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severe limitations for PCa detection with its low specificity and low negative predictive value. There is an urgent
need for new biomarkers especially to detect clinically significant and aggressive PCa. From all PSA-based
markers, the FDA-approved Prostate Health Index (phi) shows improved specificity over percent free and total
PSA. Other serum kallikreins or sarcosine in serum or urine show more diverging data. In urine, the FDA-

Keywords:

PSA approved prostate cancer gene 3 (PCA3) has also proven its utility in the detection and management of early
Prostate cancer PCa. However, some aspects on its correlation with aggressiveness and the low sensitivity at very high values
Prostate health index have to be re-examined. The detection of a fusion of the androgen regulated TMPRSS2 gene with the ERG
PCA3 oncogene (from the ETS family), which acts as transcription factor gene, in tissue of ~50% of all PCa patients
TMPRSS2 was one milestone in PCa research. When combining the urinary assays for TMPRSS2:ERG and PCA3, an
Biomarkers improved accuracy for PCa detection is visible. PCA3 and phi as the best available PCa biomarkers show an
equal performance in direct comparisons.

© 2014 Published by Elsevier B.V.
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1. PSA and prostate cancer case of a detected PCa in those men with an initial PSA level of

1.1. Prostate cancer incidence and mortality

The increasing use of serum prostate-specific antigen (PSA) within
the last 25 years lifted prostate cancer (PCa) to the most frequent
neoplasia in men in the Western world [1,2]. In Europe, an incidence
of 416 700 new cases and a mortality of 92 200 cancer deaths per year
was reported for 2012 [3]. There have been an estimated 233 000 new
cases and 29 480 cancer deaths in the USA for 2014 [1]. Worldwide ap-
proximately 900 000 new cases and 258 000 PCa related deaths have
been reported for 2008 [4]. For the year 2030, an incidence of 1.7 million
PCa and an annual mortality rate of 0.5 million men have been proposed
[4].

1.2. Biology of PSA and its correlation with PCa

PSA is one of the most widely used biomarkers. The serine protease
PSA was detected in serum in 1980 [5]. Since then it has revolutionized
the management of PCa [6]. Biologically, PSA is responsible for semen
liquefaction and secreted into the seminal plasma [7]. Usually, the retro-
grade release of PSA into the bloodstream is a rare event in healthy men.
It occurs with a frequency of less than one PSA molecule per million
secreted PSA molecules, leading to a concentration of <4 ng/ml in
serum, which is a million-fold lower than the PSA concentration in
seminal plasma (0.5-5 mg/ml). Only a destruction of the basement
membrane of prostate epithelial cells may result in excessive escape of
PSA into the blood circulation [8].

However, besides PCa, also benign prostate diseases, as well as
physical trauma of the prostate can result in significant increases of
serum PSA. Thus, elevated serum PSA levels only indicate pathologies
of the prostate gland, including PCa, but PSA is not cancer-specific. In
the USA, almost 55% of all men aged 40 years or older were estimated
to have a PSA test during the preceding 2 years [9]. There is a strong
correlation between the serum PSA concentration and the risk of PCa
[10-12]. In 2950 American men undergoing prostate biopsy and
showing PSA values <4 ng/ml and a 7 year follow-up the prevalence
of PCa increased from 6.6% among men with a PSA of 0-0.5 ng/ml to
10.1% and 17% for PSA values of 0.6-1.0 and 1.1-2 ng/ml and finally to
23.9% and 26.9% among those with PSA values of 2.1-3 and 3.1-
4 ng/ml [11]. In the way of this landmark trial, clinicians began to
consider PSA as a continuum, with increasing levels reflecting greater
risk. The concept of a low PSA limit where below PCa could not be
detected was largely abandoned. Further large studies show similar
results. In 5855 screened Swedish men, the PCa detection rates during
a 7.6 year follow-up were for the following PSA ranges: 0-0.49 ng/ml,
0% (0 from 958); 0.5-0.99 ng/ml, 0.9% (17/1992); 1-1.49 ng/ml, 4.7%
(54/1138); 1.5-1.99 ng/ml, 12.3% (70/571); 2-2.49 ng/ml, 21.4% (67/
313); 2.5-2.99 ng/ml, 25.2% (56/222); 3-3.99 ng/ml, 33.3% (89/267);
4-6.99 ng/ml, 38.9% (103/265); 7-9.99 ng/ml, 50% (30/60); >10 ng/ml,
76.8% (53/69) [10]. However, regular biopsy was only offered at PSA
levels >3 ng/ml [10]. Noteworthy, within 3 years there was no single

<1 ng/ml [10]. Comparable PCa detection rates were obtained from
10 523 screened Dutch men [12], where biopsy was performed at
PSA concentrations >4 ng/ml or if digital rectal examination (DRE)
and/or transrectal ultrasound were suspicious for cancer. Here, the
PCa detection rates for the respective PSA ranges were as follows:
PSA 0-0.9 ng/ml, 0.2% (9/3858); 1-1.9 ng/ml, 1.3% (43/3305); 2-
2.9 ng/ml, 2.2% (29/1314); 3-3.9 ng/ml, 6.3% (46/734); 4-9.9 ng/ml,
21.7% (238/1095) and >10 ng/ml, 52.1% with 113 PCa from 217
screened men [12]. Another study in 26 111 screened men with 2122
detected PCa had increasing PCa detection rates as follows: PSA
0-1 ng/ml, 1%, PSA 1.1-2.5 ng/ml: 8%; PSA 2.6-4 ng/ml: 20%; PSA
4.1-10: 31% and PSA >10 ng/ml: 56% [13]. Furthermore, in those 1356
men who underwent radical prostatectomy, the organ confined tumors
decreased in the 5 PSA-ranges from 82% and 78% over 77% to 67% and
44% showing also a relationship between PSA and aggressiveness and
tumor stage [13]. Those large studies clearly prove the relationship
between increasing PSA values and an increasing risk of harboring a
PCa, as reviewed [14-16]. There is strong evidence that PSA can be
used to predict the PCa risk many years in advance [14].

