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Abstract

We recently reported increased levels of urinary free-glycans in some cancer patients.

Here, we focused on cancer related alterations in the levels of high molecular weight free-

glycans. The rationale for this study was that branching, elongation, fucosylation and sialyla-

tion, which lead to increases in the molecular weight of glycans, are known to be up-regu-

lated in cancer. Urine samples from patients with gastric cancer, pancreatic cancer,

cholangiocarcinoma and colorectal cancer and normal controls were analyzed. The

extracted free-glycans were fluorescently labeled with 2-aminopyridine and analyzed by

multi-step liquid chromatography. Comparison of the glycan profiles revealed increased lev-

els of glycans in some cancer patients. Structural analysis of the glycans was carried out by

performing chromatography and mass spectrometry together with enzymatic or chemical

treatments. To compare glycan levels between samples with high sensitivity and selectivity,

simultaneous measurements by reversed-phase liquid chromatography-selected ion moni-

toring of mass spectrometry were also performed. As a result, three lactose-core glycans

and 78 free-N-glycans (one phosphorylated oligomannose-type, four sialylated hybrid-type

and 73 bi-, tri- and tetra-antennary complex-type structures) were identified. Among them,

glycans with α1,3-fucosylation ((+/− sialyl) Lewis X), triply α2,6-sialylated tri-antennary

structures and/or a (Man3)GlcNAc1-core displayed elevated levels in cancer patients. How-

ever, simple α2,3-sialylation and α1,6-core-fucosylation did not appear to contribute to the

observed increase in the level of glycans. Interestingly, one tri-antennary free-N-glycan that

showed remarkable elevation in some cancer patients contained a unique Glcβ1-4GlcNAc-

core instead of the common GlcNAc2-core at the reducing end. This study provides further

insights into free-glycans as potential tumor markers and their processing pathways in

cancer.
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Introduction

Elevated levels of glycans and glycoproteins, such as CA19-9, STN, SLX, CEA, CA15-3 and

AFP, are routinely used as tumor markers in clinical practice [1–3]. Nonetheless, to improve

diagnosis, novel tumor markers are sought that are effective in those patients who are negative

for existing markers. Studies of glycan profiles of glycoproteins have revealed alterations asso-

ciated with cancer [4,5]. However, few studies have analyzed cancer associated changes in the

levels of free-glycans. These free-glycans comprise structures in which the reducing ends are

not covalently linked to other molecules. Abnormal accumulation of sialyl free-N-glycans has

been reported in the cytoplasm of gastric cancer cell lines [6] and in cancer tissues from pan-

creatic and prostate cancer patients [7,8]. Free-glycans excreted in urine are particularly attrac-

tive candidate disease markers for large scale screening because they can be measured in a

non-invasive manner.

Urinary free-glycan profiles have been reported to reflect alterations in the metabolic path-

ways of glycosylation in some diseases, especially in patients with oligosaccharidosis, a sub-

group of lysosomal storage diseases [9,10]. The levels of some free-glycans were also increased

in healthy individuals during pregnancy and lactation [11,12]. Moreover, increased urinary

levels of sialyllactose and sialyl LacNAc have been reported in some inflammatory diseases

[13,14] as well as cancer [15,16]. Based on these reports, we recently performed profiling of

major urinary acidic free-glycans and reported that some sialylated, fucosylated, and/or sul-

fated free-glycans were elevated in cancer patients [17]. Our previous study was carried out

using a method optimized for free-glycans ranging from disaccharides to simple sialylated bi-

antennary free-N-glycans but did not include higher molecular weight glycans. Urinary free-

glycans may be present in more than just low molecular weight degraded fragments. In some

patients with lysosomal diseases including GM1 gangliosidosis, galactosialidosis, and mucoli-

pidosis, larger multiantennary and/or elongated free-N-glycans have been detected [18–20].

Additionally, it is well established that glycans with branched, elongated, sialylated, and/or

fucosylated structures are up-regulated in cancer [21]. Based on these findings, we reasoned

that larger free-glycans may be present at elevated levels in the urine of cancer patients. In this

study, we investigated urinary free-glycans, focusing on fractions containing acidic bi- to

tetra-antennary free-N-glycans, in order to identify cancer-specific glycans that may act as

novel tumor marker candidates. Chromatography and mass spectrometry-based approaches

revealed that some free-glycans, especially tri-/tetra-antennary free-N-glycans with α1,3-fuco-

sylation or triple α2,6-sialylation, tend to be present at elevated levels in cancer patients. Inter-

estingly, one of the glycans that showed elevated levels in cancer patients included a tri-

antennary free-N-glycan variation with a unique core of Glcβ1-4GlcNAc instead of the com-

mon core GlcNAc2.

Materials and methods

Urine samples

Urine samples of patients with gastric cancer (n = 12, male 7, female 5, mean age 66.4 years),

pancreatic cancer (n = 10, male 6, female 4, mean age 62.7 years), cholangiocarcinoma (n = 4,

male 2, female 2, mean age 68.0) and colorectal cancer (n = 15, male 4, female 11, mean age

63.3 years) were obtained from Osaka International Cancer Institute. The clinical features of

the individuals examined in this study are summarized in Table 1. The patients were num-

bered G1–G12 for gastric cancer patients, and P1–P10 for pancreatic cancer patients, B1–B4

for cholangiocarcinoma (“B” is derived from bile duct) and C1–C15 for colorectal cancer

patients. Urine samples of normal controls, numbered as N1–N21 (n = 21, male 15, female 6,

PLOS ONE Multi-antennary free-N-glycans in the urine of cancer patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0266927 April 12, 2022 2 / 24

index.html. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0266927
https://www.osyk.jp/index.html


Table 1. Clinical information of the normal controls and patients.

Case No. a Sex Age Stage CA19-9 (U/mL)b CEA (ng/mL)c ABO blood group Urine Creatinine (mg/dL) BUNd (mg/dL) Serum Creatinine (mg/dL)e

