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The initial part of this review details the controversy behind the use of a
serological level of prostate-specific antigen (PSA) for the diagnostics of prostate cancer (PCa). Novel biomarkers are in demand for PCa diagnostics,
outperforming traditional PSA tests. The review provides a detailed and
comprehensive summary that PSA glycoprofiling can effectively solve this problem, thereby considerably reducing the number of unnecessary biopsies. In
addition, PSA glycoprofiling can serve as a prognostic PCa biomarker to identify PCa patients with an aggressive form of PCa, avoiding unnecessary further
treatments which are significantly life altering (incontinence or impotence).
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1.1. Prostate cancer
Cancer is a major cause of deaths in both developing and developed countries [1].
About 14.1 million new cancer cases and 8.2 million deaths from cancer were estimated to have occurred worldwide in 2012 [2]. Prostate cancer (PCa) is the most
frequently diagnosed cancer among men and lung cancer is the leading cause of
cancer death among women in the more developed countries. PCa is diagnosed in
1.1 million men with the number of deaths estimated at 307 500 per annum [1].
In the nineteenth century, PCa was described as ‘a very rare disease’, but in
the twenty-first century it has become the major cancer diagnosed in men with
a projected increase in incidence to 2.1 million by 2035 with up to 633 328
associated deaths [3]. The survival rate is proportional to the stage reached at
diagnosis, hence early-stage diagnosis using disruptive and effective diagnostic
tools is a key to reducing mortality.

1.2. Prostate-specific antigen as prostate cancer biomarker
The gold standard in early-stage PCa diagnosis/screening is analysis of the level
of prostate-specific antigen (PSA) in serum. PSA is a glycoprotein and an enzyme
produced by the prostate, responsible for seminal fluid liquefaction. The serological PSA level is low in healthy men with an increased level observed after
disruption of the basement membrane of the prostate gland (i.e. as a result of
PCa and other conditions). A PSA level of up to 4 ng ml21 is considered
‘normal’ [4]. A PSA level in the range of 4–10 ng ml21 (also often defined as a
grey zone) is considered ‘intermediate’, with cancer present in 30–35% of patients
[4]. A PSA level of over 10 ng ml21 is considered to be ‘high’ with a 67% probability of advanced disease [4]. The pathologist Richard Ablin, who discovered
PSA, wrote The Great Prostate Hoax: How Big Medicine Hijacked the PSA Test and
Caused a Public Health Disaster. He listed the following major concerns about
using PSA as a diagnostic PCa biomarker [5,6]:
— PSA is a prostate- and not a PCa-specific biomarker, hence it cannot be used
as a diagnostic PCa biomarker.
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The controversy behind using PSA for PCa diagnosis can
be documented as follows:

The debate continues about the clinical value of PSA testing,
because the application of such screening leads to unnecessary
biopsies (up to 75% of biopsies are avoidable) [11] and other
treatments leading to life-altering issues, such as incontinence
or impotence [3]. A biopsy is performed in the event of suspicious results from PSA tests and DRE to validate the presence
of PCa; however, a biopsy provides substantially false-negative
results. Here is a summary of the use of PSA tests [11]:
— Screening does not reduce PCa risk but increases the
chance of finding it.
— PSA tests can identify early-stage PCa that a DRE would
miss.
— A ‘normal’ PSA level of up to 4 ng ml21 is not a guarantee
of health, because a biopsy in 15% of men with this PSA
level reveals PCa.
— A high PSA level may prompt the patient to seek treatment,
resulting in possible urinary and sexual side-effects, even
in cases when active surveillance without any treatment
would be the preferred option for indolent localized
PCa disease.
— An elevated PSA level could indicate other prostate diseases,
such as benign prostatic hyperplasia (BPH, a benign prostate
disease) and prostatitis, besides PCa.
As a result of the suboptimal clinical performance of PSA
tests, numerous other PCa diagnostic tests are currently under
development with clinical validation of a few of them already
approved by regulatory agencies such as the prostate health
index (PHI) and 4 K score tests [3,4,12 –14]. In order to successfully validate PCa biomarkers, the biomolecule of interest
needs to meet the following requirements [3,15]:
— Is cancer-specific;
— Can distinguish between healthy individuals and cancer
patients (a diagnostic biomarker);
— Distinguishes between indolent and aggressive prostate
cancer (a prognostic biomarker);
— Monitors disease progression;
— Predicts recurrence of disease;
— Monitors response of disease to treatment (a predictive
biomarker);
— Is stable and readily detectable;
— Can be applied as a target for therapy (a therapeutic
biomarker).

