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Abstract: Prostate Specific Antigen (PSA) is the most commonly used serum marker for prostate
cancer (PCa), although it is not specific and sensitive enough to allow the differential diagnosis
of the more aggressive tumors. For that, new diagnostic methods are being developed, such as
PCA-3, PSA isoforms that have resulted in the 4K score or the Prostate Health Index (PHI), and PSA
glycoforms. In the present study, we have compared the PHI with our recently developed PSA
glycoform assay, based on the determination of the α2,3-sialic acid percentage of serum PSA
(% α2,3-SA), in a cohort of 79 patients, which include 50 PCa of different grades and 29 benign
prostate hyperplasia (BPH) patients. The % α2,3-SA could distinguish high-risk PCa patients from
the rest of patients better than the PHI (area under the curve (AUC) of 0.971 vs. 0.840), although the
PHI correlated better with the Gleason score than the % α2,3-SA. The combination of both markers
increased the AUC up to 0.985 resulting in 100% sensitivity and 94.7% specificity to differentiate
high-risk PCa from the other low and intermediate-risk PCa and BPH patients. These results suggest
that both serum markers complement each other and offer an improved diagnostic tool to identify
high-risk PCa, which is an important requirement for guiding treatment decisions.

Keywords: diagnosis; glycosylation; prostate cancer; prostate specific antigen; proPSA; PHI;
α2,3-sialic acid

1. Introduction

Prostate cancer (PCa) is an important problem in public health and a major disease that affects
men’s health worldwide. It was the most commonly diagnosed male neoplasia in western countries
and Japan last year. It is expected that around one of each six men will be diagnosed with PCa during
his life. In addition, as the number of older people increase, the incidence of the disease will raise
dramatically in the coming decades [1].

The serum marker Prostate Specific Antigen (PSA), adopted in the early 1990’s, has been the
widely used and preferred assay for prostate diseases, including PCa, with important levels of success,
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and represents the gold standard marker as an essential tool for urologists [1,2]. In addition, since PCa
has a long natural history, the PSA assay predicts a prostate pathology decades before a confirmatory
diagnostic [3]. This means that a majority of men diagnosed with PCa could be detected at early
stages and with localized prostate cancer. Epidemiologic studies indicate an important and continuous
decrease in prostate cancer mortality since the application of the PSA screening test [4].

However, the PSA test presents some limitations. It is organ specific but not cancer specific [5].
Serum PSA levels could also be elevated in benign prostate hyperplasia (BPH), prostatitis, and prostate
manipulations (as DRE and bicycling), and cannot discriminate between aggressive and non-aggressive
cancers. PSA assays present a high rate of false positives that leads to over-diagnosis, unnecessary
biopsies, and over-treatments [6]. Actually only 25% of men biopsied after an elevated PSA level have
PCa, and many of these cancers are slow growing, with no impact in the patient’s life [7].

New non-invasive biomarkers with greater sensitivity and specificity that are capable of
distinguishing aggressive tumors from indolent ones are required [5]. To improve the specificity
of the PSA as a biomarker, different strategies using several PSA isoforms (ratio free PSA/total PSA,
PSA density and velocity, proPSA forms, 4K score, and Prostate Health Index (PHI)) have been
developed [7], recently including, PSA glycoforms [8–10].

Regarding proPSA forms, these were first identified in the serum of patients with prostate cancer
in 1997 [11]. ProPSAs were preferentially elevated in the peripheral zone of prostatic tissue containing
cancer, whilst remaining largely undetectable in the transitional zone of the prostate [12]. These proPSA
forms comprised the complete sequence of inactive zymogen [−7]proPSA, and also shorter forms
as [−5] [−4] and [−2]proPSA. [−2]proPSA was present in the sera of prostate cancer patients and
it was a more specific serum marker that could improve a PSA assay. [−7] and [−5]proPSA did not
give adequate results as biomarkers [13]. The interesting positive results of the [−2]proPSA detection
moved Beckman & Coulter Inc. (Brea, CA, USA), in partnership with the NCI Early Detection Research
Network, to develop a mathematical algorithm with [−2]proPSA, tPSA, and fPSA serum levels, the so
called Prostate Health Index: PHI = ([−2]proPSA/fPSA)×

√
tPSA [14]. PHI received the FDA approval

in 2012 [7]. Several works, including numerous international multicenter studies, have indicated that
PHI score outperforms its individual components for the prediction of overall and high-grade prostate
cancer [6,15–17]. PHI score has a high diagnostic accuracy rate and may be useful as a tumor marker in
predicting patients harboring more aggressive disease. PHI also predicts the likelihood of progression
during active surveillance. PHI score has been reported to correlate with PSA serum levels and
Gleason scores. Nowadays, PHI has regulatory approval in more than 50 countries worldwide and is
now being incorporated into prostate cancer guidelines for early prostate cancer detection and risk
stratification [18]. However, others studies do not completely agree with these results and indicated
that when the goal is to detect at least 95% of the aggressive tumors, PHI does not seem to be much
more effective than the %fPSA and the PSA density [19].

To address the problem of the discovery of new non-invasive PCa markers that can predict PCa
aggressiveness, several authors have determined the glycosylation pattern of PSA from healthy donors,
PCa cancer cell lines, and PCa serum patients, and have shown specific changes in the PSA core
fucosylation and sialylation levels in PCa patients [8,10,20–27]. In this regard, we have developed
a methodology to quantify the ratio of core fucosylation of serum PSA and the percentage of α2,3-sialic
acid of serum PSA and have shown a decrease in the content of core fucose and an increase in α2,3-sialic
acid of PSA N-glycans in patients with high-risk PCa [9]. In particular, the percentage of α2,3-sialic
acid of PSA was increased in the high-risk PCa patients compared with low or intermediate-risk PCa
and BPH patients and gave an AUC of 0.971, with 85.7% sensitivity and 95.3% specificity. Interestingly,
the percentage of α2,3-sialic acid of PSA also correlated with the Gleason score of PCa patients.

