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sion of core-fucosylated glycans
in human lung squamous cell carcinoma

Tianran Ma,a Yan Wang,a Liyuan Jia,a Jian Shu,a Hanjie Yu,a Haoqi Du,a Jiajun Yang,a

Yiqian Liang,b Mingwei Chen*b and Zheng Li *a

Lung cancer is the most frequent cancer and the leading cause of cancer around the world. As one of the

major types of lung cancer, lung squamous cell carcinoma (LUSC) is closely associated with smoking and

shows poor sensitivity to therapy and prognosis. Although alteration of glycopatterns are reliable

indicators of cancer, little is known about the alterations of protein glycosylation related to LUSC. In this

study, we compared the differential expression levels of glycopatterns in seven pairs of LUSC tissues and

normal pericarcinomatous tissues (PCTs) using lectin microarrays. Fluorescence-based lectin

histochemistry and lectin blotting were utilized to validate and assess the expression and distribution of

certain glycans in LUSC tissues and PCTs. And we further analyzed their total N-linked glycans using

MALDI-TOF/TOF-MS to provide more information about the aberrant glycopatterns. The results showed

that the expression level of the core fucosylation recognized by Pisum sativum agglutinin (PSA) and Lens

culinaris agglutinin (LCA) was significantly increased in LUSC tissues compared with PCTs. There were 10

and 15 fucosylated N-linked glycans that were detected in PCTs and LUSC tissues respectively, 10

fucosylated N-glycans were common, while five fucosylated N-glycans were unique to LUSC tissues.

And the abundance of the fucosylated N-glycans was increased from 40.9% (PCTs) to 48.3% (LUSC).

These finding is helpful to elucidate the molecular mechanisms underlying the lung diseases and develop

new treatment strategies.
1. Introduction

Lung cancer is the major malignant tumor with the highest inci-
dence and mortality in both sexes around the world; there were
about 2.1 million new lung cancer cases and 1.8 million deaths
predicted in 2018.1 Lung cancer can be classied into four major
histologic types of lung squamous cell carcinoma (LUSC), adeno-
carcinoma, small cell carcinoma, and large cell carcinoma.2,3 As the
major types of lung cancer, LUSC is associated with smoking and
represents approximately 30% of all cases of non-small cell lung
cancer.4,5 Although kinase inhibitors (targeting epidermal growth
factor receptor, anaplastic lymphoma kinase and c-ros oncogene 1)
and immune checkpoint inhibitors (anti-programmed cell death 1
antibodies, anti-programmed cell death ligand 1 antibodies, atezo-
lizumab and durvalumab) have been widely used in clinical prac-
tices according to the aberrant status of the cancer, it still a quite
limited number of LUSC cases that were actually suitable and effi-
cient for these treatment strategies.6–10 It is still an urgent require-
ment to investigate the denite molecular mechanism and
ge of Life Sciences, Northwest University,

. E-mail: zhengli@nwu.edu.cn; Fax: +86-

Medicine, The First Affiliated Hospital of

iversity, Xi'an 710061, China. E-mail:

73
antitumor treatment strategies of LUSC.11,12 Therefore, identica-
tion of the difference between tumor tissues and adjacent tissues is
very meaningful for contributing to the molecular mechanism
research.

Glycosylation is one of the most ubiquitous and crucial post-
translational modications, occurring on virtually all known
proteins in mammalian cells and involving in almost all important
biological processes.13 The alteration of the glycosylation occupancy
or specic glycan structures are oen detected during inamma-
tion, infection, neoplastic transformation and cancer.13,14One of the
most important types of glycosylation, core fucosylation is only
catalyzed by fucosyltransferase 8 (FUT8).15,16 Evidences showed that
the increased expression level of the core fucosylation is detected in
variety of disease, such as chronic pancreatitis, hepatocellular
carcinoma and inammatory bowel disease.17–19 And the up-
regulation of FUT8, also has been observed in several cancers
including colorectal cancers, brain cancer, and lung cancer.20–22

Although the FUT8 as a functional regulator of non-small cell lung
cancer is revealed,22 the correlation between aberrant glycans and
LUSC is still no clear. Therefore, exploring the glycopatterns of LUSC
tissues is also necessary to research the pathogenesis of LUSC.