Another important point is the risk of metastatic PCa and its relation-
ship with PSA measurement. Data from 76 813 men from 4 centers of
the European Randomized Study of Screening for Prostate Cancer
(ERSPC) were evaluated for the presence of metastatic disease by
imaging or by PSA values >100 ng/ml at diagnosis or during 12 years
of follow-up. Overall, 666 men with metastatic PCa were detected, 256
in the screening arm and 410 in the control arm. The cumulative inci-
dence of metastatic PCa was significantly reduced with PSA screening
(p <0.001) and the relative reduction was 30% (p = 0.001) in the
intention-to-screen analysis or already 42% (p = 0.0001) for those
men who were actually screened [17].

Furthermore, recent long-term follow-up data for 25-30 years show
that also the risk to die from metastatic PCa with 44% is strongly
increased for men aged 45 to 55 years when their PSA is within the
10th percentile (>1.6 or >2.4 ng/ml) [18]. Those men with PSA values
below the respective medians (<0.68 or <0.85 ng/ml) only have a risk
to die of metastatic PCa of lower than 0.3% [18].

So far, it seems unlikely that PSA can be replaced as first line
screening parameter within the next years. PSA is also the key parame-
ter for prediction [17], staging and monitoring of PCa [15]. PSA improves
treatment selection and patient care, and predicts the risk of complica-
tions and disease recurrence [14].

1.3. PSA limitations

However, for PCa detection but not for monitoring or prediction, PSA
has incisive limitations. As already mentioned, benign prostate diseases
such as benign prostate hyperplasia (BPH) or prostatitis as well as
manipulations (bicycling, digital rectal examination, catheterization)
of the prostate can also cause elevated PSA serum concentrations
[6,19]. This leads to a low specificity and low positive predictive value
if a single PSA measurement is used to predict PCa, especially in the
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PSA “gray zone” of 2-10 ng/ml [6,20]. The large biological variations in
the measured PSA concentrations with up to 20-30% is a further draw-
back [21]. A simple repeat measurement of PSA can avoid significant
numbers of unnecessary prostate biopsies [22]. But approximately
60-80% of all biopsies indicate no PCa at the pathology report and are
therefore unnecessary.

1.4. PSA derivatives

To increase the specificity of PSA, different parameters have been
developed in the beginning of the 1990s like PSA velocity (change of
PSA over a time period) including the PSA doubling time, PSA density
(ratio of PSA to prostate volume) or age-/race-specific reference ranges.
Results have been summarized [23-26] but all these PSA based
parameters have been only partially successful and will be therefore
not be described in detail. There is still an urgent need to improve spec-
ificity of PSA.

2. PSA based serum markers
2.1. PSA complexes with proteinase inhibitors

In the early 1990s two independent groups found PSA to exist in
different molecular forms [27,28]. Approximately 65-95% of PSA is
bound to alpha-1-antichymotrypsin (PSA-ACT) while the remaining
PSA circulates as free (unbound) PSA (fPSA). PSA-ACT is higher in PCa
patients compared with non-PCa patients [28]. The reason for this
difference between BPH and PCa patients is not completely understood.
It is assumed that the loss of tissue architecture in PCa causes a quicker
access of active PSA from the prostate epithelium into the circulation.
Then, the protease inhibitor ACT and other inhibitors like alphal-
protease inhibitor (API) or alpha2-macroglobulin (A2M) can complex
with PSA more easily [29]. If active PSA reaches the circulation from
normal or BPH cells, it first leaks backwards into the extracellular
space, where it is susceptible to proteolytic degradation [29]. After
degradation, PSA becomes inactive and can form complexes only to a
very small degree with ACT but still with A2M [30]. Therefore, in
patients without PCa the amount of PSA-ACT is lower and subsequently
the relative amount of fPSA is higher. The different amounts of PSA-ACT
and fPSA are generated extracellular or in the blood circulation. This
hypothesis is confirmed because PSA in prostatic tissue is present
almost exclusively as uncomplexed, free PSA [31-33].

PSA complexes with API or A2M became measurable in the late
1990s [34,35]. PSA-API [36] and PSA-A2M [37] are significantly higher
in BPH patients. While the amount of PSA-API in BPH and PCa patients
was 1.6% and 0.9% of PSA [36], the PSA-A2M amounted to 12% and 8% of
PSA, respectively [37]. The higher amount of inactive PSA after its back-
ward leakage in BPH patients may lead to more PSA-A2M complexes
since inactive PSA can still bind to A2M [38]. However, the measure-
ment for PSA-A2M needs rather complicated methods [35] and the
very small amounts of API to total PSA (tPSA) are analytically challeng-
ing [36] so that both assays never became commercially available.

The sum of PSA-ACT and PSA-API is also directly measurable as
complex PSA (cPSA) [39]. The cPSA can only reach comparable results
to the ratio of fPSA to tPSA (f/tPSA ratio or percent free PSA, %fPSA)
when also used as ratio to tPSA [40,41] despite a meta-analysis stated
that %fPSA and cPSA show comparable results [42]. From the point of
theoretical view, PSA-ACT and cPSA are the most cancer specific
forms of PSA. Likewise, %fPSA is theoretically inferior to PSA-ACT,
but measurement of %fPSA is metrologically more favorable and has
therefore become the preferred method [43]. No study has shown an
advantage of the PSA-ACT or the PSA-ACT/tPSA ratio, compared with
%fPSA, to enhance the specificity of PCa detection (cited in [44]). There-
fore, the vast majority of clinical utility studies on molecular forms of
PSA have been published on %fPSA.

2.2. Clinical relevance of %fPSA

Since the middle of the 1990s the %fPSA has become clinically relevant
to improve specificity of PSA alone [45-49]. This has been confirmed for
the 4-10 ng/ml tPSA range (reviewed in [50]). But also for lower PSA
values <4 ng/ml, %fPSA has shown its clinical value [51-53]. A meta-
analysis on %fPSA found an area under the ROC curve (AUC) of 0.68 for
more than 2800 patients within the tPSA “gray zone” of 4-10 ng/ml
[54]. But the authors concluded that %fPSA can only be a useful adjunct
to PSA-based screening when reaching extreme values such as <7%
[54]. With used %fPSA cutoffs at 90-95% sensitivity (which is equal to ab-
solute %fPSA cutoff values of ~15%-25% depending on the used assays),
the number of unnecessary biopsies could be reduced by approximately
10-20%. This has been shown for the indications of initial and repeat bi-
opsies. For a correct interpretation, influencing factors of %fPSA should
be considered. With increasing prostate volume as one of the clinical
signs of BPH, %fPSA also increases (cited in [44]). Notably, a larger prostate
volume in PCa patients is correlated with higher %fPSA. PCa patients with
large prostate glands have higher %fPSA values due to the coexistence of
BPH and PCa. Therefore, %fPSA cannot distinguish between BPH and PCa
in those patients and should be used preferentially in patients with a
smaller gland volume <40 ml [55]. Other relationships are more diver-
gent like a negative correlation with tPSA, staging and grading PCa with
%fPSA or relationships with age or prostatic intraepithelial neoplasia
(cited in [44]).