PSA (also denoted as human kallikrein 3, hk3 or KLK3) is
present in serum in a complex (cPSA) that forms a covalent
bond with proteins such as a1-antichymotrypsin and a2macroglobulin [13,16], while some PSA is present in a free
form (fPSA). fPSA consists of several isoforms and the detection of some of these isoforms forms an integral part of PCa
diagnostic kits such as the PHI test (detection of total PSA,
fPSA and [22] proPSA) and 4 K score (fPSA, intact PSA,
total PSA and human kallikrein hk2) [13]. The sum of all
PSA forms is referred to as the total PSA (tPSA). fPSA can be
released from cPSA upon prolonged incubation with ethanolamine (see §5.1.2). N-glycan on PSA stabilizes the structure of
the enzyme while to some extent changing the activation
profile and enzymatic activity [17]. A detailed description of
the PSA’s glycan structure can be found elsewhere [18,19].
Mechref and co-workers discovered a possible additional
glycosylation site Asn102 besides the one at Asn69 [20] (according to another assignment Asn69 ¼ Asn61 [18]) (figure 1).
This novel glycosylation site is a result of unusual missense
mutation (the rs61752561 in KLK3 genes) resulting in the
conversion of Asp102 to Asn102. Such a mutation is closely
associated with PCa patient survival [23]. Of the three commercially available PSA standards investigated in the study, the
predominant glycan forms at Asn102 and at Asn69 (Asn61)
are shown (figure 1) [20]. The structure of glycan present on
Asn61 of PSA when isolated from healthy men (BPH patients)
and men with PCa is shown in figure 1, indicating that glycan
from PCa contains a-2,3-sialic acid, an increased amount of
a-2,6-sialic acid, one or two branching points (tri- and tetraantennary glycans), antennary and core fucose and LacdiNac
(GalNAc-GlcNAc) (figure 1).

2. Glycans as prostate cancer biomarkers
2.1. Glycans in cancer development and progression
Glycomics studies the glycan (a complex carbohydrate attached
to a protein or lipid) structure and function. There are reasons
why glycomics lags behind genomics and proteomics:
— glycans are more structurally complex than proteins and
DNA/RNA;
— determination of glycan sequences using traditional
instrumental techniques is challenging [24];
— glycan biosynthesis cannot be predicted from a template,
as in the case of DNA and proteins [25].
The role of glycans in cancer development and
progression is recognized [26 –30]. A changed glycosylation
in cancer cells, in comparison with healthy cells, can result
from the following processes [15,31,32]:
— Expression levels of glycosyltransferases (GTs);
— Localization of GTs in the cellular compartments (i.e.
nucleus and mitochondria);
— Expression of chaperones responsible for proper folding
of glycoproteins and GTs;
— Site- and protein-specific enzymatic preference of GTs;
— Expression levels of glycosidases during glycoprotein
processing;
— Expression levels of hydrolases in lysosomes and cellular
secretions;
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— The US Food and Drug Administration (FDA) agency
approved PSA tests together with digital rectal examination
(DRE) for PCa diagnostics in 1994 [3].
— Owing to PCa over-diagnosis, the US Preventative Services Task Force (USPSTF) published a recommendation
against the use of PSA for PCa diagnosis in 2012 [7].
— Since the publication of this recommendation, a more
advanced PCa with a higher proportion of tumours of
higher grade and stage was detected [8], hence in 2017
the USPSTF recommended selective use of PSA tests for
men aged from 55 to 70 [9,10].

1.3. Prostate-specific antigen structure
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— The serological PSA level does not provide information on
whether the PCa is indolent or aggressive.
— PSA should only be used as an indicator of PCa recurrence.
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Figure 1. Black box (left) image: natural PSA (KLK3, hk3; PDB code 3QUM) exhibiting a complex tri-antennary glycan at Asn61, with terminal sialic acid units, often N-acetyl
neuraminic acid (Neu5Ac) (magenta). The active site is in an open state permitting access of substrates, e.g. shown as a stick model bound to the protein. At the opposite side
to the active site, an O-glycan is linked to Thr125, which consists of GalNAc-Gal (insert). The figure is taken from an open access publication [17]. Green box (middle) image:
typical glycan structures present at Asn61 on PSA from healthy men or men with BPH. Red box (right) image: typical glycan structures present at Asn61 of PSA from PCa
patients. Glycans present at position Asn61 were compiled from various sources [17,19–22]. A typical glycan structure present at Asn102 on PSA as a result of an unusual
missense mutation (the rs61752561 in KLK3 genes) resulting in the conversion of Asp102 to Asn102 is positioned between the green and red boxes. (Online version in colour.)
—
—
—
—
—
—

Availability of protein substrates;
Availability, level and activity of activated nucleotide sugars;
Activity of monosaccharide transporters;
Glycoprotein turnover kinetics;
pH of endoplasmic reticulum (ER) and Golgi apparatus;
Competition reactions between GTs for similar glycan
acceptors.

Cancer-associated changes in the glycan structures involve:
a2,3-sialylation; core-fucosylation (i.e. the addition of fucose to
the innermost GlcNAc residue in the vicinity of the protein
backbone); O-glycan truncation (short O-glycans); presence
of polysialic acid, N-acetylglucosamine and Lewis antigens;
and N- and O-glycan branching (figure 2) [15,31,32,34,35].
Accordingly, changes in the glycan types can differ between
cells from the same tissue/organ and also between organs
[36]. Changes in the glycan profile are often cited as a ‘hallmark
of cancer’ [37]. ‘Rather than aberrant glycosylation being itself a
hallmark of cancer [38], another perspective is that glycans play
a role in every recognized cancer hallmark’ [37].