In this study, the glycopatterns of seven pairs of lung tissues
including tumor and normal pericarcinomatous tissues (PCTs) ob-
tained from LUSC patients were detected using the lectin micro-
arrays. The results were veried by uorescence-based lectin
This journal is © The Royal Society of Chemistry 2019
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blotting and histochemistry. Furthermore, the total N-linked
glycans were identied using MALDI-TOF/TOF-MS to provide more
information about the aberrant glycopatterns between PCTs and
LUSC tissues. This study provides the comprehensive information
of glycopatterns from lung LUSC tissues and PCTs, which is helpful
to elucidate the molecular mechanisms underlying the lung
diseases and develop new treatment strategies.
2. Materials and methods
2.1 Clinical specimens

The collection and use of all human pathological specimens for the
research presented here were approved by the Ethical Committee of
the First Affiliated Hospital of Xi'an Jiao Tong University and
Northwest University in Xi'an, China. All patients enrolled in the
study provided written informed consent. This study was conducted
in accordance with the ethical guidelines of the Declaration of
Helsinki.

Seven pairs of lung tissues including normal PCTs and tumor
tissues were obtained from seven LUSC patients, who had no
history of treatment before their operation in the First Affiliated
Hospital of Xi'an Jiao Tong University (Xi'an, China). Detailed
information on patients is described in Table 1. The lung tissues
were obtained during surgical resection and were snap-frozen in
liquid nitrogen before being stored at�80 �C until required for use.
PCTs were collected at a distance of at least 5 cm from the cancer
lesions. All the tissues were histologically examined and were
conrmed by experienced pathologists. Tissue microarrays which
comprised of paraffin-embedded LUSC tissues and PCTs were
purchased from Shanghai Outdo Biotech Co. Ltd. (Shanghai,
China).
2.2 Tissue protein extraction

The total protein of lung tissue was extracted with T-PER (Thermo
Scientic, Herts, UK) according to the manufacturer's instructions.
Approximately 30mg of lung tissue was homogenized in amixer on
ice in 1 mL of T-PER containing a 1% protease inhibitor cocktail
Table 1 Clinical characteristics of patients and the normalized fluoresce

This journal is © The Royal Society of Chemistry 2019
(complete, EDTA-free, Roche, Basel, Switzerland). Following centri-
fugation at 10 000g for 5 min, the supernatant was immediately
transferred for use or stored at �80 �C. The protein concentration
was determined using a BCA assay.

2.3 Lectin microarrays and data analysis

The lectinmicroarrays were produced using 37 lectins with different
binding preferences covering N- and O-linked glycans. The Cy3-
labeled proteins were incubated in the lectin microarrays to detect
the different glycopatterns among clinical samples. The lectin
microarrays were produced according to the protocol.23

2.4 Lectin blotting

To normalize the differences between subjects and to tolerate
individual variation, samples in each group were pooled,
respectively. The expression level of specic glycans was further
analyzed by lectin blotting according to the protocol.24 The
pooled tissue proteins of each group were subjected to 10%
SDS-PAGE electrophoresis, and transferred to PVDF
membranes incubated with Cy5-labeled PSA and LCA.

2.5 Real-time quantitative PCR

RNA isolation, cDNA synthesis and quantitative real-time poly-
merase chain reaction (qRT-PCR) were described in the
previous manuscript.25 The gene specic primers used in this
study including FUT8 (F: 50-AACTGGTTCAGCGGAGAATAACR-
30; R: 50-TGAGATTCCAAGATGAGTGTTCG-30); and GAPDH (F: 50-
GGAGCGAGATCCCTCCAAAAT-30; R: 50-GGCTGTTGTCA-
TACTTCTCATGG -30). The mRNA levels of the genes were
normalized to the amount of GAPDH in each sample, and
quantization of gene expression level was determined using the
2�DDCT comparative method.

2.6 Fluorescence-based lectin histochemistry

Cy3-labeled lectins were applied to detect the specic glycan
structures present on the lung tissue sections as described.24
nt intensities (NFIs) of the altered lectins

RSC Adv., 2019, 9, 22064–22073 | 22065
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Briey, formalin-xed paraffin-embedded tissue microarrays
were dewaxed and hydrated in a series of different concentra-
tions of dimethylbenzene and ethanol. The tissue microarrays
were rinsed 3 times with PBS for 5 min and blocked with
blocking buffer (PBS supplemented with 5% BSA) at 25 �C for
30 min. Thereaer, the sections were incubated with a solution
Fig. 1 The glycopatterns of PCTs and LUSC tissues. (A) Layout of the l
triplicate blocks per slide. Cy3-labeled BSA was spotted as a location ma
(up) and LUSC tissues (down) detected by the lectin microarray. Red fr
tumor tissues. (C) Hierarchical clustering and the relative binding intensiti
difference of glycopatterns between PCTs and LUSC tissues.

