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Introduction: We previously identified prostate cancer (PCa)-associated aberrant glycosylation of PSA,
where o2,3-linked sialylation is an additional terminal N-glycan on free PSA (S2,3PSA). We then devel-
oped a new assay system measuring S2,3PSA using a magnetic microbead-based immunoassay. We com-
pared the diagnostic accuracy of conventional PSA and percent-free PSA (%fPSA) tests.

Methods: We used MagPlex beads to measure serum S2,3PSA levels using anti-human fPSA monoclonal
antibody (8A6) for capture and anti-0:2,3-linked sialic acid monoclonal antibody (HYB4) for detection. We
determined the cutoff values in a training test and measured serum S2,3PSA levels in 314 patients who
underwent biopsy, including 138 PCa and 176 non-PCa patients with PSA of <10.0 ng/ml. Serum S2,3PSA
levels were presented as mean fluorescence intensity (MFI). Receiver operating characteristic curves were
used to evaluate the diagnostic accuracy of total PSA, %fPSA, and S2,3PSA.

Results: We determined an MFI cutoff value of 1130 with a sensitivity of 95.0% and specificity of 72.0% for
the diagnosis of PCa in the training test. In the validation study, the area under the curve for the detection
of PCa with S2,3PSA was 0.84, which was significantly higher than that with PSA or %fPSA.

Conclusions: Although the present study is small and preliminary, these results suggest that the measure-
ment of serum S2,3PSA using a magnetic microbead-based immunoassay may improve the accuracy of
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early detection of PCa and reduce unnecessary prostate biopsy.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Serum prostate specific antigen (PSA) is widely used as a power-
ful biomarker for the early detection of prostate cancer (PCa) [1,2].
Widespread use of the PSA test caused a stage migration of PCa [3].
However, the use of PSA in PCa screening is becoming controversial
[4,5]. Particularly, in recent years, criticism against PCa screening
using PSA has grown because of over-diagnosis and over-treatment
[6]. In addition to complications associated with the treatment of
PCa, such as urinary incontinence and erectile dysfunction that
are associated with the treatment of PCa, harmful events associated
with prostate biopsy are also a major concern for PSA-based PCa
screening [7]. Therefore, the development of novel screening
methods with improved specificity is of vital importance. Among
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the various molecular isoforms of PSA, proPSA is one of the most
promising potential biomarkers [8,9]. Recently, the Food and Drug
Administration of the United States of America approved the use
of p2PSA and phi [10] in PCa screening. This innovative method
for the early detection of PCa has had a significant impact on clinical
practice. However, additional approaches focusing on the aberrant
glycosylation of PSA are also promising [11,12].

Cancer-associated glycan alteration is observed frequently dur-
ing carcinogenesis [13]. Majority of the tumor markers, such as
alpha-fetoprotein (AFP; [14] and human chorionic gonadotropin
(hCG; [15], are glycoproteins that have glycosylation sites in their
amino acid sequences. More importantly, each glycan has specific
cancer-associated carbohydrate alterations when compared with
its normal counterpart, which can be detected using specific mono-
clonal antibodies or lectin.

PSA is a glycoprotein with one N-glycosylation site on its 45th
amino acid from the N-terminus, asparagine (N) [16]. The amino
acid sequence surrounding the glycosylated N is isoleucine (I),
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arginine (R), N, and lysine (K), which is specific to PSA [16]. There-
fore, in a prior study, we cleaved the PSA-specific sequence IRNK,
which includes the glycosylated-N, and performed an intensive
structural analysis of the glycan profile of PSA using matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry [17]. Importantly, we identified that the termi-
nal N-glycan structure of PSA from PCa patients was rich in sialic
acid o2,3-linked to the galactose residue, whereas the terminal
N-glycan structures of PSA from the seminal plasma were exclu-
sively a2,6-linked [17] (Fig. 1A). These findings are consistent with
our prior observations demonstrating that the binding of PCa-asso-
ciated PSA to Maackia amurensis agglutinin (MAA) was remarkably
stronger than that of non-PCa-associated PSA (18) because MAA
lectin recognizes o2,3-linked sialic acid.