2.2. Glycans as a novel type of biomarkers
In addition to already approved diagnostic procedures (DRE,
PSA test and magnetic resonance imaging (MRI)), changes in
the marker’s glycan structure as biomarkers have not yet
been approved for PCa diagnostics [12]. A paper recently
published in Science suggests that, for reliable and accurate
early-stage cancer diagnostics, multi-analyte blood tests
need to be performed, i.e. serological analysis of the levels
of several proteins with cell-free DNA [39]. However, in the
pioneering study published in Science [39], glycan analysis
was not included for cancer diagnostics. In another study,
an integrated approach using six different types of
biomarker blocks (clinical data, DNA methylation, coding

and non-coding transcripts, proteins and glycans) including
glycans (i.e. glycans released from the glycoproteins by the
enzymatic action) to distinguish indolent localized PCa
from aggressive non-localized PCa was described for the
first time [40]. By analysis of 61 different biomolecules including four clinical parameters, it was possible to distinguish
indolent PCa from the aggressive PCa form with AUC ¼
0.91 (AUC ¼ area under the curve in the receiver operating
characteristic curve). A controlled clinical data evaluation
using only four clinical parameters (age, PSA level, Gleason
score (GS) and DRE results) affords a lower AUC ¼ 0.67 [40].
The introduction of new PCa biomarkers into clinical practice
is slow owing to the strict clinical requirements for the accuracy,
specificity (true negative rate, i.e. correct identification of healthy
individuals) and sensitivity (true positive rate, i.e. correct identification of patients with disease) of such tests [41]. In addition, the
biomarkers need to be validated on large patient cohorts with a
proper selection of control samples. The co-morbidities present
in the patient and control groups, which can affect clinical
validation, need to be provided [42]. The biomarker variability
depending on gender, age, habits or environmental factors
also has to be investigated. Recent studies really suggest that glycosylation is age related and that the control group needs to age
match the group with disease [43]. Clinical validation is required
using a multi-centre study to address inter-laboratory variability
(i.e. storage and processing conditions).
Although not yet approved by the regulatory bodies, the
application of glycans into accurate and robust PCa diagnostics is gaining momentum. Specific PSA glycoprofiling,
applied as a diagnostic or prognostic biomarker, has already
been described, albeit marginally, in a series of review papers
from O’Kennedy’s laboratory [3,4,13,16] and also from other
laboratories [11,12,21,44,45].
There is another very important issue to consider while
implementing glycan assays for PCa diagnostics—the assay
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Figure 2. In the process of tumour cell dissociation/invasion, glycans interfere with cell –cell adhesion via electrostatic repulsion mediated by negatively charged
sialic acids and by branched N-glycans present on E-cadherin (upper left). Expression of gangliosides in the cancer cell membrane can also modulate signal transduction, activating various cellular pathways that induce tumour growth and progression (upper right). In the process of tumour cell migration, integrins show
altered glycosylation in both O-linked and N-linked glycans. Terminal sialylation interferes with cell-extracellular matrix (ECM) interactions, promoting an increased
migratory and invasive phenotype (lower left). The aberrant glycosylation of vascular endothelial growth factor receptor (VEGFR) modulates its interaction with
galectins and is associated with tumour angiogenesis. The tumour-associated carbohydrate determinants sialyl Lewis x (SLex) and SLea serve as ligands for the
adhesion receptors expressed in activated endothelial cells (E-selectin), promoting cancer cell adhesion/metastasis. Reprinted with permission from Pinho &
Reis [33] (copyright & 2015 Nature). (Online version in colour.)
format. Only a limited number of techniques available
for glycan analysis can provide the quantitative data required
in clinical practice, including lectin- and antibody-based
ELISA assays [15,41]. Such assays, however, entail drawbacks
such as the need for labelling and external standards, as well
as the limited repertoire of lectin and anti-carbohydrate
antibodies recognizing glycans and, commonly, their low
binding affinity [41]. This review seeks to provide a detailed and comprehensive overview of PSA glycoprofiling
applied as a diagnostic or prognostic PCa biomarker using
instrumental-based and lectin-integrating approaches.

3. Instrumental-based approaches for prostatespecific antigen glycoprofiling
Because of either a lack of sensitivity or insufficient resolution
for quantifying minor glycoforms by employing mass spectrometry (MS) or chromatographic methods [41], the
instrument-based approach is only infrequently applied to
PSA glycoprofiling. These techniques are constantly evolving,
with the advances comprehensively summarized by Mechref’s
team [46].

PSA from human serum was enriched using anti-PSA
antibodies immobilized on magnetic beads [47]. In the two subsequent steps performed on beads, PSA still affinity-captured to
the antibody was deglycosylated with endoglycosidase F3 and
subsequently digested by trypsin prior to liquid chromatography (LC)–MS/MS analysis. A core-fucosylated form of
PSA was investigated down to 1 ng ml21. The method was
applied to the analysis of three spiked female human sera,
hence no relevant clinical parameters are available [47]. In the
other study, PSA was immunoprecipitated from expressed
prostate secretion (EPS) urine [48]. PSA was excised from the
band on the polyacrylamide gel electrophoresis (PAGE) gel
and the N-glycan was released from PSA using PNGase F
enzyme and further analysed using LC–MS. Two glycans
were identified as being significantly different when comparing
PCa and BPH patients and no significant difference was
observed between PCa and BPH patients when considering
overall sialylation and fucosylation [48].
a-2,3-sialylation of PSA is one of the dominant glycan
forms of PSA, present in serum samples from PCa patients,
hence there is a requirement for instrument-based methods
for selective and specific detection of this glycan form.
Wuhrer and co-workers [24] developed a method for the

sample set 1
no. of samples

sample set 2
no. of samples

glycoproﬁling

AUC

sens./specif. %

ref.

