification and quantification studies. Selected Reaction Monitoring (SRM) is 

introduced as one of the main multiplex quantitative methodologies in the biomarker pipeline 

for verification 214. 

Table 10. Advantages and disadvantages of each mass spectrometry-based proteomics technique for use 
in clinical applications. Adapted from Decramer et al., 2008 338 

TECHNOLOGY ADVANTAGES DISADVANTAGES 

2DE-MS 

Detection of large molecules, enables 
estimation of their molecular weight. 
Sequencing of biomarkers easy to perform from 
2D spots. 

Not applicable to molecules < 10 Kda, no 
automation, time-consuming, quantification 
difficult, medium througput, moderate 
comparability. 

LC-MS 

Automation, high sensitivity, used for detection 
of large molecules (> 20 Kda) after tryptic 
digest, sequence determination of biomarkers 
provided by MS/MS. 

Time-consuming, relatively sensitive toward 
interefering compounds, restricted mass 
range, medium throughput. 

SELDI-TOF* 
Easy to use, high throughput, automation, low 
sample volumen. 

Restricted to selected proteins, low resolution 
MS, lack of comparability, sensitive toward 
interefring compounds, low information 
compound. 

CE-MS# 
Automation, high sensitivity, fast, low sample 
volume, multidimensional, low cost. 

Generally not suited for larger molecules  

(> 20 kDa). 

 

 

*Surface-enhanced Laser Desorption Ionization-Time-of-Flight (SELDI-TOF) 
#Capillary electrophoresis coupled to mass spectometry (CE-MS) 



INTRODUCTION: CLINICAL PROTEOMICS 

 84 

5.1. DIFFERENTIAL PROTEOMICS FOR BIOMARKER DISCOVERY 

The principal technology for protein biomarker discovery is MS. All mass spectrometers 

produce mass spectra, which plot the mass-to-charge ratio (m/z) of the ions (fragments of 

proteins) observed (x-axis) versus detected abundances (y-axis) 217. These instruments are 

used either to measure the molecular mass of a polypeptide or to determine additional 

structural features, such as the aa sequence or the site of the attachment and type of PTMs 
337. Single-stage mass spectrometers are used to essentially act as balances to weigh 

molecules. Double-stage mass spectrometers (MS/MS) are used to act as two individual 

balances. After the initial mass determination, specific ions are selected and subjected to 

fragmentation through collision. In a second step, the mass of these fragment ions is 

determined. In such experiments, referred to as tandem mass spectrometry (MS/MS), detailed 

structural features of the peptides can be inferred from the analysis of the resulting fragment 

masses 337.  

5.1.1. GEL ELECTROPHORESIS  

The term “proteomics” originated in the context of 2DE 341. 2DE represented a fundamental 

evolution in the field of separation technologies. 2DE has proved to be a reliable and efficient 

method for the separation of proteins based on mass and charge. It can achieve the 

separation of thousands of different proteins on one gel 342. In 2DE experiments, the staining 

pattern of proteins from two samples is compared, and the “up-regulated” and “down-

regulated” proteins are identified. The main problem of 2DE is its lack of reproducibility that 

difficult the comparison of different experiments. 

To overcome 2DE reproducibility, the simultaneous staining of two samples has been 

developed in recent years to allow a one-step analysis and a direct comparison of different 

mixtures of proteins 343. This methodology is known as Differential In-Gel Electrophoresis 

(DIGE). Briefly, the samples are differentially labeled with fluorescence dyes (eg. Cy3 and Cy5), 

and then, the samples are resolved simultaneously within the same 2DE. This technique 

allows the introduction of a third sample “an internal standard” (a pool of all the samples 

included in the study), which is labeled with a third dye (Cy2), thereby allowing a quantitative 

analysis of the different gels. The clear advantage of DIGE is that the different samples are 

subjected to the same procedures, reducing experimental variability and producing separate 

2D images of the same gel (Figure 16).  
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Figure 16: Differential In-Gel Electrophoresis (DIGE). (A) Sample labeling with different dyes. (B) 2DE of the 
different labeled samples in the same gel. (C) Typhoone scanner using different wavelength to obtain the different 
images from the same gel. (D) Image analysis using specific software (Progenesis Samespots v2.0 software 
(NonLinear Dynamics, Newcastle, U.K.)).  

Although DIGE overcomes the problems associated with 2DE, it is still considered a low 

throughput, time consuming and expensive research oriented technology. On average, it 

takes days to complete a study on one biological sample. It can be used, however, in certain 

cases for biomarker discovery, where the high throughput processing of samples is not 

required. Moreover, the standardization of protocols for gel electrophoresis, in order to 

generate reproducible results, has been undertaken. These efforts to standardize protocols 

include the creation of a normal urine protein map to ensure the reproducibility of 2DE results 

across laboratories 344. 

5.1.2. LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY  

LC coupled to MS (LC-MS) based proteomics has emerged as the most effective method for 

studying complex proteomes. LC provides a powerful fractionation method that is compatible 

with any mass spectrometer. This method separates large quantities of analytes on an LC 

column and offers high sensitivity 339. In an MS experiment, the intensity of the signal, as a 

peptide (ion) elutes from the chromatographic column, can be plotted over time. The area 

under the curve (spectrum) represents the extracted ion current (XIC) and, for the same 

peptide and under the same experimental conditions, is linearly related to its amount. The 

XICs of different peptides from the same protein are also very different 345.  
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Not all peptides are able to be analyzed by MS. Large proteins (above 10-20 kDa) cannot 

generally be analyzed; instead, they must first be cleaved by a protease (for example, 

digested with trypsin) and then, the subsequent peptides may be analyzed 339. The proteins 

representing a proteome, or a subset thereof, are enzymatically digested to generate 

peptides, which in turn may be analyzed by LC-MS 337, 346.  LC-MS is a powerful technique 

that may be used for many applications. It has very high sensitivity and selectivity. Generally, 

its application is oriented towards the specific detection and potential identification of 

chemicals in the presence of other chemicals (in complex mixtures, such as body fluids). The 

main limitation of LC-MS includes difficulties with the comparative analysis, in part because 

of the variability of the multidimensional separation and the substantial time required for 

analysis of a single sample 339.   

5.1.3. PROTEIN IDENTIFICATION USING MASS SPECTROMETRY  

The proteolytic digestion of separated proteins into peptides and the mass analysis of these 

peptides provide a peptide mass fingerprint (PMF), which can be researched against the 

theoretical fingerprints of sequences in protein databases 214. The data can be used to search 

for protein sequences and nucleotides in the databases and analyze them by the application 

of algorithms, comparing them with theoretical production spectra of proteins in the database 
347. Protein identification is nearly effortless, as only two unique peptides are usually required 

to recognize a protein.  However, the failure to identify or detect a peptide does not 

necessarily mean that the protein is absent, since the peptides may simply be below the 

threshold of detection 345. A protein’s score is a sum of the identification scores of its 

peptides, and one might surmise that a high protein-identification score would correlate with 

the higher abundance of that protein 348. 

Time-of-Flight Mass Spectrometry (TOF-MS): TOF-MS is MS in which ions are accelerated by 

an electric field of known strength. In TOF analyzers, the m/z of an analyte ion is deduced 

from its flight time through a tube of a specified length, which is under a vacuum. The m/z 

ratio of an ion is proportional to the square of its drift time 337. Sample preparation is critical 

to this approach. The protocols must be optimized, in order to reduce the variability and gain 

representative data by acquiring and averaging many single-shot spectra from several 

positions within a given sample spot 214. 

Matrix Assisted Laser Desorption Ionization-Time-of-Flight (MALDI-TOF): Ionization by 

MALDI 349 involves a protein suspended or dissolved in a crystalline structure of small, organic 

and UV-absorbing molecules. The crystal absorbs energy at the same wavelength as the laser, 

which is used to ionize the protein or peptide. The laser energy strikes the matrix causing the 
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rapid excitation of the matrix and causing the matrix and ions to pass into a gaseous phase. 

MALDI is able to analyze proteins down to mole quantities and can tolerate small amounts of 

contaminant. The information obtained by MALDI analysis can be automatically submitted to 

a database search.  

Surface-enhanced Laser Desorption Ionization-Time-of-Flight (SELDI): SELDI 350 technology 

reduces the complexity of the sample by the selective adsorption of proteins to different 

surfaces. Proteins bind to a specific surface with varying degrees of selectivity, while the 

unbound sample is washed away. A matrix that absorbs energy and allows the vaporization 

and ionization of the sample by laser is added. The sample is analyzed by MS, which provides 

a “low resolution” fingerprint 339. Differentially expressed proteins may be determined from 

these protein profiles by comparing peak intensities. This technique can be used for protein 

purification, expression profiling, or protein interaction profiling with a small number of 

samples. The power of this technology is the integration of on-chip selective capture, relative 

quantification, and partial characterization of protein peptides 214. An algorithm can then be 

used to identify trends in the m/z ratio peaks across a spectrum of proteins. These differential 

expression profiles may then be used as biomarker candidates for specific disease types, as 

has been performed for PCa 351. 

Both, MALDI and SELDI techniques are attractive for disease biomarker identification. The 

differential expression of proteins analyzed by MALDI- and SELDI-TOF-MS can be used to 

determine the approximate size of a putative biomarker. However, the major weaknesses of 

these methods include a lack of fragmentation capability for peptide sequencing (protein 

identification), a lack of specificity due to a matrix effect in the low mass region (m/z 300-

600), and a lack of accurate quantitation that requires careful optimization of the 

experimental parameters 214. Nowadays SELDI technology is rearely used. 

5.2 QUANTITATIVE PROTEOMICS FOR BIOMARKER VERIFICATION AND 
VALIDATION 

Along with protein identification, protein quantification is another main component of the 

biomarker discovery process for determining changes in protein expression between the 

disease and control states. Quantitative proteomics have been developed to explore the 

dynamics of whole proteomes and generally provide a relative comparison of data between a 

few samples352.  