In the present study, we successfully developed a novel assay
system using a magnetic microbead-based immunoassay for the
detection of o2,3-linked sialylation as an additional terminal
N-glycan on free PSA (S2,3PSA).

2. Materials and methods

2.1. Coupling the anti-free PSA (fPSA) monoclonal antibody (mAb) to
magnetic microbeads

The coupling of anti-fPSA mAb (8A6, Abcam, Cambridge, UK) to
magnetic beads (MagPlex beads, Luminex, TX, USA) was performed
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using the XMAP Antibody Coupling (AbC) Kit following the manu-
facturer’s instructions. In brief, 1 ml (1.25 x 10”) of MagPlex bead
suspension was pelleted using a DynaMag™-2 magnetic separator
for 2 min. The MagPlex beads were then resuspended in 500 pu of
activation buffer using vortexing and sonication. The beads were
pelleted, the supernatant was removed, and the washed micro-
spheres were resuspended in 400 pl of activation buffer. Fifty
microliters of N-hydroxysulfosuccinimide (sulfo-NHS) solution
and 50 pl of EDC (10 pg/250 pl) were added to the microsphere
suspension, which was mixed gently. The suspension was then
incubated for 20 min at room temperature (RT) with gently vor-
texing. The activated beads were washed twice with 500 pl of acti-
vation buffer, and 62.5 pig of anti-fPSA mAb (8A6) diluted in 500 pl
of activation buffer was then added. The suspension was then stir-
red for 2 h with gently vortexing. Finally, the antibody-conjugated
beads were washed and resuspended in 2 ml of wash buffer
(6250 beads/ul), and were then ready to use.

2.2. Quantification of serum S2,3PSA using the Luminex system

A schematic diagram demonstrating the quantification of
S2,3PSA using the Luminex system [19] is shown in Fig. 1B. We
used XMAP magnetic beads to measure serum S2,3PSA, using
anti-human fPSA mAb (8A6) to coat the beads as the capture anti-
body, and anti-o2,3-linked sialic acid mAb (HYB4) (Wako, Osaka,
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Fig. 1. Prostate cancer-associated aberrant glycosylation of N-glycan on PSA and schematic representation of the measurement of S2,3PSA. (A) In normal PSA, the terminal
sialic acids link to galactose residues with an 22,6 linkage. In PCa-associated PSA, the linkage between the terminal sialic acid and galactose residues changes to an 2,3
linkage [14]. (B) Anti-fPSA mAb (8A6) was coupled to carboxylated MagPlex beads. Twenty microliters of serum was added to 8A6 mAb-conjugated bead to capture fPSA in
the serum. (C) Anti-0.2,3-linked sialic acid mAb (HYB4) was added to bind to S2,3PSA in the bead mixture, forming a bead-8A6 mAb-fPSA-HYB4 mAb complex. (D) PE-labeled
anti-IgG3 mAb was added to the solution to couple with the bead complex. (E) The number of bead complexes were counted and expressed as MFI using Luminex100.
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Japan) [20] for detection. Serum S2,3PSA levels were then pre-
sented as the mean fluorescence intensity (MFI).

Two microliters (12,500 beads) of anti-fPSA mAb (8A6)-conju-
gated MagPlex beads were added to each well of 96-well V bottom
white plates (GE Healthcare, Buckinghamshire, UK). Fifty microli-
ters of 1xCarbo-Free™ Blocking Solution (VECTOR laboratories,
INC. CA, USA) was then added, and the plates were incubated at
RT for 30 min. Next, 20 pl of serum was added to each well, and
the plates were incubated at 4 °C with shaking for 1 h. The beads
were then washed by placing the plate on a magnetic separator
for 2 min and decanting the reaction mixture by inverting the plate
a total of three times using 80 ul of Tris-buffered saline (TBS)
containing 0.05% Tween-20 (TBST). Fifty microliters of anti-o2,
3-linked sialic acid mAb (HYB4) diluted with TBST (final concentra-
tion 10 png/ml) was added to each well, and plates were incubated
at 4 °C with shaking for 1 h. The beads were washed thrice with
TBST, before 50 pl of phycoerythrin (PE)-labeled goat anti-mouse
IgG3 mAD (1:1000 diluted in TBST) was added and incubated at
RT for 45 min. After three more washes, 50 pl of TBST was added
to each well, the plate was vortexed for 30 s, and the bead com-
plexes were counted and expressed as MFI values. Specifically, a
red laser was used to excite the red and orange fluorescent dyes
within the beads to recognize their unique coded numbers. Simul-
taneously, a green laser was used to excite PE bound to the surface
of the bead. MFIs of the combined lasers on the beads were
recorded and analyzed using XPONENT™ 3.1 software.