1i

PCa (39)

BPH (28)

no, PHI

0.69

ND/ND

[54]

2
3ii

PCa (50)
PCa (26)

BPH (29)
non-PCa (26)

no, PHI
SNA, a-2,6-SA

0.74
0.63

84.0/45.0
ND/ND

[54]
[55]

4
5

PCa
PCa (50)

non-PCa
BPH (50)

SNA, a-2,6-SA
MAA, a-2,3-SA

0.71
0.83

ND/ND
80.0/72.0

[55]
[56]

6iii
7iv

PCa (50)
PCa (138)

non-PCa (50)
non-PCa (176)

HYB4 Ab, a-2,3-SA
HYB4 Ab, a-2,3-SA

0.95
0.84

95.0/72.0
90.6/64.2

[57]
[57]

8

PCa

BPH

WFA, LacdiNAc

0.75

ND/ND

[58]

9
10

PCa
PCa (44)

BPH
BPH (27)

WFA, LacdiNAc
WFA, LacdiNAc

0.80
0.85

90.0/36.8
88.4/40.7

[58]
[59]

11

PCa (13)

BPH (13)

UEA-I, a-1,2-Fuc

ND

69.0/92.0

[60]

specific detection of a-2,3-sialic acid (a-2,3-SA) and a-2,6-sialic
acid (a-2,6-SA) containing glycopeptides using a combination
of capillary electrophoresis (CE) with electrospray ionization
MS. While the fragmentation pattern (collision-induced
dissociation) of both glycopeptides is identical, these two isomers are separated using a different electrophoretic mobility.
This difference in electrophoretic mobility results from a
minute difference in pKa (DpKa ¼ 0.034) between these two
isomers. The method is quite complex, including PSA denaturation, reduction of disulfide bonds, sulfide alkylation,
tryptic digest, glycan release using PNGase and glycan enrichment using hydrophilic interaction LC. The analysis has not
been deployed to an analysis of real samples and the method
requires a microgram quantity of the PSA for analysis [24].
The group led by Professor Paleček developed an electrochemical method for distinguishing between terminal a-2,3-SA and
a-2,6-SA using Os(VI) complexes [49]. The optimal experimental conditions could then be applied for simple discrimination
between these two isomers on two types of electrodes. The
method requires a relatively high glycan concentration
(500 nM) for the analysis [49].
An increased sialylation of glycans on PSA isolated from a
tissue and detected using an instrumental approach could
distinguish PCa from BPH patients with a good statistical
significance ( p ¼ 0.051) [50]. Serum samples were initially
digested using proteinase and glycopeptides were purified
using desalting columns. The glycan part of the glycopeptides
was oxidized, and such oxidized glycopeptides were attached
to a hydrazide resin. Unconjugated peptides were removed by
washing and glycopeptides were subsequently released from
the resin using PNGase F with subsequent MS analysis [50].
LC–MS/MS analysis of four distinct PSA glycoforms was
applied to PCa diagnostics using urine [51]. Urinary PSA
was immunoprecipitated using magnetic beads, PSA was
denatured and then applied on the PAGE gel. Next, the protein
was digested in the gel by chymotrypsin with subsequent
analysis of peptides and glycopeptides by LC–MS. The most

successful discrimination between BPH patients (PSA level
up to 78 ng ml21) and PCa patients (PSA level up to
27 mg ml21) was obtained when one glycan form was analysed
with an AUC of 0.74 (see table 3, no. 20) [51].

4. Lectin-based methods for prostate-specific
antigen glycoprofiling
The detection of any type of biomarker directly in urine is
considered to be a non-invasive method, while blood/
serum sampling is a mildly invasive procedure. Accordingly,
a biomarker assay in urine might appear to have advantages
over the use of serum samples. There remain, however, a few
important issues related to biomarker analysis in urine. Some
aberrant glycans do not necessarily need to reach the urine
and can be detected only in serum (i.e. a-2,3-SA PSA form)
[52] and a highly glycosylated Tamm–Horsfall protein forming large aggregates in urine should be removed prior to
glycan analysis [53].
The clinical performance of glycans as diagnostic PCa
biomarkers should be compared with the clinical performance of PSA and PHI tests [14]. For example, the analysis of
PSA in serum provides the following diagnostic performance
with AUC ¼ 0.68: (i) at a cut-off value of 4.1 ng ml21: sensitivity 20%, specificity 94%; (ii) at a cut-off value of
2.6 ng ml21: sensitivity 40%, specificity 81% [14].

4.1. Analysis in serum
4.1.1. Diagnostic prostate cancer biomarkers
4.1.1.1. Performance of PHI test
The diagnostic performance of PHI to discriminate between
PCa patients (tPSA of 2.6–40.6 ng ml21) and BPH patients
(tPSA of 3.9– 14.5 ng ml21) showed an AUC of 0.74; sensitivity 84% and specificity 45% (table 1, no. 2). Thus, the
diagnostic performance was better than in the tPSA test
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Table 1. Clinical performance of PSA glycoproﬁling in serum samples as a diagnostic PCa biomarker. PCa, prostate cancer patients; BPH, patients with benign
prostatic hyperplasia; AUC, area under the curve in a receiver operating curve; sens., sensitivity; specif., speciﬁcity; i, not exactly the grey zone, but tPSA was
below 13 ng ml21; ii, %fPSA level in the range 10 – 20%; PHI, prostate health index; SA, sialic acid; ND, not determined, SNA, Sambucus nigra agglutinin; MAA,
Maackia amurensis agglutinin; iii, training test using 100 serum samples; iv, validation test using 314 serum samples; HYB4 Ab, antibody speciﬁc towards a-2,3
sialic acid; WFA, Wisteria ﬂoribunda agglutinin; UEA-I, Ulex europaeus agglutinin I; Fuc, fucose; highlights in grey: studies performed with serum samples having
tPSA level in a grey zone.