It has been proposed by Stephan et al. [56] in 1997 and later by Lee
et al. [57] to use %fPSA as a priority decision tool for first time biopsy.
Data from more than 10 000 screened men, where 758 underwent pros-
tate biopsy, confirm the impact of %fPSA on the PCa probability [58]. For
instance, at a tPSA value of 4 ng/ml, the PCa probability increases from
3% to 39% when the %fPSA decreases from 35% to 7% [58]. Even when
the tPSA is 10 ng/ml, the PCa probability is below 15% when %fPSA is
above 25% [58]. For low PSA concentrations <3 ng/ml, %fPSA has also
shown its value in 17 680 screened Finnish men with a median
follow-up of almost 6 years and 327 detected PCa [59]. The risk of PCa
detection is 33% when the tPSA is only 2-3 ng/ml but %fPSA is below
10% [59]. Furthermore, men with a %fPSA in the lowest quartile
(<14.2%) had an almost 7-fold higher PCa risk compared with those
with a %fPSA level in the highest quartile (>23.7%) [59]. Recent data
from a large Danish study with 27 179 men in a case-control study that
subsequently identified 874 men with PCa found a 10-fold higher PCa in-
cidence when %fPSA is below 15% compared with %fPSA values >20%
after a 14-year follow-up [60]. In men older than 57 years this in-
cidence is already 18-fold higher for %fPSA <15% compared with >20%
[60]. Another research group more cautiously argued, that %fPSA
might be less useful as a long-term predictor of PCa [61]. In a retrospec-
tive study in more than 21 000 men of ages 44-50, the archived samples
of 462 PCa were compared with 1222 matched controls after 25 years
[61]. A multivariable kallikrein-model incorporating tPSA, fPSA, %{PSA,
and the human glandular kallikrein 2 (KLK2) had no better predictive
power than tPSA [61]. Later studies with the same kallikrein panel in
other cohorts found better results for %fPSA within the panel [62,63].
However, this was for prediction on biopsy results, where %fPSA im-
proved the AUC and not for long-term prognosis.

Although the long-term value of %fPSA is debatable, this ratio has
been established especially within multivariable models such as
artificial neural networks (ANN) or logistic regression (LR) to predict
the PCa risk (reviewed in [64]). Table 1 (modified from reference
[64]) shows the improvement of %fPSA and ANN or LR models com-
pared with tPSA published between 1998 and 2004 [65-72]. Regard-
less of the different used tPSA and fPSA assays and the different PSA
ranges investigated, enhanced specificities by using %fPSA within
ANN or LR models were observed [73]. However, only some models
are available in the internet [67,73,74]. Exemplarily, in Figs. 1 and 2
the respective models by Finne et al. [67] and Stephan et al. [73]
are shown.



102

C. Stephan et al. / Biochimica et Biophysica Acta 1846 (2014) 99-112

Table 1
Examples for multivariable models using %fPSA for diagnosis of PCa (1998-2004).
Authors [Ref.] Year Screening Model PSA assays tPSA range (ng/ml)  Contributing factors AUC Specificity
(n of pts.; % with PCa) (ranking) (company) (if numbered, then by value) at 95% sensitivity
Carlson et al. [66] 1998 No LR Tosoh 4-20 1. %fPSA na. 34 (LR)
(n = 3773; 33% PCa) (Dianon) 2. Age 23 (%fPSA)
3.tPSA
Virtanen et al. [72] 1999 Yes 1.LR ProStatus (Wallac) 3-10 1. %fPSA 0.81 (LR for tPSA 3-45) n.a.
(n = 212; 25% PCa) 2. ANN (3-45) 2.DRE %fPSA n.a.
3. Heredity
Finne et al. [67] 2000 Yes 1. ANN ProStatus (Wallac) 4-10 1. %fPSA 2. Volume na. 33 (ANN)
(n = 656; 23% PCa) 2.1R 3.DRE 24 (LR)
4.tPSA 19 (%fPSA)
Babaian et al. [65] 2000 Yes ANN Tandem R 2.5-4 %fPSA, tPSA, age, PAP, CK 0.74 ANN 51 (ANN)
(n = 151; 25% PCa) (Beckman Coulter) (0.64%fPSA) 39 (PSAD)
10 (%fPSA)
Horninger et al. [69] 2001 Yes ANN Abbot IMX na. Age, tPSA, %fPSA, DRE, volume, n.a. ~27 (ANN)
(n = 3474; na.) LR (Abbott) PSA > 4 or DRE+ PSAD, PSAD-TZ, TZ-volume ~13 (%fPSA)
~13 (tPSA)
Stephan et al. [71] 2002 No ANN IMMULITE 2-20 1.DRE 0.86 (ANN) 43 (ANN)
(n = 1188; 61% PCa) LR (Bayer) 2. %fPSA 3. Volume 4. tPSA 0.75 (%fPSA) 26 (%fPSA)
5. Age
Remzi et al. [70] 2003 No ANN,LR  AxSYM 4-10 tPSA, %fPSA, volume, PSAD, 0.83 (ANN) 68 (ANN)
(n = 820; 10% PCa) (Abbott) PSAD-TZ, TZ-volume 0.79 (LR) 54 (LR)
0.745 (%fPSA) 33.5 (%fPSA)
Finne et al. [68] 2004 Yes 1.LR ProStatus (Wallac) 4-10 1. DRE 0.764 (LR) 22 (LR)
(n = 1775; 22% PCa) 2.ANN 2. %fPSA 3. Volume 4. tPSA 0.760 (ANN) 19 (ANN)
0.718 (%fPSA) 17 (%PSA)

Abbreviations: AUC: area under the (ROC) curve; n.a.: not available; LR: logistic regression; ANN: artificial neural network, PAP: prostate alkaline phosphatase, CK: creatin kinase; PSAD:
PSA density, PSAD-TZ: transition zone density; DRE: digital rectal examination.
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Fig. 1. The program at www.finne.info to estimate the risk of PCa based on ANN and LR at the 95% sensitivity level.
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Fig. 2. Program “ProstataClass” version 2008 for 5 different PSA assays at http://urologie.charite.de and the link: “ProstataClass”. Example of the ANN output (only available in German)
indicating “geringes Risiko” (lower risk)” at the 95% sensitivity level. The German input values are Alter [english: age], PSA Test [PSA assay|, Gesamt PSA [total PSA], Freies PSA (in Prozent)
[percent free PSA], Prostatavolumen [prostate volume] and DRU [digital rectal exam: DRE].