Traditionally, the ELISA 353 has been the “gold standard” used for targeted quantitation of a 

protein, providing good sensitivity and throughput. The ELISA technique allows the easy 
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detection of single proteins. Another powerful tool for studying the biochemical activities of 

proteins and potentially identifying disease biomarkers and therapeutic targets are protein 

microarrays. This technique can be considered a modern version of the old method for 

immune detection of multiple proteins. The samples are hybridized to a surface, where 

specific antibodies or antigens are imprinted, normally including several hundred targets354. 

Finally, immunohistochemistry (IHC), which was first described in the 1940s by Coons et al, 
355, is used to determine the location and distribution of a specific protein in the tissue. IHC 

can be used in different situations: (1) the histologic diagnosis of morphologically non-

differentiated neoplasias, (2) the subtyping of neoplasias, (3) the characterization of the 

primary sites of malignant neoplasias, (4) the research for prognosis factors and therapeutic 

indications for some diseases, and (5) the discrimination between the benign and malignant 

natures of certain cell proliferations, as well as the identification of structures, organisms and 

materials secreted by cells.   

 

Until very recently MS has been used almost exclusively in the discovery phase of the 

biomarker pipeline, whereas the qualification, verification, and validation of candidate 

biomarkers have traditionally been carried out by classic affinity methods 356. Emerging 

target MS assays, such as SRM, which possess increased selectivity and sensitivity, have the 

potential to speed-up the extensive and time consuming biomarker rationale 357. 

BOX IX: PITFALLS OF ELISA, PROTEIN MICROARRAYS AND IMMUNOHISTOCHEMISTRY 

The drawbacks of the ELISA assay are the following: (1) it usually measures a single biomarker per 
assay; (2) while the ELISA can recognize changes in protein concentration and/or its 
presence/absence, it is unable to detect PTMs; (3) 5-7h are required for the results; (4) its dynamic 

range is only reliable across 3 orders of magnitude; and, (5) it requires specific antibodies, which 
limit the speed and affordability of the development of an assay for emerging biomarkers. Clinically, 

the ELISA assay can give an FP or an FN result, resulting in an incorrect diagnosis.  

Protein microarrays are often limited by the difficulty and complexity of protein purification, as well 
as by high throughput protein expression systems. There is a need for a specific probe for every 
protein to be analyzed, and the generally low density only allows for the detection of a few proteins. 

Finally, PTMs are usually not detected.  

Limitations of IHC include:  (1) the usefulness and contribution of IHC to solving pathological 
anatomy problems is directly proportionate to the experience of the hands that perform the 
reactions and the eyes that interpret the results; (2) the acquisition, handling, fixation and specimen 

delivery to the laboratory, as well as the antigen retrieval, are all critical variable factors that need to 
be considered; and (3) IHC is semi-quantitative.  
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5.2.1 SELECTED REACTION MONITORING 

The concept of targeted quantitative proteomics using MS-based quantitation strategies 

have been actively developed and implemented for preclinical proteomics applications, in 

order to help circumvent the throughput limitations and the complexity of proteomic analysis 
214. SRM is emerging as a technology that ideally complements the discovery capabilities of 

shotgun strategies through its unique potential for the reliable qualification and quantification 

of low abundance analytes in complex mixtures 357. SRM has been the referenced 

quantitative technique for small molecule analysis for several decades. It is now emerging in 

proteomics as the ideal tool to complement shotgun qualitative studies; targeted SRM 

quantitative analysis offers high selectivity, sensitivity and a wide dynamic range 358. 

The SRM technique was introduced in the late 1970’s, along with the development of the first 

triple quadrupole mass spectrometers (QQQ-MS) by Enke and Yost 359 . When a QQQ-MS is 

operated in SRM mode, the first and the third quadrupole serve as mass filters to specifically 

selected predefined m/z values, corresponding to the precursor ion and a specific fragment 

ion of that precursor. The second quadrupole is used as a collision cell (Figure 17a). Initially 

this mode of operation was called SRM or Multiple Reaction Monitoring (MRM), depending on 

whether one precursor/fragment ion pair (transition) was monitored or a series of transitions 

were measured iteratively. Finally, the term of SRM was established, in order to avoid 

ambiguity 358. 

The “peptide signature” of each protein is defined by those peptides (ions) that are unique to 

the proteome of an organism (proteotypic peptides or PTPs). In an SRM experiment, a series 

of transitions (precursor ion and fragment ions), in combination with the retention time of the 

targeted peptides, are monitored during a single LC-MS experiment 357 (see Box X and Figure 

17b). Normally, from 2 to 3 PTPs and 3 to 4 fragment ions are monitored throughout the LC-

MS, in order to get high specificity. SRM offers multiplexing detection capabilities with an 

excellent dynamic range. This approach potentially provides high selectivity and specificity, 

and it avoids most of the problems associated with the optimization of multiple assays in a 

single measurement.  

Generally, the quantitative proteomic data is represented in two forms: the relative change in 

protein amounts between two states and the absolute amount of the proteins in a sample. In 

relative quantification, the amount of a substance is defined with relation to another measure 

of the same substance 345, normally between different stages, such as the benign and tumoral 

stages. Absolute quantification is the determination of the amount of the substance in 

question. In principle, absolute quantification encompasses relative comparisons; if the 

absolute amounts of the proteins are known in two samples, their relative ratios can be 
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calculated easily. Absolute quantification can be performed in the MS mode by comparing the 

extracted ion signal (peak height or peak area) of the internal standard peptide, which is 

normally and isotope labelled peptide (ILP) and the native forms of a given peptide 352.  

 
Figure 17: SRM Workflow. (A) Principle of the selected reaction monitoring performed on a triple quadruple mass 
spectrometer. The precursor ion selected by the first mass filter (Q1) enters the collision cell (Q2) where it 
undergoes collision-induced dissociation. One fragment ion, is then selected by the second mass filter (Q3). 
Multiple precursor/fragment ion pairs can be monitored sequentially within a measurement cycle. Adapted from 
(Domon and Aebersold 2006) 337. (B): Workflow of an SRM-based proteomic experiment: Adapted from Galien et 
al. 2011 358. 

When SRM is coupled with the ILP, which is always present in the sample, it has several 

advantages for quantitative analysis. (1) It provides a useful confirmation that the instrument 

is functioning properly, as well as calculating more accurate ratios (endogenous peptide/ILP). 

One can be certain that the level of a peptide in the sample is below the detection limit if no 

signal is detected in the sample when the ILP is detected. (2) Ion suppression and matrix 

effects can be controlled, because the chemically identical ILP and the native forms of the 
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peptides will be suppressed to the same extent. (3) SRM analysis with ILP is capable of the 

sensitive and absolute determination of peptide concentrations across a wide dynamic range. 

(4) The amount of ILP added is different for each different protein and is a function of each 

protein’s individual, relative abundance within a sample. The amount can be optimized to 

obtain a low coefficient of variancy (CV) of 5-10%, along with high sensitivity and precision, 

making it attractive for translational and clinical research. 

 

A calibration curve for each ILP made in the biological sample matrix and included with each 

batch of samples would permit the signal of each peptide in each sample to reflect the real 

concentration in a multiplexed fashion 358. Incomplete digestion, due to a high concentration 

of matrix proteins, likely plays a large role in the reduced yield of peptides, along with other 

BOX X: WORKFLOW OF SRM-BASED PROTEOMIC EXPERIMENTS;  

(Adapted from Gallien et al, 358) 

(1) After considering a specific biological or clinical question, a set of proteins of interest must be 
defined. 

(2) For each protein a set of peptides representing each protein need to be determined. Normally, 
tryptic peptides result from the enzymatic digestion of the samples selected. A few representative 
peptides for each protein are targeted to infer its presence in a sample for quantification. Those 

selected peptides must be PTPs. The aa sequence uniquely associated with the proteins of interest 
are consistently observed in LC-MS analyses and correlate with good ionization efficiency and m/z 

within the practical mass range of the instrument. Since a single peptide only defines a small 
portion of a protein, ideally, several peptides should be selected for any given protein for 

distribution across the full sequence. 

(3) It is critical to select transition ions that maximize the sensitivity and specificity of the SRM 
experiment. While sensitivity is related to the signal intensity of a transition, specificity is associated 
with interference from the co-eluting species that fall within the mass selection Q1 and Q3 analyzer 

windows. Current practice involves selecting the two to three most intense transitions for 
construction of the SRM assay. 

(4) The experimental validation of the transitions should be evaluated in the context of the biological 
matrix, in order to account for the unspecific contributions of the fragment ions derived from co-

eluting species with similar properties. When isotopically labelled reference peptides are available, 
checking the co-elution of the traces of the native peptides against those of their labelled 

counterparts represents the ultimate validation method. This method is also used to determine the 
Limit of Detection (LOD) and Limit of Quantification (LOQ) and is limited to experiments aiming at 

the quantification of a limited number of analytes. 

(5) Quantification and high sensitivity are required, as well as an additional optimization of 
transitions. Signal intensities are determined by a combination of peptide ionization efficiency, 
peptide transfer into the analyzer and peptide disassociation into, ideally, a few intense fragments. 
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sample preparation losses. It is for this reason that it is crucial to spike in an exogenous 

protein, preferably the stable ILP version of the native protein of interest, into each sample in 

order to gauge and normalize digestion efficiency 358. However, the high cost and extensive 

efforts associated with the development of high quality reagents, including an ILP for each 

target protein and also internal standard controls, are limiting factors. 

A current trend attempts to detect very large sets of peptides and estimate their abundance. 