4.1.1.2. Sialylation changes

4.1.1.3. LacdiNAc (GalNAc-GlcNAc) detection
An automated lectin-based immunoassay using Wisteria
floribunda agglutinin (WFA) displayed a promising PCa diagnostic performance [58]. Anti-PSA was immobilized on the
gold thin film, the sample was applied in a flow system and
finally fluorescently labelled lectin-recognizing LacdiNAc
was injected over the surface forming a sandwich. The signal
was read as fluorescence intensity with a surface plasmon

4.1.1.4. Fucose detection
An ELISA-like assay format with anti-PSA immobilized within
a 96-well plate was applied for the analysis of PSA’s fucosylation integrating Ulex europaeus agglutinin (UEA-I) lectin.
The method was used to distinguish PCa patients (PSA up
to 10.7 ng ml21) from BPH patients (PSA level up to
9.1 ng ml21) [60]. The results showed a significant statistical
difference in the signal obtained using these two sets of
samples ( p , 0.002) with 69% sensitivity and 92% specificity.
The PSA test afforded 56% sensitivity and 70% specificity
[60]. Two different lectin-based fluorescent immunoassays
were applied to the glycoprofiling of PSA isolated from
tissues, serum samples and urine [62]. Both detection methods
rely on anti-PSA immobilized in wells within an ELISA plate,
followed by incubation with the sample and finally
with labelled Aleuria aurantia lectin (AAL). In the first assay
protocol, AAL (fucose-specific) was labelled with europium
chelate and in the second assay protocol the lectin was
labelled with polystyrene nanoparticles doped with europium.
The second method was much more sensitive than the first
one and applied for real sample analysis using time-resolved
fluorescence assays. In the serum/plasma samples, a high
background signal rendered it not possible to glycoprofile
PSA. However, urine was a proper matrix, making it possible
to glycoprofile PSA and the results showed a statistically
significant ( p ¼ 0.03) increase in PSA fucosylation in PCa
patients compared with BPH patients. Unfortunately,
there was no statistically significant difference in urine
PSA fucosylation between the PCa patients and healthy
individuals [62].
The homogeneous lectin-based assay was based on
incubation of samples with Sepharose-bound lectins [22].
After washing, glycoproteins were eluted from the columns
and the PSA level was determined in the pre-column and
bound fraction for calculation of the relative amount of
the lectin-bound fraction. Trichosanthes japonica agglutinin-II
(recognizing a-1,2-Fuc) showed the best clinical performance
( p , 0.05) as a diagnostic PCa biomarker (PCa versus
BPH) out of eight lectins tested, when applied to PSA
glycoprofiling [22].

4.1.1.5. Mannose detection
Two studies have detailed the usefulness of Concanavalin
A in the glycoprofiling of PSA (a decreased mannose level
with PCa development) with the potential to be a diagnostic
PCa biomarker [63,64]. The first was a lectin-based assay in
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From five different lectins investigated in an ELISA format of
analysis with electrochemiluminescent detection, Sambucus
nigra agglutinin (SNA), in particular, displayed the best discrimination power (PCa patients versus non-PCa patients)
with p ¼ 0.47 [55]. PSA was attached to the special ELISA
wells using adsorbed anti-PSA antibodies and PSA was glycoprofiled using biotinylated lectins and streptavidin
modified by a fluorescent tag. The PSA level in both sets of
samples was up to 10.4 ng ml21. Although the SNA-based
analysis did not perform better than a %fPSA test using the
whole set of samples (AUC ¼ 0.63 versus AUC ¼ 0.85)
(table 1, no. 3), the SNA-based assay performed very well
in the discrimination of a subset of samples (i.e. AUC ¼
0.71 versus AUC ¼ 0.54) (table 1, no. 4), which could not
be distinguished using a %fPSA test (%fPSA level in the
range 10–20%) [55].
An automated micro-total immunoassay system using
microchip CE and a liquid-phase binding assay was applied
to measuring the percentage of PCa-associated a-2,3-SA on
PSA in serum from BPH and PCa patients [56]. The assay
entails the use of Maackia amurensis agglutinin (MAA) for
affinity separation of a-2,3-SA containing PSA. Such assays
outperform (sensitivity ¼ 80%, specificity ¼ 72%, AUC ¼
0.83, table 1, no. 5) the clinical performance of a PSA analysis
(sensitivity ¼ 80%, specificity ¼ 14%, AUC ¼ 0.51). The PSA
level in both groups with a median value of 6.45 ng ml21
(1.9–20.4 ng ml21) for BPH and 6.60 ng ml21 for PCa (1.5–
21.4 ng ml21) was very similar [56]. Another study also
confirmed the practical utility of detecting a-2,3-SA on PSA
for PCa diagnostics using only a limited number of samples
[61]. The method involves immobilization of anti-PSA antibodies on the modified gold surface with application of
serum samples and subsequent use of lectins to form a sandwich configuration. Since the method is based on a label-free
electrochemical technique the assay worked without the need
to use a label [61].
The Luminex flow-through system with anti-PSA antibodies immobilized on magnetic beads was applied to the
detection of a-2,3-SA on PSA using a monoclonal antibody
(HYB4) instead of MAA for the detection of a-2,3-SA [57].
The method was initially tested using a training dataset (50
PCa samples and 50 BPH samples) with the PSA level in the
grey zone with a significant clinical difference between these
two sets represented by AUC ¼ 0.95 (table 1, no. 6). When
314 serum samples were applied to a validation sample set
(grey zone), the AUC value dropped to 0.84 (table 1, no. 7),
but still outperformed the PSA test with AUC ¼ 0.61 [57].