2.3. Subforms of free PSA

With the beginning of the new millennium researchers focused
to determine subforms of fPSA [32,75-79]. The free PSA became
more complex [80]. Fig. 3 indicates the different molecular forms of

PSA.

1980

1990

R

The so called “benign” PSA (bPSA) is a clipped subform of free PSA
that is highly associated with the transition zone of the prostate,

of %fPSA by approximately 15% [82].

PSA forms

2000

2010

Fig. 3. Molecular forms of PSA and the Prostate Health Index phi including the respective times of detection.

.

containing BPH nodules [32]. The bPSA could be used as marker for
BPH, but was unable to distinguish between BPH and PCa [81,82]. How-
ever, within a multivariable model, bPSA could improve the specificity
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Another fPSA subform was detected by using anti-PSA antibodies
that do not recognize internally cleaved PSA at Lys145-Lys146. This
special PSA subform was termed “intact”, unclipped PSA (iPSA) [77].
Although iPSA could distinguish between PCa and BPH [78,83], its
further use has been limited since a commercial assay is lacking.

The third subform, proPSA contains a seven amino acid N-terminal
pro-leader peptide in its native form and is termed [ — 7]|proPSA. The
cleavage of [— 7]proPSA naturally occurs rapidly to form enzymatically
active PSA. However, the [—7]proPSA is also rapidly truncated by
proteolytic cleavage to [—4]proPSA, [— 5]proPSA or [ — 2]proPSA. [-2]
proPSA is not cleaved further and it does accumulate in cancer tissue.

A research assay measuring the [—7, -5]proPSA was of limited
usefulness and had subsequently not been commercialized (reviewed
in [44]. Also, the [-4]proPSA was not specific enough for PCa detection
[84].

However, only the [—2]proPSA [84,85] and especially the commer-
cial and FDA-approved [— 2]proPSA [86-89] showed the expected
further improvement in specificity over %fPSA. A specific formula
using [ — 2]proPSA, fPSA and tPSA was empirically found to be best to
discriminate between PCa and non-PCa. Since 2010 the Prostate Health
Index phi (calculated as: [— 2]proPSA/fPSA x VPSA) has been used [90,
91]. These data on phi have been confirmed in large multicenter cohorts
and it further seems that phi may preferentially detect aggressive PCa
[86,89,92,93].

2.4. Clinical importance of Prostate Health Index phi

In 2012, [— 2]proPSA was approved by the FDA to be used for initial
biopsy decision in men with PSA in the range of 4-10 ng/ml and nega-
tive DRE. A comprehensive review summarizes all aspects on different
proPSA forms including the clinical utility of [ —2]proPSA and phi as
well as the cost-effectiveness of phi [94]. The addition of phi to the
common screening strategy with PSA alone slightly increases the costs
of the blood tests but could reduce the number of required office visits,
laboratory tests and prostatic biopsies [94]. Incorporating phi into a
ERSPC screening model resulted in a predicted reduction in negative
biopsies by 29%, a reduction in detected PCa by 2% and a total cost
reduction for PCa care by 2% [95]. The summarized health economic
studies suggest the addition of phi to PSA-based screening alone [94].

A recent meta-analysis for phi and the percentage of [ — 2]proPSA to
fPSA (%[-2]proPSA) analyzed data from more than 5000 biopsied men
within the 2-10 ng/ml tPSA range [96]. Filella and Gimenez [96]
described at 90% sensitivity a pooled specificity of approximately 32%
for phi and %[ — 2]proPSA and found both parameters to be superior to
tPSA and %fPSA in detecting PCa.

Increasing phi values were associated with an increased probability
of detecting Gleason >7 PCa [86,89]. Two studies in more than 2200
men independently found that the relative risk of any PCa is 3.6-fold
[89] to 4.7-fold [86] higher in those men with phi values the highest
as compared with the lowest quartile. The risk of a Gleason > 7 PCa
increases 1.6-fold with phi values the within highest quartile [86]. In
the other study, phi had significantly higher median values for patients
with a Gleason > 7 PCa compared with a Gleason score < 7 PCa and the
proportion of Gleason > 7 PCa increased with the phi score [89]. In a
prospective study in 566 men by Sokoll et al. [93], the authors found
%|-2]proPSA to be increased with increasing Gleason score (p < 0.001)
and higher in aggressive cancers (p = 0.03). A prospective evaluation
in 350 consecutive men who underwent radical prostatectomy found
significantly higher %[-2]proPSA and phi levels in patients with pT3 dis-
ease, pathologic Gleason sum > 7, and Gleason sum upgrading [97].
Thus, preoperative determination of %[-2 ]proPSA and phi appear to pre-
dict patients with more aggressive disease on final pathology and might
therefore be useful in the preoperative counseling of patients [94]. If phi
preferentially detects aggressive PCa, it might become an increasing role
for PCa patients under active surveillance [94].

It seems that the earlier specificity enhancement of %fPSA compared
with tPSA in studies between 1995 and 2002 now disappears and that
only phi shows currently a real specificity improvement over tPSA and
also over %fPSA. The reasons for the decreased %fPSA performance are
unclear. The harmonization of almost all PSA assays to WHO standard-
ized tPSA and fPSA assays with approximately 20% lower values might
be one reason.