SRM is being used as a directed discovery tool to screen for putative screening biomarkers 

and to investigate protein network pathways. The critical parameters driving such large-

scale SRM experiments are the number of peptides to be analyzed, the number of transitions 

measured for each peptide, and the dwell time of each transition 358. Recent developments in 

data acquisition techniques have enabled the analysis of a larger number of peptides by using 

the LC elution time as an additional constraint for monitoring the transitions of specific 

peptides in the corresponding time windows. This acquisition technique is called Time-

scheduled SRM 360. This method is divided into segments, during which only subsets of 

peptides are targeted. This acquisition mode increases the number of peptides monitored in 

one LC-MS analysis, while keeping the same sampling rate and the same degree of sensitivity 

and without compromising the dwell time. 

Nevertheless, while SRM shows considerable promise for protein quantification, this 

technique is still in its early stages for clinical application.  

(1) Accuracy and reproducibility continue to be issues. It is conceivable that analytical 

variability will be further reduced with the automation of sample preparation, while specificity 

will be improved by monitoring multiple transitions for a single peptide and multiple peptides 

from the same proteins.  

(2) SRM has to overcome its technological obstacles if it is to establish itself as the method of 

choice for high molecular weight analytes, as it already has for low molecular weight species.  

(3) The level of complexity of a tryptic digest of unfractionated plasma is several orders of 

magnitude greater than the equivalent samples, which are typically analyzed for metabolite 

quantitation 358.  

Nonetheless, the prospects for the adoption of SRM as an essential element in the 

quantitative proteomics toolbox for the high throughput screening of patient samples in the 

qualification and verification stages are promising. 
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5.3. URINE IN CLINICAL PROTEOMICS 

The contribution of proteomics to the understanding of the pathogenesis and diagnosis of 

diseases from the genitourinary tract has been considerable 361. Urine has been defined as a 

fluid biopsy of the kidney and urogenital tract and provides much more information about 

these organs (including the prostate). A number of studies have clearly shown that urinary 

proteomics can be used not only for diagnosis, but also for kidney and non-kidney related 

disease prognosis225. Furthermore, as a filtrate, urine contains protein components that are 

similar to the ones that can be found in blood. Therefore, pathological changes in human 

organs, which may be found in blood, may also be reflected in the urinary proteome 223. Thus, 

urinary proteomics becomes one of the most interesting sub-disciplines in the clinical 

proteomics area for biomarker discovery 338, 362, 363.  

Urinary proteomics can be analyzed directly (whole urine) or separated by centrifugation into 

different fractions. Supernatants, from low-speed centrifugation, contain proteins that are 

derived from filtered plasma proteins and secreted by tubular epithelial cells. These 

supernatants can be further centrifuged (ultracentrifugation), yielding pellets with exosomes, 

small vesicles with cell membranes and cytosolic proteins 339.  

Urine from a healthy individual contains a significant amount of peptides and proteins. One of 

the first attempts to define the urinary proteome was published in 2001 364. Using LC-MS, 

tryptic peptides of pooled urine samples were analyzed, and 124 proteins were identified. In 

2004, this number increased to 1400 distinct spots on a two-dimensional electrophoresis gel, 

on which 420 identified spots yielded 150 unique protein annotations 365. This number of 

identified urinary proteins increased significantly to around 1500 in 2006 by combining 2DGE 

and reverse-phase LC coupled with mass spectrometry (Orbitrap) 366. In 2008, it was 

determined that the human urinary proteome apparently contains over 100,000 different 

peptides with at least 5000 high frequency peptides 367. It is, therefore, safe to state that 

urine is indeed a rich, non-invasive source of potential biomarkers for disease that awaits 

further exploration.  

Analysis of the urinary proteome could, therefore, permit the identification of biomarkers for 

both urogenital and systemic diseases. The ultimate goal of urinary proteomics is the 

identification and quantification of biomarkers related to specific diseases, mainly focusing on 

proximal tissues, such as the prostate. However, the obstacles for establishing true 

biomarkers are daunting, and most of the candidate biomarkers to date are not likely to be 

specific upon further scrutiny 368. Clearly, proteomic technology needs to be improved in 

terms of sensitivity, throughput ability and quantitative accuracy 369.   
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The main practical challenges in the detection and quantification of proteins in urine by 

proteomic techniques are the high levels of salt and the wide dynamic range of protein 

concentrations spanning more than ten orders of magnitude 370. It is known that the dynamic 

range of urine is important, as it is in plasma. The highly abundant proteins and their 

degradation products hamper the reliable detection of low-abundance components 371, which 

are frequent targets in biomarker development. Furthermore, since urine contains different 

high abundance proteins and the dynamic range is not as high as that of plasma, commercial 

plasma pretreatment depletion kits are not useful. Also, the protein content in urine is about a 

factor 1,000 less compared to that of plasma 366. In consequence, it requires approximately 

100-fold concentration.  

Another important question that needs to be addressed in urinary proteomics is the 

variability of the proteome. Some studies have shown that, using low-resolution shotgun 

proteomics to identify proteins in urine collected from a number of individuals over the course 

of several days, only a few proteins were identified in common between those individuals 372. 

Recently, Mann et al, studied the variability of the normal urinary proteome by using label-

free quantitative proteomic techniques 369. They found that the differences between 

technical replicates contributed to below 8% of the total variability. This was less than the 

contribution of either intra-individual (45%) or inter-individual (47%) variation to total 

variance. They also investigated the protein content of all of the samples analyzed and found 

that a large set of proteins were common in most of them (“the core urinary proteome”). They 

were able to identify 808 proteins and a full 587 of those proteins were found in each of the 

urine samples analyzed from each day. Moreover, they found that the added peptide intensity 

of each protein correlated well with the total amount of protein. Finally, they described a 

fraction of 20 proteins to be the most abundant proteins that taken all together contributed 

2/3 of the total urinary content. The most dominant protein was human serum albumin (HAS), 

which represented 25% of the total amount. The dynamic range of this urinary core proteome 

spanned 5 orders of magnitude. 

Last, but not least, is the task of resolving the lack of appropriate bioinformatic and statistical 

standardization procedures for data evaluation. Biomarker discovery projects generate large 

data sets. So far, no standards have been developed for data evaluation, resulting in a set of 

different solutions that may work well for only one particular problem 339. The definition of 

common standards for data representation and the use of common formats and transparent 

tools for data analysis are crucial. Finally, the creation of data repositories is essential for the 

comparison, exchange, and sharing of data within the scientific community 373.  
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5.4. PROSTATE CANCER URINE PROTEOMICS 

New technology platforms, which are currently being used in the discovery of novel PCa 

markers, will aid in the search for new markers; however, the use of appropriate study design 

and clinical-data analyses are key factors for obtaining results that are unbiased and 

reproducible. The high-throughput proteomic analysis of biological fluids, such urine, has 

recently become a popular approach for the identification of novel biomarkers, due to the 

non-invasive nature of samples collection and the reduced complexity of the serum 338. 

However, only a limited number of studies have focused on PCa.  

On several recent occasions, the detection of under-expressed PSA protein levels in urine has 

been reported 374-377. Bolduc et al. compared a small cohort of urine samples (collected without 

previous PM) with benign, BPH and PCa and suggested that the ratio of serum PSA to urine 

PSA could have diagnostic utility 374. The same idea was also suggested in another 

independent study 378. In that study, PSA levels were also determined in urine 379, where no 

differences between urinary PSA pre- and post-PM were found. It was suggested that PSA 

may be a useful tool for the detection of local recurrence. Drake et al. 236 performed a study in 

which they focused on the characterization of PSA and PAP by using an ELISA assay on EPS 

samples. They found a clear trend towards lower levels of expression for both proteins in non-

cancer samples.  

One of the first proteomic urine profiling experiments for the detection of PCa were performed 

by Rehman et al. using a gel-based proteomic strategy that compared PCa samples with BPH 

samples 380. They identified calgranulin B (MRP-14). However, this data was not able to be 

verified in an independent study. More recently, several studies have focused on the 

characterization of urine samples in a high-throughput manner. Teodorescu et al. performed a 

pilot study for PCa using CE-MS and were able to define a potential urinary polypeptide 

pattern with 92% sensitivity and 96% specificity 381. However, again, these data could not be 

verified on a larger cohort. Later, the same group described a refinement of the PCa specific 

biomarker pattern using samples from 51 PCa and 35 BPH patients 382. The model, containing 

12 potential biomarkers, resulted in the correct classification of 89% of the PCa cases and 

51% of the BPH cases in a second blind cohort of 213 samples. The inclusion of age and fPSA 

increased the sensitivity and specificity to 91% and 69%, respectively. M’Koma and 

collaborators performed a large-scale urinary proteomic analysis among samples of BPH, 

HGPIN and PCa 383. Using MALDI-TOF, the group reported 71.2% specificity and 67.4% 

sensitivity for discriminating between PCa and BPH, while they also reported a specificity of 

73.6% and a sensitivity of 69.2% for discriminating between BPH and HGPIN. Finally, 

Okamoto and coll. used a SELDI-TOF MS approach to analyze post-PM urine samples, 
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obtaining a heat map of 72 peaks, which was able to distinguish PCa from benign lesions with 

a sensitivity of 91.7% and a specificity of 83.3% 384. The major study in the field of PCa 

metabolomics was performed by Seekumar et al. by mapping the differential metabolomic 

profile between tissues 261. They identified a profile that was able to distinguish between 

benign tissue, clinically localized PCa and metastatic tissue. 1,126 metabolites were analyzed 

among 262 clinical samples, which included 110 urine samples. This study was conducted 

using liquid and gas chromatography MS. Sarcosine and the N-methyl derivative of the acid 

glycine were found at highly increased levels in PCa and were associated with disease 

progression to metastasis. 

