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Many urinary free-glycan markers were identified in our previous studies. Here, the clinical utility of
these markers was examined. Urine samples taken from 120 healthy subjects and 503 patients with
various malignant tumors were analyzed. Four lactose-core glycans containing N-glycolylglucosamine
(GIcNGc) were synthesized and used as internal standards (ISs). Free-glycans were isolated using

a two-step column purification procedure, pyridylaminated, and subjected to LC-selected reaction
monitoring. Assay validation was performed using four ISs and eight reference glycans. Twelve markers
composed of three sialyl lactose-core glycans, three sulfated glycans, four Gnl-core free-N-glycans,
and two glycans with unusual structures were selected to investigate their effectiveness for cancer
diagnosis. Markers were simultaneously measured and the relative area ratio (marker/IS) quantified.
This method was shown to be accurate and precise by repeated analysis of calibrators and quality
control samples in urine. Receiver operating characteristic curve analyses revealed that individual
markers were not sufficient for highly accurate diagnosis. However, a combination of four markers
resulted in higher area under curves of 0.910, 0.867, and 0.914 for gastric, colorectal, and pancreatic
cancers, respectively. Moreover, levels of these markers were elevated in various other malignancies.
These analyses demonstrated high clinical utility of the free-glycan markers.
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Abbreviations

LC Liquid chromatography

SRM Selected reaction monitoring

IS Internal standard

GIcNGe N-Glycolylglucosamine

HPLC High performance liquid chromatography
ROC Receiver operating characteristic

AUC Area under curve

GIcNAc N-Acetylglucosamine

SLA Sialyl Lewis A tetra
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LST-b LS-tetrasaccharide b
LST-c LS-tetrasaccharide ¢
LNnH Lacto-N-neohexaose

DFLNH(a) Difucosyl-lacto-N-hexaose (a)
DFLNnH Difucosyl-lacto-N-neohexaose
TFLNH(a) Trifucosyl-lacto-N-hexaose (a)
TriLacNAc  Tri-N-acetyl-p-lactosamine

PA Pyridylamino- or 2-aminopyridine
MS Mass spectrometry

TEA Trimethylamine

FA Formic acid

QC Quality control

LOQ Limit of quantification

EIC Extracted ion chromatogram

Tumor markers, along with diagnostic imaging, are important tools for the clinical diagnosis of cancer, as well as
for the evaluation of treatment efficacy and monitoring for possible recurrence. Several glycan tumor markers,
including CA19-9, sialyl Tn, sialyl Lewis X and Du-Pan-2, have been developed and are widely used in clinical
practice!=. However, because many cases are often negative for any marker despite disease progression, further
novel marker development will undoubtably improve diagnosis.

Various approaches, including mass spectrometry-based or lectin-based methods, have been employed in
the search for novel glycan tumor markers®=. We have been conducting detailed glycan structural analysis of
human cancer tissues to identify novel glycan tumor markers. These studies revealed an abnormal accumulation
of free-glycans in cancer tissues'®!!. Specifically, a large amount of NeuAc-linked free complex-type N-glycans
were found to accumulate in pancreatic cancers'®. Furthermore, free-N-glycans containing an unusual sialic
acid, 2-keto-3-deoxy-nonulosonic acid, as well as common sialic acid, NeuAc, were found in prostate cancer
specimens!!. These results suggest that free-glycans are potential tumor markers. Because free-glycans have a
relatively small molecular weight, they are rapidly excreted in urine. Urinary biomarkers offer a non-invasive
and readily accessible means of monitoring the health of a patient. Therefore, free-glycan marker discovery
studies have been performed using patient urine samples!'?~1°.