N1 M 64 ndf <2 1.9 O 61.6 13 1.14

N2 M 69 nd 7 1.5 O 175.0 18 0.80

N3 M 69 nd 2 1.8 A 59.8 11 0.86

N4 M 77 nd 4 1.2 A 190.6 22 0.82

N5 M 68 nd 2 3.8 O 116.7 15 1.02

N6 F 53 nd 3 2.1 AB 140.1 13 0.73

N7 F 70 nd 3 1.1 O 77.9 16 0.63

N8 M 75 nd 14 2.1 A 84.0 20 1.20

N9 M 81 nd 2 1.2 A 83.1 18 1.00

N10 M 50 nd 12 2.9 B 84.1 15 0.93

N11 F 75 nd 2 2.8 B 58.8 14 0.84

N12 M 69 nd 4 1.2 A 105.1 29 1.51

N13 F 33 nd 5 2.1 A 72.9 12 0.66

N14 F 56 nd 2 1.4 O 115.8 13 0.48

N15 M 81 nd 4 2.4 AB 80.6 16 0.85

N16 M 50 nd 8 1.5 A 281.4 15 1.01

N17 M 71 nd 12 3.2 A 43.8 15 0.71

N18 M 42 nd 3 0.8 A 94.2 21 0.90

N19 F 61 nd 5 1.4 B 77.2 14 0.60

N20 M 66 nd 4 2.5 A 126.9 17 0.83

N21 M 48 nd 3 0.9 A 148.4 12 0.74

G1 F 61 IV 4 1.1 B 32.1 11 0.42

G2 F 65 IV 67 1.0 A 384.7 11 0.69

G3 M 65 IV 206 60.0 B 115.3 19 0.79

G4 M 78 IV 568 6.2 AB 160.6 13 0.82

G5 F 70 IV <2 1.2 B 319.4 14 0.63

G6 M 64 III 4 7.5 O 190.4 17 1.04

G7 M 72 IV 76 1.7 A 115.7 16 1.06

G8 M 74 IV 3 1.1 A 186.4 42 1.65

G9 M 59 III 1063 27.4 A 28.6 8 0.79

G10 F 67 IV 2 1.2 O 162.9 30 0.65

G11 F 62 IV 16 549.9 O 187.1 13 0.59

G12 M 60 III 1187 4.5 A 254.3 20 0.92

P1 M 48 IV 3311 3.7 A 69.4 12 0.72

P2 F 58 IV >100000 560.2 B 180.5 12 0.66

P3 M 68 IV >100000 220.5 A 439.5 18 0.86

P4 F 50 IV 16421 11.5 A 50.5 8 0.59

P5 F 66 IV <2 3.0 B 159.5 14 0.69

P6 M 62 IV 46597 4.8 A 270.1 16 0.97

P7 M 72 IV 20124 13.1 A 51.5 15 0.48

P8 F 62 IV 371 7.3 A 116.2 29 0.77

P9 M 64 IV >100000 162.9 O 187.7 15 0.86

P10 M 77 IV >100000 42.0 A 59.7 15 0.56

B1 F 55 IV 29046 206.0 O 74.6 8 0.74

B2 M 65 IV 32678 1673.1 AB 363.8 19 1.43

B3 F 78 IV >100000 164.4 O 45.4 15 0.93

B4 M 74 IV 81803 156.2 O 153.4 13 0.81

(Continued)

PLOS ONE Multi-antennary free-N-glycans in the urine of cancer patients

PLOS ONE | https://doi.org/10.1371/journal.pone.0266927 April 12, 2022 3 / 24

https://doi.org/10.1371/journal.pone.0266927


mean age 63.2 years) were obtained from cancer-free volunteers. Except for colorectal cancer

patients, these cancer patients and normal controls are identical to those used in our previous

analysis of free glycans in urine [17]. This study was approved by the Local Ethics Committee

of Osaka International Cancer Institute. Informed written consent was obtained from each

patient and volunteer.

Extraction and PA-labeling of free-glycans from urine

Extraction of free-glycans from urine were carried out as previously reported [17]. Briefly,

urine was pretreated with Dowex 50W-X8 resin (H+-form, 200–400 mesh, FUJIFILM Wako

Pure Chemical, Osaka, Japan), neutralized with sodium bicarbonate solution, and desalted

with graphite carbon cartridge (InertSepGC 300 mg; GL Science, Tokyo, Japan). The reducing

ends of the glycans were labeled by reductive amination with 2-aminopyridine [22,23]. Prepa-

ration of PA-glycans was performed as described previously [24,25].

Liquid chromatography fractionation and analysis of PA-labeled urinary

free-glycans

PA-glycans were fractionated on a HPLC system; either a Shimadzu LC20A or a Shimadzu

LC10A (Shimadzu, Kyoto, Japan). Comparable separation of glycans was achieved using either

of the two HPLC systems. PA-glycans were detected by a fluorescence detector connected to

the HPLC, RF-10Axl (Shimadzu) or Waters 2475 (Waters, Milford, MA, USA). The separated

glycans were collected in 1.5-mL tubes or 96-well plates by a 222XL liquid handler (Gilson,

Middleton, WI, USA). Detailed settings for the HPLCs, including column specifications, tem-

peratures, solvents, and gradient conditions are given in Table A (S1 File). Anion-exchange

HPLC was performed on a TSKgel DEAE-5PW column (10 μm, 7.5 × 75 mm; Tosoh) as

Table 1. (Continued)

Case No. a Sex Age Stage CA19-9 (U/mL)b CEA (ng/mL)c ABO blood group Urine Creatinine (mg/dL) BUNd (mg/dL) Serum Creatinine (mg/dL)e

C1 F 70 IV 50 35.5 B 106.3 30 1.02

C2 F 51 IV 54545 1129.5 A 104.8 13 0.52

C3 F 45 IV 459 854.0 A 37.3 12 0.59

C4 M 70 IV 14038 126.4 A 198.2 20 1.12

C5 F 68 IV 307 85.1 AB 351.0 10 0.83

C6 F 71 IV >100000 3472.6 A 182.6 15 0.53

C7 F 64 IV 4 19.1 A 34.7 10 0.61

C8 F 67 IV 4 1.6 A 96.1 6 0.57

C9 M 65 IV 294 13.1 O 201.6 15 0.73

C10 M 55 IV 1935 233.1 O 357.0 16 0.93

C11 F 63 IV 8 7.3 ndf 145.2 17 0.74

C12 F 73 IV 9 68.8 A 128.1 16 0.63

C13 F 61 IV 363 168.1 B 75.1 8 0.60

C14 M 55 IV 2 3.3 AB 269.5 20 0.89

C15 F 53 IV 328 132.8 O 34.5 8 0.42

a) N, G, P, B and C indicate normal control, patient with gastric cancer, pancreatic cancer, cholangiocarcinoma and colorectal cancer, respectively.

b) Cut-off value of CA19-9 and CEA are 37 U/mL and 5 ng/mL, respectively.

d) Normal range of BUN is 8.0–20.0 mg/dL.

e) Normal range of serum creatinine (mg/dL) is 0.65–1.07 for male (M) and 0.46–0.79 for female (F), respectively.

f) “nd” indicates “not determined”.

https://doi.org/10.1371/journal.pone.0266927.t001
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described in a previous study [26]. Normal phase (NP-, amide-HILIC-mode) HPLC was per-

formed on a TSKgel Amide-80 (5 μm, 2 × 250 mm; Tosoh) [27].

Reversed phase (RP-) HPLC was performed at 35˚C using a flow rate of 0.2 mL/min on a

Shim-pack Scepter C18-120 column (3 μm, 2.1 × 150 mm; Shimadzu). The following solvents

were used; solvent A: 9:1 (v/v) of water / 0.5 M acetic acid, adjusted to pH 4.0 with triethyla-

mine, and solvent B: 7:2:1 (v/v) of water / acetonitrile / 0.5 M acetic acid adjusted to pH 4.0

with triethylamine. The elution time of each PA-glycan was converted to an R value by a modi-

fied reversed phase scale, as well as RP glucose units (RP-GU). The conversion of elution times

to R values was based on a previous report, but with several modifications [28,29]. Eight (four

pairs) standard PA-N-glycans #R-1 to R-8 were used as shown in Fig A (S2 File). The R values

were determined so that the shift in position due to core-α1,6-fucose contributed equally. In

the previous reversed phase scale, the R value at the time of sample injection was set to 0. The

R value at the elution position of PA-Gal (#R-0) was set to 0. The elution time of #R-0 was sub-

tracted from the elution time of each glycan, and the R value was calculated in the same way as

described previously. In addition, the elution position of #R-8 was set to 70.

Enzymatic digestions

Unless otherwise stated, enzymes supplied as a solution were used at 1/6–1/10 dilution in 1×
NEB GlycoBuffer 1 (50 mM sodium acetate and 5 mM CaCl2 pH 5.5; New England Biolabs,

Ipswich, MA, USA) and reactions were performed at 37˚C overnight (i.e. for more than 16 h).