In conclusion, in the search for urinary biomarkers for PCa, a number of factors relating to 

methodology need to be taken into account. In particular, urine collection must be 

standardized. Although it has been demonstrated that post-PM urine sampling represents a 

rich source of biomarkers for PCa, there is also some evidence that this procedure can be 

avoided. Moreover, urine can be obtained in any urology clinic and does not represent any 

change in routine clinical practices. However, only a few studies have been conducted at the 

protein level, mainly due to the complexity of samples and the lack of standardization 

procedures for proteomic analysis. In addition, currently no potential internal standard has 

been identified at the protein level 236.  

For all of the reasons mentioned above, any prospective proteomics studies with the goal of 

identifying and verifying new, specific and sensitive protein biomarkers for PCa offer an 

exciting challenge.  
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As small portion of normal prostate cells and their products continuously disseminate from the 

prostate epithelium and can be found in urine and;  

As small portion of cancer prostate cells and their products continuously disseminate from the 

prostate epithelium and can be found in urine and;  

As prostatic massage leads to an enrichment of prostatic fluid and prostatic cells in the first 

urine catch after prostate massage; 

Thus the urine may reflect a broad variety of pathological conditions of the prostate and 

represents a more reliable source of biomarkers than serum or other more distal body fluids.  

We hypothesized that the utilization of targeted genomic and proteomic techniques on urine 

samples from patients suspected of having PCa can provide a pattern of biomarkers able to 

efficiently distinguish between the presence or absence of a prostate carcinoma and, further, 

can help to identify clinically significant prostate cancer patients.  
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GENERAL OBJECTIVES 

Short term objectives: 

• Diagnose asymptomatic prostate cancer by non/minimally-invasive means using RNA or 

Protein in urine after prostate massage  

• Overcome the low specificity of PSA by the use of additional biomarkers to reduce the 

number of unnecessary biopsies (reduce financial costs for society, reduction in 

unwanted secondary effects) 

Long term objectives outside the duration of this thesis: 

• Identify clinical significant prostate cancers        

• Increase the survival of patients (diagnosis of early-stage disease will be substantially 

better than that of patients who receive a diagnosis of late-stage disease) 

• Reduce treatment costs (the detection of prostate cancer at an earlier stage will improve 

prostate cancer detection and staging, which will, in turn, help to reduce health care 

costs). 

SPECIFIC OBJECTIVES 

1. Objectives of the transcriptomic approach: 

1a. Characterization of new urine diagnostic marker for PCa; “PSGR and PCA3 as biomarkers 

for the detection of Prostate Cancer in urine” (Publication 1 and Annex 1) 

1b. Improving the specificity of PSA for the detection of PCa using a urine multiplex biomarker 

model; “A three-gene panel on urine increases PSA specificity in the detection of Prostate 

Cancer” (Publication 2 and Annex 1) 

1c. Characterization of the behaviour of PCA3 in HGPIN; “Behaviour of PCA3 gene in the 

urine of men with high grade prostatic intraepithelial neoplasia” (Annex 2) 

2. Objectives of the proteomic approach: 

2a. Discovery and qualification of new urine biomarkers for PCa;  “The Discovery and 

Qualification of a Panel of Urine Biomarkers for Prostate Cancer Diagnosis” (Annex 3) 

2b. Verification of urine PCa candidate biomarkers; “Qualification and Verification of Prostate 

Cancer candidate biomarkers in urine using Selected Reaction Monitoring approach” 

(Annex 4) 
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1. TRANSCRIPTOMIC APPROACH 
In recent years, the explosion of genomic and transcriptomic approaches to research have 

resulted in increased biomarker discovery. However, their translation into clinical utility has 

been limited, possibly due to a lack of samples analyzed in validation studies. It may also be 

due to the fact that traditional approaches tend to be limited to a single biomarker when, 

indeed, panels of biomarkers would be more useful. The recent discovery of PCA3 in urine as 

a biomarker for the detection of PCa and studies to determine its applicability in routine 

diagnosis represent a significant success for the scientific community in this field. However, 

implementing the use of this biomarker in a screening method for PCa is still not available to 

everyone, principally due to the high cost of the existing test.  

In this study, we aimed to follow the same strategy of using urines as a source of biomarkers 

and as a minimally invasive PCa diagnostic technique. First, we wanted to characterize a 

new urine candidate biomarker (PSGR) to be compared with PCA3, and second, we planned 

to use a panel of biomarkers, in order to improve diagnostic accuracy. Finally, we proposed to 

better characterize the well-known biomarker PCA3 as a tool for the early detection of pre-

neoplastic PCa lesions, such as HGPIN. 

1a. Characterization of New Urine Diagnostic Biomarker for PCa; “PSGR and 
PCA3 as biomarkers for the detection of Prostate Cancer in urine” 

PSGR is a member of the G-protein coupled OR family. PSGR has previously been described to 

be highly prostate tissue-specific and over-expressed in PCa tissue. Our aim was to test 

whether PSGR could also be detected by RTqPCR in urine sediment obtained after PM. A total 

of 215 urine samples were collected from consecutive patients (34% with PCa), who 

presented for PB due to elevated serum PSA levels (> 4 ng/mL) and/or an abnormal DRE. 

These samples were analyzed by RTqPCR. First, we analyzed PSGR alone and compared 

these findings to those of PCA3. By univariate analysis we found that PSGR and PCA3 were 

significant predictors of PCa. A ROC curve was used to assess the outcome predictive values 

of the individual biomarkers. We obtained the following AUC values: PSGR (0.68) and PCA3 

(0.66). Both markers individually overcame the AUC value for serum PSA (0.60). Finally, we 

combined those markers to test if a combination of both biomarkers could improve the 

sensitivity of PCA3 alone. By using a multivariate extension analysis, multivariate ROC 

(MultiROC), the outcome predictive values of the paired biomarkers were assessed. We 

obtained an AUC value of 0.73 for the combination of PSGR and PCA3 (PSGRvPCA3). Then, 

we tested whether a combination of PSGR and PCA3 could improve specificity by fixing the 
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sensitivity at 95%. We obtained specificities of 15% (PSGR) and 17% (PCA3) for each 

individual marker and 34% for PSGRvPCA3. In summary, a multiplexed model that included 

PSGR and PCA3 improved the specificity for the detection of PCa, especially in the area of 

high sensitivity. This could be clinically useful for determining which patients should undergo 

biopsy. 

1b. Improving the Specificity of PSA for the Detection of PCa using a Urine 
Multiplex Biomarker Model; “A three-gene panel on urine increases PSA 

specificity for the detection of Prostate Cancer” 

Much evidence points to the fact that a single marker may not necessarily reflect the 

multifactorial and heterogeneous nature of PCa. The principle that underlies the combined 

biomarker approach is consistent with tests offered for the detection of PCa in tissue 

specimens and takes into consideration the heterogeneity of cancer development based on a 

diagnostic profile. The combined model that results from these combinations provides overall 

increased sensitivity without decreasing the specificity.  

Our previous work demonstrated that by fixing the sensitivity at 95% and multiplexing PSGR 

and PCA3, we were able to double the specificity over that of each single biomarker. 

Following the same approach here, we combined three biomarkers to maximize individual 

specificities. PSMA, another well-known PCa biomarker, was used to test whether a 

combination of PSGR, PCA3 and PSMA was able to improve the specificity of the current 

diagnostic technique. We analyzed post-PM urine samples from 154 consecutive patients 

(37% with PCa), who presented for PB due to elevated serum PSA levels (> 4 ng/mL) and/or an 

abnormal DRE. We tested whether the putative PCa biomarkers PSMA, PSGR, and PCA3 

could be detected by RTqPCR in the post-PM urine sediment. By univariate analysis, we 

found that the PSMA, PSGR, and PCA3 scores were significant predictors of PCa. We then 

combined these findings to test if a combination of these biomarkers could improve the 

specificity of an actual diagnosis. Using a multiplex model (PSGRvPCA3vPSMA), the area 

under the MultiROC curve (AUCm) was 0.74, 0.77 with PSA and 0.80 with PSAD. Fixing the 

sensitivity at 96%, we obtained a specificity of 34%, 34% with PSA and 40% with PSAD. 

Afterwards, we specifically tested our model for clinical usefulness in the PSA diagnostic 

‘‘gray zone’’ (4–10 ng/mL) on a target subset of 82 men with no prior biopsy (34% with PCa) 

and a target subset of 77 men with the PSAD information (35% with PCa). Using a multiplex 

model, the AUCm was 0.82, 0.89 with PSAD. Fixing the sensitivity at 96%, we obtained a 

specificity of 50% and 62% with PSAD in the gray zone. This model would allow 34% of the 

patients to avoid unnecessary biopsies in the gray zone (42% when using PSAD). Taken 
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together, these results provide a strategy for the development of a more accurate model for 

PCa diagnosis. In the future, a multiplexed, urine-based diagnostic test for PCa with a higher 

specificity, but the same sensitivity as the serum-PSA test, could be used to better determine 

which patients should undergo biopsy. 

1c. Characterization of the Behavior of PCA3 in HGPIN; “Behavior of PCA3 
gene in the urine of men with high grade prostatic intraepithelial neoplasia”  

An ideal biomarker for the early detection of PCa should also differentiate between men with 

isolated HGPIN and those with PCa. PCA3 is a highly specific PCa gene, and its score in post-

PM urine seems to be useful in ruling out PCa, especially after a negative PB. The biopsy 

finding of an HGPIN is a frequent indication that the PB should be repeated. Some studies 

have correlated the urine PCA3 score with the presence of HGPIN at biopsy, yielding 

conflicting results. Today we know that PCA3 is expressed in the HGPIN lesions that surround 

PCa and also that the PCA3 score seems to be higher in men with HGPIN.  