22066 | RSC Adv., 2019, 9, 22064–22073
containing a nal concentration of 100 mg mL�1 Cy3-labeled
lectins and 5% (w/v) BSA for 3 h at room temperature, in the
dark. Finally, sections were stained with DAPI (1 mg mL�1 in
PBS; Roche) for 10 min before the nal rinse. A laser scanning
confocal microscope FV 1000 (Olympus, Tokyo, Japan) was used
to collect the images using the merge channels of Cy3 and DAPI.
ectin microarray. Each lectin was spotted in triplicate per block, with
rker and unlabeled BSA as a negative control. (B) Glycopattern of PCTs
ames marked lectins showing significant increase between PCTs and
es of the 37 lectins in the two groups from 7 patients. (D) The significant

This journal is © The Royal Society of Chemistry 2019
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2.7 Isolation and purication of N-linked glycans

The N-glycans released by PNGase F glycosidase (New England
Biolabs, Beverly, MA) according to previous protocols.26 Briey,
200 mg glycoproteins were concentrated and desalted by adding
to a 3K centrifugal ultraltration. Then, the obtained
Fig. 2 Validation of the differential expressions of the glycopatterns in
PCTs and LUSC tissues using PSA and LCA. Themajor increased fluoresce
kDa. N, normal (PCTs); T, tumor (LUSC). (B) The fluorescence intensitie
relative value in the histogram. (C) The FUT8 was increased in the LUSC ti
tissues. (E) Increased expression and location of the core fucosylation g
using the same exposure time and are shown on the same scale for each
level of the core fucosylation glycans in PCTs and LUSC tissues. The flu

This journal is © The Royal Society of Chemistry 2019
glycoproteins were denatured with 8 M urea, 10 mM DTT and
10 mM IAM, and exchanged buffer into 40 mM NH4HCO3 by
using 3K centrifugal ultraltration. Aer that, 2 mg trypsin was
added to digest the glycoproteins overnight at 37 �C. The
mixture was heated at 80 �C for 5 min to deactivate the activity
PCTs and LUSC tissues. (A) The binding pattern of glycoproteins from
nce intensities glycoproteins located in the band with approximately 53
s of the major difference bands were read by ImageJ and showed by
ssues compared with the PCTs. (D) The H&E staining of PCTs and LUSC
lycans in PCTs and LUSC tissues sections. The images were acquired
lectin in the Cy3- and DAPI-merge channel. (F) The relative expression
orescence intensities were acquired by ImageJ software.
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of trypsin. Aer the temperature of mixture restored to room
temperature, 2 mL PNGase F was added and incubated at 37 �C
overnight to release the N-linked glycans from the glycopep-
tides. Finally, the ltrates that contained peptides and N-linked
glycans were collected by centrifugation, and the released
glycans were puried with HyperSep Hypercarb SPE cartridges
(25 mg, 1 mL; Thermo Scientic) according to the manufac-
turer's recommendation. The glycans were eluted by 0.5 mL of
elution solution (50% (v/v) acetonitrile with 0.1% (v/v) TFA). The
puried glycans were collected and lyophilized.
2.8 Characterization of the N-linked glycans by MALDI-TOF/
TOF-MS

The puried glycans were characterized by MALDI-TOF/TOF-MS
(UltraeXtreme, Bruker Daltonics). Glycans were resuspended
in 10 mL of methanol, and 1 mL was spotted directly on the MTP
AnchorChip sample target and dried. Then 1 mL of 10 mg mL�1

DHB in 50% (v/v) methanol solution was spotted to the recrys-
tallize glycans. Mass calibration was performed using peptide
calibration standards (250 calibration points; Bruker).
Measurements were taken in positive-ion mode, m/z data were
generated and analyzed using FlexAnalysis and Glyco-
Workbench soware, respectively. Relative intensity was calcu-
lated by dividing the intensity of a given type of glycan by the
highest glycans intensity of its MS spectra.
Fig. 3 MALDI-TOF/TOF-MS spectra of the purified N-linked glycans fr
Detailed glycan structures were analyzed using the GlycoWorkbench so
peak. Blue square ¼ GlcNAc, green circle ¼ Man, yellow circle ¼ Gal, ye

22068 | RSC Adv., 2019, 9, 22064–22073
3. Results
3.1 The alterations of glycopatterns in LUSC tissues versus
PCTs