Streptococcus pneumoniae β-N-acetylglucosaminidase, Xanthomonas manihotis β-galactosi-

dase and Streptomyces plicatus β1,3/4/6-N-acetylhexosaminidase was from New England Bio-

labs, S. pneumoniae β-galactosidase was from Agilent Technologies (Santa Clara, CA, USA),

bovine kidney α-fucosidase was from Sigma-Aldrich (St Louis, Mo, USA), and α1,3/4-fucosi-

dase (Streptomyces sp. 142) was from Takara Bio (Shiga, Japan). To achieve substrate specific-

ity, neuraminidase from Salmonella typhimurium (Takara Bio) was incubated for 2 hours to

cleave non-reducing terminal α2,3-linkages or overnight to cleave non-reducing terminal

α2,3/6-linkages [30]. Neuraminidase with broad specificity Arthrobacter ureafaciens (Nacalai,

Kyoto, Japan) was used at a concentration of 2 mU/μL. Sodium phosphate (50 mM pH 6.8)

was used as the buffer for β-mannosidase from Cellulomonas fimi, β-glucosidase from Thermo-
toga maritima and acetylxylanesterase from Orpinomyces sp. (Megazyme, Bray, Ireland). Jack

bean α-mannosidase was used in 1× supplied buffer, 100 mM sodium acetate pH5.0, 2 mM

ZnCl2 (Agilent Technologies). Alkaline phosphatase from Escherichia coli C75 was used in 1×
supplied buffer, 50 mM Tris-HCl pH8.0, 1 mM MgCl2 (Takara Bio). The digested glycans

were analyzed and desalted by RP-HPLC, and then subjected to NP-HPLC and mass

spectrometry.

Chemical treatments for linkage analysis of PA-glycans

Periodate oxidation and subsequent reduction were used for cleavage of C-C bonds between

unsubstituted vicinal diols [31,32], and were performed as described previously [17]. To obtain

supporting linkage information of sialic acids, sialic acid linkage-specific alkylamidation

(SALSA) was performed using isopropylamine and methylamine [33]. The procedure was

based on the previously described conditions for PA-glycans [34,35]. The treated glycans were

analyzed by mass spectrometry.

Standard glycans

The structures and further information of standard glycans are given in Table B (S1 File). The

standard PA-labeled glycans were purchased from Takara Bio, Glyence (Aichi, Japan) or
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Seikagaku Corporation (Tokyo, Japan). Un-labeled glycans were from Sigma-Aldrich, Tokyo

Chemical Industry (Tokyo, Japan), Dextra Laboratories (Reading, UK), Carbosynth (Comp-

ton, UK) and IsoSep AB (Stockholm, Sweden). The standard N-glycans were also prepared

from glycoproteins by hydrazinolysis (anhydrous hydrazine, Nacalai) or enzymatic release

using endo H and endo F3 (New England Biolabs). Sources of glycoproteins used were human

blood γ-globulin, human plasma α1-acid glycoprotein, mouse serum, bovine serum (Sigma-

Aldrich), sialylglycopeptide (Tokyo chemical industry) and bovine milk lactoferrin (FUJIFILM

Wako Pure Chemical) [36–41]. The standard disaccharides, Glcβ1-4GlcNAc and GalNAcβ1-

4GlcNAc (LacdiNAc), were enzymatically prepared. Briefly, it has been reported that bovine

milk β-galactosyltransferase with α-lactalbumin (lactose synthase complex) also exhibits activi-

ties as a β1,4-glucosyltransferase and β1,4-N-acetylgalactosaminyltransferase [42,43]. The

enzyme and α-lactalbumin were from Sigma-Aldrich. These disaccharides were synthesized

by using UDP-glucose and UDP-GalNAc (Yamasa, Chiba, Japan) as donors and unlabeled

GlcNAc (Tokyo Chemical Industry) as an acceptor. The unlabeled glycans were subjected to

PA-labeling. As standards for reversed phase scale, #R-0 and R-1 were from Takara Bio, #R-2

was from the standard #Gn2-2 (GlcNAcβ1-4(Fucα1–6)GlcNAc; Tokyo Chemical Industry) by

β-N-acetylglucosaminidase (S. pneumoniae) digestion. Glycans #R-3 and R-4 were from

mouse serum N-glycans by digestions with neuraminidase (A. ureafaciens) and β1,4-glactosi-

dase (S. pneumoniae). Glycans #R-5 to R-8 were from N-glycans of human blood γ-globulin

with/without α-fucosidase (bovine kidney) and sialic acid labeling by ethylamine. For prepara-

tion of the standard disialylated agalacto-bi-antennary glycan with tetradeuterated (D4-) PA

(#D4-std), N-glycans liberated from bovine serum were labeled by hexadeuterated aminopyri-

dine (Cambridge Isotope Laboratories, Tewksbury, MA) [44], and the collected tetrasialyl frac-

tion digested with neuraminidase (S. typhimurium) and β-galactosidase (X.manihotis).

Mass spectrometry

Mass spectrometry for structural analysis was mainly performed on a LTQ XL linear ion trap

mass spectrometer with a HESI-II probe (Thermo Scientific, San Jose, CA) connected to a

LC20 HPLC system (Shimadzu). The HPLC was run at a flow rate of 50 μL/min and a temper-

ature of 35˚C. PA-glycans were trapped on a InertSustain AQ-C18 column (3 μm, 1 × 100

mm; GL Sciences) and eluted with 50% acetonitrile (Table B in S1 File). The column was equil-

ibrated with 0.4% (v/v) formic acid to promote the formation of multiply protonated ions, or 5

mM acetic acid-triethylamine for forming of monovalent ions, which was suitable for labile

periodate-treated glycans. The mass spectrometer was set to positive-ion mode. Sheath gas and

auxiliary gas were set to 30 and 5 units. The following parameters were used for the formic

acid solvent: spray voltage, 4 kV; ion source temperature, 250˚C; ion transfer capillary temper-

ature, 175˚C; tube lens voltage, 80 V. The following parameters were used for the acetic acid-

triethylamine solvent: spray voltage, 3 kV; ion source temperature, 250˚C; ion transfer capil-

lary temperature, 300˚C; tube lens voltage, 125 V. MS2 experiments were performed in data-

dependent mode or by specifying the value of the precursor ion. Data were recorded and ana-

lyzed using Xcalibur 4.0 software (Thermo Scientific).