The urinary free-glycans were divided into the following three fractions and their glycan structures studied
in detail: 1) small acidic glycans, mainly composed of lactose-core glycans, LacNAc-core glycans, and mono-
antennary free-N-glycans, (abbreviated as small acidic)'?, 2) large acidic glycans, mainly composed of multi-
antennary N-glycans (abbreviated as large acidic)'®, and 3) neutral glycans'*!®. In all, 135, 81, and 78 free-
glycans were identified in the small acidic, large acidic, and neutral fractions, respectively. Among them, many
marker candidates were found to be elevated in cancer patients that can be characterized into eight groups
according to their backbone structure/modification as follows: 1) sialyl lactose-core glycans, 2) glycans having
typel structure, 3) glycans with an unusual structure, newly identified in our previous study, including Fucal-
3Xylal-3Glc glycans and p-arabinose containing glycan, 4) sulfated glycans, 5) mono-, 6) di-, 7) tri-antennary
Gnl-core free-N-glycans, and 8) multi-antennary Gn2-core free-N-glycans. Here, the clinical usefulness of the
marker candidates was investigated. In particular, the following three issues were addressed.

1) Improvement of accuracy: Candidate markers were identified by HPLC-based methods, and their quanti-
fication was initially performed by selected reaction monitoring (SRM). However, in the absence of internal
standards (ISs) the quantification was only semi-quantitative, which is problematic for clinical applications. It
is impractical to synthesize ISs, especially stable-isotope labeled ISs, for each of the many free-glycan markers.
Instead, we synthesized four unique lactose-core glycans containing GleNGc (N-glycolylglucosamine), which
are not present in human (listed in Table1). We then examined whether these glycans can act as ISs for various
kinds of free-glycans. Assays were evaluated using eight commercially available reference glycans, which are
present in human (Supplementary Table 1), and 4ISs.

2) Selection of useful markers: Among the markers that can be quantified with high accuracy in urine samples
from most cases, a total of 12 markers (numbered and listed in Table1) were chosen. These include three sialyl
lactose-core glycans, three sulfated glycans, four Gnl-core free-N-glycans, and two glycans with an unusual
structure. The chosen markers were subjected to SRM analysis. Univariate and multivariate receiver operating
characteristic (ROC) curve analyses were performed to investigate the effectiveness of the individual marker
alone or a combination of multiple markers for cancer diagnosis.

3) Increase the number of cases analyzed and diseases targeted: Previous exploratory studies were conduct-
ed using urine obtained from a small number of patients with gastric, colorectal, and pancreatic cancer, as
well as healthy subjects. To improve statistical analysis, the number of cases analyzed needs to be increased.
Furthermore, there is no information on the efficacy of these markers for other carcinomas. In this study, in
addition to gastrointestinal cancers, various malignancies including lung cancer, esophagus cancer, malignant
lymphoma, and sarcoma were added to the list of diseases to be analyzed (Table 2).

In summary, 12 free-glycan tumor marker candidates were simultaneously measured in urine samples from 623
cases, 120 healthy subjects and 503 patients with malignant tumors. Samples were analyzed by SRM using ISs,
and their clinical usefulness investigated. Using a combination of four markers, area under curve (AUC) values
0£0.910, 0.867, and 0.914 were obtained for gastric, colorectal, and pancreatic cancer, respectively. Furthermore,
these markers were elevated in various malignancies including sarcoma, suggesting that they could also be used
to monitor a range of malignancies.
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Table 1. Structures of the internal standards and the free-glycan markers.

The abbreviations and number of each free-glycan marker are shown above the structure. Monosaccharide
symbols are indicated as follows: blue circle, Glc; blue square, GIcNAc; green circle, Man; yellow circle, Gal; red
triangle, Fuc; purple diamond, sialic acid (NeuAc); orange star, xylose; green star, arabinose; S, sulfate; black
square, GIctNGe.