With the aim of searching for new serum markers that could assist in the identification of the
aggressive prostate cancers, the present study compared the potential of PHI and the percentage of
α2,3-sialic of PSA, alone and in combination, to identify high risk PCa cancer in a cohort of 79 patients’
serum samples.
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2. Results

2.1. Clinical and Pathological Characteristics of the Patients

A cohort of 79 serum samples containing 29 BPH and 50 PCa samples was used for the study
of the two blood-based biomarkers, PHI and the percentage of α2,3-sialic of PSA. PCa staging was
determined according to the International Union Against Cancer (IUAC) and patients were classified
in high-risk (N = 22), intermediate-risk (N = 21) and low-risk (N = 7). Clinical data of the subjects
included in this study are summarized in Table 1.

The seven low-risk PCa patients had tPSA levels below 10 ng/mL and Gleason scores ≤6.
The 21 intermediate-risk PCa group comprised five patients with a Gleason score of six and clinical
stage >pT2a; 15 patients with a Gleason score of seven and one subject presenting a focal Gleason score
of eight. Their tPSA levels were between 3.73 and 12.42 ng/mL. The 22 high-risk PCa included 18 with
a Gleason score ≥8, two with a Gleason score of seven and metastasis, and two other subjects with
an undetermined Gleason score who also presented metastasis. Data corresponding to the age and
total and free PSA values of all groups of patients are shown in Table 1.

Evaluation of the clinical outcome of the PCa patients showed a PCa recurrence one year after
treatment of 0%, 4.8%, and 59% in the low, intermediate, and high-risk PCa groups respectively. Data of
the five-year relapse-free survival was reported for all patients in the low-risk group being 100%.
However, this information was not available for all patients in the other two groups. The five-year
relapse-free survival was 95% for the intermediate-risk group corresponding to 20 out of the 21 patients,
and it was 40% in the high-risk group corresponding to 15 out of the 22 patients.

2.2. Analysis of α2,3-Sialic Acid PSA in Serum Samples

For the analysis of percentage of α2,3-sialic acid PSA, 0.75 mL of each serum were required. First,
the serum samples were treated with ethanolamine, in order to release PSA from its complex with
α1-antichymotrypsin. Then, total PSA from the serum samples was immunoprecipitated and loaded
into a SNA lectin column. This lectin chromatography, which binds to α2,6-sialylated glycoconjugates,
allows for the separation of α2,3-sialylated from α2,6-sialylated PSA glycoforms [9]. After the lectin
chromatography, free PSA in the unbound (α2,3-sialylated PSA) and bound fractions (α2,6-sialylated
PSA) was measured, and from these data the percentage of fPSA in both fractions was calculated.
The percentage of the unbound fraction corresponded to the percentage of α2,3-sialic acid PSA.

The potential of the percentage of α2,3-sialic acid PSA as a blood biomarker for aggressive PCa
was assessed in the cohort of sera (29 BPH, seven low-risk, 21 intermediate-risk and 22 high-risk PCa).
Three different PCa serum samples, containing different values of tPSA (12.87, 23.08, and 40.61 ng/mL)
were repeatedly analyzed in the different batches of samples in order to calculate the inter-assay
variation of the method that was lower than 12%.

The plot of the percentage of α2,3-sialylated PSA is represented against the concentration of
the total PSA of each sample (Figure 1A) and in the four groups (Figure 1B). A significant increase
of percentage of α2,3-sialylated PSA in the group of high-risk PCa patients (26.8–61.4%) compared
with the other three groups, intermediate-risk PCa (12.7–35.5%; p < 0.001), low-risk PCa (12.3–29.9%;
p = 0.006), and BPH (10.9–33.5%; p < 0.001) was shown. However, no significant differences were found
between BPH and low and intermediate-risk PCa patients. The correlation of α2,3-sialylated PSA
values of the samples with their corresponding tPSA levels was tested and resulted to be non-significant
in any of the BPH and PCa groups. Both parameters were then independent, indicating that a high or
a low percentage of α2,3-sialylated PSA could be found in sera with either low or high tPSA levels in
any group of patients (Figure 1A).
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Table 1. Clinical and pathological characteristics of the patients.

Pathology Cases N PCa Recurrence,
1 Year Gleason Score N Age

Average Range tPSA
ng/mL ±SD Range fPSA

ng/mL ±SD Range

BPH 29 63.24 44–76 7.59 2.39 3.89–14.47 1.26 0.53 0.30–2.28

PCa N = 50

Low-risk
7 0% Gleason 5 1 84 2.45 0.27

Gleason 6 6 66.2 61–74 4.91 1.38 2.64–6.33 0.88 0.22 0.61–1.14

Intermediate risk
21 4.8% Gleason 6 5 56 47–75 5.79 3.73 3.73–12.42 0.53 0.33 0.19–0.97

Gleason 7 15 65.2 46–78 6.61 1.84 5.13–10.39 0.65 0.29 0.58–1.36
Gleason 8 focal 1 70 7.16 1.76

High-risk

22 59% Gleason 7/metastasis 2 76 69–83 12.08 2.85 10.07–14.1 1.93 1.63 0.78–3.09
Gleason 8 10 65.5 51–83 16.23 11.93 1.96–40.61 1.58 1.46 0.35–5.29
Gleason 9 7 67.8 49–79 14.81 5.22 4.34–18.77 3.28 2.18 0.7–7.09

Gleason 10 1 67 87.51 12.77
Gleason ND */metastasis 2 75 67–83 7.28 3.65 4.7–9.86 1.37 1.22 0.51–2.23

* ND: not determined; SD: Standard deviation.
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Figure 1. α2,3-SA percentage of Prostate Specific Antigen (PSA) (% α2,3-SA) of the cohort of 79 serum 
samples. Benign Prostate Hyperplasia (BPH) samples are represented with an open circle (ο), low risk 
PCa with a cross (×), intermediate risk PCa with a filled triangle (▲) and high risk PCa with a filled 
circle (●). (A) Representation of % α2,3-SA against tPSA serum levels; dotted line (---) shows the cutoff 
value for discriminating high risk PCa samples from the other three groups; (B) Representation of % 
α2,3-SA against the pathology. The center line indicates the median, and the top and bottom lines, the 
75th and 25th percentiles, respectively; (C) Representation of the Receiver operating characteristic 
(ROC) curves for % α2,3-SA, tPSA, and %fPSA; (D) Correlation plot of % α2,3-SA from the PCa serum 
samples with their Gleason score. The mean of % α2,3-SA of each Gleason score is shown with a 
horizontal line (-). 

