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Chapter 2
Novel Biomarkers for Prostate Cancer
Detection and Prognosis

Xavier Filella and Laura Foj

Abstract Prostate cancer (PCa) remains as one of the most controversial issues in
health care because of the dilemmas related to screening using Prostate Specific
Antigen (PSA). A high number of false positive biopsies and an elevated rate of
overdiagnosis are the main problems associated with PSA. New PCa biomarkers
have been recently proposed to increase the predictive value of PSA. The published
results showed that PCA3 score, Prostate Health Index and 4Kscore can reduce the
number of unnecessary biopsies, outperforming better than PSA and the percentage
of free PSA. Furthermore, 4Kscore provides with high accuracy an individual risk
for high-grade PCa. High values of PHI are also associated with tumor aggressive-
ness. In contrast, the relationship of PCA3 score with aggressiveness remains con-
troversial, with studies showing opposite conclusions. Finally, the development of
molecular biology has opened the study of genes, among them TMPRSS2:ERG
fusion gene and miRNAs, in PCa detection and prognosis.
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2.1 Introduction

Prostate cancer (PCa) is the second most common cancer in men worldwide,
with an estimated 1.1 million new diagnosed cases and 307,000 deaths in 2012
[1]. Furthermore, PCa remains one of the most controversial issues in health
care because of the dilemmas related to screening using Prostate Specific
Antigen (PSA). PCa detection is difficult due to the limited specificity of PSA,
with false positive results in patients with benign prostatic hyperplasia (BPH) as
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well as in patients with symptomatic and asymptomatic prostatitis. Therefore,
biopsy is positive in around 25% of patients with PSA in the range between 2
and 10 pg/L.

PCa is a high prevalent tumor, with an increasing age-related incidence. A sys-
tematic review published in 2015 showed that the mean prevalence of incidental
PCa in men who died of other causes increased from 5% (95% CI: 3-8%) at
age < 30 years to 59% (95% C1:48-71%) by age > 79 years [2]. Therefore, a large
proportion of PCa are latent, never progressing into aggressive carcinomas. In this
regard, according to the Surveillance, Epidemiology, and End Results, the incidence
rate of PCa increased from 94.0 in 1975, in the prePSA era, to 114.14 in 2012, while
the death incidence along these years decreased from 30.97 to 19.57 [3]. Actually,
PSA screening campaigns cause overdetection of insignificant tumors and thus
overtreatment, too. Risks related to overdetection and overtreatment outweigh the
potential benefits of screening campaigns.

Currently, PCa guidelines do not recommend the use of PSA as routine test
for PCa screening or remark that early PSA testing should be decided consider-
ing potential benefits and harms. Debate about the opportunity of screening,
nonetheless, goes on. Fleshner et al. [4] recently indicated that the abandonment
of PSA screening would prevent all cases of overdiagnosis, but fail to prevent
100% of avoidable deaths, leading to a 13-20% increase in prostate-cancer-
related deaths. These data show that harms associated with no screening must
also be considered.

PCais a highly heterogeneous disease in terms of clinical presentation. Different
risk classification tools have been developed including biochemical and clinical fac-
tors to distinguish patients with PCa according to the prognosis. Epstein criteria [5]
have been used to predict insignificant PCa, while the D’ Amico classification [6] is
used to predict biochemical recurrence after treatment according to biopsy Gleason
score, PSA serum levels and the percentage of biopsy material involved with cancer.
On the other hand, several authors have put into question if patients with Gleason 6
score must be labeled as cancer, although these tumors have the hallmarks of cancer
from a pathologic perspective [7-9]. More recently, new genetic-based evidences
confirm the heterogeneity of PCa. The researchers of Cancer Genome Atlas
Research Network, analyzing a cohort of 333 tumors, confirmed the molecular het-
erogeneity of PCa, suggesting a molecular taxonomy in which 74% of PCa tumors
are classified in one of seven subtypes defined by specific gene fusions (ERG,
ETV1/4, FLI1) or mutations (SPOP, FOXAT1, IDH1) [10]. Furthermore, Rubin et al.
[11] observed a relationship between genomic amplifications, deletions and point
mutations with the prognostic grade groups established in 2016 by the International
Society of Urologic Pathology and the World Health Organization to update the
Gleason score system.

Active surveillance (AS) has become an alternative to curative therapy for PCa,
decreasing the negative effects of overdiagnosis and overtreatment [12]. AS is a way
to delay any kind of definitive treatment, applying it only if there is evidence of
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progression. The monitoring strategy program includes regular digital rectal exami-
nation (DRE), repeated prostate biopsies, and successive measurements of PSA
serum levels to evaluate the PSA doubling time. The selection criteria used to
include patients in an AS program are generally based on D’ Amico classification of
low-risk PCa (T1-T2a, PSA < 10 pg/L, Gleason score < 7), although some programs
also include patients with intermediate risk. However, current available criteria to
select patients for AS have a nontrivial risk of misclassification. Therefore, accord-
ing to a study published by Palisaar et al. [13], current criteria failed around 20% to
identify insignificant PCa from patients who had unfavorable tumor characteristics,
with a high risk of early failure of AS programs and incurable PCa. The availability
of more accurate inclusion criteria would lead to better select patients for AS,
improving the outcome.

New PCa biomarkers have been recently proposed to increase the accuracy
of PSA in the detection and prognosis of early PCa, distinguishing aggressive
and nonaggressive PCa. The search for new subforms of PSA continued in
recent years and new derivatives have been identified. Prostate health index
(PHI) combines [-2]proPSA, free PSA (fPSA) and total PSA, while 4Kscore
-or 4 kallicrein panel- includes total PSA, fPSA, intact PSA (iPSA), and human
kallicrein. Furthermore, the development of molecular biology has opened the
study of genes and the miRNAs associated with PCa. Our aim is to review the
usefulness of these blood and urine new biomarkers in the management of
early PCa.

2.2 PSA-Derived PCa Biomarkers

PSA, also called human kallicrein 3, is a glycoprotein of 30 kDa grouped in the kal-
licrein family. Because of its enzymatic action, PSA circulates into the blood bound
to several protease inhibitors, such as a-1-antichymotrypsin and a-2-macroglobulin,
whereas only a small fraction, that has been previously inactivated, circulates as free
PSA. The percentage of free PSA to total PSA (%fPSA) is significantly decreased
in patients with PCa, although an overlap of results is observed comparing patients
with and without PCa. Nevertheless, according to a meta-analysis published in
2006, %fPSA only provides additional information in the decision to perform pros-
tate biopsies when levels reach extreme values [14].