The aim of this study was to determine the efficacy of post-PM urine PCA3 scores for ruling 

out PCa in men with previous HGPIN. The PCA3 score was assessed by RTqPCR in 244 post-

PM urine samples collected from men subjected to PB: 64 men with an isolated HGPIN (no 

cancer detected after two or more repeated biopsies), 83 men with PCa and 97 men with 

benign pathology findings (BP: no PCa, HGPIN, or ASAP).  The median PCA3 score was 1.56 in 

men with BP, 2.01 in men with isolated HGPIN and 9.06 in men with PCa. A significant 

difference was observed among the three scores (p < 0.001) and also between HGPIN and 

PCa (p = 0.008); however, no differences were observed between HGPIN and BP (p = 0.128). 

The AUC in the ROC analysis was 0.71 in the subset of men with BP and PCa, while it 

decreased to 0.63 when only men with isolated HGPIN and PCa were included in the analysis. 

Finally, the median of the PCA3 scores was assessed in men with previously diagnosed 

unifocal HGPIN (2.63) and in men with previously diagnosed multifocal HGPIN (1.59). No 

differences were observed between unifocal and multifocal HGPIN (p = 0.56). In conclusion, 

the efficacy of post-PM urine PCA3 scores in ruling out PCa in men with HGPIN is less than in 

men with BP. For this reason, when HGPIN is found at PB, these results should be taken into 

consideration, in order to establish the clinical usefulness of the PCA3 score as a tool for 

avoiding unnecessary repeated biopsies. 
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2. PROTEOMIC APPROACH 
In order to improve screening techniques and cancer prognosis, urologists need biomarkers 

that can provide better information than is afforded them by the histology of prostate tissue 

and by PSA, which is currently obtained from the blood. Moreover, the idea of getting this 

information via a minimally/non-invasive way is very attractive.  

Urine proteomics, and additionally, urine PCa proteomics can help us to improve these 

diagnostic and prognostic drawbacks. The high-throughput proteomic analysis of urine 

samples has recently become a popular approach for the identification of novel biomarkers. 

However, the use of appropriate study designs and clinical-data analyses are key factors for 

obtaining results that are unbiased and reproducible.  

To date, only a few studies have used urine for the discovery of PCa, protein-based 

biomarkers; however, the results regarding biomarker discovery are very promising. To our 

knowledge, no protein-based urine biomarker has yet appeared on the market.  

In our studies (data not published, but included in the thesis annexes 3 and 4), we attempted 

to follow the “new biomarker pipeline” described in section 4, so that at the end of the 

process, should we obtain a candidate biomarker or a panel of candidate biomarkers for PCa 

diagnosis, we would be closer to success than to failure (Figure 18). 

Figure 18: Proteomic 
Analysis Workflow. Discovery 
phase was performed with and 
without urine sample pre-
treatment (light blue). The 
candidate biomarkers were by 
using SRM-based assay on a 
cohort of 50 urine samples 
(dark blue). Qualified proteins 
and other candidate were 
qualified and verified by using 
SRM-based assay in a total 
cohort of 107 urine samples 
(dark blue). Finally, 
credientialized proteins 
passing these steps will be 
good candidates to be 
introduced in a larger validation 
study (not contemplated within 
this work-gray part).  
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2a. Discovery of New Urine Biomarkers for Prostate Cancer;  “The Discovery 
and Qualification of a Panel of Urine Biomarkers for Prostate Cancer Diagnosis”  

The use of biomarkers is a main focus in the detection of presymptomatic PCa. Proteins 

secreted by cancer cells, also referred to as "cancer cell secretomes," are a promising source 

for biomarker discovery. A great advantage to these cancer-secreted proteins and/or their 

fragments is that in most cases, they enter body fluids, such as blood or urine, and therefore, 

can be measured via non-invasive assays. Since the protein products of PCa cells can be 

detected in urine, their use as a proximal body fluid in the detection of PCa is very attractive.  

In this study we used DIGE proteomic analysis on 30 age-matched, post-PM urine 

supernatant specimens, in order to identify the differentially expressed proteins in patients 

with PCa. 24 potential biomarkers were identified, the majority of which were secreted 

proteins associated with several well-known, functional cancer pathways, such as NFкB, 

PDGFBβ, or β-catenin. Qualification of 15 of the 24 identified biomarker candidates was then 

undertaken by relative quantification using an SRM-based assay on 50 post-PM urine 

supernatant samples (38% with PCa). After statistical analysis, 7 peptides, corresponding to 5 

different proteins, were selected. A multiplex ROC curve using those 7 peptides showed an 

AUC value of 0.93. Fixing the sensitivity at 95%, we achieved a specificity of 78%. This data 

demonstrated that proteomic analyses are able to reveal novel biomarkers/diagnostic profiles 

for PCa in urine. This constitutes an important step towards advancing the accurate 

diagnosis of PCa, which currently represents a major setback in our ability to cure patients 

who suffer from the disease.  

2b. Qualification and Verification of Urine Prostate Cancer Candidate 
Biomarkers; “Qualification and Verification of Prostate Cancer candidate 
biomarkers in urine using Selected Reaction Monitoring approach”  

Urine has been defined as a liquid biopsy of the urogenital tract, and it can provide much 

more information about these organs (including the prostate) than a tissue biopsy. The 

qualification and verification of candidate biomarkers is a critical stage in the great 

biomarker discovery pipeline. Credentialed biomarkers that have successfully passed through 

this stage are considered verified biomarkers, which are of high value for translation into 

large-scale, clinical validation studies. The evaluation of biomarkers in body fluids 

necessitates the development of robust methods to quantify proteins in body fluids, using 

large sets of samples. SRM is emerging as a technology that ideally complements the 

discovery capabilities of shotgun strategies through its unique potential for the reliable 
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qualification and quantification of low abundance analytes in complex biological samples, 

such as urine samples. However, approaches to biomarker discovery using urine have been 

hindered by concerns about reproducibility and an inadequate standardization of proteomics 

protocols. Reproducible procedures for the preparation of protein samples isolated from 

human urine are essential for meaningful proteomic analyses.  

In the present study, we performed the qualification of a set of 42 candidate biomarkers for 

PCa diagnosis on a set of 107 post-PM urine supernatnat samples (36% with PCa) using SRM-

based absolute quantification. Before that, urine sample preparation and analytical 

procedures were optimized for SRM methodology. We standardized preparation of the urine 

protein samples for SRM analysis by using 9 different protocols. We “spiked” our samples with 

exogenous yeast and bovine proteins to monitor and optimize protein extraction and 

digestion conditions. Each protocol was repeated for 5 separate days by 2 different 

individuals.  Our goal was to obtain a panel of biomarkers that alone, or in combination with 

the existing PCa biomarker, would help us to better define patients with PCa. In addition, due 

to the large number of samples and their pathological conditions, we would also be able to 

define candidate prognostic markers. However, this study has yet to be completed. 
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PCa is currently the second most common cause of cancer death in men 48. The introduction 

of an effective blood test (PSA) has resulted in a more early-stage PCa diagnosis, when 

potentially curative treatment options should be more effective. Nevertheless, in spite of this 

early detection, PCa mortality has not significantly decreased in recent years. Despite 

significant progress in the investigation of PCa biomarkers, some men are still over-diagnosed 

with indolent PCa, while others die from aggressive disease that has been diagnosed too late. 

Consequently, in order to avoid over-treatment, the same stage of PCa may require different 

treatment strategies, based on an individual patient’s life expectancy. Whether or not PSA 

screening is found to benefit the population at large, PSA will continue to be used in in caring 

for the individual PCa patient 161. Nowadays, PCa is detected in only about one-third of all 

men biopsied 385. As a result of their persistent serum PSA levels, but negative biopsy results, 

these men undergo repeated PB. This situation is referred to as the “diagnostic dilemma.”  

Methods to enhance PSA specificity have assisted clinicians in deciding which patients 

should undergo biopsy; even so, there has been no evidence to suggest that any of these 

methods have improved diagnostic accuracy or facilitated optimal therapeutic decision-

making. Due to the widespread use of the PSA test, it will be difficult to change the actual 

clinical routine; however, additional testing methods, in which have the ability to clarify the 

PSA gray zone and are taken in combination with PSA, could be useful in determining which 

patients should undergo biopsy. Actually, most of the current diagnosis and treatment 

algorithms are based on PSA levels 201. Furthermore, there is an important need for 

biomarkers that are able to distinguish between aggressive and non-aggressive cancers and 

that can help to avoid actual over-treatment. A growing body of data suggests that individual 

DNA-, RNA-, and protein-based urine biomarkers hold promise in these settings. However, as 

a single biomarker does not necessarily fulfill the requirements needed to reliably detect a 

disease as early as possible, to unambiguously distinguish it from other pathological 

conditions, and to monitor the efficacy of therapy, an alternative strategy must be used that 

combines several markers. These markers may not present high specificity and sensitivity on 

their own, but taken together within a panel, these markers will be able to effectively work in 

concert 231.  

Because the first portion of a voided urine sample contains the highest concentration of 

prostatic and urethral secretions 386, post-PM voided urine samples represent the best 

compromise between a minimally invasive technique and the possibility of obtaining enough 

material for a correct diagnosis. Since PM is part of the standard diagnostic tripod in PCa, 

urine specimens can be easily obtained after the routine examination process. Urine-based 

assays can monitor PCa with heterogeneous foci and provide a non-invasive alternative to 
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multiple biopsies 387. Even in case that urine assays cannot detect cancers, which do no shed 

tumor cells into urine, they still deserve considerable attention. The combination of multiple 

urine biomarkers can be of special value to men who have persistently elevated serum PSA 

levels and a history of negative biopsies 387.  