The serum levels of free and total PSA were measured using the
MILLIPLEX MAP Human Circulating Cancer Biomarker Magnetic
Bead Panel kit (Merck Millipore, Darmstadt, Germany) following
the manufacturer’s instructions.

2.3. Prostate biopsy and serum samples

Between June 2007 and June 2012, we performed 1494 trans-
rectal ultrasound-guided prostate biopsies due to elevated PSA lev-
els of >4.0 ng/ml or palpable prostate nodules that were detected
by regional PCa screening programs. Serum samples were obtained
from all patients at the time of biopsy and were stored at —80 °C
until use. The final diagnosis of the patients was confirmed by his-
topathological findings of prostate biopsies (Fig. 2). The study was
performed in accordance with the ethical standards of the Declara-
tion of Helsinki and was approved by the Ethical Committee of
Hirosaki University Graduate School of Medicine. Informed con-
sent was obtained from all patients.

2.4. Training sample set

We conducted a training test to determine the appropriate cut-
off values to discriminate PCa from non-PCa. Fifty patients with
biopsy-proven PCa and 50 with non-PCa with total PSA <10.0 ng/
ml were selected randomly from our serum bank (Fig. 2). The clin-
icopathological characteristics of the patients are shown in Table 1.
Tumor staging was performed based on the TNM classification of
Malignant Tumors, 7th edition [21]. Assay was repeated in
triplicate.

2.5. Validation sample set

Table 2 shows the demographic data of the validation sample
set. We randomly selected 138 patients with biopsy-proven PCa
and 176 patients with non-PCa with total PSA of <10.0 ng/ml from
our serum bank (Fig. 2). The assay system was the same as that
used in the training test. There were no sampling overlap between
training sample set and validation sample set. Assay was repeated
in triplicate and data represent mean value.

2.6. Statistical analysis

All statistical calculations for clinical data were performed using
GraphPad Prism 6.03 (GraphPad Software, CA, USA). Intergroup dif-
ferences were statistically compared by Student’s t test for normal
distribution model, or Mann-Whitney U-test for non-normal dis-
tribution model. Receiver operating characteristic (ROC) curves
were analyzed for total PSA, %fPSA, and S2,3PSA. Two sided p-val-
ues of <0.05 were considered to be statistically significant.

2.7. Forced expression of FLAG-tag-fused S2,3PSA in LNCaP prostate
cancer cells

The LNCaP cell was obtained from the American Type Culture
Collection and grown in RPMI-1640 medium supplemented with
penicillin, streptomycin, and 10% FBS at 37 °C with 5% CO,. FLAG-
tag (N-DYKDDDDK-C)-fused human PSA (kallikrein-3, KLK3) cDNA
was amplified from RNA isolated from the prostate of a benign
prostatic hyperplasia patient using the primers hPSA-F1 5-CC
CAAGCTTACCACCTGCAC-3' and hPSA-FLAG-Xho-R1 5'-TTTCIC-
GAGCTACTTGTCATCGTCGTCCTTGTAATCAGCGGGGTTGGCCACGAT
GGT-3'" and subcloned into the pcDNA3.1 vector (Life Technologies,
CA, USA). The PSA-FLAG vector was then transiently transfected
into LNCaP cells. Anti-fPSA (8A6), anti-o2,3-linked sialic acid
(HYB4), and anti-FLAG (M2, Sigma, MO, USA) monoclonal antibod-
ies were then used to detect S2,3PSA-FLAG proteins by
immunoblotting.

