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1 | INTRODUCTION

Prostate-specific antigen (PSA) is widely used in prostate cancer
(PC) screening, but often also leads to prostate biopsies, over-
diagnosis, and overtreatment of indolent PC due to the low speci-
ficity for the detection of clinically significant PC.»? Multiparametric
magnetic resonance imaging (mpMRI) and/or biomarkers (i.e.,
4Kscore, SelectMDx, PHI, PCA3, EPI, risk calculators, and aberrantly
glycosylated PSAs) are used for risk stratification of men with re-
latively low PSA and normal DRE before recommending systematic
prostate biopsy (SBx).° *? We focused on the ratio of PC-associated
nonreducing terminal a2,3-sialylated PSA (S23PSA) in serum, in
relation to a2,6-sialylated PSA (S26PSA) which is exclusive to be-
nign prostate and established automated microfluidic technology-
based simultaneous immunoassay system.*'* We recently re-
ported that the diagnostic performance of S23PSA (area under the
curve (AUC, 0.8340)) outperforms that of tPSA (AUC, 0.5062).*° In
this study, we investigated the origin of S23PSA by tissue-based
quantification of S23PSA and sialylation-related gene expression,
and also evaluated the clinical significance of S23PSA density
(523PSAD) in a multicenter retrospective SBx cohort and a single-
center prospective MRI-targeted ultrasound-guided prostate biopsy
(MRI-TBx) cohort.

avoidance rate of MRI-TBx (13% vs. 1%) at 30% risk threshold.
Conclusions: The diagnostic performance of S23PSAD was superior to conventional

strategies but comparable to mpMRI.

biomarker, mpMRI, N-glycan, PI-RADS, prostate cancer, PSA, sialylation

2 | MATERIALS AND METHODS

2.1 | Study design and assessments

The flow diagram of this study is shown in Figure 1. S23PSA level
and sialylation-related gene expression in benign and tumor pros-
tate tissues were evaluated in 71 patients who underwent radical
prostatectomy at Hirosaki University between January 2016 and
January 2017. The diagnostic performance of S23PSA and
S23PSAD in determining PC and High grade PC (HGPC) at the initial
SBx was retrospectively evaluated in the SBx cohort (n=1099) in
patients from Hirosaki University and five related hospitals, Akita
University, Yamagata University, Tohoku University in Japan, and
McMaster University in Canada between June 2010 and January
2020. The correlation between prebiopsy S23PSA value, Prostate
Imaging Reporting and Data System (PI-RADS),"® and MRI-TBx
outcome was also prospectively evaluated in MRI-TBx cohort
which enrolled 98 men suspected with PC due to elevated PSA >
4 ng/ml and/or abnormal DRE findings and who underwent both
SBx and MRI-TBx at Hirosaki University between January 2018 and
January 2021. Eligible participants comprised men with PSA <50
ng/ml who received SBx. Men with N1 or M1 PC or Men with a
history of invasive treatment for prostatic hyperplasia or who were
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Assessed for eligibility
(n = 1137 patients from 10 multicenters)

Tissue based analysis (n =71)
Patients who underwent RP
from Hirosaki University

38 excluded due to
PSA >50 ng/mL (n = 29)
Not initial SBx (n = 5)
N1 or M1 patients (n = 1)
History of invasive treatment for BPH (n = 1)
Took medication that had an effect on tPSA (n = 2)

Performed S23PSA assay
and droplet digital PCR

SBx cohort (retropective validation cohort)
1099 patients who underwent SBx
SBx (—)(n =481)

SBx (+) (n=618)

Analysis 1: Correlation between tissue
level of S23PSA and pathological findings

Analysis 2: ROC analysis
Analysis 3: DCA analysis
Analysis 4: Determined cutoff at 90% sensitivity

MRI-TBx cohort (prospective observational cohort)
98 patients suspected with PC due to
elevated PSA >4ng/mL or abnormal DRE status

Performed tPSA, S23PSA assay
and MRI (PI-RADS)

| Performed SBx and MRI-TBx |

|
¢ Outcome ¢

SBx & MRI-TBx (—) SBx & MRI-TBx (+)
(n=42) (n = 56)
\ |

v

Analysis 5: ROC analysis
Analysis 6: DCA analysis

FIGURE 1 A flow diagram of the studies. A tissue-based analysis was evaluated in 71 patients who underwent radical prostatectomy at
Hirosaki University. The correlation between tissue S23PSA ratio and sialylation-related gene expression and pathological findings were
evaluated (Analysis 1). All samples were subjected to S23PSA assay and droplet digital PCR analysis. A retrospective SBx cohort enrolled 1099
patients with SBx(-) (n = 481) and SBx(+) (n = 618) men who underwent SBx at 10 institutions between June 2010 and January 2020. All sera
were subjected to S23PSA, S23PSAD, tPSA, F/T PSA, and PSAD assays. The PC or HGPC diagnostic performances of each assay were compared
using ROC analysis (Analysis 2). The clinical impacts of adding the F/T PSA, PSAD, S23PSA, and S23PSAD to the DRE status and tPSA were
evaluated using DCA (Analysis 3). The cutoff value of each assay at 90% sensitivity was determined (Analysis 4). A prospective observational
cohort enrolled 98 patients who were suspected with PC due to elevated PSA or abnormal DRE status at a single institution between January
2018 and January 2020. All sera were subjected to S23PSA, S23PSAD, PSAD, and tPSA assays before SBx and MRI-TBx. The PC or HGPC
diagnostic performances of each assay using the cutoff value defined by the retrospective SBx cohort were compared using ROC analysis
(Analysis 5). The clinical impact of adding the PI-RADS, PSAD, S23PSA, and S23PSAD to the DRE status and tPSA was evaluated using DCA
(Analysis 6). DCA, decision curve analyses; DRE, digital rectal examination; MRI, magnetic resonance imaging; PCR, polymerase chain reaction;
PSA, prostate-specific antigen; RP, radical prostatectomy; ROC, receiver operating characteristic curve

taking medication effecting tPSA levels 6 months before serum
collection were excluded. All sera were collected before biopsy and
stored at —-80°C until use. The grade group (GG) according to the
International Society of Urological Pathology guideline®® for Bx
specimens was assessed by histopathologists at each institution
blinded to each patient's S23PSA value. HGPC was defined as

greater than GG2. This study was conducted in accordance with the
ethical standards of the Declaration of Helsinki and was approved
by the ethics committee of each institution (approval number,
2019-055,
resarch/resarch.html). Written informed consent was obtained

https://www.med.hirosaki-u.ac.jp/hospital/outline/

from all patients.
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(A) Mapping of benign and tumor tissue of 71 prostate section
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2.2 | Determination of S23PSA and S23PSAD

