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Abstract

Glycosylation is a protein post translational modification which plays important role in protein
function, stabilization, trafficking, and turnover. Alteration of protein glycosylation is a com-
mon phenomenon during tumor progression, migration, invasion, angiogenesis, as well as
metastasis. Hence, aberrant glycan structures and the induced corresponding anti-carbohy-
drate antibodies are potential biomarkers for cancer diagnosis. In this study, serum N-gly-
comes and anti-carbohydrate antibodies from normal populations and oral squamous cell
carcinoma (OSCC) patients were investigated. Total serum proteins were lyophilized and
subjected to chemical reduction, alkylation and trypsin digestion. The N-glycans were
released, purified, permethylated, and analyzed using MALDI-TOF-Mass spectrometry. In
addition, the serum anti-carbohydrate antibody profiles were also investigated by carbohy-
drate microarray. We found that the relative abundances of seven N-glycans were
decreased or increased in serum of OSCC with diagnostic accuracy greater than 75%. The
relative abundances of total tri-antennary and tetra-antennary glycans with varying degrees
of fucosylation and sialylation were also increased in serum N-glycomes of OSCC. In an
independent validation group of forty-eight OCCC patients, most of the high-molecular
weight serum N-glycans showed significantly high sensitivity and specificity according to the
identified cutoff values. Furthermore, the serum levels of two IgM antibodies were elevated
accompanied with the decreased levels of nine IgG antibodies in patient serum. Taken
together, these serum N-glycans and antibodies identified in this study should be consid-
ered as the candidates of potential biomarkers for OSCC diagnosis.
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Introduction

Oral squamous cell carcinoma (OSCC) is the tumor that grows on the lips, tongue, floor of
the oral cavity, hard and soft palate, sinuses, salivary glands, tonsils, pharynx and the periph-
eral tissue of the mouth. It is one of the most commonly diagnosed cancer in the world. In
Taiwan, OSCC is the sixth highest incidence and the fifth highest mortality of the malig-
nancy [1]. The relative prevalence of OSCC increases about 110% over the past 15 years
because of the habit of smoking, drinking and betel quid chewing [2, 3]. In addition, the
five-year-survival rate of OSCC is also unsatisfied in late stage (52.2% in stage III and 32.8%
in stage IV) (Bureau of Health Promotion Department of Health, R.O.C., Taiwan). There-
fore, the high prevalence and mortality rate of OSCC in Taiwan makes it important to
investigate biomarkers for the surveillance of high-risk population to early intervention of
OSCC.

The concept of alteration of glycosylation pattern in malignancy is first described by
Meezan et al. and Wu et al. in 1969 who demonstrated that the content of neutral and amino
sugars, especially sialic acid and N-acetylgalactosamine are markedly decreased in the mem-
brane glycoproteins of the virus-transformed fibroblasts [4, 5]. Until now, more and more
studies showed that aberrant glycosylation is implicated in different type of cancers and can
be associated with the progression of malignancy by affecting the growth and proliferation,
invasion, metastasis, angiogenesis and behavior to immunity of the tumor [6, 7]. The com-
mon alteration of glycosylation pattern found in cancer cells can be loss of expression or
excessive expression of certain structures, truncated or altered branching patterns of certain
glycans, and sometimes, the appearance of novel structures [8]. The alteration of glycosyla-
tion can be one of the hallmarks of cancer. Several carbohydrate-related tumor antigens
such as sLe”, sLe®, sTn, TF, Le”, Globo H, PSA, GD2, GD3, fucosyl GM1 and GM2 have been
demonstrated to be diagnostic or prognostic marker in cancer [9-11]. For instance, serum
N-glycans are potential biomarker for cancer diagnosis or prognosis for ovarian cancer,
prostate cancer, breast cancer, lung cancer and esophageal adenocarcinoma [12-16]. In
addition, these carbohydrate-related tumor antigens are also studied for being the target of
the new anti-cancer drugs or carbohydrate-based anticancer vaccines [17-22]. For example,
anti-GD2 antibodies combined with cytokines and isotretinoin can significantly improve
the event-free survival of neuroblastoma patients in a phase III clinical trial [23]. The GH
(Globo H)-DT/C34 vaccine which can elicit antibodies against Globo H, stage-specific
embryonic antigen 3 (SSEA3) and SSEA4 which are specifically observed in breast cancer
cells and cancer stem cells is now in preclinical test and about to apply for the clinical trial in
Taiwan [19]. Furthermore, the generated antibodies against carbohydrate tumor markers
have also been applied for diagnosis of cancer malignancy and prognosis after treatments
[24-28].

Although some aberrant glycosylation in serum or malignant tissues and some proteomic/
genomic biomarkers in salivary have been reported to be associated with cellular invasion and
the stage of OSCC [29-36], the lack of high sensitivity/specificity biomarkers for OSCC diag-
nosis is still a serious public health problem in many countries. In this study, we profiled
serum N-glycomes and screened anti-carbohydrate antibodies from OSCC patient and normal
volunteer by mass spectrometry and carbohydrate chip, respectively. Several N-glycans and
antibodies with high diagnostic accuracy were identified and validated. Based on our findings,
these serum N-glycans and antibodies should be considered as the candidates of potential bio-
markers for OSCC diagnosis.
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Materials and methods
Serum samples

This study was approved by National Cheng Kung University Hospital Institutional Review
Board. The serum samples of OSCC patients (N = 65) were obtained from the tissue bank of
National Cheng Kung University Hospital. The need for participant consent was waived by
the ethics committee for serum sample form tissue bank. The venous blood from cancer-free
healthy volunteers (N = 21, test group; N = 6, validation group) and OSCC patients (N = 48,
validation group) were collected by BD Vacutainer™ without anticoagulant. The characteristics
of the cancer-free volunteers and OSCC patients are listed in S1 and S2 Tables. All the partici-
pants in this study are adult. The information on the approved participant consent form was
introduced verbally to every participant by medical technologist before blood drawing. The
participants also signed on the approved participant consent form. The whole blood was
allowed for clot formation at room temperature within 30 minutes. The whole blood was cen-
trifuged at 3000 rpm (KUBOTA/KN?70) at room temperature for 10 minutes and the upper
serum layer was acquired. All serum samples were stored at -80°C until the process of glyco-
mics analysis.

N-glycan release and purification

The procedure of glycomics analysis was modified from literature [37]. A 20 uL of serum was
lyophilized and dissolved in 1 mL of denaturing buffer (6 M guanidine hydrochloride in 1 mM
CaCl,, 0.1 M Tri-HCI, pH = 8.6) and agitated at 4°C overnight. For reduction of the serum
proteins, dithiothreitol (DTT) was added to obtain a final concentration of 20 mM and the
sample was incubated at 37°C for 3 hours. For protein alkylation, iodoacetamide (IAA) was
added to a final concentration of 50 mM and the sample was incubated in the dark at 37°C for
3 hours. Next, the sample was dialyzed against ddH,O at 4°C for 2 days with several times of
change of ddH,O to remove the excess DTT and IAA. Then the sample was dried by spin-vac-
uum. The dried sample was resuspended in 200 puL of 50 mM NH,HCOj solution (pH = 8.3)
containing 2 mg of TPCK-treated trypsin and incubated at 37°C for at least 24 hours. The
enzyme activity of trypsin was destroyed by heating the sample solution at 100°C for 10 min-
utes. Finally, the N-glycans were enzymatically released from the protein backbone by adding
PNGase F to the sample solution to obtain a final concentration of 2.5 U/pL. The sample was
incubated at 37°C for at least 18 hours. For purification of the released N-glycans, C;g Sep-Pak
cartridge was used to exclude the deglycosylated peptides. The C;g Sep-Pak cartridge was first
sequentially conditioned with 5ml of methanol, 5 mL of acetone and then 5 mL of 5% acetic
acid. Then the fraction with released N-glycans was eluted by 6 mL of 5% acetic acid and the
deglycosylated peptides were eluted by 6 mL of 60% 1-propanol. Both the eluted fractions were
dried by spin-vacuum.