Interestingly, the further improvement of %fPSA by using it within
multivariable models (see table 1) could now not be repeated when
using phi within multivariable models. The AUC-gain was very modest
or not visible [89,98]. The reason for that phenomenon is also unclear.
From the mathematical view the formula for phi seems to be near the
optimum when using tPSA, fPSA and [— 2]proPSA. As reviewed by
Roobol et al. [99], the inclusion of new biomarkers such as urinary
prostate cancer gene 3 (PCA3) and [-2]proPSA in risk calculators
amounted only to a marginal improvement in the accuracy of these
prediction tools. Despite this, phi showed overall promising data since
2010, especially when focusing to detect aggressive PCa so that phi
could fill the gap of those urgently needed marker for detecting PCa
[100].

3. Other Kallikreins beside PSA (KLK3)
3.1. The kallikrein family

Until the end of the last millennium, only three human kallikrein
genes were known: the pancreatic/renal kallikrein KLK1, KLK2 and
KLK3, which is widely known as PSA [101]. Until 2001, 12 new members
of the human kallikrein family have been characterized so that this
family of proteases has now 15 members [102]. To simplify the classifi-
cation of all kallikreins (human, mouse, rat), a new nomenclature has
been introduced in 2006 [103].

The human kallikrein genes are named KLK1 to KLK15 and they
encode for the proteins KLK1 to KLK15. All of them share several
significant homologies and all are located on human chromosome
19q13.4. All kallikrein genes are highly homologous at the DNA
and amino acid levels (40-80%). Many kallikreins are regulated by
steroid hormones [102].

3.2. The human glandular kallikrein 2 (KLK2)

KLK2 has been investigated extensively and in 1997 three different
groups found that KLK2 can convert proPSA to active PSA [104-106].
KLK2 and PSA share the highest homology among all kallikreins with
78% and 80% identity at the amino acid and DNA level, respectively
[102]. Thus, it was not astonishing that KLK2 could add significant infor-
mation for detecting PCa, especially at lower PSA values [107-111].
KLK2 was initially found to discriminate between high and low grade
as well as between pT2 and pT3 PCa [112-114], but others could not
confirm these data [115,116]. Also, within multivariable models, the
usefulness of KLK2 remained limited [117,118]. In congruence to PSA,
KLK2 has also been found to exist in different molecular forms such as
free KLK2, ACT-KLK2, complexed KLK2, proKLK2 or others (reviewed
in [44] and [50]). All findings on KLK2 subforms have not been trans-
ferred into commercial assays or into clinical routine use.

3.3. Other kallikreins (beside KLK2 and PSA)

Beside KLK2 and PSA, at least 6 other kallikreins (KLK4, KLK10-13
and KLK15) are also expressed in relatively high amounts in prostate
tissue [102]. Like KLK2, KLK4 also has been found to activate proPSA
to PSA [119]. While immunoassays for KLK4, KLK12 and KLK13 are not
available, data on KLK11 have been promising [120,121] but were not
independently confirmed. Two groups published KLK10 immunoassays
[122,123], but data on PCa are lacking. KLK15 has been shown to be
highly overexpressed in prostate tissue [124]. KLK15 has prognostic
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value [125,126] and a subsequent immunoassay has been developed
[127] but similar to KLK11, an independent confirmation is still lacking.
Detailed reviews on the role of all kallikreins in cancer management
have been published within the last years [102,128] and recently [129].

Currently only one working group continues to publish on the use of
multiple kallikreins such as tPSA, fPSA, “intact” PSA and KLK2 to further
improve the PCa management [62,63]. Improvements in AUC by
0.08 [63] or 0.1 to 0.15 [62] by using the panel in comparison to base-
models with at least PSA and age and partially DRE status show
promising results. It has been speculated that there might be a potential
synergistic association when using this four kallikrein panel together
with the currently best serum parameter phi, which itself is already a
combination of three PSA forms [94].

But again, commercial assays for “intact” PSA, KLK2 or KLK11 are not
available and therefore a widespread use in the future seems unlikely.

4. Other prostate cancer serum marker

Details on several markers like caveolin, IGF, PSP94 that have never
reached clinical significance or at least assay commercialization have
been already reviewed [130]. It is known, that publications on EPCA-2
had to be withdrawn, as earlier already criticized by Prof. Diamandis
[131]. Other markers will be named below.

4.1. MIC-1, MIF, S100A8/9, Spondin-2 and Galectin-3

Briefly, the macrophage inhibitory cytokine 1 (MIC-1) reduced in a
diagnostic algorithm together with tPSA and %fPSA the rate of potentially
unnecessary biopsies by 27% and was an independent predictor of
Gleason > 7 PCa in a study in 1000 men [132]. In 1442 PCa patients
with a mean follow-up of almost 5 years the MIC-1 serum levels
independently predicted poor cancer-specific survival with an almost
3-fold higher cancer death rate in patients with serum levels in the
highest quartile compared with men with serum levels in the lowest
quartile [133].

The cytokine macrophage migration inhibitory factor (MIF) was
initially elevated in PCa patients compared with non-PCa patients in
totally 509 analyzed patients but histological diagnosis was available
only in 152 men [134]. Others could not confirm these data while MIF
values were in fact decreased and not significantly higher in PCa
patients [135]. Furthermore, combined data on MIC-1, MIF and KLK11
revealed lower AUCs of 0.6, 0.56 and 0.6 for those three markers than
for tPSA and %fPSA showing their limited value to discriminate PCa
from BPH [136].

The calcium-binding proteins ST00A8 and S100A9 have been pro-
posed as novel diagnostic markers for PCa [137]. ST00A9 serum levels
were significantly elevated in PCa patients compared with BPH patients
or healthy individuals [137]. Another group could not confirm these
data by using the same assays and showed lower diagnostic perfor-
mance for ST00A8 and S100A9 than for %fPSA [138]. While PSA rapidly
decreases after radical prostatectomy, the S100 proteins showed an
increase in their concentrations after surgery [138]. Therefore it is
unlikely that S100 proteins can be used as diagnostic or prognostic
PCa markers.

Two serum markers, the extracellular matrix protein Spondin-2
[139], and Galectin-3, a tumor-associated protein [140], have been
published in 2013. Spondin-2 showed an extremely high AUC of 0.95
as compared with %fPSA (0.81), sarcosine (0.67) and tPSA (0.56) in
serum samples from 286 PCa and 68 non-PCa patients. The greater accu-
racy for Spondin-2 was also present in a subset of 88 patients with PSA
values of <4 ng/ml [139]. This confirmed the initial data for Spondin-2
with an AUC of 0.94 but there were only 13 healthy controls [141].
The galectin-3 levels were in contrast only compared in the sera of
metastatic PCa patients with non-cancer patients [140]. However, inde-
pendent confirmation of these data for both markers is still lacking.
There is usually a long way off and novel markers such as these must

add clinical value to the existing standards before they are adopted
into practice [142].

