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HIGHLIGHTS

e Comparative N-glycoproteomics study
of matched tissue and serum from HCC
patients.

e 344 and 127 differentially expressed N-
glycoproteins were quantified at the
intact N-glycopeptide level from the
tissue and serum samples, and 29 are
common.

o Subcellular localization confirmed the
tissue origin of the 29 common N-
glycoproteins.
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For hepatocellular carcinoma (HCC), N-glycosylation has been proved to be widely involved in various aspects of
the disease, including development, metastasis, subtyping, diagnosis and prognosis. The common practice is to
discover biomarkers in situ of cancer occurrence (i.e., cancer vs. adjacent tissues) yet to clinically monitor in sera
because of non-invasiveness. This study benchmarks N-glycoproteomics characterization of common differential
tissue and serum N-glycoproteins of patients with HCC. Differential N-glycosylation in matched tissue and serum
samples from the same patients were quantitatively characterized at the intact N-glycopeptide molecular level,
and 29 common N-glycoproteins were found. Subcellular localization analysis was carried out to confirm the
tissue originality. Secreted N-glycoprotein APOH was up-regulated, and transmembrane and intracellular N-
glycoproteins including OSMR, GAT2, CSF-1 and MAGI3 were down-regulated.
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1. Introduction

Hepatocellular carcinoma (HCC), ranking as the sixth most prevalent
cancer and third leading cause of cancer deaths worldwide, is attributed
to various etiologies including virus infection, alcohol abuse, high cal-
orie diets and irregular rest [1,2]. In the study of the underlying
mechanism of tumor formation and diagnostic biomarkers, proteomics
and glycoproteomics has merged as meaningful research hotspots [3,4].
The combination of alpha-fetoprotein (AFP-L3) and des-gamma-carboxy
prothrombin (DCP) is the diagnostic biomarker for HCC approved by
Food and Drug Administration (FDA) [5]. Compared to proteomics,
glycoproteomics has greater precision in clinical applications with the
glycosite and glycan signatures [6]. Liu et al. [7] applied lectin arrays to
serum glycoproteins from HCC and cirrhosis patients and founded that
fucosylation were significantly increased in HCC patients. With the
development of molecularly imprinted polymers (MIPs), terminal sia-
lylation was founded highly correlated with HCC [8]. For haptoglobin
(Hp), N-glycan NSH6F1S3 at N-glycosite N184 and N241 showed good
performance for distinguishing HCC from cirrhosis [9].
Alpha-1-antitrypsin (A1AT) modified with N4H5S2 at Asn271 expressed
discriminate in early HCC [10].

Sera, being secreted by organs and circulated in the whole organism,
provide a micro window for observation and assessment of the overall
state of the body. From the proteome point, the proteins in plasma are
primarily secreted by liver and intestine, subsequently filtered by kidney
[11]. The plasma proteome is deeply influenced by the physiological
state and in turn serving as a reflection of health [12]. Proteins
temporarily present in plasma or serum participating in a myriad of
biological functions including immune responses, antigen-antibody
binding reaction, enzymatic reaction and so on. Tissues, especially
carcinoma ones, release proteins into plasma. Consequently, sera spec-
imens are suitable for disease diagnostics due to their minimal invasive
nature.

Proteins derived from plasma or serum exhibited a high degree of
glycosylation. N-glycan also reflects a change of diseases or cancers
[13]. The extent of shared glycoproteins between tissues and sera re-
mains largely unknown. Zhang et al. [14] employed mass spectrometry
(MS) to detect N-glycopeptides from cells, tissues and plasma, revealing
a notable overlap among different sample types, which confirmed that
MS is capable of detecting tissue-derived glycoproteins in plasma. In the
study of 13 colorectal cancer patients, Coura and coworkers identified
26 N-glycans differentially expressed in plasma compared to healthy
plasma and 11 N-glycans altered in tumor tissue compared to adjacent
tissue in which 8 N-glycans were shared in the two samples but without
consistently expression [15]. With N-glycomics study of a tissue dis-
covery cohort, a tissue validation cohort and one independent serum
cohort consisting of patients with intrahepatic cholangiocarcinoma
(iCCA), HCC, or benign chronic liver disease, Shaaron and coworkers
validated 12 N-glycans altered consistently in both tissue and serum;
fucosylated bisected and triantennary structures discriminated patient
iCCA form non-iCCA [16].