Permethylation of N-glycans

The purified N-glycans were permethylated by NaOH/dimethyl sulfoxide slurry method [38].
The dried N-glycans were mixed with 100 pL of NaOH-dimethyl sulfoxide slurry and 100 uL
of methyl iodide and then agitated vigorously at room temperature for 1 hour. Afterward,
about 1.5 mL of ddH,O was added into the mixture to quench the reaction. To extract the per-
methylated N-glycans, 1 mL of chloroform was added and the chloroform phase was washed
10 times with 1.5 mL of ddH,O. Finally, the aqueous phase was discarded and the chloroform
phase containing permethylated N-glycans was dried by a stream of nitrogen.
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MALDI-TOF MS analysis

First, the permethylated N-glycans were dissolved in 20 pL of acetonitrile and 1 pL of the
sample was mixed with 1 pL of matrix buffer (methanol/1 mM sodium acetate (1:1, vol/vol)
containing 10 mg of 2,5 dihydroxybenzoic acid (DHB) per mL). Then 2 uL of the sample-
matrix mixture was spotted directly on the MALDI-TOF target plate and allowed to dry at
room temperature. Each sample was spotted on the plate in duplicate. The MALDI-TOF-MS
spectras of the samples were acquired by Bruker Autoflex IIl MALDI-TOF (Bruker) in the
positive-ion mode with the m/z range spreading from 1500 to 5000. A total of 1000 laser
shots were operated to each sample spot each time. Each sample spot was operated at least 5
times.

Anti-carbohydrate antibody profiling

20- and 40-fold serial dilutions were prepared by adding 25 pL of serum to 475 pL of Sample
diluent, and adding 250 uL of 20-fold diluted serum to 250 uL of Sample diluent. 620 uL of
Wash buffer, 120 uL of Blocking buffer, and 120 pL of diluted secondary antibody, were
added into “Wash”, “Blocking” and “Conjugate” hole on the chip, respectively. Then, 100 pL
of diluted sample was added to “Serum” hole on the chip. The chip was subjected into Pump-
ing machine to start the reaction. After the reaction finished, 120 uL of mixed Substrates

was added into “Substrate” hole on the chip. The binding intensity was measured by CCD
analyzer.

Data evaluation

The acquired MALDI-TOF-MS spectras were exported to a text file listing m/z values and
intensities by using flexAnalysis (version 3.3, Bruker), a software provided by Bruker. Then,
the primary glycan structures of major signals showed in serum-derived N-glycans MALDI-
TOE-MS spectra were predicted by GlycoWorkbench, a software published by EURO-
CarbDB [39, 40] and the MS spectra with annotated glycan structures was exported. Three
MS spectras of each sample were chosen randomly to the next process of data analysis. The
relative intensity of each proposed N-glycan structure was calculated by expressing the inten-
sity of each glycan ion as percent of the total intensity of all glycan ions. After normalizing,
the relative intensity of each glycan ion was further used for statistical analysis. The “diagnos-
tic performance” of each glycan structure was first evaluated by performing a nonparametric
Mann-Whitney test using GraphPad Prism (version 5.0, GraphPad Software, Inc). The glyco-
mic data with statistical significance (p-value less than 0.05) were assessed by the receiver-
operator characteristics (ROC) test using GraphPad Prism (version 5.0, GraphPad Software,
Inc). The glycan structures with diagnostic potential (area under curve, AUC>0.7) were
investigated. The diagnostic sensitivity, specificity and accuracy of these structures for detect-
ing OSCC were evaluated by 2 way contingency table analysis and the diagnostic signifi-
cances were analysis by fisher’s exact test using GraphPad Prism (version 5.0, GraphPad
Software, Inc). The optimal cutoff value was determined based on Youden’s index (J) [41].
The correlation between the identified glycan structure and the metastatic status of OSCC
and anti-carbohydrate antibody levels between normal with OSCC patient were analyzed by
nonparametric Mann-Whitney test by GraphPad Prism (version 5.0, GraphPad Software,
Inc). The correlations between the identified glycan structure and the stage of OSCC were
analyzed by nonparametric Kruskal Wallis test with Dunn’s test as the posthoc comparisons
by GraphPad Prism.
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Results
MS analysis of N-glycans released from the serum glycoproteins

The MALDI-TOF-MS analysis of permethylated PNGase F released N-glycans from 20 uL
serum of normal human (N = 21) (Fig 1A), and OSCC patients (N = 65) (Fig 1B) were
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Fig 1. Positive ion MALDI-TOF MS spectra of permethylated N-glycans derived from 20 uL of (A) normal human (B) OSCC patient
serum. The corresponding proposed glycan compositions and structures of the major N-glycans are shown in this spectra and listed in

Table 1.

https://doi.org/10.1371/journal.pone.0178927.9001
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performed. The major peaks of the spectrum and their corresponding proposed N-glycan
compositions and structures were shown in the spectra. The MS spectrums of serum derived
N-glycans from normal human and OSCC patients showed similar distribution patterns but a
little different in the relative intensity of each glycan structure. Furthermore, by comparing
these two spectrums, we found that the relative intensity of high molecular weight N-glycans
seemed to be increased in the samples of OSCC patients. (Fig 1)

Serum N-glycans which showed significantly decreased relative
abundance in OSCC patient

As an initial step to evaluate the potential difference of serum derived N-glycans between nor-
mal human and OSCC patients, thirty major N-glycans were identified. The proposed struc-
tures of the identified N-glycans and their relative abundance of the total identified N-glycans
detected by MALDI-TOF-MS in the serum were listed in detail in S3 Table. After statistical
analysis on these thirty identified N-glycans, sixteen of these glycans showed significant differ-
ence (p value less than 0.05 and AUC value great than 0.7), and four out of sixteen exhibited
decreased relative abundances in OSCC patient serum compared with normal human serum.
The four N-glycans included monogalactosylated fucosylated bi-antennary glycan (m/z =
2040.02, Fig 2A), fucosylated bi-antennary glycan (m/z = 2244.12, Fig 2B), fucosylated sialy-
lated bi-antennary glycan (m/z = 2605.29, Fig 2C), and di-sialylated bi-antennary glycan (m/

z =2792.38, Fig 2D). The diagnostic performance of these glycans in detecting OSCC also sup-
ported by the high AUC value, sensitivity, specificity, and accuracy showed in S4 Table.

Serum N-glycans which showed significantly increased relative
abundance in OSCC patient

Among the sixteen identified serum N-glycans which showed significant difference between
normal with patient, twelve N-glycans showed increased relative abundances in OSCC patient
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Fig 2. N-glycans which showed decreased relative abundance in cancer patient serum compared with normal volunteer. The dot
plot (left) of the relative abundance and the ROC curve (right) of (A) monogalactosylated fucosylated bi-antennary glycan (observed at m/
z =2040.02), (B) fucosylated bi-antennary glycan (observed at m/z = 2244.12), (C) fucosylated sialylated bi-antennary glycan (observed at
m/z = 2605.29), and (D) di-sialylated bi-antennary glycan (observed at m/z = 2792.38) in serum. The diagnostic performances are listed in
S4 Table. *** p<0.001; **, p<0.01 compared with normal.

https://doi.org/10.1371/journal.pone.0178927.9002
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Fig 3. N-glycans which showed increased relative abundance in cancer patient serum compared with normal volunteer. The dot
plot (left) of the relative abundance and the ROC curve (right) of (A) di-sialylated tetra-antennary glycan (observed at m/z = 3078.53), (B)
tetra-antennary glycan (observed at m/z = 3417.71), (C) di-sialylated tetra-antennary glycan (observed at m/z = 3690.83), (D) fucosylated tri-
sialylated tri-antennary glycan (observed at m/z = 3776.87), (E) fucosylated tri-sialylated tetra-antennary glycan (observed at m/

z =4226.09), and (F) fucosylated tetra-sialylated tetra-antennary glycan (observed at m/z = 4587.27) in serum. The diagnostic
performances are listed in S5 Table. ***, p < 0.001 compared with normal.