S23PSA (expressed as ratio [%] of S23PSA over [S23PSA + S26PSA])
was measured using an automated microfluidic technology-based
simultaneous immunoassay as previously described.’® S23PSAD
(%/cm?®) was calculated by dividing the S23PSA value by the prostate
volume measured using transrectal ultrasonography (TRUS) prostate
ellipse volume calculation (height x length x width x 7/6). tPSA and
free PSA were measured using ECLusys total PSA and free PSA on
Covas 8000/e 801 (Roche Diagnostics K.K). PSA density (PSAD,
ng/ml/cms) was calculated by dividing the tPSA value by the prostate
volume measured using TRUS. All assays of retrospective samples
were conducted within 2 years after serum collection. Duplicate

assays were used for each sample.

2.3 | Quantification of sialyltransferases and
sialidase gene expression in formalin-fixed
paraffin-embedded (FFPE) prostate tissue

Tissue extracts and total RNA from benign and tumor tissues pre-
pared from macro-dissected 20-um thick FFPE prostate sections
(Figure 2A). cDNA synthesis and droplet digital PCR (ddPCR) ana-
lysis were performed as previously described.” The ddPCR probes
for each gene were purchased from Bio-Rad Laboratories and were
as follows: Human a2,3-sialyltransferase 3 (ST3GAL3) (ID: dHsaCP
E5029784), a2,3-sialyltransferase 4 (ST3GAL4) (ID: dHsaCPE
5050730), a2,3-sialyltransferase 6 (ST3GAL6) (ID: dHsaCPE5
032628), a2,6-sialyltransferase 1 (ST6GAL1) (ID: dHsaCPE
5030930), sialidase 1 (NEU1) (ID: dHsaCPE5190611), sialidase 2
(NEU2) (ID: dHsaCPE5035070), (NEU3) (ID:
dHsaCPE5039204), sialidase 4 (NEU4) (ID: dHsaCPE5029056), and
B-actin (ACTB) (ID: dHsaCPE5190200). The absolute copy number
of ST3GAL3, 4, 6, ST6GAL1, and NEU1-4 genes were normalized to
the ACTB. Triplicate assays were used for each sample.

sialidase 3

2.4 | Systematic prostate biopsy in retrospective
study and mpMRI targeted prostate biopsy in a
prospective study

TRUS-guided SBx (10 cores) was performed by experienced urologists in
a retrospective study. In a prospective study, all MRI examinations

were performed at 3.0 Tesla using a pelvic phased-array coil, including

The Prostate_\\/| LEY—‘ﬂ

T2-weighted imaging and diffusion-weighted imaging with apparent dif-
fusion coefficient mapping. Target lesions for MRI-ultrasonography
fusion-guided biopsy were chosen in a clinical setting by experienced
radiologists who had access to feedback through pathological results.
Index lesions were scored according to PI-RADS ver.2.'® Targeted biopsy
with SBx was performed using the BioJet™ fusion system (D&K Tech-
nologies) and a Prosound a7 (Hitachi Aloka Medical) combined with TRUS
transperineal biopsy platform. The segmentation into a two-dimensional
mpMRI was performed on a workstation to create a three-dimensional
MRI model and fused to real-time TRUS using elastic fusion. The biopsy
process started with targeted biopsies which were performed for lesions
with PI-RADS ver.2 categories of 1-5, and at least two cores were taken
for MRI-targeted lesions, and then systematic Bx (n = 12) was performed
transperineally by experienced urologists. An 18-G biopsy gun with a
22-mm specimen size (Primcut Il; Boston Scientific Japan) was used to

perform the biopsies.

2.5 | Statistical analyses

All statistical calculations were performed using Graphpad Prism
8 (GraphPad), STATA/SE15.1 (StataCorp LLC). For the non-normally
distributed model, the Mann-Whitney U test and the Kruskal-Wallis
test were used to analyze intergroup and multigroup differences,
respectively. The correlation analysis was analyzed using the non-
parametric Spearman rank-order correlation test. Predictive accuracy
was quantified as AUC of the receiver operating characteristic
curves. The clinical net benefit of the diagnostic standard of care,
which included tPSA and DRE status, with and without F/T PSA,
PSAD, S23PSA, S23PSAD, PI-RADS for predicting PC, and HGPC was
evaluated using the decision curve analysis (DCA) that was developed
using the rmda package of R version 3.5.2 (R Foundation for Statis-
tical Computing; http//www.r-project.org/).’’P values of less than

0.05 were used to denote statistical significance.