The free PSA (fPSA) fraction is also composed of three different subfractions:
benign PSA (BPSA), iPSA, and proPSA. Whereas BPSA is associated with BPH,
proPSA is related to PCa [15]. The native form of proPSA is [-7] proPSA, which
contains a 7-amino acid N-terminal pro-leader peptide. Through the proteolytic
cleavage of this peptide, promoted by the kallikreins hK2 and hK4, the other trun-
cated forms of proPSA, known as [-2] [-4] and [-5] proPSA, are formed.
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2.2.1 Prostate Health Index

The truncated forms of proPSA were identified in serum of patients with PCa in
1997, showing that proPSA is a significant fraction of fPSA [16]. Initial published
results showed the usefulness of proPSA isoforms in the detection of PCa, reducing
the number of negative biopsies in patients with PSA in the grey range. Table 2.1
shows data obtained in initial studies using non-commercial assays for the measure-
ment of one or more isoforms of proPSA [17-21].

Beckman Coulter developed a robust commercial immunoassay for the measure-
ment of [-2]proPSA, or p2PSA. According to results reported by Semjonow et al.
[22] p2PSA is stable in serum stored at room temperature or refrigerated at 4 °C for
a maximum of 48 h, although blood samples should be centrifuged within 3 h of
blood draw. Numerous studies explored the usefulness of p2PSA in the manage-
ment of early PCa, showing that the percentage of p2PSA in relation to fPSA
(%p2PSA) is significantly elevated in patients with PCa. Furthermore, the Prostate
Health Index (PHI), a new proPSA derivative indicator, has also yielded promising
results in the detection of PCa. This new multiparametric index combines the con-
centration of p2PSA, fPSA, and total PSA according to the formula (p2PSA/fPSA)*
1/ total PSA.

Both %p2PSA and PHI demonstrated higher accuracy in predicting the presence
of PCa at biopsy when compared with total PSA and %fPSA (Table 2.2) [23-27].
Additionally, %p2PSA and PHI showed a good relationship with the aggressiveness
of the tumor, with higher levels in patients with Gleason score higher than 6. These

Table 2.1 Summary of studies evaluating proPSA in PCa detection

proPSA
Authors Cohort isoform AUCs
Mikolajczyk & | 463 patients with PSA | [-2], [-4] & | %proPSA/fPSA: 0.689; %fPSA:
Rittenhouse, 4-10 pg/L [-5, -7] 0.637; complexed PSA: 0.538
2003 [17] proPSA
Sokoll et al. 119 men with PSA [-2], [-4] & | %oproPSA/fPSA: 0.688; %fPSA:
2003 [18] 2.5-4 ng/L [-5,-7] 0.567
proPSA
Khan et al. 2003 | 93 men who underwent | [-2], [-4] & | %sum proPSA/fPSA: 0.66; total PSA:
[19] a systematic 12-core [-5, -7] 0.604; %fPSA: 0.706. Multivariate
prostate biopsy (PSA | proPSA logistic regression including the sum
4-10 pg/L) of proPSA, total PSA and %fPSA:
0.766
Stephan et al. 1282 patients with PSA | [-5, -7] %!-5, -7] proPSA/fPSA: 0.74;
2006 [20] 1-10 pg/L proPSA %fPSA: 0.73; total PSA: 0.66
Filella et al. 2007 | 87 patients with PCa [-5, -7] %fPSA: 0.705; total PSA: 0.594;
[21] and 138 patients with | proPSA multivariate model including [-5, -7]
BPH proPSA, %[-5, -7]proPSA/total PSA
& %BfPSA/total PSA: 0.753

AUC area under the curve; PCa prostate cancer; BPH benign prostate hyperplasia; fPSA free PSA
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Table 2.2 Summary of studies evaluating %p2PSA and PHI in PCa detection
Relation of PHI with
Authors Cohort AUCs aggressiveness
Catalona 892 men with normal DRE, | PHI: 0.703; %fPSA: Yes, related with
etal. 2011 and PSA 2-10 pg/L 0.648; total PSA: 0.525 | Gleason score
[23]
Stephan 1362 patients selected by PHI:0.74; %p2PSA: Yes, related with
etal. 2013 prostate biopsy with PSA 0.72; %fPSA: 0.61; Gleason score
[24] 1.6-8.0 pg/L total PSA: 0.56
Lazzeri et al. | 646 patients who underwent | PHI: 0.67; %p2PSA: Yes, related with
2013 [25] prostate biopsy with PSA 0.67; %fPSA: 0,64, Gleason score
2-10 pg/L total PSA: 0.50
Filella et al. | 354 patients with positive or | PHI: 0.732; %p2PSA: | Yes, related with
2014 [26] negative prostate biopsy 0.723; %fPSA: 0.723; | Gleason score and
total PSA: 0.553 clinical stage
Loeb et al. 658 men with PSA PHI: 0.708, %fPSA Yes, related with
2015 [27] 4-10 pg/L and normal DRE | 0.648, total PSA: 0.516 | Gleason score and
who underwent prostate Epstein criteria
biopsy

AUC area under the curve; PCa prostate cancer; DRE digital rectal examination; fPSA free PSA;
PHI prostate health index

results are confirmed by three meta-analyses published in 2013 and 2014, which
concluded that PHI outperforms the accuracy obtained with PSA and %fPSA,
showing an area under the curve (AUC) for PHI from 0.69 to 0.781 [28-30].