https://doi.org/10.1371/journal.pone.0178927.g003

serum. The dot plot of the relative abundance, ROC curve, and AUC value of N-glycans with
AUC value higher than 0.77 were showed in Fig 3. These glycans included di-sialylated tetra-
antennary glycan (m/z = 3078.53, Fig 3A), tetra-antennary glycan (m/z = 3417.71, Fig 3B), di-
sialylated tetra-antennary glycan (m/z = 3690.83, Fig 3C), fucosylated tri-sialylated tri-antenn-
ary glycan (m/z = 3776.87, Fig 3D), fucosylated tri-sialylated tetra-antennary glycan (m/

z = 4226.09, Fig 3E), and fucosylated tetra-sialylated tetra-antennary glycan (m/z = 4587.27,
Fig 3F). The dot plot of the relative abundance, ROC curve, and AUC value of N-glycans with
AUC value between 0.7 to 0.77 were showed in S1 Fig. These glycans included di-fucosylated
bi-antennary glycan (m/z = 2418.21, S1A Fig), di-sialylated glycan (m/z = 2547.25, S1B Fig),
fucosylated sialylated bisecting tetra-antennary glycan (m/z = 3136.57, S1C Fig), di-sialylated
tri-antennary glycan (m/z = 3241.60, S1D Fig), tri-sialylated tetra-antennary glycan (m/

z = 4052.00, S1E Fig), and fucosylated tri-sialylated tetra-antennary glycan (m/z = 4675.32, S1F
Fig). The diagnostic performance of these glycans in detecting OSCC were listed in S5 and S6
Tables. Among the sixteen glycans, the diagnostic accuracy of seven glycans were greater than
75% including di-sialylated bi-antennary glycan (m/z = 2792.38), di-sialylated tetra-antennary
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Table 1. The relative abundance of different glycan subclasses detected in normal human and OSCC patient serum.

Glycan subclass Relative abundance(%) £ SEM p-value AUC

Normal Cancer

(N=21) (N =65)
Fucosylated 24.27+£1.29 27.1+£0.82 0.0413* 0.6491
Sialylated 79.27 +1.51 78.27+0.8 0.3630 0.5667
Tri-antennary 12.14+£0.71 16.04 £ 0.68 0.0041** 0.7344
Tetra-antennary 3.64 +£0.32 6.87 £0.42 <0.0001*** 0.8300

The p-value and area-under-the-curve (AUC) are included for the comparison of normal samples and OSCC patient samples.
**¥* p<0.001;

** p<0.01;
*, p<0.05, compared with normal.

https://doi.org/10.1371/journal.pone.0178927.t001

glycan (m/z = 3078.53), di-sialylated tri-antennary glycan (m/z = 3241.60), di-sialylated tetra-
antennary glycan (m/z = 3690.83), fucosylated tri-sialylated tri-antennary glycan (m/z =
3776.87), fucosylated tri-sialylated tetra-antennary glycan (m/z = 4226.09) and fucosylated
tetra-sialylated tetra-antennary glycan (m/z = 4587.27).

Serum N-glycan subclasses which showed significantly increased
relative abundance in OSCC patient

Then, the thirty identified N-glycans were further divided into different subclasses including
fucosylated, sialylated, tri-antennary and tetra-antennary based on their predicted characteris-
tic structural features. The relative abundances and AUC value of each N-glycan subclass were
listed in Table 1. We found that the relative abundances of fucosylated, tri-antennary and
tetra-antennary glycans were significantly increased in the OSCC patient serums compared
with normal human serums (Table 1). The diagnostic performance including dot plot of the
relative abundance, ROC curve, AUC value, sensitivity, specificity, and accuracy of tri-antenn-
ary and tetra-antennary glycans were showed in Fig 4.

(A) (B)

i ROC curve S ROC curve
50 100 20 I—| 10
A
. 40 = 804 80
% = = . =
< R A A
€ 30 2 2 60 £ Z 604
2 ata & ‘2 10 Aagant 2
£ 20 . Aulahis 2 40 : 2 Aalia 2 0] g
s Seq %“A Y g tri-antennary structure 5 H _.%.’_: - g tetra-antennary structure
2 -
10 "'m't‘ £ 2 AUC=0.7344 25l o o N af AUCF0.8300
. ”. .t 0 ¥ R
o T T T T T T T
Normal Cancer 9 > ® & S Normal Cancer ® » » & S
100% - Specificity% 100% - Specificity%
Al tri- Relative Actual status, All tetra- Relative Actual status,
Y abundance NO. of samples Y abundance NO. of samples
structures Cutoff value Cancer Normal Sensitivity Specificity Accuracy structures Cutoff value Cancer Normal Sensitivity Specificity Accuracy
>12.5% 48 8 73.8% 61.9% 70.9% >5.2% a7 2 72.3% 90.5% 76.7%
<12.5% 17 13 <5.2% 18 19

Fisher’s exact test p=0.0041**

Fisher’s exact test p<0.0001***

Fig 4. All tri-antennary and all tetra-antennary glycans showed increased relative abundance in cancer patient serum compared
with normal volunteer. The dot plot (upper left) of the relative abundance, ROC curve (upper right) and the diagnostic performance (down)

of the statistical results of the (A) all tri-antennary and (B) all tetra-antennary glycans in serum. *** p<0.001; **, p< 0.01 compared with
normal.

https://doi.org/10.1371/journal.pone.0178927.9004
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Correlation between serum N-glycans with the progression or lymphatic
metastasis of OSCC

According to the TMN staging criteria diagnosed by clinician, 13 of the 65 OSCC patients
were diagnosed in stage I of the malignancy while 16 in stage II, 16 in stage III and 19 in stage
IV (S1 Table). To know whether the relative abundance of serum N-glycans increased or
decreased with the disease progression, the relative abundance of the identified thirty N-gly-
cans and different N-glycan subclasses in serum were statistically compared between normal
human, stage I, stage II, stage III and stage IV of OSCC patients. We found that the relative
abundance of fucosylated tetra-sialylated tetra-antennary glycan (m/z = 4587.27), fucosylated
tri-sialylated tetra-antennary glycan (m/z = 4675.32), tri-antennary glycans, and tetra-antenn-
ary glycans showed significant differences in stages I to IV compared with normal control (52
Fig). However, there were no significant differences between stages in the thirty identified N-
glycans and the four N-glycan subclasses.

In this study, 26 of the 65 OSCC patients were diagnosed with lymphatic metastasis (in N1
or N2 stage according to the TMN staging criteria, S1 Table). In order to identify the correla-
tion between serum N-glycans with lymphatic metastasis of OSCC, the relative abundance of
the identified thirty N-glycans and different N-glycan subclasses in serum were statistically
compared between patients with or without lymphatic metastasis. We found that the relative
abundance of fucosylated di-sialylated bi-antennary glycan (m/z = 2966.47) and fucosylated
tetra-sialylated tetra-antennary glycan (m/z = 4587.27) were increased in the serum sample of
OSCC with lymphatic metastasis compared with other OSCC patients (S3 Fig). These glycans
were potentially to be biomarkers for the diagnosis of OSCC lymphatic metastasis.

Validation of the identified serum N-glycans

To verify the identified serum N-glycans, an independent validation group of forty-eight
OSCC patients (S2 Table) and six normal volunteers was used to evaluate the sensitivity and
specificity of the identified N-glycans (relative intensity). Based on the cutoff values we found,
twelve of the eighteen identified biomarkers including m/z = 2792.38, 3078.52, 3136.57,
3241.6, 3417.71, 3690.83, 4052, 4226, 4587.27, 4675.32, tri-antennary, and tetra-antennary
showed significant high sensitivity (>0.75, Table 2) and specificity (>0.83, Table 2). However,
lower sensitivity (<0.75)and lower specificity (<0.7) were observed in some identified bio-
markers, especially m/z = 2547.25. We also found that the relative abundance of fucosylated
tetra-sialylated tetra-antennary glycan (m/z = 4587.27), fucosylated tri-sialylated tetra-antenn-
ary glycan (m/z = 4675.32) and tri-antennary glycans exhibited significant differences in stages
II to IV compared with normal control in validation group (S4A-S4C Fig). In addition, the
relative abundance of fucosylated di-sialylated bi-antennary glycan (m/z = 2966.47) was signif-
icantly higher in OSCC with lymphatic metastasis compared with non-metastasis OSCC
patients (S4D Fig).