4.2. Sarcosine in serum

As already mentioned in the study on Spondin-2 [139], where also
sarcosine in serum has been evaluated but with limited success, another
group published more promising data on sarcosine [143]. In serum
samples from 1122 PCa cases (813 non-aggressive and 309 aggressive)
and 1112 controls sarcosine was measured by using high-throughput
liquid chromatography-mass spectrometry [143]. The authors found
an increased PCa risk with increasing sarcosine levels with an odds
ratio (OR) for the highest quartile versus the lowest quartile of 1.30,
(95% confidence interval (CI) 1.02-1.65; p = 0.03). When stratified
by disease aggressiveness, the OR was 1.44 (95% CI 1.11-1.88; p =
0.006). Thus, elevated serum sarcosine levels were here associated
with an increased PCa risk [143]. In contrast, a nested case-control
study among 3000 PCa cases and 3000 controls taken from a Norwegian
prospective cohort of 317 000 men with baseline serum samples, found
high sarcosine and glycine concentrations to be associated with a
reduced PCa risk of borderline significance (sarcosine: highest vs.
lowest quintile OR: 0.86, CI 0.72-1.01; p = 0.03; glycine: OR 0.83, CI
0.70-1.00; p = 0.07) [144]. However, one group could not prove any
sarcosine differences in 57 serum samples of healthy controls, PCa and
metastatic PCa patients [145] but others found sarcosine to be signifi-
cantly higher in metastatic PCa as compared with non-metastatic PCa
patients [146]. Another study showed a superiority of %fPSA as com-
pared with sarcosine for tPSA levels of 4-10 ng/ml and >10 ng/ml
[147]. However, in those 145 patients with tPSA levels <4 ng/ml,
sarcosine had a higher predictive value than tPSA and %fPSA and
it was further positively associated with the percentage of low/
intermediate-grade cancers [147]. Others did not find differences
regarding plasma levels of sarcosine between early and advanced PCa
stages [148].

Taken together, the contradictory results of all the above-mentioned
studies on sarcosine in serum or plasma show inconsistent data [139,
143-148].

5. Urine markers
5.1. Sarcosine

In 2009, a widely recognized paper has been speculated on a poten-
tial role of sarcosine as a derivative of the amino acid glycine for PCa
detection and prognosis [149]. In approximately 100 patients the
authors found sarcosine to be significantly higher in urine sediments
and supernatants in men with PCa as compared with men without
biopsy proven PCa [149]. The AUC for sarcosine was 0.69 for those 53
patients within the PSA gray zone 2-10 ng/ml while PSA showed a sig-
nificant lower AUC of 0.53 [149]. When using all available patients,
sarcosine had AUCs of 0.71 and 0.67. It should be noted that the mean
PSA values in this study were not equally distributed between PCa
patients (mean: 11.4 ng/ml, range: 2.7-111 ng/ml) and biopsy negative
men (mean: 5.3 ng/ml, range: 1.1-10 ng/ml) [149].

Contrarily, another study in 139 men with more comparable PSA
values between biopsy proven PCa (median 7.07 ng/ml, range: 1.7-
19.2 ng/ml) and non-PCa patients (median 6.05 ng/ml, range: 1-
17.7 ng/ml) found significantly lower sarcosine values in PCa patients
(806 pumol/mol) compared with non-PCa patients (929 umol/mol) and
no difference between healthy men (788 pmol/mol) and PCa patients
[150]. Also, %fPSA had a significantly larger AUC than sarcosine (0.81
vs. 0.63; p = 0.012), and PSA was equal to sarcosine (0.64 vs. 0.63;
p = 0.93) [150]. In this study, sarcosine was measured by gas chroma-
tography-mass spectrometry using a commercial amino acid assay and
sarcosine values were normalized to urine creatinine [150]. There was a
strong correlation (rs = 0.86) between the sarcosine and creatinine
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concentrations showing that the occurrence of sarcosine in urine is due
to renal excretion [150]. Sarcosine is a naturally occurring metabolite
and not specific to prostate tissue nor is its tissue concentration related
to tumor aggressiveness or recurrence [151]. This is in contrast to PCA3,
which is specific to the prostate and especially PCa but not found
elsewhere [152]. Therefore it is unlikely that sarcosine is suitable as a
marker for PCa detection. In addition, it was demonstrated that DRE
did not significantly change urinary sarcosine levels in PCa patients
[150] in contrast to PCA3, where DRE affects the PCA3 score [153].

Further details on sarcosine including its biochemical cycle, analyti-
cal methods for quantification and different pathways of the connection
of synthesis of sarcosine and PCa development have been reviewed very
recently [154].

5.2. PCA3

PCA3 is a noncoding messenger RNA (mRNA) that is 66-fold
overexpressed in PCa tissue as measured by quantitative real time-
PCR [155]. Early in house urine assays showed already promising data
when using the ratio of PSA mRNA to PCA3 mRNA (reviewed in [156]).

In 2006, an automated assay for PCA3 was introduced [157]. That
assay was later named ProgensaTM PCA3. This assay was 2012 FDA-
approved for use in conjunction with other patient information to aid
in the decision for repeat prostate biopsy in men >50 years. In 2008,
this test was validated with producing correct values for variability
and reproducibility in a multicenter study [153], where urine collection
after prostate massage pressing three times each lobe was considered as
ideal. In the same year, two independent prospective multicenter
studies with more than 1000 patients together confirmed the excellent
clinical value of the PCA3 assay [158,159]. Haese et al. [158] found that
PCA3 was independent of prostate volume, patient's age, as well as
tPSA and that this marker was also more effective than %fPSA. While
the authors concluded that the probability of a positive repeat biopsy
increases with the PCA3 score, they also emphasized that a low PCA3
score does not exclude the existence of a PCa [158]. Further, the PCa
detection rate was only 47% in those patients with PCA3 scores >100
[158]. This problem has been reported in several other studies
(reviewed in [156]) proving the low sensitivity with a PCA3 cutoff of
100. It shows that there might be an existence of tumors that are not
diagnosed on biopsy or repeat biopsy [160] but there is still no clear

explanation due to tissue specificity of PCA3 and proven differential
expression of PCA3 in normal and cancerous prostate cells.