Furthermore, the accuracy of PHI in classifying and following patients with PCa
on AS has been investigated. Cantiello et al. [31] reported that PHI predicts the
pathologic Gleason score, extracapsular extension and seminal vesicles involve-
ment in a series of 156 patients treated with radical prostatectomy. More recently,
Heidegger et al. [32] showed that PHI levels were significantly elevated in those
patients with an upgrade in final histology (pathologic Gleason score > 7) in a
cohort of 112 patients with biopsy Gleason score 6 treated with radical prostatec-
tomy. Similarly, De la Calle et al. [33] reported an AUC for PHI of 0.815 to detect
high-grade PCa (Gleason score > 7). According to these authors, at 95% sensitivity
for detecting aggressive PCa the optimal PHI cutoff was 24, which would help to
avoid 41% of unnecessary biopsies. On the other hand, baseline and longitudinal
%p2PSA and PHI provided improved prediction of biopsy reclassification during
follow-up in a series of 167 patients included in a program of active surveillance,
according to the results published by Tosoian et al. [34], while total PSA was not
significantly associated with biopsy reclassification.

PHI was approved in June 2012 by the US Food and Drug Administration (FDA)
for the detection of PCa in men older than 50, PSA between 4 and 10 pg/L, and a
non-suspicious DRE. Furthermore, PHI is recommended by the National
Comprehensive Cancer Network (NCCN) for patients who have never undergone
biopsy or after a negative biopsy. According to NCCN, a PHI higher than 35 is
related to a high probability of PCa.
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2.2.2 Four-Kallikrein Panel

The four-kallikrein panel includes the measurement of total PSA, fPSA, iPSA and
hK2, a protein with high homology to PSA. Several studies performed by the group
led by Lilja and Vickers, from Memorial Sloan-Kettering Cancer Center, have eval-
uated this panel. The AUCs for the 4-kallikrein panel obtained in these studies were
higher than those for a PSA based model for the detection of any PCa (AUCs from
0.674 to 0.832) as well as for the detection of high-grade PCa (Gleason score > 7)
(AUCs from 0.793 to 0.870) (Table 2.3) [35-39]. Similar results were obtained
when DRE was added to those models, showing AUCs from 0.697 to 0.836 in the
detection of any PCa and from 0.798 to 0.903 in the detection of high-grade PCa.
The 4Kscore, commercialized by Opko Diagnostics, is an algorithm which com-
bines the four-kallicrein panel with patient age, DRE and history of prior biopsy to
predict high-grade PCa. The NCCN Guidelines for PCa recommended the use of
4Kscore for the detection of high-grade tumors. This statistical score improves the
specificity for predicting the risk of high-grade PCa, reducing the number of unnec-
essary biopsies. A prospective study developed in 26 urology centers across the
United States, evaluating 1012 men undergoing a prostate biopsy, showed an AUC
for 4Kscore of 0.82. The authors reported that 30% of biopsies could be saved using
a cut-off value of 6%, delaying diagnosis for 1.3% of high-grade PCa patients [40].
Additionally, Kim et al. [41] recently reported that 4Kscore increased significantly

Table 2.3 Summary of studies evaluating the four-kallikrein panel in the detection of PCa

AUC:s Base laboratory AUCs Base laboratory model
model vs. 4 kallikrein vs. 4 kallikrein panel in

Authors Cohort panel in detection of PCa | detection of high-grade PCa*

Vickers 740 unscreened men 0.680 vs. 0.832 0.816 vs. 0.870

et al. 2008

[35]

Vickers 2914 unscreened men | 0.637 vs. 0.764 0.776 vs. 0.825

etal. 2010

[36]

Vickers 1501 previously 0.557 vs. 0.713 0.669 vs. 0.793

etal. 2010 | screened men

[37]

Vickers 1241 men who 0.564 vs. 0.674 0.658 vs. 0.819

etal. 2010 | underwent biopsy for

[38] elevated PSA

Vickers 792 men with 0.654 vs. 0.751 0.708 vs. 0.803°

etal. 2011 | PSA >3 pg/L

[39]

AUC area under the curve; PCa prostate cancer

Base laboratory model: patient age and total PSA

*High-grade cancer was defined as biopsy Gleason score > 7

This study shows AUCs in the detection of palpable PCa, which is defined as clinical stage T2 or
higher at diagnosis
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the accuracy obtained using the Prostate Cancer Prevention Trial Risk Calculator
from 0.73 to 0.79. On the other hand, the test has been shown useful for predicting
high-grade PCa in patients with PSA higher than 10 pg/L or with positive DRE,
according to a meta-analysis published by Vickers et al. [42]. The addition of the
4Kscore increased the AUC from 0.69 to 0.84 for patients with PSA higher than
10 pg/L and from 0.72 to 0.82 for patients with positive DRE.

Furthermore, Lin et al. [43] showed the ability of 4Kscore to predict high-grade
PCa in men included in an AS program. Also, the test has been shown to predict the
long term development of distant metastasis. Results published by Stattin et al. [44]
showed that the measurement of 4Kscore at 50 and 60 years old allowed the clas-
sification of the patients into two groups according to the probability of developing
distant metastasis 20 years later. According to this study, patients with 4Kscore
higher than 5 at 50 years old and PSA > 2 pg/L have a significant increased risk of
developing distant metastasis. Also, patients with 4Kscore higher than 7.5 at
60 years old and PSA > 3 pg/L have a significant increased risk of developing dis-
tant metastasis. The authors concluded that patients with a modest PSA elevation in
midlife but a low-risk of high-grade PCa according to 4Kscore could be exempted
from biopsy.

2.2.3 PSA Based Nomograms

Several nomograms to predict the likelihood of PCa at biopsy have been developed
in last few years with the aim to reduce the number of unnecessary prostate biop-
sies. These nomograms are graphical representations of a multivariate logistic
regression analysis based on specific characteristics of a patient and his disease.
Nomograms used to predict PCa combines different demographic, clinical and bio-
chemical variables, including age of the patient, family history of PCa, DRE, pros-
tate volume and PSA serum levels. The Prostate Cancer Risk Calculator of the
European Randomized Study of Screening for Prostate Cancer (ERSSPC) (http://
www.prostatecancer-riskcalculator.com/) and the Prostate Cancer Prevention Trial
(PCPT) based Cancer Risk Calculator (http://myprostatecancerrisk.com/) are
among the most used nomograms.