Anti-carbohydrate antibody binding profiles of normal and OSCC patient

Since we had identified several potential N-glycan biomarkers from serum of OSCC patient,
we further analyzed the binding profiles of anti-carbohydrate antibodies in serum of normal
and OSCC patients. An aliquot of serum was subjected into Glycan-23 chip and the binding of
anti-carbohydrate antibodies (including IgG and IgM) with 22 different glycans (57 Table)
were measured. Surprisingly, we found that anti-SSEA-3 and anti-GD2 antibodies (IgM)
showed significantly higher levels in OSCC patient serum than normal volunteer (Fig 5). On
the contrary, the levels of nine of IgG antibodies (including anti-GHC, anti-Le”, anti-sialyl Le*,
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Table 2. Validation of the identified serum N-glycans.

m/z
2040.02
224412
2418.21
2547.25
2605.29
2792.38
3078.53
3136.57

3241.6
3417.71
3690.83
3776.87

4052
4226
4587.27
4675.32
Tri-antennary
Tetra-antennary

Cutoff value (relative intensity) | True Positive (N=48) | True Negative (N=6) | Sensitivity A Specificity | References

<2.4%
<2.95%
>1.7%
>2.65%
<3.9%
<52%
>0.47%
>0.7%
>1.05%
>0.5%
>0.5%
>1.5%
>0.32%
>0.2%
>0.19%
>0.07%
>12.5%
>5.2%

26 3 0.54 0.50 Fig 2A
34 3 0.71 0.50 Fig 2B
29 4 0.60 0.67 S1AFig
4 1 0.08 0.17 S1B Fig
40 3 0.83 0.50 Fig 2C
48 6 1.00 1.00 Fig 2D
48 6 1.00 1.00 Fig 3A
47 6 0.98 1.00 S1C Fig
48 6 1.00 1.00 S1D Fig
48 6 1.00 1.00 Fig 3B
47 6 0.98 1.00 Fig 3C
36 2 0.75 0.33 Fig 3D
47 5 0.98 0.83 S1E Fig
46 6 0.96 1.00 Fig 3E
45 5 0.94 0.83 Fig 3F
48 6 1.00 1.00 S1F Fig
36 6 0.75 1.00 Fig 4A
47 6 0.98 1.00 Fig 4B

The serum N-glycan of an independent validation group of forty-eight OSCC patients and six normal volunteers were profiled, and the relative intensity of
the identified N-glycans were analyzed. The sensitivity and specificity of the identified N-glycan were calculated according to the cutoff value.

https://doi.org/10.1371/journal.pone.0178927.t1002

anti-NeuAc, anti-(NeuAco2-8),, anti-(NeuAco2-8);, anti-6GlcNAc-HSOj3-sialyl Le*, anti-
0:2-6 sialylated diantennary N-glycan, and anti-GD2) were significantly lower in OSCC patient
serum than normal volunteer (Fig 5). The intensity of selected anti-carbohydrate antibodies
was listed in Table 3.

Discussion

Several techniques have been developed for glycan analysis including the use of specific exo-
glycosidases, chromatography, capillary electrophoresis, mass spectrometry, nuclear magnetic
resonance and microarrays [42]. Among these methodologies, mass spectrometry is the most
versatile and powerful tool for glycomic study because of its high sensitivity and low sample
requirement. In addition, mass spectrometry can determine the molecular mass of analytes
and elucidate the composition and structure of the glycans. The mass spectrometry can also
use to identify glycoproteins and evaluate the glycosylation sites on the glycoproteins [43].
The changes in expression of N-linked glycan structures in the serum or tissues have been
reported in many other cancers. In ovarian cancer, tri-antennary and tetra-antennary glycans
with vary degrees of sialylation and fucosylation in serum are increased [12]. The same phe-
nomenon is also found in this studies. Besides, the elevated serum fucosylation level is also
observed in breast cancer [14]. However, the level of serum tri-antennary glycans is decreased
in breast cancer while the level of serum tri-antennary glycans is increased in this study. Fur-
ther, the decreased abundance of di-sialylated bi-antennary glycan (m/z = 2792.38) can be
observed in serum of prostate cancer [13]. Nevertheless, the increased serum abundance of
agalactosylated fucosylated bi-antennary glycan (m/z = 1835) and bi-antennary glycan (m/
z = 2070) in prostate cancer cannot be detected in our study. The decreased relative abundance
of monogalactosylated fucosylated bi-antennary glycan (m/z = 2040.02) and fucosylated
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Fig 5. Carbohydrate binding profiles of serum (A) IgM and (B) IgG from OSCC patient and normal volunteer analyzed by Glycan-23
Chip (OBI Pharma, Inc). The data are presented as the mean + coefficient of variation (CV) from at least three independent experiments on
independent chips. ***, p<0.001; **, p<0.01; *, p<0.05, compared with normal.

https://doi.org/10.1371/journal.pone.0178927.9005

bi-antennary glycan (m/z = 2244.12) can also be observed in esophageal adenocarcinoma,
whereas the serum fucosylation level was decrease in esophageal adenocarcinoma [15]. Fur-
thermore, the elevated expression level of fucosylated N-glycans in OSCC serum observed in
this study is in consistent with previous studies which shows that the elevated fucosylation
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Table 3. The glycan binding intensity of selected anti-carbohydrate antibodies which showed statistical significance between OSCC patient with
normal.

Antibody | Glycan Name Fluorescence p-value
Classes Intensity £ CV
Normal Cancer
(N=21) (N =65)
IGM ISSEAS 4770142 1026977 <0.001*** ||
GD2 238+ 147 | 658+ 138 0.005** | 1
19G GHC 313+118 | 187203 | 001* ||
L 993+16 63366 | 001* ||
ONeUAC-OCH,CeHypNHCOOCH, 1155214 287486 | 0.04* ||
NeuAca2-8NeuAca (NEUACO2-8), 1172260 218265 | 0.01* ||
NeuAca2-8NeuAca2-8NeuAc (NeUACO28)s 654+305 | 16240 | 0.001** ||
NeusAco2-3Galp1-4(Fuca1-3)(6-HSOs)GIcNACB (BGICNAC-HSOg-Siale’) | 850£294 | 120478 | 001* ||
(NeuAca2-6Gal1-4GlcNAc1-2Man),a1-3,6Mana1-4GlcNAcB1-4GIcNAc (a2—6 sialylated 1116+ 216 | 88 + 366 <0.001*** | |
diantennary N-glyCaNS) e
GD2 1284 + 193 | 635+ 319 0.02* !

The data are presented as the mean + coefficient of variation (CV) from at least three independent experiments on independent chips.
*** p<0.001;

** p<0.01;

*, p<0.05, compared with normal.

https://doi.org/10.1371/journal.pone.0178927.t1003

level can be found in serum and cell line of OSCC [44, 45]. Based on literature and our find-
ings, the serum N-glycome of OSCC exhibited a unique profile and can be distinguished from
other cancers.

Different mechanisms can account for cancer associated altered glycosylation pattern
including altered expression of glycosidase, glycosyltransferase or sugar nucleotide transport-
ers, masking of sugar epitopes by substituent groups and competition between normal and
cancer-associated carbohydrate structures [46]. For example, the up-regulation of GIcNAc-
transferase IIT (GnT III), which catalyzes the addition of "bisecting" GIcNAg, results in the
increase of bisected N-linked glycans in ovarian cancer tissue [47]. Desiderio et al. also indi-
cated that the increased the expression of sialyl Le* (synthesized by up-regulated fucosyltrans-
ferases FUT3 and FUT6) plays important roles in the invasion of OSCC cancer stem cell [36,
48]. The findings mentioned above have pointed out several druggable targets, the glycosyl-
transferases, for the development of targeted therapy and precision medicine for oral cancer.

Verification of candidate serum N-glycan biomarkers is a necessary step in moving from
the initial discovery to clinical application. To access the identified serum N-glycans for the
diagnosis of OSCC, the serum of forty-eight OSCC patients and six normal volunteers were
collected and the N-glycan profiles were analyzed. The significant high sensitivity and specific-
ity of the identified N-glycans serves as an independent validation of and complements the
current results. Some of the identified N-glycans also exhibited positive correlation with cancer
stages or lymph node metastasis in the validation group. Although, the structures of these gly-
cans were "predicted" by bioinformatics tool through carbohydrate database, these results are
still useful information for OSCC diagnosis.

