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ABSTRACT

ARTICLE HISTORY

Introduction: Prostate cancer (PCa) is a life-threatening disease affecting millions of men. The current
best PCa biomarker (level of prostate-specific antigen in serum) lacks specificity for PCa diagnostics and
this is why novel PCa biomarkers in addition to the conventional ones based on biomolecules such as
DNA, RNA and proteins need to be identified.
Areas covered: This review details the potential of glycans-based biomarkers to become diagnostic,
prognostic, predictive and therapeutic PCa biomarkers with a brief description of the innovative
approaches applied to glycan analysis to date. Finally, the review covers the possibility to use exosomes
as a rich source of glycans for future innovative and advanced diagnostics of PCa. The review covers
updates in the field since 2016.
Expert commentary: The summary provided in this review paper suggests that glycan-based biomarkers can offer high-assay accuracy not only for diagnostic purposes but also for monitoring/surveillance
of the PCa disease.
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1. Introduction
Cancer is a major problem for the whole of society. According
to the statistics from 2012, there were 14.1 million new cases
with 8.2 million deaths worldwide [1]. The number of deaths
will increase by 50% by 2030. Worldwide, there were 1,600,000
new prostate cancer (PCa) cases with 366,000 deaths annually,
making PCa the most commonly diagnosed type of cancer in
men [2]. Novel PCa biomarkers are required since the best
current PCa biomarker (level of prostate-specific antigen (PSA)
in serum) lacks specificity for PCa diagnostics and lacks sufficient accuracy to identify patients with clinically significant
PCa. The false-positive rate of PSA is ~ 75% [3], and there is
a significant prevalence of PCa among men with even normal
PSA levels [4]. For preliminary screening purposes, the PSA test
is applied together with digital rectal examination (DRE). If the
combined results warrant it, patients are advised to undergo
a biopsy to confirm PCa. Only in 26% of cases does a biopsy
confirm PCa, and hence 74% of biopsies are unnecessary,
representing a significant societal and economic burden on
the patients, society and the healthcare system.
Unlike the already approved or used PCa diagnostic
approaches (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 as discussed in
the review paper [5]. A recently published paper in Science
shows that for effective and early cancer diagnostics, we need
to perform multi-analyte blood tests, i.e. analysis of the levels of
several proteins with cell-free DNA [6]. Investigation of glycan’s
role in cancer development/progression is a key issue for understanding the cancer biology with extended and up-to-date
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coverage in prestigious journals [7–11]. However, in the breakthrough study published in Science [6], analysis of glycans was
not included. In the forthcoming study an integrating approach
using 6 different types of biomarker blocks (clinical data, DNA
methylation, coding and non-coding transcripts, proteins and
glycans) including glycans to distinguish indolent localized disease and aggressive nonlocalized disease was described for the
first time [12]. By analysis of 4 types of DNA methylation, 4
coding, 9 non-coding transcripts in tissues and by assays of 27
peptides, 13 glycans in serum combined with 4 clinical parameters it was possible to distinguish indolent PCa from aggressive PCa form with AUC = 0.91 (AUC = area under the curve in
receiver operating characteristic curve). For comparison, 4 clinical
parameters (age, PSA level, Gleason score and DRE results)
offered AUC of only 0.67 [12].
Carbohydrates are essential for all organisms [13–15].
Glycans (complex carbohydrates covalently attached to proteins or lipids) tune and/or promote cell–biomolecule or cell–
cell interactions, host–pathogen interactions, cell signaling,
disease progression or metastasis [13–15]. A change in the
glycosylation pattern is a common characteristic for malignant transformation and tumor progression, with cancer cells
having dramatically altered glycan structures compared with
non-malignant cells [16]. Glycoproteins can have glycans
attached to the proteins via N-glycosylation (N-glycans, glycans attached to -NH2 of Asn) or via O-glycosylation
(O-glycans, glycans attached to –OH of Ser/Thr). Four key
attributes are responsible for changed glycosylation in cancer
cells compared with healthy cells: (A) under- or overexpression of glycosyltransferases responsible for glycan elongation;
(B) under- or overexpression of glycosidases with hydrolytic
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action on glycans; (C) altered glycan composition as a result
of the changed tertiary structure of proteins; (D) availability
of various acceptor substrates, sugar nucleotide donors and
co-factors [16]. Typical cancer-associated changes in glycosylation include altered sialylation (especially α2,3-sialylation),
fucosylation (mainly core fucosylation, i.e. addition of fucose
to the innermost GlcNAc residue in the vicinity of the protein
backbone), O-glycan truncation (presence of shortened
O-glycans), branching of N- and O-glycans (i.e. due to
increased activity of N-acetylglucosaminyltransferase), presence of polysialic acid, N-acetylglucosamine and Lewis antigens (Figure 1) [16–18]. The glycan types and the extent of
glycosylation differ between cells from the same tissue and
between organs [19]. Changes in the glycan profile are often
cited as a “hallmark of cancer” [20]. “Rather than aberrant
glycosylation being itself a hallmark of cancer, another perspective is that glycans play a role in every recognized cancer
hallmark” [20].