In order to compare the performance of PSA α2,3-sialic acid percentage with that of tPSA and 
the %fPSA values, the Receiver operating characteristic (ROC) curves of these three parameters were 
compared (Figure 1C). The ROC assay showed that % α2,3-sialic acid had the highest performance 
and could separate high-risk PCa patients from BPH, low, or intermediate-risk prostate cancers with 
81.8% sensitivity and 96.5% specificity with a cutoff of 30%, resulting in an AUC of 0.97. In addition, 
this biomarker, which is based on the detection of specific PSA glycoforms, significantly correlated 
with the Gleason score of the tumor (correlation coefficient 0.554, p < 0.001) (Figure 1D), which 
highlights its potential as a marker for aggressive PCa. 

2.3. Prostate Health Index (PHI) Score Analysis of Serum Samples 

For this analysis, patients’ sera were analyzed for total PSA (tPSA), free PSA (fPSA), and 
[−2]proPSA. Then the Prostate Health Index (PHI) score was calculated [PHI = ([−2]proPSA /fPSA) × 
√tPSA]. This methodology was used to analyze the cohort of serum samples tested previously for 
α2,3-sialic acid percentage of PSA. 

The plot of the PHI score is shown against the concentration of total serum PSA of each sample 
(Figure 2A) and in the four groups (Figure 2B). There was a significant increase of PHI score in the 

Figure 1. α2,3-SA percentage of Prostate Specific Antigen (PSA) (% α2,3-SA) of the cohort of 79 serum
samples. Benign Prostate Hyperplasia (BPH) samples are represented with an open circle (o), low risk
PCa with a cross (×), intermediate risk PCa with a filled triangle (N) and high risk PCa with a filled
circle ( ). (A) Representation of % α2,3-SA against tPSA serum levels; dotted line (- - -) shows the
cutoff value for discriminating high risk PCa samples from the other three groups; (B) Representation
of % α2,3-SA against the pathology. The center line indicates the median, and the top and bottom lines,
the 75th and 25th percentiles, respectively; (C) Representation of the Receiver operating characteristic
(ROC) curves for % α2,3-SA, tPSA, and %fPSA; (D) Correlation plot of % α2,3-SA from the PCa
serum samples with their Gleason score. The mean of % α2,3-SA of each Gleason score is shown with
a horizontal line (-).

In order to compare the performance of PSA α2,3-sialic acid percentage with that of tPSA and
the %fPSA values, the Receiver operating characteristic (ROC) curves of these three parameters were
compared (Figure 1C). The ROC assay showed that % α2,3-sialic acid had the highest performance
and could separate high-risk PCa patients from BPH, low, or intermediate-risk prostate cancers with
81.8% sensitivity and 96.5% specificity with a cutoff of 30%, resulting in an AUC of 0.97. In addition,
this biomarker, which is based on the detection of specific PSA glycoforms, significantly correlated with
the Gleason score of the tumor (correlation coefficient 0.554, p < 0.001) (Figure 1D), which highlights
its potential as a marker for aggressive PCa.

2.3. Prostate Health Index (PHI) Score Analysis of Serum Samples

For this analysis, patients’ sera were analyzed for total PSA (tPSA), free PSA (fPSA), and [−2]proPSA.
Then the Prostate Health Index (PHI) score was calculated [PHI = ([−2]proPSA /fPSA) ×

√
tPSA].

This methodology was used to analyze the cohort of serum samples tested previously for α2,3-sialic
acid percentage of PSA.

The plot of the PHI score is shown against the concentration of total serum PSA of each sample
(Figure 2A) and in the four groups (Figure 2B). There was a significant increase of PHI score in the
group of high-risk PCa patients compared with the other two groups, low-risk PCa (p = 0.006) and
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BPH (p < 0.001). The intermediate-risk PCa group showed also a significant increase of PHI compared
with low-risk PCa (p = 0.006) and BPH (p = 0.022). No significant differences were found between
high-risk PCa patients and intermediate-risk PCa neither between BPH and low-risk PCa patients.
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the other groups, BPH and low- and intermediate-risk PCa. With a PHI cutoff of 102.28, the sensitivity 
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Figure 2. Prostate Health Index (PHI) values of the cohort of 79 serum samples. BPH samples are
represented with an open circle (o), low risk PCa with a cross (×), intermediate risk PCa with a filled
triangle (N) and high risk PCa with a filled circle ( ). (A) Representation of PHI value against tPSA
serum levels; dotted line (- - -) shows the cutoff value for discriminating high risk PCa samples from the
other three groups; (B) Representation of PHI value against the pathology. The center line indicates the
median, and the top and bottom lines, the 75th and 25th percentiles, respectively; (C) Representation
of the ROC curves for the PHI value, tPSA and %fPSA (D) Correlation plot of PHI value of the PCa
samples with their Gleason score. The mean PHI value of each Gleason score is shown with a horizontal
line (-).

PHI values correlated with the tPSA levels of the sample in the high-risk PCa group (correlation
coefficient 0.758, p < 0.001), while there was no correlation for the other individual groups.

ROC analysis of the PHI score gave an AUC of 0.840 to discriminate high-risk PCa patients from
the other groups, BPH and low- and intermediate-risk PCa. With a PHI cutoff of 102.28, the sensitivity
was 81.8% and the specificity was 84.2%. The performance of the PHI score was higher than that of
tPSA and %fPSA (Figure 2C). PHI score values showed a significant correlation with the Gleason score
of the prostate tumor tissues (correlation coefficient of 0.664; p < 0.001) (Figure 2D).