Anti-carbohydrate antibodies, A subpopulation of serum antibody, can specifically recog-
nize normal or abnormal glycan structures [49]. Changes in the levels of anti-carbohydrate
antibodies are highly associated with many diseases, pathogen infections, cancers, as well as
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vaccination. The levels of anti-carbohydrate antibodies are also used for clinical diagnosis of
disease progression or prognosis. Since the aberrant glycan structures can be identified from
cancer patient serum, serum anti-carbohydrate antibodies should be another valuable targets
for cancer diagnosis [49]. For example, serum anti-TF, -Tn and o-Gal IgG levels are highly
correlated with survival rate of gastrointestinal cancer [9, 50]. Plasma antibodies against sialy-
lated and sulfated glycans including Sialyl-Tn and 6-O-Sulfo-TF are potential tumor markers
for high-grade serous ovarian cancer [51]. Furthermore, serum anti-carbohydrate antibodies
are also potential therapeutic molecule that against many cancers [17-20, 52]. In this study, we
had applied a novel carbohydrate microarray, Glycan-23 Chip, to profile the levels of anti-car-
bohydrate antibodies in normal and OSCC patient serum. The Glycan-23 Chip is a microflui-
dic device which contains 22 different glycans including several tumor antigens (S7 Table).
Serum IgG or IgM that interacts with glycans on chip was analyzed and compared between
normal volunteer with cancer patient (Fig 5). Interestingly, elevated levels of the two IgM
antibodies and decreased levels of nine IgG antibodies were observed. The increased level of
anti-SSEA-3 may be the result of SSEA-4 overexpression in OSCC patient [53]. Besides, the
decreased levels of the nine IgG antibodies (GD2, GHC, Le’, sialyl Le*, NeuAc, (NeuAco2-8),,
(NeuAco2-8);, 6GIcNAc-HSO;-sialyl Le*, and 026 sialylated diantennary N-glycan) may be
the consequence of antibody-antigen interaction on tumor cells [54]. According to these find-
ings, serum anti-carbohydrate antibody profiling should be a useful approach for cancer diag-
nosis, as well as prognosis.

In conclusion, we applied a MS based approach to identify the potential serum N-glycan
markers for OSCC. The increase of some tri-antennary and tetra-antennary glycans with vary-
ing degrees of fucosylation and sialylation was found in the serum of OSCC. Compared to N-
glycan structures found in normal serum, the relative abundance of 7 N-glycans (observed at
m/z = 2792.38, m/z = 3078.53, m/z = 3241.60, m/z = 3690.83, m/z = 3776.87, m/z = 4226.09,
m/z = 4587.27) were significantly changed in the serum sample of OSCC with diagnostic accu-
racy greater than 75%. The change in serum abundance of glycans observed at m/z = 2966.47
and m/z = 4587.27 may be associated with the lymph node metastasis of OSCC. In addition,
the results of the validation group also confirmed the possibility of clinical application of the
identified serum N-glycans. Furthermore, the serum levels of two IgM antibodies were ele-
vated accompanied with the decreased levels of nine IgG antibodies in patient serum. Based
on our findings, it is suggested that the observed alterations in serum N-glycans expression
and anti-carbohydrate antibody levels should be considered as potential candidates as OSCC
biomarkers.

Supporting information

S1 Fig. N-glycans which showed increased relative abundance in cancer patient serum
compared with normal volunteer. The dot plot (left) of the relative abundance and the
ROC curve (right) of (A) di-fucosylated bi-antennary glycan (observed at m/z = 2418.21),
(B) di-sialylated glycan (observed at m/z = 2547.25), (C) fucosylated sialylated bisecting
tetra-antennary glycan (observed at m/z = 3136.57), (D) di-sialylated tri-antennary glycan
(observed at m/z = 3241.60), (E) tri-sialylated tetra-antennary glycan (observed at

m/z = 4052.00), and (F) fucosylated tri-sialylated tetra-antennary glycan (observed at

m/z = 4675.32) in serum. The diagnostic performances are listed in S6 Table. ***, p < 0.001
compared with normal.

(TIFF)

S2 Fig. Dot plots comparing the relative abundance of glycan structures observed in differ-
ent stages of the OSCC patient serum. (A) fucosylated tetra-sialylated tetra-antennary glycan
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(observed at m/z = 4587.27), (B) fucosylated tri-sialylated tetra-antennary glycan (observed at
m/z = 4675.32), (C) all tri-antennary and (D) all tetra-antennary glycans showed increased
relative abundance accompanied with cancer stages in cancer patient serum. ***, p < 0.001;
**,p <0.01; %, p<0.05, compared with normal.

(TIFF)

S3 Fig. Dot plots comparing the relative abundance of glycan structures observed in the
serum of OSCC patients with or without lymphatic metastasis. (A) fucosylated di-sialy-
lated bi-antennary glycan (observed at m/z = 2966.47) and (B) fucosylated tetra-sialylated
tetra-antennary glycan (observed at m/z = 4587.27) showed increased relative abundance
in the serum of metastatic OSCC patients compared with non-metastatic OSCC patients.
o, p < 0.001; 7%, p < 0.01; %, p<0.05, compared with normal.

(TIFF)

$4 Fig. Dot plots comparing the relative abundance of glycan structures observed in dif-
ferent stages and metastatic OSCC patient serum (validation group). (A) Fucosylated
tetra-sialylated tetra-antennary glycan (observed at m/z = 4587.27), (B) fucosylated tri-sialy-
lated tetra-antennary glycan (observed at m/z = 4675.32), (C) all tri-antennary glycans
showed increased relative abundance accompanied with cancer stages in cancer patient
serum. (D) Fucosylated di-sialylated bi-antennary glycan (observed at m/z = 2966.47)
showed increased relative abundance in the serum of metastatic OSCC patients compared
with non-metastatic OSCC patients. ***, p < 0.001; **, p < 0.01; ¥, p<0.05, compared with
normal.

(TIFF)

S1 Table. The characteristics of the cancer-free volunteers and oral cancer patients (test

group).
(TIF)

S2 Table. The characteristics of the oral cancer patients (validation group).
(TIFF)

$3 Table. Molecular ions and corresponding proposed N-glycan structures observed in the
MALDI spectra of permethylated N-glycans from normal human and oral cancer patient
serum.

(PDF)

$4 Table. The diagnostic performance of glycans showed in Fig 2.
(TIFF)

§5 Table. The diagnostic performance of glycans showed in Fig 3.
(TIFF)

S6 Table. The diagnostic performance of glycans showed in S1 Fig.
(TIFF)

S7 Table. Glycan list fabricated on Glycan-23 Chip (OBI Pharma, Inc).
(TIFF)

Acknowledgments

We are grateful to the Human Biobank, Research Center of Clinical Medicine, National Cheng
Kung University Hospital for providing the OSCC patient serum.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178927  June 8, 2017 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178927.s011
https://doi.org/10.1371/journal.pone.0178927

@° PLOS | ONE

Identification of novel oral squamous cell carcinoma biomarkers

Author Contributions

Conceptualization: CFC SYG THL.

Data curation: SYG THL SCC RJW.

Formal analysis: SYG THL SCC RJW.

Funding acquisition: CFC.

Investigation: CFC SYG THL SCC.

Methodology: CFC SYG THL SCC.

Project administration: CFC.

Resources: LYH PJF WCT PY.

Validation: SCC THL RJW.

Visualization: CFC SYG THL SCC.

Writing - original draft: CFC SYG.

Writing - review & editing: CFC.

References

1.

10.

Chiang CJ, Lo WC, Yang YW, You SL, Chen CJ, Lai MS. Incidence and survival of adult cancer patients
in Taiwan, 2002—2012. Journal of the Formosan Medical Association = Taiwan yi zhi. 2016. https://doi.
org/10.1016/j.jfma.2015.10.011 PMID: 26786251.

Ko YC, Huang YL, Lee CH, Chen MJ, Lin LM, Tsai CC. Betel quid chewing, cigarette smoking and alco-
hol consumption related to oral cancer in Taiwan. Journal of oral pathology & medicine: official publica-

tion of the International Association of Oral Pathologists and the American Academy of Oral Pathology.