Glycans are built carbohydrate by carbohydrate and almost
every building step is catalyzed by a specific glycosyltransferase and the glycan is simultaneously exposed to the action of
glycosidases. The cellular glycome is then the result of genetic
expression and the physiological status of the cell. The full
picture of cancer development/progression is shown schematically in Figure 1 [16]. Cancer cells with increased sialylation
induce the detachment of cancer cells from the neighboring
epithelial cells through electrostatic repulsion of negative
charges (delivered by sialic acids). Then, the cancerous cells
start to interact with the extracellular matrix (ECM) mediated
via various types of interactions (Figure 1). The next step is the
adhesion of cancer cells to vascular endothelial cells mediated
by sialylated glycans (such as SLex) [21], entering the blood
circulation and the formation of metastasis (Figure 1).
This review paper seeks to provide an update in the glycomics of PCa since 2016, when a comprehensive review paper
[22] and a book chapter [23] were published. Other

Figure 1. In the process of tumor 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 tumor growth and progression (upper right). In the process of tumor 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 tumor angiogenesis. The tumor-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 by permission from Nature, ref [16].
COPYRIGHT 2015.
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comprehensive reviews dealing with glycan-based PCa diagnostics merit attention [24,25].

2. Glycan-based PCa biomarkers in human samples
The National Institute of Health defines a biomarker as "a
characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention" [26]. The term biomarker can be divided into four groups:
(1) a diagnostic biomarker, i.e. an indicator able to distinguish
between a healthy population and patients with a particular
disease; (2) a prognostic biomarker provides information
about the patient’s outcome (i.e. development of an aggressive form of a disease); (3) a predictive biomarker affords
prediction of the response of the patient to treatment or
therapy. (4) a therapeutic biomarker is a biomolecule which
could be used as a target for the therapy.

2.1. Diagnostic PCa biomarkers
Diagnostic PCa biomarkers could be detected in various types
of human samples including urine, blood/serum, human seminal plasma and tissues. Analysis of biomarkers in urine is
regarded as a non-invasive approach and the most invasive
approach is taking the prostate tissue (biopsy) for further
examination. All other sampling approaches are less invasive
than a biopsy. Although the use of urine appears to be
advantageous over the employment of a serum sample for
analysis in terms of the patient’s comfort in the sampling
process, there are a few important issues related to biomarker
analysis in urine. First, some aberrant glycans do not necessarily need to reach the urine and can be detected only in
serum, as in the case of α2,3-sialalyted PSA form [27]. Second,
highly glycosylated Tamm-Horsfall protein forming large
aggregates is present in urine and should be removed prior
to glycan analysis in this kind of sample [28].
The performance of the recently discovered diagnostic PCa
biomarkers based on glycan analysis has to be compared
against the performance of other PCa biomarkers already
approved for clinical practice or at the stage of development
[29]. Several such diagnostic PCa biomarkers are discussed in
the review [29]. For example, the analysis of PSA in serum
provides the following diagnostic performance: (1) at a cut-off
value of 4.1 ng/mL: sensitivity 20% (sensitivity denotes the
correct identification of PCa patients), specificity 94% (specificity denotes the correct identification of healthy individuals);
(2) at a cut-off value of 2.6 ng/mL: sensitivity 40%, specificity
81% and AUC = 0.68.

2.1.1. Urine
Several studies have been performed to identify novel glycanbased PCa diagnostic biomarkers, but without a focus on
providing clinical parameters such as sensitivity, specificity
and AUC value. Wuhrer’s team first established a highperformance PSA glycomics assay for the determination of
α2,3- and α2,6-isoforms of sialic acid on PSA [30]. PSA was
affinity purified from urine, digested by trypsin and analyzed
by a combination of capillary electrophoresis (CE) and mass
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spectrometry (MS). Due to the low number of samples, it was
difficult to discriminate between PCa and BPH (benign prostatic hyperplasia), when taking into account different sialic
acid linkages [30]. Pipette-tip-assisted enrichment of glycoproteins by their immobilization was applied to the glycan analysis of urine samples [31]. LC-MS glycan analysis showed
sialylation as a dominant form of glycans in PCa patients [31].
The instrumental approach based on LC-MS/MS was
applied to the glycoproteomic analysis of urine, serum samples and cancer tissues from PCa patients [32]. The majority of
PCa-associated glycoproteins were detected in urine with the
identification of 2,923 unique glycosite-containing peptides,
so this biofluid is a reliable source of glycan-based biomarkers
[32]. A similar approach based on LC-MS/MS with ion accumulation identified significantly different glycans on the PSA
protein when two sets of samples from BPH patients and PCa
patients were evaluated [33]. When four such glycans were
applied to multi-parametric data evaluation in the form of
a ROC curve, the following parameters were obtained: sensitivity 87.5%, specificity 60% and AUC = 0.72 [33], hence with
only a slightly better clinical performance than in the PSA test.
A deep quantitative mapping of N- and O-glycoproteins in
urine using LC/MS identified 729 N-glycoproteins with 1,310
unique N-glycosylation sites and 965 O-glycopeptides [34].
The authors claim that their approach provides the largest
map of human urinary glycoproteome. A panel of
56 N-glycopeptides finally selected to discriminate between
PCa (n = 6) and BPH (n = 6) patients offered ideal discrimination represented by AUC = 1.00 [34]. This approach, however,
needs to be verified using a larger sample set in the future.