The addition of new biomarkers to these web-based calculators could increase
the accuracy for predicting positive prostate biopsies. Lughezzani et al. [45] devel-
oped a PHI based nomogram to predict PCa analyzing data from 729 patients who
were scheduled for prostate biopsy following suspicious DRE and/or increased
PSA. The accuracy increased from 0.73 to 0.80 when PHI was included to a multi-
variable logistic regression model based on patient age, prostate volume, DRE, and
biopsy history. Results were externally validated by a multicenter European study
including 833 patients, obtaining an AUC of 0.752 [46]. On the other hand, Filella
et al. [47] showed that the accuracy increased from 0.762 to 0.815 when PHI and
%p2PSA were added to a multivariable analysis based on patient age, prostate vol-
ume, total PSA, and %fPSA. Also, results published by Roobol et al. [48] showed
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that the addition of PHI to the Prostate Cancer Risk Calculator of the ERSSPC
increased the accuracy from 0.65 to 0.72, although it did not increase the accuracy
obtained using PHI alone (0.72). Finally, more recently, Loeb et al. [49] reported
that adding PHI significantly improved the predictive accuracy of the PCPT and
ERSPC risk calculators for aggressive PCa, obtaining an AUC of 0.746.

2.3 mRNA Biomarkers in Urine

Novel mRNA biomarkers have been described in urine, including the mRNAs for
PCA3 and TMPRSS2:ERG fusion gene. More recently, positive results have been
published for the SelectMDx test, which includes the mRNAs for DLX1, HOXC6
and KLK3 [50, 51].

2.3.1 PCA3

PCA3, previously referred as DD3, is one of the most studied PCa-specific genes,
obtaining the FDA’s approval in 2012 with the intended use for men older than 50
who have one or more previous negative biopsies. PCA3 is a gene that is overex-
pressed in PCa tissue [52] and transcribes a long non-coding mRNA involved in
PCa cell survival, through modulating the androgen receptor signal [53].

The PCA3 score is calculated as the ratio of PCA3 and PSA mRNAs measured
using qRT-PCR in the urine obtained after performing a prostate massage to enrich
the prostate cell content. The PSA mRNA is used to normalize the PCA3 mRNA
signal and to confirm the specimen validity, controlling the abundance of prostate
cells and prostate mRNA. Samples with insufficient PSA mRNA were considered
inconclusive. The Progensa PCA3 test, commercialized by Hologic, is a semi-
automated assay that includes isolation, amplification, hybridization and quantifica-
tion of mRNA from PCA3 and PSA using the DTS systems.

A higher PCA3 score is associated with a high prevalence of PCa, improving the
results obtained with total PSA [54]. AUCs from 0.63 to 0.87 were documented for
PCA3 score in a meta-analysis published in 2010 by Ruiz-Aragén and Marquez-
Peldez [55]. Table 2.4 lists similar results reported more recently by other studies
[56-60]. The comparative effectiveness review published by Bradley et al. [61] ana-
lyzing 34 observational studies showed that PCA3 score is more discriminatory than
total PSA, obtaining that at 50% specificity, sensitivities were 77% and 57 %, respec-
tively. Nevertheless, differences in accuracy between both tests are lower when the
influence of the bias caused by the use of PSA in the selection of patients is mini-
mized. Therefore, Roobol et al. [62] selected patients for biopsy when PSA was
3 pg/L or higher and/or PCA3 score was 10 or higher, showing that PCA3 carries
out marginally better than PSA (AUCs of 0.635 and 0.581, respectively; p: 0.143).
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Table 2.4 Summary of studies evaluating PCA3 score in the detection of PCa
Relation of PCA3 with

Authors Cohort AUC | aggressiveness
De la Taille et al. | 515 patients with PSA 2.5-10 pg/L and/ | 0.761 | Yes, with Gleason score
2011 [56] or a suspicious DRE scheduled for initial

biopsy

Crawford et al. 1962 men with PSA > 2.5 pg/L and/or | 0.706 | Yes, with Gleason score
2012 [57] abnormal DRE

Capoluongo et al. | 734 patients who underwent initial 0.775 | No correlation with

2014 [58] prostate biopsy Gleason score

Chevli et al. 2014 | 3073 men who underwent initial prostate | 0.697 | No correlation with

[59] biopsy Gleason score

Foj et al. 2014 122 patients who underwent prostate 0.804 | No correlation with

[60] biopsy for PSA > 4 pg/L Gleason score or clinical
stage

PCa prostate cancer; AUC area under curve; DRE digital rectal examination

The selection of the most appropriate cut-off for PCA3 remains highly contro-
versial, although 35 is probably the most used cut-off score [55]. The clinical guide-
line of the NCCN also recommends 35 as the discriminating value to detect PCa,
but the FDA suggests that a PCA3 score lower than 25 is associated with a decreased
likelihood of a positive biopsy. In this regard, Roobol et al. [62] indicated that 51.7%
of biopsies could have been avoided using a cut-off of 35, but the authors underlined
that 32% of all PCa and 26.3% of aggressive PCa were missed. Furthermore,
according to Bradley et al. [61], the number of missed tumors is reduced signifi-
cantly from 39% to 6% when the traditional cut-off of 35 is changed for 10, showing
that 22% of biopsies were saved using this cut-off.

False positive results are an additional problem using PCA3 score, because a very
high PCA3 score does not ensure the existence of PCa. Haese et al. [63] evaluated
PCA3 in 463 men with one or two negative biopsies scheduled for repeat biopsy, and
found that the probability of a positive repeat prostate biopsy was only of 47% in
patients with PCA3 score > 100. Also, Schroder et al. [64] reported a low positive
predictive value (38.9%) in a cohort of 56 men with PCA3 score of >100 at previous
screens, although significant efforts to detect a PCa were subsequently performed.

Contradictory results have been published by different authors regarding the
relationship of PCA3 with the aggressiveness of PCa (Table 2.4). A large study
including 3073 men who underwent PCA3 analysis before initial prostate biopsy
showed that PCA3 score was significantly associated with biopsy Gleason score
[59], although the ROC analysis demonstrated that PCA3 did not significantly out-
perform PSA in the prediction of high-grade PCa (AUC 0.682 vs. 0.679, respec-
tively, p = 0.702). Furthermore, Auprich et al. [65] showed that PCA3 score failed
to add supplementary information to predict aggressive PCa in a series of 305
patients treated with radical prostatectomy, even if the authors obtained a signifi-
cantly higher median PCA3 in patients with pathological Gleason score 7 or higher.
According to these authors, difficulties to pass PCA3 into urine appear in tumors
with a high Gleason score because glandular differentiation is lost.
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2.3.2 TMPRSS2:ERG Fusion Gene

Recurrent chromosomal rearrangements have been observed in several hemato-
logic malignancies and more recently in solid tumors, including PCa.
Approximately 50% of these tumors are associated with fusions involving the
androgen-regulated TMPRSS2 gene with the ETS family transcription factor
family members, particularly ERG and ETV1 [66]. The recent publication of the
Cancer Genome Atlas molecular taxonomy of PCaidentifies ETS-rearrangements
as the most common subtype, involving 58% of tumors [10]. These rearrange-
ments result in overexpression of the ETS family transcription factors, which
induces neoplastic phenotype [67]. Furthermore, recent results showed that
TMPRSS2-ERG fusion increases cell migration and promotes cancer metasta-
ses in bone [68].