This study reported benchmark N-glycoproteomics study of common
differential tissue and serum N-glycoproteins of patients with HCC at the
intact N-glycopeptide molecular level.

2. Experimental

Materials and Reagents. SDS, Tris, urea, ammonium bicarbonate
(ABC) and BCA Protein Assay Kit were purchased from Sagon Biotech
(Shanghai, China). Dithiothreitol (DTT), iodoacetamide (IAA), acetoni-
trile (ACN), trifluoroacetic acid (TFA), formic acid (FA) and sodium
cyanoborohydride, acetaldehyde—l3C2 (99 atom % 3C) were purchased
from Sigma-Aldrich (St. Louis, USA). Sequencing grade modified trypsin
was bought from Promega (Madison, USA). Acetaldehyde solution (40 %
in Hy0) and ammonium hydroxide solution were from General Reagent
(Shanghai, China). Ultrapure water was produced onsite with a
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Millipore Simplicity System (Billerica, MA, USA).

Sample preparation of intact N-glycopeptides from tissues and
sera. Both tissue and serum specimens from three HBV-related HCC
patients were from Zhongshan Hospital, and the study was approved by
the ethic committee (B2019-100R) (detailed in Table S1). The workflow
of sample preparation is showed in Fig. S1. Tissue samples were stored in
—80 °C until homogenized in SDS/TRIS (HCI) solution at a ratio of 1:20
(v/v) along with a cocktail and shaking for 30 min. The resulting
mixture was then centrifugated at 14,000 rpm for 30 min, and the su-
pernatant was collected and added to ice-cold acetone for precipitation
in —20 °C for 3 h. The protein pellets, from centrifugation at 10,000 g for
10 min, were then redissolved in 8 M urea and diluted with 50 mM ABC
until the urea concentration was reduced to below 1 M. 5 mL of venous
blood were drawn from each individual (drawn before any treatments
and surgery), placed in room temperature for 1 h until coagulated, and
serum was recovered by centrifugation at 3000 rpm for 10 min and
stored in aliquots at —80 °C until further use. 15 pL package serum were
denaturized by 8 M urea and diluted with 50 mM ABC to the urea
concentration below 1 M.

After denaturation protein concentrations were detected by BCA
Protein Assay Kit. 500 pg proteins from tumor and adjacent samples and
proteins from 15 pL serum from patient and healthy volunteers were
continued to next procedures. Proteins were reduced with 200 mM (final
concentration) DTT at 55 °C for 20 min, followed by alkylation with
final concentration of 200 mM IAA in the dark for 30 min. Subsequently,
a final concentration of 200 mM DTT was added to the protein solution
to react with any remaining IAA. The protein solution was mixed with
trypsin (1:50, w/w) in approximately 5 mL 50 mM ABC solution and
incubated 16 h with gentle shaking at 37 °C.

The digested peptides were desalted using C18 (25 mg, 15 pm,
Jupiter, Phenomenex) solid phase extraction (SPE) columns. After
equilibrated with 80 % ACN containing 0.1 % TFA and subsequently 0.1
% TFA, the desalting SPE column were loaded in digestion solution for 5
times for sufficient binding. After 8 times wash by 0.1 % TFA, peptides
were eluted by 50 % ACN containing 0.1 % TFA and 80 % ACN con-
taining 5 % TFA. The eluants were combined, dried in a Speed-Vac
(Thermo Fisher Scientific, USA), and redissolved in 100 pL 80 % ACN
containing 5 % TFA.