SRM experiments and some of the structural analysis were performed on a 4500 QTrap

hybrid triple quadrupole/linear ion trap mass spectrometer with a Turbo V ion source (AB

SCIEX, Framingham, MA, USA) connected to a LC20A HPLC system (Shimadzu). The mass

spectrometer was set to positive-ion mode, an ion spray voltage of 5 kV, curtain gas of 30 psi,

nebulizer gas (GS1) of 65 psi, turbo gas (GS2) of 55 psi and an interface heater temperature of

500˚C. Prior to SRM experiments, MS2 spectra of target glycans were acquired by Enhanced

Product Ion (EPI) scan to obtain their fragmentation patterns in the Q TRAP instrument. For
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simultaneous scans, PA-glycans were separated by reversed-phase HPLC using MS-compatible

solvents (Table A in S1 File). The following conditions were used: column, Shim-pack Scepter

C18-120 (3 μm, 2.1 × 150 mm; Shimadzu), solvent A: 0.2% formic acid, solvent B: 0.2% (v/v)

formic acid in 10% (v/v) acetonitrile, 40% (v/v) methanol, flow rate 0.25 mL/min, column tem-

perature, 45˚C. For stabilizing the ionization, 0.2 mL/min of acetonitrile was added post-col-

umn via a microvolume Tee-connector (Valco Instruments, Houston, TX, USA) by an

additional LC-20AD pump [45–47]. Samples were measured in a randomized order. The D4-

PA-labeled form of a standard glycan (#D4-std) was added to the samples (1 pmol/sample)

prior to measurement to check the stability of the system. A mixture of a portion of all ana-

lyzed samples was prepared as a pooled quality control (QC) of the system and measured in

intervals of 10 or 11 samples [48,49]. Data acquisition was performed by enabling scheduled

MRM mode. The settings for sMRM, including Q1 and Q3 values, elution time and acquisition

window, are shown in Table C in S1 File. The data were recorded by Analyst 1.7.2 software

and analyzed by SCIEX OS 2.0.0 software (AB SCIEX). The peak area in the extracted ion

chromatogram of each SRM transition was measured. For each PA glycan transition, an inten-

sity of 600 was used as the LOQ (limit of quantification). As an exception, the LOQ was set to

200 for transitions with a weight setting of 5.0. For the data of the glycan levels obtained from

SRM, Mann−Whitney U test was performed in GraphPad PRISM 6.0. Values lower than LOQ

were set to 0. PCA was performed on the web-based platform, MetaboAnalyst version 5.0

[50,51]. The data of the glycan levels were autoscaled.

Results

Preparation and analysis of urinary free-glycans

Urinary free-glycans were extracted and labeled with 2-aminopyridine (PA). The acidic frac-

tion of the glycans was collected by DEAE anion-exchange HPLC (Fig B-a in S2 File). A por-

tion of the acidic fraction was then further separated into five fractions (Fr 1–5) in the range of

GU 7–12.5, which included the common bi- to tetra-antennary N-glycans, by normal phase

(NP-) HPLC with an Amide-HILIC column (Fig B-b in S2 File). These fractions were further

separated by reversed phase (RP-) HPLC. The overlaid chromatograms of representative cases

are shown in Fig 1.

Structural assignment of glycans was performed by a combination of two-dimensional

(2D-) HPLC mapping (NP and RP- HPLC) and mass spectrometry with glycosidase and

esterase digestion, periodate treatment and sialic acid linkage-specific alkylamidation. The

elution positions of the sample glycans on the HPLCs were converted into values based on

those of the standard glycans for 2D-HPLC mapping. For NP-HPLC, the positions were

converted into conventional glucose units (NP-GU), based on the degree of polymerization

of isomalto-oligosaccharides (IMO). However, IMO-based values in RP-HPLC (RP-GU)

showed reduced accuracy for later eluting glycans, such as complex-type N-glycans. To cir-

cumvent this problem, an alternative correction for the positions on RP-HPLC has been

proposed by assigning an R value for the reversed phase scale [28,29]. In this study, a modi-

fied reversed phase scale was used for correction (Fig A in S2 File). The modified correc-

tion procedure was more compatible with the properties of the end-capped C18-column

packing material and also covered a later elution time range. PA-Gal, which eluted very

early in the run, was used as a zero-reference point to minimize deviations arising from the

different instruments.

In the present study, three lactose-core glycans and 78 of free-N-glycans, which share struc-

tural features with N-glycans found on glycoproteins, were identified. The free-N-glycans were

classified as oligomannose-, hybrid- or complex-type (bi-, tri- and tetra-antennary) according
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to their non-reducing terminal structures. The reducing termini of these glycans comprised

either GlcNAc1 (Gn1-core), GlcNAc2 (Gn2-core), or an unusual Glcβ1-4GlcNAc-core. Repre-

sentative structures of these glycans are described in the following sections. The proposed

structures of these glycans are summarized in Fig 2 for each group, and detailed structures in

numerical order are shown in Table D (S1 File) along with the converted elution positions and

mass values. Clear alterations in the glycan profiles of some cancer patients were observed in

RP-HPLC (Fig 1). SRM assays for semi-quantitative high sensitivity comparisons are described

in a later section.

Fig 1. Reversed phase HPLC profiles of the urinary acidic free-glycans a range of bi- to tetra-antennary glycan

fractions. PA-labeled free-glycans fractionated by anion-exchange and normal phase HPLC were further separated by

reversed phase HPLC on a Shim-pack Scepter C18-120 column. Fluorescent signals were recorded using a RF-10Axl

fluorescence detector at ex/em = 315/400 nm (Shimadzu). The amount of urine sample corresponded to 20 μg of

creatinine. Representative overlaid chromatograms are shown from five normal controls (N5, N7, N8, N10 and N11),

black line; four gastric cancer patients (G2, G8, G10 and G11), blue dotted line; two pancreatic cancer patients (P3 and

P5) and two cholangiocarcinoma patients (B2 and B4), orange dotted line; three colorectal cancer patients (C6, C11

and C12), green dotted line. The major glycans comprising the fluorescent peaks are indicated as numbers with

symbols of the proposed structures. The glycans are also summarized in Fig 2 in accordance with their basal structure

and shown in Table D (S1 File) in numerical order with more detailed information of the structures. Monosaccharide

symbols are according to the symbol nomenclature for glycans (SNFG) [52], and indicated as follows: Blue circle, Glc;

blue square, GlcNAc; green circle, Man; green square, ManNAc; yellow circle, Gal; yellow square, GalNAc; red

triangle, Fuc; purple diamond, Sialic acid (NeuAc); “P”, phosphate.

https://doi.org/10.1371/journal.pone.0266927.g001
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Lactose-core glycans

Glycans with lactose as the reducing terminal structure were minor components in contrast to

previous study that specifically analyzed smaller urinary free-glycans [17]. Glycans #2, 4 and 8,

which comprise a linear or branched lacto-N-neohexaose-type backbone with sialylation and

α3-fucosylation, were found at elevated levels in urine samples taken from cancer patients

(Fig 1, Fr 1).

Oligomannose and hybrid type free-N-glycans

Minor amounts of acidic oligomannose- and hybrid-type free-N-glycans were identified.

Hybrid-type glycans #3 and 15 were assigned as sialyl LacNAc-Man5GlcNAc1 structures (Fig

1, Fr 1, 2). Interestingly, #31 appeared to have an unusual structure containing not only a

Fig 2. Proposed structures of the urinary acidic free-glycans found in this study. Glycan numbers are from Fig 1.

The detailed structural information in numerical order is shown in Table D (S1 File).

https://doi.org/10.1371/journal.pone.0266927.g002
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Man4GlcNAc1 moiety that characterizes the hybrid-type, but also a bi-antennary structure

(Fig 1, Fr 3). This glycan was shifted to the mono-sialylated biantennary glycan #5 by digestion

with α-mannosidase, and to Manα1-6Manα1-6(Manα1–3)Manβ1-4GlcNAc-PA by sequential

digestion with neuraminidase, β1,4-galactosidase and β-N-acetylglucosaminidase (Fig C-a in

S2 File). Mass spectrometric analysis after periodate oxidation supported this structural assign-

ment (Fig C-b in S2 File). Glycan #1 was presumed to be a phosphorylated form of an oligo-

mannose-type, Man6GlcNAc2 (Fig 1, Fr 1). The phosphate group was verified by alkaline phos-

phatase-susceptibility and appeared to be a typical mannose-6-phosphate (Fig D in S2 File).