3 | RESULTS

3.1 | Tissue-based quantification of S23PSA and
sialyltransferase and sialidase gene expression

To characterize the origin of S23PSA, we determined the ratio of
S23PSA and expression of a2,6- or a2,3- sialyltransferases and

sialidases genes in prostate tissue. Nonreducing terminal sialylation

FIGURE 2 Ratio of S23PSA and sialyltransferases and sialidases gene expression in formalin-fixed paraffin-embedded (FFPE) prostate
benign and tumor tissues. (A) Total RNA and total protein were extracted from benign tissue, and each Gleason pattern (Gp) of tumor tissue
macrodissected from 20-um-thick FFPE prostate sections indicated by the areas marked with solid yellow and dashed outline, respectively.
(B) and (C) The levels of ST3GAL3, 4, 6, ST6GAL1, and NEU1, 2, 3, 4 gene expression in benign and tumor tissues with Gp3-5. (D) The ratio of the
S23PSA in benign and tumor tissues with Gp3-5. The dashed black line in the violin plots outlines the interquartile range (IQR). The solid bold
black line represents the median value. ns not significant; *p < 0.05, **p < 0.005, ***p < 0.0005. (E) Schematic representation of S23PSA synthesis

in prostate tissue [Color figure can be viewed at wileyonlinelibrary.com]
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Total (n=1099)
Variables
Age at SBx
DRE normal/nodule+
Prostate volume, cm®
tPSA, ng/ml
F/T PSA, %
PSAD, ng/ml/cm®
S23PSA, %
$23PSAD, %/cm®
Clinical stage

1c

2a

2b

2c

3]

4
SBx GG

GG 1

GG 2

GG 3

GG 4

GG 5

Subgroup with tPSA levels ranging from 4-10 ng/ml

(n=654)
Age (years)
DRE normal/nodule+
Prostate volume, cm®
tPSA, ng/ml
F/T PSA, %
PSAD, ng/ml/cm®
S23PSA, %
$23PSAD, %/cm®
Clinical stage

1c

2a

2b

2c

YONEYAMA ET AL.

SBx(-) (n=481)
Median (IQR)

68 (62-73)

446/35

38.92 (27.85-52.17)
6.14 (4.51-8.99)
21.34 (15.35-31.47)
0.162 (0.104-0.244)
42.20 (35.50-48.55)
1.03 (0.71-1.56)

SBx(-) (n=299)

67 (62-73)

279/20

38.42 (28.00-53.00)
6.09 (5.00-7.47)
20.05 (15.00-29.85)
0.165 (0.112-0.221)
42.40 (35.50-49.30)
1.03 (0.73-1.56)

SBx(+) (n=618)
Median (IQR)

69 (65-73)
319/299

27.80 (21.00-38.00)
7.38 (5.13-11.68)
14.48 (10.21-20.73)
0.269 (0.169-0.472)
51.95 (44.80-59.13)
1.94 (1.28-2.60)

n (%)

316 (51.1)

140 (22.7)

52 (8.4)

44 (7.1)

62 (10.0)

4 (0.6)

n (%)

118 (19.1)

190 (30.7)

104 (16.8)

87 (14.1)

119 (19.3)

SBx(+) (h=355)

68 (65-73)
199/156

28.00 (20.41-39.00)
6.21 (5.06-7.76)
14.39 (10.80-20.31)
0.224 (0.160-0.308)
50.60 (43.90-57.90)
1.88 (1.19-2.61)

n (%)

198 (55.8)

88 (24.8)

25 (7.0)

27 (7.6)

15 (4.2)

2 (0.6)

a

p
0.0008

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

0.0144

<0.0001
<0.0001
>0.9999
<0.0001
<0.0001
<0.0001

<0.0001

TABLE 1
cohort

Characteristics of SBx
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Total (n=1099) SBx(-) (n=481)

SBx GG n (%)
GG1 71 (20.0)
GG 2 130 (36.6)
GG3 63 (17.7)
GG 4 48 (13.5)
GG 5 43 (12.1)

SBx(+) (n=618)

The Prostate_\\/| LEY—‘ﬂ

Abbreviations: DRE, digital rectal examination; F/T PSA, free PSA/tPSA; GG, grade group; IQR,
interquartile range; PSAD, tPSA density; SBx, systematic prostate biopsy; S23PSA, a2,3-sialylated

prostate-specific antigen ratio; S23PSAD, S23PSA density; tPSA, total PSA.

aMann-Whitney U test.

of N-glycan is regulated by a balance between sialyltransferases and
sialidases expression.'®*” The expression of a2,6-sialylation-related
ST6GAL1 gene in Gp4 (median 0.038, interquartile range (IQR),
0.016-0.058) and 5 (0.031, IQR 0.016-0.058) tissues was sig-
nificantly decreased compared to Gp3 (0.089, IQR 0.050-0.138)
tissue and comparable to benign prostate gland (0.040, IQR
0.023-0.070). However, no significant changes in the expression
levels of a2,3-sialylation-related ST3GAL3, 4, 6 and sialidase NEU1-4
genes were noted between the benign and tumor tissues
(Figure 2A-C). Consequently, the S23PSA ratio was significantly
increased in Gp4 (median 42.87%, IQR 33.27%-50.51%) and
5 (40.22%, IQR 32.36%-47.94%) tissues compared with benign
prostate gland (31.59%, IQR 28.41%-36.33%) and Gp3 (33.67%, IQR
28.48%-40.36%) tissue (Figure 2D).

3.2 | Diagnostic performance of each assay in the
retrospective SBx cohort

The characteristics of the retrospective SBx cohort (n=1099) are
shown in Table 1. Of those with PC (n=618), 118 cases were clas-
sified as GG1, the remaining 500 cases as HGPC. Among HGPC, 190
(30.7%), 104 (16.8%), 87 (14.1%), and 119 (19.3%) were classified as
GG2, GG3, GG4, and GG5, respectively. Significant differences in age
and DRE status were observed between men with negative SBx and
men with positive SBx (p =0.0008 and p < 0.0001, respectively). In
addition, significant differences in prostate volume, and the levels of
tPSA, F/T PSA, PSAD, S23PSA, and S23PSAD were found between
these two groups (p < 0.0001) (Figure 3A).