2.1.2. Serum
PSA-glycoprofiling was assayed in several studies to reveal its
diagnostic potential as a PCa biomarker. Microchip CE was
applied to a simultaneous quantitative assay of α2,6-sialic
acid and α2,3-sialic acid on PSA [35]. The results indicate
that PCa patients could be distinguished from BPH patients
with AUC of 0.83, while by measuring tPSA, an AUC value of
only 0.51 was found in the validation sample set [35]. Two
lectin-based assays were introduced to glycoprofile PSA isolated from human serum [36]. PSA isolated from serum was
released from a complex of tPSA using ethanolamine, entailing a lengthy procedure requiring 72 h. Then, lectins were
applied to glycoprofile fPSA with the focus on core fucosylation and α2,3-sialylation. The PSA core fucose ratio could
distinguish BPH patients and low-risk PCa patients from highrisk patients with 90% sensitivity, 95% specificity and
AUC = 0.94. When α2,3-sialic acid percentage of PSA was
assayed, the following parameters were obtained: 86% sensitivity, 96% specificity and AUC = 0.97 [36]. Wisteria floribunda
agglutinin (WFA) recognizing LacdiNAc (GalNAcβ1-4GlcNAc)
was applied to the diagnosis of a variety of diseases including PCa [37]. The WFA lectin proved of use in the identification of glycan changes on PSA (PSA-Gi) associated with PCa
[38]. The analysis of serum samples from PCa patients was
compared with that of BPH patients. The results provide the
following AUC value of 0.64 (tPSA), 0.80 (PSA-Gi) and 0.73
(PSA-Gi/tPSA) if PSA was below 20 ng/mL. The performance
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of all three biomarkers was lower when serological PSA was
up to 10 ng/mL, i.e. AUC of 0.55 (tPSA), 0.75 (PSA-Gi) and
0.72 (PSA-Gi/tPSA) [38]. PSA-Gi was better able to distinguish
prostate biopsy grade groups 2 and 3 with AUC = 0.65 than
was tPSA with AUC = 0.52 [38].
The MALDI-TOF and lectin-based methods for the glycoprofiling of IgG from human serum revealed that a biantennary glycan lacking terminal galactoses was present on
IgG from PCa patients [39]. BPH patients and the control
group had higher amounts of galactose or sialic acid attached
to glycan on IgG, which might be of diagnostic interest. When
Sambucus nigra agglutinin (SNA) lectin was applied to glycoprofile IgG, the ROC curve analysis exhibited a very high AUC
of 0.95 [39].
Human serum depleted from 14 highly abundant proteins
was enriched in specific glycans using lectin affinity chromatography with immobilized Aleuria aurantia agglutinin (AAL,
specific toward fucose) or Phaseolus vulgaris erythroagglutinin
(PHA-L/E, specific toward branched glycans) [40]. Next, LC-MS
was applied to identify differences in glycoprotein abundance,
when samples from BPH and PCa patients were compared.
The study revealed significantly elevated levels of 1 protein in
all fractions, 3 proteins in PHA-L/E fraction and 2 proteins in
both fractions for PCa patients, when compared with BPH
patients [40]. Another PCa biomarker could be CD44 with
a higher expression of glycans on the protein surface recognized by the F77 antibody (fucose-specific) in PCa patients
than in a control group [41]. Accordingly, such proteins
could be candidates for novel glycan-based biomarkers for
PCa diagnostics.

2.1.3. Human seminal plasma
Another biofluid which can be applied to the specific glycoprofiling of PSA using lectins is a human seminal plasma with
much higher concentration of PSA compared with serum [42],
but the diagnostic potential of lectin-based PSA glycoprofiling
in this biofluid was not provided.