The Gn2-core hybrid type glycan #50 had both sialylation and phosphorylation (Fig 1, Fr 4).

Bi-antennary free-N-glycans

Bi-antennary free-N-glycans accounted for a major proportion of urinary acidic free-glycans

from both cancer patients and normal controls in the range of analysis used in this study. Sim-

ple sialylated structures were abundant in Fr 1–3, such as glycans #5–7, 9, 12 and 20

(Gn1-core) and #24, 25, 27 and 42 (Gn2-core), which have been reported previously [17].

Prominent peaks of Gn1-core glycans having antennal sialyl LacdiNAc (GalNAcβ1-4GlcNAc)

or bisecting GlcNAc were identified from one gastric cancer patient G11 (#10, 11, 21–23 and

37; in Fig 1, Fr 1–3). Gn2-core glycans with core-α1,6-fucose and/or bisecting GlcNAc modifi-

cations were also relatively abundant (#14, 26, 28–30, 41, 43–47; in Fig 1, Fr 2, 3). Fr 1 con-

tained small amounts of O-acetylated glycans (#Ac-1–5), which could be digested by

acetylxylanesterase (Orpinomyces sp.) to α2,6-sialylated bi-antennary glycans #20 or 42. How-

ever, these glycans were not included in the number of glycans identified because they may

represent byproducts of side-reactions with acetic acid during the PA-labeling procedure. Gly-

cans with antennal α1,3-fucose were also identified among the peaks that displayed increased

intensity in some cancer patients (#17, 32–34, 39 and 40; in Fig 1, Fr 2, 3). Glycans #34 and 40

are bi-antennary with both branches attached to the α1,3-mannose-arm, corresponding to

partially degraded forms of tri-/tetra-antennary glycans described in the next section.

Tri- and tetra-antennary free-N-glycans

Tri- and tetra-antennary free-N-glycans present in small amounts in Fr 3 were major compo-

nents in Fr 4, and 5 (Fig 1). Glycosidase digestion analysis of representative tri-antennary gly-

cans are shown in Fig E in S2 File, and the mass values of the glycans after sialic acid linkage-

specific alkylamidation (SALSA) are shown in Table E in S1 File. Most of the tri-antennary gly-

cans had 2,4,2’-type branching, having a β1,4-branch on the α1,3-mannose-arm, which resem-

bled the structure of human blood glycoproteins [39,53–55]. These glycans varied in Gn1- or

Gn2-core at their reducing termini, the number and linkage positions of sialic acids, and the

presence or absence of antennal and/or core fucosylation and bisecting GlcNAc. A trisialyl tri-

antennary glycan with a Gn2-core, #65, and its core-fucosylated form, #67, were found at rela-

tively stable levels in both cancer patients and normal controls (Fig 1, Fr 4). In these glycans,

the β1,2-branches on both the α1,3- and α1,6-mannose-arms were α2,6-sialylated, while the

β1,4-branch on the α1,3-mannose-arm was α2,3-sialylated. Glycans with antennal α1,3-fuco-

sylation, i.e. (+/− sialyl) Lewis X, were detected at increased levels in some cancer patients. The

most prominent peak among these was glycan #62 (Fig 1, Fr 4, 5), which contained sialyl

Lewis X as a β1,4-branch, corresponding to the α1,3-fucosylated form of #65. A tri-antennary

glycan #74 which contained two sialyl Lewis X antennae, and a tri-antennary glycan #78,

which was a core-fucosylated form of #62, were also elevated in the urine of some cancer

patients. Likewise, the triply α2,6-sialylated glycans #66 and 79 were also detected at increased

levels in the urine of some cancer patients (Fig 1, Fr 4, 5). Glycosidase digestion analysis of the
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Gn2-core, β1,4-branched tri-antennary glycans are shown in Fig E-a in S2 File. Tri-antennary

glycans with both bisecting GlcNAc and core-α1,6-fucose were also detected (#69, 70, 80 and

81; Fig 1, Fr 4 and 5). Glycans #69, 70 and 81 share a neutral backbone structure (Fig E-b in S2

File), whereas #80 includes an additional LacNAc on the β1,4-branch (Fig E-c in S2 File). Gly-

can #75 was a tetra-antennary glycan containing one sialyl Lewis X as the β1,4-branch (Fig 1,

Fr 5). Gn1-core glycans, which possessed the corresponding antennal structures of major

Gn2-core glycans, were also observed at increased levels in the urine of cancer patients (#62

and 78! #52, #65 and 67! #53, #66 and 79! #54, #68! 38; Fig 1, Fr 3 and 4; Fig E-d in S2

File). Glycans composed of 2,2’,6’-type branching, another tri-antennary backbone containing

a β1,6-branch, were also detected but as minor components (#49 and 51; Fig 1, Fr 5; Fig E-e in

S2 File).

An unusual free-N-glycan containing a Glc-GlcNAc-core

In some cancer patients, a glycan of unusual composition Hex7HexNAc4dHex1NeuAc3-PA

(#77) was detected as a minor component, which was subjected to detailed structural analysis.

The MS2 spectrum of this glycan atm/z 1022 [M+3H]3+ (Fig 3A) showed ions atm/z 300, 462,

624, 786 and 948 corresponding to Hex0–4HexNAc1-PA, which were reminiscent of Gn1-type

glycans, although its overall fragmentation pattern was rather similar to that of the tri-antenn-

ary Gn2-core glycan #62 atm/z 1035 [M+3H]3+ (Hex6HexNAc5dHex1NeuAc3-PA; Fig 3B).

Comparing the spectra of these glycans, the Y-type fragment ions were shifted by 41 Da, except

for HexNAc-PA atm/z 300, suggesting the presence of an unusual core structure of Hex4Hex-

NAc1-PA, instead of Man3GlcNAc2-PA.

As shown in the 2D-HPLC map in Fig 4, glycan #77 could be digested sequentially by neur-

aminidase (from Salmonella typhimurium), α1,3/4-fucosidase (from Streptomyces sp. 142),

β1,4-galactosidase, β-N-acetylglucosaminidase (from Streptococcus pneumoniae), α-mannosi-

dase (from jack bean) and β-mannosidase (from Cellulomonas fimi). The resulting

Fig 3. Mass spectrometric comparison of the triantennary free-N-glycans containing an unusual core and

common GlcNAc2-core. MS2 (EPI) spectra at 40 eV of CE obtained by the QTRAP 4500 mass spectrometer are

shown. (a) Spectrum of glycan #77 atm/z 1022 [M+3H]3+. (b) Spectrum of glycan #62 atm/z 1035 [M+3H]3+.

https://doi.org/10.1371/journal.pone.0266927.g003
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disaccharide (#a7) was consistent with standard Glcβ1-4GlcNAc-PA on the 2D-map, and

could be subsequently digested into GlcNAc-PA by β-glucosidase (from Thermotoga mari-
tima). Although this β-glucosidase is also known to act on β-linked galactose [56], the disac-

charide appeared to contain β-linked glucose based on the discrepancy with Galβ1-4GlcNAc-

PA (#c) and Manβ1-4GlcNAc-PA (#d) on the 2D-map. Additionally, the shift pattern of #77 to

the core disaccharide was very similar to the sequential digestions of #62 to the Gn2-core, sug-

gesting structural similarity.