Nonetheless, several studies have proven the clinical value of PCA3
to improve specificity over PSA and mostly also over %fPSA to detect
PCa (reviewed in [156,161-164]). To simplify the overview, only studies
with at least 200 biopsy proven patients have been summarized in
Table 2 [158,159,165-184]. In the table, data were provided on detected
percentage of PCa, ROC analysis and the used PCA3 cutoff. The AUC
values for PCA3 are between 0.64 and 0.76 while most studies show
AUCs around 0.7 with the exception of the data by two Italian groups
[176,185]. Scattoni et al. [185] found an AUC of only 0.59 for PCA3 and
Perdona et al. [176] described a high AUC of 0.83. However, the used
cutoffs offer a large range from 10 to 51. One of the largest study on
PCA3 so far was conducted at 50 urology practices, evaluating finally
1913 men with PSA higher than 2.5 ng/ml and/or abnormal DRE in a
community-based environment [186]. In this study, the better perfor-
mance of PCA3 (AUC 0.706) in comparison with PSA (AUC 0.569) was
confirmed and the authors reported that PCA3 in conjunction with
PSA increases the AUC to 0.72 [186]. According to their data, the tradi-
tional PCA3 cutoff of 35 reduced the number of negative biopsies from
1089 to 248, but false negatives (missed cancers) increased significantly
from 17 to 413 [186]. Better results were obtained lowering the PCA3
cutoff to 10, reducing the number of false positives to 35.4% (385
patients). The percentage of false-negative results only increased to
5.6% (108 patients), and the majority of these PCa were less aggressive
with a Gleason score of 6 [186].

While the improved specificity over PSA is continuously evident in
most studies, there is insufficient evidence that PCA3 testing leads to
improved health outcomes [161]. Due to the lack of appropriate cut-
off level with acceptable performance characteristics, the PCA3 test is
not capable to replace PSA a first-line test in clinical practice [162]. How-
ever, addition of PCA3 to risk assessment tools leads to an increase in
predictive capability [162].

The first nomogram that included PCA3 led to a 5% gain in the pre-
dictive accuracy (AUC from 0.68 to 0.73, p = 0.04) when analyzing
data on more than 800 biopsied men [172]. Another nomogram only
for initial biopsy patients in almost 700 patients showed similarly an
increased accuracy by 4.5-7.1% related to PCA3 inclusion [ 174]. Surpris-
ingly, a comparison of two PCA3-based risk calculators revealed a higher
AUC for PCA3 as single parameter (0.83) in comparison to both models

Table 2

Selected studies with more than 200 subjects on PCA3 (2007-2013).
Authors [Ref.] (n of pts.; % of PCa) Year PCA3 cutoff AUC Sensitivity Specificity
Marks et al. [168] (n = 226; 27% PCa) 2007 35 0.68 58 72
Haese et al. [158] (n = 463; 28% PCa) 2008 35 0.66 47 72
Deras et al. [159] (n = 570; 36% PCa) 2008 35 0.69 54 74
Ankerst et al. [169] (n = 443; 28% PCa) 2008 25 0.665 63 60
Chun et al. [172] (n = 809; 39% PCa) 2009 17 0.68 81 45
Hessels et al. [167] (n = 336; 40% PCa) 2010 35 0.72 61 74
Auprich et al. [166] (n = 621; 41% PCa) 2010 17 (24, 35) 0.73-0.75 88 45
Roobol et al. [177] (n = 721; 17% PCa) 2010 35 0.635 68 56
Ploussard et al. [181] (n = 301; 24% PCa) 2010 35 (25, 30) 0.69 44-59 67-79
Aubin et al. [182] (n = 1072; 18% PCa) 2010 35 0.69 48 79
De la Taille et al. [183] (n = 516; 40% PCa) 2011 35 0.76 64 76
Perdona et al. [176] (n = 218; 33.5% PCa) 2011 51 0.83 70 81
Bollito et al. [171] (n = 1237; 26% PCa) 2012 35 (39, 50) 0.68 73 (n = 949 at PSA 4-10) 49 (n = 949 at PSA 4-10)
Crawford et al. [186] (n = 1913; 42% PCa) 2012 10 (25, 35) 0.71 86.5 37
Stephan et al. [178] (n = 246; 45% PCa) 2013 28 0.74 73 64
Hansen et al. [174] (n = 692; 46% PCa) 2013 21 0.74 79 59
Ochiai et al. [175] (n = 633; 42% PCa) 2013 35 0.74 66.5 72
Scattoni et al. [185] (n = 211; 33% PCa) 2013 16.5 (13.5,23.5) 0.59 80 (90) 16-34
Tombal et al. [179] (n = 1024; 18% PCa) 2013 20 n.a. 87 55
Gittelman et al. [173] (n = 466; 22% PCa) 2013 25 0.71 77.5 57
Ferro et al. [165] (n = 300; 36% PCa) 2013 22 0.73 90 40
Goode et al. [180] (n = 456; 19% PCa) 2013 35 0.73 62 75
Ruffion et al. [184] (n = 601; 46% PCa) 2013 35 0.74 63 72

Abbreviations: AUC: area under the (ROC) curve; n.a.: not available.
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(AUC: 0.796 and 0.715) but the number of PCa patients was only 73
[176].

Different to PSA, the PCA3 value is not influenced by several factors
such as prostate volume [158], prostatitis [187] or medication with
5-alpha-reductase inhibitors [170], which are advantages for a more
unrestricted use of this tumor marker compared with PSA or %fPSA or
partially also phi. Regardless of some limitation of PCA3 with its compli-
cated measurement procedure, relative high costs (~300 Euros), the
unresolved low sensitivity at very high values >100 or the unresolved
relationships with tumor volume and aggressiveness (unpublished
data of a multicenter study in cystoprostatectomy patients), this urinary
biomarker has shown its clinical value since more than 5 years (see
Table 2). When using PCA3 together with the best clinical judgment,
the excellent diagnostic accuracy is outstanding with a negative predic-
tive value of 99% for clinical relevant PCa with Gleason > 7 [179]. New
combinations together with multiparametric MRI open new fields for
PCA3 to be useful in PCa diagnosis [ 188]. Further information on all clin-
ical aspects of PCA3 including the relationship to cancer aggressiveness
and subsequent use of PCA3 for active surveillance have been reviewed
recently [156].