2.2. Prognostic PCa biomarkers
2.2.1. Urine
Although the levels of core fucosylation and an increased level
of α2,3-linked sialic acid on PSA isolated from human serum
can distinguish indolent PCa and BPH patients from aggressive
PCa patients, the same analysis performed on PSA isolated
from urine did not prove useful [27]. This discrepancy was
explained by the low proportion of PSA from tumor tissue in
urine [27]. Expressed prostate secretions in urine samples
(after prostate massage) were applied to the glycoprofiling
of PSA [43]. In samples from PCa patients, an increased level
of fucosylated bi-antennary glycan terminated in GlcNAc
(F6A2) and a specific form of a branched glycan
(FM5A2G2S1) were both present when compared with BPH
patients [43]. An increased level of F6A2 glycan on PSA could
be a prognostic biomarker for the detection of an aggressive
PCa with Gleason core ≥8 [43].

2.2.2. Serum
An interesting study comparing changes in the fucosylation of
N-glycans attached to haptoglobin in the sera of patients with
gastroenterological cancer (esophageal, gastric, colon, gallbladder and pancreatic), non-gastroenterological cancer
(PCa) and healthy control was performed using LC-MS [44].
The results indicate that the composition of 6 glycans (bi-, triand tetra-antennary with or without fucose) on haptoglobin is
unique for every type of serum sample investigated (several
types of cancer and healthy control). Analysis of nonmetastatic cancer serum samples revealed that haptoglobin
from the PCa serum sample contained more core fucosylated
glycans at the expense of Lewis fucosylated glycans. In the
case of gastroenterological cancer, the situation was reversed.
When discussing the PCa serum samples, the presence of
metastasis-induced change in the haptoglobin fucosylation
from core-fucosylation into Lewis-fucosylation, with Lewisfucosylation as a ligand for selectins, is important in the formation of metastasis [44].

2.2.3. Tissues
Since the PCa cell lines are derived from PCa tissues, few
reports dealing with glycan-based analysis in a cell line are
discussed here. Lectin affinity chromatography (LAC) applied
to the enrichment of fucose-containing glycoproteins in two
aggressive and two non-aggressive cell lines showed that Lens
culinaris agglutinin (LCA) performed best out of 10 fucosebinding lectins [45]. Moreover, LAC combined with MAX cartridges identified 51 glycopeptides from 26 fucose-containing
proteins overexpressed in aggressive cell lines compared with
non-aggressive ones [45]. Analysis involving several PCa cell
lines and xenograft models showed an increased expression of
galectin-4 and two core 1 synthases (glycoproteinN-acetylgalactosamine 3-β-galactosyltransferase 1 (C1GALT1)
and ST3 β-galactoside α-2,3-sialyltransferase 1 (ST3GAL1)) during progression of castration-resistant PCa [46]. The study
suggests that galectin-4 and C1GALT1 are co-expressed in
the majority of metastatic PCa cases with having the potential
to be prognostic PCa biomarkers [46]. A proteomic approach
when applied for analysis of androgen-dependent and androgen-resistant cell lines showed significantly overexpressed α1,6-fucosyltransferase (FUT8) in androgen resistant cells [47].
The study also suggests that overexpression of FUT8 (adding
a core fucose) is associated with decrease of PSA production in
castration-resistant cells and lower survival of these cells [47].
Chemoenzymatic histology involving two sialyltransferases
exhibited striking differences in the expression patterns of
both sialylated and non-sialylated N-glycans between PCa
and healthy tissue samples [48]. The ratio of sialylated to nonsialylated glycans might serve as a biomarker for metastasis [48].
It was observed that the level of ST6Gal-I sialyltransferase
was upregulated in PCa tissues compared with non-malignant
prostate tissues [49]. High levels of the enzyme correlated with
the Gleason score and the poor survival of PCa patients [49].
Another prognostic PCa biomarker could be galectin-4,
because its increased expression correlates with a poor patient
survival [50]. The enzyme Core 2 β-1,6-acetylglucosaminyl-
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transferase-1, which forms core 2 branched O-glycans, can also
be considered as a novel prognostic biomarker [51]. The third
enzyme with the potential to be a prognostic biomarker is the
I-branching N-acetylglucosaminyltransferase [52].

2.3. Predictive PCa biomarkers
Only one predictive glycan-based biomarker was identified in
the literature. Luminex-based analysis of IgM antibodies
against blood A group trisaccharide in human serum positively
correlates with the overall survival of PCa patients on
PROSTVAC-VF therapy [53]. Hence, IgM antibodies could be
used as a predictive biomarker to identify patients benefiting
from the vaccine treatment [53].