For further linkage analysis of the core structure, Hex4HexNAc1-PA (#a5) derived from the

glycan #77 was subjected to mass spectrometry after periodate oxidation and subsequent

reduction (Fig 5A, 5C and 5E). The treated glycan was detected atm/z 864 [M+H]+ (Hex4Hex-

NAc1-PA −3×CH2O +3×2H). In the MS2 spectrum, ions atm/z 270 and 312 corresponded to

PA-N-acetylpentosamine and that with a 42 Da C2H2O-fragment, respectively. This suggested

periodate-cleavage between C-2 and C-3 of the Hex-residue attached to the C-4 OH-group of

HexNAc-PA. The sequence of the unusual trimannosyl core, Hex-(Hex-)Hex1-4Hex1-4Hex-

NAc-PA, was confirmed by the presence of an ion atm/z 596 (Fig 5A). To confirm the branch-

ing structure, periodate treatments and mass spectrometry were performed for the Lewis

X-Man2-core structure (#a9) atm/z 1216 [M+H]+ (Hex4HexNAc2dHex1-PA −3×CH2O

+4×2H; Fig 5C) and the agalacto-tri-antennary structure (#a4) atm/z 1538 [M+H]+ (Hex4Hex-

NAc4-PA −CH2O +5×2H; Fig 5E). In parallel, MS2 experiments of periodate-cleaved struc-

tures from the Gn2-core glycan #62 were also performed to confirm structural similarity (Fig

5B, 5D and 5F); namely a common trimannosyl core pentasaccharide (#b5) atm/z 903 [M

+H]+ (Hex3HexNAc2-PA −3×CH2O +2×2H; Fig 5B), Lewis X-Man2-core structure (#b9) at

Fig 4. Two-dimensional HPLC mapping analysis of the triantennary free-N-glycans containing an unusual core

and common GlcNAc2-core. The elution positions of PA-glycans on NP- and RP-HPLC were converted into NP-

glucose units (NP-GU) and R values, respectively. The positions of glycan #77 and its digests (#a1–a7, ab8, a9) are

indicated as blue circles, and those of glycan #62 and its digests (#b1–b7, ab8, b9) are indicated as orange diamonds.

Asterisks indicate the positions of the standard glycans. Arrows indicate shifts of the elution positions of the glycans by

glycosidases. The glycosidases used are indicated as follows: 3SiaSt, α-neuraminidase under the conditions for non-

reducing terminal α2,3-linkages from S. typhimurium; tSiaSt, α-neuraminidase for non-reducing terminal α2,3/

6-linkages from S. typhimurium; 34FucSm, α1,3/4-fucosidase from Streptomyces sp. 142; β4GalSp, β1,4-galactosidase

from S. pneumoniae; βGnSp, β-N-acetylglucosaminidase from S. pneumoniae; αManJb, α-mannosidase from jack

bean; βManCf, β-mannosidase from C. fimi; βGlcTm, β-glucosidase from T.maritima. Glycans #77 and 62 were

sequentially digested into the core disaccharides #a7 and b7, corresponding to the positions of standard Glcβ1-

4GlcNAc-PA and GlcNAcβ1-4GlcNAc-PA, respectively, but not to #c (Galβ1-4GlcNAc-PA), #d (Manβ1-4GlcNAc-

PA) and #e (GalNAcβ1-4GlcNAc-PA).

https://doi.org/10.1371/journal.pone.0266927.g004
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m/z 1255 [M+H]+ (Hex3HexNAc3dHex1-PA −3CH2O +3×2H; Fig 5D), and the agalacto-tri-

antennary form (#b4) atm/z 1577 [M+H]+ (Hex3HexNAc5-PA −CH2O +4×2H; Fig 5F). These

results suggest that glycan #77 consisted of 2,4,2’-tri-antennary branching with fucosylation on

the β1,4-antenna, which was identical to glycan #62, and that only the common Gn2-core was

replaced by the unusual Glcβ1-4GlcNAc. We could not identify any other glycans with this

unusual core structure among the urinary free-glycans, including the one corresponding to

the major bi-antennary structure #42.

Fig 5. Mass spectrometric comparison of the triantennary free-N-glycans after glycosidase digestions and

periodate cleavage. To obtain linkage information of core and branching structures, the unusual Glcβ1-4GlcNAc-core

glycan #77 and related Gn2-core glycan #62 for comparison were subjected to partial hydrolysis by glycosidases (Fig 4)

and periodate cleavage at their C-C bonds between unsubstituted vicinal diols, followed by mass spectrometry. The

spectra were obtained using a LTQ XL mass spectrometer. Acetic acid-triethylamine was used as solvent modifier to

prevent fragmentation during ionization by forming monovalent precursor ions. Asterisks indicate non-specific

signals, which were not thought to be derived from glycan fragments. (a, b) MS2 spectra of the trimannosyl

pentasaccharides of (a) #a5 from #77 atm/z 864 and (b) #b5 from #62 atm/z 903. (c, d) MS2 spectra of the

monoantennary Man2-structures with the fucosylated antenna (Lewis X) of (c) #a9 from #77 atm/z 1216 and (d) #b9

from #62 atm/z 1255. (e, f) MS2 spectra of the agalacto-triantennary structures of (e) #a4 from #77 atm/z 1538 and (f)

#b4 from #62 atm/z 1577.

https://doi.org/10.1371/journal.pone.0266927.g005
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Comparison of the levels of free-glycans by reversed phase HPLC SRM

To further investigate alterations of glycan levels among cancer patients, selective reaction

monitoring was performed. The mass spectrometry-based measurement allows for highly sen-

sitive and specific sample comparison, even in the presence of fused or overlapped peaks in the

fluorescent chromatogram of PA-glycans, as long as the separation of structurally similar iso-

mers was achieved. In our previous study, each glycan was independently fractionated by

reversed phase HPLC and then analyzed by mass spectrometry, which was time-consuming

[17]. Reversed phase HPLC with formic acid-based solvents, commonly used for LC/MS, has

been shown to provide a good isomeric separation and on-line MS detection of PA-glycans

[57]. Based on this observation, the total acidic fraction from anion-exchange HPLC (Fig B-a

in S2 File) was subjected to reversed phase HPLC/ESI-MS/MS, and the specific acidic free-gly-

cans identified in this study were simultaneously measured by SRM for semi-quantitative com-

parison of samples. A steeper organic solvent gradient setting was applied to improve

sensitivity and sample throughput. Moreover, additional acetonitrile was infused into the

post-column to improve the efficiency and stability of ionization [45,46]. SRM measurements

were performed in scheduled MRM mode. Settings, including Q1 and Q3 mass values and col-

lision energy, are given in Table C in S1 File. Examples of SRM extracted ion chromatograms

from a quality control (QC) prepared by mixing PA-glycans of all analyzed samples are shown

in Fig F (S2 File). The results of the SRM measurements are shown in Fig 6 and Fig G (S2 File).

The p-values from the Mann–Whitney U-test and the fold change of mean values of the mea-

surements in normal controls and each cancer patient group are shown in Table F. The rela-

tionship between glycan structures and cancer patients was attempted to be visualized by

performing a principal component analysis (PCA) (Fig H and Supporting Results in S2 File).