3. Results
3.1. The Inter-assay and Intra-assay coefficient of variation

To determine the inter-assay coefficient of variation in the
S2,3PSA assay, three different serums (low, middle and high MFI
value) were tested in triplicate in the same plate in three consecu-
tive days. Percentage of inter-assay coefficient of variation were
determined to be 1.81% for low MFI sample, 2.36% for middle
MFI sample and 5.18% for high MFI sample. The mean MFI of
S2,3PSA and standard deviation were 727.2 (+13.1) for low MFI
sample, 1344.4 (+31.7) for middle MFI sample and 2368.2
(+122.8) for high MFI sample (Table 3). Intra-assay coefficient of
variation of S2,3PSA assay for the same set of samples were tested
each in 15 wells in the same plate in one occasion. Percentage of
intra-assay coefficient of variation of S2,3PSA assay was deter-
mined to be 4.61% for low MFI sample, 4.81% for middle MFI sam-
ple and 8.57% for high MFI sample. The mean MFI of S2,3PSA and
standard deviation were 732.0 (+33.8) for low MFI sample,
1321.6 (+63.5) for middle MFI sample and 2537.1 (+217.5) for high
MFI sample (Table 3).

3.2. Training sample set for S2,3PSA measurements

There were no significant differences in age and PSA, fPSA, or
%fPSA levels between the two groups. MFI of serum S2,3PSA in
the PCa group was significantly higher than that in the non-PCa
group (p < 0.0001) (Fig. 3A). To determine the optimal cutoff values
of S2,3PSA, we performed ROC curve analyses (Fig. 3B) and identi-
fied an MFI cutoff value of 1130 with a sensitivity and specificity of
95.0% and 72.0%, respectively. Therefore, an MFI cutoff value of
1130 was used in the validation study.

3.3. Validation study of S2,3PSA measurements

Although we observed no differences in fPSA levels, significant
differences in the intergroup age, PSA and %fPSA levels were
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Fig. 2. Flowchart of the present study. Between June 2007 and June 2012, we performed 1494 transrectal ultrasound-guided prostate biopsies due to elevated PSA levels of
>4.0 ng/ml or palpable prostate nodules that were detected by regional PCa screening programs. All serum samples were obtained at the time of biopsy. The final diagnosis of
the patients was confirmed by histopathological findings of prostate biopsies. Training and validation sample sets were randomly selected biopsy-proven PCa or non-PCa with

total PSA of <10.0 ng/ml from our serum bank.

Table 1
Demographic data for the training sample set.

Table 2
Demographic data for the validation sample set.

Characteristics Non-PCa PCa p Characteristics Non-PCa PCa p
Patients, n 50 50 Patients, n 176 138
Age (median) 57-82 (69.0) 51-84 (71.5)  0.3832 Age (median) 51-83 (68.0) 50-84 (69.0) 0.0181
PSA, ng/mL, (median)  2.4-9.7 (5.9) 3.0-10.0 (6.35) 0.2719 PSA, ng/mL, (median) ~ 2.0-10.0 (5.8) 2.2-10.0 (64)  0.0008
fPSA, ng/mL, (median)  0.02-0.94 (0.16) 0-0.69 (0.15) 0.3616 fPSA, ng/mL, (median) ~ 0-2.43 (0.12) 0-4.40 (0.10) 0.1267
%fPSA, %, (median) 0.48-11.3 (2.67) 0.06-9.02 (2.29) 0.0878 %fPSA, %, (median) 0-51.6 (21)  0-44.0 (1.6)  0.0020
S2,3PSA, MFI, (median) 663-1576 (922) 1048-2597 (1666) <0.0001 S2,3PSA, MFI, (median) 395-2221 (940) 693-2971 (1484) <0.0001
Biopsy Gleason Sum, n, (%) Biopsy Gleason Sum, n, (%)
5-6 0 (0) 5-6 24 (17.5)
7 27 (54.0) 7 66 (48.2)
8-10 23 (46.0) 8-10 48 (34.3)
Clinical stage, n, (%) Clinical stage, n, (%)
cT1c-cT2a 42 (84.0) cT1c-cT2a 127 (92.0)
cT2b 3 (6.0) cT2b 3 (2.2)
cT2c 5 (10.0) cT2c 7 (5.1)
Unknown 1 (0.7)
detected. Fig. 3C shows that MFI of serum S2,3PSA was signifi-
cantly higher in PCa patients than that in non-PCa patients
(p <0.0001). ROC curve analyses were then used to compare the
diagnostic potential of PSA, %fPSA, and S2,3PSA (Fig. 3D). The area
under the curve (AUC) showed that PSA and %fPSA did not differ Table 3
between patients with non-PCa and PCa (AUC 0.61 and 0.60, Inter-assay variation and intra-assay variation in S2,3PSA assay.
respectively), whereas S2,3PSA showed a good separation (AUC, Patient # Mean MFI sD oV (%)
0.84). Inter-assay variation
Based on the MFI cutoff value of 1130 for the S2,3PSA test 1 727.2 13.1 1.81
(n=314), we calculated a sensitivity of 90.6% and a specificity of 2 1344.4 31.7 2.36
64.2%, with a positive predictive value (PPV) and negative predic- 3 2368.2 1228 5.18
tive value (NPV) of 66.5% and 89.7%, respectively (Table 4). The Intra-assay variation
specificity of %fPSA for detecting PCa with 90.6% sensitivity (with 1 732.5 338 4.61
a cutoff value at <5.26%) was determined to be 11.4%, with a PPV g ;g;;f 2?3'2 g'g;