M 61 |651 |81 |682 |39 |64.1 |32 628 75.5 | 36 | 68.9
F 59 637 |59 |60.2 |48 | 61.0 |23 |65.3 68.6 |9 |544
total | 120 | 64.4 | 140 | 64.8 | 87 | 62.4 |55 | 63.8 |13 | 72.8 | 45 | 66.0

B

Sex |n |age |n |age |n [age |n |age |n |age |n |age
8
5

L H Ov En Ce Sa
Sex |n age |n age |n |age |n |age |n |age |n |age
M |21 |684 |21 |63.0 36 | 61.7
F 8 65.0 | 10 | 67.5 |12 |553 |13 |62.0 |9 |52.8 |33 | 645
total | 29 | 67.5 |31 |64.5 69 | 63.1

Table 2. Clinical information on the patients. N, normal control; G, gastric cancer; C, colorectal cancer;

P, pancreatic cancer; B, bile duct cancer; E, esophagus cancer; L, lung cancer; H, hematological tumor; Ov,
ovarian cancer; En, endometrial cancer; Ce, cervical cancer; Sa, sarcoma. M and F refer to male and female,
respectively.

Methods

Urine samples

Urine samples of patients with gastric cancer (n=140), colorectal cancer (n=87), pancreatic cancer (n=>55),
bile duct tumor (n=13), esophageal cancer (n=45), lung cancer (n=29), various types of hematologic tumor
(n=31), ovarian cancer (n=12), endometrial cancer (n=13), cervical cancer (n=9), and various types of
sarcoma (n=69) were obtained from Osaka International Cancer Institute (Table 2). Additional information
on the number of cases in each stage of disease progression alongside the histological classification is shown
in Supplementary Table 2. Urine samples of normal controls (n=120) were obtained from cancer-free healthy
volunteers. This study was approved by the Local Ethics Committee of Osaka International Cancer Institute.
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Informed consent was obtained from each patient and volunteer. All experiments were conducted in accordance
with relevant guidelines and regulations.

Internal standard glycans and reference glycans

The four different types of free-glycans used as ISs were synthesized by Tokyo Kasei Industry (Tokyo, Japan)
(Table 1). These glycans were a2-6 or a2-3 sialylated lacto-N-neotetraose, and a2-6 or a2-3 sialylated
straight type of lacto-N-neohexaose, with the GIcNAc (N-acetylglucosamine) residue replaced by GIcNGc (N-
glycolylglucosamine), i.e. NeuAca2-6GalPp1-4GlcNGcp1-3GalP1-4Glc, NeuAca2-3Galp1-4GIcNGcep1-3GalPl-
4Gle, NeuAca2-6Galp1-4GlcNGcp1-3GalB1-4GIcNGceP1-3Galp1-4Gle, and NeuAca2-3GalP1-4GlcNGcef1-
3GalP1-4GlcNGcP1-3GalP1-4Glc, and designated as IS1, IS2, IS3, and IS4, respectively. One GIcNAc unit was
replaced by GIcNGc in IS1 and IS2, and two GIcNAc units were replaced by GIcNGc in IS3 and IS4. The glycans
are depicted according to the “Symbol Nomenclature for Glycans”'®. GIcNGc that is not registered in the Symbol
Nomenclature is marked as a black square. Stock solutions of the four ISs were prepared by mixing them so that
each had a concentration of 10 pmol/L.

Eight reference glycans were purchased to use in the urinary free-glycan assay validation (Supplementary
Table 1). Sialyl Lewis A tetra (SLA) was purchased from Dextra Laboratories (Reading, UK), LST-b and LST-c
were from Agilent (Santa Clara, CA, USA), lacto-N-neohexaose (LNnH) was from Biosynth (Compton, UK),
difucosyl-lacto-N-hexaose (a) (DFLNH(a)) and difucosyl-lacto-N-neohexaose (DFLNnH) were from IsoSep
AB (Tullinge, Sweden), trifucosyl-lacto-N-hexaose (a) (TFLNH(a)) was from Sigma-Aldrich (St Louis, MO,
USA), tri-N-acetyl-p-lactosamine (TriLacNAc) was from Elicityl (Crolles, France). Stock solutions of the eight
reference glycans were prepared by mixing them so that each had a concentration of 100 pmol/L.