The performance of S23PSAD for predicting PC (AUC: 0.7578;
95% confidence interval [Cl], 0.7292-0.7864) was significantly better
than PSAD (0.7111; 95% Cl, 0.6810-0.7412) (p = 0.0017), F/T PSA
(0.6978; 95% Cl, 0.6666-0.7290) (p=0.0012), and tPSA (0.6013;
95% Cl, 0.5879-0.6347) (p <0.0001) and comparable to S23PSA
(0.7552; 95% Cl, 0.7268-0.7836) (p = 0.8369) (Figure 3C). The AUC
of S23PSAD for discriminating HGPC (0.7758; 95% Cl,
0.7484-0.8032) was significantly higher than of F/T PSA (0.7012;
95% Cl, 0.6705-0.7319) (p<0.0001), tPSA (0.6360; 95% ClI,

0.6034-0.6687) (p<0.0001), and PSAD (0.7509; 95% ClI,
0.7222-0.7796) (p =0.0757) and comparable with S23PSA (0.7651;
95% Cl, 0.7374-0.7927) (p = 0.4010) (Figure 3C). At 90% sensitivity,
the specificity of S23PSAD (37.2% and 44.9%, respectively) and
S23PSA (40.1% and 43.4%, respectively) for detecting PC and HGPC
were higher than that of tPSA (18.5% and 22.9%, respectively), F/T
PSA (29.1% and 30.1%, respectively), and PSAD (31.2% and 34.7%,
respectively) (Table 2).

The characteristics of the SBx cohort belonging to the subgroup
of patients with tPSA levels ranging from 4-10ng/ml (n = 654) are
shown inTable 1. Among the 355 patients with PC, 71 were classified
as GG1. Of the remaining 284 patients with HGPC, 130 (36.6%), 63
(17.7%), 48 (13.5%), and 43 (12.1%) were classified as GG2, GG3,
GG4, and GG5, respectively. No significant difference in the tPSA
level was found between men with negative SBx and men with po-
sitive SBx (p > 0.9999). Significant differences in age and DRE status
were observed between the groups. Significant differences in the
levels of prostate volume, F/T PSA, PSAD, S23PSA, and S23PSAD
were also found between men with negative SBx and positive SBx
(p <0.0001) (Figure 3B).

S23PSAD (AUC 0.7428; 95% Cl, 0.7052-0.7803) provided a
significantly better clinical performance for predicting PC than PSAD
(0.6793; 95% Cl, 0.6385-0.7200) (p < 0.0001), F/T PSA (0.6793; 95%
Cl, 0.6380-0.7205) (p=0.0077), and tPSA (0.5168; 95% ClI,
0.4724-0.5612) (p < 0.0001), and a clinical performance comparable
to that of S23PSA (0.7266; 95% Cl, 0.6882-0.7651) (p = 0.3442) (-
Figure 3D). S23PSAD (AUC 0.7704; 95% Cl, 0.7344-0.8063) also
provided a significantly better clinical performance for predicting
HGPC than PSAD (0.7140; 95% Cl, 0.6745-0.7535) (p < 0.0001), F/T
PSA (0.6898; 95% Cl, 0.6492-0.7304) (p=0.0007), and tPSA
(0.5431; 95% Cl, 0.4984-0.5878) (p < 0.0001) and a clinical perfor-
mance comparable with that of S23PSA (0.7484; 95% ClI,
0.7112-0.7855) (p = 0.1729) (Figure 3D). At a preset 90% sensitivity,
the specificity of S23PSAD (36.1% and 41.9%, respectively) and
S23PSA (32.4% and 44.9%, respectively) for detecting PC and HGPC
was higher than that of tPSA (10.4% and 10.3%, respectively), F/T
PSA (27.4% and 28.9%, respectively), and PSAD (25.8% and 31.9%,
respectively) (Table 2).
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represents the median value of each test value. Multiple group differences were analyzed using the Kruskal-Wallis test for non-normally
distributed models. ns not significant; *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. (C) and (D) The ROC curves of PC and HGPC
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be viewed at wileyonlinelibrary.com]
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TABLE 2 Specificity at 90% sensitivity of each assay in retrospective SBx cohort

PC detection tPSA F/T PSA PSAD S23PSA S23PSAD
Cut-off >4.025 ng/ml <29.55% >0.1165 ng/ml/cm® >39.95% >0.8750%/cm®
AUC (95%Cl) 0.6013 0.6978 (0.6666-0.7290) 0.7111 (0.6810-0.7412) 0.7552 (0.7268-0.7836) 0.7578 (0.7292-0.7864)
(0.5679-0.6347)
p (vs. S23PSAD) <0.0001 0.0012 0.0017 0.8369
Specificity, % 185 29.1 31.2 40.1 37.2
PPV, % 58.6 62.0 62.7 65.9 64.8
NPV, % 58.9 69.3 70.8 75.7 74.3
FPR, % 81.5 70.9 68.8 59.9 62.8
FNR, % 10.0 10.0 10.0 10.0 10.0
HGPC detection  tPSA F/T PSA PSAD S23PSA S23PSAD
Cut-off >4.275 ng/ml <27.94% >0.1295 ng/ml/cm? >41.45% >0.9970%/cm®
AUC (95% Cl) 0.6360 0.7012 (0.6705-0.7319) 0.7509 (0.7222-0.7796) 0.7651 (0.7374-0.7927) 0.7758 (0.7484-0.8032)
(0.6034-0.6687)
p (vs. S23PSAD) <0.0001 <0.0001 0.0757 0.4010
Specificity, % 22.9 30.1 34.7 434 44.9
PPV, % 493 51.8 53.5 57.0 57.7
NPV, % 73.3 78.3 80.6 83.9 84.3
FPR, % 77.1 69.9 65.3 56.6 55.1
FNR, % 10.0 10.0 10.0 10.0 10.0

Retrospective SBx cohort (subgroup of patients 4-10 ng/ml tPSA)