of 46.2% and an NPV of 60.6%. Based on the cutoff value of
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Fig. 3. Serum S2,3PSA levels in the training and validation sample set. Serum S2,3PSA levels in PCa patients were significantly higher than those in non-PCa patients
(*p <0.0001) in the training sample set (A) and validation sample set (C). Receiver operating characteristics (ROC) curve analysis of training sample set (B) and validation
sample set (D). The area under the curve (AUC) of S2,3PSA in the training set was 0.95. The MFI cutoff value at 95.0% sensitivity was determined to be 1130 in the training
samples, indicated by the broken line. (D) ROC curve analysis comparing the prognostic potential between non-PCa (n = 176) and PCa patients (n = 138). The AUCs of %fPSA,

PSA, and S2,3PSA were 0.60, 0.61, and 0.84, respectively.

Table 4

Sensitivity, specificity, accuracy, and predictive value for PSA, %fPSA, and S2,3PSA in validation sample set.
Test Cutoff Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)
S2,3PSA >1130 MFI 90.6 64.2 75.8 66.5 89.7
PSA >4.5 ng/mL 90.6 20.5 51.3 472 73.5
%fPSA <5.26% 90.6 114 46.2 44.5 60.6

PPV: positive-predictive value, NPV: negative-predictive value.

>4.5 ng/ml for PSA, the sensitivity and specificity were 90.6% and
20.5%, respectively, with a PPV of 47.2% and an NPV of 73.5%. The
specificity of S2,3PSA was 64.2% at 90.6% sensitivity, which was sig-
nificantly higher than that of PSA (20.5%) or %fPSA (11.4%) (Table 4).

3.4. Forced expression of FLAG-tag-fused S2,3PSA in LNCaP prostate
cancer cells

To determine whether PCa cells specifically produce S2,3PSA,
we transiently transfected FLAG-tag-fused human PSA cDNA
(PSA-FLAG) into LNCaP cells. Immunoblotting of PSA-FLAG-
transfected LNCaP whole cell lysates is shown in Fig. 4. PSA-FLAG
protein was detected using anti-fPSA (8A6), anti-FLAG (M2), and
anti-o2,3-linked sialic acid (HYB4) antibodies, suggesting that the
PSA-FLAG protein was modified by o2,3-linked sialylation as a ter-
minal N-glycan. These results provide clear evidence that LNCaP
cells produce PCa-associated S2,3PSA.

4. Discussion
Recent reports describing glycan alternation of PSA emphasized

promising aspect of aberrant PSA glycosylation for early detection
of prostate cancer [12,22,23]. However, it is sometimes difficult to

determine precise carbohydrate structure of PSA because of its
molecular diversity. Majority of the recent reports used N-glycan-
ase to cleave glycan from PSA. However, this procedure cannot
refrain from contamination of other carrier proteins. As we previ-
ously described, a commercially available PSA was contaminated
with other proteins [17]. This may be, at least in part, a major
obstacle for carbohydrate structure research of PSA. To overcome
this problem, we carried out precise and comprehensive structure
analysis of PSA glycan [17]. In that study, we used lysylendopepti-
dase to cleave PSA-specific peptide sequence including sole
N-glycosylation site. We identified that the terminal N-glycan
structure of PSA from PCa patients was rich in sialic acid a2,
3-linked to the galactose residue, whereas the terminal N-glycan
structures of PSA from the seminal plasma were exclusively
o2,6-linked [17]. The present study was carried out based on our
previous study.