Peptides were labeled with stable isotopic diethylation (SIDE) as
previously reported [17]. Briefly, peptides re-suspended in 100 pL TFE,
and 100 pL 20 % acetaldehyde (for healthy specimen) or acetaldehy-
de-13C, (for disease specimen) was added. Subsequently, 100 pL freshly
prepared 600 mM NaBH3CN was added and incubated at 37 °C for 1 h,
and the reaction was quenched with incubation with 100 pL 10 % (v/v)
NH4OH followed by addition of 75 pL 5 % (v/v) FA. Heavy labeled and
light labeled peptides were mixed together at 1:1 ratio (w/w) and dried
in the Speed-Vac.

After desalting by C18 SPE columns, intact N-glycopeptides were
enriched from labeled peptides by ZIC-HILIC (15 mg, 5 pm, SeQuant,
Merck) SPE columns. The column was equilibrated with 0.1 % TFA and
subsequently 80 % ACN containing 5 % TFA. After loading, 800 puL 80 %
ACN containing 5 % TFA was applied to wash non-glycosylated pep-
tides; 300 pL 0.1 % TFA and 100 pL 50 mM ABC were used to elute
glycopeptides and the eluants were combined and dried in the Speed-
Vac. Dried labeled intact N-glycopeptides were dissolved in 30 pL Hy0
for downstream LC-MS/MS analysis.

RPLC-MS/MS analysis of intact N-glycopeptides. The experiments
were performed on Dionex Ultimate 3000 RSLC coupled to nano-ESI Q
Exactive MS (Thermo Fisher Scientific, San Jose, CA, USA). Chromato-
graphic columns packed with C18 (5 pm, Jupiter, Phenomenex) were
composed of trap column (5 cm long, 200 pm i.d) and analytical column
(60 cm long, 75 pm i.d). Buffer A was 0.2 % FA aqueous solution, and
Buffer B was 95 % ACN with 0.2 % FA. The loading and elution flow
rates were 3.0 and 0.3 pL/min, respectively. The multi-step gradient
settings were as follows: 2 % buffer B 20 min, 2-40 % buffer B 190 min,
40-95 % buffer B 10 min, 95 % buffer B 10 min, 95-2 % buffer B 10 min,
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2 % buffer B 10 min.

The spray voltage, ion transfer tube temperature and S-lens RF level
were 2.8 kV, 250 °C and 50 %, respectively. MS spectra were acquired
with the parameters of m/z 700-2000, mass resolution 70,000, auto-
matic gain control (AGC) target 1e6, maximum injection time 200 ms.
MS/MS spectra were acquired in the DDA mode for Top20 ions with
mass resolution 17,500, AGC target 5e5, maximum injection time 250
ms, isolation windows 2 m/z, higher energy collision dissociation with
normalized collision energies of 20 %/30 %/30 % and dynamic exclu-
sion 20 s.

With the aforementioned LC-MS/MS settings, three technical repli-
cates were acquired to obtain three.raw files for every paired sample.

Identification and quantitation of intact N-glycopeptides. Raw
datasets were searched by intact N-glycopeptide search engine GPSeeker
for identification and quantification. The mass level 1 parameter settings
were as follows: isotopic peak m/z deviation (IPMD) 20 ppm, isotopic
peak relative abundance cutoff (IPACO) 40 %, isotopic peak relative
abundance deviation (IPAD) 50 %, precursor isolation window 2 Th. The
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mass level 2 parameter settings were as follows: isotopic peak m/z de-
viation (IPMD) 20 ppm, isotopic peak relative abundance cutoff (IPACO)
40 %, isotopic peak relative abundance deviation (IPAD) 50 %. The
tissue theory forward databases were constructed with 20,417 protein
entries (UniProt Human database) and 75,888 N-glycans while the
serum theory forward databases were constructed with 6191 (UniProt
Human plasma database) protein entries and 75,888 N-glycans.
Furthermore, the corresponding reversed databases were constructed
with the inverted sequence of peptides and N-glycans each with random
addition of 1-30 Da. Target and decoy GPSMs were combined and
ranked by P scores; a cut-off P score is then chosen to give spectrum-level
FDR<1 % and final IDs after duplicate removal.