field-enhanced fluorescence spectrometer. The change in the
PSA’s glycan outperformed the PSA level in terms of clinical
performance for samples with a PSA level up to 20 ng ml21
(AUC of 0.80 versus 0.64) (table 1, no. 9) and with the PSA
level up to 10 ng ml21 (AUC of 0.75 versus 0.55) (table 1,
no. 8) [58]. When the above-described assay system was
further optimized, a higher clinical performance was achieved
with an immobilized anti-PSA antibody and employing WFA
to the analysis of LacdiNAc on PSA [59]. The method was
tested to reveal the diagnostic potential of the approach by
comparing serum samples from PCa patients and BPH patients
with a PSA level in the range 4–20 ng ml21 in both groups.
The results indicate the great potential of the methods
with AUC ¼ 0.85 (table 1, no. 10), much higher than the
performance of a PSA test with AUC ¼ 0.56 [59].

royalsocietypublishing.org/journal/rsfs

with AUC ¼ 0.51 and %fPSA test with AUC ¼ 0.63. When
the sub-cohort of patients with tPSA lower than 13 ng ml21
(28 BPH versus 39 PCa patients) was investigated using the
PHI test, the AUC was 0.69 (table 1, no. 1) [54].

sample set 1
no. of samples

sample set 2
no. of samples

glycoproﬁling

AUC

sens./specif. %

ref.

12

HR (22)

BPH þ LR þ IR (57)

no, PHI

0.84

81.8/84.2

[54]

13
14

HR (22)
HR (22)

BPH þ LR þ IR (57)
BPH þ LR þ IR (57)

SNA, a-2,3-SA
PHI þ SNA, a-2,3-SA

0.97
0.985

81.8/96.5
100/94.7

[54]
[54]

15
16

HR (22)
PCa, Pbx GG  3 (159)

BPH þ LR þ IR (51)
PCa, Pbx GG  2 (85)

SNA, a-2,3-SA
WFA, LacdiNAc

0.97
0.65

85.7/95.5
57.1/80.8

[65]
[58]

17
18

PCa, GS . 6 (33)
PCa, GS.8 (20)

PCa, GS ¼ 6 (14)
PCa, GS ¼ 6 (14)

AAL, a-1,6(3)-Fuc
AAL, a-1,6(3)-Fuc

0.71
0.86

ND/ND
ND/ND

[66]
[66]

19

HR (22)

BPH þ LR þ IR (51)

PhoSL, core a-1,6-Fuc

0.94

90.0/95.0

[65]

which samples were incubated with Sepharose-bound lectins
with a final calculation of the relative amount of the lectinbound fraction, which was statistically lower in the case of
PCa patients than in BPH patients ( p , 0.05) [63]. The
second method relied on precipitation of serum samples
using lectin, with a statistically lower binding of lectin to
PSA from PCa patients than from BPH patients with
p,0.001 [64].

4.1.2. Prognostic prostate cancer biomarkers
4.1.2.1. Sialylation changes
Sophisticated glycoprofiling of PSA to investigate the a-2,3SA percentage of PSA as a prognostic PCa biomarker was
compared with the performance of a PHI test [54]. The
method involved the release of PSA from the complex
with a1-antichymotrypsin and a2-macroglobulin proteins
using ethanolamine. Immunopurified PSA was then applied
to a lectin chromatography column using SNA lectin. Eluted
and bound fractions were collected and fPSA was detected
in both fractions to calculate the a-2,3-SA percentage of
PSA and a-2,6-SA percentage of PSA. The results indicate
that the a-2,3-SA percentage cannot be applied to PCa diagnostics because no significant differences were observed
between BPH (PSA level in the range 3.9 – 14.5 ng ml21)
and low- and intermediate-risk PCa (PSA level in the
range 2.6 – 12.4 ng ml21) patients. This is why such assays
were applied as a prognostic PCa biomarker, i.e. to distinguish high-risk PCa patients from BPH, low- and
intermediate-risk PCa patients with AUC ¼ 0.97, sensitivity
of 81.8% and specificity of 96.5% (table 2, no. 13). Analysis
of the tPSA revealed AUC of 0.81 and a PHI test value of
0.84 (table 2, no. 12). The combination of PHI with the
a-2,3-SA percentage of PSA displayed a high prognostic
potential with the following parameters: AUC ¼ 0.985,
sensitivity 100% and specificity 94.7% (table 2, no. 14) [54].
Out of five different Sepharose-bound lectins investigated
for glycoprofiling of fPSA, MAA, in particular, was capable
of distinguishing between PCa patients and BPH patients
with a high statistical significance ( p , 0.001) [63].
The sophisticated study for the glycoprofiling of PSA
from serum was performed by Peracaula’s group [65]. In
their approach, PSA was released from a complex with
a1-antichymotrypsin and a2-macroglobulin proteins using
ethanolamine, then a free form of PSA was glycoprofiled