2.4. Therapeutic PCa biomarkers
Knockdown of the enzyme ST6Gal-I sialyltransferase in the
aggressive PCa cell lines inhibited the proliferation, growth,
migration and invasiveness of the cells [49]. These results
indicate the enzyme to be a promising therapeutic PCa biomarker [49]. Another therapeutic PCa biomarker could be
galectin-4, since it is increasingly expressed in PCa patients
with a poor patient survival [50]. It was shown that galectin-4
engages with C1GALT1-dependent glycan modifications of
receptor tyrosine kinases, resulting in their activation, enhancing the activity of the AR pathway and driving castration
resistance and metastasis [46]. Therefore, blockade of the
galectin-4 interaction with glycans may suppress metastatic
PCa progression [46] with being a good therapeutic target.
Since a global proteomic approach helped to identify overexpression of FUT8 in androgen resistant cells [47], the
enzyme could be also applied as a target for the therapy.

3. Innovative approaches in glycan analysis
A number of innovative approaches have been applied to
glycan analysis using the instrumental approach. The first
affords simultaneous quantification of N- and O-glycans by
immobilization of glycoproteins on a solid-phase resin by
the subsequent release of N-glycans (PNGase) in the first
step and O-glycans (β-elimination) in the second step. The
glycans released in both steps are identified using LC-MS
and, since glycoproteins are attached to the resin, the
removal of PNGase and other reagents could be achieved
in a convenient way [54]. The entire protocol takes 3 days
and can be automated [54]. The technology was also
adapted for direct assays in a pipette tip, making it possible
to analyse 96 samples simultaneously within 1 day [31].
A novel enrichment technique named electrostatic repulsion
hydrophilic interaction liquid chromatography using strong
anion exchange solid-phase extraction exhibited a better
performance in glycan enrichment than multi-lectin affinity
chromatography (multi LAC) and Sepharose-HILIC enrichments [55]. From a practical perspective, this novel technique is advantageous since it does not require sample
desalting prior to enrichment, thereby avoiding an additional sample preparation step [55]. Recent advances in MS
methods for glycomics and cancer are described in detail by
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Lebrilla et al. [19]. Advances in glycan enrichment with
analysis of ultra-low glycan level/concentration implementing nanomaterials/nanoparticles are in details described in
our comprehensive review paper [14].
The analysis of glycan changes directly on tissues can be
performed using innovative approaches. For example, chemoenzymatic histology involving two sialyltransferases can
visualize non-sialylated and both sialylated forms (α2,3- and
α2,6-terminal sialic acids) of N-glycans directly in PCa and
healthy tissue samples [48]. Metabolic and biorthogonal labeling
methods were first applied to the identification of sialoglycoproteins in human PCa tissues by Bertozzi’s team [56]. Finally,
the list of proteins overexpressed in PCa over normal tissue was
compiled [56]. The biorthogonal visualization of glycans within
tissues can be combined with the visualization of other small
molecules such as cancer drugs [57].
The last example is the application of MS to the visualization
of specific glycans directly in tissue samples. Matrix-assisted laser
desorption/ionization Fourier transform ion cyclotron resonance
mass spectrometry (MALDI-FT-ICR) can be applied to the direct
analysis of various types of glycans in the tissue via MALDI
imaging (Figure 2) [58]. The use of various glycosidase enzymes
can provide additional structural/isomeric information. The techniques can also be applied to the high throughput analysis of
tissues using tissue microarray (see Figure 3) [58]. The technique
also makes it possible to detect the peptide profile after spraying the tissue with trypsin. Information on the distribution of
various types of glycans within the tissue can, in the future,
facilitate the development of specific lectin-based assays for
direct lectin histochemistry using a standard procedure applied
in the clinical pathology laboratory [58].
Large data sets generated using multi-omics approaches need
to be evaluated by bioinformatics tool, allowing to effectively
identify key biomarkers able to provide the highest discrimination power applied in further statistical analysis. For example
using logistic regression analysis it was possible to eliminate
biomarkers, which according to a Mann-Whitney-Wilcoxon test,
had higher median values in normal than in cancer samples (i.e.
13 out of 39 protein biomarkers) [6]. Multinomial logistic regression was also effective in lowering number of variables from 199
to 61 for PCa prognosis [12]. In our work L1 regularized logistic
regression model and artificial neural network were applied to
decrease a number of clinically significant variables from 20 down
to 1–3 variables including glycans for diagnostics of seronegativeand seropositive rheumatoid arthritis [59]. A principal component
analysis was applied to identify a BPH sample, which did not
cluster with the rest of samples and based on such analysis this
sample was not included in the study [34]. Some other types of
machine learning algorithms and cloud computing find the way
into healthcare services for automated and more precise diagnostics with a potential to decrease the financial burden in the
healthcare sector [59].