The abundance of the paired precursor ions with light -CH,CH3 and
heavy -13cH33CH; labels was adopted for relative quantitation. With the
criteria of no less than twice observation among the three technical
replicates, P-value<0.05, and fold change no less than 1.5, differentially
expressed intact N-glycopeptides (DEGPs) were obtained.

Function annotation of the differentially expressed intact N-
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Fig. 1. Qualitative and quantitative N-glycoproteomics results in the HCC tissue and serum samples; (A) qualitative results of tissue and serum samples, (B)
quantitative results of the tissue and serum samples, (C) volcano plot of the tissue samples, (D) volcano plot of the serum samples, (E) overlap of the quantitative
results between the tissue and serum samples, (F) subcellular distribution of the common N-glycoproteins, (G) reported concentration of the common N-glycoproteins

in PeptideAltas.
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glycopeptides. Included annotations are GO in the PANTHER knowl-
edgebase (http://pantherdb.org/), KEGG in The Database for Annota-
tion, Visualization and Integrated Discovery (DAVID, https://david.nci
ferf.gov/) and PPI in STRING (https://cn.string-db.org/).

SignalP 6.0 (predicting a signal peptide), TMHMM 2.0 (predicting
transmembrane (TM) regions) and SecreteomeP 2.0 (predicting non-
classical secretory protein without signal peptide) were adopted for
subcellular localization of secreted, transmembrane and intracellular
proteins. If a protein was predicted with signal peptide and without TM
regions, the protein was thought secreted; if a protein was predicted
with TM regions, the protein was transmembrane protein; if a protein
without signal peptides and TM regions at the meantime not belong to
non-classical secretory protein, the protein was thought an intracellular
protein.

3. Results and discussions

Intact N-glycopeptides identified and quantified in the HCC

A Serum
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tissue samples. For the analysis of HCC tumor and paracancerous tis-
sues, in N-glycoproteomics 36,584 intact N-glycopeptides were identi-
fied, corresponding to 9052 N-glycosites, 8739 peptide backbones, and
5513 N-glycoproteins (Fig. 1A). For quantitation, in N-glycoproteomics
12,680 intact N-glycopeptides were quantified once, 2888 no less than
twice, and 987 as DEGPs (no less than twice, p-value<0.05, fold
change>1.5) including 610 up-regulated and 377 down-regulated
(Fig. 1B and C); these 987 DEGPS correspond to 331 N-glycoproteins
(detailed in Supplementary Table S2).

Intact N-glycopeptides identified and quantified in the HCC
serum samples. For the analysis of HCC serum vs. the healthy control,
in N-glycoproteomics 10,317 intact N-glycopeptides were identified
corresponding to 1805 N-glycosites, 1707 peptide backbones and1,203
N-glycoproteins (Fig. 1A). For quantitation, in N-glycoproteomics 5388
intact N-glycopeptides were quantified at least once. 1890 at least twice,
and 378 as DEGPs (no less than twice, p-value<0.05, fold change>1.5)
including 69 up-regulated and 309 down-regulated (Fig. 1 B and D).
These 378 DEGPS correspond to 106 N-glycoproteins (detailed in
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Fig. 2. Intact N-glycopeptides from secreted N-glycoproteins quantitative in both the HCC serums and tissue samples. (A) heatmap, (B-E) graphical fragmentation
map and annotated structure-diagnostic ions in the MS/MS spectra for intact N-glycopeptides identified from apolipoprotein H (APOH, N253), immunoglobulin
heavy constant alpha 1 (IGHA1, N144), complement C3 (C3, N85) and thrombospondin 1 (TSP1, N1067).
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Supplementary Table S2).

In reference to the protein concentrations in Human Protein Altas
[18], the absolute concentrations of the N-glycoproteins qualified and
quantified in the HCC sera were queried (Fig. S1). Among the N-glyco-
proteomics results, the concentration of the 449 identified N-glycopro-
teins range from 4.2 ng/L to 440 mg/L and among the 254 quantified
N-glycoproteins, ceruloplasmin (CP) has the highest concentration of
440 mg/L and cadherin 4 (CDH4) has the lowest concentration of 19
ng/L.