Lactose-core glycans, which consist of fucosylated Lacto-N-hexaose-type (#8 in Fig 6A; 2

and 4 in Fig G-a in S2 File), showed a small increasing trend in cancer patients. This was simi-

lar to the previously reported results for lactose-core glycans with LacNAc extension, sialyla-

tion and fucosylation.

Both Gn1- and Gn2-types of hybrid-type free-N-glycans showed increased levels in the

urine of some cancer patients. A lesser extent elevation was shown by the phosphorylated oli-

gomannose-type #1 (Fig 6B; Fig G-b and G-c in S2 File).

Most bi-antennary Gn1-core free-N-glycans showed increased levels in the urine of some

cancer patients as reported in our previous study [17]. In particular, α2,6-sialylation and

α1,3-fucosylation seemed to contribute to the increase (e.g. #20, 32, 33 + 34), while α2,3-sialy-

lation did not (e.g., #12) as shown in Fig 6D and Fig G-d in S2 File. Glycans with sialyl Lacdi-

NAc or bisecting GlcNAc showed markedly elevated levels only in a gastric cancer patient G11

(e.g., #10 and 37 in Fig 6D). Although some bi-antennary Gn2-core free-N-glycans were found

at elevated levels in cancer patients the increase was not as marked as for Gn1-core glycans,

which was consistent with our previous study (Fig 6D; Fig G-e in S2 File). Indeed, some of

these bi-antennary Gn2-core free-N-glycans (e.g. #13, 28–30 and 41) displayed relatively stable

levels between cancer patients and normal controls. Doubly α2,6-sialylated and α1,6-core

fucosylated glycans with/without bisecting GlcNAc (#43 and 47) displayed slightly elevated

levels in the urine of cancer patients. As was the case for the Gn1-core glycans, antennal

α1,3-fucose appeared to contribute to the elevated levels associated with cancer (refer to #39

+ 40 in Fig 6D).

Urinary tri-, tetra-antennary Gn1-core free-N-glycans also tended to be found at elevated

levels in cancer patients. In particular, α1,3-fucosylated or triply α2,6-sialylated tri-antennary

structures seemed to associate with the observed increase (e.g. #52 in Fig 6E; 54 and 59 in Fig

G-f in S2 File). Similar to the bi-antennary Gn1-core glycans, structures with bisecting GlcNAc
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and α2,3-sialylation in addition to α2,6-sialylation showed markedly elevated urinary levels

specifically for gastric cancer patients G11 (#56 and 73 in Fig G-f in S2 File). The minor 2,2’,6’-

tri-antennary glycan #49 was clearly increased in some patients with cholangiocarcinoma or

Fig 6. Levels of representative urinary free-glycans from SRM. The peak areas in the extracted ion chromatograms

of SRM measurements are shown. The amount of urine sample corresponded to 40 μg of creatinine. The levels of the

glycans are indicated by bars as follows: Normal controls (N1–N21), gray; gastric cancer patients (G1–G12), blue;

pancreatic cancer patients (P1–P10), red; cholangiocarcinoma patients (B1–B4), yellow; colorectal cancer patients

(C1–C15), light green. Glycan number and proposed structure are indicated in each glycan panel. The mass values of

Q1!Q3 (m/z) are indicated in parentheses. (a) Lactose-core glycan #8. (b) Hybrid-type, Gn1-core free-N-glycans #15

and 31. (c) Biantennary complex-type, Gn1-core free-N-glycans #10, 12, 20, 32, 33 + 34 (mixture), and 37. (d)

Biantennary complex-type, Gn2-core free-N-glycans #30, 39 + 40 (mixture), and 42. (e) Tri-antennary complex-type,

Gn1-core free-N-glycans #49, 52 and 53. (f) Tri-/tetra-antennary complex-type, Gn2-core free-N-glycans #51, 62, 65,

66, 74, 75, and 81. (g) Tri-antennary complex-type, Glcβ1-4GlcNAc-core glycan #77.

https://doi.org/10.1371/journal.pone.0266927.g006
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colorectal cancer (Fig 6E). Tri- and tetra-antennary Gn2-core glycans showed a marked eleva-

tion in several cancer patients, in contrast to bi-antennary Gn2-core glycans. As with Gn1-core

glycans, α1,3-fucosylation (e.g. #62, 74, 75 and 78) and triple α2,6-sialylation (e.g. #66, 79–81)

of Gn2-core glycans appeared to contribute to the increase, while the presence of α2,3-sialyla-

tion without α1,3-fucosylation appeared to reduce the extent of increase (e.g. #48, 65 and 68)

(Fig 6F; Fig G-g in S2 File). The minor 2,2’,6’-tri-antennary glycan #51, in contrast to the

Gn1-core glycan #49, was not detected at obviously elevated levels in cancer patients (Fig 6F).

The tri-antennary Glcβ1-4GlcNAc-core glycan #77 showed relatively increased levels in the

urine of some cancer patients although the basal level in normal controls was much lower

compared to other tri-antennary glycans (Fig 6G).

Discussion

The patterns of free-glycans in urine appear to reflect alterations in the biosynthesis and degra-

dation pathways of glycans. The increased levels of tri- and tetra-antennary free-N-glycans in

the urine of cancer patients were particularly marked. Branching of N-glycans has been

reported to be associated with cancer [58]. The expression of GnT-V, which acts on the

β1,6-branch formation on the α1,6-mannose-arm, is upregulated in cancer [59–61]. However,

the tri-antennary glycans corresponding to GnT-V products were relatively minor, and only

Gn1-type glycan #49 showed an increase in cancer patients, while Gn2-type #51 displayed no

marked increase. The tetra-antennary glycans #73 and 75 showed increased levels according to

the same trend displayed by other Gn1-type glycans with bisecting GlcNAc (#23 and 37), and

tri-antennary glycans with sialyl Lewis X (e.g. #62). Therefore, the contribution of the observed

β1,6-branch to the increase seemed to be minor. Most of the tri-antennary glycans found in

this study contained β1,4-branching on the α1,3-mannose-arm. The biosynthesis of this

branch is initiated by GnT-IV (GnT-IVa and GnT-IVb). However, compared to GnT-V, there

are only a few studies that have reported an association with cancer. For example, it has been

proposed that GnT-IV is associated with malignancy in colorectal cancer, choriocarcinoma

and hepatocarcinoma [62–64]. Moreover, antennal α1,3-fucosylation and α2,6-sialylation are

characteristics of free-glycans that show increased levels in the urine of cancer patients. These

modifications are also known to be associated with cancer [65–68].

Interestingly, some free-N-glycans with tri-antennary structures showed small or no appar-

ent increases in cancer patients. However, the presence of serum Gn2-core sialylated free-N-

glycans, structurally similar to N-glycans on glycoproteins derived from hepatocytes, has been

reported in mammals, including human [69,70]. Thus, the excretion of these glycans into

urine probably accounts for the basal levels of urinary Gn2-core free-N-glycans in healthy

individuals.