4. Glycan analysis in exosomes
4.1. Involvement of exosomes in cancer
In addition to the analysis of glycan-associated biomarkers in
conventional human samples or cell lines, as discussed above,
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Figure 2. Examples of regiospecificity of different N-glycans detected by MALDI-FT-ICR imaging mass spectrometry. The colon tumor FFPE tissue was antigen
retrieved and incubated with PNGaseF, and N-glycans detected by MALDI-IMS. (A) H&E stain; (B) a stroma glycan (green), Hex5HexNAc4Fuc1NeuAc (+ 2Na), m/
z = 2122.810; (C) a high-mannose tumor glycan (red), Man6, m/z = 1419.515; (D) a stroma glycan (yellow), Hex5HexNAc4NeuAc, m/z = 1976.745 (+ 2Na); (E) a crypt
glycan (aqua blue) Hex3HexNAc5Fuc1, m/z = 1688.647; (F) a mucinous tumor glycan (pink), Hex6HexNAc6Fuc1, m/z = 2377.798. Reprinted from [58], Copyright
(2017), with permission from Elsevier.

a further point of interest is use of the novel source of particles
present in various body fluids (blood, urine, saliva) and also
released into the media of cultivated cell lines such as exosomes [60].
Cell–cell communication is essential to the proper functioning
of multicellular organisms, which, besides the involvement of
endocrine systems and protein growth factors, is also mediated
by exosomes [61]. The heterogeneity of exosomes poses an
obstacle to better understanding of their biogenesis, molecular
composition, functions and distribution [62]. Asymmetric fieldflow fractionation revealed a distinct subpopulation of these
particles with the sizes of 90–120 nm (large exosome vesicles),
60–80 nm (small exosome vesicles) and 35 nm (nonmembranous particles called exomeres) (Figure 4). Exomeres
are rich in the enzymes and proteins associated with metabolism,
hypoxia, glycolysis etc. [62]. All three types of exosome subpopulations have distinct N-glycosylation, protein, lipid, DNA
and RNA profiles and biophysical properties [62]. Exosomes are
enriched in sialoglycoproteins and exomeres contain a galectin3-binding protein as a predominant form of sialoglycoprotein,
responsible for the interaction of exomeres with target cells [62].
Emerging evidence suggests the involvement of exosomes
in cancer development, including the formation of premetastatic niches with subsequent metastasis [63]. Supporting
evidence already exists for the involvement of exosome cargoes
in cell–cell communications (cancer cell to non-cancer cell;
cancer cell to cancer cell, non-cancer cell to cancer cell) [63].
The formation of pre-metastatic niches is tissue-specific
mediated by integrins available on the surface of exosomes
for affinity interactions [61]. When the glycan composition of
exosomes is compared with the cells from which the exosomes
were released, the exosomes can be enriched in some types of

glycans (polylactosamine, α2,6-linked sialic acid, etc.) (Figure 5)
[61,64]. The involvement of exosomes in PCa development and
diagnosis is described in a recent review, with only a marginal
discussion of glycan involvement [65].

4.2. Purification of exosomes involving glycans
Exosomes are usually purified using ultracentrifugation and
various commercially available kits. Recent discoveries indicate
that glycan recognition can be applied to the enrichment of
the exosome subpopulation and that the potential exists to
specifically enrich exosomes released from PCa tissues using
an affinity-based enrichment protocol.
Glycan-based interactions were applied to the purification
of exosomes using two different lectins – phytohemagglutinin
and Con A [66]. Such agglutinates from urine could then be
concentrated using only a low G-force and this exosome
purification possessed distinct advantages over ultracentrifugation in the analysis of RNA for PCa diagnostics [66]. When
three commercial exosome purification kits, ultracentrifugation procedure and Solanum tuberosum lectin-assisted exosome purification were used, the first four methods of
exosome purification for miRNA assays exhibited very similar
results, while use of lectin for exosome purification provided
different results. Accordingly, in the study in question lectinassisted exosome purification was excluded from further
examination [67]; however, in our opinion, this approach can
actually be used for tailored/tuned exosome isolation with
a distinct glycan profile for diagnostic purposes.
Exosomes could be arrayed on the chip with glycoprofiling performed using lectins [68]. The exosomes could be
effectively purified using nanomaterials modified by
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Figure 3. Example N-glycan MALDIIMS data for a tissue microarray representing eight different tumor types. (A) MALDI-IMS intensity of the Man6 glycan across each tissue core. Non-tumor (N) regions
and tumor (T) regions are shown for each tumor type: Rows 1 and 2 – uterus (6 cores); Rows 2 and 3 – thyroid (12 cores); Row 3 – prostate (6 cores); Rows 3 and 4 –
pancreas (10 cores); Rows 4 and 5 – lung (12 cores); Rows 5 and 6- liver (8 cores); Row 6 – kidney (6 cores); Rows 6 and 7 – colon (14 cores); Rows 7 and 8 – breast
(6 cores); Row 8 – bladder (8 cores). (B) Each tissue type in the microarray analyzed as an individual imaging file. Shown is data for the Man6 N-glycan. Reprinted
from [58], Copyright (2017), with permission from Elsevier.