In order to define the disease-specific urinary biomarker(s), it is crucial to include the 

appropriate controls. Urine samples obtained from patients with other diseases or disorders, 

which have clinical, biochemical and metabolic profiles similar to those of the disease of 

interest, must be included as controls 388. Here, we used urine samples from patients 

subjected to PB, due to their increased serum PSA levels and/or an abnormal diagnostic DRE. 

In our selection process, we excluded other types of cancer; thus, our study population was 

representative of the population at large. We used age-matched specimens as benign 

samples, due to the fact that these patients had the same clinical backgrounds found 

throughout this age group, such as BPH, prostatitis, atrophy, and HGPIN (with the only 

difference being the presence or absence of PCa). 

A promising result in the field of improving PCa diagnosis has been the recent discovery of 

PCA3 as a useful marker in an RNA-based, non-invasive urine test. This is especially valuable 

for men with chronically elevated serum PSA levels, when considering whether there is a 

need for repeat biopsy 297. In 2006, a urine-based, quantitative test was developed for 

European countries (EMA approval), the APTIMA® assay 245 (Gen-Probe, San Diego, CA, 

USA; PROGENSA-TM). However, a clinical trial is still being conducted in the United States to 

obtain US FDA approval. The clinical performance and the diagnostic accuracy of PCA3 have 

been evaluated in several studies to prove its diagnostic utility. PCA3 consistently 

outperforms PSA in diagnostic accuracy and also improves upon serum PSA due to its higher 

specificity 302. Some potential applications of the PCA3 assay include testing prior to first 

biopsy and deciding whether or not to repeat a biopsy in men with elevated serum PSA levels 

and previous negative biopsies 302 297. However, due to the long-term, widespread use of 

serum PSA, PSA will likely still be used for years to come 302. Another important point that 

needs to be addressed is the high cost of this new assay and the fact that this system is a 

closed system, which does not permit the user to test on parallel additional biomarkers. In 

contrast, the methodology that we used in our studies allowed the combination of several 

biomarkers; however, in terms of handling, our test is still a long way from becoming a routine 

part of clinical practice. 

In order to compare the gold standard PCA3 urine test to other urine-based RNA candidates, 

it is necessary to note that since different studies use different methodologies for the 

detection of transcripts, drawing conclusions is not easy.  Moreover, it would be 
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inappropriate to directly compare the results obtained from urine samples collected from 

different populations with different disease prevalence. In our first study (publication 1), we 

wanted to know if PSGR, a prostate-specific integral membrane protein that was described 

as over-expressed in PCa tissues, could serve as a urine-based RNA biomarker for PCa. We 

performed an RTqPCR urine-based assay on 215 patients who presented for PB (34% with 

PCa), in which the relative quantification of transcripts for PSGR was achieved by using a 

ratio Ct(PSGR)/Ct(PSA)*1000. By using the same experimental settings, PCA3 transcripts were 

also quantified. Urine contains not only cells from the prostate, but also cells from the kidney, 

bladder, transitional epithelium, blood, and also from the skin; for this reason, patient samples 

presented varying quantities of organ-derived cells, and therefore, the selection of a prostate-

specific “housekeeping” gene was crucial. Since PSA is only expressed in prostate tissue, and 

the PSA mRNA levels in the prostate cells released in urine are generally unrelated to the PSA 

protein levels found in the blood, and they remain essentially unchanged in PCa 389, we used 

the mRNA of PSA as a “housekeeping” gene 244. Thus, the quantification of PSA mRNA was 

required to normalize the total mRNA present in the urine samples. By ROC curve analysis we 

were able to show that PSGR (AUC 0.68) could represent an alternative or complement to 

PCA3 testing (AUC 0.66) (Table 11). In order to translate these findings to the clinics, we 

needed to find the way to create a test to pinpoint PCa patients. A false negative is much 

worse than a false positive, since the consequence of missing a cancer case may be fatal to 

the patient 390. By fixing the sensitivity at 95%, we achieved specificities of 15% for PSGR 

and 17% for PCA3. Furthermore, when we combined both biomarkers using a multiROC 

approach, the results were better in terms of both biomarker performance (AUC 0.73) and 

specificity (34%) (Table 11). Finally, we analyzed PSGR and PCA3, in order to test their ability 

to predict clinical risk groups. However, we could not observe any relationship between the 

different clinical groups (annex 1). In conclusion, PSGR had a similar performance to the gold 

standard PCA3, however, future studies will need to be conducted to further improve the 

performance of this test. The improved performance of this test will fill important medical 

needs, such as helping to improve decision making for repeat biopsies in men who have 

elevated PSA levels and negative biopsies, resolving the so-called ‘‘PSA dilemma’’ and ruling 

out clinically significant PCa. 

The second aim of this study was to better improve PSA specificity by multiplexing different 

urine-based RNA biomarkers (publication 2). By using an RTqPCR urine-based assay on 154 

patients who presented for PB (37% with PCa), we demonstrated that PSMA, a marker also 

previously described to be over-expressed in PCa, has a similar performance (AUC 0.62) to 

the known urine markers PSGR (AUC 0.65) and PCA3 (AUC 0.60). In order to improve the 
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diagnostic efficacy of these biomarkers one by one, we combined PSMAvPSGRvPCA3 (3M) 

by using a multiROC approach. This analysis improved other combination methods, since it 

retained all of the simplicity of traditional ROC curve analysis interpretations, while 

additionally allowing comparisons between the performances of multivariate combinations. 

These comparisons were not restricted to the display of a single variable’s performance or 

the comparison of individual tests 391. Moreover, this kind of analysis has the advantage of 

not having the combinations of sensitivity and specificity fixed in advance. A major concern 

in creating a ROC curve to represent the performance of a combination of biomarkers is over-

fitting. To control this bias, we used an approach based on the split-half (50%) method to 

validate the results 392.  

Using the multi ROC approach, we found that the AUCm (0.74) was notably improved, 

compared to the individual AUC values. Moreover, if we combined 3M with serum PSA to a 

newly combined marker, the AUCm (0.77) was even better (Table 11). Because of the 

multifactorial nature of cancer, it is possible that marker A could be positive in one patient 

and marker B in another. Using our multiROC model, the combination of both markers was 

linear, assigning a single weight to each marker individually. The combined marker was 

declared positive if at least one of the scores was above its detection threshold.  By fixing the 

sensitivity to the clinically interesting value range of 96%, the specificities for the individual 

markers dropped to almost 0%. However, the 3M model maintained a specificity of 34%, 

while no further increase was observed when 3MvPSA (34%) was combined (Table 11).  

The next step was to evaluate the behavior of these three markers in the PSA diagnostic 

“gray zone” of 4-10 ng/mL when no prior biopsy information was available. This sub-

population is of particular interest, due to the lack of previous biopsy information and also 

because serum PSA levels between 4-10 ng/mL do not provide a clear diagnosis of PCa and 

normally those patients undergone repeated biopsies to rule out PCa. A total of 82 patients 

were included in this subgroup of clinical interest (34% with PCa). We demonstrated that the 

prediction of PCa improved significantly for PSMA (AUC 0.74), while PSGR (AUC 0.66) and 

PCA3 (AUC 0.61) showed a similar performance. For the combined model (3M), we found an 

AUCm of 0.82, while there seemed to be no further advantage in using 3M in combination 

with PSA (Table 11). By fixing the sensitivity at 96%, the specificity of the individual markers 

was near 0%, while the combined model maintained a specificity of 50%. Moreover, in this 

clinically interesting sub-group of patients, the combination of the 3M and PSAD values 

(AUCm 0.89) significantly increased the specificity to 62%, when the sensitivity was fixed at 

96% (Table 11) (annex 1). Although there was a significant increase, we did not take this 

result into consideration, since PSAD requires a transrectal ultrasound ecography, which is 
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expensive, time-consuming and causes significant patient discomfort. Therefore, this test 

could no longer be considered non-invasive.  

In conclusion, our combined model results provided overall increased sensitivity without 

decreasing the specificity. Translated to the clinics, we achieved the same high sensitivity as 

that of the serum PSA-test alone (96%), but we increased the specificity considerably. By 

using this procedure, approximately 34% (Table 11) of the biopsies performed on patients in 

the “gray zone” could have been prevented. In addition, as we achieved a negative predictive 

value (NPV) of 96% (table 11), by using this test we would be able to be almost sure that the 

patient who will not been scheduled for a biopsy, is a true negative patient. Another 

interesting benefit would be the improved ability to decide whether or not to perform a 

repeat biopsy. Since the probability of finding a cancer patient in a repeat biopsy is higher, 

the sensitivity could be lower, in order to get a higher specificity, which would then translate 

to a lower rate of false positives. However, in order to obtain accurate results, future studies 

will be needed on larger populations of men who have undergone repeat biopsies.  

A possible limitation of these studies is the fact that patients who present with a negative 

biopsy usually tend to have fewer cells of prostatic origin in their post-PM urine than do their 

malignant counterparts. Therefore, those patients who do not yield enough RNA material to 

being analyzed would need to be excluded. A possible explanation could be the loss of cell-cell 

contact in cancer 393. Another possible limitation of our studies (RNA- and protein-based) is 

that the definition of patients negative for PCa is based on their having presented a recent, 

negative PB. However, this definition can be problematic, since approximately 20% of the 

patients who have presented a negative biopsy will actually be diagnosed with PCa at a later 

date 159. An accurate follow-up for the patients included in these studies would, therefore, be 

necessary.  

The finding of HGPIN lesions is a frequent indication for the repetition of a biopsy. In early 

studies, using limited sextant biopsy schemes, HGPIN was associated with high rates of PCa. 

It was suggested that its presence would indicate an immediate repetition of the biopsy 394. 