1995; 24(10):450-3. Epub 1995/11/01. PMID: 8600280.

Lin WJ, Jiang RS, Wu SH, Chen FJ, Liu SA. Smoking, alcohol, and betel quid and oral cancer: a pro-
spective cohort study. Journal of oncology. 2011; 2011:525976. https://doi.org/10.1155/2011/525976
PMID: 21547265;

Wu HC, Meezan E, Black PH, Robbins PW. Comparative studies on the carbohydrate-containing mem-
brane components of normal and virus-transformed mouse fibroblasts. |I. Glucosamine-labeling pat-
terns in 3T3, spontaneously transformed 3T3, and SV-40-transformed 3T3 cells. Biochemistry. 1969; 8
(6):2509-17. Epub 1969/06/01. PMID: 4307996.

Meezan E, Wu HC, Black PH, Robbins PW. Comparative Studies on the Carbohydrate-containing
membrane components of normal and virus-transformed mouse fibroblasts. Il. Separation of glycopro-
teins and glycopeptides by Sephadex chromatography. Biochemistry. 1969; 8(6):2518—-24. https://doi.
org/10.1021/bi008342039 PMID: 4307997

Fuster MM, Esko JD. The sweet and sour of cancer: glycans as novel therapeutic targets. Nature
reviews Cancer. 2005; 5(7):526—42. https://doi.org/10.1038/nrc1649 PMID: 16069816.

Yoshihama N, Yamaguchi K, Chigita S, Mine M, Abe M, Ishii K, et al. A Novel Function of CD82/KAI1 in
Sialyl Lewis Antigen-Mediated Adhesion of Cancer Cells: Evidence for an Anti-Metastasis Effect by
Down-Regulation of Sialyl Lewis Antigens. PloS one. 2015; 10(4):e0124743. https://doi.org/10.1371/
journal.pone.0124743 PMID: 25923697;

Ajit Varki RDC, Esko Jeffrey D, Freeze Hudson H, Stanley Pamela, Bertozzi Carolyn R, Hart Gerald W,
and Etzler Marilynn E. Essentials of Glycobiology. 2nd edition. Cold Spring Harbor (NY): Cold Spring
Harbor Laboratory Press. 2009.

Smorodin E, Sergeyev B, Klaamas K, Chuzmarov V, Kurtenkov O. The relation of the level of serum
anti-TF, -Tn and -alpha-Gal IgG to survival in gastrointestinal cancer patients. International journal of
medical sciences. 2013; 10(12):1674-82. https://doi.org/10.7150/ijms.6841 PMID: 24151439;

Koh YW, Lee HJ, Ahn JH, Lee JW, Gong G. Expression of Lewis X is associated with poor prognosis in
triple-negative breast cancer. American journal of clinical pathology. 2013; 139(6):746-53. https://doi.
org/10.1309/AJCP2E6QNDIDPTTC PMID: 23690116.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178927  June 8, 2017 15/18


https://doi.org/10.1016/j.jfma.2015.10.011
https://doi.org/10.1016/j.jfma.2015.10.011
http://www.ncbi.nlm.nih.gov/pubmed/26786251
http://www.ncbi.nlm.nih.gov/pubmed/8600280
https://doi.org/10.1155/2011/525976
http://www.ncbi.nlm.nih.gov/pubmed/21547265
http://www.ncbi.nlm.nih.gov/pubmed/4307996
https://doi.org/10.1021/bi00834a039
https://doi.org/10.1021/bi00834a039
http://www.ncbi.nlm.nih.gov/pubmed/4307997
https://doi.org/10.1038/nrc1649
http://www.ncbi.nlm.nih.gov/pubmed/16069816
https://doi.org/10.1371/journal.pone.0124743
https://doi.org/10.1371/journal.pone.0124743
http://www.ncbi.nlm.nih.gov/pubmed/25923697
https://doi.org/10.7150/ijms.6841
http://www.ncbi.nlm.nih.gov/pubmed/24151439
https://doi.org/10.1309/AJCP2E6QNDIDPTTC
https://doi.org/10.1309/AJCP2E6QNDIDPTTC
http://www.ncbi.nlm.nih.gov/pubmed/23690116
https://doi.org/10.1371/journal.pone.0178927

@° PLOS | ONE

Identification of novel oral squamous cell carcinoma biomarkers

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

de Leoz ML, Young LJ, An HJ, Kronewitter SR, Kim J, Miyamoto S, et al. High-mannose glycans are
elevated during breast cancer progression. Molecular & cellular proteomics: MCP. 2011; 10(1):M110
002717. Epub 2010/11/26. https://doi.org/10.1074/mcp.M110.002717 PMID: 21097542;

Alley WR Jr., Vasseur JA, Goetz JA, Svoboda M, Mann BF, Matei DE, et al. N-linked glycan structures
and their expressions change in the blood sera of ovarian cancer patients. Journal of proteome
research. 2012; 11(4):2282-300. Epub 2012/02/07. https://doi.org/10.1021/pr201070k PMID:
22304416;

Kyselova Z, Mechref Y, Al Bataineh MM, Dobrolecki LE, Hickey RJ, Vinson J, et al. Alterations in the
serum glycome due to metastatic prostate cancer. Journal of proteome research. 2007; 6(5):1822-32.
Epub 2007/04/17. https://doi.org/10.1021/pr060664t PMID: 17432893;

Kyselova Z, Mechref Y, Kang P, Goetz JA, Dobrolecki LE, Sledge GW, et al. Breast cancer diagnosis
and prognosis through quantitative measurements of serum glycan profiles. Clinical chemistry. 2008;
54(7):1166-75. Epub 2008/05/20. https://doi.org/10.1373/clinchem.2007.087148 PMID: 18487288.

Mechref Y, Hussein A, Bekesova S, Pungpapong V, Zhang M, Dobrolecki LE, et al. Quantitative serum
glycomics of esophageal adenocarcinoma and other esophageal disease onsets. Journal of proteome
research. 2009; 8(6):2656—66. Epub 2009/05/16. https://doi.org/10.1021/pr8008385 PMID: 19441788.

Vasseur JA, Goetz JA, Alley WR Jr., Novotny MV. Smoking and lung cancer-induced changes in N-gly-
cosylation of blood serum proteins. Glycobiology. 2012; 22(12):1684—708. Epub 2012/07/12. https://
doi.org/10.1093/glycob/cws108 PMID: 22781126;

O’Cearbhaill RE, Ragupathi G, Zhu J, Wan Q, Mironov S, Yang G, et al. A Phase | Study of Unimolecu-
lar Pentavalent (Globo-H-GM2-sTn-TF-Tn) Immunization of Patients with Epithelial Ovarian, Fallopian
Tube, or Peritoneal Cancer in First Remission. Cancers. 2016; 8(4). https://doi.org/10.3390/
cancers8040046 PMID: 27110823;

Danishefsky SJ, Shue YK, Chang MN, Wong CH. Development of Globo-H cancer vaccine. Accounts
of chemical research. 2015; 48(3):643-52. https://doi.org/10.1021/ar5004187 PMID: 25665650.

Huang YL, Hung JT, Cheung SK, Lee HY, Chu KC, Li ST, et al. Carbohydrate-based vaccines with a
glycolipid adjuvant for breast cancer. Proc Natl Acad Sci U S A. 2013; 110(7):2517—-22. Epub 2013/01/
29. https://doi.org/10.1073/pnas.1222649110 PMID: 23355685;

Almogren A, Abdullah J, Ghapure K, Ferguson K, Glinsky VV, Rittenhouse-Olson K. Anti-Thomsen-
Friedenreich-Ag (anti-TF-Ag) potential for cancer therapy. Frontiers in bioscience. 2012; 4:840-63.
PMID: 22202095.

Hevey R, Ling CC. Recent advances in developing synthetic carbohydrate-based vaccines for cancer
immunotherapies. Future medicinal chemistry. 2012; 4(4):545-84. hitps://doi.org/10.4155/fmc.11.193
PMID: 22416779.