Since PHI values of the high risk group were dependent on tPSA values, a subcohort of patients
with tPSA levels lower than 13 ng/mL (N = 67, 28 BPH, seven low-risk, 21 intermediate-risk and
11 high-risk PCa) was evaluated. This subcohort reduced basically the number of high-risk PCa
patients, which had high levels of tPSA. In this subcohort, there was no correlation of PHI values and
tPSA levels within the high-risk group. The AUC of PHI in this subcohort for identifying high-risk
PCa was 0.81, slightly lower than when analyzing the whole cohort.
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When PHI was assayed to discriminate PCa from BPH, the AUC was of 0.735, sensitivity of 84%
and specificity 45%, with a cutoff of 55.7. The diagnostic performance of PHI was higher than tPSA
(AUC of 0.506) and %fPSA (AUC of 0.632), in agreement with bibliographic studies. In the subcohort
of patients with tPSA levels lower than 13 ng/mL (N = 67, 28 BPH, seven low-risk, 21 intermediate-risk
and 11 high-risk PCa), PHI performance for PCa diagnosing (AUC of 0.694) was still higher than tPSA
(AUC of 0.382) and %fPSA (AUC of 0.630).

2.4. Combinatorial Analysis of PHI and α2,3-Sialic Acid PSA

In order to assess the performance of the combination of PHI and α2,3-sialic acid PSA, the R
statistic package was used. The combination of both biomarkers showed a high performance to
differentiate the high-risk PCa group from the other groups with an AUC of 0.985, much higher than
PHI alone (Figure 3A,C). The combination of PHI and α2,3-sialic acid PSA also correlated with the
Gleason score of the PCa patients and interestingly the two high-risk PCa patients with GS = 7 were
classified correctly and were differentiated from 14 out of 15 patients of GS = 7 of the intermediate-risk
PCa group (Figure 3B).
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Figure 3. % α2,3-SA and PHI combination of the cohort of 79 serum samples. BPH samples are
represented with an open circle (o), low risk PCa with a cross (×), intermediate risk PCa with a filled
triangle (N) and high risk PCa with a filled circle ( ). (A) Representation of % α2,3-SA and PHI
combination values against the pathology. The center line indicates the median, and the top and
bottom lines, the 75th and 25th percentiles, respectively; dotted line (- - -) shows the cutoff value for
discriminating high risk PCa samples from the other three groups; (B) Correlation plot of % α2,3-SA
and PHI combination of the PCa samples with their Gleason score. The mean % α2,3-SA and PHI
combination value of each Gleason score is shown with a horizontal line (-); (C) ROC curves for the
diagnosis of high-risk PCa versus low- and intermediate-risk PCa and BPH. Diagnostic performance of %
α2,3-SA and PHI combination (solid line) compared with PHI (dotted line) and % α2,3-SA (dashed line).

With the aim of implementing the combination of PHI and % α2,3-SA in clinics, an algorithm
that includes both variables was developed. This consisted of a generalized lineal model (GLM) with
a binomial response. After the introduction of PHI and α2,3-sialic acid percentage values, the GLM
allowed to classify the patients as high-risk PCa with 100% sensitivity and 94.7% specificity. The cutoff
for PHI score was 65.4 and for α2,3-sialic acid percentage of PSA was 29.94%. The model calculates the
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probability of a patient to be diagnosed as high-risk PCa or not (either low and intermediate-risk PCa
or BPH). For a probability equal to, or higher than 23.2% (that corresponds to the point with maximum
sensitivity and specificity) the patient will be classified as high-risk PCa with a sensitivity of 100% and
a specificity of 94.7%. For a probability lower than 23.2% the patient will be classified either as a low-
or intermediate-risk PCa, or a BPH. The probability for each patient is calculated with the following
function using the patient values of PHI and α2,3-sialic acid percentage of PSA (% α2,3-SA), where β0,
β1 and β2 are parameters estimated by the model:

Prob(High− riskPCa) =
e(β0+β1PHI+β2%α2,3−SA)

1 + e(β0+β1PHI+β2%α2,3−SA)
.

3. Discussion

New generation of tumor markers for PCa diagnosis should be able to discriminate between
patients with aggressive tumors and those without cancer or low aggressive tumors. Thus, the skills
required for the new generation of markers of PCa are high sensitivity and specificity for aggressive
tumors. This way, an unnecessary biopsy in men who do not have an aggressive or asymptomatic
PCa could be avoided [19,28]. Early diagnosis of PCa frequently, involves the over-detection of
non-aggressive tumors.

In the next future, PCa diagnosis and prognosis will probably depend on panels of biomarkers
that will allow a more accurate prediction of PCa presence, stage and aggressiveness, so they will be
key factors in a clinician making decisions. These markers could include serum non-invasive markers,
as well as imaging markers, such as multi-parametric prostate magnetic resonance (mpMRI), which has
also been proposed as a means to avoid the incidental detection of low-grade cancers [29–31].

PHI is a simple and affordable blood test that could be used as part of a multivariable approach
to screening. In this sense, PHI has shown good performance for PCa diagnosis [16]. Our results are in
agreement with the reported data and have shown that PHI identifies PCa from BPH with an AUC
of 0.735 with higher performance than tPSA (AUC = 0.506) and %fPSA (AUC = 0.632). Since PHI
has been recommended for PSA levels between 4–10 ng/mL, we examined PHI performance in the
subcohort with levels of tPSA lower than 13 ng/mL and the AUC decreased to 0.694, but was still
higher than tPSA (AUC = 0.382) and %fPSA (AUC = 0.630).

However, the performance of PHI in identifying high-risk PCa from the non-aggressive PCa and
BPHs is much higher than for identifying PCa from BPH in both the whole cohort and the subcohort,
which can be explained because PHI correlates with the Gleason score, as has also been described
previously by other studies [32].

The potential of % α2,3-SA to identify high-risk PCa has been confirmed in this study. The AUC
was 0.97 with a cutoff of 30%, as previously described. Interestingly, % α2,3-SA performance was not
influenced by the tPSA levels of the samples, and had the same performance in the subcohort of tPSA
levels lower than 13 ng/mL.