The observed increase in multi-antennary glycans in cancer patients may not be necessarily

derived from cancer cells. Some hepatocyte-derived blood glycoproteins are known to contain

tri-/tetra-antennary N-glycans containing β1,4-branch with/without α1,3-fucosylation, which

share the structural features of free-N-glycans found in the present study [39,53,55]. In breast

cancer patients, trisialyl tri-antennary glycans with α1,3-fucosylation on the β1,4-branch,

which are related to #62 in this study, were found to be elevated in serum. Moreover, the eleva-

tion of these glycans correlated with cancer progression along with several acute-phase pro-

teins, α1-acid glycoprotein, α1-antichymotrypsin, and haptoglobin β-chain [54]. Elevated

levels of tri-antennary N-glycans with sialyl Lewis X and acute phase proteins have been

reported in gastric cancer patients, which may be the result of pro-inflammatory cytokine sig-

naling related to carcinogenesis [71]. Several studies have shown that α1,3-fucosylation of gly-

cans of α1- acid glycoprotein in blood is associated with poor prognosis of cancer patients
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[72,73]. Alterations in the biosynthesis of hepatic glycoproteins, including some acute-phase

proteins, may also affect the levels of free-N-glycans.

Some of the urinary Gn2-core glycans identified in this study, including those showing can-

cer-related elevations, contained core-fucose (e.g. #67, 78 and 81). Although the lysosomal

degradation of N-glycoproteins has been shown to be the major pathway for the generation of

complex/hybrid-type free glycans [74,75], the presence of core fucose inhibits the cleavage of

N-glycosyl asparagine by aspartylglucosaminidase (AGA) in the pathway due to steric hin-

drance [76]. These findings suggest other pathways that produce free-N-glycans are also upre-

gulated in cancer patients, in addition to the lysosomal pathways that are thought to be

involved in the production of Gn1-core glycans and some of the Gn2-core glycans. Oligosac-

charyltransferase (OST) is a membrane protein complex responsible for the transfer of the gly-

can from the dolichol-linked N-glycan precursor to nascent polypeptides in the endoplasmic

reticulum (ER). OST is also reported to generate oligomannose-type free-N-glycans [77].

Moreover, it has been hypothesized that the liberated glycans are processed to sialylated free-

N-glycans with a Gn2-core [69].

In this study, a very small amount of glycan containing a Glcβ1-4GlcNAc-core (#77)

instead of a Gn2-core was identified. Interestingly, the relative levels of glycan #77 were very

low in normal controls and higher in some cancer patients compared to the structurally similar

Gn2-core tri-antennary glycans (e.g. #62). This observation suggested that in addition to

antennal modifications, the Glcβ1-4GlcNAc-core might contribute to the specificity in cancer

patients. To the best of our knowledge, a core comprising Glcβ1-4GlcNAc has not been

reported in N-glycans. The glycans possessed a mature non-reducing terminal structure,

which was probably synthesized through an N-glycan processing pathway, including manno-

sylation, trimming, branching, galactosylation, sialylation, and fucosylation, similar to typical

complex-type N-glycans [78]. The biosynthesis of N-glycans is initiated from dolichol-linked

precursors on the surface of the ER. The formation of the Gn2 structure by transferring the

second GlcNAc to the reducing terminal GlcNAc is carried out by the GlcNAc-transferase,

ALG13/ALG14 complex. The use of UDP-glucose instead of UDP-GlcNAc in this step might

result in the misincorporation of glucose. However, as far as we are aware, no detailed studies

on the donor substrate specificity of this enzyme have been reported. Incidentally, examples of

glucosylation mediated by GlcNAc-transferases (GnT-III and GnT-V) that are involved in the

branch formation of complex-type N-glycans have been studied. Intriguingly, these enzymes

can exhibit glucosyltransferase activity, albeit with very low efficiency, when UDP-glucose was

used as the donor substrate [79,80]. This internal glucosylation may reflect changes to intracel-

lular glucose metabolism in cancer. Indeed, it is known that glucose uptake is frequently

increased in cancer cells and inflammatory tissues [81–84]. It has also been reported that

UDP-glucose pyrophosphorylase 2 (UGP2), an enzyme responsible for UDP-glucose biosyn-

thesis, is up-regulated in several cancers and that this upregulation is also important for cancer

cell survival, proliferation, and metastasis [85–88]. Next, dolichol-linked Gn2 is β1,4-manno-

sylated by ALG1. To date, no studies using Glcβ1-4GlcNAc as an acceptor substrate for ALG1

have been reported. However, solubilized ALG1 has been shown to further mannosylate the

β1,4-mannose upon extended incubation time [89]. This observation suggests that ALG1 has a

broad specificity for different acceptors at the C-2 position and that Glcβ1-4GlcNAc could be

β1,4-mannosylated. Whether the glycan with a Glcβ1-4GlcNAc-core (#77) core is transferred

to the protein and then subsequently liberated remains unclear. It has been shown that OST

from yeast can also utilize Glcβ1-4GlcNAc-PP-dolichol with about 60% efficiency as a donor

compared with GlcNAcβ1-4GlcNAc-PP-dolichol [90]. Further studies on the Glc1-4GlcNAc-

core glycans may lead to the identification of more useful markers and will also expand our

understanding of glycan metabolism in cancer.
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The unusual bi-antennary hybrid-type #31 followed the similar pattern as other glycans of

the Gn1-core hybrid-type and bi-antennary complex-type in terms of elevated levels in the

urine of cancer patients. Interestingly, however, the structure of #31 comprises a Man4-oligo-

mannose moiety as well as a second β1,2-branch on the α1,6-mannose-arm. This β1,2-branch

was presumably produced by GnT-II. Although, the substrate specificity for Man4-hybrid-type

acceptors has not been investigated, GnT-II may tolerate substitutions at the C-6 of the

α1,6-mannose-arm to some extent [91,92].

Urine analyzed in the present study was obtained from patients with advanced stages of

cancer. Because of the small number of samples it was difficult to evaluate clear differences in

the increasing trend of glycans for each type of cancer. Nonetheless, some patients who were

negative for established serum tumor markers (i.e., both CA19-9 and CEA), despite their

advanced stages of cancer (G5, 8, 10, P5; Table 1), showed increased levels of some free-glycans

in urine (e.g. #31, 62, 74 and 77; Fig 6). Therefore, these free-glycans may be potentially useful

markers for such patients.

A more detailed study of the alterations of glycans in cancer patients requires the analysis of

a larger number of samples. In this study, SRM measurements for comparison of glycan levels

was performed with a high sample throughput rate due to shorter measurement times

achieved by combining the separation with formic acid-based RP-HPLC. Specifically, the

retention of the PA-moiety of PA-glycans on RP-columns is weakened under acidic conditions

[93]. The Gn2-core PA-N-glycans are known to show relatively strong retention, and favorable

separation was achieved using formic acid eluents as described previously [57]. Nonetheless,

the present study showed that lactose-core and Gn1-core PA-glycans, which display weak

retention, could be well separated as sialylated molecules (Fig F in S2 File). This finding might

be due to a decrease in the retention of the PA moiety, which increased the contribution of the

carbohydrate moiety of the PA-glycans to facilitate isomeric separation. In the near future we

aim to perform simultaneous measurements of various classes of free-glycans in urine to ana-

lyze a large number of samples.

Conclusions

This study focused on analyzing urinary high molecular weight free-glycans as potential mark-

ers for cancer. Structural profiling and analysis of their relative levels revealed an increasing

trend of mainly α1,3-fucosylated / α2,6-sialylated multi-antennary free-N-glycans in cancer

patients. Intriguingly, Glcβ1-4GlcNAc, which is a novel structure related to the N-glycan core,

was identified at elevated levels in some cancer patients. Further studies are needed to elucidate

the detailed relationship between the relative levels of these glycans and the corresponding

stages or types of cancer.
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