The TMPRSS2:ERG gene rearrangements are detected in urine samples
obtained after a prostate massage using qRT-PCR. Levels of PSA mRNA are
used for control and normalization purposes, and the results are presented as a
TMPRSS2:ERG score. The combination of the TMPRSS2:ERG and PCA3
scores has been proposed as a way to improve the prediction of the presence of
PCa on the biopsy. A recent review underlined that both biomarkers provides
provides 90% specificity and 80% sensitivity in the detection of PCa [69]. A
prospective multicentre evaluation including 443 patients who underwent pros-
tate biopsy underlined that the AUC obtained using the ERSPC risk calculator
increased from 0.799 to 0.842 when PCA3 and TMPRSS2:ERG scores were
added [70]. Additionally, this study reported that TMPRSS2-ERG, but not PCA3,
was associated with the biopsy Gleason score and the tumor clinical stage.
Moreover, the authors found that TMPRSS2-ERG fusion gene was an indepen-
dent predictor of extracapsular extension of the tumor in a subgroup of 61
patients treated with radical prostatectomy. However, no significant association
was found with pathologic Gleason score or seminal vesicle invasion.

More recently, Tomlins et al. [71] showed the value of PCA3 and
TMPRSS2:ERG scores when they were added to the PCPT risk calculator in a
cohort of 1244 patients. The AUC increased from 0.639 to 0.762 when both tests
were added. Moreover, this study underlined the value of these biomarkers to
predict high-risk PCa, with an AUC of 0.779. Similarly, a recent multicenter
prospective study published by Sanda et al. [72] showed that 42% of unneces-
sary prostate biopsies would have been avoided combining PCA3 and
TMPRSS2:ERG scores. Furthermore, PCA3 was significantly higher in patients
with Gleason score > 7 versus patients with Gleason score 6. No differences
between both groups of patients were found for TMPRSS2:ERG. These results
were discussed by Stephan et al. [73], who underlined that the combination of
PCA3 and PHI outperformed the accuracy obtained using PCA3 and
TMPRSS2:ERG.
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2.4 Exosomal and Non Exosomal miRNAs

2.4.1 MiRNAs Biogenesis, Function and Target Prediction

MicroRNAs (miRNAs) are small, from 18 to 25 nucleotides non-coding RNA mol-
ecules that regulate post-transcriptionally gene expression. MiRNAs are derived
from so-called pri-miRNA. After being transcribed by RNA polymerase II, pri-
miRNA is cleaved by nuclear RNase III Drosha-DGCRS8 complex to produce pre-
miRNA, which is exported from the nucleus into the cytoplasm by Exportin-5 and
Ran-GTP61 and further processed by another endonuclease Dicer to generate
mature double-stranded miRNA. Afterwards, the functional strand of the mature
miRNA is loaded with Argonaute (AGO) proteins into the RISC (RNA induced
silencing complex), where miRNA drives RISC to bind the 3> UTR of a mRNA
target, resulting thus in either mRNA cleavage, translational repression or deadenyl-
ation. Contrarily, the not functional strand is usually degraded.

Approximately 60% mRNAs can be regulated by miRNAs [74]. Each miRNA
can regulate hundreds of genes through base pairing to mRNAs [75]. Moreover, a
particular gene can be targeted by multiple miRNAs [76, 77]. Therefore, a miRNA
can participate in multiple biological processes by regulating the expression of its
target genes [78].

Several tools for target prediction have been developed to understand the molec-
ular mechanisms of miRNA-mediated interactions. Those tools are based on certain
assumptions, such as the base complementarity in the 3°UTR, thermodynamic sta-
bility, target-site accessibility, and evolutionary conservation of miRNA binding
sites. One example of the most used computational prediction is TargetScan [79],
which was applied to predict miRNA target sites conserved among orthologous 3’
UTRs of vertebrates. However, TargetScan only considers stringent seeds ignoring
many potential targets. The intersection of PicTar [80] and TargetScan predictions
is recommended in order to achieve both high sensitivity and high specificity.

More recently, Cava et al. [81] described a new software tool, called SpidermiR,
which allows to access to both Gene Regulatory Networks and miRNAs in order to
obtain miRNA-gene—gene and miRNA-protein—protein interactions. Moreover,
SpidermiR integrates this information with differentially expressed genes obtained
from The Cancer Genome Atlas through a R/Bioconductor package.

2.4.2 MiRNA in Body Fluids

The last release of miRBase (June, 2014) contains 1881 precursors and 2588 mature
human miRNA sequences [82]. The aberrant expression of certain miRNAs has
been associated with several cancers including PCa [83]. The dysregulation of miR-
NAs in cancer could be caused by several genomic anomalies such as chromosomal
translocation, epigenetic alterations, as well as miRNA biogenesis machinery
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dysfunction, which subsequently affects transcription of primary miRNA, its pro-
cessing to mature miRNAs, and interactions with mRNA targets [84, 85].

Since the initial study of Mitchell et al. [86] in 2008 showing that miRNAs from
PCa cells are released into the circulation, different groups have identified several
miRNAs signatures with utility in the detection and prognosis of PCa in body fluids
(Table 2.5). Specific miRNA signatures in body fluids have been correlated with
aggressiveness and response to therapy [86-92]. Nevertheless, there is a lack of
concordance across the different studies, probably due to methodological differ-
ences that affect several steps of the miRNA analysis from the sample collection to
the post-analytical phase. Although the substantial differences among the panels,
miR-141, miR-375 and miR-21 are regularly reported in various studies [93].