PC detection tPSA F/T PSA PSAD S23PSA S23PSAD

Cut-off >4.493 ng/ml <28.69% >0.1125 ng/ml/cm?® >38.35% >0.8560%/cm®

AUC (95%Cl) 0.5168 0.6793 (0.6380-0.7205) 0.6793 (0.6385-0.7200) 0.7266 (0.6882-0.7651) 0.7428 (0.7052-0.7803)
(0.4724-0.5612)

p (vs. S23PSAD) <0.0001 0.0077 <0.0001 0.3242

Specificity, % 104 27.4 25.8 324 36.1

PPV, % 54.3 59.5 59.0 61.2 62.5

NPV, % 46.3 69.5 68.1 72.9 75.0

FPR, % 89.6 72.6 74.2 67.6 63.9

FNR, % 10.1 10.1 10.1 10.1 10.1

HGPC detection  tPSA F/T PSA PSAD S23PSA S23PSAD

Cut-off >4.493 ng/ml <27.05% >0.1250 ng/ml/cm? >41.45% >0.9505%/cm?>

AUC (95%Cl) 0.5431 0.6898 (0.6492-0.7304) 0.7140 (0.6745-0.7535) 0.7484 (0.7112-0.7855) 0.7704 (0.7344-0.8063)
(0.4984-0.5878)

p (vs. S23PSAD)  <0.0001 0.0007 <0.0001 0.1729

Specificity, % 10.3 28.9 319 44.9 419

PPV, % 434 49.2 50.3 55.6 54.3

NPV, % 56.7 78.7 80.3 85.1 84.2

FPR, % 89.7 711 68.1 55.1 58.1

FNR, % 10.2 10.2 10.2 10.2 10.2

Abbreviations: AUC, area under the receiver operating characteristics curve; F/T PSA, free PSA/tPSA; FNR, false-negative rate; FPR, false-positive rate;
HGPC, high-grade PC; NPV, negative predictive value; PC, prostate cancer; PPV, positive predictive value; PSAD, tPSA density; S23PSA, a2,3-sialylated
prostate-specific antigen ratio; S23PSAD, S23PSA density; tPSA, total PSA.
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Total (n=98)
Variables
Age at MRI-TBx
Prior biopsy yes/no
DRE normal/abnormal
Prostate volume, cm®
tPSA, ng/ml
PSAD, ng/ml/cm®
S23PSA, %
$23PSAD, %/cm®
Clinical stage

1c

2a

2b

2c

3
PI-RADS

1

2

3

4

5

SBx & MRI-TBx GG
GG 1

GG 2

GG 3

GG 4
GG 5

YONEYAMA ET AL.

MRI-TBx (-) (n = 42)
Median (IQR)

70 (62-73)

35/7

33/9

56.00 (40.98-76.30)
8.25 (5.37-13.73)
0.152 (0.104-0.193)
40.80 (29.20-47.85)
0.66 (0.47-1.07)

n (%)

33 (78.6)

6 (14.3)

1(2.4)

1(2.4)

1(2.4)

n (%)

0 (0.0)

2 (4.8)

18 (42.9)

12 (28.6)

10 (23.8)

MRI-TBx (+) (n=56)
Median (IQR)

71 (66-75)

43/13

41/15

36.40 (27.00-48.68)
9.46 (7.21-15.50)
0.272 (0.153-0.497)
46.50 (40.43-60.58)
1.29 (0.87-1.89)

n (%)

41 (73.2)

2 (3.6)

2 (3.6)

0 (0)

11 (19.6)

n (%)

1(1.9)

0(0.0)

4(7.1)

20 (35.7)

31(55.4)

n (%)

6 (10.7)

17 (30.4)

5(8.9)

13 (23.2)

15 (26.8)

MRI-TBx in subgroup with <75 years old and tPSA of <50 ng/ml)

Total (n=79)
Variables

Age at MRI-TBx
Prior biopsy yes/no
DRE normal/abnormal
Prostate volume, cm®
tPSA, ng/ml

PSAD, ng/ml/cm®
S23PSA, %
$23PSAD, %/cm®
ERSPC RCs, %

Clinical stage

MRI-TBx (-) (n = 38)
Median (IQR)

69 (61-72)

32/6

30/8

57.50 (40.98-78.73)
8.76 (5.52-13.83)
0.159 (0.104-0.202)
40.8 (29.53-47.53)
0.66 (0.47-1.02)
23.00(10.75-38.75)

n (%)

MRI-TBx (+) (n=41)
Median (IQR)

70 (66-73)

33/8

32/9

37.30 (27.15-48.50)
8.84 (6.26-14.85)
0.229 (0.153-0.407)
47.60 (40.95-61.90)
1.30 (0.90-1.78)
50.00(37.50-66.50)

n (%)

a

p
0.3380

0.4261
0.4221
0.0005
0.3241
0.0001
0.0150
<0.0001
0.0182°

0.0008"

a

p
>0.9999
0.6651
0.9226
0.0005
>0.9999
0.0033
0.0039
<0.0001
<0.0001
0.0392°

TABLE 3 Characteristics of
prospective MRI-targeted biopsy cohort
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0.0003"

Total (n=98) MRI-TBx (-) (n = 42) MRI-TBXx (+) (n = 56)
1c 30 (78.9) 32 (78.0)
2a 5(13.2) 1(2.4)
2b 1 (2.6) 0(0)
2c 1(2.6) 0(0)

3 1(2.6) 8 (19.5)

PI-RADS n (%) n (%)

1 0(0.0) 1(24)

2 2 (5.3) 0(0.0)

3 16 (42.1) 2(49)

4 11 (28.9) 13 (31.7)
5 9 (23.7) 25 (61.0)
SBx & MRI-TBx GG n (%)

GG 1 5(12.2)
GG 2 14 (34.1)
GG 3 2(4.9)
GG 4 9 (22.0)
GG 5 11 (26.8)

Abbreviations: AUC, area under the receiver operating characteristics curve; ERSPC RCs, European
Randomized Study of Screening for Prostate cancer risk calculators; F/T PSA, free PSA/tPSA; FNR,
false-negative rate; FPR, false-positive rate; HGPC, high-grade PC; MRI, magnetic resonance imaging;
NPV, negative predictive value; PC, prostate cancer; PPV, positive predictive value; PSAD, tPSA
density; S23PSA, a2,3-sialylated prostate-specific antigen ratio; S23PSAD, S23PSA density; tPSA,

total PSA.
Mann-Whitney U test.
b2 test.