Our previous study estimated the percentage of aberrantly gly-
cosylated fPSA compared with the levels of total fPSA using lectin
affinity column chromatography [18]. The lectin column chroma-
tography method allowed us to distinguish sera from PCa patients
from those from non-PCa patients by detecting differences in the
levels of S2,3PSA [18]. However, the lectin-based assay system
requires 0.5 ml of sera, and the lower limit of detection of total
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Fig. 4. Inmunobloting of S2,3PSA in LNCaP cells transfected with PSA-FLAG. LNCaP
cells were transfected with FLAG-tag-fused human PSA cDNA (PSA-FLAG) or with
mock control (Mock). Whole cell lysates (WCLs) were blotted and probed with anti-
fPSA (left panel), anti-o2,3-linked sialic acid (center panel), and anti-FLAG (right
panel) antibodies. MWM indicated molecular weight markers.

PSA level is approximately 10 ng/ml to discriminate between PCa
and non-PCa. To improve the specificity of PSA testing in clinical
practice, we need to improve the specificity to between 2 and
10 ng/ml. For this purpose, lectin-based analysis using natural lec-
tin is not optimal because of poor specificity and interlot variation.

Therefore, we developed a novel assay system that can detect
PCa-associated glycan alterations using an mAb raised against
o2,3-linked sialylation as an additional terminal N-glycan on PSA.
In the present assay system, fPSA in sera is captured using anti-
fPSA mAD that is coated on the surface of magnetic microbeads.
The amount of o2,3-linked sialic acid is then measured using a spe-
cific mAb HYB4 [20]. Originally, this mAb was established to detect
the specific carbohydrate receptor of influenza virus [20]. Interest-
ingly, the terminal carbohydrate structure of PSA produced in PCa
is the same as the influenza virus receptor.

In human serum, some PSA exists in a complex with serum pro-
tease inhibitors such as o1-antichymotrypsin and o2-macroglobu-
lin, whereas some exists in a free form [24]. Therefore, the distinct
molecular isoforms must be considered when measuring S2,3PSA
using HYB4. Because o1-antichymotrypsin is also a glycoprotein
with a carbohydrate moiety that reacts with HYB4, fPSA must be
captured before the quantification of «2,3-linked sialic acid. There-
fore, we used anti-fPSA mADb (8A6) as the capture antibody on the
surface of the magnetic microbeads to bind only fPSA.

Luminex antibody screening technology consists of a series of
polystyrene microbeads containing fluorochromes and has been
widely used for antibody screening during organ transplantation
[19]. We therefore used the Luminex assay system in this study,
although alternative bioluminescent enzymes [25] and chemilumi-
nescent immunoassays [26] may also be effective for measuring
S2,3PSA. The inter-assay coefficients for S2,3PSA was between
1.81% and 5.18% and intra-assay coefficients for S2,3PSA was
between 4.61% and 8.57%. These data suggests CV of the S2,3PSA
assay is acceptable.

The AUC for the detection of PCa using the present novel assay
system measuring S2,3PSA was 0.84, which was significantly

higher than that for PSA (0.60) or %fPSA (0.61). This suggests that
S2,3PSA has potential as a novel biomarker for the early detection
of PCa.

We also confirmed that aberrantly glycosylated PSA was pro-
duced by a PCa cell line and thus provided cell-based biological
evidence for the aberrant glycosylation of PSA (Fig. 4). Because
recombinant S2,3PSA protein was not available when this study
was conducted, S2,3PSA levels were expressed as MFI. Future stud-
ies should establish a standard curve for the quantitative measure-
ment of S2,3PSA. However, the stable production of recombinant
S2,3PSA as a standard molecule is essential to achieve this. Impor-
tantly, we have confirmed that recombinant S2,3PSA can be
expressed using Chinese hamster ovary (CHO) cells (Supplemental
Fig. 1).