% α2,3-SA test identifies PSA glycoforms containing α2,3-sialic acid, which have been linked
to PCa aggressiveness [9,10,33]. PHI score comprises other PSA isoforms linked to PCa, namely
[−2]proPSA, fPSA and tPSA. In this work, we have assessed whether these different PSA forms
could complement each other to better identify high-risk PCa. The combination of both markers,
% α2,3-SA and PHI, has given the best performance to identify high-risk PCa, with an AUC of
0.985 (100% sensitivity, 94% specificity), although larger independent cohorts are required to validate
these promising results. In this regard, the methodology to determine the percentage of α2,3-sialic
acid of PSA is currently being implemented to make it more automated so that it could be used in
a clinical setting.

These results highlight that the future of prostate cancer diagnosis might rely on the combination
of a panel of markers based on PSA forms that can give accurate molecular diagnosis and staging and
indicate the likelihood of aggressive behavior.
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4. Materials and Methods

4.1. Serum Samples

The study population included 79 patients (29 BPH and 50 PCa) from Hospital Universitari
Dr. Josep Trueta (Girona, Spain) between 2006 and 2013. The study was approved by the Hospital
Ethics Committee (Refs. 169.06 and 023.10) and all patients provided written informed consent before
being enrolled. Patients’ sera were collected and stored at −80 ◦C. Urology and Pathology units
from Hospital Universitari Dr. J. Trueta (Girona, Spain) performed the diagnosis using Transrectal
Ultrasound-guided biopsy and/or adenomectomy/prostatectomy followed by pathological analysis.

The 29 BPH patients of the study (age range 44–76 years old) had a medical follow-up for a minimum
of 2 years. 24 BPH patients had, at least, two negative biopsies with no evidence of high-grade Prostatic
Intraepithelial Neoplasia (PIN). The 5 BPH left were subjected to prostate surgery (adenomectomy or
prostate transurethral resection) and confirmed not to have prostate cancer by the Pathology Unit.

The 50 PCa patients of the study (age range 46–84 years old) were graded according to the
Tumor-Node-Metastasis (TNM) classification following the general guidelines of the European
Association of Urology. PCa patients were treatment naïve when serum samples were collected,
except one PCa patient of the high-risk group, who was receiving hormonal therapy. High-risk PCa
group comprised 22 patients with Gleason scores ≥8 (4 + 4) and/or with metastasis. The low-risk
PCa group included 7 patients with Gleason scores of ≤6 (3 + 3), tPSA levels <10 ng/mL and clinical
stage ≤pT2a. The group of intermediate-risk patients was comprised of 21 patients that did not meet
the above criteria. They had Gleason scores of 7 (3 + 4 or 4 + 3) and 6 (3 + 3) and also included
a patient with focal Gleason 8, tPSA levels <10 ng/mL and clinical stage pT2a considering his 10-year
relapse-free survival.

The average of tPSA serum levels for BPH patients was 7.59 ng/mL (range, 3.89 to 14.47 ng/mL).
The average of tPSA for the PCa groups was: 17.83 ng/ml (range, 1.96 to 87.51 ng/mL) for high-risk PCa
patients, 6.44 ng/mL (range, 3.73 to 12.42 ng/mL) for intermediate-risk PCa patients, and 4.56 ng/mL
(range, 2.45 to 6.33 ng/mL) for low-risk PCa patients.

4.2. Analysis of α2,3-Sialic Acid of Serum PSA

The determination of % α2,3-sialic acid of PSA was performed using a previously published
method [9]. Briefly, ethanolamine 5 M was added to 0.75 mL of each serum sample to a final
concentration of 1 M to release the PSA complexed to α1-antichymotrypsin. Total PSA was
immunopurified using the Access Hybritech PSA assay Kit (Beckman Coulter, Brea, CA, USA).
Amicon Ultra-0.5 3K Centrifugal Filter Devices (Millipore, Cork, Ireland) were used for desalting and
concentrating the immunopurified tPSA samples up to a final volume of 40 µL. Samples were then
applied to a lectin chromatography using Sambucus nigra (SNA)-agarose lectin (Vector Laboratories, Inc.,
Burlingame, CA, USA). Eluted unbound and bound chromatographic fractions were collected by
centrifugation and quantification of free PSA of these fractions was performed using the Roche
ELECSYS platform and used to determine the percentages of fPSA in the unbound fraction, corresponding
to α2,3-sialic acid PSA, and in the bound fractions, which correspond to α2,6-sialic acid PSA.

4.3. Quantification of tPSA, fPSA and [−2]proPSA

Patient sera were analyzed for total PSA (tPSA), free PSA (fPSA), and [−2]proPSA on the Beckman
Coulter Access 2 analyzer using WHO-standard-calibration. The Prostate Health Index (PHI) score
was then calculated [PHI = ([−2]proPSA/fPSA) ×

√
tPSA]. Assays kits used were: Hybritech total

PSA assay kit (Beckman Coulter, Fullerton, CA, USA; cat. no. 37200; Lot no. 523610), Hybritech free
PSA assay kit (Beckman Coulter, Fullerton, CA, USA; cat. no. 37210; Lot no. 570228) and Hybritech
p2PSA assay kit (Beckman Coulter, Fullerton, CA, USA; cat. no. P090026; Lot no. 527739). Assays were
performed according to the instructions of their manufacturer and calibration and control materials
used in each assay where the ones recommended by the manufacturer.
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4.4. Statistics

Statistical analyses of both PHI and % α2,3-SA as PCa biomarkers were performed using IBM
SPSS Statistics 23 for Windows and graphics were generated with SPSS software and GraphPad Prism
5 (GraphPad Software, Inc., La Jolla, CA, USA).

Patients were classified into four groups (BPH, low-risk PCa, intermediate-risk PCa, and high-risk
PCa) and Shapiro-Wilk and Levene’s tests were used to assess the normality and homoscedasticity
of variables. Differences of % α2,3-SA and PHI value between groups were analyzed using
a Mann–Whitney U test. Receiver operating characteristic (ROC) curves were analyzed for tPSA,
fPSA, % α2,3-SA, and PHI for distinguishing between high-risk PCa from the group of low-risk PCa,
intermediate-risk PCa, and BPH, and also for distinguishing between PCa from BPH.

Bivariate regression (Pearson correlation) was used to analyze the correlation of % α2,3-SA and
PHI with either the Gleason score or the tPSA levels.