Commonly N-glycoproteins quantified in both the tissue and
serum samples. Among the N-glycoproteins corresponding to the
DEGPs from the tissue and serum samples, 29 are common (Fig. 1E)
including 16 secreted, 9 transmembrane, and 4 intracellular (Fig. 1F).
The subcellular localization confirms these N-glycoproteins are origi-
nally tissue proteins and released into sera, and thus can serve as pu-
tative serum for HCC in this study. 86.7 % of these 29 N-glycoproteins
have MS-estimated seral concentration [18] with a range of 320 ng/L to
200 mg/L (Fig. 1G).

Putative serum biomarkers from secreted N-glycoproteins. Most
commonly altered N-glycoproteins in both tissue and serum are liver
secreted proteins indicating their potential as promising HCC diagnostic
biomarkers. Seven intact N-glycopeptides were quantified in both tissue
and serum samples corresponding to five N-glycoproteins including
beta-2-glycoprotein 1 (APOH, P02749), immunoglobulin heavy con-
stant alpha 1 (IGHA1l, P01876), complement C3 (C3, P01024),
thrombospondin-1 (TSP1, P07996) and hemopexin (HPX, P02790)

(Fig. 2A).
For APOH, from N-glycosite N253 intact N-glycopeptide
LGNWSAMPSCK with N-glycan monosaccharide composition

N4H5F2S1 and linkage structure (01Y41Y41 M(31 M(21Y(31F)41L32S)
41Y31F)61M61 M) was quantified both in tissue and serum samples
with the fold change of 4.20 + 0.90 (p-value = 0.01) and 1.79 + 0.12 (p-
value = 0.009) (Fig. 2B). The structure-diagnostic ion YII3 (m/z
2264.03, 1+) from the N-glycan moiety confirmed the unique tri-
antennary structure with two branch fucoses and a sialic acid; the
composition N4H5F2S1 has 13 putative sequence structures in the
theoretical database adopted in this study. APOH is a liver-secreted
glycoprotein abundant in plasma. With MS identification, MRM verifi-
cation and immunohistochemistry validation in tissue, Yang et al. [19]
proposed aberrant APOH peptides EHSSLAFWK and ATVVYQGER as
putative biomarkers. The tri-antennary glycoform with fucose in APOH
was also previously confirmed in HCC sera [20]. Up-regulation of APOH
is associated with the cute phase of HBV infection and it interaction with
hepatitis B surface antigen (HBsAg) can initiate endoplasmic reticulum
(ER) stress [21]. APOH has been proven to play a mediating role in HBV
infection in cell lines [22].

For IgA, intact N-glycopeptide LSLHRPALEDLLLGSEANLTCTLTGLR
with N-glycan structure 01Y41Y41 M(31 M)61 M(21Y41L32S)61Y41L
was identified from N-glycosites N144; and the N-glycan structure was
verified with structure-diagnostic fragment ions of YI3 (m/z 1876.46,
2+) (Fig. 2C). IgA has been recognized for its diagnostic potential in
early HCC detection and glycosylated IgA has been observed in the
development of liver cancer [23,24]. IgA contributes to aggravating
inflammation or dismantling antitumor immunity in human diseased
liver [25] and apolipoprotein B MRNA editing enzyme catalytic subunit
3F (APOBEC3F) may active intestinal immune network for IgA pro-
duction signaling pathway, leading to malignant biological behaviors of
HCC cells [26]. Up-regulation of mono-sialylated N-glycan was also
previously reported in an N-glycomics study of liver cirrhosis patients
serum [27].