5. Conclusions

Although the present study is small and preliminary, the data
suggested that the diagnostic potential of serum S2,3PSA using
bead-based immunoassays may surpass PSA and %fPSA. Further
clinical trials are warranted to validate the clinical significance
and application of this method.

Competing interests
No potential conflicts of interest were disclosed.
Acknowledgment

This study was supported by a Grant-in-Aid for Scientific
Research (22390307, 24659708) from the Japan Society for the
Promotion of Science.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2014.04.107.

References

[1] T.A. Stamey, N. Yang, A.R. Hay, et al.,, Prostate-specific antigen as a serum
marker for adenocarcinoma of the prostate, N. Engl. J. Med. 317 (1987) 909-
916.

[2] WJJ. Catalona, D.S. Smith, T.L. Ratliff, et al., Measurement of prostate-specific
antigen in serum as a screening test for prostate cancer, N. Engl. J. Med. 324
(1991) 1156-1161.

[3] S.L. Galper, M.H. Chen, W.J. Catalona, et al., Evidence to support a continued
stage migration and decrease in prostate cancer specific mortality, J. Urol. 175
(2006) 907-912.

[4] F.H. Schroder, J. Hugosson, M.J. Roobol, et al., Screening and prostate-cancer
mortality in a randomized European study, N. Engl. J. Med. 360 (2009) 1320-
1328.

[5] G.L. Andriole, E.D. Crawford, R.L. Grubb, et al., Mortality results from a
randomized prostate-cancer screening trial, N. Engl. J. Med. 360 (2009) 1310-
1319.

[6] V.A. Moyer, Screening for prostate cancer: U.S. preventive services task force
recommendation statement, Ann. Intern. Med. 157 (2012) 120-134.

[7] S. Payton, Prostate cancer: PSA screening — more data, more debate, Nat. Rev.
Urol. 9 (2012) 59.

[8] S.P. Balk, Y.J. Ko, G.J. Bubley, Biology of prostate-specific antigen, J. Clin. Oncol.
21 (2003) 383-391.

[9] M. Lazzeri, A. Haese, A. de la Taille, et al., Serum isoform [-2]proPSA derivatives
significantly improve prediction of prostate cancer at initial biopsy in a total
PSA range of 2-10 ng/ml: a multicentric European study, Eur. Urol. 63 (2013)
986-994.

[10] S. Loeb, L.J. Sokoll, D.L. Broyles, et al., Prospective multicenter evaluation of the
Beckman Coulter Prostate Health Index using WHO calibration, J. Urol. 189
(2013) 1702-1706.

[11] S. Gilgunn, PJ. Conroy, R. Saldova, et al., Aberrant PSA glycosylation - a sweet
predictor of prostate cancer, Nat. Rev. Urol. 10 (2013) 99-107.

[12] T. Vermassen, M.M. Speeckaert, N. Lumen, et al., Glycosylation of prostate
specific antigen and its potential diagnostic applications, Clin. Chim. Acta 413
(2012) 1500-1505.


http://dx.doi.org/10.1016/j.bbrc.2014.04.107
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0005
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0005
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0005
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0010
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0010
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0010
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0015
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0015
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0015
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0020
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0020
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0020
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0025
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0025
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0025
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0030
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0030
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0035
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0035
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0040
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0040
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0045
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0045
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0045
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0045
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0050
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0050
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0050
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0055
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0055
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0060
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0060
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0060

396 T. Yoneyama et al. / Biochemical and Biophysical Research Communications 448 (2014) 390-396

[13] M. Fukuda, Possible roles of tumor-associated carbohydrate antigens, Cancer
Res. 56 (1996) 2237-2244.

[14] K. Yamashita, K. Taketa, S. Nishi, et al., Sugar chains of human cord serum o-
fetoprotein: characteristics of N-linked sugar chains of glycoproteins in human
liver and hepatocellular carcinomas, Cancer Res. 53 (1993) 2970-2975.