However, if a more extensive biopsy scheme is initially used, the cancer detection rate on 

early repeat biopsy may be considerably lower. This is due to the fact that the number of 

cores sampled during the initial biopsy affects the likelihood of detecting PCa in any 

subsequent biopsies 395. For this reason, some investigators believe that repeat biopsies may 

be unnecessary in the current era and that these men can be followed using serial DREs and 

PSA measurements 396. In fact, HGPIN lesions do not contribute to the serum concentrations 

of PSA or modify the percent-free PSA 397. Despite the current body of knowledge, the 
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urologic community still has many doubts regarding the attitude towards the presence of an 

isolated HGPIN in a PB.  

Because the PCA3 gene has emerged as a tool for selecting those men with negative 

biopsies, who require a repeat procedure, it seems important to better know its behavior in 

men with isolated cases of HGPIN and in those men with PCa. In our opinion, it is important 

because PCA3 has been considered a highly specific marker for PCa. For this study (annex 2), 

we selected a subset of patients with a high probability of having an isolated HGPIN, since 

PCa had not been detected after one or more repeated biopsies. As control groups, we 

selected men with PCa and men with benign pathological (BP) findings (no PCa, no HGPIN). 

We observed that when compared to those men with BP the PCA3 score was only slightly 

higher in men with HGPIN, while the score was also higher in men with PCa. By ROC curve 

analysis we speculated whether PCA3 could be effective for ruling out PCa, when men with 

diagnosed HGPIN were included in the study (AUC 0.63) and whether the results were similar 

to those observed when only men with normal biopsies were included (AUC 0.71). Our results 

demonstrated that the ability of post-PM urine PCA3 to identify men with PCa was lower 

when we compared men with HGPIN to those without HGPIN. Although we know that our 

studies need further valifation, we suggest that the PCA3 gene is not only a specific marker 

for PCa, since it is also over-expressed in HGPIN. Therefore, we propose a prospective study 

that considers men with HGPIN in their first biopsy, incorporating this finding into a new 

nomogram based on the PCA3 score.  

Proteomics is regarded as a sister technology to genomics; however, although the pattern of 

gene activity may be abnormal in a tissue with a pathological lesion, there can be a poor 

correlation between the level of the transcription of different genes and the relative 

abundance of the corresponding proteins within the tissue. Consequently, the information 

about a pathological process that can be derived at the level of gene transcription is 

incomplete 325. Proteomic approaches allow the discovery of disease-specific targets and 

biomarkers, providing comprehensive diagnostic and prognostic information. In addition to 

linking genomics with proteomics, we know that, since the human genome project was 

concluded, we have arround than 20,000-25,000 genes that may be simultaneously suffering 

from alternative splicing, which can give rise to different proteins. Moreover, each protein 

can undergo different processes, which can change their biological functions, such as PTM, 

truncations, proteolysis or compartmentalization. The exact number of different proteins is 

unknown. It is estimated that the human proteome could contain up to a million of different 

proteins. Future proteomics efforts will need to continue technology development, 

optimization and standardization 398, in order to discover the vast, unknown human 
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proteome. Incorporation of the most up-to-date and efficient technologies is critical in 

successfully propelling the translation of proteomics findings into clinically relevant 

biomarkers. There should be the continued, rigorous assessment of biospecimens and data 

quality through Quality Assessment (QA)/Quality Control (QC) criteria at each step of the 

biomarker development pipeline, in order to make “go” or “no go” decisions 214.  

Since RNA and DNA biomarkers generally rely on cellular shedding into the urine and require 

the exfoliation of cells and subsequent analysis of those cells, the analysis of secreted protein 

products in urine could easily detect changes throughout the course of cancer 240. The 

“secretome” is referred to as a biological fluid that may be enriched with secreted and/or 

shed proteins from adjacent, disease-relevant cancer cells 399. Proteins and peptides “leaked” 

from tissues into clinically accessible body fluids, such as blood or urine, have led to the 

possibility of diagnosing the disease at an early, presymptomatic stage, as well as being able 

to monitor its responses to therapy through testing these body fluids for the presence of 

disease-related biomarkers 214. Blood sampling activates proteases, which induce massive 

protein degradation 382. In contrast, urine stays in the urinary bladder for hours and 

subsequent sampling does not trigger any reaction. Besides, the PCa secretome can easily be 

found in proximal prostate fluids, such as urine. Since PM leads to an enrichment of prostatic 

fluid in the first urine catch after this procedure, urine is an ideal clinical sample for biomarker 

discovery. Moreover, urine is readily available in almost all patients, and its collection is very 

simple and non-invasive. Urinary proteomics has, thus, become one of the most interesting 

sub-disciplines in the clinical proteomics area. A number of studies have clearly shown that 

urinary proteomics can be used not only for diagnostics, but also for kidney and non-kidney 

disease prognosis 225.  

The two main obstacles encountered in the discovery of biomarkers in urine, as well as in 

plasma, are the following: the high dynamic range, which results in only the high-abundance 

proteins being displayed on any typical 2DE map, and the low reproducibility. Urine, as any 

other body fluid, contains some highly abundant proteins, such as albumin, Immunoglobulin 

(IgG) and uromodulin. Therefore, it is necessary to decrease the level of the most abundant 

proteins, by enriching the rarest ones. This must be accomplished in order to get a better 

representation of the low-abundance proteins, which may be the most interesting for 

biomarker discovery. Nowadays, there is still great debate regarding the performance of 

pretreatments that have been used on plasma samples, as well as on urine samples, for 

biomarker discovery 400. The main problem is that complex matrix samples, such as urines, 

are a vast expanse of unexplored “waters,” which scientists are not exactly sure how to 

explore 401. The other main obstacle mentioned is the low reproducibility of 2DE, which has 
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mostly been overcome by using the DIGE technique. Currently, LC-MS technologies are 

expanding their horizons to be introduced in the first steps of the biomarker pipeline. In our 

discovery phase, we combined data obtained from non-pretreated urine samples with data 

from pretreated urine samples. Pretreated samples were enriched/equalized using the 

ProteoMiner technique234. The ProteoMiner technique results in an important dilution of the 

most abundant species, resulting in a concurrent concentration of the diluted and rare ones. 

Although there is some discordance behind the use of this technology as a quantification 

technique, we opted to use it, since we obtained reproducible results in our trial experiments. 

In addition, this technique was only used in our discovery phase, while qualification and 

verification were performed directly on urine supernatants.   

While proteomics holds great promise for biomarker development, until now it has been 

difficult to draw meaningful conclusions and translate them into clinical practice 214. This is 

largely due to several factors: poor study designs, a lack of standardization in the 

preanalytical, analytical and post-analytical studies, a technological gap between discovery 

and clinical qualification in the biomarker development pipeline, and a lack of understanding 

among the stakeholders, who play different roles at every stage of the pipeline 214. Thus, to 

efficiently translate proteomic technologies to the clinics, it is necessary to contemplate four 

stages in the biomarker development pipeline: discovery, qualification, verification, and 

finally, validation. Our aim was to follow this biomarker development pipeline in the discovery 

phase for identifying potential urine biomarkers for PCa (annex 3). By using 2D-DIGE coupled 

with MALDI-TOF-MS/MS, 24 potential biomarkers (15 down- and 9 up-regulated) were found 

differentially expressed in a significant manner in the urinary specimens of patients with PCa 

compared to the age-matched controls confirmed by PB (Discovery Phase). A critical factor 

that determines the selection of a candidate biomarker is the quality of the scientific and 

clinical results, such as linking the gene or protein function to the biology of the disease, 

relating the biomarker to the mentioned disease, variations in the different stages of the 

disease, response to therapy, and overall survival 220. Thus, we performed a network analysis 

that showed that the majority of these identified proteins were secreted components of 

several well-known, functional cancer and inflammation networks, such as NFКB, PDGFBβ 

and β-Catenin. Moreover, due to the fact that we used urine supernatants, where we could 

find soluble secreted proteins, the majority of the identified proteins (62%) were localized in 

the extracellular space.  

MS-based proteomics strategies have become an integral part of the biomarker development 

workflow, including a discovery phase and the subsequent qualification, verification, and 

validation of the candidates in body fluids 217. Targeted proteomic approaches, such as the 
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SRM-based assay, are emerging in proteomics as ideal tools for complementing shotgun 

qualitative studies 402. Our “candidate biomarkers” were first qualified/verified using an SRM-

based approach. The reasoning behind this was the reduction of the candidate protein 

number for a second verification step using absolute quantification. SRM may be used to 

achieve the precise quantification of a specific group of proteins. Owing to its outstanding 

features, SRM arises as an alternative to antibody-based assays for the discovery and 

validation of clinically relevant biomarkers. In the present study (annex 3), 15 of the 24 

biomarkers were qualified first by the SRM relative quantification based assay on an 

independent set of 50 samples (38% with PCa). 9 candidate biomarkers could not be analyzed 

using the SRM-based assay, because some good peptides that represented these proteins 

were missing, perhaps due to the small quantity of these proteins in the complex urine matrix, 

and also because some of these candidate biomarkers might not have been real candidates. 

After a logistic regression analysis of the data obtained through the relative quantification 

SRM assay, we obtained a panel of 7 peptides within 5 different proteins that were able to 

distinguish between PCa samples and benign control samples with a sensitivity of 95% and a 

specificity of 78% (Table 11). One of the proteins included in this panel of biomarkers was 

PSA. This protein showed an under-expression in PCa urine samples, in comparison with the 

benign counterparts. These results correlate with data from Boulduc et al. who found that 

PSA was down-regulated in urine from PCa patient 374. They also suggested that the ratio of 

serum PSA to urine PSA could have diagnostic utility. Even though the number of samples 

used in our first step qualification/verification study was not very high, the results obtained 

were very promising. They outperformed our previous urine-based RNA testing panel. 

However, such an approach must be confirmed with a blind verification set.  