3.3 | Use of S23PSAD improves the rate of
avoidable SBx

The DCAs predicting PC in the retrospective SBx cohort revealed
that S23PSA and S23PSAD significantly contribute to the prediction
of HGPC (over the usage of traditional factors of tPSA and DRE) from
10% to 20% and 221% risk threshold, respectively, which entails the
defined range of plausible threshold probabilities (10%-40%). For
example, at the 30% risk threshold, the risk of 30% is an odds of 3:7,
the doctor says “missing a PC is 2.3 times worse than doing an un-
necessary biopsy.” This can be interpreted as the “number-needed-
to-test,” that is, 30% is a number-needed-to-test of 30. At the 30%
risk threshold, the rate of avoidable SBx without missing PC or HGPC
using S23PSA (9% or 17%) and S23PSAD (5% or 21%) compared with
using of tPSA and DRE (0% or 0%), tPSA, DRE and F/T PSA (3% or
4%), and tPSA, DRE and PSAD (4% or 17%) (Figure 3E).

The DCAs predicting PC in the retrospective SBx subcohort of
patients with tPSA levels ranging from 4 to 10 ng/ml revealed that
S23PSA and S23PSAD significantly contribute to the prediction of
HGPC (over the use of traditional factors of tPSA and DRE) from 10%
to 22% and more than or equal to 23% risk threshold, respectively,

which is well within the defined range of plausible threshold prob-
abilities (10%-40%). For example, at the 30% risk threshold, the rate
of avoidable SBx without missing PC or HGPC using tPSA, DRE, and
S23PSA (8% or 14%) and tPSA, DRE, and S23PSAD (5% or 21%) was
significantly higher than using tPSA and DRE (0% or -2%), tPSA, DRE,
and F/T PSA (3% or 11%), and tPSA, DRE, and PSAD (3% or 16%)
(Figure 3F). Collectively, these results suggest that the use of S23PSA
or S23PSAD can avoid unnecessary SBx.

3.4 | Diagnostic performance of S23PSA and
S23PSAD as compared to mpMRI

We further investigated the clinical impact of S23PSA and S23PSAD
in comparison with mpMRI in the prospective observational
MRI-TBx cohort. The characteristics of the 98 patients in the
MRI-TBx cohort are shown in Table 3. Among the 56 patients with
PC, six were classified as GG1, and the remaining 50 patients with
HGPC were classified as GG2 (17, 30.4%), GG3 (5, 8.9%), GG4 (13,
23.2%), and GG5 (15, 26.8%). No significant differences in age, DRE
status, and tPSA level were found between the two groups.
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However, significant differences in prostate volume, PSAD, S23PSA,
and S23PSAD were found between MRI-TBx(-) and MRI-TBx(+)
men (p = 0.0005, p =0.0001, p =0.0150, and p < 0.0001, respectively)
(Figure 4A and Table 3). S23PSAD (Spearman correlation coefficient,
0.3424; 95% Cl, 0.1486-0.5108; p = 0.0006), S23PSA (0.3014; 95%
Cl, 0.1036-0.4762; p=0.0026), and PSAD (0.2615; 95% ClI,
0.0606-0.4420; p =0.0093) weakly correlated with PI-RADS score,
whereas tPSA (0.0466; 95% ClI,-0.1590 to 0.2484; p = 0.6478) did
not correlate with the PI-RADS score (Figure 4B).

The AUC of S23PSAD for detection of PC (0.7808; 95%
Cl, 0.6872-0.8744) was higher than that of tPSA (0.6048;
95% Cl, 0.4906-0.7190) (p=0.0393), PSAD (0.7572; 95%
Cl, 0.6624-0.8521) (p=0.6546), S23PSA (0.6830; 95% ClI,
0.5753-0.7907) (p=0.0148), and PI-RADS (0.7275; 95% ClI,
0.6232-0.8317) (p=.3991) (Figure 4C, Table 2). The AUC of
S23PSAD for predicting HGPC (0.7806; 95% Cl, 0.6894-0.8718) was
higher than that of tPSA (0.5842; 95% Cl, 0.4714-0.6969)
(p=0.0146), PSAD (0.7444; 95% Cl, 0.6465-0.8422) (p =0.4356),
S23PSA (0.6817; 95% Cl, 0.5766-0.7867) (p = 0.0287), and PI-RADS
(0.7406; 95% Cl, 0.6412-0.8400) (p = 0.4859) (Figure 4C, Table 4).

When applying a cutoff value of 90% sensitivity for each assay as
determined in the retrospective SBx cohort (Table 2), the DCA pre-
dicting PC in the prospective MRI-TBx cohort revealed that PI-
RADS + S23PSAD had the largest net benefit for predicting PC at
220% risk threshold, which is well within the range of plausible
threshold probabilities (10%-40%). For example, at the 30% risk
threshold, the rate of avoidable MRI-TBx without missing PC using
PI-RADS + S23PSAD amounted to 13%, a significant increase over
tPSA and DRE (3%), tPSA, DRE and PI-RADS (1%), tPSA, DRE, PI-
RADS and PSAD (5%), and tPSA, DRE, PI-RADS, and S23PSA (10%)
(Figure 4D). These results show that combining S23PSAD and PI-
RADS improves the avoidance rate of unnecessary prostate biopsies.

When applying the cutoff value of each assay as determined in
the retrospective SBx cohort (Table 2), 77.8% (42/54 cases) had an
$23PSAD(+) (20.8750%/cm?®) with PI-RADS > 3 in MRI-TBx(+) men,
which was higher than the detection rate of S23PSA(+) (239.95%)
with PI-RADS 2 3 (69.7%, 46/66), PSAD(+) (20.1165 ng/mlcm?) with

The Prostate_\\/| LEY—‘ﬂ

PI-RADS = 3 (63.2%, 48/76), and tPSA(+) with PI-RADS = 3 (60.7%,
54/89) (Figure 4E). Conversely, of the 41 cases, 28 (68.3%) had an
$23PSAD (-) (<0.8750%/cm®) with PI-RADS 2 3 in MRI-TBx(-) men,
which was higher than the detection rate of S23PSA(-) (<39.95%)
with PI-RADS = 3 (69.0%, 20/29), and PSAD(-) (<0.1165 ng/mlcm®)
with PI-RADS 2 3 (63.2%, 12/19) (Figure 4E). Of the 47 cases, 40
(85.1%) had an S23PSAD(+) with PI-RADS =4 in MRI-TBx(+) men,
which was higher than the detection rate of S23PSA(+) with PI-
RADS = 4 (78.2%, 43/55), PSAD(+) with PI-RADS = 4 (72.4%, 44/60),
and tPSA(+) with PI-RADS = 4 (71.4%, 50/70) (Figure 4F). Of the 26
cases, 15 (57.7%) had an S23PSAD(-) with PI-RADS = 4 in MRI-TBx
(=) men, which was higher than the detection rate of S23PSA(-) with
PI-RADS = 4 (55.6%, 10/18), and PSAD(-) with PI-RADS = 4 (46.2%,
6/13) (Figure 4F).