Mitchell et al. [86] showed that serum levels of miR-141 can distinguish PCa
patients from healthy controls, supporting the potential role of this miRNA as a
diagnostic marker for PCa. The upregulation of miR-141 in PCa patients was con-
firmed in later studies [94-97]. At the moment, the widest study about the clinical
usefulness of circulating miRNAs has been performed by Mihelich et al. [§7], mea-
suring the levels of 21 miRNAs in 50 BPH patients and 100 PCa patients in stages
T1-T2, classified according to the Gleason score. High levels of 14 miRNAs were
exclusively present in the serum from patients with low-grade PCa or BPH, com-
pared to men with high-grade PCa who had consistently low levels. The expression
levels of the 14 miRNAs were combined into a miR Score to predict absence of
high-grade PCa among PCa and BPH patients. Furthermore, the authors developed
the miR Risk Score based on 7 miRNAs (miR-451, miR-106a, miR-223, miR-107,
miR-130b, let-7a and miR-26b) in plasma samples to accurately classify the patients
with low-risk of biochemical recurrence. Similarly, Chen et al. [88] found that a
panel of five circulating miRNAs (miR-622, miR-1285, let-7e, let-7¢, and miR-30c)
were significantly different in PCa patients compared to BPH and healthy controls
with high accuracy in both identification and validation cohorts. Besides, Cheng
et al. [89] identified five serum miRNAs (miR-141, miR-200a, miR-200c, miR-210,
and miR-375) associated with metastatic castration resistant PCa. Sharova et al.
[90] analysed the levels of circulating miRNAs in patients with elevated PSA who
were diagnosed with either localised PCa or BPH upon biopsy and found that miR-
106a/miR-130b and miR-106a/miR-223 ratios were significantly different between
PCa and BPH groups, concluding that the analysis of the circulating miR-106a/
miR-130b (AUC: 0.81) and miR-106a/miR-223 ratios (AUC: 0.77) may reduce the
costs and morbidity of unnecessary biopsies. Recently, Al-Qatati et al. [91] using a
RT-gPCR based array established a unique expression profile of circulating cell-free
miRNAs to differentiate between PCa patients at intermediate versus high-risk for
recurrence or death after radical prostatectomy. Particularly, miR-16, miR-148a,
and miR-195 were tightly associated with high Gleason score. Those miRNAs are
involved in the regulation of the PI3K/Akt signaling pathway and may be promising
therapeutic targets for high-risk PCa. Otherwise, Salido-Guadarrama et al. [92]
identified a miR-100/200b signature in urine pellet comparing 73 patients with
high-risk PCa and 70 patients with BPH. The AUC for this signature (0.738) was
higher than the obtained AUCs for total PSA (0.681) and %fPSA (0.710).



2 Novel Biomarkers for Prostate Cancer Detection and Prognosis

27

Table 2.5 Summary of studies evaluating exosomal and non exosomal miRNAs in body fluids in

the detection of PCa
Authors Body fluid | Patients Clinical results
Mitchell et al. | Serum 25 metastatic PCa | AUC of 0.907 for miR-141 comparing PCa
2008 [86] and 25 matched and healthy controls
healthy controls
Mihelich Serum 100 no treated PCa | A panel combining let-7a, miR-103, -451,
etal. 2015 (50 low-grade, 50 =24, -26b, -30c, -93, -106a, -223, -874,
[87] high- grade) and 50 | -146a, -125b, -100, -107 and -130b
BPH distinguish high-grade PCa from low-grade
PCa and BPH
Chen et al. Plasma Screening set: 17 A panel combining miR-622, —1285, —30c,
2012 [88] BPH and 25 CaP. let-7e and let-7¢ discriminate CaP from
Validation set: 44 BPH (AUC: 0.924) or healthy controls
BPH, 54 healthy (AUC: 0.860)
controls and 80 CaP
Cheng et al. Serum Screening set: 25 AUCs: miR-141, 0.842; miR-200a, 0.638;
2013 [89] mCRPC and 25 miR-200c, 0.645; miR-210, 0.652;

age-matched

miR-375, 0.660 (validation set)

controls.
Validation set: 21 miR-210 levels are related to PSA response
mCRPC and 20 in mCRPC

age-matched healthy
controls

Sharova et al. | Plasma 36 patients with PCa | miR-106a/miR-130b and miR-106a/
2016 [90] and 31 patients with | miR-223 ratios were significantly different
BPH between PCa and BPH groups.
AUCs: 0.81 (miR-106a/miR-130b) and 0.77
(miR-106a/miR-223)
Al-Qatati Plasma 79 treatment-naive | miR-16, miR-148a and miR-195
etal. 2017 PCa patients, 1-2 significantly correlated with Gleason score.
[91] follow-up samples | The high miRNA levels before RP remained
after RP from 51 of | increased in the postsurgical plasma
the 79 PCa patients, | samples
and 33 healthy
controls
Salido- Urinary 73 patients with HR | AUC for miR-100/200b signature: 0.738
Guadarrama | pellet PCa and 70 patients | Adding the miR-100/200b signature to a
etal. 2016 with BPH multivariate model based on age, DRE, total
[92] PSA and %fPSA the AUC increased from
0.816 to 0.876
Selth et al. Serum 25 mCRPC patients | Levels of miR-141, —298 and — 375
2012 [94] and 25 healthy increased in PCa. No correlation with

controls

Gleason score, tumor stage, surgical
margins, seminal vesicle involvement and
extra-capsular extension. Only hsa-miR-298
showed higher expression in tumors with
positive surgical margins