To identify the abnormal glycopatterns associated with
LUSC, the lectin microarrays were utilized to compare the
glycopatterns between the paired PCTs and LUSC tissues. The
layout of the lectin microarrays and one pair of Cy3-labeled
proteins from PCTs and LUSC tissues bound to the lectin
microarrays were shown in Fig. 1A and B. The generated data
from each sample was imported into EXPANDER soware
and furtherly analyzed using a hierarchical clustering
method to exhibit the overview of the glycopatterns among all
the paired tissue samples (Fig. 1C). By the paired t-test
analysis, it was found that the Galb-1,3/4 GlcNAc, Siaa2-3Gal
binder MAL-I exhibited signicantly increased the normal-
ized uorescent intensities (NFIs) in the LUSC tissues against
PCTs (P < 0.05) among all the paired tissue samples, and the
a-D-Man, Fuca-1,6GlcNAc (core fucose), a-D-Glc binder LCA
and Fuca-1,6GlcNAc binder PSA showed signicantly
increased the NFIs among six paired tissue samples (Table 1).
However, the NFIs of other lectins were not signicantly
different between LUSC tissues and PCTs. Therefore, the
abnormal expression of Fuca-1,6GlcNAc structure was
perceived as the most important changes between LUSC
tissues and PCTs.
om the pooled tissue samples of PCT (A) and LUSC (B), respectively.
ftware. Proposed structures and their m/z values were shown for each
llow square ¼ GalNAc, purple diamond ¼ NeuAc, red triangle ¼ Fuc.

This journal is © The Royal Society of Chemistry 2019
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Table 2 (Contd. )

a Monosaccharides are represented according to MS-tools from the GlycoWorkbench soware (GlcNAc, blue square; Man, green circle; Gal, yellow
circle; Fuc, red triangle; NeuAc, purple diamond). b The proposed glycan structure. c The relative intensity was calculated by dividing the intensity of
a given type of glycan by the highest glycans intensity of its MS spectra.
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3.2 Validation of the differences glycopatterns between
LUSC tissues and PCTs

According to the results of the lectin microarrays, there was an
abnormal expression of Fuca-1,6GlcNAc structure recognized
specically by PSA and LCA in LUSC tissues. SDS-PAGE and
lectin blotting analysis were performed with silver staining, Cy5-
labeled PSA and LCA staining to rapidly validate the target
glycan structures, respectively (Fig. 2A). The results of SDS-PAGE
demonstrated that the protein bands from each paired tissue
sample were similar. The results of the lectin blotting analysis
showed that there was only one major band with molecular
weight of approximately 53 kDa that showed an apparently
increased uorescence intensities in LUSC tissues compared
with PCTs (Fig. 2B). Besides, the increased expression level of
Fuca-1,6GlcNAc structure in LUSC tissues was also veried at
the genetic level. FUT8 as the only enzyme responsible for a1,6-
linked core fucosylation by adding fucose to the innermost
GlcNAc residue of an N-linked glycan was detected using qRT-
PCR. The data showed that the gene expression level of FUT8
Fig. 4 MALDI-TOF/TOF MS/MS analyzing the N-glycan precursor ion
1866.661, (B) 2204.746, and (C) 2580.930, subjected to MS/MS analysis.

This journal is © The Royal Society of Chemistry 2019
was signicantly increased in LUSC tissues compared to PCTs
(Fig. 2C). These results were basically consistent with the results
of lectin microarrays.
3.3 Expression and distribution of the specic glycan in the
tissue sections

To further validate and assess the expression and distribution
of the Fuca-1,6GlcNAc in PCTs and LUSC tissues, uorescence-
based lectin histochemistry was performed with PSA lectins.
The hematoxylin–eosin (H&E) pathological staining were per-
formed to verify the LUSC tissue (Fig. 2D). The result of H&E
illustrated that nuclear atypia of LUSC tissues was more clear
than that of PCTs. Lectin histochemistry indicated that PSA
strongly bind to the cytoplasm and the membrane of lung cells
(Fig. 2E). As a result, it is obvious that the uorescence signal
intensity of PSA was signicantly increased in LUSC tissues
compared to PCTs (Fig. 2E and F). The result demonstrated that
the core fucosylated glycan increased on the surface and
from MS spectra. With example, the three N-glycan peaks (A) m/z

RSC Adv., 2019, 9, 22064–22073 | 22071
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cytoplasm of lung cells when LUSC occurred. And the result was
in accord with the above experiments and verications.
3.4 Alterations of fucosylated N-linked glycan proles in
LUSC tissues versus PCTs