To combine PHI and % α2,3-SA, a logistic regression was performed, in which the response
variable corresponded to the probability that the event of interest was a high-risk PCa (variable taking
the value 1) or the group comprising low- and intermediate-risk PCa and BPH (variable taking the
value 0). An R statistical package was used to develop a generalized lineal model (GLM) with binomial
response. The construction and the comparison of the AUC of the ROC curves were performed using
the Epi [34,35] and pROC libraries [36].

In all these analyses, p < 0.05 was considered statistically significant.

Acknowledgments: This work was supported by the Spanish Ministerio de Economia y Competitividad
(CDTI grant IDI20130186 and grant BIO 2015-66356-R), by the Generalitat de Catalunya, Spain (grant 2014
SGR 229), and by Roche Diagnostics (Barcelona, Spain). We thank Mireia Lopez-Siles for her support with
GraphPad Prism 5.

Author Contributions: Rafael de Llorens and Rosa Peracaula conceived and designed the experiments;
Montserrat Ferrer-Batallé, Esther Llop and Manel Ramírez performed the experiments; Montserrat Ferrer-Batallé,
Esther Llop, Marc Saez, Josep Comet, Rafael de Llorens and Rosa Peracaula analyzed the data; Manel Ramírez
and Rosa Núria Aleixandre contributed reagents/materials/analysis tools; Montserrat Ferrer-Batallé, Esther Llop,
Rafael de Llorens and Rosa Peracaula wrote the paper. All of the authors read and approved the final manuscript.

Conflicts of Interest: The authors have filed a patent: “In vitro method for prostate cancer diagnosis”.
PCT/ES2016/070781, Priority date: 6 November 2015.

Abbreviations

PCa Prostate cancer
PSA Prostate Specific Antigen
PHI Prostate Health Index
BPH Benign Prostate Hyperplasia
AUC Area Under the Curve
% α2,3-SA Percentage of α2,3 sialic acid of PSA
DRE Digital rectal examination
tPSA Total PSA
fPSA Free PSA
FDA Food and Drug Administration
%fPSA Free-to-total prostate-specific antigen ratio
PIN Prostatic Intraepithelial Neoplasia
TNM Tumor-Node-Metastasis
ACT α1-Antichymotrypsin
SNA Sambucus nigra lectin
CV Coefficient of variation
mpMRI Multi-parametric magnetic resonance imaging



Int. J. Mol. Sci. 2017, 18, 845 11 of 12

References

1. Shoag, J.E.; Schlegel, P.N.; Hu, J.C. Prostate-Specific Antigen Screening: Time to Change the Dominant Forces
on the Pendulum. J. Clin. Oncol. 2016. [CrossRef] [PubMed]

2. Schmid, M.; Trinh, Q.D.; Graefen, M.; Fisch, M.; Chun, F.K.; Hansen, J. The role of biomarkers in the
assessment of prostate cancer risk prior to prostate biopsy: Which markers matter and how should they be
used? World J. Urol. 2014, 32, 871–880. [CrossRef] [PubMed]

3. Sohn, E. Screening: Diagnostic dilemma. Nature 2015, 528, S120–S122. [CrossRef] [PubMed]
4. Roobol, M. Perspective: Enforce the clinical guidelines. Nature 2015, 528, S123. [CrossRef] [PubMed]
5. Heidegger, I.; Klocker, H.; Steiner, E.; Skradski, V.; Ladurner, M.; Pichler, R.; Schafer, G.; Horninger, W.;

Bektic, J. [−2]proPSA is an early marker for prostate cancer aggressiveness. Prostate Cancer Prostatic Dis.
2014, 17, 70–74. [CrossRef] [PubMed]

6. Hatakeyama, S.; Yoneyama, T.; Tobisawa, Y.; Ohyama, C. Recent progress and perspectives on prostate
cancer biomarkers. Int. J. Clin. Oncol. 2016, 22, 214–221. [CrossRef] [PubMed]

7. Crawford, E.D.; Denes, B.S.; Ventil, K.H.; Shore, N. Prostate cancer: Incorporating genomic biomarkers in
prostate cancer decisions. Clin. Pract. 2014, 11, 605–612. [CrossRef]

8. Li, Q.K.; Chen, L.; Ao, M.H.; Chiu, J.H.; Zhang, Z.; Zhang, H.; Chan, D.W. Serum fucosylated prostate-specific
antigen (PSA) improves the differentiation of aggressive from non-aggressive prostate cancers. Theranostics
2015, 5, 267–276. [CrossRef] [PubMed]

9. Llop, E.; Ferrer-Batallé, M.; Barrabés, S.; Guerrero, P.; Ramírez, M.; Saldova, R.; Rudd, P.; Aleixandre, R.;
Comet, J.; de Llorens, R.; et al. Improvement of Prostate Cancer Diagnosis by Detecting PSA
Glycosylation-Specific Changes. Theranostics 2016, 6, 1190–1204. [CrossRef] [PubMed]

10. Ishikawa, T.; Yoneyama, T.; Tobisawa, Y.; Hatakeyama, S.; Kurosawa, T.; Nakamura, K.; Narita, S.;
Mitsuzuka, K.; Duivenvoorden, W.; Pinthus, J.H.; et al. An Automated Micro-Total Immunoassay System for
Measuring Cancer-Associated α2,3-linked Sialyl N-Glycan-Carrying Prostate-Specific Antigen May Improve
the Accuracy of Prostate Cancer Diagnosis. Int. J. Mol. Sci. 2017, 18, 470. [CrossRef] [PubMed]

11. Sartori, D.A.; Chan, D.W. Biomarkers in prostate cancer: What's new? Curr. Opin. Oncol. 2014, 26, 259–264.
[CrossRef] [PubMed]

12. Mikolajczyk, S.D.; Millar, L.S.; Wang, T.J.; Rittenhouse, H.G.; Marks, L.S.; Song, W.; Wheeler, T.M.;
Slawin, K.M. A precursor form of prostate-specific antigen is more highly elevated in prostate cancer
compared with benign transition zone prostate tissue. Cancer Res. 2000, 60, 756–759. [PubMed]