(continued)
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Authors Body fluid | Patients Clinical results
Nguyen et al. | Serum 28 LR PCa, 30 HR | miR-375, -378%*, -141 increase with disease
2013 [96] PCa and 26 mCRPC | progression
Fredsge et al. | Cell-free Screening set: 29 A three-miRNA model (miR-222-3p*miR-
2017 [98] urine BPH patients and 24-3p/miR-30c-5p) distinguished BPH and
samples 215 patients with PCa patients with an AUC of 0.95 in
clinically localized | screening set, and was successfully
PCa. validated in validation set (AUC 0.89).
Furthermore, a prognostic three-miRNA
model (miR-125b-5p*let-7a-5p/miR-
151-5p) predicted time to biochemical
recurrence after RP in screening set, and
was successfully validated
Metcalf et al. | Serum 16 PValidation set: | Elevated levels of miR-141 and miR-375 in
2016 [99] 29 BPH patients and | patients with active cancers compared to
220 patients with patients in remission, with the highest levels
clinically localized | detected in patients with metastatic PCa
PCa.Ca patients
Lietal., 2015 | Serum Serum vs exosomes | Serum exosomal miR-141 was significantly
[113] exosomes | cohort: 20 PCa, 20 | higher in PCa patients compared with BPH
BPH, 20 healthy patients and healthy controls
controls
Huangetal. |Plasma Screening set: 23 Plasma exosomal miR-1290 and miR-375
2015 [114] exosomes | CRPC patients were significantly associated with poor
Follow-up set: 100 | overall survival
CRPC patients
Foj et al. Urinary 60 PCa patients and | A panel combining miR-21 + miR-375 is
2017 [115] pellets & 10 healthy controls | the best combination to distinguish PCa
urinary patients and healthy controls (AUC: 0.872)
exosomes in urinary pellets.
MiR-21, -141, -214 were significantly
deregulated in intermediate/HR PCa versus
LR/healthy subjects in urinary pellets.
Significant differences between both groups
were found in urinary exosomes for
miR-21, -375, and let-7¢
Samsonov Urinary 35 PCa patients and | miR-21, -141 and - 574 were upregulated in
et al. 2016 exosomes | 35 healthy controls | PCa patients compared with healthy
[116] controls in urinary exosomes
Alhasan et al. | Serum 6 VHR PCa patients | AUCs (comparing VHR PCa versus LR PCa
2016 [118] 2 HR PCa patients | and healthy subjects): miR-200c, 1.0;
4 LR PCa patients m1R—43.3, 0.98; miR- 135a*, 0.98; miR-605,
0.92; miR-106a: 0.89
4 healthy controls

AUC area under the curve; PCa prostate cancer; mCRPC metastatic castration resistant prostate
cancer; VA no available; EV Extracellular Vesicles; RP Radical Prostatectomy; VHR very high-risk
PCa; HR high-risk PCa; LR low-risk PCa
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Furthermore, when the miR-100/200b signature was included to a multivariate
model based on age, DRE, total PSA and %fPSA, the AUC increased from 0.816 to
0.876. Another recent study about miRNAs in urine is the one carried out by Fredsge
et al. [98] who identified several deregulated miRNAs in cell-free urine samples
from PCa patients and suggested a novel diagnostic three-miRNA model (miR-222-
3p*miR-24-3p/miR-30c-5p) that distinguished BPH and PCa patients with an AUC
of 0.95 in a first cohort, and was successfully validated in a second independent
cohort (AUC 0.89). Besides, the authors reported a novel prognostic three-miRNA
model (miR-125b-5p*let-7a-5p/miR-151-5p) that predicted time to biochemical
recurrence after radical prostatectomy independently of routine clinicopathological
parameters.

Particularly, Metcalf et al. [99] designed and validated a novel peptide nucleic
acids (PNAs) based fluorogenic biosensor for the detection of endogenous concen-
trations of circulating miRNAs in serum for PCa detection with high affinity and
specificity, which does not require any amplification step and involves minimal or
no sample processing. The sensing technology is based on oligonucleotide-
templated reactions where the only miRNA of interest serves as a matrix to catalyze
an otherwise highly unfavorable fluorogenic reaction. The authors used this tech-
nology in the serum of 16 PCa patients, finding elevated levels of miR-141 and
miR-375 in patients with active cancer compared to patients in remission, with the
highest levels detected in metastatic PCa patients. The same RNA samples were
analyzed using gold standard RT-qPCR to validate this novel technology and the
results were comparable. However, this technology offers the advantages of being
low-cost, isothermal and that it is practicable for incorporation into portable devices.
Besides, a new feature of this technology is that PNA probes are also capable of
detecting miR-precursors, which would indicate that the sum of mature and precur-
sor miRNAS can also be used as a specific biomarker for PCa. Although tests were
initially performed on extracted RNA from serum samples, similar results were also
obtained when using the probes directly in serum without any amplification and any
processing steps.

2.4.3 miRNAs in Exosomes

Exosomes are the smallest (30-150 nm) extracellular vesicles (EV) derived from
multivesicular bodies and are involved in intercellular communication, since cells
use them to exchange proteins, lipids and nucleic acids [100, 101]. Exosomes are
either released from normal or neoplastic cells, being considered to play a funda-
mental role in many physiological and pathological processes [102]. Exosomes
contain mRNA, miRNAs and DNA so the transfer of this kind of information and
oncogenic signaling to the tumor microenvironment modulate the tumor progres-
sion, the angiogenic proliferation, the formation of the metastasis [103] and even
the suppression of immune responses [104].
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Several studies have suggested that exosomes obtained from blood and urine are
a consistent source of miRNA for disease biomarker detection [105—108], although
other researchers highlight that exosomes in standard preparations do not carry
biologically significant amount of miRNAs [109]. Actually, RNA sequencing anal-
ysis of plasma-derived exosomes revealed that miRNAs are the most abundant exo-
somal RNA species [100]. The miRNA content of EV reflects the miRNA
expression profile of the cells they originated from [110]. Nevertheless, according
to Arroyo et al. [111], vesicle associated miRNAs only represents a minority, while
around 90% of miRNAs in the circulation is present in a non-membrane-bound
form. Contrarily, Gallo et al. [112] showed that the concentration of miRNAs was
consistently higher in exosomal fractions as compared to exosome-depleted serum.
Cheng et al. [105] performed deep sequencing of miRNAs in exosomal and total
cell-free RNA fractions in human plasma and serum and found that exosomes are
enriched in miRNAs and provide a consistent source of miRNAs for biomarker
discovery. Besides, the same authors found that deep sequencing of exosomal and
total cell-free small RNAs in human urine showed a significant enrichment of miR-
NAs in exosomes.