Astronomo RD, Burton DR. Carbohydrate vaccines: developing sweet solutions to sticky situations?
Nature reviews Drug discovery. 2010; 9(4):308—24. https://doi.org/10.1038/nrd3012 PMID: 20357803;

Matthay KK, George RE, Yu AL. Promising therapeutic targets in neuroblastoma. Clinical cancer
research: an official journal of the American Association for Cancer Research. 2012; 18(10):2740-53.
Epub 2012/05/17. https://doi.org/10.1158/1078-0432.ccr-11-1939 PMID: 22589483;

Wang CC, Huang YL, Ren CT, Lin CW, Hung JT, Yu JC, et al. Glycan microarray of Globo H and related
structures for quantitative analysis of breast cancer. Proceedings of the National Academy of Sciences
of the United States of America. 2008; 105(33):11661—6. https://doi.org/10.1073/pnas.0804923105
PMID: 18689688;

Kaul A, Hutfless S, Liu L, Bayless TM, Marohn MR, Li X. Serum anti-glycan antibody biomarkers for
inflammatory bowel disease diagnosis and progression: a systematic review and meta-analysis. Inflam-
matory bowel diseases. 2012; 18(10):1872—-84. https://doi.org/10.1002/ibd.22862 PMID: 22294465;

Pedersen JW, Gentry-Maharaj A, Nostdal A, Fourkala EO, Dawnay A, Burnell M, et al. Cancer-associ-
ated autoantibodies to MUC1 and MUC4—a blinded case-control study of colorectal cancer in UK col-
laborative trial of ovarian cancer screening. International journal of cancer Journal international du
cancer. 2014; 134(9):2180-88. https://doi.org/10.1002/ijc.28538 PMID: 24122770;

Burford B, Gentry-Maharaj A, Graham R, Allen D, Pedersen JW, Nudelman AS, et al. Autoantibodies to
MUCH1 glycopeptides cannot be used as a screening assay for early detection of breast, ovarian, lung or
pancreatic cancer. Br J Cancer. 2013; 108(10):2045-55. https://doi.org/10.1038/bjc.2013.214 PMID:
23652307;

Adler G, Pacuszka T, Lewartowska A, Rowinska E, Oblakowski P, Panasiewicz M. Small cell lung can-
cer is not associated with the presence of anti-fucosyl-GM1 ganglioside autoantibodies reactive in
immunoenzymatic test. Lung Cancer. 2001; 34(3):383-5. PMID: 11714535.

Rajpura KB, Patel PS, Chawda JG, Shah RM. Clinical significance of total and lipid bound sialic acid lev-
els in oral pre-cancerous conditions and oral cancer. J Oral Pathol Med. 2005; 34(5):263-7. Epub 2005/
04/09. https://doi.org/10.1111/j.1600-0714.2004.00210.x PMID: 15817068.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178927  June 8, 2017 16/18


https://doi.org/10.1074/mcp.M110.002717
http://www.ncbi.nlm.nih.gov/pubmed/21097542
https://doi.org/10.1021/pr201070k
http://www.ncbi.nlm.nih.gov/pubmed/22304416
https://doi.org/10.1021/pr060664t
http://www.ncbi.nlm.nih.gov/pubmed/17432893
https://doi.org/10.1373/clinchem.2007.087148
http://www.ncbi.nlm.nih.gov/pubmed/18487288
https://doi.org/10.1021/pr8008385
http://www.ncbi.nlm.nih.gov/pubmed/19441788
https://doi.org/10.1093/glycob/cws108
https://doi.org/10.1093/glycob/cws108
http://www.ncbi.nlm.nih.gov/pubmed/22781126
https://doi.org/10.3390/cancers8040046
https://doi.org/10.3390/cancers8040046
http://www.ncbi.nlm.nih.gov/pubmed/27110823
https://doi.org/10.1021/ar5004187
http://www.ncbi.nlm.nih.gov/pubmed/25665650
https://doi.org/10.1073/pnas.1222649110
http://www.ncbi.nlm.nih.gov/pubmed/23355685
http://www.ncbi.nlm.nih.gov/pubmed/22202095
https://doi.org/10.4155/fmc.11.193
http://www.ncbi.nlm.nih.gov/pubmed/22416779
https://doi.org/10.1038/nrd3012
http://www.ncbi.nlm.nih.gov/pubmed/20357803
https://doi.org/10.1158/1078-0432.ccr-11-1939
http://www.ncbi.nlm.nih.gov/pubmed/22589483
https://doi.org/10.1073/pnas.0804923105
http://www.ncbi.nlm.nih.gov/pubmed/18689688
https://doi.org/10.1002/ibd.22862
http://www.ncbi.nlm.nih.gov/pubmed/22294465
https://doi.org/10.1002/ijc.28538
http://www.ncbi.nlm.nih.gov/pubmed/24122770
https://doi.org/10.1038/bjc.2013.214
http://www.ncbi.nlm.nih.gov/pubmed/23652307
http://www.ncbi.nlm.nih.gov/pubmed/11714535
https://doi.org/10.1111/j.1600-0714.2004.00210.x
http://www.ncbi.nlm.nih.gov/pubmed/15817068
https://doi.org/10.1371/journal.pone.0178927

@° PLOS | ONE

Identification of novel oral squamous cell carcinoma biomarkers

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

Bryne M, Thrane PS, Dabelsteen E. Loss of expression of blood group antigen H is associated with cel-
lular invasion and spread of oral squamous cell carcinomas. Cancer. 1991; 67(3):613-8. Epub 1991/02/
01. PMID: 1985757.

Manoharan S, Padmanabhan M, Kolanjiappan K, Ramachandran CR, Suresh K. Analysis of glycocon-
jugates in patients with oral squamous cell carcinoma. Clinica chimica acta; international journal of clini-
cal chemistry. 2004; 339(1-2):91-6. Epub 2003/12/23. PMID: 14687898.

Jou YJ, Lin CD, Lai CH, Chen CH, Kao JY, Chen SY, et al. Proteomic identification of salivary transferrin
as a biomarker for early detection of oral cancer. Anal Chim Acta. 2010; 681(1-2):41-8. Epub 2010/11/
03. https://doi.org/10.1016/j.aca.2010.09.030 PMID: 21035601.

Shah FD, Begum R, Vajaria BN, Patel KR, Patel JB, Shukla SN, et al. A review on salivary genomics
and proteomics biomarkers in oral cancer. Indian journal of clinical biochemistry: IJCB. 2011; 26
(4):326—-34. Epub 2012/10/02. https://doi.org/10.1007/s12291-011-0149-8 PMID: 23024467

Shpitzer T, Hamzany Y, Bahar G, Feinmesser R, Savulescu D, Borovoi |, et al. Salivary analysis of oral
cancer biomarkers. Br J Cancer. 2009; 101(7):1194—8. Epub 2009/10/01. https://doi.org/10.1038/sj.bjc.
6605290 PMID: 19789535;

Viet CT, Jordan RC, Schmidt BL. DNA promoter hypermethylation in saliva for the early diagnosis of
oral cancer. Journal of the California Dental Association. 2007; 35(12):844—-9. Epub 2008/02/05. PMID:
18240747.

Czerwinski MJ, Desiderio V, Shkeir O, Papagerakis P, Lapadatescu MC, Owen JH, et al. In vitro evalua-
tion of sialyl Lewis X relationship with head and neck cancer stem cells. Otolaryngology—head and
neck surgery: official journal of American Academy of Otolaryngology-Head and Neck Surgery. 2013;
149(1):97-104. https://doi.org/10.1177/0194599813482879 PMID: 23558285;

Wang SH, Wu SW, Khoo KH. MS-based glycomic strategies for probing the structural details of polylac-
tosaminoglycan chain on N-glycans and glycoproteomic identification of its protein carriers. Proteomics.
2011; 11(14):2812-29. Epub 2011/06/10. https://doi.org/10.1002/pmic.201000794 PMID: 21656680.

Price NP. Permethylation linkage analysis techniques for residual carbohydrates. Applied biochemistry
and biotechnology. 2008; 148(1-3):271-6. https://doi.org/10.1007/s12010-007-8044-8 PMID:
18418759.

Ceroni A, Maass K, Geyer H, Geyer R, Dell A, Haslam SM. GlycoWorkbench: a tool for the computer-
assisted annotation of mass spectra of glycans. Journal of proteome research. 2008; 7(4):1650-9.
Epub 2008/03/04. https://doi.org/10.1021/pr7008252 PMID: 18311910.