13. Stephan, C.; Meyer, H.A.; Paul, E.M.; Kristiansen, G.; Loening, S.A.; Lein, M.; Jung, K. Serum (-5, -7) proPSA
for distinguishing stage and grade of prostate cancer. Anticancer Res. 2007, 27, 1833–1836. [PubMed]

14. Hori, S.; Blanchet, J.S.; McLoughlin, J. From prostate-specific antigen (PSA) to precursor PSA (proPSA)
isoforms: A review of the emerging role of proPSAs in the detection and management of early prostate
cancer. BJU Int. 2013, 112, 717–728. [CrossRef] [PubMed]

15. Lazzeri, M.; Lughezzani, G.; Haese, A.; McNicholas, T.; de la Taille, A.; Buffi, N.M.; Cardone, P.; Hurle, R.;
Casale, P.; Bini, V.; et al. Clinical performance of prostate health index in men with tPSA >10 ng/ml: Results
from a multicentric European study. Urol. Oncol. 2016, 34, 415. [CrossRef] [PubMed]

16. Loeb, S.; Catalona, W.J. The Prostate Health Index: A new test for the detection of prostate cancer.
Ther. Adv. Urol. 2014, 6, 74–77. [CrossRef] [PubMed]

17. Wang, W.; Wang, M.; Wang, L.; Adams, T.S.; Tian, Y.; Xu, J. Diagnostic ability of %p2PSA and prostate health
index for aggressive prostate cancer: A meta-analysis. Sci. Rep. 2014, 4, 5012. [CrossRef] [PubMed]

18. Loeb, S. Time to replace prostate-specific antigen (PSA) with the Prostate Health Index (PHI)? Yet more
evidence that the phi consistently outperforms PSA across diverse populations. BJU Int. 2015, 115, 500.
[CrossRef] [PubMed]

19. Morote, J.; Celma, A.; Planas, J.; Placer, J.; Ferrer, R.; de Torres, I.; Pacciuci, R.; Olivan, M. Diagnostic
accuracy of prostate health index to identify aggressive prostate cancer. An Institutional validation study.
Actas Urol. Esp. 2016, 40, 378–385. [CrossRef] [PubMed]

20. Peracaula, R.; Tabares, G.; Royle, L.; Harvey, D.J.; Dwek, R.A.; Rudd, P.M.; de Llorens, R. Altered glycosylation
pattern allows the distinction between prostate-specific antigen (PSA) from normal and tumor origins.
Glycobiology 2003, 13, 457–470. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/JCO.2016.67.8938
http://www.ncbi.nlm.nih.gov/pubmed/27432925
http://dx.doi.org/10.1007/s00345-014-1317-2
http://www.ncbi.nlm.nih.gov/pubmed/24825472
http://dx.doi.org/10.1038/528S120a
http://www.ncbi.nlm.nih.gov/pubmed/26672781
http://dx.doi.org/10.1038/528S123a
http://www.ncbi.nlm.nih.gov/pubmed/26672782
http://dx.doi.org/10.1038/pcan.2013.50
http://www.ncbi.nlm.nih.gov/pubmed/24165692
http://dx.doi.org/10.1007/s10147-016-1049-y
http://www.ncbi.nlm.nih.gov/pubmed/27730440
http://dx.doi.org/10.2217/cpr.14.65
http://dx.doi.org/10.7150/thno.10349
http://www.ncbi.nlm.nih.gov/pubmed/25553114
http://dx.doi.org/10.7150/thno.15226
http://www.ncbi.nlm.nih.gov/pubmed/27279911
http://dx.doi.org/10.3390/ijms18020470
http://www.ncbi.nlm.nih.gov/pubmed/28241428
http://dx.doi.org/10.1097/CCO.0000000000000065
http://www.ncbi.nlm.nih.gov/pubmed/24626128
http://www.ncbi.nlm.nih.gov/pubmed/10676664
http://www.ncbi.nlm.nih.gov/pubmed/17649780
http://dx.doi.org/10.1111/j.1464-410X.2012.11329.x
http://www.ncbi.nlm.nih.gov/pubmed/22759214
http://dx.doi.org/10.1016/j.urolonc.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27178729
http://dx.doi.org/10.1177/1756287213513488
http://www.ncbi.nlm.nih.gov/pubmed/24688603
http://dx.doi.org/10.1038/srep05012
http://www.ncbi.nlm.nih.gov/pubmed/24852453
http://dx.doi.org/10.1111/bju.12966
http://www.ncbi.nlm.nih.gov/pubmed/25808708
http://dx.doi.org/10.1016/j.acuro.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26923032
http://dx.doi.org/10.1093/glycob/cwg041
http://www.ncbi.nlm.nih.gov/pubmed/12626390


Int. J. Mol. Sci. 2017, 18, 845 12 of 12

21. Ohyama, C.; Hosono, M.; Nitta, K.; Oh-eda, M.; Yoshikawa, K.; Habuchi, T.; Arai, Y.; Fukuda, M.
Carbohydrate structure and differential binding of prostate specific antigen to Maackia amurensis lectin
between prostate cancer and benign prostate hypertrophy. Glycobiology 2004, 14, 671–679. [CrossRef]
[PubMed]

22. Tabares, G.; Radcliffe, C.M.; Barrabes, S.; Ramirez, M.; Aleixandre, R.N.; Hoesel, W.; Dwek, R.A.; Rudd, P.M.;
Peracaula, R.; de Llorens, R. Different glycan structures in prostate-specific antigen from prostate cancer sera
in relation to seminal plasma PSA. Glycobiology 2006, 16, 132–145. [CrossRef] [PubMed]

23. Tajiri, M.; Ohyama, C.; Wada, Y. Oligosaccharide profiles of the prostate specific antigen in free and
complexed forms from the prostate cancer patient serum and in seminal plasma: A glycopeptide approach.
Glycobiology 2008, 18, 2–8. [CrossRef] [PubMed]