For C3, high-mannose N-glycan with monosaccharide composition of
N2H7FO0SO0 at N-glycosite N85 was upregulated (4.67 + 1.79, p-value =
0.001) in the tissue samples whereas unchanged (1.22 + 0.12, p-value
= 0.03) in the serum samples. For N2H7F0S0, two sequence structures
01Y41Y41 M(31M21 M)61 M(31M21 M)61 M and 01Y41Y41 M
(31M21M21 M)61 M(31 M)61 M were observed and confirmed with
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structure-diagnostic ions of YI3 (m/z 1685.81, 2+ and m/z 1124.21, 3+)
(Fig. 2D). Chang et al. [28] also reported the correlation of this
up-regulated N-glycosylation with the tumor grade in HCC, chol-
angiocarcinoma (CCA), and cHCC-CCA (combined HCC and CCA). C3
can induce T-cell apoptosis and reduce the inhibition of CD4* and CD8™
T-cell proliferation, decrease expressions of CD11c, CD80, CD86, and
MHCII, while increase CD274 expression resulting in dominant immu-
nosuppression and tumor progression [29]. In PPI network, 15 out of
common 29 glycoproteins showed a tight correlation with each other
and C3 was a core protein in the 15 glycoproteins (Figure S2 A).
Furthermore, complement and coagulation cascades were significantly
enriched in KEGG pathway analysis and C3 is a key protein in the
complement and coagulation cascades which are tightly related with
HCC [30-32] (Figure S2 B). Zhang et al. [33] statistically analyzed the
gene expression of 220 HBV-related HCC patients and found that the
complement and coagulation cascades pathway was significantly
enriched in differentially expressed genes. Coagulation and complement
cascades are key components among immunological networks in liver
and influence tumor immune microenvironment deeply in HCC [34,35].

For TSP1, bi-antennary sialylatd N-glycan (N4H5F0S2) at N-glyco-
site N1067 was slightly down-regulated (0.64 + 0.11) in the serum
sample whereas up-regulated (4.04 + 1.45) in the tissue samples
(Fig. 2E). TSP1 is highly expressed in HCC patient correlated with tumor
progression and is a putative postoperative biomarker [36,37]. Several
factors such as viral infection, alcohol consumption and obesity can lead
to increase of TSP1 in liver contributing to liver fibrosis or non-alcoholic
fatty liver disease (NAFLD) [38]. TSP1 converts latent transforming
growth factor-betal (TGF-beta 1) complexes into their biologically
active form to inhibit liver regeneration [39]. The signal transduction of
CD74 and TSP1 would increase tumor growth [40].

For HPX, in the serum samples three down-regulated intact N-gly-
copeptides were quantified (Fig. 3A and B); on N-glycosite N187 and
N453 the same N-glycan structure was down-regulated with fold
changes of 0.55 + 0.07 (p-value = 0.02) and 0.48 + 0.03 (p-value =
0.005) (Fig. 3A). In the tissue sample, uniform up-regulation was
observed; for example, on N-glycosite N246 N-glycan 01Y41Y41 M(31
M(21Y(31F)41L32S)41Y31F)61M61 M has a fold change of 1.76 + 0.45
(p-value = 0.02) (Fig. 3B). On N-glycosite N246 N-glycan structures
01Y41Y41 M(31 M)61 M(21Y41L32S)61Y41L, 01Y41Y41 M
(31M41Y41L32S)61M61Y41L32S and 01Y41Y41 M(31 M(21Y(31F)
41L32S)41Y31F)61M61 M were commonly quantified (Fig. 3C); up-
regulation in the tissue samples and no apparent change in the serum
samples were observed. Kobayashi and coworkers [41] purified fuco-
sylated HPX from HCC patients serum and tissues by lectin ELISA and
found that the level of fucosylated HPX was no significant different in
cancer tissue and non-cancerous tissue but performed differently in
serum samples. Fucosylated HPX had an AUROC of 0.9515 with an
optimal sensitivity of 92 % and a specificity of 92 % diagnostic ability
through over 300 HCC patient serum proved by targeted lectin extrac-
tion [42]. Benicky et al. verified that outer arm fucosylated bi- and tri-
antennary HPX at N-glycosite N187 was related to liver disease [43].
HPX, as a secreted protein with 190 mg/L concentration in serum, has
emerged as a potential candidate biomarker for diagnosing HCC. Re-
searches employing data independent acquisition (DIA) MS method and
high-sample-throughput multiple reaction monitoring mass spectro-
metric (HST-MRM-MS) methods have demonstrated the utility of HPX in
distinguishing HCC patient serum [44,45]. HPX functions to protect
body against free heme-induced oxidative damage and has
anti-inflammatory property [46,47]. In case of acute-on-chronic liver
failure in HBV patients, HPX would decreased and was related with
inflammatory response [48].