Figure 4. TEM imaging analysis of exosome input mixture (pre-fractionation) (left) and fractionated exomeres (left middle), small exosome vesicles (right middle)
and large exosome vesicles (right). Reprinted by permission from Nature, ref [62]. COPYRIGHT 2018.

antibodies against an exosomal protein marker CD63 [69].
Alternatively, the exosomes could be purified by immobilization of the anti-CD9 antibody on magnetic beads [70].
Besides using antibodies, other affinity ligands could also
be applied to exosome isolation, including aptamers and
lipid probes [71].

4.3. Exosomes in PCa diagnostics
The selective enrichment of exosomes produced by the prostate could be performed effectively using anti-PSMA beads
(PSMA = prostate specific membrane antigen) [70], since
PSMA protein is present on the membrane of particles
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Figure 5. Enrichment for specific glycans to exosomes. Lectin microarrays have shown that exosomes are preferentially enriched in certain glycan features compared
to more diverse glycan repertoire of the producing cell membranes. These features include polylactosamine and α2,6-linked sialic acid residues, and high mannose
and complex type N-glycans. Exclusion of blood group A/B antigens was also identified. Glycans of this figure are representative of these features but are not
definitive structures as these are not possible to obtain through lectin microarrays alone. Reprinted from Ref [61].

specifically associated with prostate. There are only a few
reports detailing the composition and role of glycans in relation to exosomes produced by PCa cell lines and such earlier
work is discussed in an excellent review paper [60].
Urinary extracellular vesicles (100 nm) were more abundant
in the urine of PCa patients than in BPH patients [72]. Two
different indices were calculated in the study as diagnostic
PCa biomarkers, being the urinary vesicle-associated PSA
extraction ratio (index 1) and the urinary glycoprofile marker
(index 2). ROC curve analysis showed AUC of 0.78 for serological PSA, 0.75 for index 2 and 0.64 for index 1. When all three
biomarkers were combined, an AUC of 0.88 was attained [72].
It is even suggested that the level of exosomes released into
body fluids may represent a diagnostic/predictive cancer biomarker [73].
The presence of high amounts of sialic acid on the surface
of PCa-associated exosomes makes them more negative (zeta
potential of −12.8 mV) than those exosomes isolated from
healthy individuals (zeta potential of −8.9 mV) [74].
Although the isolation of exosomes from urine appears to be
easier than the purification of exosomes from human serum,
urine contains Tamm-Horsfall proteins forming aggregates [28].
Since the protein is highly glycosylated, it has to be removed
from urine prior to glycan analysis in exosomes. This can be
achieved using salt precipitation, as described by Jankovic [28].

5. Key information regarding glycan analysis for PCa
diagnostics
It is our opinion that the instrumental-based approaches,
although generating precious information on the exact
glycan composition present in various types of samples
and capable of elucidating the role of glycans in many
physiological and pathological conditions, are not suited
to current clinical practice. Hence, lectin-based approaches

for the detection of glycan changes, which could be
applied as diagnostic and prognostic PCa biomarkers, are
more compatible with clinical requirements (i.e. integrating
the whole assay concept into ELISA-like or Luminex-like
assays). In order to specifically glycoprofile a protein of
interest, antibodies are used to selectively isolate the protein from a complex sample and subsequently the glycan
profile is determined using lectins. Besides the application
of antibodies to selectively identify a specific protein such
as PSA from a human serum, a good alternative is to use
DNA aptamers with several advantages over antibodies [75].
The critical issue in using affinity-based glycan analysis is to
block the surface with a proper blocking agent [76,77]. For this
purpose, human serum albumin (HSA) has usually been used
since it was believed that the protein is not glycosylated.
A recent study suggests that HSA is glycosylated [78]. Thus,
for lectin-based assay formats, this biomolecule cannot be
applied as a blocking agent, due to the generation of false
positive results. The study confirms the presence of
a biantennary glycan with one or two sialic acid terminations.
The glycosylation of HSA has not previously been discovered
due to its low abundance with only 1.8% glycosylation occupancy and atypical glycosite Asn-68 within the N-X-V sequon
[78]. Accordingly, alternative blocking agents such as various
zwitterion molecules [79,80], commercially available carbonfree blocking solution [81,82] or polyvinylpyrrolidone [36]
should be used.

6. Conclusions
The review details results published since 2016 related to the
glycomics of prostate cancer. Glycan analysis based on instrumental approaches identifies novel glycan-based biomarkers
at a remarkable pace and the technology has developed
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toward fully automatic assay formats requiring simplified assay
procedures. The information generated by the instrumental
approaches could then be incorporated into lectin-based
assay protocols, which accord more closely with current clinical practice. The final part of the review paper reveals the rich
potential of exosomes for future glycan-based PCa
diagnostics.