5.3. PCA3 comparison with phi

One important aspect on tumor markers to decide on the clinical
validity is their direct comparison. Both FDA-approved markers, serum
[—2]proPSA including phi and urinary PCA3 have been compared only
by 3 different groups [98,178,185]. One group published already 3
times on this comparison with initially 151 patients [98], followed by
160 patients [189], and now with 300 patients [165]. The study in 300
men only with first time biopsy did not find a difference between phi
(AUC 0.77) and PCA3 (AUC 0.73) for the tPSA range 2-10 ng/ml [165].
One group reported a borderline significance for a better performance
of phi (AUC 0.7) as compared with PCA3 (AUC 0.59; p = 0.043) [185].
This significance diminished when separating the patients undergoing
initial (n = 116) or repeat (n = 95) biopsy but PCA3 did not increase
the predictive accuracy in a multivariable model while phi did so
[185]. There was a first study to compare phi, PCA3 and the urinary
assay for the gene fusion TMPRSS2:ERG [178]. PCA3 showed overall
and in all subgroups the largest AUCs between 0.7 and 0.77 but the
differences to phi (AUCs 0.68 to 0.71) were never significant [178]. On
the other hand, only phi was able to distinguish between Gleason < 7
and > 7 PCa (p = 0.0005) while PCA3 failed (p = 0.8). However, the
gain in predictive accuracy was moderate in a model with both markers
[178].

5.4. TMPRSS-2

There is compelling evidence to consider genomic rearrangements
as an initial event in oncogenesis (cited in [190]). Major advances
have been made in detecting genomic alterations in PCa [191]. The
detection of gene alterations involving the androgen regulated
TMPRSS2 gene and the ETS transcription factor genes in PCa patients
was one milestone in prostate cancer research within the last 10 years
[192]. Approximately 50% of all PCa patients do have the TMPRSS2
fusion with the ETS family member that is regarded as key PCa onco-
gene [192-194]. TMPRSS2:ERG fusion in PCa is the most common
genetic aberration described to date in human solid tumors. Based on
these important findings in PCa tissue, a urinary assay using the same
platform like PCA3 has been developed [195]. TMIPRSS2:ERG in PCa
tissue and in urine showed a strong correlation demonstrating a high
tumor specificity of this marker [196]. In 2011 a high AUC of 0.77 was
reported for the TMPRSS2:ERG urinary assay in a small cohort with
only 15 PCa patients, which was higher than the AUC for PCA3 with
0.65 [197]. So far, only one study reported separate data on the
TMPRSS2:ERG urine assay in a larger (n = 246) and more balanced
cohort [178]. ROC data on TMPRSS2:ERG in urine have been somewhat

disappointing with a significant lower AUC (0.63) than for PCA3 (0.74)
but with no difference to phi (AUC 0.68) [178]. All other studies only
reported AUCs when using PCA3 and TMPRSS2:ERG together so that
no separate evaluation of TMPRSS2:ERG was possible [198].

Further, the use of TVIPRSS2:ERG and PCA3 in widely used PCa risk
calculators has been published [198-200]. TMPRSS2:ERG had indepen-
dent additional predictive value to PCA3 and the ERSPC risk calculator
parameters for predicting PCa [199]. TMPRSS2:ERG had prognostic
value, whereas PCA3 did not [199]. Urinary TMPRSS2:ERG was associated
with indicators of clinically significant PCa, including tumor volume, high
Gleason score at prostatectomy, and upgrading of Gleason grade at
prostatectomy [200]. TMPRSS2:ERG, in combination with PCA3, im-
proved the performance of the multivariate Prostate Cancer Prevention
Trial risk calculator in predicting cancer on biopsy [200]. Another model
using additional urinary markers beside TMIPRSS2:ERG and PCA3 found
an AUC of 0.89 [201].

However, there is a clear rational basis for the need of combining
PCA3 and TMPRSS2:ERG gene fusion for prostate cancer diagnosis
[202]. The PCA3 expression typically increased from BPH to normal pros-
tate tissue (3 times) and PCa tissue (30 times) while the TMIPRSS2:ERG
gene fusion expression was found in 8.3% of the BPH, 15.6% of the normal
prostate tissue and 50% of the PCa samples [202]. These findings are in
congruence with the earlier described TMPRSS2:ERG gene fusion
expression in approximately 50% of PCa patients [192-194]. The
mentioned study showed that most of the false-negative results of the
PCA3 test were corrected by TMIPRSS2:ERG [202]. The combination of
both markers was capable to improve the sensitivity for PCa diagnosis
[202].

To summarize the available data on potential urinary PCa
biomarkers, there are several new markers usually measured by one
research group only [203-205]. Preanalytical conditions more difficult
than in serum and urine collection are subject to variability, which
may result in conflicting clinical results [ 163]. Detecting prostate cancer
in urine is technically feasible but few markers have been validated in
multiple large sample sets [163]. Details on further urine marker have
been published elsewhere [163,206-208]. However, advanced clinical
studies have identified only PCA3 and TMPRSS2:ERG fusion transcripts
as promising RNA markers for cancer detection and prognosis [163].

6. Conclusion

Within the next years, PSA will continue to be a first line biomarker
for PCa management. PSA's predictive value several years before the
cancer is visible and the strong correlation with the PCa risk is remark-
able. This is an advantage for PSA as compared with the urine marker
PCA3. But the low specificity of PSA forces the need for new markers.
Here, the [-2]proPSA-based phi correlates with aggressive cancer and
shows improved specificities over %fPSA and PSA, while other markers
only provide ambiguous data. PCA3 has proven its utility in studies
with more than 18 000 men but the questionable correlation with
tumor aggressiveness has to be re-examined. Comparisons between
phi and PCA3 as the best available PCa biomarkers so far show an
equal performance of both parameters. Multivariable programs and
the combined urinary assays for TMPRSS2:ERG and PCA3 have potential
to improve accuracy for PCa detection.
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