Among the 98 patients in the MRI-TBx cohort, 79 (<75 years old
and tPSA of <50 ng/ml) were available to use European Randomized
Study of Screening for Prostate cancer risk calculators (ERSPC RCs).
The diagnostic performance comparing ERSPC RCs and S23PSA as-

say is shown in supplementary files.

4 | DISCUSSION

Aberrantly glycosylated PSA (e.g., S23PSA and LacdiNAc-PSA) in
serum is significantly increased in PC,'°2*2°°22 and in particular in
high-grade GG 22 PC.'%?® The amount of LacdiNAc-glycan on PC
tissue is positively correlated with higher GG and is an independent
risk factor for PSA recurrence.”” LacdiNAc-PSA/tPSA ratios and the
expression of LacdiNAc-glycan synthesis-related glycosyltransferase
are increased in higher Gp tissues,” suggesting that LacdiNAc-glycan
synthesis is increased in aggressive tumors. Our results here show
that a2,6-sialylation-related ST6GAL1 gene expression was sig-
nificantly decreased in higher Gp tissues, whereas a2,3-sialylation-
related ST3GALS3, 4, 6 gene and sialidase NEU1-4 gene expressions
did not change, leading to an increase in the ratio of a2,3-sialylated
N-glycan on PSA (S23PSA) in HGPC. Thus, the synthesis of S23PSA

mainly characterizes HGPC tissue. Although the biological function of

FIGURE 4 Serum levels and ROC curve analysis of S23PSA, S23PSAD, tPSA, and PSAD in the prospective MRI-TBx cohort. (A) Violin plot of
each test in the prospective MRI-TBx cohort. The MRI-TBx (+) group was classified as GG 1, and the HGPC group includes GG2, GG3, GG4, and
GG5. Multiple group differences were analyzed using the Kruskal-Wallis test for non-normally distributed models. ns not significant, *p < 0.05,
**p < 0.005, ***p < 0.0005. (B) The correlation between each assay level and the PI-RADS score in the MRI-TBx cohort. The dashed black lines
outline the IQR of each test value. The solid bold black line represents the median value of each test. The solid bold red line represents the cutoff
value defined by the retrospective SBx cohort. The solid bold gray line represents the linear regression correlation curve. The light blue violin plot
represents MRI-TBx(-) patients, and the pink violin plot represents MRI-TBx(+) patients. (C) ROC curves of PC and HGPC prediction accuracy of
tPSA, PSAD, S23PSA, and S23PSAD in the MRI-TBx cohort. (D) DCA showing net benefit for performing a biopsy in men at risk of PC in the
MRI-TBx cohort. The number of avoidable biopsies per 100 patients without missing PC in the MRI-TBx cohort. (E) and (F) MRI-TBx(+) or
MRI-TBx(-) hit rate of each assay positively combined with PI-RADS > 3 cases (E) and each assay positively combined with PI-RADS = 4 case (F).
DCA, decision curve analyses; MRI, magnetic resonance imaging; PI-RADS, Prostate Imaging Reporting and Data System Version 2; PSAD, PSA
density tPSA normalized by prostate volume; PSA, prostate-specific antigen; ROC, receiver operating characteristic curve; tPSA, total PSA [Color
figure can be viewed at wileyonlinelibrary.com]
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TABLE 4
PC detection
Cut-off

AUC (95% CI)

p (vs. S23PSAD)
Sensitivity, %
Specificity, %

PPV, %
NPV, %
FPR, %
FNR, %
HGPC detection
Cut-off

AUC (95% CI)

p (vs. S23PSAD)
Sensitivity, %
Specificity, %

PPV, %
NPV, %
FPR, %

FNR, %

tPSA
>4.025 ng/ml

0.6048
(0.4906-0.7190)

0.0393

88.1

1.8

tPSA

>4.275 ng/ml

0.5842
(0.4714-0.6969)

0.0146
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PSAD
>0.1165 ng/ml/cm?®

0.7572
(0.6624-0.8521)

0.6546

87.5

28.6

62.0

63.2

71.4

12.5

PSAD

>0.1295 ng/ml/cm?®

0.7444
(0.6465-0.8422)

0.4356
83.7
30.6
54.7
65.2
69.4

16.3

S23PSA
>39.95%

0.6830
(0.5753-0.7907)

0.0148

50.0
16.1
S23PSA
>41.45%

0.6817
(0.5766-0.7867)

0.0287

36.7

Specificity at defined cutoff value of each assay in prospective MRI-TBx cohort

S23PSAD
>0.8750%/cm®

0.7808
(0.6872-0.8744)

714
77.8

68.2

28.6

25.0

S23PSAD
>0.9770%/cm®

0.7806
(0.6894-0.8718)

67.3
66.7
66.0
32.7

34.7

Specificity at defined cutoff value of each assay in prospective MRI-TBx cohort (<75 years old and tPSA <50 ng/ml)

PC detection
Cut-off

AUC (95% ClI)

p (vs. ERSPC RCs)
Sensitivity, %
Specificity, %

PPV, %
NPV, %
FPR, %
FNR, %
HGPC detection
Cut-off

AUC (95% ClI)

p (vs. ERSPC RCs)
Sensitivity, %
Specificity, %

PPV, %

NPV, %

tPSA
>4.025 ng/ml

0.5058
(0.3757-0.6359)

0.0001

24
tPSA
>4.275 ng/ml

0.5353
(0.4063-0.6643)

<0.0001
97.1
15.9
47.9

87.5

PSAD
>0.1165 ng/ml/cm?