using two lectins. These two proteins are glycoproteins [22],
so the lectins can interact with the glycans of these two proteins in addition to the glycan of PSA when working with
tPSA. The procedure for the preparation of fPSA from tPSA
required a relatively long incubation time of 72 h and a
large volume of the sample of 1.5 ml. When the core fucosylation ratio determined using Pholiota squarrosa lectin (PhoSL)
was applied (table 2, no. 19) to distinguish high-risk PCa
patients (PSA level up to 110 ng ml21) from BPH patients
and low- and intermediate-risk PCa patients (PSA level up
to 18.2 ng ml21), the assay afforded a sensitivity of 90%,
specificity of 95% and AUC ¼ 0.94. When the a-2,3-SA percentage of PSA was applied as a biomarker, the following
clinical outcomes were revealed: sensitivity 85.7%, specificity
95.5% and AUC ¼ 0.97 (table 2, no. 15) [65].

4.1.2.2. LacdiNAc detection
The prognostic potential of the application of WFA for PSA
glycoprofiling within an automated lectin-based flow-through
immunoassay can be affirmed by the ability to discriminate
between PCa patients with a prostate biopsy grade group of 2
or higher and PCa patients with a prostate biopsy grade
group of greater than or equal to 3, displaying sensitivity
57.1%, specificity 80.8% and AUC ¼ 0.65 (table 2, no. 16). A
PSA test afforded AUC of only 0.52 [58]. The application of
WFA to the glycoprofiling of various glycoproteins as potential
disease biomarkers including PSA is duly summarized in a
recent review paper [67].

4.1.2.3. Fucose detection
The lectin-based fluorescent immunoassay method employing time-resolved fluorescence assays for the analysis of
PSA’s fucosylation was capable of distinguishing low-grade
PCa tissues from tissue samples from men with an aggressive
form of PCa (GS 4–5) [62]. A significant increase ( p ¼ 0.001)
in the PSA fucosylation was observed in the PCa tissue
compared with the benign tissue [62].
The prognostic utility of PSA’s fucosylation was tested
using AAL [66]. Agarose bead-bound AAL was incubated
with the samples and, after incubation, the glycoproteins
were eluted from the beads. Then, this eluate was incubated
with anti-PSA antibodies immobilized on magnetic beads
and the multiplex assay was completed using the Bioplex200
system. In this case, the authors showed that, with increased
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Table 2. Clinical performance of PSA glycoproﬁling in serum samples as a prognostic PCa biomarker. HR, high-risk PCa patients; LR, low-risk PCa patients;
IR, intermediate-risk PCa patients; Pbx GG, prostate biopsy grade group; GS, Gleason score; AAL, Aleuria aurantia lectin; PhoSL, Pholiota squarrosa lectin; for
other abbreviations see table 1.

Table 3. Clinical performance of PSA glycoproﬁling in urine samples as a diagnostic PCa biomarker. For abbreviations see table 1. H2N4S1F1 ¼ glycan
containing eight monosaccharides, i.e. two hexoses (H2), four N-acetyl hexoses (N4), one sialic acid (S1) and one fucose (F1).
sample set 1
no. of samples

sample set 2
no. of samples

glycoproﬁling

AUC

sens./specif. %

ref.

20

PCa (38)

BPH (61)

H2N4S1F1 (a)

0.74

92.9/59.0

[51]

21
22

PCa (38)
PCa (38)

BPH (61)
BPH (61)

mono-SA (b)
SA (c)

0.71
0.69

100/47.5
68.8/75.0

[51]
[51]

23

PCa (38)

BPH (61)

unfucosylated (d)

0.68

87.5/60.0

[51]

24

PCa (38)

BPH (61)

a þ bþc þ d

0.72

87.5/60.0

[51]

no.

sample set 1
no. of samples

sample set 2
no. of samples

glycoproﬁling

AUC

sens./specif. %

ref.

25

PCa, GS  7 (31)

PCa, GS , 7 (18)

AAL, a-1,6(3)-Fuc

0.69

90.3/47.3

[69]

26
27

PCa, GS  7 (31)
PCa, GS  7 (31)

PCa, GS , 7 (18)
PCa, GS , 7 (18)

PhoSL, core a-1,6-Fuc
Fuc, core Fuc and PSAD

0.72
0.82

90.0/39.5
74.1/81.5

[69]
[69]

GS, there was an increase in fucosylation of PSA (i.e. % of PSA
fucosylation) and this increase statistically discriminated
between aggressive and indolent PCa (GS . 6 versus GS ¼ 6)
with p ¼ 0.0053. Analysis of the results in receiver operating
characteristic form showed AUC ¼ 0.71 for the percentage of
fucosylated PSA (table 2, no. 17), which is much higher than
the PSA level with AUC ¼ 0.66 (GS . 6 versus GS ¼ 6). If
the percentage of fucosylated PSA was applied in order to discriminate between GS  8 and GS ¼ 6, the AUC increased to
0.86 (table 2, no. 18) and the PSA test showed AUC ¼ 0.81 [66].
Eight different lectins immobilized on Sepharose columns
were applied to the PSA glycoprofiling [22]. The discrimination
potential of PSA’s glycosylation status was determined using
20 samples from PCa patients and 20 samples from BPH
patients. The results suggest that the best performance was
that of Trichosanthes japonica agglutinin-II (TJA-II, specific for
a1,2-fucose and GalNAc), but other lectins such as WFA (binding to LacdiNAc or GalNAc), UEA-I (Ulex europaeus agglutinin,
binding to a1,2-fucose), MAA and DSA (Datura stramonium
agglutinin, binding to tri- and tetra-antennary glycans and
GlcNAc) also showed promising results. When using TJAII, a significant clinical significance in distinguishing PCa
patients from BPH patients was determined ( p , 0.05) [22].