Isolation and labeling of free-glycans from urine samples

To normalize the concentration of urine, volumes used for sample preparation were corrected by creatinine
concentration. Urine samples equivalent to 200 g creatinine were spiked with 10 pmol ISs and used as starting
material. The urine samples were applied to a column packed with 1 mL of Dowex 50W-X8 resin (H*-form,
100-200 mesh; FUJIFILM Wako Pure Chemical, Osaka, Japan) followed by 4 mL water. Flowthrough and wash
fractions were collected. Eluates were neutralized by addition of 0.4 mL of saturated sodium bicarbonate prior
to loading onto a graphite carbon cartridge (InertSepGC 300 mg; GL Science, Tokyo, Japan). The column was
washed with 5 mL water and bound oligosaccharides were then eluted with 5 mL of 60% acetonitrile in 0.1%
trifluoroacetic acid, and lyophilized'2. Labeling of free-glycan with aminopyridine (PA-glycan) was performed as
previously reported!>!”. Oligosaccharides were incubated with 40 pl of a coupling reagent (prepared by mixing
552 mg 2-aminopyridine and 200 ul acetic acid) at 90 °C for 60 min. The resulting Schiff base was reduced at
80 °C for 35 min in the presence of 140 ul of a freshly prepared mixture of 200 mg dimethylamine-borane
complex, 50 ul water, and 80 pl acetic acid. The reaction mixture was diluted with 750 pl water and extracted
twice with 800 pl water-saturated phenol:chloroform (1:1, v/v) and once with 800 pl chloroform. The aqueous
phase was applied to a column packed with 1 mL of Dowex 50W-X8 (NH,*-form, 50-100 mesh, FUJIFILM
Wako Pure Chemical), which was washed with 3.2 ml of 20 mM ammonium acetate buffer, pH 8.5. Eluates were
then extracted using a graphite carbon cartridge (InertSepGC 150 mg; GL Science).The column was washed with
3 mL of 50 mM ammonium acetate, pH 7.0, and bound PA-glycans were eluted with 3 mL of 60% acetonitrile in
50 mM ammonium acetate, pH 7.0. PA-glycans were lyophilized and dissolved in 400 pL water.

Mass spectrometry for quantification by SRM

Quantification by SRM was performed on an LC-MS system comprising a Shimadzu LC-20A HPLC system
(Shimadzu, Kyoto, Japan) linked to 4500 Q Trap hybrid triple quadrupole/linear ion trap mass spectrometer with
a Turbo V ion source (AB SCIEX, Framingham, MA, USA). Twelve markers were measured in triethylamine-
based (TEA-based) solvents. For assay validation, conditions commonly used for LC/MS employing formic
acid-based (FA-based) solvents were also considered. Reversed-phase HPLC conditions for TEA-based and FA-
based solvents are listed in Supplementary Table 3. The quality of the assay was assessed using a mixture of
analysis samples from healthy subjects and cancer patients that were prepared and measured in intervals of 10
samples'®. The same mass spectrometer settings were used under both HPLC conditions with TEA-based and
FA-based solvents: 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. The settings for SRM, including
QI and Q3 values and collision energy are shown in Supplementary Table 4. The data were recorded by Analyst
1.7.2 software and analyzed by SCIEX OS 2.0.0 software (AB SCIEX).