0.7177
(0.6026-0.8328)

0.0678

87.8

28.9

57.1

68.8

711

12.2

PSAD

>0.1295 ng/ml/cm?®

0.7237
(0.6121-0.8353)

0.0127
82.9
31.8
49.2

70.0

S23PSA
>39.95%

0.7255
(0.6147-0.8362)

0.1124

14.6
S23PSA
>41.45%

0.7234
(0.6127-0.8341)

0.0724
68.6
50.0
52.2

66.7

S23PSAD
>0.8750%/cm?®

0.8194
(0.7279-0.9110)

0.6509
75.6

737

75.6

73.7

263

24.4

S23PSAD
>0.9770%/cm®

0.8071
(0.7100-0.9042)

0.4028
714
68.2
64.1

75.0

PI-RADS
24

0.7275
(0.6232-0.8317)

0.3991

80.0
52.4

8.9
PI-RADS
24

0.7406
(0.6412-0.8400)

0.4859

6.1

PI-RADS
24

0.7661
(0.6618-0.8705)

0.0069
92.7
47.4

65.5

PI-RADS
24

0.7465
(0.6355-0.8575)

0.0035
97.1
45.5
58.6

95.2

ERSPC RCs
>20%

0.8737
(0.7995-0.9480)

97.6

474

66.7

94.7

52.6

24

ERSPC RCs
>20%

0.8338
(0.7445-0.9230)

100.0
43.2
58.3

100.0
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TABLE 4 (Continued)
PC detection tPSA PSAD S23PSA
FPR, % 84.1 68.2 50.0
FNR, % 29 17.1 31.4

The Prostate_\\/| LEY—‘ﬁ

S23PSAD PI-RADS
318 54.5 56.8
28.6 2.9 0.0

Abbreviations: AUC, area under the receiver operating characteristics curve; ERSPC RCs, European Randomized Study of Screening for Prostate cancer
risk calculators; F/T PSA, free PSA/tPSA; FNR, false-negative rate; FPR, false-positive rate; HGPC, high-grade PC; MRI, magnetic resonance imaging;
NPV, negative predictive value; PC, prostate cancer; PI-RADS, Prostate Imaging Reporting and Data System; PPV, positive predictive value; PSAD, tPSA
density; S23PSA, a2,3-sialylated prostate-specific antigen ratio; S23PSAD, S23PSA density; tPSA, total PSA.

aberrant glycosylation on PC tissue remains unclear, aberrant gly-
cosylated PSA may be a useful biomarker for HGPC.

Triggered by tPSA levels 24.0 ng/ml and/or abnormal DRE, mil-
lions of TRUS-guided SBx are performed every year. These are costly
and often associate with pain, anxiety, and complications.?**> Con-
sequently, the tPSA-based PC screening strategy now includes the
use of mpMRI to target HGPC (GG 2 2), retaining the potential for
continued mortality reduction but avoiding harm from overdetection
of indolent PC. A Cochrane systematic review including 18 studies
has shown a high negative predictive value for detecting HGPC (91%)
and low risk of missing HGPC in biopsy-naive men who have a ne-
gative mpMRI (9%).2 Another systematic review which included 48
studies showed that the median negative predictive value of mpMRI
for detecting PC and clinically significant PC is 82.4% (interquartile
range (IQR), 69.0%-92.4%) and 88.1% (IQR, 85.7%-92.3%) while
noting a high variability in the reported performance of mpMRI to
detect PC between studies.’” A single-center prospective study as-
sessing variability in mpMRI reporting across radiologists of varying
experience in routine clinical care has shown that 13%-60% of
clinically significant PC would be missed if a biopsy was only per-
formed in men with PI-RADS 2 3.2 To improve the detection of
clinically significant PC, several potent biomarkers were suggested to
be combined with mpMRI.??*° The SelectMDx score associates with
PI-RADS and its performance to predict the mpMRI outcome (AUC,
0.83) is significantly higher than PSA (AUC, 0.66) and PCA3 (AUC,
0.65).%? Adding 4Kscore to mpMRI improves the predictive perfor-
mance for detecting HGPC (AUC, 0.82).%° These results suggest that
SelectMDx or 4Kscore could guide clinicians in selecting patients for
further mpMRI. Several biomarkers (PHI, 4KScore, PCA3, MiPS,
SelectMDx, and EPI) and MRI imaging have demonstrated promising
results for predicting HGPC.>**? Our retrospective SBx cohort study
found that the AUCs of S23PSA and S23PSAD for detecting both PC
and HGPC were superior to those of tPSA, F/T PSA, and PSAD.
Consequently, S23PSAD or S23PSA perform better than PSA or
PSAD. Here we report for the first time that the diagnostic accuracy
of mpMRI can be significantly improved by the addition of S23PSA
and/or S23PSAD. S23PSAD level positively correlated with the
PI-RADS score and the addition of S23PSAD using a cutoff value of
20.8750%/cm® to cases with PI-RADS 2 3 or 24 cases improved the
detection rate of PC. These results and the DCA show that the
inclusion of S23PSAD + PI-RADS can further reduce unnecessary
prostate biopsies.

The limitations of this study include its retrospective nature, the
absence of family history and MRI before biopsy in the SBx cohort
and the relatively small sample size in the single-center prospective
MRI-TBx cohort. The latter prevented us from drawing further
conclusions regarding the added value of S23PSAD in detecting
HGPC when combined with mpMRI. Further larger prospective
clinical trials using S23PSAD + PI-RADS and comparison to the
performance of other commercially available biomarkers would re-
solve the cost-effectiveness and clinical significance of the S23PSA
assay.

In conclusion, we show that PC-diagnostic performance of
S23PSAD is superior to conventional strategies and that the combi-
nation of S23PSAD with mpMRI improves the detection rate of PC

and thus may result in avoiding unnecessary biopsies.
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