4.2. Analysis in urine
4.2.1. Diagnostic prostate cancer biomarkers
Peracaula’s group with an assay approach described in [65]
showed that PSA glycoprofiling using two lectins, PhoSL
(specific for core fucose) and SNA (specific for a-2,6-SA), in
ELISA format could not be applied to PCa diagnostics [52].
This is a surprising outcome because the same assay format
worked well using serum samples [65]. The explanation is
that the level of PSA from a tumour tissue cannot reach the
urine, with only a minor level of aberrantly glycosylated PSA
present in urine [52]. The low level of PSA with a-2,3-SA can
also be explained by the preferential presence of the a-2,6-SA
form on PSA in seminal plasma [68] and this form of PSA

can be released into urine [52]. The AAL labelled with polystyrene nanoparticles doped with europium applied to the
fluorescent ELISA format of the analysis has the potential for
use in PSA glycoprofiling as a diagnostic PCa biomarker
(PCa versus BPH) with p ¼ 0.03 [62]. The performance of
glycans as diagnostic PCa biomarkers is shown in table 3.

4.2.2. Prognostic prostate cancer biomarkers
The application of AAL and PhoSL in a sandwich ELISA-like
format of analysis to PSA glycoprofiling was successfully
used in the prognosis of PCa [69]. When PCa patients with
GS  7 were discriminated against patients with a lower GS,
AUC ¼ 0.69 (AAL) and AUC ¼ 0.72 (PhoSL) were obtained.
By contrast, the serum level of PSA afforded only AUC ¼
0.59. When multivariate analysis was performed taking into
account both the glycosylation changes and the density of
PSA, the AUC value increased to 0.82 [69] (table 4). The AAL
labelled with polystyrene nanoparticles doped with europium
applied in the fluorescent ELISA format of the analysis also
showed the potential to be applied as a prognostic PCa biomarker (PCa with GS  7 versus BPH) with p ¼ 0.01 in an
additional study [62].

4.3. Analysis in other types of samples
Tissue samples from 10 PCa patients were divided into two
sets, i.e. a set from healthy prostates and a set from prostates
with a tumour [70]. Anti-PSA immobilized within wells of
the plate was applied for PSA capture from these sample
sets with subsequent O-glycan analysis by addition of an
antibody against core 2 sialyl Lewis X (sLex) glycan. This
is the only published study focusing on the glycoprofiling
of O-glycan on PSA. The results indicate a significant difference in the O-glycan profile of PSA when these two sets of
samples were compared with p ¼ 0.03 [70]. Moreover, the
O-glycoprofiling of two other proteins, such as MUC1 and
prostatic acid phosphatase (PAP), could also be applied to
distinguish between these two sets of samples ( p ¼ 0.01 or
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Table 4. Clinical performance of PSA glycoproﬁling in urine samples as a prognostic PCa biomarker. PSAD, PSA density; AAL, Aleuria aurantia lectin; PhoSL,
Pholiota squarrosa lectin; for other abbreviations see table 1 and table 2.
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It may be concluded that, when the analysis of a biomarker
is applied to a serum sample from a grey zone, the AUC
value drops by 0.05 compared with the analysis performed
on samples with PSA levels across a wide range. This pertains to the use of a PHI test (0.694 versus 0.735) [54] and
also to PSA glycoprofiling using WFA lectin (0.75 versus
0.80) [58].
Another conclusion can be drawn by evaluating the clinical
performance of a glycan biomarker when a moderate number
(100) of samples is compared with a wider number of samples
(314). The AUC dropped from a value of 0.95 (100 samples) to
0.84 when 314 serum samples were assayed [57].
In general, it may be concluded that PSA glycoprofiling is
applied more frequently as a diagnostic PCa biomarker in
serum (seven studies with relevant clinical data) than in
urine (one study with relevant clinical data). The same trend
is observed for PSA glycoprofiling applied as a prognostic
PCa biomarker (4 versus 1). The explanation might be that
the level of PSA from a tumour is very low in urine samples
with only a minor level of aberrantly glycosylated PSA present
in urine [52].
The dominant detection platform for specific PSA glycoprofiling is based on the integration of lectins either into an
ELISA format or using other sophisticated protocols rather
than in an instrument-based approach. This can be explained
by the low sensitivity of instrumental techniques to working
with biomarkers that are present in the blood in very low
levels (i.e. down to several ng ml21).
It is worth comparing the clinical performance of PSA
glycoprofiling in serum applied to PCa diagnostics with the
performance of PSA and PHI tests. The PSA tests afford
AUC ¼ 0.68 [14] and the PHI test could discriminate between
PCa and BPH patients with AUC ¼ 0.74 [54]. The detection of
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