Validation procedures

Eight reference glycans and four ISs were used to validate this assay under both TEA-based and FA-based HPLC
conditions. Calibrators and quality control (QC) samples were prepared from pooled control urine, which
were subdivided into aliquots equivalent to 200 pg creatinine. These samples were spiked with either 300 pmol,
100 pmol, 30 pmol, 10 pmol, 3 pmol, 1 pmol, or 0.3 pmol of the eight reference glycans. Likewise, QCs were
prepared by spiking control urine samples with either 20 pmol (High), 5 pmol (Medium), or 1 pmol (Low) of
the eight reference glycans. Calibration samples and QCs were treated in the same manner as study samples after
the addition of 10 pmol IS mixture. The ratio of the area of reference glycans to that of the IS was converted to
concentration by means of a calibration curve. The contribution of the endogenous reference glycans in control
urine used for calibration was eliminated by subtracting the peak area ratio of each analyte to internal standard
of the blank from all of the other points.
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Statistical analysis
Univariate and multivariate analyses were performed on the web-based platform MetaboAnalyst version 6.0%
and JMP statistical software Version 17.

Results

Validation of method

Initially, we investigated whether the four synthesized glycans can function as ISs for various free-glycans present
in the samples. Validation was performed using eight reference molecules that are present as free-glycans in
urine ranging from minor to major components. Reference molecules varied in length from four to nine glycans
with different backbones/modifications. Control urine was spiked with 10 pmol of IS mixture and 0.3-300 pmol
of reference glycan mixture. Free-glycans were then isolated, subjected to pyridylamination, and analyzed by
LC-SRM under LC conditions for both TEA- and FA-based solvents. In all, 64 calibration curves were generated
with four different ISs versus eight reference glycans under two sets of LC conditions. The linearity of each
calibration curve was within acceptable limits (i.e., mean coefficient of determination (r*) >0.99 (n=>5)). Details
of the statistical analysis are given in Supplementary Table 5. As in the linearity experiment, we determined the
accuracy and precision of the method at low (1 pmol), medium (5 pmol), and high (20 pmol) concentrations of
the eight reference glycans (n=>5 for each concentration). The results are summarized in Supplementary Table 6.
With minor exceptions, the accuracy and mean coefficient of variation for the eight reference glycans measured
using four different ISs under two different HPLC conditions were <15% for the intraday (n=5) and interday
(n=5) samples. These results demonstrated that the eight reference glycans with diverse structures could be
accurately quantified using any of the four ISs. Therefore, the four ISs were judged to be appropriate for the
quantification of free-glycans. Of the four, IS1 and IS3 were used for the actual sample measurements. Unlike the
reference glycans, none of the 12 markers are commercially available. Due to difficulties in obtaining sufficient
quantities of these markers it was not possible to generate a standard curve. Consequently, absolute quantities
could not be measured. Quantification of these markers was based on the relative signal area ratio of marker to
IS (Marker/IS).

Quantification of glycan markers by reversed-phase HPLC-SRM

Ionization efficiency differs depending on the structure of the glycan. Thus, the exact limit of quantification
(LOQ) of the 12 markers could not be determined. Nonetheless, calibration curves of the eight reference glycans
displayed high linearity in the range 0.3-300 pmol. Instead of intact marker glycans, four distinct PA-labeled
markers (#3, #4, #5, #7) were obtained from previous studies. PA-labeled free-glycan mixtures, including 10 pmol
IS, were spiked with 0.1, 0.3, 1, 3, or 10 pmol of the PA-labeled markers and subjected to SRM measurement.
High linearity ranging from 0.1-10 pmol was observed. Thus, area ratio of Marker/IS of 0.01 was tentatively set
as LOQ for this study.

Markers that in many subjects showed values below the LOQ or that could not be accurately quantified
due to insufficient separation from isomer were excluded from this analysis. Twelve free-glycan markers were
selected for quantification of a large number of samples to assess their clinical utility (Table 1). The markers were
classified into four categories according to their structural characteristics, i.e. lactose-core glycans (#1, #2, #3),
sulfated glycans (#4, #5, #6), mono-antennary Gn1-core glycans (#7, #8, #9, #10), and unusual glycans (#11, #12)
(Table 1). The markers in urine samples from healthy subjects or patients with various malignant tumors were
measured simultaneously by TEA-based LC-SRM, (Fig. 1 and Fig. 2). Representative overlays of extracted ion
chromatograms (EIC) of two ISs (IS1 and IS3), seven high abundant markers (#1, #2, #4, #5, #7, #8, #9), and
five relatively low abundant markers (#3, #6, #10, #11, #12) from normal cases are shown in Fig. 1A, 1B, and 1C,
respectively. Because the intensity of IS1 is about twice that of IS3, IS1 was used for quantification (Fig. 1A). All
peaks were either a single major peak or clearly separated from the corresponding isomer. Even relatively low
abundant markers were detected as distinct peaks (signal-to-noise ratios > 10).