Putative serum biomarkers from transmembrane N-glycopro-
teins. Compared with secreted N-glycoproteins, transmembrane N-gly-
coproteins including Oncostatin-M-specific receptor subunit beta
(OSMR, Q99650), sodium- and chloride-dependent GABA transporter 2
(GAT2, Q9NSD5) and macrophage colony-stimulating factor 1(CSF-1,
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P09603) were all down-regulated in both the tissue and the serum
samples (Fig. 4).

For OSMR, on N-glycosite N163 N-glycan N4H5F0S2 was found
significantly down-regulated in the tissue (0.13 + 0.05, p-value = 0.02)
and the sera (0.12 + 0.005, p-value = 0.0005) (Fig. 4A). The structure-
diagnostic ions YI3-2+ (m/21264.10 and m/z 1592.21) confirmed the
bi- and tri-antennary structures (Fig. 4B and C). OSMR is one of the
receptors of oncostatin M (OSM) transducing OSM signals correspond-
ing to gene expression and cell proliferation [49]. The overexpressed
OSM acted as a profibrogenic factor by directly stimulating migration of
hepatic myofibroblasts [50]; whereas OSMR activated Janus kinase 2
(JAK2)/STAT3 in the liver and protected against obesity-induced he-
patic insulin resistance, inflammatory responses, which was validated in
in hepatic tissues in both human and mouse models [51]. Hematopoiesis
of the OSMR gene knock-out mice were founded compromised [52]. The
deficiency or down-expression of OSMR had bad effect of liver and in
our results, down-regulated intact N-glycopeptide of OSMR obviously
existed in HCC patients.

For GAT2, the intact N-glycopeptidle  TNGSLNGTSE-
NATSPVIEFWER_N3H3F0SO exhibited down-regulation in both the tis-
sue (0.17 + 0.04, p-value = 0.0002) and the serum (0.20 + 0.02, p-

value = 0.002) samples. The N-glycan structure was identified by
structure-diagnostic ions YI3 (m/z 1066.16, 3+) (Fig. 4D and E). GAT2
is a protein mostly expressed in the plasma membranes of periportal
hepatocytes [53]. The deletion of GAT2 gene led to 50 % reduction of
taurine level in liver [53], and the serum level of taurine has been
determined by LC-MS to be lower in the advanced HCC stage relative to
the early stage, which is associated with the development and progres-
sion of HCC; and thus taurine serves as a metabolic biomarker [54].

For CSF-1, on N-glycosite N381 down-regulation of N-glycan
N4H5F2S0 were observed in both the tissue and the serum samples
(Fig. 4G) with fold changes of 0.10 + 0.07 (p-value = 0.04) and 0.11 +
0.05 (p-value = 0.02) (Fig. 4F). CSF-1 is a hematopoictic growth factor
produced by various cells and the concentration in plasma is about 10
ng/mL [55,56]. CSF-1 is crucial in regulating immunity and modulating
the abundance of specific intestinal microorganisms and their metabo-
lites to prevent HCC as validated in murine model [57]. High expression
of CSF-1 was widely observed in advanced cancer cells [58,59]. The high
expression of CSF-1 was proved to influencing oncogenesis and immu-
nity in vitro experiments and CSF-1 could to be a putative therapeutic
and prognostic target for HCC [60].