[15] J. Amano, R. Nishimura, M. Mochizuki, et al., Comparative study of the mucin-
type sugar chains of the human chorionic gonadotropin present in the urine of
patients with trophoblastic diseases and healthy pregnant women, ]. Biol.
Chem. 263 (1988) 1157-1165.

[16] A. Bélanger, H. van Halbeek, H.C. Graves, et al., Molecular mass and
carbohydrate structure of prostate specific antigen: studies for
establishment of an international PSA standard, Prostate 27 (1995) 187-197.

[17] M. Tajiri, C. Ohyama, Y. Wada, 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 18 (2008) 2-8.

[18] C. Ohyama, M. Hosono, K. Nitta, et al., Carbohydrate structure and differential
binding of prostate specific antigen to Maackia amurensis lectin between
prostate cancer and benign prostate hypertrophy, Glycobiology 14 (2004)
671-679.

[19] B.D. Tait, F. Hudson, L. Cantwell, et al., Review article: Luminex technology for
HLA antibody detection in organ transplantation, Nephrology 14 (2009) 247-
254.

[20] K.I. Hidari, M. Yamaguchi, F. Ueno, et al., Influenza virus utilizes N-linked
sialoglycans as receptors in A549 cells, Biochem. Biophys. Res. Commun. 436
(2013) 394-399.

[21] LN. Sobin, M.K. Gospodarowicz, C.H. Wittekind, TNM Classification of
Malignant Tumours, Seventh ed., Wiley-Blackwell, Hoboken, NJ, USA, 2009.
pp. 1-336.

[22] A. Sarrats, R. Saldova, ]J. Comet, et al., Glycan characterization of PSA 2-DE
subforms from serum and seminal plasma, OMICS, ]. Integr. Biol. 14 (2010)
465-474.

[23] A. Sarrats, . Comet, s.G. TabarA, Differential percentage of serum prostate-
specific antigen subforms suggests a new way to improve prostate cancer
diagnosis, Prostate 70 (2010) 1-9.

[24] A. Christensson, T. Bjork, O. Nilsson, et al., Serum prostate specific antigen
complexed to alpha 1-antichymotrypsin as an indicator of prostate cancer, J.
Urol. 150 (1993) 100-105.

[25] Y. Seto, T. Iba, K. Abe, Development of ultra-high sensitivity bioluminescent
enzyme immunoassay for prostate-specific antigen (PSA) using firefly
luciferase, Luminescence 16 (2001) 285-290.

[26] E.S. Meibodi, M.D. Azizi, M. Paknejad, et al., Development of an enhanced
chemiluminescence immunoassay (CLIA) for detecting urinary albumin, Mol.
Biol. Rep. 39 (2012) 10851-10858.


http://refhub.elsevier.com/S0006-291X(14)00770-0/h0065
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0065
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0070
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0070
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0070
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0075
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0075
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0075
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0075
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0080
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0080
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0080
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0085
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0085
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0085
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0090
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0090
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0090
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0090
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0095
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0095
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0095
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0100
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0100
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0100
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0105
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0105
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0105
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0105
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0110
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0110
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0110
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0115
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0115
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0115
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0120
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0120
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0120
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0125
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0125
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0125
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0130
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0130
http://refhub.elsevier.com/S0006-291X(14)00770-0/h0130

	Measurement of aberrant glycosylation of prostate specific antigen can improve specificity in early detection of prostate cancer
	1 Introduction
	2 Materials and methods
	2.1 Coupling the anti-free PSA (fPSA) monoclonal antibody (mAb) to magnetic microbeads
	2.2 Quantification of serum S2,3PSA using the Luminex system
	2.3 Prostate biopsy and serum samples
	2.4 Training sample set
	2.5 Validation sample set
	2.6 Statistical analysis
	2.7 Forced expression of FLAG-tag-fused S2,3PSA in LNCaP prostate cancer cells

	3 Results
	3.1 The Inter-assay and Intra-assay coefficient of variation
	3.2 Training sample set for S2,3PSA measurements
	3.3 Validation study of S2,3PSA measurements
	3.4 Forced expression of FLAG-tag-fused S2,3PSA in LNCaP prostate cancer cells

	4 Discussion
	5 Conclusions
	Competing interests
	Acknowledgment
	Appendix A Supplementary data
	References