The levels of #2, #4, #5, #7, #8, and #11 for healthy subjects and patients with various malignant tumors are
shown in Fig. 2, and those of #1, #3, #6, #9, #10, and #12 are shown in Supplementary Fig. 1. Six (#5, #7, #9, #10,
#11, #12) of the 12 glycans were present in samples from cancer patients at significantly elevated levels compared
to normal controls. These glycans were expressed on a logarithmic 10 scale (#5, #7 and #11 in Fig. 2; #9, #10,
#12 in Supplementary Fig. 1). Glycans classified into four groups show similar profiles, so quantitative results
are described for each group.

Sialyl lactose-core glycans: #1 is a simple a2-3 sialylated lactose-core glycan. #2 and #3 have silayl Lewis
X structure. The levels of #1, #2, and #3 were moderately elevated in most cancers including gastrointestinal,
pancreatic, bile duct, and lung cancers as well as sarcoma. Prominent elevation of #1 and #3 were observed in
sarcoma patients.

Sulfated glycans: #4, #5 and #6 are 6-sulfo-lactose-core glycans. #6 also possesses typel structure, sialyl Lewis
A extension. All the sulfated glycans showed a marked increase in pancreatic and bile duct cancer patients. In
addition to pancreatic and bile duct cancer patients #4 and #5 were moderately elevated in esophageal cancer
patients.

Mono-antennary Gnl-core free-N-glycans: #7, #8, #9, and #10 are Man,GIcNAc -core glycans containing
a2,6-sialyl LacNAc, a2,3-sialyl LacNAc, a2,6-sialyl LacdiNAc, and bisecting GIcNAc, respectively. These four
glycans tends to be prominently elevated in gastric cancer patients.

Unusual glycans: #11 is a terminal sialylated and fucosyl-xylose containing glycan, NeuAca2-3GalP1-
4(Fucal-3)Xylal-3Glc. #12 is a D-arabinose-containing free-N-glycan. Elevated levels of these unusual glycans
was observed in most malignant tumors including sarcoma.
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Fig. 1. Overlayed extracted ion chromatogram of internal standards and marker glycans. The representative
EIC from the normal subject is shown. (A), IS1 (blue) and IS3 (red); (B), high abundant glycans, #1 (pink), #2
(red), #4 (blue), #5 (orange), #7 (green), #8 (green), #9 (brown); (C), relatively low abundant glycans, #3 (pink),
#6 (red), #10 (green), #11 (blue), #12 (brown).

Univariate ROC curve analyses

Univariate ROC curve analyses were performed to assess the usefulness of each marker alone for cancer
diagnosis (Table 3). AUC and 95% confidence interval (CI) for each marker in gastric, colorectal, and pancreatic
cancers are shown. The highest AUCs for gastric, colorectal, and pancreatic cancers were 0.732 for #12, 0.805
for #11, and 0.854 for #11, respectively. These results indicate that individual markers may not be sufficient to
diagnose cancer.