In fact, few reports have evaluated the exosomal miRNAs utility for PCa detec-
tion and prognosis. Li et al. [113] showed that the level of the miR-141 was signifi-
cantly higher in exosomes compared with whole serum. Besides, according to these
authors the level of serum exosomal miR-141 was significantly higher in PCa
patients compared with BPH patients and healthy controls, finding the most ele-
vated levels in patients with metastatic PCa. Moreover, Huang et al. [114] found that
the levels of plasma exosomal miR-1290 and miR-375 were significantly associated
with poor overall survival. The addition of these new biomarkers into a clinical
prognostic model improved predictive performance with a time-dependent AUC
increase from 0.66 to 0.73. Furthermore, Foj et al. [115] reported that miR-21, miR-
375 and let-7c were significantly upregulated in PCa patients versus healthy sub-
jects in urinary exosomes. Additionally, these miRNAs were found significantly
deregulated in intermediate/high-risk PCa versus low-risk/healthy subjects in uri-
nary exosomes. Similarly, Samsonov et al. [116] indicated that miR-21, miR-141
and miR-574 were upregulated in PCa patients compared with healthy controls in
urinary exosomes isolated by a lectin-based exosomes agglutination method.
Nevertheless, only miR-141 was found significantly upregulated when urinary exo-
somes were isolated by differential centrifugation.

Recently, a high-throughput, spherical nucleic acid-based miRNA expression
profiling platform called the Scano-miR bioassay was developed to measure the
expression levels of miRNAs with high sensitivity and specificity. The Scano-
miR can detect miRNA biomarkers down to 1 femtomolar concentrations and
distinguishes perfect miRNA sequences from those with single nucleotide mis-
matches [117]. Alhasan et al. [118] used the Scano-miR platform to study the
exosomal miRNA profiles of serum samples from patients with very high-risk
PCa and compared them with the miRNA profiles from healthy individuals and
patients with low-risk PCa. The authors identified and validated a unique molecu-
lar signature specific for very high-risk PCa. This molecular signature can dif-
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ferentiate patients who may benefit from therapy from those who can be derived
to active surveillance. Five miRNA PCa biomarkers (miR-200c, miR-605, miR-
135a*, miR-433, and miR-106a) were identified to differentiate low-risk from
high and very high-risk PCa.

Due to the discordant results and the lack of overlapping across the different
studies, more large-scale studies are needed before clinical application of miRNAs
as biomarkers for PCa management. Furthermore, new advances in standardization
of all the steps in the process of miRNA analysis are required to improve knowledge
on these new biomarkers.

2.5 Conclusion

The published results show that PCA3 score, PHI and 4Kscore can reduce the num-
ber of unnecessary biopsies, outperforming better than total PSA and
%fPSA. Furthermore, in this review, we have underlined the relationship of these
new biomarkers with PCa aggressiveness. The 4Kscore provides with high accuracy
an individual risk for high-grade PCa. Also, high values of PHI are associated with
tumor aggressiveness. In contrast, the relationship of PCA3 score with aggressive-
ness remains controversial, with studies showing opposite conclusions. Auprich
etal. [119] suggested that the pass of PCA3 into urine is difficult in undifferentiated
tumors because of their glandular differentiation lost. In consequence, the PCA3
score measured in urine could be low. On the other hand, more results are necessary
to validate the usefulness of TMPRSS2:ERG fusion gene and the exosomal and
non-exosomal miRNAs. In addition, new efforts to standardize the methodology
used in the measurement of miRNAs are required. Moreover, isolation of exosomes
requires easier and more reproducible methods.

Comparison studies among these biomarkers are also necessary to elucidate
which of them to select. At the moment, few studies have been reported at this
regard, although the performance of PHI and 4Kscore seems similar according to
the published results. In this sense, a recent meta-analysis based on twenty-eight
studies including 16,762 patients documented comparable AUCs for 4Kscore and
PHI in the detection of high-grade PCa (AUCs of 0.81 and 0.82, respectively) [120].
The same conclusion was reported by Nordstrom et al. [121] evaluating 211 patients
undergoing initial or repeat prostate biopsy. The authors showed AUCs in the pre-
diction of high-grade PCa of 0.718 for 4Kscore and 0.711 for PHI.

In contrast, available studies comparing PHI and PCA3 score showed non-
conclusive results. Scattoni et al. [122] performed a head-to-head comparison of
both biomarkers concluding that PHI was significantly more accurate than the
PCA3 score for predicting PCa (AUC 0.70 vs. 0.59). These differences were also
observed for predicting PCa in the initial biopsy (AUCs of 0.69 vs 0.57, respec-
tively) and in the repeat biopsy (AUCs of 0.72 vs 0.63, respectively). Conversely,
Stephan et al. [123] reported AUCs of 0.74 vs. 0.68 for PCA3 score and PHI, respec-
tively. According to this group, the performance of PCA3 score was slightly better
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in patients submitted to repeated biopsies than in the first biopsy (AUCs of 0.77 vs
0.70, respectively), while no appreciable differences were reported for PHI between
both groups (AUCS of 0.69 vs 0.68, respectively).

To our knowledge, only Vedder et al. [124] performed a study comparing PCA3
score and the 4Kscore. The authors showed that the 4Kscore outperforms the PCA3
score (AUC 0.78 vs. 0.62) in men with elevated PSA, although the accuracy of the
PCA3 score was higher in the global population (AUC 0.63 for PCA3 vs. 0.56 for
the 4Kscore). Additionally, the authors showed that PCA3 score slightly added
value to a multivariate model, increasing the AUC from 0.70 to 0.73. The value of
4Kscore in this regard was minimal, increasing the AUC from 0.70 to 0.71.

Currently, these biomarkers have been recommended by different guidelines
[125-127], underlying that they outperform PSA and %fPSA in PCa detection.
Furthermore, several studies suggest the value of these biomarkers to increase the
predictive accuracy of multivariate models based on classical clinicopathologic
variables. Moreover, magnetic resonance imaging (MRI) emerges as a new tool in
PCa management, increasing the detection of clinically significant disease. The
combined role of these biomarkers together with MRI data should be investigated
from an integrated point of view [128]. In summary, available literature shows
promising advances in PCa biomarker research. However, large prospective multi-
center studies comparing PHI, 4Kscore and PCA3 score are necessary to further
elucidate their role in the management of early PCa. Finally, careful validation of
emerging biomarkers such as miRNAs and improvement in exosomal isolation are
required. The development of these new alternatives could open a new scenario for
PCa management in the era of personalized medicine.
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