24. Meany, D.L.; Zhang, Z.; Sokoll, L.J.; Zhang, H.; Chan, D.W. Glycoproteomics for prostate cancer detection:
Changes in serum PSA glycosylation patterns. J. Proteom. Res. 2009, 8, 613–619. [CrossRef] [PubMed]

25. Sarrats, A.; Saldova, R.; Comet, J.; O’Donoghue, N.; de Llorens, R.; Rudd, P.M.; Peracaula, R. Glycan
characterization of PSA 2-DE subforms from serum and seminal plasma. OMICS 2010, 14, 465–474.
[CrossRef] [PubMed]

26. Sarrats, A.; Comet, J.; Tabares, G.; Ramirez, M.; Aleixandre, R.N.; de Llorens, R.; Peracaula, R. Differential
percentage of serum prostate-specific antigen subforms suggests a new way to improve prostate cancer
diagnosis. Prostate 2010, 70, 1–9. [CrossRef] [PubMed]

27. Yoneyama, T.; Ohyama, C.; Hatakeyama, S.; Narita, S.; Habuchi, T.; Koie, T.; Mori, K.; Hidari, K.I.;
Yamaguchi, M.; Suzuki, T.; et al. Measurement of aberrant glycosylation of prostate specific antigen can
improve specificity in early detection of prostate cancer. Biochem. Biophys. Res. Commun. 2014, 448, 390–396.
[CrossRef] [PubMed]

28. Mohammed, A.A. Biomarkers in prostate cancer: New era and prospective. Med. Oncol. 2014, 31, 140.
[CrossRef] [PubMed]

29. Leapman, M.S.; Carroll, P.R. What is the best way not to treat prostate cancer? Urol. Oncol. 2017, 35, 42–50.
[CrossRef] [PubMed]

30. Vilanova, J.C.; Barcelo-Vidal, C.; Comet, J.; Boada, M.; Barcelo, J.; Ferrer, J.; Albanell, J. Usefulness of
prebiopsy multifunctional and morphologic MRI combined with free-to-total prostate-specific antigen ratio
in the detection of prostate cancer. AJR Am. J. Roentgenol. 2011, 196, W715–W722. [CrossRef] [PubMed]

31. Polascik, T.J.; Passoni, N.M.; Villers, A.; Choyke, P.L. Modernizing the diagnostic and decision-making
pathway for prostate cancer. Clin. Cancer Res. 2014, 20, 6254–6257. [CrossRef] [PubMed]

32. Stephan, C.; Vincendeau, S.; Houlgatte, A.; Cammann, H.; Jung, K.; Semjonow, A. Multicenter evaluation of
[-2]proprostate-specific antigen and the prostate health index for detecting prostate cancer. Clin. Chem. 2013,
59, 306–314. [CrossRef] [PubMed]

33. Kosanovic, M.M.; Jankovic, M.M. Sialylation and fucosylation of cancer-associated prostate specific antigen.
J. BUON 2005, 10, 247–250. [PubMed]

34. Hills, M.; Cartensen, B.; Plummer, M. Follow-Up with the Epi Package. 2009. Available online: http:
//bendixcarstensen.com/Epi/Follow-up.pdf (accessed on 20 February 2017).

35. Cartensen, B.; Plummer, M.; Laara, E.; Hills, M. Epi: A Package for Statistical Analysis in Epidemiology,
R Package Version 2.10. 2017. Available online: https://cran.r-project.org/web/packages/Epi/Epi.pdf
(accessed on 20 February 2017).

36. Robin, X.; Turck, M.; Hainard, A.; Tiberti, N.; Lisacek, F.; Sanchez, J.C.; Müller, M.; Siegert, S. Display and
Analyze ROC Curves, Package “pROC” Version 1.9.1. 2017. Available online: https://cran.r-project.org/
web/packages/pROC/pROC.pdf (accessed on 20 February 2017).

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/glycob/cwh071
http://www.ncbi.nlm.nih.gov/pubmed/15044396
http://dx.doi.org/10.1093/glycob/cwj042
http://www.ncbi.nlm.nih.gov/pubmed/16177264
http://dx.doi.org/10.1093/glycob/cwm117
http://www.ncbi.nlm.nih.gov/pubmed/17956937
http://dx.doi.org/10.1021/pr8007539
http://www.ncbi.nlm.nih.gov/pubmed/19035787
http://dx.doi.org/10.1089/omi.2010.0050
http://www.ncbi.nlm.nih.gov/pubmed/20726802
http://dx.doi.org/10.1002/pros.21031
http://www.ncbi.nlm.nih.gov/pubmed/19670261
http://dx.doi.org/10.1016/j.bbrc.2014.04.107
http://www.ncbi.nlm.nih.gov/pubmed/24814705
http://dx.doi.org/10.1007/s12032-014-0140-3
http://www.ncbi.nlm.nih.gov/pubmed/25048724
http://dx.doi.org/10.1016/j.urolonc.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27746147
http://dx.doi.org/10.2214/AJR.10.5700
http://www.ncbi.nlm.nih.gov/pubmed/21606259
http://dx.doi.org/10.1158/1078-0432.CCR-14-0247
http://www.ncbi.nlm.nih.gov/pubmed/25316814
http://dx.doi.org/10.1373/clinchem.2012.195784
http://www.ncbi.nlm.nih.gov/pubmed/23213080
http://www.ncbi.nlm.nih.gov/pubmed/17343337
http://bendixcarstensen.com/Epi/Follow-up.pdf
http://bendixcarstensen.com/Epi/Follow-up.pdf
https://cran.r-project.org/web/packages/Epi/Epi.pdf
https://cran.r-project.org/web/packages/pROC/pROC.pdf
https://cran.r-project.org/web/packages/pROC/pROC.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Clinical and Pathological Characteristics of the Patients 
	Analysis of 2,3-Sialic Acid PSA in Serum Samples 
	Prostate Health Index (PHI) Score Analysis of Serum Samples 
	Combinatorial Analysis of PHI and 2,3-Sialic Acid PSA 

	Discussion 
	Materials and Methods 
	Serum Samples 
	Analysis of 2,3-Sialic Acid of Serum PSA 
	Quantification of tPSA, fPSA and [-2]proPSA 
	Statistics 