Exploratory multivariate ROC analysis

A multivariate ROC curve analysis using a linear support vector machine algorithm was performed to determine
the appropriate number of features to improve cancer diagnostic performance (Supplementary Fig. 2). Sufficient
AUC was thought to be obtained for gastric, colorectal, and pancreatic cancer in the four features model. Four
significant features were selected based on the forward stepwise selection method (see Fig. 3). The four selected
markers are detailed below. Gastric cancer; two types of sulfated glycans #4 and #5, two mono-antennary Gnl-
core free-N-glycans, #7 and #8. The four markers selected were identical for colorectal and pancreatic cancers;
lactose-core glycan #2, two mono-antennary Gnl-core free-N-glycans, #7 and #8, and unusual glycan #11. To
assess the utility of using a combination of the four markers, ROC curve analysis with the logistic regression
algorithm and ten-fold cross-validation was performed. The AUC of the combination of the four markers was
0.910, 0.867, and 0.914 for gastric, colorectal, and pancreatic cancer, respectively. In gastric cancer, the highest
AUC among the four markers was 0.695 for #7, but a combination of markers considerably increased the AUC to
0.910, reflecting a significant improvement. For colorectal and pancreatic cancer, #11 alone showed AUC values
0f 0.805 and 0.854, respectively. However, a combination of the four markers for colorectal and pancreatic cancer
showed a slight increase in performance to 0.867 and 0.914, respectively. The likely reason for the seemingly low
diagnostic improvement with the combination of markers is because even #11 alone has a high AUC (>0.8). The
results of the ROC curve analysis of gastric and colorectal cancer by stage (stage I+1I, stage III, and stage IV) are
presented in Supplementary Table 7. AUC values increased with disease stage.
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Fig. 2. Levels of free-glycan markers in the urine from SRM analysis. Levels of six glycans (#2, #4, #5, #7, #8,
#11) are shown. Abbreviations of disease names are the same as in Table 2. The median is indicated by the red
line. The levels of #5, #7 and #11 are expressed on a logarithmic 10 scale.

Discussion
Among the large number of urinary free-glycan markers identified in our previous studies, 12 markers were
selected, and their clinical utility investigated. These detailed analyses revealed that a combination of markers
improved the diagnostic performance for gastric, colorectal, and pancreatic cancers. The levels of these markers
were also elevated in patients with a range of malignant tumors, indicating their broad clinical utility.

To precisely quantify urinary free-glycan markers, we have established a method for the quantification of
free-glycans in urine by SRM using ISs containing GIcNGe. The presence of GIcNGc containing glycans has not
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Table 3. Univariate receiver operating characteristic (ROC) curve analysis. Area under curve (AUC) and 95%
confidence interval (CI) for each marker in gastric, colorectal, and pancreatic cancers are shown.

0.706 (0.643 ~0.768) | 0.620 (0.541~0.699) | 0.780 (0.699 ~0.862)

0.665 (0.600 ~0.730) | 0.805 (0.744 ~0.866) | 0.854 (0.780 ~0.928)

0.732(0.671~0.792) | 0.767 (0.698 ~0.835) | 0.776 (0.694 ~0.858)

been reported. These GIcNGc-containing glycans functioned well as ISs in our assay procedure with less than
detection sensitivity in urine.

The markers found at elevated levels in cancer patients were characterized into eight groups according
to their structure and modification: 1) sialylated lactose-core glycans, 2) glycans having typel structure, 3)
unusual glycans, 4) sulfated glycans, 5) mono-, 6) di-, 7) tri-antennary Gnl-core free-N-glycans, and 8) multi-
antennary Gn2-core free-N-glycans. In the present analysis, we focused on 12 quantifiable markers belonging
to the following four groups; sialylated lactose-core, sulfated glycans, unusual glycan, mono-antennary Gnl-
core free-N-glycans. In addition to these 12 markers, the levels of 32 markers, selected from all eight groups
outlined above, were measured. However, these markers were excluded from the detailed statistical analysis
because many cases were either below the LOQ, or there was insufficient separation from isomer. Nonetheless,
most of these glycans were clearly elevated in cancer patients and showed distinct profiles from the 12 markers.
It is important to improve detection sensitivity and chromatographic resolution so that excluded markers can
be accurately quantified. As more markers are added to the combination, the accuracy of the diagnosis may be
further improved. Moreover, novel markers have been identified in the subsequent search. Additional analyses
of these new markers will also be necessary.