To obtain detail structural information of glycoproteins from the
tumor and PCTs. The N-linked glycans were released from
glycoproteins by PNGase F and identied by MALDI-TOF/TOF-
MS. The identied N-linked glycans and their proposed struc-
tures from the pooled tissue samples of LUSC and PCTs were
shown in Fig. 3 and Table 2. A total of 23 and 28 N-linked glycans
were identied and annotated, respectively. Of these, 22 N-linked
glycans (e.g.,m/z 1419.475, 1428.511 and 1460.502) were observed
both in PCTs and LUSC tissues, while one N-linked glycans (m/z
1542.555) detected only in PCTs and sixN-linked glycans (e.g.,m/z
2564.911, 2816.025, and 2921.031) detected only in LUSC tissues.
The MS/MS spectra of the precursor ionsm/z 1866.661, 2204.746,
and 2580.930 were illustrated in Fig. 4A–C.

Focusing on the fucosylated N-glycans, it is noticeable that there
were 10 and 15 fucosylated N-linked glycans were detected in PCTs
and LUSC tissues, respectively. Of these fucosylatedN-glycans, there
was an overlap of 10 fucosylated N-glycan peaks (e.g., m/z 1428.51,1
1590.565 and 1892.689) between PCTs and LUSC tissues. Besides,
ve fucosylated N-glycans (including m/z 2564.911, 2816.025,
3175.17, 3273.218, and 3433.255) were unique to LUSC tissues. In
fact, not only the numbers but also the relative intensity of fucosy-
lated glycans were shown signicant increasing in the LUSC tissues
compared with that in PCTs. The sum relative intensity of fucosy-
lated glycans were increased from 1.131 in PCTs to 1.663 in LUSC
tissues. And the proportion of the fucosylated N-linked glycans was
signicantly increased from 40.9% (PCTs) to 48.3% (LUSC).
4. Discussion

Glycosylation involve in a wide range of biological processes
including cellular communication, adhesion, interaction, malig-
nant transformation and metastasis.27,28 The synthesis of glycan is
a complex process with the coordination of multiple organelles and
strictly regulated by a set of enzymes, which result innumerous
possibilities for branching and anomeric linkage.13,29 Given the
complexity of protein glycosylation and its fundamental effects on
a variety of biological processes, it is no doubt that aberrant glyco-
sylation not only represents a characteristic of cancer, but also
signicantly impact the biology of cells, thus analysis of the
abnormal glycopatterns in malignant tissues are contribute to
understand the mechanisms of cancerization.13,30–33

Our previous study investigated the glycopatterns of serum
proteins in non-small cell lung cancer (NSCLC) patients at different
stages using a lectin microarray, and systematically compare the
alterations of serum glycopatterns between NSCLC patients and
healthy controls. There were 18 lectins (e.g., AAL, Jacalin, GSL-I and
DBA) and 16 lectins (e.g., Jacalin, HHL, and PHA-E + L) exhibited
signicantly alterations of serum glycopatterns in lung adenocar-
cinoma and LUSC patients compared to healthy group, respec-
tively.34 Meanwhile, the levels of core fucosylation was elevated and
showed positive correlated with the development of lung
22072 | RSC Adv., 2019, 9, 22064–22073
adenocarcinoma, but not in LUSC patients.34 In the present study,
the different glycopatterns between LUSC tissues and PCTs were
detected by the lectinmicroarrays. TheMAL-I, LCA and PSA showed
signicantly increased NFIs in the LUSC tissues. And the level of the
core fucosylation identied by PSA and LCA and FUT8 was signi-
cantly elevated in LUSC tissues in this study. Previous studies also
showed that the expression level of FUT8 was elevated in NSCLC
tissues and further indicated that up-regulation of FUT8 contributes
to tumor progression through multiple mechanisms.22,35,36 The
elevated core fucosylation and transcription of FUT8 have been also
observed in sera of hepatocellular carcinoma, prostate and ovarian
cancer patients.37–39

In conclusion, the present study systematically investigated the
glycopatterns between LUSC tissues and PCTs. The glycopattern of
core fucosylation was signicantly increased in LUSC tissues
compared with PCTs. Furthermore, the numbers of N-glycans with
fucosylation were increased remarkably in LUSC tissues, ve fuco-
sylated N-glycans were detected only in LUSC tissues, and the
abundance of fucosylated N-glycans was increased from 40.9%
(PCTs) to 48.3% (LUSC). Our data provided useful information in
order to elucidate the molecular mechanisms of LUSC and develop
new treatment strategies. However, the association among
abnormal glycosylation and malignant transformation, inltration,
and migration are still needed to further explore.
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