Damerell D, Ceroni A, Maass K, Ranzinger R, Dell A, Haslam SM. The GlycanBuilder and GlycoWork-
bench glycoinformatics tools: updates and new developments. Biological chemistry. 2012; 393
(11):1357-62. https://doi.org/10.1515/hsz-2012-0135 PMID: 23109548.

Youden WJ. Index for rating diagnostic tests. Cancer. 1950; 3(1):32-5. Epub 1950/01/01. PMID:
15405679.

Alicia M. Bielik JZ, Jianjun Li. Functional glycomics: methods and protocols. Springer. 2009.

Pan S, Chen R, Aebersold R, Brentnall TA. Mass spectrometry based glycoproteomics—from a proteo-
mics perspective. Molecular & cellular proteomics: MCP. 2011; 10(1):R110 003251. Epub 2010/08/26.
https://doi.org/10.1074/mcp.R110.003251 PMID: 20736408;

Chen YT, Chong YM, Cheng CW, Ho CL, Tsai HW, Kasten FH, et al. Identification of novel tumor mark-
ers for oral squamous cell carcinoma using glycoproteomic analysis. Clinica chimica acta; international
journal of clinical chemistry. 2013; 420:45-53. https://doi.org/10.1016/j.cca.2012.10.019 PMID:
23078850.

Shah M, Telang S, Raval G, Shah P, Patel PS. Serum fucosylation changes in oral cancer and oral pre-
cancerous conditions: alpha-L-fucosidase as a marker. Cancer. 2008; 113(2):336—46. Epub 2008/06/
04. https://doi.org/10.1002/cncr.23556 PMID: 18521898.

Dall'Olio F, Malagolini N, Trinchera M, Chiricolo M. Mechanisms of cancer-associated glycosylation
changes. Frontiers in bioscience: a journal and virtual library. 2012; 17:670-99. Epub 2011/12/29.
PMID: 22201768.

Abbott KL, Nairn AV, Hall EM, Horton MB, McDonald JF, Moremen KW, et al. Focused glycomic analy-
sis of the N-linked glycan biosynthetic pathway in ovarian cancer. Proteomics. 2008; 8(16):3210-20.
Epub 2008/08/12. https://doi.org/10.1002/pmic.200800157 PMID: 18690643.

Desiderio V, Papagerakis P, Tirino V, Zheng L, Matossian M, Prince ME, et al. Increased fucosylation
has a pivotal role in invasive and metastatic properties of head and neck cancer stem cells. Oncotarget.
2015; 6(1):71-84. https://doi.org/10.18632/oncotarget.2698 PMID: 25428916;

Sterner E, Flanagan N, Gildersleeve JC. Perspectives on Anti-Glycan Antibodies Gleaned from Devel-
opment of a Community Resource Database. ACS chemical biology. 2016; 11(7):1773-83. https:/doi.
org/10.1021/acschembio.6b00244 PMID: 27220698;

PLOS ONE | https://doi.org/10.1371/journal.pone.0178927  June 8, 2017 17/18


http://www.ncbi.nlm.nih.gov/pubmed/1985757
http://www.ncbi.nlm.nih.gov/pubmed/14687898
https://doi.org/10.1016/j.aca.2010.09.030
http://www.ncbi.nlm.nih.gov/pubmed/21035601
https://doi.org/10.1007/s12291-011-0149-8
http://www.ncbi.nlm.nih.gov/pubmed/23024467
https://doi.org/10.1038/sj.bjc.6605290
https://doi.org/10.1038/sj.bjc.6605290
http://www.ncbi.nlm.nih.gov/pubmed/19789535
http://www.ncbi.nlm.nih.gov/pubmed/18240747
https://doi.org/10.1177/0194599813482879
http://www.ncbi.nlm.nih.gov/pubmed/23558285
https://doi.org/10.1002/pmic.201000794
http://www.ncbi.nlm.nih.gov/pubmed/21656680
https://doi.org/10.1007/s12010-007-8044-8
http://www.ncbi.nlm.nih.gov/pubmed/18418759
https://doi.org/10.1021/pr7008252
http://www.ncbi.nlm.nih.gov/pubmed/18311910
https://doi.org/10.1515/hsz-2012-0135
http://www.ncbi.nlm.nih.gov/pubmed/23109548
http://www.ncbi.nlm.nih.gov/pubmed/15405679
https://doi.org/10.1074/mcp.R110.003251
http://www.ncbi.nlm.nih.gov/pubmed/20736408
https://doi.org/10.1016/j.cca.2012.10.019
http://www.ncbi.nlm.nih.gov/pubmed/23078850
https://doi.org/10.1002/cncr.23556
http://www.ncbi.nlm.nih.gov/pubmed/18521898
http://www.ncbi.nlm.nih.gov/pubmed/22201768
https://doi.org/10.1002/pmic.200800157
http://www.ncbi.nlm.nih.gov/pubmed/18690643
https://doi.org/10.18632/oncotarget.2698
http://www.ncbi.nlm.nih.gov/pubmed/25428916
https://doi.org/10.1021/acschembio.6b00244
https://doi.org/10.1021/acschembio.6b00244
http://www.ncbi.nlm.nih.gov/pubmed/27220698
https://doi.org/10.1371/journal.pone.0178927

@° PLOS | ONE

Identification of novel oral squamous cell carcinoma biomarkers

50.

51.

52.

53.

54.

Smorodin EP, Kurtenkov OA, Sergeyev BL, Kodar KE, Chuzmarov VI, Afanasyev VP. Postoperative
change of anti-Thomsen-Friedenreich and Tn IgG level: the follow-up study of gastrointestinal cancer
patients. World journal of gastroenterology. 2008; 14(27):4352—8. PMID: 18666325; https://doi.org/10.
3748/wjg.14.4352

Pochechueva T, Chinarev A, Schoetzau A, Fedier A, Bovin NV, Hacker NF, et al. Blood Plasma-
Derived Anti-Glycan Antibodies to Sialylated and Sulfated Glycans Identify Ovarian Cancer Patients.
PloS one. 2016; 11(10):e0164230. https://doi.org/10.1371/journal.pone.0164230 PMID: 27764122;

Eller CH, Chao TY, Singarapu KK, Ouerfelli O, Yang G, Markley JL, et al. Human Cancer Antigen Globo
H Is a Cell-Surface Ligand for Human Ribonuclease 1. ACS central science. 2015; 1(4):181-90. https://
doi.org/10.1021/acscentsci.5b00164 PMID: 26405690;

Noto Z, Yoshida T, Okabe M, Koike C, Fathy M, Tsuno H, et al. CD44 and SSEA-4 positive cells in an
oral cancer cell line HSC-4 possess cancer stem-like cell characteristics. Oral Oncol. 2013; 49(8):787—
95. https://doi.org/10.1016/j.oraloncology.2013.04.012 PMID: 23768762.

Hofmann BT, Stehr A, Dohrmann T, Gungor C, Herich L, Hiller J, et al. ABO blood group IgM isoaggluti-
nins interact with tumor-associated O-glycan structures in pancreatic cancer. Clin Cancer Res. 2014;
20(23):6117-26. https://doi.org/10.1158/1078-0432.CCR-14-0716 PMID: 25320359.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178927  June 8, 2017 18/18


http://www.ncbi.nlm.nih.gov/pubmed/18666325
https://doi.org/10.3748/wjg.14.4352
https://doi.org/10.3748/wjg.14.4352
https://doi.org/10.1371/journal.pone.0164230
http://www.ncbi.nlm.nih.gov/pubmed/27764122
https://doi.org/10.1021/acscentsci.5b00164
https://doi.org/10.1021/acscentsci.5b00164
http://www.ncbi.nlm.nih.gov/pubmed/26405690
https://doi.org/10.1016/j.oraloncology.2013.04.012
http://www.ncbi.nlm.nih.gov/pubmed/23768762
https://doi.org/10.1158/1078-0432.CCR-14-0716
http://www.ncbi.nlm.nih.gov/pubmed/25320359
https://doi.org/10.1371/journal.pone.0178927