When we examined the utility of the 12 markers, an individual marker alone was found to be unsuitable for
accurate diagnosis. A combination of four markers was required to diagnose gastric, colorectal, and pancreatic
cancers. Intriguingly, the four markers selected to diagnose colorectal and pancreatic cancers were identical.
Moreover, #7 and #8 were common to the diagnosis of gastric, colorectal, and pancreatic cancer. Thus, of the 12
markers, only six were required to diagnose the three forms of cancer. These six markers include members from
all four groups, suggesting that a combination of glycans with various structural characteristics is preferable.
In addition to the structural diversity of the selected markers, the significant improvement in diagnosis can be
attributed to the different mechanisms that underlie their elevation in cancer. Specifically, four of the selected
glycans are biosynthesized via pathways that are enhanced in cancer tissues (#4 and #5 of gastric cancer, #2 and
#11 of colorectal and pancreatic cancer). The other two glycans are derived as a result of lysosomal dysfunction
(#7,#8 of three cancers). #7 and #8, which were selected as markers for three types of cancer, are major degradation
products of N-glycans. It has been reported that these glycans markedly accumulate in gastric cancer-derived
cell lines due to the low integrity of lysosomal membranes?!. Moreover, our glycan structural analysis of human
gastric, colorectal, pancreatic, and prostate cancers showed #7 and #8 to be the most abundant free-glycans (data
from gastric and colorectal cancers are unpublished)!®!!. Consequently, #7 and #8 may be useful markers for
other types of cancer that develop lysosomal dysfunction as they progress. Unlike #7 and #8, the biosynthesis
of glycans #2, #4, #5 and #11 are elevated in cancer cells. During malignant transformation the levels of both
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Fig. 3. Multivariate receiver operating characteristic (ROC) curve analysis. ROC curve evaluation of four
marker models of gastric (A), colorectal (B) and pancreatic (C) cancer patients. Four markers selected by a
stepwise selection method are indicated above the ROC curve.

sialylation and fucosylation are enhance???*. Indeed, the activities of sialyltransferases, and 6-sulfotransferases
in human cancer cells were markedly increased compared to those of normal mucosal epithelial cells?*(data of
6-sulfotransferases is unpublished). #2 and #11 undergo both a2/3-sialylation and al/3-fucosylation, forming
sialyl Lewis X structures that are well known tumor-associated carbohydrate antigens. Similarly, #4 and #5
undergo both 6-sulfation and al/3-fucosylation to generate 6-sulfo Lewis X structures. Glycans with 6-sulfo
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Lewis X structure have been found to accumulate in human colon cancers?. The combination of markers
resulted in a particularly significant increase in AUC for gastric cancer, which may be attributed to #7 and #8
being specifically elevated in gastric cancers (Fig. 2).

The expansion of omics research has driven many attempts to use a combination of multiple markers for the
diagnosis and prognosis of various diseases, including cancer’®-3!. While proteins, circulating DNA, and lipids
have been the main targets of research to date, we believe the focus of attention should also include glycans.

To investigate the potential of free-glycans as markers in other malignancies, 12 markers were also quantified
in a small number of cases with various malignancies. None of the glycans were elevated in specific malignancies,
such as those observed in gastric and pancreatic cancer. Instead, glycans elevated in almost all malignancies,
including various types of malignant lymphoma and sarcoma, were observed (e.g., #10, #11, #12). In addition to
tumor markers that are specific for particular forms of cancer, we believe urinary free-glycans could also serve
as valuable markers for a variety of cancers.

Data availability
All data generated or analyzed during the study are included either in this published article and its supplementa-
ry information file or can be made available from the corresponding author on reasonable request.
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