7. Expert commentary
7.1. What are the key weaknesses in clinical
management so far?
Low accuracy of PSA testing with AUC = 0.68 means high
false negative and high false positive outcomes from the
test. If the cut-off value is set to 4.1 ng/mL the assay
sensitivity is only 20% meaning that 80% of PCa patients
are not correctly identified. If the cut-off is set to 2.6 ng/
mL assay sensitivity increases to 40%, but at the expense
of assay specificity. Thus, higher proportion of healthy men
are identified as false positive. Such healthy men are then
sent to undergo a biopsy, which is a painful procedure.
Since it is estimated that 74% of all biopsies are avoidable,
this represents significant burden to men examined, to the
healthcare system and the society. False negative results
from PSA tests, DRE or from a biopsy examination mean
that PCa patients will be identified in the late stage of the
disease, when it will be more difficult to cure such patients
with considerable treatment costs.
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7.4. What research or knowledge is needed to achieve
this goal and what is the biggest challenge in this goal
being achieved?
The biggest challenge in bringing glycan analysis within a multianalyte blood tests is to simplify assay format for glycan analysis,
which should be fully compatible with current clinical practice,
i.e. ELISA-like or Lumixex-like assays. In our opinion this can be
done by implementing lectins into assay formats. An alternative
would be to raise anti-carbohydrate antibodies or aptamers
selectively recognizing glycans with higher affinity compared
to lectins to achieve high performance of glycan assays.

7.5. Is there any particular area of the research you are
finding of interest at present?
The most exciting area from our point of view is to use exosomes
as a precious source of cancer-related glycan-based biomarkers.
It can be anticipated that some glycan biomarkers could be
enriched in exosomes resulting in a simplified assay formats.

8. Five-year view
We anticipate that in 5 years glycan-based biomarkers will be
already approved by regulation authorities as diagnostic,
prognostic, predictive or therapeutic biomarkers. At the same
time we anticipate that glycan-based biomarkers will be integral part of multi-analyte blood tests not only for PCa, but also
for other cancer diseases.

Key issues
7.2. What potential does further research hold?
Thus, it is very important to validate novel diagnostic PCa
biomarkers offering high accuracy, lowering both false
negative and false positive results. There are quite many
already clinically approved tests or tests, which are under
development based on DNA, RNA and protein biomarkers
[5]. It is of utmost importance to include analysis of glycans into the list of diagnostic PCa biomarkers, since substantial evidence suggest that aberrant glycans are closely
associated with development and progression of the PCa
disease.

7.3. What is the ultimate goal in this field?
The ultimate goal in the field would be to clinically validate
glycans as PCa biomarkers using substantial number of samples
to get statistically relevant results. Moreover, the study published in Science [6] really suggests that for screening of various
types of cancer in a single sample it would be necessary to
analyze several biomarkers. Another study clearly showed that
multiple biomarkers applied in PCa diagnostics should also
involve glycan analysis [12]. Thus, the ultimate goal in PCa
diagnostics would be to detect several types of biomolecules
including glycans within a multi-analyte blood test.

● Analysis of a panel of 56 glycopeptides in urine was validated to distinguish PCa patients from BPH patients with
100% accuracy (AUC = 1.00).
● Detection of α2,3-sialic acid percentage on PSA in serum
could distinguish PCa patients from BPH patients with the
following parameters: sensitivity 86%, specificity 96% and
AUC = 0.97.
● Glycan analysis proved to be useful prognostic, predictive
and therapeutic PCa biomarkers.
● The recent development suggests that glycan analysis can
be directly performed on tissues using MALDI imaging and
that various glycosidases can provide additional structural/
isomeric information about glycan composition.
● Large data generation using multi-omics approaches needs
to be evaluated by bioinformatics tool, allowing to effectively identify key biomarkers able to provide the highest
discrimination power applied further as biomarkers.
● In addition to the analysis of glycan-associated biomarkers
in conventional human samples or cell lines, as discussed
above, a further point of interest is use of the novel source
of particles present in various body fluids (blood, urine,
saliva) and also released into the media of cultivated cell
lines such as exosomes.
● It is our opinion that the instrumental-based approaches,
although generating precious information on the exact
glycan composition present in various types of samples
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and capable of elucidating the role of glycans in many
physiological and pathological conditions, are not suited
to current clinical practice. Hence, lectin-based approaches
for the detection of glycan changes, which could be applied
as diagnostic and prognostic PCa biomarkers, are more
compatible with clinical requirements (i.e. integrating the
whole assay concept into ELISA-like or Luminex-like assays).
● The critical issue in using affinity-based glycan analysis is to
block the surface with a proper blocking agent. For this purpose, human serum albumin (HSA) has usually been used since
it was believed that the protein is not glycosylated. A recent
study suggests that HSA is glycosylated. Thus, for lectin-based
assay formats, this biomolecule cannot be applied as a blocking
agent, due to the generation of false positive results.
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