OSMR, CSF-1 and TSP-1 were all enriched in the PI3K-AKT pathway
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Fig. 4. Intact N-glycopeptides from transmembrane N-glycoproteins quantitative in both the HCC serum and tissue samples. Fold change, graphical fragmentation
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(S6A13, D/E) and colony stimulating factor 1 (CSF-1, F/G), (H) PI3K activation pathway.

which increases tumor cells proliferation [61] (Fig. 4H). Knock-down of
OSMR by RNA interference led to strong activation of the PI3K/Akt
pathways in the murine model [62]. Wang et al. [63] proved that long
intergenic non-protein coding RNA 520 (LINC00520) could regulate
OSMR to promote the progression of acute kidney injury (AKI) via the
PI3K/AKT signaling pathway. CSF-1 induced phosphorylation of Y721
(pY721) in association with the p85 regulatory subunit of phosphoino-
sitide 3-kinase (PI3K) [64,65].

Putative serum biomarkers from Intracellular N-glycoproteins.
For membrane-associated guanylate kinase, WW and PDZ domain-
containing protein 3 (MAGI3, Q5TCQ9), significant down-regulation
of EAIN249GSGNAENRER _N4H5F1S1 was observed in both the tissue
(0.12 + 0.02, p-value = 0.002) and the serum (0.12 + 0.02, p-value =
0.004) samples. The structure-diagnostic ions YI3 (m/z 1225.55, 2+)
and YII3 (m/z 1306.58, 2+) revealed two structures 01Y(61F)41Y41 M
(31 M(21Y41L32S)41Y)61M61 M and 01Y(61F)41Y41 M(31 M)61 M
(21Y41L32S)61Y41L (Fig. 5). MAGI3, known as an inverted membrane-
associated guanylate kinase, is localized to epithelial cell tight junctions
[66] and functions as a scaffolding protein at cell-cell junctions [67].
The decrease of MAGI3 was related to activation of the Wnt/p-catenin
signaling and enhancement of cell migration and invasion in cervical
cancer [68]. Additionally, MAGI3 has been identified as a direct func-
tional target of miR-34c-3p in regulating glycolysis and oncogenic

activities in HCC, predicting poor clinical outcomes for patients [67].
The PI3K-Akt signaling pathway, enriched in tissue differentially
expressed proteins according to KEGG analysis, is known to regulate
glycolysis in cancer cells [69].

It should be noted that the linkage structures of N-glycans come from
the biosynthetic rules as adopted during the construction of the theo-
retical N-glycan DB; only 48.76 % and 61.33 % monosaccharide
sequence structures of the intact N-glycopeptide IDs in serum and tissue
samples are distinguished from their isomers with structure-diagnostic
fragment ions, and the underlying reasons include but not limited to
absence of theoretical structure-diagnostic fragment ion(s), limited
fragmentation efficiency, low abundance in the sample, enormous
sequence isomers. In addition, the sample size of this study is very
limited, and further study of larger sample size will consolidate the
practice of discovery of N-glycoprotein biomarkers in tissues whereas
clinic non-invasive diagnosis in sera.

4. Conclusions

Following the practice of biomarker discovery in tissues while vali-
dation in sera, common putative tissue and serum N-glycoprotein bio-
markers of hepatocellular carcinoma were characterized with N-
glycoproteomics study of the matched tissue and serum samples from
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Fig. 5. The graphical fragmentation map (A), differential expression ratios (B), peptide backbone fragmentation (C) and annotated MS/MS spectra (D) of intact N-
glycopeptide EAINGSGNAENRER N4H5F1S1 identified from N-glycosite N249 of N-glycoprotein Membrane-associated guanylate kinase, WW and PDZ domain-

containing protein 3 (MAGI3) in the HCC serum and tissue samples.

the same patients. 29 common putative N-glycoprotein biomarkers were
found, including 16 secreted, 9 transmembrane, and 4 intracellular.
These common intact N-glycopeptides of secreted N-glycoproteins were
all upregulated in tissue samples and more prominently expressed than
in serum samples. The shared intact N-glycopeptides of transmembrane
and intracellular N-glycoproteins were decreased in both tissue and
serum samples.
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