While SRM shows considerable promise for protein quantification, the technique is still in its 

early stages for clinical application. The first important points are accuracy and 

reproducibility 214. To obtain statistically significant data, expanding the number of analyzed 

components requires an increase in the number of samples analyzed and, consequently, 

greater computing power. Clinical proteome analysis can be seen as a sophisticated 

comparative analysis of a large number of variables in a limited number data set. Every 

sample manipulation increases the possibility of introducing artifacts, reduces reproducibility, 

and may further increase the complexity of samples 361. Thus, reproducible procedures for the 

preparation of protein samples isolated from human urines are essential for meaningful 

proteomic validation analyses. Recent studies in this field have concluded that organic 

solvent precipitation, followed by in-solution digestion provide the best performance for urine 

proteome analysis in the discovery and verification phases 403, 404.   We followed the same 
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strategy as these groups, in order to compare not only the different protein extraction 

procedures, but also to optimize the trypsin-based protein digestion that would be used in the 

quantification SRM-based assays (annex 4). We concluded that the utilization of acetonitrile 

precipitation at room temperature, followed by in-solution 1:10 (trypsin: protein) and 

overnight trypsin digestion gave high quantification values in the SRM-assay. Moreover, an 

incubation step with NAC, prior to enzymatic digestion, avoided N-terminal IAA over-

alkylation and, thus, helped to obtain better quantification results.  

Once the protein preparation procedure was set up, we moved on to the second 

qualification/verification step. We decided to increase our list of protein candidate 

biomarkers using the secreted proteins described in the literature. 42 proteins were 

quantified using single point quantification in an SRM-based assay on 107 post-PM urine 

samples (annex 4). In order to better understand the behavior of those proteins, further 

analysis on the obtained data was required. Those analyses are still ongoing; thus, no final 

conclusions have been included in this study at present. We hope to obtain interesting 

results, and though we will probably not be able to define any unique protein or peptide to 

serve as a diagnostic biomarker (depending on how selectively and sensitively it enables PCa 

assessment), we will probably end up with a panel of protein biomarkers that are able to work 

together and that will hopefully outperform and/or complement the results of PSA alone. In 

addition, this list of 42 candidate biomarkers may include promising biomarker candidates for 

identifying those cancers that are clinically significant, from the latent to the indolent 

(prognostic biomarkers).  

So, the next step for urinary proteomics will be to move onward:  first, making conclusions in 

the second qualification/verification phase and second, validating the “verified” biomarkers 

on a much larger cohort of samples.  These findings must then be translated to a much easier 

format for the creation of diagnostic kits or tests that will be readily accessible and applicable 

in clinical practice 225.  

In summary, the future of PCa biomarkers continues to move forward. It remains for us to 

validate the many exciting prostate biomarkers that have already been discovered. We also 

need to continue to discover markers that will help to minimize the number of unnecessary 

prostate biopsies and continue to develop markers that will identify those men with indolent 

PCa, who will not be affected by disease in their lifetimes and who do not need treatment. 

Markers still need to be developed that can identify men with aggressive disease, who will 

benefit from local therapy and those who are likely to fail local therapy and require adjuvant 

intervention. And finally, markers still need to be developed that may serve as surrogate end 

points for clinical progression or survival 405. Another important point that needs to be 
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addressed is the necessity of the PM. In the future, we would like to know if urine samples 

without previous PM can provide enough material to correctly detect those biomarkers and, 

thus, enable a correct diagnosis. Although PM is part of the diagnostic tripod (PSA, DRE or 

“PM” and Biopsy), it is usually poorly tolerated by patients and always requires medical 

intervention. This fact may represent a limiting factor, since the urologist would need to have 

the facilities to freeze and store urine samples before sending them to the laboratory. In large 

trials, the question of whether and how to perform the PM to optimize sensitivity and 

specificity has to be addressed for each potential marker 240.  

In conclusion, the data presented in this dissertation represent a significant advance in the 

standard care for PCa diagnosis. Our two approaches (RNA- and Protein-based) have begun 

to yield promising results, as both have levels of specificity that exceed those of PSA (Table 

11). However, validation studies on larger, multi-centric cohorts of urine samples are needed 

to end up with a valid PCa biomarker. We also expect to obtain some interesting biomarkers 

for PCa diagnosis, as well as some prognostic markers. The obtained results should have a 

rapid application in the clinics and potentially influence, together with actual screening 

parameters (serum PSA and DRE), decisions that could improve the health system, as well as 

clinical, managerial and/or public practices for health outcomes in PCa (Figure 19). We are 

currently building a national highway system for personalized medicine, based on DNA, RNA, 

and protein profiles 406. We look forward to doctors and patients navigating these roads to 

better healthy results. 

Table 11. Summary of the obtained results 

Study Marker 

Study  

(PCa %) Sens. Spec. AUC PPV NPV 
Biopsies 
saved 

PSGR 215 (34%) 95% 15% 0.68 0.36 0.84 11.6% 

PCA3 215 (34%) 95% 17% 0.66 0.37 0.86 13% Rigau et al. 2010 

PSGRvPCA3 215 (34%) 95% 34% 0.73 0.42 0.92 24.2% 

3M* 154 (37%) 96% 34% 0.74 0.46 0.94 22.7% 

3M* v PSA 154 (37%) 96% 34% 0.77 0.47 0.94 22.6% 

3M* v PSAD 154 (37%) 96% 40% 0.80 0.49 0.95 26.4% 

3M*(diagnostic gray zone) 82 (34%) 96% 50% 0.82 0.51 0.96 33.7% 

Rigau et al. 2011 

3M* v PSAD (diagnostic gray zone) 77 (35%) 96% 62% 0.89 0.58 0.97 41.6% 

Unpublished Proteomic 
data PROTEOMIC PANNEL** 50 (38%) 95% 78% 0.93 ND ND ND 

3M* (PSMAvPSGRvPCA3) 
** Proteomic pannel of 7 peptides 
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Figure 19. Current and future improvement in PCa diagnostic squeme. 
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1. We have demonstrated that an RTqPCR assay on urine sediments from patients 

presenting for PB, based on PSGR (a new urine PCa biomarker), had a similar 

performance to the gold standard, urine-based RNA biomarker for PCa (PCA3).  

2. We have also demonstrated that an RTqPCR assay on urine sediments from patients 

presenting for PB, based on the combination of PSGR and PCA3, improved the 

specificity of both individual biomarkers.  

3. We have demonstrated that an RTqPCR assay on urine sediments from patients 

presenting for PB, based on PSMA (a marker previously described to be over-

expressed in PCa), had a similar performance to PCA3 and PSGR.  

4. We have demonstrated that an RTqPCR assay on urine sediments from patients 

presenting for PB with serum PSA levels between 4-10 ng/mL and no prior biopsy 

information, based on PSMA, could significantly improve the performance of PCA3 and 

PSGR.  

5. We have shown that a multiplexed (PSMA, PSGR and PCA3) RTqPCR assay on urine 

sediments from patients who presented for PB could significantly improve the 

predictive ability, when compared to PCA3 or serum PSA alone.  

6. We have shown that a multiplexed (PSMA, PSGR and PCA3) RTqPCR assay on urine 

sediments from patients who presented for PB with serum PSA levels between 4-10 

ng/mL and no prior PB information could significantly improve the predictive ability, 

when compared to 3M, PCA3 or serum PSA alone.  

7. Future studies need to be conducted with the multiplexed panel of biomarkers on 

patients with repeat biopsies and patients who have shown recurrence after 

prostatectomy, in order to establish specific thresholds and/or to generate predictive 

nomograms.  

 

8. We found that the PCA3 score in men having a negative biopsy was statistically 

similar to that observed in men with isolated HGPIN. However, it was significantly 

lower than the score observed in men with PCa.  

9. We demonstrated that the efficacy of post-PM urine PCA3 for identifying men with 

PCa was lower if we compared these levels with those of men with HGPIN to those 

without HGPIN.  

10. We found that the PCA3 gene is not only a specific marker for PCa, since it is also 

over-expressed in HGPIN. However, future studies need to be conducted in HGPIN 

sub-populations. Therefore, we proposed that this fact should be taken into account, 

in order to establish specific cut-off points for the PCA3 score and to generate new 

biopsy nomograms for predicting PCa. 
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11. We demonstrated that 2D-DIGE analyses, using total urine protein and urine protein 

normalized for abundant proteins, are able to reveal novel biomarkers/diagnostic 

profiles for PCa in urine.  

12. We qualified a panel of 7 peptides, within 5 different proteins (including urine PSA), by 

using an SRM-based relative quantification assay. Our panel of protein-based 

biomarkers was able to differentiate between PCa and benign urine samples with a 

sensitivity of 95% and a specificity of 78%.  

13. We started a second qualification and verification phase in which 42 proteins were 

absolutely quantified using an SRM-based approach. However, these analyses are 

ongoing, and no final conclusions have been included in this study.  

14. Future studies will need to be conducted with the new protein panel of biomarkers on 

patients with repeat biopsies and patients who have shown recurrence after 

prostatectomy, in order to establish specific thresholds and/or to generate predictive 

nomograms.  

15. The future follow up of the analysed patients will reveal a possible prognostic potential 

of  these panels of biomarkers. 

 

16. The next step will be to move on towards the validation of these RNA- and protein-

based biomarkers using a much larger cohort of samples. These findings will then be 

able to be translated to a much easier format for incorporation into diagnostic kits or 

tests that will be more accessible and applicable in clinical practice.  

17. All together, transcriptomic and proteomic analysis constitutes an important step 

towards advancing the accurate diagnosis of PCa, which currently represents a 

setback in our ability to cure patients of the disease. Thus, RNA-based and protein-

based biomarkers should have a rapid application in the clinics and, together with 

serum PSA and DRE, potentially influence decisions that could improve the health 

system, while reducing the number of unnecessary biopsies.  
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